Published by Institute of Physics Publishing for SISSA/ISAS Received: March 27, 2002 Accepted: December 4, 2002

Implementing initial state radiation for lepton induced processes in AMEGIC++

Andreas Schälicke,^{ab} Frank Krauss,^{ab} Ralf Kuhn^a and Gerhard Soff^a

aInstitut für Theoretische Physik TU Dresden, 01062 Dresden, Germany bCavendish Laboratory, University of Cambridge Cambridge CB3 0HE, UK E-mail: schalicke@hep.phy.cam.ac.uk, krauss@hep.phy.cam.ac.uk,

kuhn@theory.phy.tu-dresden.de, soff@physik.tu-dresden.de

Abstract: We have implemented the method of Yennie, Frautschi, and Suura up to first order in α for the simulation of QED Initial State Radiation in lepton induced processes in

AMEGIC++. We consider s-channel processes via the exchange of scalar or vector resonances

at electron and muon colliders.

Keywords: Standard Model, Supersymmetric Standard Model, Higgs Physics, Electromagnetic Processes and Properties.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep122002013 /jhep122002013 .pdf

Contents

1. Introduction 1

2. Method 3 2.1 Mini-review of the YFS approach 3 2.2 The MC algorithm 5 2.3 Implementing matrix element corrections 6

3. Implementation 8

4. Results 9 4.1 e^+e^− → ff̄ 10 4.2 Muon collider 11

5. Conclusion and outlook 14

A. The MC algorithm 16

B. Program parameters 18

1. Introduction

Initial State Radiation (ISR) is the most important QED correction to the Born cross section. For instance, in the case of electron positron annihilations at energies beyond the Z-threshold ISR leads to the so-called radiative return causing a hugely increased cross section. There, via multiple emission of photons, the electron positron pair tends to reside on the Z-resonance (returning on it) picking up the propagator in its resonance region. In this way, the correction term becomes several times larger than the Born term at the initial center of mass energy. Evidently, the effect of ISR is of great significance for the interpretation of experimental results. However, since initial state photons tend to be collinear and soft they easily escape detection. In the detector, they tend to leave only imprints by a reduced overall energy and some netto transverse momentum and — possibly — by a boost of the visible final state along the beam axis. Due to this rather indirect method of measuring it, the precise simulation of ISR is crucial for most experimental analyses.

– 1 –

Several strategies exist for this task:

1. The structure function approach

The idea behind this approach is to simulate ISR with the help of a probability density to find an electron with reduced momentum inside an incoming electron. Accordingly, the missing momentum is then attributed to photon radiation. That way the total cross section σ_{tot} including ISR is defined as the leading order cross section σ_B convoluted with two structure functions Γ_{ee}:

σ_{tot} = ∫ dx_1dx_2Γ_{ee}(x_1, s)Γ_{ee}(x_2, s)σ_B(x_1x_2s) . (1.1)

Within the structure functions logarithmically enhanced contributions are exponentiated and thus re-summed to all orders with further terms covering non-factorisable QED effects up to a finite order α^n. Additionally, terms describing weak and strong effects can be taken into account. However, since the structure function is integrated over all photon energies and transverse momenta, it is limited to situations in which only the overall effects of energy reduction and longitudinal boost via ISR are of interest. Arbitrary phase space cuts are difficult to implement. Specific photonic observables like for instance the number of photons above some energy threshold or their transverse momenta are beyond the reach of this approach.

2. The parton shower approach

In this approach, the electron radiation is followed step by step from the comparably low scales of the order of the electron mass connected to the incoming electrons to the high energy scale of the actual hard process. After setting up an electron distribution function at the initial scale, any individual photon emission is governed by the well-known splitting function P_{ee}(z) = α 2π 1 + z^2 1 − z (1.2)

leading to a Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equation for the structure function. Technically, the original structure function is being reproduced statistically at each scale via backward evolution and re-weighting, where the analytic integration is replaced by Monte Carlo integration. Apparently, photons are generated explicitly which allows for instance the application of arbitrary phase space cuts. However, one of the weaknesses of this approach is that it re-sums only the logarithmic enhanced contributions in the DGLAP equation. Even though the radiation of the hardest photon can be corrected with the first order matrix element, it is not clear how to systematically improve to higher perturbative order, i.e. how to make sure that matrix element expressions for the emission of additional photons are recovered for arbitrary processes and arbitrary numbers of photons.

3. The approach by Yennie, Frautschi and Suura (YFS) [1]

– 2 –

Within this approach the explicit generation of photons can be corrected systematically to all orders in the coupling constant. The basic idea here is to introduce some arbitrary infrared cut-off on the photon energies and treat low energy real photons as “un-resolvable”. Their respective contribution will cancel the emerging virtual infrared divergences will cancel the emerging virtual infrared divergences to all orders leading to finite factorisable terms which can be exponentiated. In this framework correction terms for harder photons can be easily introduced.

In this paper we want to give a description of the YFS method as implemented in

AMEGIC++ [2] including our approach to calculate the matrix element corrections. We

would like to stress that our goal is not to match the extremely high precision of dedicated programs like e.g. ZFITTER [3], or KKMC [4]. Instead we aim at a general purpose event generator suitable for the simulation of full events at lepton colliders in the spirit of programs like Pythia [5] and Herwig [6] including a proper treatment of ISR effects. In this context we would like to mention that our parton shower code APACIC++ [7] can be interfaced with AMEGIC++ thus providing a tool that simulates essential phenomena of the perturbative phase of interactions at lepton colliders.

