LU TP 94-6 April 1994

Soft Isolated Photon Production as a Probe of the Parton Shower Mechanism

M.H. Seymour Department of Theoretical Physics, University of Lund, Sölvegatan 14A, S-22362 Lund, Sweden

Abstract

We discuss the rate of low-energy well-isolated photons in e^+e^− annihilation into hadrons, which is highly sensitive to the differences in scale-ordering used in parton shower models. We show that in the data already taken by each LEP experiment, differences of more than 5 standard deviations could be seen between the main models ‘on the market’, if the experimental errors are dominated by statistics. Requiring in addition a hadronic jet to be resolved by a k_⊥ jet algorithm increases this to almost 8 standard deviations. No other test has yet been proposed that is capable of seeing differences between the perturbative components of the models with such a high level of significance.

LU TP 94-6 April 1994

1. Introduction

The hadronic final states of high-energy collisions are highly complex. Although we believe they are describable by QCD, we currently have no way to calculate their detailed structure. Nevertheless, due to the factorisation of QCD and its asymptotic freedom, many features of the final states can be attributed to perturbative effects, with only small corrections coming from the non-perturbative confining forces. Over the past decade, a great deal of progress has been made in the theoretical understanding of this perturbative component. Most of the important effects have been encoded in probabilistic Monte Carlo models, which also contain phenomenological models of the less well-understood confinement component. This paper is concerned with a comparison of three of the most commonly-used models, HERWIG[1], JETSET[2] and ARIADNE[3], using multihadron events in which a soft photon is observed at a large angle to the rest of the hadronic event.

Photon production in multihadron events has been widely studied at LEP, with all four experiments publishing measurements[4–8]. This is of interest partly to study the electroweak interactions of quarks[9], but mainly as a probe of the hadronic final state[4]. This is because photon emission is so similar to gluon emission, except that the photons do not suffer confinement effects, and so can be identified in phase-space regions where gluon emission cannot. An important consequence of the similarity between photon emission and gluon emission is that a test of a prediction for photons constitutes a test of the whole model, since there is no extra freedom or adjustable parameters in the inclusion of photons. To make a critical test of the model however, it is important to be able to make a direct connection between the prediction being tested and a specific feature of the underlying model.

The rate of low-energy large-angle photons was first discussed as a probe of the ‘scaleordering’ used in different models in [10], and specific predictions were given in [11]. However, as we show in this paper, in order to make a solid connection between the scaleordering and this rate, it is essential that the models not only correctly reproduce the soft limit, but also its first correction. In the case of HERWIG, this has had to await the introduction of a matrix-element correction to the parton shower prescription[12].

This paper is set out as follows: In section 2, we review the parton shower prescriptions used in each model, and describe the effect the scale-ordering has on the rate of large-angle soft photon emission. We also derive a rough estimate of the expected size of the effect. In section 3, we propose an event definition and give the predictions of each model. In section 4, we discuss the features of the hadronic part of the event, and show that requiring it to contain a high-p_t jet enhances the effect. Finally in section 5, we summarise the paper.

The specific versions of the models we use are ARIADNE4.04, JETSET7.3 and an asyet unreleased version of HERWIG, provisionally called 6.0. We leave all parameters at their default values, except for switching on photon radiation, by setting MSTA(20)=1,

MSTJ(41)=2 and VPCUT=0.4 respectively.

