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We present a theoretical study of the "pedestal height" in hadronic jet production, i.e., the mean
transverse energy per unit of rapidity (tv/~) accompanying a high-transverse-energy jet. We find
that perturbative QCD, supplemented by a Monte Carlo estimate of higher-order corrections and a
soft underlying event structure similar to that of minimum-bias collisions, can account for the ob-
served pedestal height and its dependence on jet transverse energy. We propose a way of separating
the hard pedestal contribution from that of the underlying event by measuring the quantity (tvr"),
which is one-half the absolute difference of the pedestal heights on the two sides of the jet. This
quantity is dominated by the hard QCD component, whereas (cvr'") = (tv)'~) —(cod') is dominated
by the soft underlying event. We also discuss the differential distribution of pedestal height and the
charged multiplicity in the pedestal.

I. INTRODUCTION

An old prediction of perturbative QCD is the emer-
gence of jets with large transverse energy in high-energy
hadron collisions. Recent developments in the analysis of
the theory now permit the prediction not only of the
shape of the jet, i.e., the structure of the radiation emitted
around the jet axis, but also of the structure of the radia-
tion emitted outside the jet cone. These new theoretical
results' are based on the resummation of all leading in-
frared singular contributions. In this way one finds that
soft-gluon interference gives rise to the property of coher-
ence for the QCD radiation.
In this respect the structure of the QCD radiation

emitted outside the jet cone is of special interest. Since
sizable interference takes place in this region, the distri-
butions are particularly sensitive to the property of
coherence both in the QCD cascades of timelike and
spacelike partons, and in the matrix elements of the QCD
hard subprocesses.
However, in hadron collisions the radiation outside the

jet cone also has a component originating from the low-p,
interaction involving the spectator partons, which we
shall call the soft underlying event This interac. tion can-
not be described by perturbative QCD. Therefore in or-
der to be able to perform a clear analysis of the radiation
in this phase-space region one should be able to disentan-
gle the two contributions. In particular one can attempt
to identify quantities which are most sensitive either to
the hard perturbative or to the soft underlying com-
ponents. One would then be able not only to perform a
direct analysis of features related to perturbative QCD,
but also to obtain, at the same time, phenomenological
constraints on models for the soft underlying event.
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FIG. 1. Definition of the pedestal height and related quanti-
ties.

Various data on the radiation emitted outside the jet
cone are available. ' The quantity on which we shall
focus our attention in this paper is the "pedestal trans-
verse energy" (cop ) for a jet of given transverse energy.
To define this quantity consider Fig. 1 in which we

schematically represent dErldri, the transverse-energy
distribution integrated over the azimuthal angle P on the
same side of the jet axis (~bp~ &n./2). b, rl is the
difFerence in (pseudo)rapidity ( rl =—ln tan —,

' 8) with
respect to the jet axis. One then defines
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We f i nd t hat t he pr esent Mont e Car l o t r eat ment of coher ence cor r ect l y r epr o-
duces not onl y t he l eadi ng cont r i but i ons but al so some of t he next - t o- l eadi ng ones
i n t he MS subt r act i on scheme. A si mi l ar r esul t has been obt ai ned f or t he
t r ansver se moment um di st r i but i ons, i n bot h quar k- and gl uon- i nduced pr ocesses
[ 8, 16] . I n bot h cases, compl et e next - t o- l eadi ng r el i abi l i t y i n t he semi - i ncl usi ve
r egi on can be achi eved by addi ng a t wo- l oop cor r ect i on t o t he Al t ar el l i - Far i si
spl i t t i ng f unct i ons used i n t he br anchi ng al gor i t hm.

Next - t o- l eadi ng accur acy wi l l al l ow one t o use Mont e Car l o pr ogr ams t o det er -
mi ne AMs, t he QCDscal e i n t he MSsubt r act i on scheme, f r omsemi - i ncl usi ve dat a.
We f i nd t hat t he same accur acy can be obt ai ned i n a pr ogr amwi t h coher ence usi ng
onl y t he one- l oop spl i t t i ng f unct i ons, pr ovi ded one uses t he t wo- l oop expr essi on
f or as and t he f ol l owi ng uni ver sal r el at i on bet ween AMs and t he scal e par amet er
Ame used i n t he Mont e Car l o si mul at i on ( f or Nf f l avour s) :

2.