The outline of our paper is as follows: in section 2 we briefly review the YFS approach and we give a short introduction to the nomenclature. Then we will introduce our new approach to calculate matrix element corrections for s-channel processes. In doing so we rely on the ability of AMEGIC++ to calculate (almost) arbitrary tree level matrix elements automatically. In fact, it can be anticipated that our method might allow for the construction of a more generic simulation code for QED initial state radiation in a larger number of processes. In section 3 we will discuss the actual implementation of our approach and the interplay of ISR with the calculations of matrix elements and cross sections in AMEGIC++. We justify our method in section 4 by confronting our results for the radiative return to the Z-pole with experimental data from the LEP experiment and with the results of other codes to simulate ISR. The generality of our program is illustrated by the application to the s-channel production of Higgs bosons at a possible muon collider. We will conclude with summarizing remarks.

2. Method

In this section we want to discuss our new method to include the effect of exact matrix elements in the generation process of initial state photons along the lines of the YFS approach. We will begin with a mini-review of this method suitable for Monte Carlo implementation.

2.1 Mini-review of the YFS approach

The idea underlying the YFS approach is to separate the phase space for the emission of real photons into two regions via a cut-off ϵ on the energy fractions, such that photons are coined infrared if their energies ω_γ < ϵE_{beam}. The contribution of these infrared photons is then used to cancel the virtual infrared divergences order by order in α. The remainders of

– 3 – this procedure factorize and can be exponentiated into an universal factor, the YFS form factor:

F^{YFS}(ε) = exp [ 2α(B + B̃) ]

= exp [ α π ( 1 2 ln s m^2

− 1 + π^2 3 ) + 2α π ( ln s m^2 − 1 ) ln ε ] . (2.1)

The virtual part is given by αB = ∫ d^Dk (2π)^D 1 k^2

S(k) (2.2)

whereas the real contribution reads αB̃ = ∫ ω<ϵE d^{D−1}k (2π)^{D−1}2ω

S̃(k) . (2.3)

The functions S(k) and S̃(k) denote the well known universal factorizing “radiation factors” or “eikonal factors” for virtual and real photons for a pair of two external charged lines with four-momenta p_1 and p_2 S(k) = − α 8π [ 2p^μ_1 − k^μ k^2 − 2kp_1 − 2p^μ_2 − k^μ k^2 − 2kp_2

]_2 , S̃(k) = α 4π [ p^μ_2 kp_2 − p^μ_1 kp_1 ]_2

. (2.4)

The emission of the visible real photons can then be corrected systematically to all orders in α to reproduce exact results as given by the corresponding matrix elements. To be more specific, let us consider as an example 2 → 2 processes of the type l^+(p_1) l^−(p_2) → f(q_1) f̄(q_2), where the p_i and q_j label the four-momenta of the external particles. The total cross section including arbitrary numbers of real or virtual photons can be written as

σ = F^{YFS}(ε) ∫ d^3⃗q_1 q^0_1 d^3⃗q_2 q^0_2 ∞∑ n=0 1 n! [_n ∏ i=1 d^3⃗k_i k^0_i

S̃(p_1, p_2, k_i)Θ ( 2k^0_i √ s − ε )] ×

× δ^4 ( p_1 + p_2 − q_1 − q_2 − n∑ i=1 k_i ) ×

× β_0 + n∑ j=1 β_1(k_j ) S̃(k_j ) + n∑ j,l=1,j≠l β_2(k_j , k_l) S̃(k_j )S̃(k_l) + · · ·

. (2.5)

The YFS form factor F^{YFS}(ε) covers the contribution of factorizing soft real and virtual photons to all orders. The integral over the phase space of the final state particles consists of the integral over the two outgoing momenta q_1 and q_2 plus a sum over all possible numbers of photons k_i with energy fractions above the resolution threshold ϵ. This constraint is reflected in the Θ-functions. The conservation of total four-momentum is enforced by the δ-function in the second line. Finally, the last line includes the matrix element corrections.

– 4 –

The β_n denote infrared safe combinations of cross sections and eikonal factors with n additional real photons as well as all finite contributions of any number of virtual photon loops. In practice, the order of virtual contributions is limited. In β^{(l)}_n the superscript l denotes the total number of virtual and real photons taken into account, i.e. the order of perturbation theory. From there we can read off the number of virtual photons, given by (l − n). For a treatment exact up to first order α, it is sufficient to determine β^{(0)}_0 , β^{(1)}_0 and β^{(1)}_1 , i.e. the cross sections for l^+(p_1) l^−(p_2) → f(q_1) f̄(q_2) up to one loop and for l^+(p_1) l^−(p_2) → f(q_1) f̄(q_2) γ(k_i) at the tree level. They are defined as

β^{(0)}_0 = ρ^{(0)}_0 , β^{(1)}_0 = ρ^{(1)}_0 , β^{(1)}_1 (k_i) = ρ^{(1)}_1 (k_i) − S̃(k_i) β^{(0)}_0 . (2.6)

The ρ^{(l)}_n are the fully differential cross sections for the hard process l^+(p_1) l^−(p_2) → f(q_1) f̄(q_2) + nγ (k_{i=1...n}) up to lth order in α, and S̃ denotes the eikonal factor as defined in eq. (2.4).

Analyzing the master equation, eq. (2.5), we realize that

1. the number of photons that are explicitly produced is not constrained,

2. the resolved photons are allowed to have transverse momentum,

3. the cross section is independent of ϵ (in fact, only the number of explicitly produced photons depends on the resolution scale), and

4. that in contrast to the parton shower approach as realized in Pythia any photon emission is corrected by the appropriate matrix element(s) to the chosen order in α including interference effects in multi-photon final states.