2. Parton Shower Prescriptions

The emission of a parton, whether from another parton or from a dipole, can quite generally be described by two variables—the scale Q^2, which has dimensions of energysquared, and a dimensionless variable z, which describes the kinematics of the resulting state. When there is more than one emission, their relative azimuth ϕ is also required, but we neglect that here. The differential emission probability can then be written in the form dP = dQ^2 Q^2 P (z)dz. (1) The parton shower is built around the Sudakov form factor, Δ(Q^2), which is defined as the probability that a parton formed at some scale Q produces no radiation that is resolvable above some infrared cutoff, Q_0. This can be found from the probabilities that n partons are produced, summed over all n, which exponentiates to give

Δ(Q^2) = exp − Z_Q2

Q^2_0 dk^2 k^2

Z_{zmax(k}2_)

z_{min}(k^2) P (z)dz . (2) Thus the differential probability for an emission at scale Q, that is not accompanied by any resolvable radiation at scales above Q, is given by dP = dQ^2 Q^2 P (z)dz exp − Z_Q2_{max}

Q^2 dk^2 k^2

Z_{zmax(k}2_)

z_{min}(k^2) P (z)dz (3) = dQ^2 Q^2 P (z)dz Δ(Q^2_{max}) Δ(Q^2) (4) This can be interpreted in a very simple way as describing an ordered process, where Eq. (3) represents the probability distribution for the ‘first’ emission to occur at scale Q^2.

The subsequently produced system can go on to radiate further partons. In the stronglyordered region Q^2_1 ≫ Q^2 ≫ Q^2_3 . . . , which gives the leading logarithmic contribution, the corresponding probability distributions factorise into independent emission probabilities of the form given in Eq. (4). This, together with the scale-ordering, means that the process can be represented as a Markov chain, where a parton system evolves by a series of emissions, each at a smaller scale than, and only dependent on, the last. This is extremely suitable for a Monte Carlo implementation, where a direct correspondence can be made between phase-space points and generated events.

This semi-classical evolution approach is capable of describing the logarithmic terms arising from collinear singularities, but once quantum interference is taken into account the simple probabilistic picture is no longer valid. This is particularly important for soft emission which is also enhanced by large logarithms, and where many different branching configurations can lead to the same final state, so interference effects can be large. In fact, these are destructive outside angular-ordered regions of phase-space, due to the coherence of the radiation from each emitter[13]. Thus a Markov approach can still be used, provided that each branch is generated with ordered opening angle as well as scale[14]. All the Monte Carlo models discussed here incorporate this effect, although by different methods in each case. The interference also gives rise to azimuthal correlations between different emissions, which are included in HERWIG and ARIADNE but not JETSET, but which are not important for the predictions discussed here.

Although the definitions of all the variables appearing in Eq. (4) are model-dependent, the three models are actually all equivalent to leading logarithmic order (in the case of ARIADNE only up to corrections of order 1/N^2_c , where N_c = 3 is the number of colours). They also agree with analytical calculations to that order. However, when constructing real events one must ensure that energy-momentum is conserved, and although the first corrections this introduces are of next-to-next-to-leading order, they can be numerically important[15]. It is these effects that produce dependence upon the definition of emission scale used, which we discuss in more detail below.

Many of the next-to-leading corrections can be included by appropriate definitions of variables. The most important of these is the scale that is used for the running coupling, which in the soft and collinear limits should be the transverse momentum of the emitted parton. The three models use different approximations to the transverse momentum, which all become equivalent in the appropriate limits.

Although the models describe the logarithmic regions well, many experimental observables emphasise phase-space regions well away from these. All three models match the hardest emission to the leading order matrix element to improve the treatment of such regions.

It is in principle straightforward to include photon emission within a parton shower model, and all the three models discussed here have done so. It is important to note that this does not introduce any new adjustable parameters, so studies of prompt photons are capable of constraining the underlying models, and not just the photon emission parts of them. Since photons escape from the partonic system without undergoing hadronisation, many regions of phase-space can be selected that are experimentally inaccessible for gluon emission. As we show in this paper, at least one such region—low-energy large-angle emission, is much more sensitive to the model-dependence of the scale definition than are the bulk properties of events that have hitherto been measured. 2.1 The HERWIG model

In HERWIG, the angular ordering of emissions is incorporated into the scale ordering, by defining the scale as

