arXiv:hep-ph/0111422 v1 29 Nov 2001

HARD QCD: SOME RESULTS

G.MARCHESINI Università degli Studi di Milano-Bicocca and INFN, Sezione di Milano, Italy

I recall some points on the present status of QCD results in the short distance regions and illustrate the case of event shape in QCD radiation

1 Hard QCD studies

QCD studies have produced successful results, specially for observables involving short distance regions, for over a quarter of century. High accuracy calculations of hard distributions are possible and often one is able to make quantitative predictions which are strongly constrained. Calculations are often difficult but there are constant improvements in techniques and this is always associated to a better understanding of QCD features. A consequence of these successful results is that QCD is often considered an established and understood theory. Actually, there are a variety of unsolved theoretical and experimental questions in QCD. They range from the two extreme regions. On one side we still need to understand how quark and gluon elementary fields change into hadrons at large distances. Since we think we almost dominate the short distance regions by perturbative (PT) methods, there are attempts to extend these methods and even the language to the study of non perturbative (NP) corrections. This is an approach to large distances from the “short distance window”. Going in the other extreme region, the standard understanding is that in the ultraviolet region the theory becomes free and no structures are present. But, again, this is based on PT studies. Actually, it has been argued that short distance structures could be present in QCD^1.

Hard QCD is systematically and analytically studied by resummation of the PT expansion. This procedure starts from free quarks and gluons and reconstructs their interaction by using the point-like vertices in the QCD Lagrangian. It is reassuring to discover afterwards that quarks and gluons cannot be free at large distances, although this region it is not accessible to PT methods. In order to resumm PT expansions for physical observables one needs in general to know multi-parton distributions. Of course we need approximations. I recall that the present PT status of the art for multiparton distributions concerns: collinear singularities, soft singularities, fixed order exact matrix elements.

1. Collinear singularities. In general, all leading and next to leading contributions to the multi-parton distributions are obtained by generalizing of the DGLAP evolution equation^2 (for a generalization to “exclusive” multiparton distributions see^3). They are given in terms of the anomalous dimensions which are known to leading and next-to-leading order. Recently there are attempts to compute NNNL contributions^4. Singular contributions to multi-parton distributions require a collinear cutoff. Universality of collinear singularities allows a unified description of hard distributions for all processes such as lepton-lepton, lepton-hadron and hadron-hadron collisions.

2. Soft singularities. Also in this case all leading (and some next-to-leading) contributions to the multi-parton distributions are known. They are given in terms of factorized soft radiation from hard emitters^3. In the case of two or three emitters it is possible to factorize the soft radiation at two-loop 5. For more emitters the two soft parton factorization requires the planar approximation (leading order in 1/N_c). I recall the most important results and features of QCD we learned in the 80th and 90th:

• coherence of soft radiation;

• colour connection and angular ordering;

• gluon multiplication and hadron multiplicity;

• hump-backed plateau;

• jet-finding algorithms in e^+e^−, DIS and hadron collisions;

• LHPD and colour preconfinement;

• heavy quark distribution and radiation;

• jet-shape distribution.

All these results, together with the known leading (and next-to-leading) contributions allows one to formulate multi-parton distributions in terms of a coherent-branching algorithms. This is the bases of most of the present Monte Carlo simulations for hard QCD (and beyond QCD) processes, see^6.

An other area in which soft physics is involved is the small-x region in DIS and hadron collisions^7. Here soft “exchanged” gluon are involved rather than the soft emitted ones, as in the previous item. Enormous progresses have been made recently. These results are however less constrained by PT analysis since NP effects enter at all hard scales^8. Further progresses in this area definitively requires further developments in our QCD understanding beyond PT expansions.

3. Exact matrix element results. Large technical progresses have been made both in analytical calculations^9 and in numerical programs^{10}. These results are essential in order to make quantitative predictions away from the soft or collinear regions of phase space. This is achieved by matching these exact fixed order results with the ones from resummations described in the previous two items^{11}. Similar matching procedure are now developed on a systematically bases in Monte Carlo simulations^{12}.