2.2 The MC algorithm

A Monte Carlo implementation for the YFS approach outlined above was described in [8] for the first time. The proposed procedure there was

1. to chose the c.m. energy with the form factor F^{YFS},

2. to determine the number of resolvable photons,

3. to supply each of the photons with a four-momentum k according to the eikonal factor S̃(k),

4. to reject all momenta outside their kinematical limits, and

5. to correct the configuration chosen with an additional weight stemming from the exact matrix element.

A more detailed description of the Monte Carlo steps can be found in appendix A.

– 5 –

2.3 Implementing matrix element corrections

The corrections on the photon distributions and the cross sections due to exact matrix elements can be read off from eq. (2.5). Up to first order in α the corresponding weight reads:

w_{ME} = 1 σ_B (s^′) β^{(1)}_0 (p_i, q_j) + N_γ∑

n=1 β^{(1)}_1 (p_i, q_j, k_n) S̃(p_i, k_n) , (2.7)

where again the p_i are the incoming momenta, the q_j are the outgoing momenta and the k_n are the momenta of the explicitly generated photons. In the following we will restrict ourselves to the description of the process e^+e^− → ff̄, i.e. a process with two incoming and two outgoing momenta only. However, the extension to more final state particles is straightforward.

An implementation of this weight might seem trivial, however, one serious question remains: How do we calculate matrix elements in situations, where the number of generated photons exceeds the number incorporated in the matrix element? Matrix elements are only unambiguously defined if all incorporated momenta comply with four-momentum conservation. This leads to a problem in cases when some of the generated photon momenta are omitted.

In general, it is solved by applying an unique description of how to evaluate β functions. Two approaches have been developed in the past to deal with this situation, namely the projection method [8] and the extrapolation method [9]. In the following we will briefly discuss both methods in order to point out their advantages and disadvantages. Our own solution will be presented afterwards.

The projection method defines for each β_n function a mapping of the four-momenta from the full phase space with N_γ photons to the restricted phase space with only n photons. Therefore, N_γ − n momenta are completely discarded. The four-momenta of the remaining particles are transformed such that they again comply with four-momentum conservation. In general, this is achieved by a sequence of scalings and boosts applied in individual combinations on the incoming and outgoing particles. For instance, for the leading order term β_0 the projected momenta p^′_i, q^′_j are obtained by boosting the incoming momenta p_1 and p_2 into their common c.m. frame and scaling them to fulfill the condition (p^′_1 + p^′_2)^2 = (q_1 + q_2)^2 = s^′. The outgoing momenta q^′_1 and q^′_2 are thus defined by boosting the original q_j into their common c.m. frame. A projection for higher order corrections is more involved and will be discussed at the end of this section in the framework of our new approach.

The extrapolation method, on the other hand, defines the matrix element in any phase space with additional photons, i.e. the momenta are kept untouched but the matrix element is rewritten in a suitable set of variables like e.g. angles and energies. Obviously, there is no universal way to construct this transformation and therefore this has to be pursued for each matrix element separately.

As an example we briefly review the corresponding algorithm presented in the program KoralZ [9], that is dealing with processes of the type e^+e^− → ff̄ with f ≠ e^−. The same method is also used in the EEX mode of KKMC, the improved successor of KoralZ. The

– 6 – leading order term β_0 is written as

β_0(p_i, q_j; k_1, . . . , k_{Nγ} ) = 1 2 [ dσ_0 dΩ (s^′, cos ϑ_1) + dσ_0 dΩ (s^′, cos ϑ_2) ] , (2.8)

where cos ϑ_1 = ⃗p_1⃗q_1 |⃗p_1||⃗q_1| = − ⃗p_1⃗q_2 |⃗p_1||⃗q_2| (2.9) and cos ϑ_2 = ⃗p_2⃗q_2 |⃗p_2||⃗q_2| = − ⃗p_2⃗q_2 |⃗p_2||⃗q_2| (2.10)

are the angles between equal and opposite charged particles, respectively. In the presence of additional photons these angles differ, but β_0 is well calculable for any number of photons, since the variables s^′ = (q_1 + q_2)^2, cos ϑ_1, and cos ϑ_2 are defined in all cases. For the calculation of β_1 the variable s = (p_1 + p_2)^2 and the polar angle of the photon cos ϑ_γ are used in addition to cos ϑ_1, cos ϑ_2 and s^′.

At this stage we would like to present a new method to define the β functions. We aim at a general approach that takes full advantage of the automatic calculation of tree-level matrix elements in AMEGIC++. We do not want to interfere with the automatic calculation as such, which relies on the construction of four-momenta and their explicit conservation. Hence, the method of choice is rather a realization of the projection method.

Remember that the first order infrared finite correction term is

β_1(p_i, q_j , k_n) = ρ^{(1)}_1 (p_i, q_j , k_n) − S̃(p_i, k_n) β^{(0)}_0 (p_i, q_j ) . (2.11)

For this correction term the projection method is well defined as long as there is exactly one additional photon. Then we can apply the PM as introduced for the leading order term β_0 by redefining β_1 as

β_1(p_i, q_j , k_n) = ρ^{(1)}_1 (p_i, q_j , k_n) − S̃(p_i, k_n) β^{(0)}_0 (p^′_i, q^′_j ) . (2.12)

For more than one photon the arguments of the differential cross section ρ^{(1)}_1 have to be projected as well. Naively, one might want to apply the same technique as for β_0 with the photon k_i included in the outgoing momenta, but it turns out that this is not sufficient to describe events with additional hard photons.