Q^2 = E^2ξ ≈ E^2(1 − cos θ), (5) ξ = p_i ·p_j /E_iE_j ≈ 1 − cos θ, (6) E = E_i + E_j , (7)

where p_{i,j}, E_{i,j} are the 4-momentum and energy of the resulting partons, and θ is their opening angle. The approximation for ξ holds when the partons are massless. Colourconnected pairs of partons with invariant-mass M are treated in separate frames where they have initial energy E = M/ √ 2 and upper limit ξ < 1, and are boosted to their overall rest-frame after showering. This has the consequence of excluding very hard emission, which is corrected by using the lowest-order matrix-element in the excluded region, and the parton shower algorithm elsewhere. Thus it should be remembered that this region, while important for the properties of hadronic events containing very hard photons, does not test the fundamental properties of the underlying model.

The other variable, z, is defined as the energy fraction carried away by the gluon or photon. The distribution functions P (z) are then just the standard DGLAP ones. The definition of transverse momentum used for the running coupling is defined by

p^2_t = z^2(1 − z)^2Q^2. (8)

The two-loop running coupling is used, leading to the incorporation of some important nextto-leading order terms. The infrared cutoff is described by a parameter Q_0 that can be separately adjusted for quarks and gluons, which sets the minimum transverse momentum of emission that can be resolved. This leads to a lower bound of z > Q_0/Q. After all partons have been evolved down to the infrared cutoff scale, the partonic system is hadronised using the cluster fragmentation model.

Matching to the leading order matrix element is performed for every emission that is harder than all previous emissions, which correctly ensures that the correction enters into the form factor[12]. This is a new feature since the most recent public version, 5.7. 2.2 The JETSET model

In JETSET, a more traditional definition of scale is used; the virtuality of the emitting parton, Q^2 = (p_i + p_j )^2 ≈ E_iE_j (1 − cos θ), (9)

where the definitions are as for HERWIG. Parton showers are generated in their overall centre-of-mass system, where the upper limit is Q^2 < M^2. This leads to the phase-space for the first emission being covered twice—once from each jet, and the sum of the two emission probabilities is larger everywhere than the matrix-element probability, which is then used to correct the distribution of first emissions.

The other variable is also the energy fraction of the gluon or photon as in HERWIG. The transverse momentum used for the running coupling is defined by

p^2_t = z(1 − z)Q^2 (10)

The infrared cutoff is set by the minimum virtuality that can be reached, Q_0, and except for photon emission, by requiring p_t > Q_0/2. These lead to rather complex limits for z, which we will not reproduce here. Angular-ordering is imposed by vetoing emissions that are generated with non-ordered angles, and continuing the evolution from the chosen value of Q^2. After parton showering, the partonic system is hadronised using the string fragmentation model. 2.3 The ARIADNE model

In contrast to HERWIG and JETSET, which treat gluon emission as arising from quasiindependent partons, ARIADNE uses the colour dipole model, where gluons are supposed to be emitted by quasi-independent expanding dipoles between colour-connected pairs of partons. The scale used is the invariant transverse momentum of the emitted parton,

Q^2 = k^2_t = s_{12}s_{23}/s_{123}, (11)

where s denotes the invariant-mass-squared, and parton 2 is emitted between partons 1 and 3. The whole procedure is boost-invariant, so can be performed in any frame—in fact each emission is generated in the rest-frame of its parent dipole.

The other variable used is the rapidity of the emitted parton relative to the emitting dipole, y =^1_2 log s_{12} s_{23}

. (12)

The infrared cutoff is simply a cutoff in k_t. The scale used for the running coupling is

p^2_t = Q^2. (13)

Unlike JETSET and HERWIG, the kinematic variable y is never bounded by the infrared cutoff, but only by cosh y < √ s_{123}/2k_t. The emission distributions P (y), are given by the first-order matrix-elements for the 13 → 123 processes, which agree with the DGLAP splitting functions in the soft and collinear limits, up to corrections of order 1/N^2_c . Angular ordering and azimuthal correlations are automatically included by the prescription. The orientation of the two-dipole system after emission relative to the original dipole, is decided by minimising the disturbance to neighbouring dipoles. The partonic system is hadronised by the string model, as implemented in JETSET. 2.4 The effect of scale ordering

The central point of this proposal is that the differences in definition of scale are most apparent in low-energy large-angle emission. However, in the case of gluon emission, these gluons are never detectable due to hadronisation effects. On the contrary, photons can be detected with energies down to a few GeV, especially if they are well isolated, as we require in this analysis.

