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What is the underlying event?

jet2

pp — Jj =

jetl
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What is the underlying ev

jet2
+ beam remnants
.. + initial state radiation
pp—Jj = |
+ multiple-parton
interactions
+ .
jetl
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What is the underlying ev

jet2
+ beam remnants
.. + initial state radiation
pp — Jjj = |
+ multiple-parton
interactions
+ .
jetl
hard interaction underlying activity

» these are ingredients of present Monte Carlo models
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Problems and questions

Definition of underlying event (UE) is ambiguous ...

> there is only one event with no clear bound between hard part and UE
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Problems and questions

Definition of underlying event (UE) is ambiguous ...

> there is only one event with no clear bound between hard part and UE

. and its modeling difficult

» should initial state radiation be counted as part of the underlying event?
» are multiple parton interactions responsible for most of the UE?

» what about correlations? or other mechanisms like BFKL chains?
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Problems and questions

Definition of underlying event (UE) is ambiguous ...

> there is only one event with no clear bound between hard part and UE

. and its modeling difficult

» should initial state radiation be counted as part of the underlying event?

» are multiple parton interactions responsible for most of the UE?

» what about correlations? or other mechanisms like BFKL chains?
Therefore, we should be confident that we can measure it well

» this would help constraining, tuning and improving the models
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Problems and questions

Definition of underlying event (UE) is ambiguous ...
> there is only one event with no clear bound between hard part and UE

. and its modeling difficult
» should initial state radiation be counted as part of the underlying event?

» are multiple parton interactions responsible for most of the UE?
» what about correlations? or other mechanisms like BFKL chains?

Therefore, we should be confident that we can measure it well

» this would help constraining, tuning and improving the models

This leads us to the following two questions:

1. what do we really measure with existing methods of UE determination?

— test the methods with toy model
2. which observables are interesting to measure?
—— study UE from Monte Carlo models
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What can we measure about UE?

Relevant characteristics of energy flow of UE

> p — level of transverse momentum per unit area

» rapidity dependence of p
> point-to-point fluctuations within a single event (= o)

fluctuations from event to event

v

v

point-to-point correlations
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What can we measure about UE?

Relevant characteristics of energy flow of UE

> p — level of transverse momentum per unit area

» rapidity dependence of p
> point-to-point fluctuations within a single event (= o)
» fluctuations from event to event

» point-to-point correlations

Two existing methods for measuring UE

> traditional approach
> jet area/median based approach
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Traditional approach [Marchesini & Webber (1988), UA1 (1988), Field et al ]

For each event

1. take charged particles with p; > 0.5 GeV and |y| < Ymax
2. cluster with cone jet algorithm with R = 0.5 — 0.7 to find the leading jet
3. define typical p; of UE as (p;) in TransMin, TransMax or TransAv regions

21
Leading Jet
Ti Mi
ransMin TransAv: O(as)
0 Leading TransMax: O
2l ransMax: (cvs)
TransMin TransMax
TransMin:  O(a?)
TransMax
0
-1 y +1

> topological separation: UE defined as particles entering certain region of (y, ¢) space
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Parenthesis: Sequential recombination jet algorithms

Distance measure between pair of particles dj; and between particle and beam dig
A2
. 2 2 2
d,‘j = mm(kt,-p, kgp)_Rlzj y diB = ktl-p,

where A% = (y; — y;)* + (¢i — ¢;)? is a geometrical distance in the (y, ¢) plane
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Parenthesis: Sequential recombination jet algorithms

Distance measure between pair of particles dj; and between particle and beam dig
A2

. 2 2 2

d,‘j = mm(kt,-p, ktJP)R_g y diB = ktl-p,

where A% = (y; — y;)* + (¢i — ¢;)? is a geometrical distance in the (y, ¢) plane

> identify the smallest of dj; and djg

> recombine particles i and j (if djg is the smallest call i a jet and remove it)

» recalculate distances and repeat the procedure until no entries are left
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Parenthesis: Sequential recombination jet algorithms