In the following I will illustrate the QCD calculations of jet-shape observables which are collinear and infrared safe (CIS). They are expressed as linear combinations of the momenta of emitted hadrons so that their values do not change if two momenta are replaced by their sum when the two are collinear or when one is soft. For these CIS distributions one reaches the highest accuracy available in PT calculations. This is due to the fact that the cutoff of collinear and infrared singularities cancels and all PT terms are finite. Near the phase space boundary the cancellation are partial and logarithmically enhanced contributions enter the PT terms which needs to be resummed. The particular interest of these distributions is not only that they can be computed at the highest PT accuracy, but that they have large 1/Q-power corrections which are of NP origin. These corrections are phenomenologically important. Once we have a reliable PT estimate, with the help of data we can then constrain the size and hopefully the nature of these NP corrections.

After a brief review of the results for event shapes in e^+e^− annihilation, I discuss how these results can be extended to jet shape distributions in hadronhadron and lepton-hadron collisions. This will open the way to the study of further multi-jet observables.

2 Hadron emission in e^+e^− annihilation

Two-jet event shapes (such as thrust T , broadening B, heavy-jet mass M_H and C-parameter) have been intensively studied both theoretically and experimentally. The state-of-the-art level of PT analysis of two-jet observables consists of^{11}: resummation of all double- (DL) and single-logarithmic (SL) enhanced contributions (due to multiple radiation of soft and collinear partons); matching of the resummed result with the exact fixed order result. To reach such an accuracy one needs: soft matrix elements at two-loop order^5 and reconstruction of the running coupling at the proper scale; factorization and exponentiation of observable and kinematical constraints; proper treatment of hard intra-jet and soft inter-jet radiation.

Besides the pure PT contributions, experimental data (see for instance^{13}) have revealed the presence of power suppressed 1/Q corrections (Q is the e^+e^− center-of-mass energy), which emerge as a shift both to mean values and differential distributions. It is widely believed^{14} that such contributions are of NP origin and arise from the running of the coupling into the infrared domain.

A systematic way to deal with power corrections is provided by the dispersive approach^{15}, in which a prescription is given to extend the QCD coupling into the confinement region. In terms of this dispersive coupling, the typical large distance contribution to an event shape V can be factorized in an observable dependent coefficient c_V and a universal NP parameter α_0. More precisely, in any ‘linear’ shape variable V the dependence on the rapidity η_i and transverse momentum k_{ti} of emitted hadron i factorizes, V = ∑ i k_{ti} f_V (η_i) , (1)

so that the NP contribution to V becomes

δV = C_F c_V λNP, c_V = ∫ dη f_V (η) , λNP =^{μI}_Q^{4M}_{π2} (α_0(μ_I ) + O(α_s(Q))) , α_0(μ_I ) =^1_{μI} ∫_{μI} 0 dk α_s(k) . (2)

Here M is a known coefficient, the Milan factor^{16}, which takes into account the non complete inclusiveness of the observable. The NP parameter α_0 is the average of the running coupling in the region k ≤ μ_I and measures the interaction strength in the confinement region. The O(α_s(Q)) piece in 2 is needed in order to merge PT and NP results in a renormalon free manner and ensures that the final answer is independent of the infra-red matching scale μ_I . The NP parameter α_0(2GeV) has been measured and appears to be consistent with the universality hypothesis within a 10-20% accuracy, see^{17}.

Only very recently these techniques have been extended to the case of three-jet observables in the near-to-planar region. In particular the mean values and distributions of the thrust minor T_m^{18} and the D-parameter^{19} have been computed. Both of them are a measure of QCD radiation out of the event plane. This study has revealed an unexpectedly rich geometry and colour dependence both of the PT result and of the NP corrections. The crucial point is the rapidity dependence of the observables. Actually, T_m is independent of rapidity, while D is exponentially damped. On the PT side, this implies that hard parton recoil affects the observable in the T_m case, while it does not contribute to D. Therefore the T_m distribution is sensitive not only to the underlying hard event geometry (the angles between the jets), but also on its colour configuration through the kinematical constraints which define the event plane.

