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Abstract

We describe the recent developments to extend the muliipan-
teraction model of underlying events lerwig++ into the soft, non-
perturbative, regime. This allows the program to descrilse aini-
mum bias collisions in which there is no hard interaction, tfee first
time. It is publicly available from versions 2.3 onwards atescribes
the Tevatron underlying event and minimum bias data. Thepgt
lations to the LHC nevertheless suffer considerable anityigas we
discuss.

1 Introduction

In this talk, we will summarize the development of a new mddethe underlying event ikler-
wig++, extending the previous perturbative multi-parton intéicn (MP1) model down into the
soft non-perturbative region. This allows minimum biadis@ns to be simulated bierwig++
for the first time.

We begin, though, by mentioning a few of the features thabmpanied it in the re-
lease ofHerwig++ [1] version 2.3 [2] in December 2008, which include NLO catrens in the
POWHEG scheme for single W and Z production [3], and Higgslpeation [4]. Lepton—hadron
scattering processes have been included for the first tirhe.simulation of physics beyond the
standard model (BSM) has been extended to include a much veidge of 3-body decays and
off-shell effects [5]. The treatment of baryon decays hambextended to match the sophistica-
tion of meson and tau decays, including off-shell and foroidaeffects and spin correlations.
Finally, in addition to the soft interactions discussedehd¢he MPI model has been extended
to include the possibility of selecting additional scatef arbitrary type, which can be impor-
tant backgrounds to BSM signatures for which the singldétaiag backgrounds are small, for
example two like-sign Drell-Yan W productions [6].

The semi-hard MPI model was implementedHerwig++ version 2.1 [7]. It allows for
the simulation of underlying events with perturbative serat withp; > pi* according to the
standard QCD matrix elements with standard PDFs, dressgaibyn showers that, in the ini-
tial state, account for the modifications of the proton gtrees due to momentum and flavour
conservation. It essentially re-implemented the exisfiimymy algorithm [8] that worked with
the fortran HERWIG generator [9], but gave a significantlytéxedescription of the CDF data
on the underlying event [10], in part due to a more detailabgl tuning [11]. However it was

fspeaker



only able to describe the jet production part of the datayatabout 20 GeV, and not the min-
imum bias part, owing to a lack of soft scatters belgi¥". A possible extension into the soft
regime was first discussed in Ref. [12], but we have providedfirst robust implementation

of it, described in detail in Ref. [6]. It is somewhat complmary to the approach used in
Pythia [13, 14], where the perturbative scatters are exgmadato the soft region through the use
of a smooth non-perturbative modification. However, we mak&ronger connection with infor-

mation on total and elastic scattering cross sectionsladlaithrough the eikonal formalism, to
place constraints on our non-perturbative parameters [15]

In the remainder of this introduction, _ ;s

we recap the basics of the eikonal modelz | Tomior ‘gi
. ~— - Ot
and recall the results of the perturbative MP1 ® | (¢no o) ocey

model that we had previously implemented in ~ *°°[ E

Herwig++, before showing how to extend it
into the soft region. In Sect. 2 we discuss the 150}
constraints that can be placed on the model by i
the connection with hadronic scattering, and
in Sect. 3 we show the predictions for final
state properties.
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The starting point for the MPI model is 50¢
the observation that the inclusive cross section i
for perturbative parton scattering may exceed o= . .. o
the total hadron-hadron cross section. We  1°° 10° \/_“Jé v
show an example in Fig. 1, with two of the to- 5 (GeV)
tal cross section parameterizations we will be ) ) _
. - . Fig. 1: Total cross sections (black) in the two parameteri-
using. The origin of the steep rise in the par-~: i
. . . . . zations of Donnachie and Landshoff [16, 17]. In blue the
tonic cross section is the proliferation of par- D et broduct ion above 2 GeV is sh
tons expected at small. The excess of th(—:‘Q JEL production Cross Section above 2 LEV IS Shown.
partonic scattering cross section over the total
cross section simply implies that there is on average mare tlne parton scattering per inelas-
tic hadronic collision,n = ojct/0inel. Since the majority of scatters come from very small
partons, they consume relatively little energy and it is adgapproximation to treat them as

quasi-independent.