Distance measure between pair of particles dj; and between particle and beam dig

2

Aj
djj = min(k2P, kzp)

R27 dB—k

ti o
where A% = (y; — y;)* + (¢i — ¢;)? is a geometrical distance in the (y, ¢) plane

> identify the smallest of dj; and djg
> recombine particles i and j (if djg is the smallest call i a jet and remove it)
» recalculate distances and repeat the procedure until no entries are left
p=1 k¢ algorithm

[Catani, Dokshitzer, Seymour, Webber (1993); Ellis, Soper (1993)]
p=0: Cambridge/Aachen algorithm

[Dokshitzer, Leder, Moretti, Webber (1997); Wobisch, Wengler (1999)]
p =—1: anti-k; algorithm

[Cacciari, Salam, Soyez (2008)]
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Parenthesis: Jets have areas [Cacciari, Salam, Soyez (2008)]

To determine the active area of a jet

» supplement a set of physical particles {p;}
with an ensemble of dense, infinitely soft,
randomly distributed ghost particles {g;}

> cluster the set {p;, g}

» compute the active area of a jet J for this
specific ensemble of ghosts {g;}

_NU)

==

Al [ {&i})

where N (J) is the number of ghosts contained in the jet J and vy is the
number of ghosts per unit area

» average over many ghost ensembles

A(J) = lim (A(J | {gi})s

Vg—00
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Parenthesis: Jets have areas [Cacciari, Salam, Soyez (2008)]

To determine the active area of a jet http://fastjet.fr

> supplement a set of physical particles {pi} cevasi
with an ensemble of dense, infinitely soft, 2\ ke algorithm
randomly distributed ghost particles {g;} b

> cluster the set {p;, g}

» compute the active area of a jet J for this
specific ensemble of ghosts {g;}

_NU)

==

Al [ {&i})

where N (J) is the number of ghosts contained in the jet J and vy is the
number of ghosts per unit area

» average over many ghost ensembles

A(J) = lim (A(J | {gi})s

Vg—00
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Area/median approach [Cacciari, Salam, Soyez (2008), http://tastjet. fr]
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Area/median approach [Cacciari, Salam, Soyez (2008), http://tastjet. fr]

For each event

1. cluster particles with an infrared safe jet
finding algorithm (all particles are clustered so
we have set of jets ranging from hard to soft)

)
S

Sebastian Sapeta (LPTHE, Paris) Characterizing the underlying event in hadron-hadron collisions 8/



Area/median approach [Cacciari, Salam, Soyez (2008), http://tastjet. fr]

For each event

1. cluster particles with an infrared safe jet
finding algorithm (all particles are clustered so
we have set of jets ranging from hard to soft)

15.86" percentile for o

median
50" percentile for p

2. from the list of all jets (no cuts required!)

determine pr.i
p = median H—J H
Aj

1/n dn/d(ptj/Aj)

and its uncertainty o
» median gives a typical value of p;/A for a
given event
» using median is a way to dynamically
separate hard and soft parts of the event

p-oNA p Py/A
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Area/median approach [Cacciari, Salam, Soyez (2008), http://tastjet. fr]

For each event

1. cluster particles with an infrared safe jet
finding algorithm (all particles are clustered so
we have set of jets ranging from hard to soft)

2. from the list of all jets (no cuts required!)

determine pr.i
_ : ]
p = median H— H
. . AJ
and its uncertainty o
» median gives a typical value of p;/A for a
given event
» using median is a way to dynamically
separate hard and soft parts of the event

1/n dn/d(ptj/Aj)

15.86" percentile for o

median
50" percentile for p

p-oNA p Py/A

» p may be used e.g. to correct hard jet transverse momentum

sul
P = pej— p A £ 0/
since jet area measures the jet susceptibility to the soft radiation
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Understanding the methods
— a toy model study
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Two component model: soft UE + hard contamination

soft component (UE)

> take the region of area A in (y, ¢)
SpacCe —> transverse region (traditional

approach) or jet area (area/median approach)