As far as NP corrections are concerned, one finds that the shift to the D distribution is simply geometry dependent, while the T_m distribution is also squeezed, since the shift depends logarithmically on T_m. This behaviour (already encountered for the B in two-jet events) results from a complicated interplay between PT and NP effects.

The same physical features appearing in the NP shift to the T_m distribution are also present in hadron-hadron and lepton-hadron collisions, as we are going to discuss in the following.

3 Out-of-plane radiation in hadron collisions

We consider hadron collisions and study an observable similar to T_m^{20}. We select events in which a Z_0 is produced with large transverse momentum. We can then define an ‘event plane’ as the one containing the Z_0 momentum and the beam axis and introduce a measure of out-of-plane radiation

K_{out} = ∑ h |p^{out}_h | . (3)

Here p^{out}_h is the out-of-plane momentum of the hadron h and the sum extends to all hadrons with rapidity in the range |η_h| < η_0, in order to avoid measurements in the beam region. At Born level one has two incoming partons p_1 and p_2 and an additional hard parton p_3 recoiling against the vector boson q. The event-plane definition gives rise to the conservation law

p^{out}_3 + ∑ i k^{out}_i = 0 , (4)

so that only p_3 can take an out-of-plane recoil, while the remaining hard momenta are fixed in the event plane.

The main difference between hadronic and e^+e^− collisions is the presence of initial state radiation. Due to coherence of QCD radiation, its contribution can be factorized giving rise to the standard parton density function for the incoming partons p_2, p_3. However, while in the total cross section the hard scale is the Z_0 hardness, here the scale is K_{out}. The PT distribution is essentially given by the product of the initial state parton distributions P_{in}(K_{out}) and a CIS “radiation factor”

Σ(K_{out}) ∼ P_{in}(K_{out}) · e^{−R(Kout)} · S(R^′) . (5)

The radiator R is the same as that of T_m in e^+e^−, it resums all DL contributions and accounts for SL effects due to hard intra-jet and soft inter-jet radiation. It is given in terms of three hard parton ‘antennae’, each one proportional to the colour charge C_a of emitting parton p_a (C_a equals C_F for a quark and C_A for a gluon)

R(K_{out}) = 3∑ a=1 C_a ∫_{Qa} Kout dk k 2α_s(2k) π ln Q_a 2k ≃ ∑ a C_a α_s π ln^2 Q_a 2K_{out}

. (6)

The hard scales Q_a are determined essentially by soft radiation at large angles, which is a characteristic of multi-jet observables. In particular, apart from a factor due to hard collinear splitting, the scale for the quarks is the invariant mass of the qq̄ system, for the gluon is its invariant transverse momentum with respect to the qq̄ pair. The SL function S depends on the logarithmic derivative of the radiator R^′ and accounts for all effects coming from multiple secondary radiation.

The NP correction is proportional to the same parameter λNP which enters the power corrections to e^+e^− event shapes in 2 and is given by

δK_{out} = 2 π λNP ( C_1(η_0 − η_3) + C_2(η_0 + η_3) + C_3 ln Q_t |p^{out}_3 | ) , (7)

where Q_t is the transverse momentum of the emitted boson. Such a shift arises from integration over the rapidity of emitted gluons (see eq. 2). Since K_{out} is independent of rapidity, one has to carefully consider the effective rapidity cutoff. For radiation from the incoming partons p_1 and p_2 it is given by the distance between η_3 (the rapidity of p_3) and the experimental resolution η_0. On the contrary, for a NP gluon emitted from p_3, it is the hard parton recoil momentum p^{out}_3 which provides the needed cutoff. Moreover, since p_3 always takes recoil, one has p^{out}_3 ∼ K_{out}. This interplay between PT and NP emissions makes the shift logarithmically dependent on K_{out}.