Our solution to this problem is the following:

1. The second term, consisting of the eikonal factor multiplied with the Born term cross section is still treated as described above. Here, we observe that

• the scale of the evaluation of the eikonal is s, since it is evaluated with the original vectors p_1 and p_2. This means that the effect of all other photons is ignored which yields the correct behavior in order to cancel the eikonal factors in the YFS exponent.

• The scale of the Born cross section, i.e. the scale of the s-channel propagator, is s^′.

– 7 –

2. In the first term we have to obtain a similar structure. This is achieved by the following steps:

• To calculate the photon part at the scale s, it is necessary to leave the incoming momenta as well as the photon momentum untouched, but the outgoing momenta have to be modified. The new momenta q̂_1 and q̂_2 are fixed by the constraint p_1 + p_2 = q̂_1 + q̂_2 + k_n .

Thus, the differential cross section with one photon is given by

ρ^{(1)}_1 (p_1, p_2, q̂_1, q̂_2, k_n) . (2.13)

• In the previous step, the scale of the s-channel propagator has been changed to ŝ = (q̂_1 + q̂_2)^2 which can modify the cross section quite drastically. We cure this by a correction factor C = β_0(p^′_1, p^′_2, q^′_1, q^′_2) β_0(p̂_1, p̂_2, q̂_1, q̂_2)

. (2.14)

Thus, the right peak structure is restored. The new incoming momenta are naturally defined via ŝ = (p̂_1 + p̂_2)^2.

Altogether, β_1 is defined as

β_1(p_i, q_j, k_n) = β_0(p^′_i, q^′_j) β_0(q̂_i, q̂_j ) ρ_1(p_i, q̂_j , k_n) − S̃(p_i, k_n) β_0(p^′_i, q^′_j) . (2.15)

3. Implementation

In this section we want to discuss some aspects of the interplay of AMEGIC++ with its ISR module. A more thorough description of AMEGIC++ is available in the manual [2], here we just list the basic steps to calculate cross sections:

1. As a first step, AMEGIC++ sets up the model in which the calculation is going to take place. This includes the definition of particles, the initialization of Feynman rules in terms of vertices and — possibly — the determination of the widths of unstable particles. This last step already relies on the construction and evaluation of corresponding Feynman diagrams and their integration.

2. The construction of Feynman diagrams is performed in three steps:

• The construction of “empty” topologies, i.e. without the specification of lines and vertices, • their mapping on “filled” Feynman diagrams with specified propagators and vertices, • and, finally, their translation into helicity amplitudes which can be stored in library files.

– 8 –

3. The phase space integration of the diagrams is done with the help of an adaptive multichannel method [10]. The channels are constructed by inspection of the kinematical structure of corresponding Feynman diagrams.

Implementing ISR in the framework of YFS affects the last two steps. First, AMEGIC++ has to provide one additional matrix element to calculate the real photon matrix element corrections. The second step is therefore extended as follows:

• An “ISR-Photon” is defined, i.e. an additional particle type is introduced, with all properties of an ordinary photon but exclusively coupling to the charged particles in the initial state.

• One “ISR-Photon” is added to the list of outgoing particles. Correspondingly, “empty” topologies with one additional leg are constructed.

• The Feynman diagrams for this additional process are generated and translated into helicity amplitudes as pointed out above.

During the integration, step 3, the following changes take place:

• The reduced c.m. energy √ s^′ is determined, and a number of ISR photons is generated along the lines of the algorithm in appendix A. With this energy a set of incoming momenta is defined in their c.m. frame.

• The momenta of the final state are generated and the leading order cross section is calculated with a multichannel method. So far the effect of ISR is only manifest by the reduced c.m. energy.

• The ISR weight is calculated using the generated final state momenta. Accordingly, the matrix element prepared in step 2 with one additional photon as well as the Born matrix element are used according to our method introduced in section 2. The obtained weight is combined with the phase space weight.

• Finally, a boost of all incoming and outgoing momenta is performed in a way such that all momenta, i.e. including the ISR photons, comply with four-momentum conservation. Note that this step does not modify the result of the integrated cross section. Nevertheless it is mandatory, when AMEGIC++ is used inside a Monte Carlo generator.

4. Results

To demonstrate the quality of our approach we will discuss two examples:

• Processes of the type e^+e^− → γ^∗, Z^∗ → ff̄ at LEP2 energies including comparison with both experimental data and other generators (ZFITTER and KKMC).

• Processes of the type μ^+μ^− → γ^∗, Z^∗, h^∗ → ff̄ at higher energies including the effect of propagating Higgs bosons, both from the Standard Model and its minimal supersymmetric extension (MSSM).

– 9 –

Figure 1: Energy dependence of the cross section σ at energies above the Z_0 boson mass in comparison with DELPHI data [11]. Two different cuts on s^′ are applied, including and excluding a radiative return to the Z^0 pole. The dotted lines are obtained with AMEGIC++ and the solid lines are results from ZFITTER (cf. comment in text).

4.1 e^+e^− → ff̄

The effect of ISR on processes of the type e^+e^− → ff̄ at LEP2 energies is tremendous. Due to the “Radiative Return” huge numbers of events actually reside on the Z^0 resonance instead of the beam energy.

The effect is twofold: first, the visible energy in the detector tends to be reduced to energies of the order of the Z mass accompanied by an increase of the total cross section. Secondly, the forward-backward asymmetry due to the axial coupling of the Z boson tends to be shifted correspondingly.