 

Yand

S. Cat ani et al . / QCDcoher ent br anchi ng

 

637

' " "

 

t

 

2( a3 - 2Nf )

 

i
I A

The paper i s or gani zed as f ol l ows . I n sect . 2 we r evi ew t he known anal yt i cal
r esul t s on t he DY and DI S cr oss sect i ons i n t he semi - i ncl usi ve l ar ge- x r egi on.
These ar e t he r esul t s wi t h whi ch we have t o compar e t he out put f r omt he coher ent
par t on br anchi ng al gor i t hmused i n t he Mont e Car l o si mul at i ons, whi ch i s def i ned
i n sect . 3. Ther e ar e t wo i mpor t ant aspect s of t he _al gor i t hm t hat can bet est ed
agai nst t he anal yt i cal r esul t s . Fi r s t , i nsect . 4, west udy t he i ni t i al - st at e r adi at i on
and t he associ at ed evol ut i on of t he st r uct ur e f unct i ons at l ar ge x. Thi s aspect i s
common t obot h t he DI Sand DYpr ocesses. I n DI S, however , wehave i naddi t i on
t he f i nal - st at e r adi at i on f r omt he out goi ng st r uck par t on, whi ch i sconsi der ed i n
sect . 5. I nsect . 6 we uset he r esul t s of sect s . 4and 5 t odet er mi ne t he r el at i on
bet ween t he l ar gex DYand DI Scr oss sect i ons, asobt ai ned f r omt he coher ent
br anchi ng al gor i t hm. Wef i nd t hat , t aki ng i nt o account t he addi t i onal f i nal - st at e
r adi at i on i n t he DI Scase, t he t wo pr ocesses ar e r el at ed i n t he cor r ect way t o
next - t o- l eadi ng or der . The i mpl i cat i ons of our r esul t s ar e di scussed, and some
concl usi ons dr awn, i nsect . 7.
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wr i t t en as
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Figure 1: The phase-space for e+e− divided according to an ordering variable q2

into a matrix-element region, q2 > Q2, and a parton shower region, q2 < Q2.
Recall that the matrix element is divergent at x1,2 = 1.

there was no emission at a higher scale than the one generated.
In figure 1 we show an illustration for the specific case of e+e− annihilation.

The probability distribution for the first emission to be at y is

dPp.s.
1st (q2

y) = dPp.s.
incl(q

2
y) exp

{

−

∫ Q2

q2
y

dPp.s.
incl

}

exp
{

−

∫

Q2
dPm.e.

incl

}

. (9)

The second integration arises because the first emission can only come from the
parton shower if there was no matrix-element emission. If events at x in the
matrix-element region are generated according to the exact first-order matrix el-
ement, as in the standard algorithm, they are distributed according to dPm.e.

incl (q2
x).

In the limit q2
x,y → Q2, where the points correspond to identical physical config-

urations, the two probability distributions are different, even if dPp.s.
incl is a perfect

approximation to dPm.e.
incl , leading to a residual dependence on the cutoff between

the two regions, Q2. If
∫

Q2
dPm.e.

incl (10)

is large, this dependence is strong. On the other hand, if we generate the matrix-
element events according to

dPm.e.
1st (q2

x) = dPm.e.
incl (q2

x) exp
{

−

∫

q2
x

dPm.e.
incl

}

, (11)

as we propose, then in the q2
x,y → Q2 limit we obtain

dPm.e.
1st (Q2) = dPm.e.

incl (Q2) exp
{

−

∫

Q2
dPm.e.

incl

}

, (12)

dPp.s.
1st (Q2) = dPp.s.

incl(Q
2) exp

{

−

∫

Q2
dPm.e.

incl

}

. (13)

If the parton shower cross-section exactly reproduced the first-order matrix ele-
ment, the two would then be perfectly matched, with no dependence on Q2.
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Herwig: The Evolution of a Monte Carlo Event Generator

Start of Herwig++

HERWIG

HERWIG was originally designed as a program for
understanding hadronic physics.

In the late 1990’s was used as a
major simulation package for
hadronic effects in

electroweak physics
searches
jet and heavy quark physics
. . .

But in ten years it had grown by a
factor of 10 to 25000 lines of code
without restructuring.

(Based on Mike Seymour’s 1998 PPESP Presentation)

Peter Richardson Herwig: The Evolution of a Monte Carlo Event Generator

Introduction: From HERWIG to Herwig++ 
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Merging

Basic Idea:
Divide the phase space into
ME and PS regions.

Overlapping phase spaces 
produce dead regions if not 
treated properly.

Simple example:
- Start with two kernels with overlapping phase spaces.
- ME region defined by clustering algorithm.
- Both scales qa and qb must be above merging scale
- Assume emission in shower region from kernel Pa

- Simple veto PS would produce point  A but not B

Johannes Bellm               
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Merging

Now replace
with expressions from the ME calculation
weighted with shower history:

Johannes Bellm               
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Merging

Unitarized LO and NLO merging now adds and subtracts the same 
parts.  Here only if the cluster history is produced.

In order to add NLO corrections the history and the additional emissions
need to be expanded to order       in the ME and the PS region 

Johannes Bellm               
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Merging

For example

Together with LO weights the expansion needs to produce the form

but e.g.

                        and

both fulfil the criterion above.

Can be used as uncertainty as difference tests higher orders.

Johannes Bellm               
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Sanity Checks

- Sudakov sampling
- Subtraction plots
- Cluster mass spectra

Johannes Bellm               
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Currently ~20000 observables 

Need a way to structurally 
filter results.

