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ABSTRACT: We consider a model of transverse momentum production in which non-
perturbative smearing takes place throughout the perturbative evolution, by a simple
modification to an initial state parton shower algorithm. Using this as the important
non-perturbative ingredient, we get a good fit to data over a wide range of energy. Com-
bining it with the non-perturbative masses and cutoffs that are a feature of conventional
parton showers also leads to a reasonable fit. We discuss the extrapolation to the LHC.

KEYwWORDS: Nonperturbative Effects,Phenomenological Models, QCD, Hadroniq
Collidery.



mailto:ieseke@particle.uni-karlsruhe.de
mailto:michael.seymour@cern.ch
mailto:siodmok@th.if.uj.edu.ply
http://jhep.sissa.it/stdsearch
http://jhep.sissa.it/stdsearch

Contents

1=

Introduction

=

Description of the model

1]
=

Parton-level results

Hadron-level results

ST R (0

LHC result and comparison with other approaches
F. Z boson transverse momentum

CoO=EN = &

b.9 Non-perturbative final state radiation

=

Conclusion

=
Ig

[Al. Herwig++ parameter settings

1. Introduction

At LEP and the SLC, the properties of W and Z bosons could be studied to great accuracy
because to a very good approximation they could be calculated using only electroweak
perturbation theory. At the current Tevatron and future LHC colliders, on the other
hand, the event rates are enormous and the expected statistical precision excellent, but the
electroweak bosons are produced by the annihilation of coloured partons that are initially
confined into colourless hadrons. This means that QCD effects, both perturbative and
non-perturbative, play an extremely important role in determining the properties of events
containing electroweak bosons and the limited precision with which we can calculate those
effects will ultimately be responsible for the dominant systematic uncertainties on the
measurements.

In this paper we will concentrate on one particular property of the produced W and

1 namely their transverse momentum distribution. This is interesting from the

7 bosons,
QCD point of view as, sweeping across the distribution, one has regions dominated by
hard perturbative emission, multiple soft and/or collinear, but still perturbative, emission,
and truly non-perturbative confinement effects. It is also an important quantity for the

experimental programme, because the W reconstruction efficiency is transverse momentum

We are also interested in virtual photons with invariant masses well below that of the Z, particularly
for tuning and validating our model. All our calculations include properly the full interference between ~v*
and Z, but with an eye on the ultimate application at the LHC, we continue to refer in this introduction to
Zs.



dependent, having a direct effect on the ultimate precision of the W mass measurement
as well as helping the understanding of the signature for Higgs boson production at either
the Tevatron or the LHC [[. Although the experiments measure the Z transverse momen-
tum distribution and use this to infer that of the W, the extent to which the effects are
non-universal limits the ultimate accuracy of the measurement, unless elaborate tricks as
proposed in ref. [l are used. Thus, a deeper theoretical understanding and more reliable
models are certainly needed.

The two approaches to predicting the transverse momentum distribution are analytical
resummation [ and parton shower algorithms [IJ-[1J] (there have also been attempts
to combine the two approaches [[L3]). We will focus on the latter, but will draw a few
comparisons with the former later. The parton shower approach starts from the tree-level
matrix element, usually supplemented by ‘matrix element corrections’ [[3, [4-[[§] that use
higher-order tree-level matrix elements to describe emission at scales of order the W/Z
boson mass and higher.? These give a significant tail of events with very high transverse
momenta. The hard events are then evolved down to low scales by using the backward
evolution parton shower approach [[(]. Recoil from the gluons emitted® during this evo-
lution build up a transverse momentum for the W/Z. The evolution terminates at some
scale of order the confinement or typical hadron mass scale. However, confinement effects,
described for example as the Fermi motion of partons within the hadron, mean that the
partons initiating the shower should have a non-perturbative transverse momentum distri-
bution, often described as their ‘intrinsic’ transverse momentum, which is also transferred
to the W/Z by recoil [d].