» number of particles in this region,
n, given by Poisson distribution
with the average (n)

» single-particle p; distribution
given by
% — le*Pt/H
dpt 12
> parameters:
1 — average p; of particle,

v= %) — density of particles

» in this model p = pv is the true
value of p;/A of UE
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Two component model: soft UE + hard contamination

soft component (UE)

>

Sebastian Sapeta (LPTHE, Paris)

take the region of area A in (y, ¢)
SpacCe —> transverse region (traditional
approach) or jet area (area/median approach)
number of particles in this region,
n, given by Poisson distribution
with the average (n)

single-particle p; distribution

given by
dptl — le*Pt/H
dpt 12
parameters:

1 — average p; of particle,

v= %) — density of particles

in this model p = pv is the true
value of p;/A of UE

hard component (ISR)

jet2

5

jetl

soft and collinear partons from
primary emissions:

dn ~ G as(pt)
dprdydp — w2 pe

hard scale cut Q = %pt = 50 GeV

partons distributed uniformly in
angle and rapidity
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Two component model: biases

Traditional approach

» TransAv and TransMin variants

Leading Jet

Ca
<pext,Av> — P+ I2SQ
o

TransMin TransMax

(Poxt,Min) = P 2(5%) anun @
pext,Mln =p m 7_(_2 Trans

‘P — fraction of events with perturbative radiation smaller then soft fluctuations
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Two component model: biases

Area/median approach

1.4 T T T T
Two component UE
1.2 B
v=5Jy|<m
LT
Q L . 4
= 0.8 /‘/
% 4
e 06 Ff / ]
'/
/
0.4 r i b
I soft UE + pert. radiation
02 l! pure soft UE =]
0 1 1 1 1
0 0.2 0.4 0.6 0.8
R

- (soft) ﬂ—_CJ R<n_h>
<pext> e <pext > + \/70' Atot

(np) — number of perturbative part.
o — measure of fluctuations
p — true value of p;/A

(m) s, G 1 0x(Q)
Atot B Atot w2 2bg Oés(Q)

> the two terms bias (pext) in opposite directions
» for R =~ 0.5— 0.6 (used in most MC analysis of UE) the biases largely cancel

» similar picture and conclusions for o
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Two component model: biases

rea/median approach

T T T T T

L4 T Two component UE -~ Turn-on point:

1.2 | 2Born, Jy|<m

T

""" 2
Rt ~0.41- 2 = 0.41- \/j
p v

1
Q
7 08
S
06 p 7 v=100, 50, 20, 10, 5, 2
04 b ;o 1 Point of zero bias:
' / u=0.4Gev
02 F / Q=50GeV | R Ca 1
0 : . . Qo= 1‘ Gev Rero-bias =~ 0.87 Rcarit ?
1

0 0.2 0.4 0.6 0.8 1 1.2
R = V(Agelcy)

» for R ~ 0.5 — 0.6 the uncertainty always stays below 20% for a broad range
of particle densities v
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Fluctuations in estimation of p

In the toy model: the same p distribution used to generate all events
> however, there are event-to-event fluctuations of p due to restricted area

» this sets the lower limit for the uncertainty of p determination
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Fluctuations in estimation of p

In the toy model: the same p distribution used to generate all events
> however, there are event-to-event fluctuations of p due to restricted area

» this sets the lower limit for the uncertainty of p determination

T T T T
trad-min, S4/p=0.90 ——-
2 b trad-av, Sg/p=1.81 e
%
oy soft+pert+2 Born
k]
IS lyl<1.0
© —
£ 1 v=5
a
0
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Fluctuations in estimation of p

In the toy model: the same p distribution used to generate all events
> however, there are event-to-event fluctuations of p due to restricted area

» this sets the lower limit for the uncertainty of p determination

area/r'ned-sub', S4lp =033
trad-min, S4/p=0.90 ——-
o | trad-av, Sy/p=1.81 -------
=
& soft+pert+2 Born
2 Iyl <1.0
© —
c 1} v=5 |
Q
S e
oluledi .. . =
0 05 1 15 2 25
pext/p
» traditional approach suffers significantly more from the hard contamination
S~ Q
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Approaching real life
— Monte Carlo study
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Average p as a function of y