Johannes Bellm               

Herwig 7.1 -  Release Status / Testing
JB, S. Webster, 
P. Richardson
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One tune to rule 
them all…

LEP is fine

DIS tested

DY hard emissions

Interplay with MPI
needs testing

Johannes Bellm               
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Associated transverse energy in hadronic jet production

G. Marchesini

and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

B.R. Webber
Cavendish Laboratory, Department ofPhysics, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom

and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 13 June 1988)

We present a theoretical study of the "pedestal height" in hadronic jet production, i.e., the mean
transverse energy per unit of rapidity (tv/~) accompanying a high-transverse-energy jet. We find
that perturbative QCD, supplemented by a Monte Carlo estimate of higher-order corrections and a
soft underlying event structure similar to that of minimum-bias collisions, can account for the ob-
served pedestal height and its dependence on jet transverse energy. We propose a way of separating
the hard pedestal contribution from that of the underlying event by measuring the quantity (tvr"),
which is one-half the absolute difference of the pedestal heights on the two sides of the jet. This
quantity is dominated by the hard QCD component, whereas (cvr'") = (tv)'~) —(cod') is dominated
by the soft underlying event. We also discuss the differential distribution of pedestal height and the
charged multiplicity in the pedestal.

I. INTRODUCTION

An old prediction of perturbative QCD is the emer-
gence of jets with large transverse energy in high-energy
hadron collisions. Recent developments in the analysis of
the theory now permit the prediction not only of the
shape of the jet, i.e., the structure of the radiation emitted
around the jet axis, but also of the structure of the radia-
tion emitted outside the jet cone. These new theoretical
results' are based on the resummation of all leading in-
frared singular contributions. In this way one finds that
soft-gluon interference gives rise to the property of coher-
ence for the QCD radiation.
In this respect the structure of the QCD radiation

emitted outside the jet cone is of special interest. Since
sizable interference takes place in this region, the distri-
butions are particularly sensitive to the property of
coherence both in the QCD cascades of timelike and
spacelike partons, and in the matrix elements of the QCD
hard subprocesses.
However, in hadron collisions the radiation outside the

jet cone also has a component originating from the low-p,
interaction involving the spectator partons, which we
shall call the soft underlying event This interac. tion can-
not be described by perturbative QCD. Therefore in or-
der to be able to perform a clear analysis of the radiation
in this phase-space region one should be able to disentan-
gle the two contributions. In particular one can attempt
to identify quantities which are most sensitive either to
the hard perturbative or to the soft underlying com-
ponents. One would then be able not only to perform a
direct analysis of features related to perturbative QCD,
but also to obtain, at the same time, phenomenological
constraints on models for the soft underlying event.

10

ped L R=(~. +~~ )/28—
mtn

dtf

4

L E raw
T

0 —1
I I I I I I

FIG. 1. Definition of the pedestal height and related quanti-
ties.

Various data on the radiation emitted outside the jet
cone are available. ' The quantity on which we shall
focus our attention in this paper is the "pedestal trans-
verse energy" (cop ) for a jet of given transverse energy.
To define this quantity consider Fig. 1 in which we

schematically represent dErldri, the transverse-energy
distribution integrated over the azimuthal angle P on the
same side of the jet axis (~bp~ &n./2). b, rl is the
difFerence in (pseudo)rapidity ( rl =—ln tan —,

' 8) with
respect to the jet axis. One then defines
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calorimeter simulation and a jet-finding algorithm' based
on that of the UA1 experiment. We did not attempt to
reproduce the details of the UA1 detector, but the quan-
tities under investigation should not be very sensitive to
such details.
The transverse energy of each event was registered in a

40X 36 array of cells of size 5q 6/=0. 2X 10 . The jet-
finding algorithm searched for the cell with the highest
remaining ET greater than 1.5 GeV, then formed a jet
from this and all surrounding cells with ET)0.5 GeV
within (b,q) +(b,p) &1. The jet energy and axis were
defined by the vector sum of the positions of the jet cells,
weighted by their energies. This gave the raw (i.e., un-
corrected) jet transverse energy Er'". The procedure was
repeated until no more jets with ET'"&2.5 GeV were
found.
We checked that the resulting inclusive jet transverse

energy distribution was in satisfactory agreement with ex-
periment. ' The corresponding effective K factor, i.e.,
the final predicted jet cross section divided by the input
lowest-order QCD value, decreased slowly from about 2.2
to 1.1 at high Er, consistent with the mean value of
about 1.5 suggested by experiment. This provides some
additional reassurance that the Monte Carlo estimates of
higher-order QCD correction, hadronization effects, and
soft underlying contributions are reasonable.
For each jet found in the rapidity region ~ri~ & 1.5, the

associated values of coT, ~T were obtained by summing
the transverse energies of cells with