From the optical theorem, one derives a relationship batwee Fourier transform of the
elastic amplitude:(b, s) and the inelastic cross section via #ikonal functionx (b, s),

a(b,s) = % {e_X(b’S) -1 — Cinel = /d2b [1 — e_ZX(b’s)} . Q)

One can construct a QCD prediction for the eikonal functigrabsuming that multiple scatters
are independent, and that the partons that participateem #re distributed across the face of the
hadron with some impact parameter distributiGfib) that is independent of their longitudinal
momentum,

xaen(b.s) = § A(b) ol (s). Ab) = [ @' GB)GB-b), @



wheresii¢ | is the inclusive partonic scattering cross section, whichiven by the conventional
perturbative calculation.

In the original Jimmy model and itderwig++ reimplementation, these formulae are im-
plemented in a straightforward way, with the hard crossisedtefined by a strict cufy; > pi*i®
and the matter distribution given by the Fourier transforfithe electromagnetic form factor,

d2k ez'k-b
G(b) = / (2m)2 (1 +K2/u2)2 3)

with, to reflect the fact that the distribution of soft pargomight not be the same as that of
electromagnetic chargg? considered to be a free parameter and not fixed to its eleagogtic
value0.71 GeV2. Compared to a Gaussian of the same width, this distribitasboth a stronger
peak and a broader tail so it is somewhat similar to the deGalessian form used in Pythia [18].
In Ref. [15], we explicitly showed that the two result in siamidistributions, if their widths are
fixed to be equal, except very far out in the tajig.andp™™™ are the main adjustable parameters
of the model and, allowing them to vary freely, one can get adgdescription of the CDF
underlying event data, as shown in Fig. 2. The choice of padtstribution function can also be
seen to have a small but significant effect.

The main shortcoming of this model is that it does not congaift scatters and hence
cannot describe very low; jet production or minimum bias collisions. In Ref. [12] it wa
proposed to remedy this, by extending the concept of inddgr@npartonic scatters right down
into the infrared region. One can therefore write the eikduaction as the incoherent sum of
the QCD component we already computed and a soft component,

Xiot (b, 5) = XQen (b, ) + Xsori(b, 5) = 3 (A(b) ol () + Ao (b) 0 (5)), (@)

wherecil¢ is an unknown partonic soft scattering cross section. Assagimplest model, we
assume that the matter distributions are the samgy(b) = A(b), although we relax this
condition later. By taking the eikonal approach seriouslg, can trade the unknown soft cross
section for the unknown total hadronic cross section,

Fron(s) = 2 / @b [1 - e AP ] )

Knowing the total cross section, for a given matter distiou and hard cross section (implied
by pi"i" and the PDF choice) the soft cross section is then determilredrder to make pre-
dictions for energies higher than the Tevatron, we condidiere predictions of the total cross
section: 1) the standard Donnachie—Landshoff paramatenz [16]; 2) the latter for the energy
dependence but with the normalization fixed by the CDF measent [21]; and 3) the newer
Donnachie—Landshoff model with a hard component [17]. Qfrse once we have an experi-
mental measurement from the LHC we would use that for ourigtieds. In this way, our simple
hard+soft model has no more free parameters than our harélrand we can tung? andp;™™®.
Before doing this, we present the results of Ref. [15], inchhive considered the theoretical
constraints that could be put on these parameters.
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Fig. 2: Multiplicity andp"™ in thetransver se region. CDF data are shown as black circldsywig++ without MPI

as magenta dots, with MPI using MRST [19] PDFs as solid redntidCTEQG6L [20] as cyan dashed. The lower plot
shows the statistical significance of the disagreementdmmtwhe Monte Carlo predictions and the data. The legend
on the upper plot shows the totaf for all observables, whereas the lower plot for each obd#evaas itsy? values.

2 Analytical constraints
2.1 Simple modé

Within our model we want ¢, to correspond to a physical cross section. It must therefere
positive. This therefore places constraints on tep™™™ plane: a lower bound op™™ for a
given value ofu?. These are shown for the Tevatron on the left-hand side ofFap the solid
lines for three different PDF sets: the two shown previoasigd MRST LO* [22]. Since in the
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Fig. 3: Left: The parameter space of the simple eikonal matitde Tevatron. The solid curves come frotfi§, > 0

for three different PDF sets. The horizontal lines come fian= 16.98 + 0.25 GeV~2 [21, 23]. The excluded
regions are shaded. The dashed lines indicate the prefpeneineter ranges from the fit to Tevatron final-state
data [11]. Right: The equivalent plot for the LHC. The aduligl (dashed) constraints come from requiring the total
number of scatters to be less than 10.