We will highlight this effect in a series of figures. Figure 1 exhibits the total cross section for e^+e^− → μ^+μ^−(γ) in comparison with data from the DELPHI collaboration [11]. Figure 2 depicts the combined forward-backward asymmetry in μ and τ pair production at LEP2 compared to data taken by OPAL [12, 13]. Finally, figure 3 shows the differential cross section with respect to the cosine of the angle between equally charged incoming and outgoing leptons compared to data from L3 [14]. To guide the eye, we have included the uncorrected Born level prediction with a black line in the first two figures.

In all three cases different cuts on s^′ have been applied, and in all cases the agreement of our generator with data is very good. Note that we did not take into account any effects of final state radiation (FSR). In figure 1 a calculation with ZFITTER is also shown (the solid lines).^1 The difference to AMEGIC++ is barely visible. It is of the order of the line width, i.e. less than 2%.

1We would like to stress that for the sake of comparison we did not use ZFITTER in its default set-up. Since we only want to compare the ISR treatment we have switched off FSR, IFI, QCD, and the contribution of weak boxes in ZFITTER, even though these higher order corrections will add up to a change of the cross section of the order of 5%.

– 10 –

Figure 2: Forward–backward asymmetry above the resonance of the Z_0 boson in comparison with combined muon and tau pair data from OPAL [12]. Again, different cuts on the effective c.m. energy √ s^′ are plotted together with the Born expectation (without ISR). The open symbols mark preliminary data [13].

Figure 3: Differential cross section at √ s = 189 GeV in comparison with L3 data for muon and tau pair production at LEP [14]. Two different s^′ cuts have been applied. Solid and dashed lines are results including and excluding a radiative return to the Z^0 boson resonance, respectively.

In figures 4 and 5 the distribution of the effective c.m. energy √ s^′ of the μ^+μ^− pair and the distribution of photon energies are shown in comparison with results from KKMC (EEX). We find remarkably good agreement over almost the whole energy range in the √ s^′ distribution. The difference to the first order result from KKMC is less than 0.5% between the beam energy and the Z^0 resonance, and AMEGIC++ lies over the whole range between the first and second order result. Also shown is the distribution obtained by another general purpose Monte Carlo event generator, Pythia. There, ISR is generated by a modified parton shower where the hardest photon experiences a correction with the exact matrix element. Due to a slightly different treatment of the width of the Z^0 boson the Z^0 resonance is more pronounced [15]. The energy distribution is dominated by the contribution of the hardest photon which is equally well described in AMEGIC++ and KKMC. The huge peak at 72.5 GeV corresponds to the radiation of one photon to reach the Z-resonance. Similarly, the edges at 48.9 GeV and 36.25 GeV correspond to a Z return via emissions of two hard photons. In this region our result differs slightly from KKMC, since the interference effects become more pronounced. However, since the first order matrix element is used for the correction of every explicitly generated photon (not only the hardest) some of the higher order matrix element effects are already included. Note that we have concentrated on ISR effects only and therefore switched off FSR, interference effects, and weak corrections in KKMC.

4.2 Muon collider

As another application we consider a possible muon collider [16]. Its main purpose will be the precise measurement of the properties of the Higgs boson once it is found. The

– 11 –

Figure 4: Distribution of the effective c.m. energy √ s^′ of muon pairs at a beam energy of √ s = 189 GeV. First order results by

AMEGIC++ are compared with the second or-

der result of KKMC.

Figure 5: Energy distribution of ISR photons in comparison with KKMC. The photons are ordered by their energies. Again, solid lines are results produced by AMEGIC++, dotted lines are results from KKMC. In the lower part of the plot the distribution of all photons generated by AMEGIC++, first order KKMC, and Pythia are compared with the second order result of KKMC.

muons are used for two reasons: First, lepton colliders provide comparably pure initial states allowing for spectroscopical measurements (like for instance the exact determination of branching ratios of rare decays like h → γγ). Second, muons have a non-negligible coupling to the Higgs boson which in turn will be produced as an s-channel resonance.

In figure 6 and figure 7 the total cross section and the forward-backward asymmetry for μ^+μ^− → bb̄ are plotted with and without ISR effects assuming a Standard Model Higgs boson with a mass of 115 GeV. The small width of roughly 3 MeV is an experimental challenge, e.g. effects of beam resolution have to be considered. The main effect of ISR is to increase the background due to radiative return events to the Z^0 peak. However, this background can be reduced via an appropriate s^′ cut. Of course, a radiative return to the Higgs peak is also possible, but since the cross section is tiny the effect is small and only visible close to the peak. Our results are in good agreement with the results obtained in [17], where a first order corrected structure function was used to evaluate ISR effects rather than a YFS based Monte Carlo approach.

Since our method is general, we can discuss further the extension to any scalar boson propagating in the s-channel. As an example we consider the case of Higgs bosons in the Minimal Supersymmetric extension of the Standard Model (MSSM) [18, 19]. In this model there are two more neutral Higgs bosons which tend to be considerably heavier than the light one. For the following discussion let us constrain ourselves to a supergravity inspired

– 12 –

Figure 6: Energy dependence of the cross section σ around the resonance of the h_{SM} boson in the process μ^+μ^− → bb̄.

Figure 7: Forward-backward asymmetry around the resonance of the h_{SM} boson in the process μ^+μ^− → bb̄.

Figure 8: Energy dependence of the cross section σ around the resonance of the heavy scalar Higgs boson H_0 and the pseudo scalar Higgs boson A_0 in the process μ^+μ^− → bb̄ for different s^′ cuts, as well as without ISR.