If we consider emitting a photon of energy E_γ at θ_γ ∼ 90^∘ from a quark of energyE(≫E_γ), the scale at which this occurs is entirely different in the three models: in HERWIG, it is ∼ (E_γ + E)^2(1 − cos θ_γ) ∼ Q^2_{max}; in JETSET, it is ∼ 2EE_γ(1 − cos θ_γ) ∼ Q_{max}Q_{min}, and in ARIADNE, it is ∼ E^2_γ sin^2 θ_γ ∼ Q^2_{min}. This means that the energy of the emitting quark will be lower in ARIADNE than in JETSET than in HERWIG, so although the three models would predict the same rate of such photons in the absence of gluon radiation, their rate will be lowest in ARIADNE and highest in HERWIG. This is known as a competition for phase-space. As we shall see shortly when we make these qualitative statements more quantitative, it is formally a next-to-next-to-leading order effect, and as such is neglected in most analytical calculations. Until a complete calculation of these corrections can be made, it is a matter for experiment to decide in tests such as the one discussed here, which scale is the most natural to think about parton showers being ordered in.

It is straightforward to find the probability distributions for soft photons in terms of x, the energy of the photon scaled by its maximum allowed energy ( √ s/2 for the first emission), and θ_γ, the angle between the photon and the charged thrust axis. For small x we obtain the same expression for each model, dP = 4 e^2_qα 2π dx x d cos θ_γ sin^2 θ_γ ( 1 − x + O(x^2) ) , (14)

where e_q is the charge of the quark in units of the electron charge. To this order in x, this is identical to the leading order matrix element. In the case of HERWIG, this agreement is only true because of the recently-implemented matrix-element matching.

Note that the leading term is energy-independent, dx/x = dE_γ /E_γ , while the next-to-leading term is energy-dependent, dx = dE_γ /E, and negative.

The essence of this proposal is straightforward: The later the emission of the photon in the shower, the lower the energy of the emitting quark, and so the larger the suppression due to the next-to-leading term.

It might appear that this contradicts Low’s Theorem, which states that the rate of soft photons depends only on the momenta of external particles, and not on their production mechanism. However, this only applies to the leading term in the soft limit, which we have seen is correct in all three cases, and not to its correction terms.

We can easily make a rough estimate of the size of this effect. The rate predicted by a

Figure 1: Rough expectations for the rate of large angle photons for models in which they are treated early (solid), late (dashed), and in-between (dotted).

model in which the emission comes at some scale Q_γ is dn dE_γ dθ_γ ∼ 4 e^2_qα 2π ( 1 E_γ − ⟨ 1 E ⟩) , (15)

where E is the energy of the quark after the treatment of emission at scales between √ s and Q_γ. One might estimate this from ⟨ 1 E ⟩_{−1} ≈ ⟨E⟩ ≈ √ s 2 1 − C_F 2π Z_s

Q^2fl dp^2_t p^2_t α_s(p^2_t )

Z_1 0 dz(1 + (1 − z)^2) , (16)

but empirically we find that

⟨_1 E ⟩_{−1} is much smaller than ⟨E⟩ for this distribution. A fit to results from ARIADNE gives ⟨ 1 E ⟩_{−1} ≈ √ s 2 ( 1 − 0.15 log √ s/2 Q_γ ) , (17)

which is accurate to a few percent over the whole range of Q_γ from 1 GeV to √ s/2, for √ s ∼ 90 GeV. One can obtain estimates of the expected rate from models in which such emission is treated early (HERWIG), late (ARIADNE), and in-between (JETSET), by setting