eikonal model the total and inelastic cross sections asa@lto the elastic one, we can also
place constraints from the elastic slope parameter, whashdeen measured by CDF [21, 23]:

e i do-el — 1 2 2 _ _Xtot(b,s) _ 2
bai(s) = {dt (m o )L:O = /d by [1— e | =(7+025) Gev2 (6)

This rather precise measurement directly constrathi our simple model and rules out all but
a very narrow strip of the parameter space. Finally, we dersihe parameter space of the fit
to final-state data. Although there is a preferred point snpgarameter space, the tuning of both
the hard-only model [11] and the hard+soft model shown belaicates a strong correlation
between the two parameters and there is a broad region optatde parameter values, which
we show in Fig. 3 by the region edged by red bands. Betweeniffiegetht constraints we have
only a very small allowed region of parameter space.

At the LHC the picture is similar, although the constraifit;, > 0 is considerably more
restrictive (note the difference in range of thaxes of the two plots). Different models predigt
in the range 19 to 22 GeV translating into a slightly wider horizontal band. Finaiythough
we do not have final-state data to compare to, in order to sitaidelf-consistent final states at
all we find that we must prevent the multiplicity of scatteecbming too high. While precisely
where we place this cut is arbitrary, we indicate it by shgdine region in which the mean
number of scatters is greater than 10. This plot is shownhercentral of the three total LHC
cross section predictions we consider — it is qualitativaiyilar for the other two, although the
different constraints move somewhat.



Comparing the two plots in Fig. 3, we come to the realizatloat,tfrom these theoretical
constraints together with the fit to the Tevatron data, wealeeady rule out the possibility that
the parameters of this simple model are energy-independérdre is no region of the plot that
is allowed at both energies.

While it could be that the parameters of the MPI model are ot émergy dependent, as
advocated by the PYTHIA authors [24], we prefer to let the LH&a decide, by proposing a
model that is flexible enough to allow energy-independentependent parameters. The sim-
plest generalization of the above model that achieves shestually well physically motivated,
and we call it the hot-spot model.

2.2 Hot-Spot model

The simple model has other shortcomings, beyond our aéstretference to allow the possi-
bility of energy-independent parameters. The valuesitff extracted from the predictions of
otot [15], have rather strange energy dependence, being quigitige to precise details of the
matter distribution, parameter choice, cross sectioniptied and PDF set and, in most cases,
having a steeply rising dependence on energy, much stekeperane would like to imagine
for a purely soft cross section. Moreover, the valueudfextracted fromb,, is in contradic-
tion with that extracted from CDF's measurement [25] of detarton scattering, which yields
p? =3.0+0.5GeVl.

All of these shortcomings can be circumvented by allowing ttinatter distribution to be
different for soft and hard scatters. As a next simplest hosde keep the same form for each,
but allow they? values to be different. We again fix the additional free pastam this time to a
fixed value ofb.. That is, oncerit andb, are measured at some energy, the non-perturbative
parameters of our modet™$. andp?. ., are known. Since it will turn out that our preferred value
of u? is significantly larger than the extracted valueidf;,, we call this a hot-spot model: soft
partons have a relatively broad distribution, actuallyiEmto the electromagnetic form factor,
while semi-hard partons (typically still small but probed at momentum scales abp§é") are

concentrated into smaller denser regions within the proton

Having used one constraint to fix an additional parameteretlis only one constraint
in the parameter space, shown in Fig. 4 for the Tevatron an@.LFhe model has much more
freedom than the simple one, with much of the parameter saplémeed, and with ample overlap
between the allowed regions at the two energies.

Another nice feature of this model is the energy-dependefieé™; it implies, shown in
Fig. 5. At least for the standard Donnachie—Landshoff gnerependence, it corresponds to a
very slow increase, almost constant, in-keeping with oagfgectations of a soft cross section.