~
b P ~

& n /2 and—2 & Ag & —1, 1 & bg &2, respectively, relative to the jet
axis. The quantities co(r', cog-, and cur'" were then defined
as in Fig. 1.
Three independent analyses along the above lines were

performed for each simulated event: (i) a parton analysis
based directly on the parton momenta generated in the
perturbative phase of the simulation; (ii) a hard analysis
using only the particles from the hard process, i.e., those
resulting from the hadronization of the partons; and (iii)
a full analysis using all final-state particles including
those from the soft underlying event. In the full analysis,
finite calorimetric energy resolution was taken into ac-
count, assuming electromagnetic and hadronic energy
resolutions of 0.15I&E and 0.70lv'E, respectively (E in
GeV). In fact, a fourth analysis, using all particles and
assuming perfect energy resolution, was also carried out;
the results are not shown because for the quantities under
discussion they were essentially identical to those of the
full analysis including resolution smearing.
The results on (coI'r' ), (co"T. ), and (coT'"), as functions

of jet Ep" at &s =630 GeV, are shown in Fig. 3. Figure
3(a) also shows the UA1 data' on (co(r ). Taking into
account the simplifications in the calorimeter simulation,
the possible effects of different triggering conditions
(minimum-bias trigger for the data at ET'" & 20 GeV, jet
triggers above 30 GeV), and the absence of adjustable pa-
rameters, the agreement between the full simulation and
the data seems satisfactory. The data suggest a slight
enhancement in the range 15—40 GeV which is not
present in the simulation. However, the rapid rise of
(co'P ) to around 4 GeV for E,"'"-10GeV, followed by a
lack of strong dependence on jet energy up to 60 GeV,
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FIG. 3. Mean pedestal height and related quantities at the
CERN pp Collider, as functions of observed jet transverse ener-
gy ET'". (a}UA1 data (Ref. 5}and lowest-order and Monte Car-
lo predictions for (coPI' ); (b) lowest-order and Monte Carlo pre-
dictions for (coT'f); (c) Monte Carlo predictions for (coT'").



Herwig7: Soft Interactions and Diffraction

Mike Seymour 
MC sim of QCD radiation

PHYSICAL REVIEW D VOLUME 38, NUMBER 11 1 DECEMBER 1988

Associated transverse energy in hadronic jet production

G. Marchesini

and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106

B.R. Webber
Cavendish Laboratory, Department ofPhysics, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom

and Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 13 June 1988)

We present a theoretical study of the "pedestal height" in hadronic jet production, i.e., the mean
transverse energy per unit of rapidity (tv/~) accompanying a high-transverse-energy jet. We find
that perturbative QCD, supplemented by a Monte Carlo estimate of higher-order corrections and a
soft underlying event structure similar to that of minimum-bias collisions, can account for the ob-
served pedestal height and its dependence on jet transverse energy. We propose a way of separating
the hard pedestal contribution from that of the underlying event by measuring the quantity (tvr"),
which is one-half the absolute difference of the pedestal heights on the two sides of the jet. This
quantity is dominated by the hard QCD component, whereas (cvr'") = (tv)'~) —(cod') is dominated
by the soft underlying event. We also discuss the differential distribution of pedestal height and the
charged multiplicity in the pedestal.

I. INTRODUCTION

An old prediction of perturbative QCD is the emer-
gence of jets with large transverse energy in high-energy
hadron collisions. Recent developments in the analysis of
the theory now permit the prediction not only of the
shape of the jet, i.e., the structure of the radiation emitted
around the jet axis, but also of the structure of the radia-
tion emitted outside the jet cone. These new theoretical
results' are based on the resummation of all leading in-
frared singular contributions. In this way one finds that
soft-gluon interference gives rise to the property of coher-
ence for the QCD radiation.
In this respect the structure of the QCD radiation

emitted outside the jet cone is of special interest. Since
sizable interference takes place in this region, the distri-
butions are particularly sensitive to the property of
coherence both in the QCD cascades of timelike and
spacelike partons, and in the matrix elements of the QCD
hard subprocesses.
However, in hadron collisions the radiation outside the

jet cone also has a component originating from the low-p,
interaction involving the spectator partons, which we
shall call the soft underlying event This interac. tion can-
not be described by perturbative QCD. Therefore in or-
der to be able to perform a clear analysis of the radiation
in this phase-space region one should be able to disentan-
gle the two contributions. In particular one can attempt
to identify quantities which are most sensitive either to
the hard perturbative or to the soft underlying com-
ponents. One would then be able not only to perform a
direct analysis of features related to perturbative QCD,
but also to obtain, at the same time, phenomenological
constraints on models for the soft underlying event.

10

ped L R=(~. +~~ )/28—
mtn

dtf

4

L E raw
T

0 —1
I I I I I I

FIG. 1. Definition of the pedestal height and related quanti-
ties.