Unfortunately, this is not the end of the story. In hadronic collisions one has to add a soft contribution due to the beam remnant interactions. This is the so-called ‘soft underlying event’, which was systematically studied and introduced for the first time in the analysis of the ‘pedestal height’ in hadronic jet production^{21}. Therefore the analysis of K_{out} is also important to understand the physics of soft collisions.

4 Out-of-plane radiation DIS

Even in DIS one can define an event plane and measure the out-of-plane radiation. In the Breit frame, we define the thrust major T_M in analogy with e^+e^− annihilation T_M Q = max_{⃗nM ·⃗n=0} ∑ h |⃗p_h · ⃗n_M | , (8) where ⃗n and Q^2 = −q^2 are the Breit axis and the virtuality of the exchanged boson q respectively. As in the previous case, the sum extends to all hadrons not in the beam direction (with η < η_0). At Born level, we have one incoming parton p_1 which is struck by a vector boson q and produces two hard large angle partons p_2 and p_3 recoiling one against each other. We define K_{out} again as the cumulative out-of-event-plane momentum, where the event plane is the one containing ⃗n and the T_M axis. The event-plane definition implies the following kinematical constraint

p^{out}_2 + ∑ i∈U k^{out}_i = p^{out}_3 + ∑ i∈D k^{out}_i , (9)

with U (D) the region containing parton p_2 (p_3).

The PT K_{out} distribution has the same form as 5, with P_{inc}(K_{out}) the structure function of the incoming parton, again at the scale K_{out}. The radiator turns out to be the same as in e^+e^− and in hadron-hadron collisions, due to universality of soft and collinear radiation. However the exact functional form of the SL function S differs between these, due to different event-plane kinematics.

The NP shift is similar to the one in 7

δK_{out} = 2 π λNP ( C_1 ln

QNP_1 e^{η0} Q + C_2 ln

QNP_2 |p^{out}_2 |

+ C_3 ln

QNP_3 |p^{out}_3 | ) , (10)

with QNP_a the proper NP hard scales, which are proportional to the ones entering the PT radiator. The crucial difference is that here both p_2 and p_3 are not fixed in the event plane. This implies that the way the NP correction in 10 affects the PT distribution is very different according to which phase space region is considered. Namely one has the two regimes

• α_s ln^2 K_{out}/Q ≫ 1: one has well developed QCD radiation, so that all p_a (a = 2, 3) take recoil and p^{out}_a ∼ K_{out}. This gives rise to a logarithmically enhanced shift

δK_{out} ∼ C_1 ln

QNP_1 e^{η0} Q + C_2 ln

QNP_2 K_{out}

+ C_3 ln

QNP_3 K_{out}

. (11)

• α_s ln^2 K_{out}/Q ≪ 1: radiation from one hard parton dominates. According to the event-plane kinematics in 9, when PT radiation comes from the

U region (which happens with probability (^1_2 C_1 + C_2)/(2C_F + C_A)), only p_2 takes recoil, so that that p^{out}_2 ∼ K_{out}, while p^{out}_3 ≪ p^{out}_2 . The part of the shift proportional to C_2 gets logarithmically enhanced as in the previous case, while the one proportional to C_3 gives rise to a very singular contribution proportional to 1/ √ α_s, coming from the average of ln Q/p^{out}_3 over its DL Sudakov form factor exp { −(^1_2 C_1 + C_3)^{αs}_π ln^2 Q/p^{out}_3 } . This gives

δK_{out} ∼ C_1 ln

QNP_1 e^{η0} Q + C_2 ln

QNP_2 K_{out}

+ C_3 π 2 √ (^1_2 C_1 + C_3)α_s

. (12)

The converse argument holds for an emission in the D region.

In conclusion, we have now a promising theoretical method to deal with multijet observables. Not only are we able to identify all sources of SL contributions, but we can also relate the NP 1/Q power-suppressed corrections with the ones which affect e^+e^− two-jet shapes. A next step will be the extension of the above results to event shapes involving any number of jets. We hope that this analysis will greatly improve the understanding of confinement physics, especially at hadron colliders.