One way to implement the colour coherence inherent in QCD is to formulate the par-
ton shower as an evolution in (energy times) opening angle, as implemented in the HER-
WIG Q] and Herwig++ [R]-RJ] event generators. Analysis of higher order corrections
shows that the scale of the running coupling used in this evolution should be of order the
transverse momentum of the emission [P4, Pg], and once this is done one must introduce an
infrared cutoff in transverse momentum that is active during every step of the evolution.
That is, the probability of each backward step in the evolution variable, even at large values
of that variable, is logarithmically dependent on the cutoff. In ref. 2], one of us advocated
the view that conventional infrared cutoff scales on perturbative emission (in that case on
the transverse momenta used to describe the minijet production in an underlying event
model) should be thought of as infrared matching scales, with a non-perturbative model of
emission below the cutoff supplementing the usual perturbative one above. In this paper
we propose such a model for backward evolution in which an additional non-perturbative
component at low transverse momentum provides additional smearing at each step of the
evolution.

We are particularly motivated by the fact that, in order to fit data, conventional par-
ton shower models need an ‘intrinsic’ transverse momentum (kr) that grows with collision
energy. For example in Herwig++ its value grows from (k7) = 0.9 GeV which is needed to

2We do not go into their details, but use the implementation of [@] throughout this paper.
3Together with other backward-evolution steps such as an incoming sea quark being evolved back to an
incoming gluon by emitting a corresponding antiquark.
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Figure 1: The transverse momentum distribution of Z bosons at Tevatron energies compared to
CDF data. Up to large transverse momenta (left) and only the small p, region (right). The line
denoted “no IPT” is from Herwig++ with intrinsic transverse momentum off.

describe the data taken at the energy v/'S = 62 GeV (experiment R209) to 2.1 GeV which is
needed at the Tevatron energies (v/'S = 1800 GeV). One would expect the average ‘intrin-
sic’ transverse momentum per parton to be of the order of 0.3—0.5 GeV based solely on the
proton size and uncertainty rule, but the values extracted from data, even with attempts
to reduce its value [R7] are too large and cannot be interpreted as “intrinsic”. As we shall
see, different models of this energy dependence that fit current data give very different pre-
dictions for the LHC. In our model, this growth is under some kind of ‘semi-perturbative’
control, since the amount of non-perturbative smearing grows with the length of the pertur-
bative evolution ladder. We ask the question whether, with this additional source of non-
perturbative transverse momentum, a truly intrinsic transverse momentum distribution for
the initial partons, that does not depend on the collision energy or type, is sufficient.

In figure ] we show a comparison of the Z-boson transverse momentum spectrum at
Tevatron Run I with CDF data [2§].
up to large transverse momentum. The high transverse momentum region is, however,

The left panel shows that a description is possible

dominated by contributions from hard gluon emissions. These will not be the focus of
this paper. In general, the large transverse momentum region will not be affected by soft,
non-perturbative emissions.

In the right panel of figure [| we see only the small transverse momentum region. The
Herwig++ result is shown with an intrinsic p; = 2.1 GeV from Gaussian smearing [[9],
which is the default value at Tevatron energies. To show the importance of this effect we
also plot the result with intrinsic p; set to zero. Clearly, this non-perturbative Gaussian
smearing only affects the region of small transverse momenta. At large boson p | the recoil
against hard, perturbative gluon radiation dominates the spectrum.

We also compared to DO data [2g] and found a similar agreement. However, the CDF
data has a finer binning and is therefore more suitable for our comparison.



2. Description of the model

In order to simulate non-perturbative emission with the parton shower, we consider the
Sudakov form factor for backward evolution from some scale §max down to ¢ that is im-
plemented in the parton shower Monte Carlo program Herwig++. For further details, cf.

ref. [B0]

@Prax di? =5 / ! 2

~ q as(pr) ' fo(2,q
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with 2/ = z/z. The argument of the strong coupling ag in eq. (£.])) is the transverse
4

Poa(z, 5’2)} . (21)

momentum p; of an emission.* The cut-off scale at which the coupling would diverge,
if extrapolated outside the perturbative domain is represented by p,,. Therefore two
arguments of the Sudakov formfactor, p, . and p;, are not the evolution variables but
only explicitly denote the available phase-space of an emission.