Various data on the radiation emitted outside the jet
cone are available. ' The quantity on which we shall
focus our attention in this paper is the "pedestal trans-
verse energy" (cop ) for a jet of given transverse energy.
To define this quantity consider Fig. 1 in which we

schematically represent dErldri, the transverse-energy
distribution integrated over the azimuthal angle P on the
same side of the jet axis (~bp~ &n./2). b, rl is the
difFerence in (pseudo)rapidity ( rl =—ln tan —,

' 8) with
respect to the jet axis. One then defines

38 3419 1988 The American Physical Society

Associated Transverse Energy 
in Hadronic Jet Production 

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

3422 G. MARCHESINI AND B.R. WEBBER 38

calorimeter simulation and a jet-finding algorithm' based
on that of the UA1 experiment. We did not attempt to
reproduce the details of the UA1 detector, but the quan-
tities under investigation should not be very sensitive to
such details.
The transverse energy of each event was registered in a

40X 36 array of cells of size 5q 6/=0. 2X 10 . The jet-
finding algorithm searched for the cell with the highest
remaining ET greater than 1.5 GeV, then formed a jet
from this and all surrounding cells with ET)0.5 GeV
within (b,q) +(b,p) &1. The jet energy and axis were
defined by the vector sum of the positions of the jet cells,
weighted by their energies. This gave the raw (i.e., un-
corrected) jet transverse energy Er'". The procedure was
repeated until no more jets with ET'"&2.5 GeV were
found.
We checked that the resulting inclusive jet transverse

energy distribution was in satisfactory agreement with ex-
periment. ' The corresponding effective K factor, i.e.,
the final predicted jet cross section divided by the input
lowest-order QCD value, decreased slowly from about 2.2
to 1.1 at high Er, consistent with the mean value of
about 1.5 suggested by experiment. This provides some
additional reassurance that the Monte Carlo estimates of
higher-order QCD correction, hadronization effects, and
soft underlying contributions are reasonable.
For each jet found in the rapidity region ~ri~ & 1.5, the

associated values of coT, ~T were obtained by summing
the transverse energies of cells with

~
b P ~

& n /2 and—2 & Ag & —1, 1 & bg &2, respectively, relative to the jet
axis. The quantities co(r', cog-, and cur'" were then defined
as in Fig. 1.
Three independent analyses along the above lines were

performed for each simulated event: (i) a parton analysis
based directly on the parton momenta generated in the
perturbative phase of the simulation; (ii) a hard analysis
using only the particles from the hard process, i.e., those
resulting from the hadronization of the partons; and (iii)
a full analysis using all final-state particles including
those from the soft underlying event. In the full analysis,
finite calorimetric energy resolution was taken into ac-
count, assuming electromagnetic and hadronic energy
resolutions of 0.15I&E and 0.70lv'E, respectively (E in
GeV). In fact, a fourth analysis, using all particles and
assuming perfect energy resolution, was also carried out;
the results are not shown because for the quantities under
discussion they were essentially identical to those of the
full analysis including resolution smearing.
The results on (coI'r' ), (co"T. ), and (coT'"), as functions

of jet Ep" at &s =630 GeV, are shown in Fig. 3. Figure
3(a) also shows the UA1 data' on (co(r ). Taking into
account the simplifications in the calorimeter simulation,
the possible effects of different triggering conditions
(minimum-bias trigger for the data at ET'" & 20 GeV, jet
triggers above 30 GeV), and the absence of adjustable pa-
rameters, the agreement between the full simulation and
the data seems satisfactory. The data suggest a slight
enhancement in the range 15—40 GeV which is not
present in the simulation. However, the rapid rise of
(co'P ) to around 4 GeV for E,"'"-10GeV, followed by a
lack of strong dependence on jet energy up to 60 GeV,
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FIG. 3. Mean pedestal height and related quantities at the
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gy ET'". (a}UA1 data (Ref. 5}and lowest-order and Monte Car-
lo predictions for (coPI' ); (b) lowest-order and Monte Carlo pre-
dictions for (coT'f); (c) Monte Carlo predictions for (coT'").
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¨ The “toward” region contains the leading “jet”, while the “away”

region, on the average, contains the “away-side” “jet”.  The 
“transverse” region is perpendicular to the plane of the hard 2-to-2 
scattering and is very sensitive to the “underlying event”.  For 
events with large initial or final-state radiation the “transMAX”
region defined contains the third jet while both the “transMAX”
and “transMIN” regions receive contributions from the MPI and 
beam-beam remnants.  Thus, the “transMIN” region is very 
sensitive to the multiple parton interactions (MPI) and beam-beam 
remnants (BBR), while the “transMAX” minus the “transMIN” (i.e.
“transDIF”) is very sensitive to initial-state radiation (ISR) and 
final-state radiation (FSR). 

“TransDIF” density more sensitive to ISR & FSR.
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We present a theoretical study of the "pedestal height" in hadronic jet production, i.e., the mean
transverse energy per unit of rapidity (tv/~) accompanying a high-transverse-energy jet. We find
that perturbative QCD, supplemented by a Monte Carlo estimate of higher-order corrections and a
soft underlying event structure similar to that of minimum-bias collisions, can account for the ob-
served pedestal height and its dependence on jet transverse energy. We propose a way of separating
the hard pedestal contribution from that of the underlying event by measuring the quantity (tvr"),
which is one-half the absolute difference of the pedestal heights on the two sides of the jet. This
quantity is dominated by the hard QCD component, whereas (cvr'") = (tv)'~) —(cod') is dominated
by the soft underlying event. We also discuss the differential distribution of pedestal height and the
charged multiplicity in the pedestal.