3 Final states

We have implemented this model inkberwig++. There are many additional details that we
do not go into here [6], but wherever possible, the treatnoérsioft scatters is kept as similar
as possible to that of semi-hard scatters, to make for a $muoatching. In particular, for the

transverse momentum dependence, we make the distribu‘tip?] aGaussian centred on zero,
whose integral over the range zerop#™" is given bys2¢ and whose width is adjusted such
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Fig. 4: Parameter space of the improved eikonal model forTéatron (left) and LHC (right). The solid curves
impose a minimum allowed value of, for a given value opi™™® by requiring a valid description af;.. andb,; with
positivesin¢ . The excluded regions are shaded. We used the MRST 2001 J®[Ps for these plots.

thatdo /dp; is continuous api™. pii" is therefore seen to be not a cutoff, as it is in the Jimmy
model, but a matching scale, where the model makes a rdlatveooth transition between
perturbative and non-perturbative treatments of the sanem@mena, in a similar spirit to the
model of Ref. [26] for transverse momentum in initial-stedeiation.

The model actually exhibits a curious feature inpitslependence, first observed in Ref. [12].
With the typical parameter values that are preferred by #he,do /dp; is large enough, ane,
small enough, that the soft distribution is not actually ai&an but an inverted Gaussian: its
width-squared parameter is negative. The result is thatrresverse momentum of scatters is
dominated by the region around'™ and not by the truly non-perturbative regipn— 0. This
adds to the self-consistency of the model, justifying theeafsan independent partonic scattering

picture even for soft non-perturbative collisions.

With the model in hand, we can repeat the tune to the CDF datheoanderlying event.
Unlike with the semi-hard model, we now fit the data right ddezero leading jet momentum.
The result is shown in Fig. 6, which is qualitatively simitarthe one for the semi-hard model.
The description of the data in the transverse region is shiowffig. 7. It can be seen to be
reasonable in the lower transverse momentum region, athaertainly still not as good as at
higher transverse momenta.

The discrepancy in the lowest few bins may be related to anatéficiency of our model.
According to the eikonal model, the inelastic cross sectibauld include all final states that
are not exactly elastic, while our simulation of them getegaonly non-diffractive events in
which colour is exchanged between the two protons and hersigndicant number of final-
state hadrons are produced. While single-diffractivesaigation events would not be triggered
on experimentally, double-diffractive-dissociation Bigs in which both protons break up but do
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Fig. 5: o2& as a function of energy. Each of the thréég. 6: Contour plots for the? per degree of freedom
different curves shows the soft cross section that wofddthe fit to the CDF underlying event data. The cross
appear when the respective parameterization for the tiotdicates the location of our preferred tune and the white
cross section is used. Curves that do not reach out tau®@& consists of parameter choices where the elastic
TeV correspond to parameter choices that are unablslépe and the total cross section cannot be reproduced
reproduces:.t andb. correctly at these energies. simultaneously.

not exchange colour across the central region of the evamildyand would lead to extremely
quiet events with low leading jet; and low central multiplicity, which are not present in our
sample. In Ref. [6] we have checked that these bins are nbhg@uur tune significantly by
repeating it without them. The overall chi-squared is digantly smaller, but the best fit point
and chi-squared contours are similar.

4 Conclusions

We have reviewed the basis of the semi-hard MPI model that niegiqusly implemented in
Herwig++, and motivated its extension to a soft component. Throughctimnection with the
total and elastic cross sections provided by the eikonalehadd optical theorem, we have
placed significant constraints on the simplest soft moded. Hale shown that these constraints
can be relaxed by invoking a hot-spot model in which the gpdistributions of soft and semi-
hard partons are different. Finally, we have implementésl thodel and shown that it gives a
reasonable description of the minimum bias data, for thetfiree in Herwig++. Nevertheless,
there is still room for improvement, particularly in the ydow p; region and several avenues for
further study present themselves, not least the diffraatmponent already mentioned, and the
role of colour correlations, which were argued to be veryamgnt in Ref. [14], but which seem
to be less so in the currehterwig++ implementation [6].

Despite the successful description of Tevatron data, tha@xation to the LHC suffers
from considerable uncertainty. The unknown value of theltotoss section, which determines
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the non-perturbative parameters in our model, plays a aruole, but even once this and the
elastic slope parameter have been directly measured,dglomref allowed parameter space is still
large. Although we prefer a model in which the parameterseaergy independent, ultimately

only data will tell us whether this is the case. Finally, eegriee the underlying event data have
been measured, the parameters will not be fully tied dows, tduheir entanglement with the

PDFs. We eagerly await the LHC data to guide us.
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