Figure 9: Asymmetry around the resonance of the heavy scalar Higgs boson H_0 and the pseudo scalar Higgs boson A_0 with and without ISR.

supersymmetry breaking scenario [20, 21] with parameters to be found in the appendix B. In this scenario we have a mass of m_{H0} = 395.0 GeV for the CP-even and and a mass of m_{A0} = 394.5 GeV for the CP-odd Higgs boson. The total cross section can be found in figure 8 and the influence on the forward-backward asymmetry is given in figure 9. At this point in the mSUGRA parameter space the individual peaks can not be resolved in the total cross section and the two Higgs bosons appear as one single, comparably broad, resonance only. In contrast, in the asymmetry plot the deformation of the resonance structure due to the second Higgs seems almost observable.

In comparison to the case of the lighter SM Higgs boson, in this case the radiative return to the peak structure from higher energies is more important, see figures 10 and 11. Note that the contribution of a photon, a Z^0 boson, and all three Higgs bosons propagating

– 13 –

Figure 10: Distribution of the effective c.m. energy √ s^′ for the process μ^+μ^− → bb̄ at a beam energy of E_{CMS} = 400 GeV and with a minimal c.m. energy of 40 GeV.

Figure 11: Detail of figure 10.

in the s-channel as well as all interference terms have been taken into account. The effect of the interplay of the different terms becomes apparent in angular distributions, cf. figure 12, where different cuts on the c.m. energy have been applied. The Born term is dominated by the off-peak Z boson contribution and exhibits therefore a slight angular dependence. When taking the radiative return to the heavy Higgs bosons peak into account, the angular dependence is reduced due to the angular blind scalar coupling structure, but the total cross section is nearly unchanged. The predominating contribution of the return to the Z resonance restores the angular distribution already known from figure 3.

In general, the effect of ISR is a slight shift of the peak to larger c.m. energies and an increase of background due to radiative return to the lower lying Z boson resonance. However, the latter effect can again be reduced by a suitable cut on the effective c.m. energy s^′.

5. Conclusion and outlook

In this paper we presented an implementation of the successful YFS algorithm into the matrix element generator AMEGIC++. To make full use of the possibilities offered by automatic matrix element generation with the help of the helicity method and fully automatic integration of the matrix element we developed a new method to deal with the first order matrix element correction to multi-photon emissions. We would like to stress again that we do not aim at the very high precision obtained by dedicated programs but rather at a reasonable quality in the description of ISR effects within the framework of a multi-purpose event generator. This allows an improved simulation of physics at future colliders.

We proved the quality of our method by two examples:

1. For lepton pair production at energies at and above the Z boson resonance, we have confronted our simulator with experimental data from the LEP experiment and other ISR generators, namely ZFITTER and KKMC. We also found that our treatment

– 14 –

Figure 12: Angular distribution of the b-quark with respect to the incoming muon. Different cuts applied on √ s^′ in order to include return events to the Z^0 or to the heavy Higgs bosons H_0 and A_0 only. For comparison the Born expectation is plotted as well.

of ISR at LEP is at least comparable to the quality provided by Pythia, another multi-purpose event generator.

2. The application of our approach to the s-channel production of Higgs bosons at a muon collider has illustrated the generality of our approach. Our findings there are consistent with other theoretical studies based on the structure function approach. Let us note that extensions to other bosons in the s-channel with other couplings is straightforward and will be addressed in the near future.

3. Furthermore, the interface of AMEGIC++ with the parton shower implemented in

APACIC++ provides a powerful tool for the simulation of hadronic final states including

the effect of both ISR and the final state parton shower.

We feel obliged to comment briefly on possible improvements:

• Definitely, effects of Final State Radiation and its interference with ISR are missing and should be implemented in even more refined versions of our event generator. Additionally, some types of one-loop corrections like QCD corrections in the final state, electroweak corrections or box diagrams have not been implemented yet. Also, an extension to second order corrections should be incorporated to achieve the precision needed for a proper interpretation of anticipated precision data.

• Apart from s-channel processes, at e^+e^− colliders processes like boson pair production play a crucial role and deserve a similar treatment. Due to the existence of t-channel amplitudes an extension of our method is not a trivial task in such cases.

– 15 –

Acknowledgments

We would like to thank K. Hamacher, U. Flagmeyer, U. Müller, A. Behrmann from the Delphi collaboration and P. Ward and D. Ward from the Opal collaboration for pleasant conversation and great help with the experimental data. We are indebted to S. Jadach, T. Riemann, T. Sjöstrand, and Z. Was for valuable hints on their codes. F.K. gratefully acknowledges financial help of the DAAD. Furthermore, A.S. thanks BMBF for funding.

This work was supported in part by EU Fourth Framework Programme “Training and Mobility of Researchers”, Network “Quantum Chromodynamics and the Deep Structure of Elementary Particles”, contract FMRX-CT98-0194 (DG 12 - MIHT).

A. The MC algorithm

In this appendix we would like to discuss the Monte Carlo procedure for the generation of ISR photons, further details of the first three steps can be found in [8].

1. Choice of the reduced c.m. energy squared First, the reduced c.m. energy squared is determined according to a “crude distribution” that consists of a fast approximation for the energy dependence of the cross section. This approximation already exhibits the correct peak structure as given by the s-channel propagators. Additionally, it includes the leading logarithmic photon factor. The corresponding probability density in terms of the energy fraction ν = 1 − s^′/s reads f(ν) = γ (1 − ν)ν^{1−γ} Ψ(ν) (A.1)

with

Ψ(ν) = (1 − ν) σ_{Born}(s^′) Ĵ (ν) and γ = 2α π ( ln s m^2 − 1 ) ln ε . (A.2)

The energy fraction ν can be determined according to f(ν) by standard Monte Carlo sampling techniques. In the equation above Ĵ (ν) is an approximate form of the jacobian that will be discussed in step 3(b).