I. INTRODUCTION

An old prediction of perturbative QCD is the emer-
gence of jets with large transverse energy in high-energy
hadron collisions. Recent developments in the analysis of
the theory now permit the prediction not only of the
shape of the jet, i.e., the structure of the radiation emitted
around the jet axis, but also of the structure of the radia-
tion emitted outside the jet cone. These new theoretical
results' are based on the resummation of all leading in-
frared singular contributions. In this way one finds that
soft-gluon interference gives rise to the property of coher-
ence for the QCD radiation.
In this respect the structure of the QCD radiation

emitted outside the jet cone is of special interest. Since
sizable interference takes place in this region, the distri-
butions are particularly sensitive to the property of
coherence both in the QCD cascades of timelike and
spacelike partons, and in the matrix elements of the QCD
hard subprocesses.
However, in hadron collisions the radiation outside the

jet cone also has a component originating from the low-p,
interaction involving the spectator partons, which we
shall call the soft underlying event This interac. tion can-
not be described by perturbative QCD. Therefore in or-
der to be able to perform a clear analysis of the radiation
in this phase-space region one should be able to disentan-
gle the two contributions. In particular one can attempt
to identify quantities which are most sensitive either to
the hard perturbative or to the soft underlying com-
ponents. One would then be able not only to perform a
direct analysis of features related to perturbative QCD,
but also to obtain, at the same time, phenomenological
constraints on models for the soft underlying event.
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FIG. 1. Definition of the pedestal height and related quanti-
ties.

Various data on the radiation emitted outside the jet
cone are available. ' The quantity on which we shall
focus our attention in this paper is the "pedestal trans-
verse energy" (cop ) for a jet of given transverse energy.
To define this quantity consider Fig. 1 in which we

schematically represent dErldri, the transverse-energy
distribution integrated over the azimuthal angle P on the
same side of the jet axis (~bp~ &n./2). b, rl is the
difFerence in (pseudo)rapidity ( rl =—ln tan —,

' 8) with
respect to the jet axis. One then defines
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calorimeter simulation and a jet-finding algorithm' based
on that of the UA1 experiment. We did not attempt to
reproduce the details of the UA1 detector, but the quan-
tities under investigation should not be very sensitive to
such details.
The transverse energy of each event was registered in a

40X 36 array of cells of size 5q 6/=0. 2X 10 . The jet-
finding algorithm searched for the cell with the highest
remaining ET greater than 1.5 GeV, then formed a jet
from this and all surrounding cells with ET)0.5 GeV
within (b,q) +(b,p) &1. The jet energy and axis were
defined by the vector sum of the positions of the jet cells,
weighted by their energies. This gave the raw (i.e., un-
corrected) jet transverse energy Er'". The procedure was
repeated until no more jets with ET'"&2.5 GeV were
found.
We checked that the resulting inclusive jet transverse

energy distribution was in satisfactory agreement with ex-
periment. ' The corresponding effective K factor, i.e.,
the final predicted jet cross section divided by the input
lowest-order QCD value, decreased slowly from about 2.2
to 1.1 at high Er, consistent with the mean value of
about 1.5 suggested by experiment. This provides some
additional reassurance that the Monte Carlo estimates of
higher-order QCD correction, hadronization effects, and
soft underlying contributions are reasonable.
For each jet found in the rapidity region ~ri~ & 1.5, the

associated values of coT, ~T were obtained by summing
the transverse energies of cells with

~
b P ~

& n /2 and—2 & Ag & —1, 1 & bg &2, respectively, relative to the jet
axis. The quantities co(r', cog-, and cur'" were then defined
as in Fig. 1.
Three independent analyses along the above lines were

performed for each simulated event: (i) a parton analysis
based directly on the parton momenta generated in the
perturbative phase of the simulation; (ii) a hard analysis
using only the particles from the hard process, i.e., those
resulting from the hadronization of the partons; and (iii)
a full analysis using all final-state particles including
those from the soft underlying event. In the full analysis,
finite calorimetric energy resolution was taken into ac-
count, assuming electromagnetic and hadronic energy
resolutions of 0.15I&E and 0.70lv'E, respectively (E in
GeV). In fact, a fourth analysis, using all particles and
assuming perfect energy resolution, was also carried out;
the results are not shown because for the quantities under
discussion they were essentially identical to those of the
full analysis including resolution smearing.
The results on (coI'r' ), (co"T. ), and (coT'"), as functions