We can introduce additional non-perturbative emissions in terms of an additional Su-

dakov form factor Ayp, such that we have

A(GP 1 maes 0) = Apert (G Pl ima> PLo ) ANP(G; P 1y, 0) (2.2)

For technical simplicity we can achieve this by modifying our implementation of aes(p)
in such a way that we can extend it into the non-perturbative region,

as(pr) = ol (p) + oM (py). (2.3)

In our implementation we have not chosen agjert) (p1) and a(SNP) (p1) explicitly but rather

modified the sum ag(p, ), in order to behave differently in two physically different regions,
divided by a separation scale p |,

o(pL), p1L<plL
as(PL) =9 (pert) o (2.4)
ag (pL), pL>Dpi,

In this way, the kinematics and phase space of each non-perturbative emission are exactly
as in the perturbative case. We only modify their probabilities in the region of small
transverse momenta.

We have studied two simple choices of the non-perturbative function ¢(p, ) in greater
detail:

(a) “flat”: the flat continuation of ag(p; < p1,) with a constant value ¢y = ¢(0),

as(pL <piy) = o - (2.5)

4Generally the scale of cs is a function of the evolution variables z and ¢* and by default in Herwig++,
the argument of as is a slightly simplified expression, equal to the transverse momentum to the required
accuracy, but not exactly. We have tested the implementation of our model with this simplified expression
and the exact expression for transverse momentum, and find very similar results. We therefore use the
default expression.



(b) “quadratic”: a quadratic interpolation between the two values ag(py,) and ¢(0).

2
p

as(pL <piy) =0+ (as(piy) — vo) 5 - (2.6)

Lo

=

In both cases our model is determined by the two free parameters p, and .

We have concentrated our study on the small transverse momentum region of vector
boson production. Therefore, the only modification of the Herwig+4 code that had to
be made was the introduction of the two non-perturbative parameters to ag(p ). In fact,
as we implemented it this would also affect final state radiation but our observable is not
sensitive to effects in the final state. Details of final state effects will be discussed in
section f.2

We would like to emphasise that we want to keep this model as simple as possible
in order to explore the possibility of a reasonable description of the data. Therefore, the
shape of ag in the non-perturbative region is only a crude guess. A further study of the
details of the shape would go beyong the scope of this work.

3. Parton-level results

To simulate fully exclusive events, Monte Carlo event generators like Herwig++ use a
hadronization model, which is assumed to be universal across different types of collision
and different processes within them. Therefore for our final results presented in sections
and ] we will combine our model for non-perturbative gluon emission with the standard
Herwig++ model for the termination of the shower using non-perturbative effective parton
masses tuned to eTe™ data so that the corresponding hadronization model can be used.
However, if we are only interested in the W/Z transverse momentum distribution, we do
not need to hadronize the final state: we can terminate the simulation at the end of the
parton shower. We can therefore make a purely parton-level study with all light quark and
gluon effective masses and cutoffs set to zero® with our model for the low-scale ag as the
only non-perturbative input.

The first observation that we can make with our model is that we can easily find
parameter values that describe existing Tevatron data. However the main focus of our work
is on the understanding of the dependence of the non-perturbative effects on the typical
centre of mass (CM) energy of the system or even the collider. We therefore considered two
more datasets. The first is Fermilab E605 [B]] fixed target p-Cu data, taken at 38.8 GeV
CM energy. We only take the data with an invariant mass of 11.5 < M/GeV < 13.5 as
this goes out to the highest transverse momentum. The other data we consider were taken
in pp collisions at v/S = 62GeV at the CERN ISR experiment R209 [BY. There are

SFor technical reasons it is not possible to set them exactly to zero. However, we have confirmed that
if they are small enough their precise values become irrelevant. For this study we actually set the quark
masses and the § parameter to 1 MeV, so that the non-perturbative mass that cuts off the parton shower,
called Qg4 in the Herwig+-+ manual, is given by the cParameter. For the cParameter we ran with values in
the range 10 MeV to 100 MeV and found very little effect. We therefore use 100 MeV for our main results.
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Figure 2: x? values for the quadratic non-perturbative model compared to Tevatron data as a
function of the NP parameter p,,. The different lines are for different values of ¢y = ag(0).

more data available but all at even lower CM energies. Our main interest is in finding a
reasonable extrapolation to LHC energies that is still compatible with the early data.