Acknowledgements

I am grateful to Andrea Banfi, Yuri Dokshitzer, Gavin Salam, Graham Smye, Bryan Webber and Glulia Zanderighi which share the responsibility for the results discussed on jet-shape analysis.

References

1. M.N.Chernodub, F.V.Gubarev, M.I.Polikarpov, V.I.Zakharov; Phys.

Lett. B475 (2000) 303 [hep-ph/0003006];

G. Veneziano, Large-N bounds on, and compositeness limit of, gauge and gravitational interactions [hep-th/0110129].

2. V. N. Gribov and L. N. Lipatov, Yad. Fiz. 15, 781 (1972) [Sov. J. Nucl.

Phys. 15, 438 (1972)]; Yad. Fiz. 15, 1218 (1972) [Sov. J. Nucl. Phys. 15, 675 (1972)];

G. Altarelli and G. Parisi, Nucl. Phys. B 126, 298 (1977); Y. L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977) [Zh. Eksp. Teor. Fiz. 73, 1216 (1977)].

3. A. Bassetto, M. Ciafaloni and G. Marchesini, Phys. Rept. 100, 201 (1983);

Y. L. Dokshitzer, V. A. Khoze, S. I. Troian and A. H. Mueller, Rev. Mod.

Phys. 60, 373 (1988);

Y. L. Dokshitzer, V. A. Khoze, A. H. Mueller and S. I. Troian, Gif-sur- Yvette, France: Ed. Frontieres (1991) 274 p. (Basics of perturbative QCD).

4. S. Moch, P. Uwer and S. Weinzierl [hep-ph/0110407];

S. Moch, J. A. Vermaseren and A. Vogt[hep-ph/0110331]; [hepph/0108033]; [hep-ph/0006053]; [hep-ph/0004235].

5. S. Catani and M. Grazzini, Nucl. Phys. B 570 (2000) 287 [arXiv:hepph/9908523];

Y. L. Dokshitzer, G. Marchesini and G. Oriani, Nucl. Phys. B 387, 675 (1992).

6. G. Corcella, I.G. Knowles, G. Marchesini, S. Moretti, K. Odagiri, P.

Richardson, M.H. Seymour, B.R. Webber, JHEP 0101, 010 (2001) [hepph/0011363];

H. Baer, F. E. Paige, S. D. Protopopescu and X. Tata, hep-ph/0001086; T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comput. Phys. Commun. 135, 238 (2001) [hep-ph/0010017]; L. Lonnblad, Comput. Phys. Commun. 71, 15 (1992).

7. E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. Phys. JETP 45, 199 (1977) [Zh. Eksp. Teor. Fiz. 72, 377 (1977)];

I. I. Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978) [Yad. Fiz. 28, 1597 (1978)];

M. Ciafaloni, Nucl. Phys. B 296, 49 (1988);

S. Catani, F. Fiorani and G. Marchesini, Nucl. Phys. B 336, 18 (1990); G. Marchesini and B. R. Webber, Nucl. Phys. B 386, 215 (1992); V. S. Fadin and L. N. Lipatov, Phys. Lett. B 429, 127 (1998) [hepph/9802290] and references therein;

G. Camici and M. Ciafaloni, Phys. Lett. B 412, 396 (1997) [Erratumibid. B 417, 390 (1997)] [hep-ph/9707390]; Phys. Lett. B 430, 349 (1998) [hep-ph/9803389].

8. A. H. Mueller, Phys. Lett. B 396, 251 (1997) [hep-ph/9612251];

G. Camici and M. Ciafaloni, Phys. Lett. B 395, 118 (1997) [hepph/9612235];

N. Armesto, J. Bartels and M. A. Braun, Phys. Lett. B 442, 459 (1998) [hep-ph/9808340].

9. For a recent review see E. W. Glover, talk given at 36th Rencontres de Moriond on QCD and Hadronic Interactions, Les Arcs, France, 17-24 Mar 2001 [hep-ph/0106069].