of jet Ep" at &s =630 GeV, are shown in Fig. 3. Figure
3(a) also shows the UA1 data' on (co(r ). Taking into
account the simplifications in the calorimeter simulation,
the possible effects of different triggering conditions
(minimum-bias trigger for the data at ET'" & 20 GeV, jet
triggers above 30 GeV), and the absence of adjustable pa-
rameters, the agreement between the full simulation and
the data seems satisfactory. The data suggest a slight
enhancement in the range 15—40 GeV which is not
present in the simulation. However, the rapid rise of
(co'P ) to around 4 GeV for E,"'"-10GeV, followed by a
lack of strong dependence on jet energy up to 60 GeV,
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region, on the average, contains the “away-side” “jet”.  The 
“transverse” region is perpendicular to the plane of the hard 2-to-2 
scattering and is very sensitive to the “underlying event”.  For 
events with large initial or final-state radiation the “transMAX”
region defined contains the third jet while both the “transMAX”
and “transMIN” regions receive contributions from the MPI and 
beam-beam remnants.  Thus, the “transMIN” region is very 
sensitive to the multiple parton interactions (MPI) and beam-beam 
remnants (BBR), while the “transMAX” minus the “transMIN” (i.e.
“transDIF”) is very sensitive to initial-state radiation (ISR) and 
final-state radiation (FSR). 
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¨ Plot shows average “transverse” charge particle density (|η|<1, pT>0.5 GeV) versus PT(charged 
jet#1) compared to the QCD hard scattering predictions of HERWIG 5.9 (default parameters with 
PT(hard)>3 GeV/c without MPI).

¨ The predictions of HERWIG are divided into two categories: charged particles that arise from the 
break-up of the beam and target (beam-beam remnants); and charged particles that arise from the 
outgoing jet plus initial and final-state radiation (hard scattering component).
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We present a theoretical study of the "pedestal height" in hadronic jet production, i.e., the mean
transverse energy per unit of rapidity (tv/~) accompanying a high-transverse-energy jet. We find
that perturbative QCD, supplemented by a Monte Carlo estimate of higher-order corrections and a
soft underlying event structure similar to that of minimum-bias collisions, can account for the ob-
served pedestal height and its dependence on jet transverse energy. We propose a way of separating
the hard pedestal contribution from that of the underlying event by measuring the quantity (tvr"),
which is one-half the absolute difference of the pedestal heights on the two sides of the jet. This
quantity is dominated by the hard QCD component, whereas (cvr'") = (tv)'~) —(cod') is dominated
by the soft underlying event. We also discuss the differential distribution of pedestal height and the
charged multiplicity in the pedestal.

I. INTRODUCTION

An old prediction of perturbative QCD is the emer-
gence of jets with large transverse energy in high-energy
hadron collisions. Recent developments in the analysis of
the theory now permit the prediction not only of the
shape of the jet, i.e., the structure of the radiation emitted
around the jet axis, but also of the structure of the radia-
tion emitted outside the jet cone. These new theoretical
results' are based on the resummation of all leading in-
frared singular contributions. In this way one finds that
soft-gluon interference gives rise to the property of coher-
ence for the QCD radiation.
In this respect the structure of the QCD radiation

emitted outside the jet cone is of special interest. Since
sizable interference takes place in this region, the distri-
butions are particularly sensitive to the property of
coherence both in the QCD cascades of timelike and
spacelike partons, and in the matrix elements of the QCD
hard subprocesses.
However, in hadron collisions the radiation outside the

jet cone also has a component originating from the low-p,
interaction involving the spectator partons, which we
shall call the soft underlying event This interac. tion can-
not be described by perturbative QCD. Therefore in or-
der to be able to perform a clear analysis of the radiation
in this phase-space region one should be able to disentan-
gle the two contributions. In particular one can attempt
to identify quantities which are most sensitive either to
the hard perturbative or to the soft underlying com-
ponents. One would then be able not only to perform a
direct analysis of features related to perturbative QCD,
but also to obtain, at the same time, phenomenological
constraints on models for the soft underlying event.
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FIG. 1. Definition of the pedestal height and related quanti-
ties.

Various data on the radiation emitted outside the jet
cone are available. ' The quantity on which we shall
focus our attention in this paper is the "pedestal trans-
verse energy" (cop ) for a jet of given transverse energy.
To define this quantity consider Fig. 1 in which we

schematically represent dErldri, the transverse-energy
distribution integrated over the azimuthal angle P on the
same side of the jet axis (~bp~ &n./2). b, rl is the
difFerence in (pseudo)rapidity ( rl =—ln tan —,

' 8) with
respect to the jet axis. One then defines
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calorimeter simulation and a jet-finding algorithm' based
on that of the UA1 experiment. We did not attempt to
reproduce the details of the UA1 detector, but the quan-
tities under investigation should not be very sensitive to
such details.
The transverse energy of each event was registered in a