Q_{e,early} = √ s/2, (18) Q_{e,late} = Q_γ, (19) Q_{e,mid} = √ Q_γ √ s/2, (20) respectively. In figure 1 we plot the differential distribution according to each of these scale choices. Since we only consider the average behaviour and not fluctuations away from this average, this should only be considered a rough estimate of the size of the effect. It varies between 5% when E_γ is a few GeV, and 10% when E_γ is about ten GeV. There is a competition between two effects that prevents this ratio from varying much with E_γ:

As E_γ gets smaller, the difference between the scales increases, so the absolute difference increases, while the total rate also increases, decreasing the relative difference. In this simple approximation, the decrease marginally wins out, while as we shall see in the next section, the increase marginally wins in the actual models.

We conclude that a difference of around 10% should be observable due to the difference in scale order, if indeed the programs are accurate implementations of the simple models considered above.

3. Predictions for Soft Isolated Photons

To make quantitative predictions, we must use a specific event definition. In particular, since the inclusive rate of photons is not infrared safe, we must define an isolation criterion. We must also define the axis from which the photon angle is measured in an infrared safe way.

Most studies of photons in e^+e^− annihilation to hadrons have used a jet-like event definition, first clustering the hadronic part of the event into jets, and then requiring the photon to be isolated from these jets. However, to keep the interpretation of the soft photon rate simple, we should try to make an event definition that is as similar as possible to an inclusive photon, while remaining infrared safe. This means that we should make as few requirements on the hadronic event as possible. To this end, we make a simple cone-isolation cut, by requiring there to be less than 1 GeV of total hadronic energy in a cone of 15^∘ half-angle centred on the photon. The general reliability of such a procedure has been questioned[16], but since in our case we also require the photon to be at a large angle to the event axis it does not suffer the problems due to collinear emission discussed there. In events in which more than one photon passes these criteria, all are used in the analysis, although this is so rare that it is unimportant to the result.

We define the event axis as the thrust axis, but calculated using only charged particles, which is more reliable experimentally than using all hadrons. Since it excludes the photon, it also means that the event axis is independent of the photon energy when the photon is at a large angle to it.

Having defined an isolated photon and an event axis, we would ideally be interested in the double-differential distribution over the angle from the axis, θ_γ, and the photon energy, E_γ. However, since the event rate is reasonably small, we consider distributions that have been integrated over some range of one or other variable.

In figure 2 we show the angular distribution of the isolated photons, integrated over photon energies between 3 and 10 GeV. The distribution is plotted in such a way that without the isolation cut it would be flat. We see that for θ_γ larger than about 45^∘ it is indeed flat. To ensure that we stay well away from the region where the isolation cut becomes important, and in the region where the scales are most different in the different models, we restrict ourselves to θ_γ > 60^∘.

In figure 3 we show the energy distribution, integrated over the angular region θ_γ > 60^∘. We see that HERWIG is indeed about 10% above ARIADNE. The first bin is dominated by effects of the infrared cut, and should be ignored.

JETSET lies about 30% below our theoretical expectation, which is consistent with the deficit observed in experimental analyses. Since this phase-space region does not contribute a great deal to the total cross-section observed in other analyses, this is an interesting cross-check showing that the deficit is rather constant over phase-space. However, since

Figure 2: The angular distribution of isolated photons, with energy between 3 and 10 GeV, from ARIADNE. Pure QED, without gluon radiation or an isolation cut, would predict a flat distribution on these axes.

it is not yet understood, it makes the results impossible to interpret purely in terms of scale-ordering, and we disregard JETSET for the remainder of this paper.