10. L.Dixon and A.Signer Phys. Rev. D56:4031-4038,1997;

Z.Nagy and Z.Tocsanyi Phys.Rev. D59:014020, 1999;

J.M. Campbell, M.A. Cullen, and E.W.N. Glover, Eur.Phys.J. C9:245,1999;

S.Weinzierl and D.A. Kosower, Phys. Rev. D60:054028,1999; S. Catani and M. Seymour, Nucl. Phys. B 4851997291 [hep-ph/9605323]; D. Graudenz, [hep-ph/9710244];

E. Mirkes, D. Zeppenfeld, [hep-ph/9706437];

Z. Nagy, Z. Trocsanyi Phys. Rev. Lett. 872001082001 [hep-ph/0104315]. 11. S. Catani, L. Trentadue, G. Turnock and B.R. Webber, Nucl. Phys. B407 (1993) 3;

S. Catani and B.R. Webber, Phys. Lett. B427 (1998) 377 [hepph/9801350];

S. Catani, G. Turnock and B.R. Webber, Phys. Lett. B295 (1992) 269; Yu.L. Dokshitzer, A. Lucenti, G. Marchesini and G.P. Salam, JHEP 01 (1998) 011 [hep-ph/9801324].

12. M. H. Seymour, Comput. Phys. Commun. 90, 95 (1995) [hepph/9410414];

J. Andre and T. Sjostrand, Phys. Rev. D 57, 5767 (1998) [hepph/9708390];

G. Corcella and M. H. Seymour, Phys. Lett. B 442, 417 (1998) [hepph/9809451];

J. C. Collins, JHEP 0005, 004 (2000) [hep-ph/0001040]; S. Catani, F. Krauss, R. Kuhn, B.R. Webber; QCD Matrix Elements + Parton Showers[hep-ph/0109231].

13. P.A. Movilla Fernández, O. Biebel and S. Bethke, hep-ex/9807007; Phys.

Lett. B459 (1999) 326 [hep-ex/9903009].

14. B.R. Webber, Phys. Lett. B339 (1994) 148 [hep-ph/9408222];

R. Akhoury and V.I. Zakharov, Phys. Lett. B357 (1995) 646 [hepph/9504248];Nucl. Phys. B465 (1996) 295 [hep-ph/9507253]; M. Beneke and V.M. Braun, Nucl. Phys. B454 (1995) 253 [hepph/9506452];

Yu.L. Dokshitzer and B.R. Webber, Phys. Lett. B352 (1995) 451 [hepph/9504219];

Yu.L. Dokshitzer, V.A. Khoze and S.I. Troyan, Phys. Rev. D53 (1996) 89 [hep-ph/9506425];

G.P. Korchemsky and G. Sterman, Nucl. Phys. B437 (1995) 415 [hepph/9411211].

15. Yu.L. Dokshitzer, G. Marchesini and B.R. Webber, Nucl. Phys. B469 (1996) 93 [hep-ph/9512336].

16. Y. L. Dokshitzer, A. Lucenti, G. Marchesini and G. P. Salam, Nucl. Phys.

B 511, 396 (1998) [Erratum-ibid. B 593, 729 (1998)] [hep-ph/9707532].

17. G.P. Salam, G. Zanderighi, Nucl. Phys. Proc. Suppl. 86 (2000) 430 [hep-ph/9909324].

18. A. Banfi, Yu.L. Dokshitzer, G. Marchesini and G. Zanderighi, JHEP 07 (2000) 002 [hep-ph/0004027]; JHEP 03 (2001) 007 [hep-ph/0101205]; Phys. Lett. B508 (2001) 269 [hep-ph/0010267].

19. A. Banfi, Yu.L. Dokshitzer, G. Marchesini and G. Zanderighi, JHEP 05 (2001) 040 [hep-ph/0104162].

20. A. Banfi, G. Marchesini, G. Smye and G. Zanderighi, JHEP 08 (2001) 047 [hep-ph/0106278].

21. G. Marchesini and B.R. Webber, Phys. Rev. D38 (1988) 3419.