We have run Herwig++ with varying non-perturbative parameters g and p, , for the
two forms of ag in (B.H) and (R.). After an initial broader scan, we focussed on the region
of ¢ between 0 and 1 and p |, between 0.5 GeV and 1.0 GeV. Each parameter set was run
for the three different experimental setups we consider. We left the intrinsic k; fixed at
0.4 GeV. For each resulting histogram we have computed a total x?/bin in order to quantify
its agreement or disagreement with the data. We took the data errors to be at least 5% as
we did not want to bias towards exceptionally good data points. Furthermore, we ignored
an additional systematic error of the two fixed target data sets which is quoted to be
around 5-10%. Figure f| shows the x? values we obtain for the quadratic model compared
to Tevatron data. We made similar plots for the other two energies. The basic features are
the same. In each case we find clear minima within the given p, , range. In going from one
experiment to another we find the more or less sharp minima. The minimum in figure J
is not as clear as in the cases of the other two experiments. The best and most stable
situation for all experiments is found for ag(0) = 0.0 and p,, = 0.75GeV. The x? values
are not very sensitive to the value ag(0) around the minimum, i.e. we are not very sensitive
to the non-perturbative region itself. In figure [j we show the non-perturbative region of
our ag parametrisation. We have inspected all distributions directly as well and found a
consistency with this choice. For this optimal choice over the energy range 38.8 GeV to
1.8 TeV we show the resulting low p| distributions in figure f]. We should stress that the
used parameter set may not be the optimal choice for each experiment or CM energy but
rather the best compromise between the three experiments. As the fixed target data do not
even include the systematic errors quoted we have deliberately put a bit more emphasis on



the Tevatron result. Ultimately, our goal will be to extrapolate our results further to LHC
energies and we believe that for this purpose we have made the right choice of parameters.

It is interesting to compare the oz parametrisation we have found with other approaches
to modelling non-perturbative corrections to inclusive observables with a modified coupling
in the soft region (see for example refs. [B]—B5]). Ref. B finds an average value of the
coupling over the range from 0 to 2 GeV of about 0.5, while ref. [B4] argues that the effective
coupling should vanish at p; — 0. For our best-fit parametrisation, the average value of
the coupling over the range from 0 to 2 GeV is around 0.7. Considering that their fits to
data typically use NLO calculations, while we have used a leading log parton shower, this
could be considered good agreement.

4. Hadron-level results

As we mentioned earlier, the results of the previous section are not suitable for full event
simulation, because the masslessness of the light quarks and gluons is not consistent with
the hadronization model used in Herwig++. Therefore in this section we perform the same
comparison with data but with the effective parton masses returned to their default values,
tuned to eTe™ annihilation data.

Performing an initial scan over parameter space we find that we need to consider a
much wider range of values than in the massless case. We can get a good description of
the data from each experiment, but there is more tension between the three experiments
leading to a larger total x2. We choose as our best fit point ag(0) = 3 and p,, = 3.0 GeV
giving a x? per degree of freedom of 0.94 for the Tevatron data and of 2.72 for all data.
We show the results in figure .

This time our best-fit ag parametrization is very different from those of refs. [B-Bj] -
it is much larger in the non-perturbative region. This is not surprising since our coupling is
now ‘fighting against’ an emission distribution that is already falling as p; — 0 relative to
the perturbative one. Although the overall description of data is somewhat worse with the
non-perturbative parton masses, it is acceptable, and we prefer to maintain Herwig++'s
description of final states so we keep this as our default model for the remainder of the study.

5. LHC result and comparison with other approaches

5.1 Z boson transverse momentum

In this section we would like to compare the result of extrapolating our model to LHC
energies with the results from two other approaches: ResBos [Bf] and Gaussian intrinsic & .

First of all, we compare our prediction on the parton level (filled histogram) and the
hadron level (dot-dashed, blue). Both histograms give a consistent extrapolation. We have
tried different values of ag(0), ranging up to 1.5, for our parton level prediction and find
no visible effect. This emphasises the relative unimportance of the non-perturbative region
for the description of this observable at the LHC.
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Figure 4: The optimal choice: “quadratic” interpolation with ag(0) = 0 and p;, = 0.75GeV is
shown. For comparison, we also show the purely perturbative as (LO) and another reasonable
parametrisation of ag in the non-perturbative region for our parton level results. In addition we
show our best fit for the hadron level results.