Although the difference between HERWIG and ARIADNE is in accord with our expectations from the previous section, it would be useful to check that the difference really is due to scale-ordering, and not some coincidental effect of the implementation. One way in which we can do this is to run ARIADNE, but with the ordering altered so that all photon emission is treated before any gluon emission (the ‘photon-first’ version discussed in [17]). If the difference is solely due to the scale-ordering, then the results from ‘photon-first’ ARIADNE should be identical to those from HERWIG. As seen in figure 4, although they are not identical they become so at low energy, showing that the differences for soft photons are dominated by scale-ordering. As the energy gets larger, recoil effects from subsequent

Figure 3: Energy spectrum of isolated photons that are more than 60^∘ from the thrust axis, from HERWIG (solid), ARIADNE (dashed) and JETSET (dotted).

Figure 4: Energy spectrum of isolated photons that are more than 60^∘ from the thrust axis, from HERWIG (solid), ARIADNE (dashed), ‘photon-first’ ARIADNE (dotted), and ‘photon-first’ JETSET (short-dashed).

emissions (which affect the neglected terms in (14)) begin to become important, and one would not expect the models to agree. It is interesting to note that ‘photon-first’ JETSET agrees with HERWIG and ‘photon-first’ ARIADNE.

To estimate the statistical significance of the difference, we integrate the rate over the region

θ_{min} < θ_γ, (21) E_{min} < E_γ < E_{max}, (22)

giving a number of events N_{AR} and N_{HW} from each model. We then calculate the significance of the difference, σ = N_{HW} − N_{AR} √ N_{HW}

. (23)

Studying σ as a function of θ_{min}, E_{min} and E_{max}, we find that it is strongly dependent on E_{min}. The value used will depend on the experimental procedure, and in particular how well soft pions can be rejected (see below). We choose a representative value of E_{min} = 3 GeV. The significance is maximised for θ_{min} = 60^∘, but is almost as large for θ_{min} = 70^∘, the value used in [11]. Nevertheless we use 60^∘ here. The statistical significance only varies slowly with E_{max}, peaking for E_{max} ∼ 10 GeV, but still almost as large for E_{max} ∼ 20 GeV. If the experimental errors are dominated by the systematic uncertainty however, it is an advantage to have as large a ratio between the two model predictions as possible. This favours smaller values of E_{max}, so we set E_{max} = 10 GeV.

Using these cuts, and assuming a total of two million hadronic Z decays, we obtain 2520 events from HERWIG and 2260 from ARIADNE, with a statistical significance of 5.2 standard deviations. Increasing E_{min} reduces this significance: For E_{min} = 4 or 5 GeV, it becomes 4.1 or 3.9 standard deviations respectively.

We conclude that, at least in the cases of HERWIG and ARIADNE, the Monte Carlo implementations are good representations of the underlying models, and that the model-

Figure 5: Energy spectrum of isolated pions that are more than 60^∘ from the thrust axis, from HERWIG (solid) and JETSET (dashed).

dependence of the predictions for soft isolated photons is largely determined by the scaleordering. The difference is sufficiently large to have a high statistical significance in the data already taken by each LEP experiment. Thus, if the systematic errors due to backgrounds can be kept down to a reasonable level, an experimental measurement of the rate of soft isolated photons would give important evidence for which (if any) of the ordering variables provides a good description of the physical showering process.

The principal background comes from isolated neutral meson production, mainly π^0s, where the meson decays into two photons. Unfortunately this is a prediction for which the difference between the different Monte Carlo models is known to be large. An experimental analysis would therefore need to either reduce the background rate well below the signal or measure it from the data, for example by measuring it in the region where the two photons are separately measurable and extrapolating into the region where they are not. In figure 5 we show the energy spectrum of π^0s that pass the isolation and angular cut. We see that to reduce the background rate to the level of the scale-dependence in the models, a rejection factor of at least 100 would be needed at E_γ = 3 GeV. The pion spectrum falls much more quickly than the photon one, so the situation improves with increasing E_γ, for example by 5 GeV, a rejection factor of 20 would be sufficient. It is also likely that a more stringent isolation cut would improve the situation, although we have not investigated this. 4. The Hadronic Event

In terms of the time-ordered picture described earlier, the suppression of soft photons in ARIADNE is because the evolving quark has been ‘offered the chance’ to emit gluons before the photon in question. However, this chance is not always taken, and so in some fraction of events the emitting quark still has its full energy. Therefore it seems that if events are selected containing a jet with p_t greater than the photon’s, the difference between the models should be increased. We should beware of relying on events in which the jet p_t is a significant fraction of the available energy, since the results would then depend on the model-dependent hard limits. But since all the models reduce to DGLAP evolution at small p_t, as long as we work at reasonably small p_t the differences will still be dominated by scale-ordering.