2. Choice of number of resolvable photons Having determined the effective center of mass energy squared s^′ = s(1 − ν), we proceed by choosing the number of resolvable photons which in turn have to be generated explicitly. In the logarithmic approximation the photon number N_γ follows a shifted Poisson distribution: f(N_γ − 1) = e^{−μ} μ^{Nγ −1} (N_γ − 1)!

. (A.3)

Obviously, its mean value depends on both s^′ and the photon resolution parameter ε. It is given by μ = ∫ d^3⃗k k^0

S̃(p_1, p_2, k)Θ ( 2k^0 √ s − ε ) Θ ( ν − 2k^0 √ s )

– 16 –

= 2α π ln ( s m_e ) ln (ν ε ) Θ (ν − ε) . This can be identified in the master formula, eq. (2.5), considering the additional constraint on the photon energies (the second Θ-function) not to exceed s^′.

3. Construction of four-momenta The construction of four-momenta for the photons is achieved in two steps:

(a) Angles: The photon angles are now individually appointed to each photon with the help of the eikonal S̃. Clearly, S̃ exhibits no dependence on the azimuthal angle φ, hence this angle is distributed uniformly. In contrast, S̃ depends strongly on the polar angle ϑ, which in turn is chosen according to

f̄(cos ϑ) = 1 (1 − β cos ϑ)(1 + β cos ϑ) with β = √ 1 − 4m^2 s . (A.4)

Note that terms proportional to the lepton mass have been discarded at this stage. Therefore, a correction weight is introduced for each photon

w_{angle}(ϑ) = f(ϑ) f̄(ϑ) , (A.5)

where the exact distribution f(ϑ) is given by

f(ϑ) = f̄(cos ϑ) − m^2 s − 2m^2 ( 1 (1 − β cos ϑ)^2 + 1 (1 + β cos ϑ)^2 ) . (A.6)

Thus, the weight to reproduce the correct mass-dependence reads

w_{mass} = N_γ∏

i=1 w_{angle}(ϑ_i) . (A.7)

(b) Energies: The next step is the assignment of energies to each of the photons.

In case that exactly one photon above the threshold has been generated, the energy of this photon is already completely constrained by ν and the chosen photon angles due to overall four-momentum conservation. In the case that more than one photon have been generated, the additional photon energies are chosen according to dk^0/k^0, i.e. the eikonal S̃. Then a scaling of all photons is performed in order to achieve four-momentum conservation. Thereby an jacobian J (K, ν) = 1 2 ( 1 + 1 √ 1 − Aν ) (A.8)

with the abbreviations A = K^2P^2 (KP )^2 , K = N_γ∑

n=1 k_n (A.9)

– 17 – is introduced. It had been taken into account already in step 1 as Ĵ assuming A = 1, since the photon momenta have not been know at this time. A correction weight w_{jac} = J (K, ν) Ĵ (ν) (A.10)

is introduced to cure this simplification. Furthermore, all photon energies have to be above the limit ε √ s/2 after rescaling, in order to avoid double counting.

This leads to an additional weight

w_ε = Θ ( k^0_n − √ s 2 ε ) . (A.11)

4. Matrix element correction The next step is the calculation of the matrix element correction. This is done by introducing an additional weight according to

w_{ME} = 1 σ_0(s^′) β^{(1)}_0 (p_i, q_j ) + N_γ∑

n=1 β^{(1)}_1 (p_i, q_j, k_n) S̃(p_i, k_n) . (A.12)

5. Re-weighting

The last step is the calculation of the final weight in order to cure the approximations made during the choice of the reduced c.m. energy (step 1) and the determination of the photon momenta (step 3) as well as to incorporate the matrix element corrections

w_{MC} = w_{mass}w_{jac}w_εw_{ME} . (A.13)

This weight can now be used in a rejection method to produce unweighted events.

The ISR simulation in AMEGIC++ differs from this general description mainly in step 1 and step 4.

In step 1, a multichannel method is used to determine s^′ to incorporate complicated peak structures. It can therefore be understood as the first part of the multichannel determination of the final state momenta. A library of fast ff̄ → f^′f̄^′ cross sections for arbitrary scalar and vector s-channel resonances enables the simulation of many processes in the SM and beyond. Due to the rejection mechanism these cross sections can be also used for multi-jet productions.

In step 4 the evaluation of the matrix element correction is modified as described in section 2, thereby taking full advantage of the features of AMEGIC++.

B. Program parameters

The parameters used for the calculation of results presented in section 4 are given in table 1 and table 2.

– 18 – α_{QED} 1./137.035995 sin^2 ϑ_w 0.23117

M_Z 91.1882 GeV Γ_Z 2.4952 GeV m_b 4.62 GeV m_c 1.42 GeV m_μ 105.658 MeV m_τ 1.777 GeV v 246.2 GeV m_{hsm} 115.0 GeV Γ_{hsm} 3.228 MeV

M_0 100. GeV m_{H0} 395.0 GeV M_{1/2} 250. GeV Γ_{H0} 0.8547 GeV A_0 −100. GeV m_{A0} 394.5 GeV tan β 10. Γ_{A0} 1.300 GeV μ +1 m_t 175. GeV

Table 1: Standard Model parameter used for the simulation.