40X 36 array of cells of size 5q 6/=0. 2X 10 . The jet-
finding algorithm searched for the cell with the highest
remaining ET greater than 1.5 GeV, then formed a jet
from this and all surrounding cells with ET)0.5 GeV
within (b,q) +(b,p) &1. The jet energy and axis were
defined by the vector sum of the positions of the jet cells,
weighted by their energies. This gave the raw (i.e., un-
corrected) jet transverse energy Er'". The procedure was
repeated until no more jets with ET'"&2.5 GeV were
found.
We checked that the resulting inclusive jet transverse

energy distribution was in satisfactory agreement with ex-
periment. ' The corresponding effective K factor, i.e.,
the final predicted jet cross section divided by the input
lowest-order QCD value, decreased slowly from about 2.2
to 1.1 at high Er, consistent with the mean value of
about 1.5 suggested by experiment. This provides some
additional reassurance that the Monte Carlo estimates of
higher-order QCD correction, hadronization effects, and
soft underlying contributions are reasonable.
For each jet found in the rapidity region ~ri~ & 1.5, the

associated values of coT, ~T were obtained by summing
the transverse energies of cells with

~
b P ~

& n /2 and—2 & Ag & —1, 1 & bg &2, respectively, relative to the jet
axis. The quantities co(r', cog-, and cur'" were then defined
as in Fig. 1.
Three independent analyses along the above lines were

performed for each simulated event: (i) a parton analysis
based directly on the parton momenta generated in the
perturbative phase of the simulation; (ii) a hard analysis
using only the particles from the hard process, i.e., those
resulting from the hadronization of the partons; and (iii)
a full analysis using all final-state particles including
those from the soft underlying event. In the full analysis,
finite calorimetric energy resolution was taken into ac-
count, assuming electromagnetic and hadronic energy
resolutions of 0.15I&E and 0.70lv'E, respectively (E in
GeV). In fact, a fourth analysis, using all particles and
assuming perfect energy resolution, was also carried out;
the results are not shown because for the quantities under
discussion they were essentially identical to those of the
full analysis including resolution smearing.
The results on (coI'r' ), (co"T. ), and (coT'"), as functions

of jet Ep" at &s =630 GeV, are shown in Fig. 3. Figure
3(a) also shows the UA1 data' on (co(r ). Taking into
account the simplifications in the calorimeter simulation,
the possible effects of different triggering conditions
(minimum-bias trigger for the data at ET'" & 20 GeV, jet
triggers above 30 GeV), and the absence of adjustable pa-
rameters, the agreement between the full simulation and
the data seems satisfactory. The data suggest a slight
enhancement in the range 15—40 GeV which is not
present in the simulation. However, the rapid rise of
(co'P ) to around 4 GeV for E,"'"-10GeV, followed by a
lack of strong dependence on jet energy up to 60 GeV,
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““transMINtransMIN”” & & ““transDIFtransDIF””
¨ The “toward” region contains the leading “jet”, while the “away”

region, on the average, contains the “away-side” “jet”.  The 
“transverse” region is perpendicular to the plane of the hard 2-to-2 
scattering and is very sensitive to the “underlying event”.  For 
events with large initial or final-state radiation the “transMAX”
region defined contains the third jet while both the “transMAX”
and “transMIN” regions receive contributions from the MPI and 
beam-beam remnants.  Thus, the “transMIN” region is very 
sensitive to the multiple parton interactions (MPI) and beam-beam 
remnants (BBR), while the “transMAX” minus the “transMIN” (i.e.
“transDIF”) is very sensitive to initial-state radiation (ISR) and 
final-state radiation (FSR). 

“TransDIF” density more sensitive to ISR & FSR.
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¨ Plot shows average “transverse” charge particle density (|η|<1, pT>0.5 GeV) versus PT(charged 
jet#1) compared to the QCD hard scattering predictions of HERWIG 5.9 (default parameters with 
PT(hard)>3 GeV/c without MPI).

¨ The predictions of HERWIG are divided into two categories: charged particles that arise from the 
break-up of the beam and target (beam-beam remnants); and charged particles that arise from the 
outgoing jet plus initial and final-state radiation (hard scattering component).
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Figure 4. ATLAS data and model fits at 900 GeV (lowest sets) and 7 TeV (middle sets), showing
the mean multiplicity density (left panel) and mean scalar p? sum (right panel) of the stable charged
particles in the “transverse” area as a function of plead? . The predictions for 14 TeV (top sets) are
shown for comparison.
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Figure 5. CDF data and model fits at at 300 GeV (lowest sets), 900 GeV (middle sets) and
1960 GeV (top sets), showing the mean multiplicity density (left panel) and mean scalar p? sum
(right panel) of the stable charged particles in the “transverse” area as a function of plead? .

In Figs. 4 and 5, we show the description of the UE data from ATLAS and CDF
respectively. We see that the “No �

eff

in fit” and ue-ee-5-cteq6l1 fits do indeed describe
the data equally well, and significantly better than the previous ue-ee-4-cteq6l1 fit,
which is the default tune of Herwig++ 2.6 [14]. The values of the tuned parameters are
given in Table 1.

Figure 4 also shows the prediction for results at 14 TeV where, again, the results of
the “No �

eff

in fit” and ue-ee-5-cteq6l1 fits are very similar, showing that requiring the
fits to describe �

eff

has not biased the UE results significantly.
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- Ladders produce partons flat in rapidity
- Adding SD and DD for Plateau
- Motivated by Regge Theory
- Tuned to MinBias data
- New default Model
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