Figure 6: Distribution of jet p_t(≈ √ ys) for events that pass the cuts of the previous section.

Solid is from HERWIG, dashed from ARIADNE.

To resolve the jet in an infrared safe way, we use the k_⊥ jet algorithm for e^+e^− annihilation[18] (sometimes known as the Durham algorithm), continuing to cluster jets until exactly three remain. We exclude the photon from the clustering procedure, and set the denominator of the k_⊥ measure to the total visible energy excluding the photon. The y value at which the three jets get clustered to two gives the p_t of the emission scaled by the available energy, p_t = √ y ( √ s − E_γ) . (24)

In figure 6 we show the y distribution of events that pass the previous section’s cuts. It can be seen that the extra HERWIG events relative to ARIADNE are predominantly accompanied by higher p_t jets. Applying a cut of

y > y_{cut}, (25)

and optimising for statistical significance we obtain y_{cut} = 0.01, corresponding to a p_t of about 8.5 GeV. This gives 1090 events from HERWIG and 830 from ARIADNE, with a significance of 7.9 standard deviations. It is worth noting that in hadronic events without the photon selection, HERWIG gives 5% more events with y > 0.01 than ARIADNE so that most, but not all, of the 20% gained by this cut can be attributed to the scale-ordering.

In figure 7 we show the ratio of y to the scaled energy of the photon, which, since we work at large angles, is equivalent to its scaled transverse momentum. We apply a cut of

y > r_{min}E^2_γ /s. (26)

Setting r_{min} = 1 might seem the simplest situation, and gives 1630 events from HERWIG and 1350 from ARIADNE, with a significance of 6.9 standard deviations. Optimising again, we obtain a slightly higher value, r_{min} = 2.5, corresponding to a p_t cut 60% above that of the photon. This gives 1170 events from HERWIG and 920 from ARIADNE, with a significance of 7.3 standard deviations. Thus y_{cut} is more effective than r_{min}. We have not investigated the possibility of optimising the photon and jet cuts simultaneously, which could also improve the significance.

Figure 7: Distribution of jet p_t relative to the photon energy for events that pass the cuts of the previous section. Solid is from HERWIG, dashed from ARIADNE.

Since the cut on y is so successful in enhancing the ratio of the two models it raises another possibility, of measuring the fraction of photon events that contain such a jet. This fraction is predicted to be 43.3% by HERWIG and 36.7% by ARIADNE. With the numbers of events given above, this would have a statistical error of about 1%, so a significance of 6.6 standard deviations. Although this is not as statistically discriminating as the absolute rate of events that pass the cuts, one would expect many of the systematics from the background uncertainty to cancel in the ratio. It is therefore possible that the total error on the relative fraction is smaller than on the absolute number of events passing the cuts.

Once we have infrared safe definitions of the photon and jet system, we can also study correlations between them. In particular, the argument of [17] suggests an anticorrelation between the azimuths of the photon and the softest of the three jets. In the limit of high p_t, all three models give similar results[10], since large p_t tends also to mean large angles and large virtualities, so the scale-ordering has little effect. In the phase-space region we have selected however, we do have large differences in the scale-ordering, and so would expect more model-dependence. We expect HERWIG to be almost uniform in azimuth, with ARIADNE showing the anticorrelation, although it will not be large at our small p_t values. Using the r_{min} = 1 cut we obtain ⟨cos Δϕ⟩_{AR} = −0.041 ± 0.019, where the error is that expected for 2 million events. ⟨cos Δϕ⟩_{HW} is consistent with zero, even in our sample of 10 million Monte Carlo events. Although the effect is barely significant, it does have the advantage that the background is unlikely to depend significantly on Δϕ, so the background systematics would again largely cancel.