Table 2: The mSugra point SPS1 according to [21] and the corresponding properties of the heavy Higgs bosons in the MSSM. The widths of the Higgs bosons have been calculated with HDECAY [22].

To include higher order effects in the Yukawa coupling we have used a running b-quark mass according to the well known relation

m_μ = m_{μ0} ( α_s(μ) α_s(μ_0) )^γm,0_{β0} (B.1)

with γ_{m,0} = 1 , β_0 = 1 12 (33 − 2n_f ) . (B.2)

References

[1] D.R. Yennie, S.C. Frautschi and H. Suura, The infrared divergence phenomena and high-energy processes, Ann. Phys. (NY) 13 (1961) 379.

[2] F. Krauss, R. Kuhn and G. Soff, Amegic++ 1.0: a matrix element generator in c++, J.

High Energy Phys. 02 (2002) 044 [hep-ph/0109036].

[3] D.Y. Bardin, P. Christova, M. Jack, L. Kalinovskaya, A. Olchevski, S. Riemann and T. Riemann, ZFITTER v.6.21: a semi-analytical program for fermion pair production in e^+e^− annihilation, Comput. Phys. Commun. 133 (2001) 229 [hep-ph/9908433].

[4] S. Jadach, B.F. Ward and Z. Was, The precision Monte Carlo event generator KK for two-fermion final states in e^+e^− collisions, Comput. Phys. Commun. 130 (2000) 260 [hep-ph/9912214].

[5] T. Sjöstrand, P. Edén, C. Friberg, L. Lönnblad, G. Miu, S. Mrenna and E. Norrbin, High-energy-physics event generation with PYTHIA 6.1, Comput. Phys. Commun. 135 (2001) 238 [hep-ph/0010017].

[6] G. Corcella et al., HERWIG 6: an event generator for hadron emission reactions with interfering gluons (including supersymmetric processes), J. High Energy Phys. 01 (2001) 010 [hep-ph/0011363].

– 19 –

[7] R. Kuhn, F. Krauss, B. Ivanyi and G. Soff, APACIC++: a parton cascade in C++, version 1.0, Comput. Phys. Commun. 134 (2001) 223 [hep-ph/0004270].

[8] S. Jadach and B.F.L. Ward, YFS2: the second order Monte Carlo for fermion pair production at LEP/SLC with the initial state radiation of two hard and multiple soft photons, Comput. Phys. Commun. 56 (1990) 351.

[9] S. Jadach, B.F.L. Ward and Z. Was, The Monte Carlo program Koralz, version 4.0, for the lepton or quark pair production at LEP/SLC energies, Comput. Phys. Commun. 79 (1994) 503.

[10] R. Kleiss and R. Pittau, Weight optimization in multichannel Monte Carlo, Comput. Phys.

Commun. 83 (1994) 141 [hep-ph/9405257];

F.A. Berends, R. Pittau and R. Kleiss, All electroweak four fermion processes in electron-positron collisions, Nucl. Phys. B 424 (1994) 308 [hep-ph/9404313].

[11] DELPHI collaboration, P. Abreu et al., Measurement and interpretation of fermion-pair production at lep energies of 183 and 189 GeV, Phys. Lett. B 485 (2000) 45 [hep-ex/0103025];

DELPHI collaboration, P. Abreu et al., Measurement and interpretation of fermion-pair production at LEP energies from 130 GeV to 172 GeV, Eur. Phys. J. C 11 (1999) 383; DELPHI collaboration, P. Abreu et al., Cross-sections and leptonic forward-backward asymmetries from the Z^0 running of LEP, Eur. Phys. J. C 16 (2000) 371.

[12] OPAL collaboration, G. Abbiendi et al., Tests of the standard model and constraints on new physics from measurements of fermion pair production at 189 GeV at LEP, Eur. Phys. J. C 13 (2000) 553 [hep-ex/9908008] and references therein.

[13] OPAL collaboration, OPAL Physics Note PN469 (February 2001) and references therein.

[14] L3 collaboration, M. Acciarri et al., Measurement of hadron and lepton-pair production at 130 GeV < √ s < 189 GeV at LEP, Phys. Lett. B 479 (2000) 101 [hep-ex/0002034].

[15] T. Sjöstrand, private communication.

[16] C.M. Ankenbrandt et al., Phys. Rev. ST Accel. Beams 2 (1999) 081001

[17] S. Dittmaier and A. Kaiser, Photonic and QCD radiative corrections to Higgs boson production in μ^+μ^− → ff̄, Phys. Rev. D 65 (2002) 113003 [hep-ph/0203120].

[18] See for instance H.E. Haber and G.L. Kane, The search for supersymmetry: probing physics beyond the standard model, Phys. Rept. 117 (1985) 75.

[19] V.D. Barger, M.S. Berger, J.F. Gunion and T. Han, Higgs boson physics in the s-channel at μ^+μ^− colliders, Phys. Rept. 286 (1997) 1 [hep-ph/9602415].

[20] See for instance H.P. Nilles, Supersymmetry, supergravity and particle physics, Phys. Rept.

110 (1984) 1.

[21] B.C. Allanach et al., The Snowmass points and slopes: benchmarks for SUSY searches, in Proceedings of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) R. Davidson and C. Quigg eds., Eur. Phys. J. C 25 (2002) 113.

[22] A. Djouadi, J. Kalinowski and M. Spira, HDECAY: a program for Higgs boson decays in the standard model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56. [hep-ph/9704448].

– 20 –