The result from ResBos in figure [ (solid, black) shows a slightly different behaviour
from our prediction. We predict a slightly more prominent peak and a stronger suppression
towards larger transverse momenta. The same trend is already visible when comparing both
approaches to Tevatron data although both are compatible with the data within the given
error band. Both computations match the data well at large transverse momenta as they
rely on the same hard matrix element contribution for single hard gluon emission. We
want to stress the remarkable feature that we both predict the same peak position with
these models. This is quite understandable as both models are built on the same footing;:
extra emission of soft gluons. A comparison of ResBos to data from experiments at various
energies was made in [B7].

Furthermore (dashed, red) we see the Herwig++ result from only using intrinsic
(k1) =5.7GeV as recommended in [2F, P]. This large value stems from an extrapolation
from lower energy data with the assumption that the average k, will depend linearly on
In(M/+/S). The peak is seen to lie at a considerably higher value of transverse momentum.
It would clearly be of interest to have experimental data to distinguish these two models
of non-perturbative transverse momentum.

5.2 Non-perturbative final state radiation

As briefly discussed in the introduction, we want to stress that the approach of adding
non-perturbative soft gluon radiation to the parton shower should be connected to the
non-perturbative input that the parton shower is linked to in the initial state. We think of
this radiation as originating from long-range correlations within the coloured initial state.
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Figure 5: As figure E but for the combination of our non-perturbative emission model with the
model of non-perturbative parton masses built in to Herwig++ by default.

We have checked the effect of the same model for final state radiation. We find a
dramatic increase in the amount of soft radiation when we compare event shapes, simulated
with our new model for soft emissions, to LEP data, which are described well by the default
parton shower model. Using the default hadronization model, we observe a dramatic
softening of the event shapes, leading to a poor description of data. However, the default
hadronization model produces a considerable amount of transverse momentum smearing
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Figure 6: Vector boson p, distribution at the LHC. Our model is compared to the extrapolation
of Gaussian intrinsic k; to LHC energies and the result from ResBos.

during cluster splitting and decay, and is tuned to data together with a parton shower
model that does not have non-perturbative smearing. Therefore to turn on this smearing,
without modifying, or at least retuning, the hadronization model, must lead to a significant
amount of double-counting. It is an interesting question, which we reserve for future work,
whether a good fit can be obtained with our model.

6. Conclusion

Aiming for a universal model of non-perturbative soft gluon radiation we have achieved
a reasonable description of data at three different energies. We consider the model based
on soft gluon radiation, much like the resummation program ResBos, to have a more
meaningful physics input than simply extrapolating the Gaussian smearing of a primordial
transverse momentum. Of course, if this model is universal, it should make predictions for
other processes, such as jet and photon production. We plan to study these processes in
more detail in the future.

We also found that using our model as the only non-perturbative ingredient in the
simulation, i.e. removing the non-perturbative constituent parton masses that usually cut
off the parton shower in Herwig++4, gave a somewhat better description of the data. This
lays open the speculation that perhaps, in some way, the two approaches could be combined,
using our model for initial-state radiation, and the usual model, tuned to describe the
final states of eTe™ annihilation, for final-state radiation. We leave consideration of this
combination to future work however.

— 11 —
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A. Herwig+-+ parameter settings

The study has been done with Herwig++ 2.2.0 B3, BJ]. We ran with the default matrix
element for ,7Z production with only initial state parton showers. We left final state
parton showers and hadronic decays switched off as they were irrelevant for this study.
The following parameters in release 2.2.0 are important to switch off the final state parton
shower and to adjust the intrinsic p :

cd /Herwig/Shower
set SplittingGenerator:FSR No
set Evolver:IntrinsicPtGaussian 0.4*GeV

Our preferred result, as shown in figure [, was obtained by setting

set AlphaQCD:NPAlphaS 5
set AlphaQCD:Qmin 3.0%*GeV
set AlphaQCD:AlphaMaxNP 3

Here, “AlphaQCD:NPAlphaS 5” selects the quadratic non-perturbative model. The flat
model would correspond to setting this parameter to 6. AlphaQCD:Qmin sets the value
of p;, and AlphaQCD:AlphaMaxNP directly sets the value ag(0). As obtaining results for
the parton level with very small masses and cutoffs was very computing intensive, we also
modified the code in order to leave out the timelike showers from partons that have been
radiated in the initial state shower.
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