We conclude that a p_t cut does enhance the significance of the model-dependence, while remaining largely determined by the scale-ordering. 5. Summary

The Monte Carlo models we have been discussing are important components of many experimental analyses of high-energy collisions. It is therefore essential that they be tested as thoroughly as possible, so that we know where they can be relied upon, and where they cannot. Although general comparisons between model predictions and data are useful for disproving models, critical tests require a direct connection between the quantity being measured and a specific feature of the model. A well-known example is the measurement of the ‘string effect’, which has helped show the importance of coherence effects in the description of multihadron final states.

In this paper we have discussed another such test, the rate of low-energy large-angle photons, which has a direct connection with the variable used to define the ‘time order’ of the parton showering process. By comparing with the ‘photon-first’ version of ARIADNE, we have shown that the model-dependence is indeed dominated by the scale-ordering. If the experimental errors are dominated by statistics, and our representative cuts are used, differences between the models should be observable with a significance of more than 5 standard deviations, in the data already taken by each LEP experiment. Also requiring a hadronic jet to be resolved in the k_⊥ algorithm with y_{cut} = 0.01 increases this to almost 8 standard deviations, while the relative fraction of events passing this jet cut has a significance of over 6 standard deviations. Acknowledgments

This work has benefited from discussions with Bo Andersson, Yuri Dokshitzer, Gösta Gustafson, Christian Markus, Peter Mättig and Bryan Webber. It is supported in part by the EEC Programme “Human Capital and Mobility”, Network “Physics at High Energy Colliders”, contract CHRX-CT93-0537 (DG 12 COMA). References

1. G. Marchesini, B.R. Webber, G. Abbiendi, I.G. Knowles, M.H.Seymour and L.Stanco, Computer Phys. Comm. 67 (1992) 465.

2. T. Sjöstrand, Computer Phys. Comm. 46 (1987) 367. 3. L. Lönnblad, Computer Phys. Comm. 71 (1992) 15.

4. The OPAL Collaboration, Zeit. Phys. C54 (1992) 193; Zeit. Phys. C58 (1993) 405. 5. The ALEPH Collaboration, Zeit. Phys. C57 (1993) 17. 6. The DELPHI Collaboration, Zeit. Phys. C53 (1992) 555. 7. The L3 Collaboration, Phys. Lett. 292B (1992) 472.

8. S. Cartwright, ed., Proceedings of the Workshop on Photon Radiation From Quarks, Annecy, 1991, CERN 92-04.

9. P. Mättig and W. Zeuner, Phys. Lett. 246B (1990) 285. 10. M.H. Seymour, Zeit. Phys. C56 (1992) 161.

11. M.H. Seymour, Cambridge PhD thesis, 1992; Rutherford preprint RALT-142. 12. M.H. Seymour, Matrix-Element Corrections to Angular-Ordered Parton Showers, in preparation.

13. Yu.L. Dokshitzer, V.A. Khoze, A.H. Mueller and S.I. Troyan, Basics of Perturbative QCD, Editions Frontières, Gif-sur-Yvette, 1991.

14. G. Marchesini and B.R. Webber, Nucl. Phys. B238 (1984) 1. 15. Yu.L. Dokshitzer, Phys. Lett. 305B (1993) 295.

16. P. Mättig, H. Spiesberger and W. Zeuner, Zeit. Phys. C60 (1993) 613. 17. B. Andersson, G. Gustafson and C. Sjögren, in [8].

18. S. Catani, Yu.L. Dokshitzer, M. Olsson, G. Turnock and B.R. Webber, Phys. Lett.

269B (1991) 432.