> dijets at the LHC, /s = 10 TeV, p; > 100 GeV, |y| < 4

T

5.0 T T
—— Herwig 6.510 + Jimmy 4.31

————— Pythia 6.4.21 DWT
40 b e Pythia 6.4.21 SOA
Pythia 6.4.21 DW

T

< 30} .
Q

o |

E_ sol =

1.0 £ i

PP, ¥s = 10 TeV, a-k+C/A, R= 0.

oo bt e e e e e
5 4 3 -2 -1 0 1 2 3 4 5

y

» significant y dependence
» strips of Ay=2 sufficient for robust p determination
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Fluctuations

» from event to event

147 pp, Vs = 10 TeV, a-k+C/A, R= 0.6

O
=3
-
o
D o6 ,
04 | Herwig 6.510 + Jimmy 4.31 4
- Pythia 6.4.21 DWT
0.2 Pythia 6.4.21 DW q
---------- Pythia 6.4.21 SOA
0.0 L

5 -4 3 -2 -1 0 1 2 3

IN
a
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Fluctuations

» from event to event

14T pp,¥s=10Tev, a-k+C/A, R=0.6 J
L2 s 1
10 ; i
o [ L ]
=3 0.8 Tt Lot M & .
e e ittt S
o
D o6 7
04 | Herwig 6.510 + Jimmy 4.31
----- Pythia 6.4.21 DWT
02 Pythia 6.4.21 DW 1
---------- Pythia 6.4.21 SOA
0.0 PR

5 -4 -3 -2 -1 01

y

2

I
3 4

60/ O

> large inter-event and intra-event

» two patterns of rapidity dependence

» within an event

14

12

10 -

He‘rwig‘6.51‘0 + ‘Jimn‘ly 4.51
Pythia 6.4.21 DWT

Pythia 6.4.21 DW

Pythia 6.4.21 SOA

» sizable difference between Herwig+Jimmy and Pythia
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Correlations

M e [T
L cort(yr, ya) = LPODP02)) ~ (p0)) (o (2))
- . 7 Sa(y1)Sa(y2)
>
2 > y1, y» — rapidity bins of width Ay =2
[=}
° » (...) — average over many events
Hw-+Jim Atlas
0.2 | a-k+C/A, R=0.6 Pythi@aDWT ----- 1
Pythia DW
pp, Vs =10 TeV  Pythia SOA -+
0.0 ‘ ‘ ‘ ‘
-5 -3 -1 1 3 5

Y2
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Correlations

10 . promeeeme o 4
<y, <1 § |
i | p(y1)p(y2)) — (p(y1))(p(y2)
08 | ' b COIT(YL)Q) = < Sd(>y1)~§d(}/2)> >
% 0.6 ' I—A
g T > yi1,y» — rapidity bins of width Ay =2

04 F

0.2  ak+CIA, R=0.6

pp, Vs = 10 TeV

Hw-+Jim Atlas

Pythia DWT =----- 4

Pythia DW

Pythia SOA
.

0.0
-5 -3 -1

1 3 5

Y2

» significant difference between Herwig +
Jimmy and Pythia
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» (...) — average over many events



Correlations

10
1<y, <1

1 corr _ (pn)p(y2)) = {pn)) (p(y2))
corrlys, y2) = Sa(y1)Sa(y2)

0.8 |

0.6
> y1,ys — rapidity bins of width Ay =2

corr (¥4, ¥,)

0.4 F.

» (...) — average over many events

Hw-+Jim Atlas
0.2 + a—kt+C/A, R=0.6 Pythia DWT 4

Pythia DW ——
pp, Vs =10TeV Pythia SOA - 14 [ —— Herwig 6.510 + Jimmy 431 |
0.0 L , \ . ----' Pythia 6.4.21 DWT
5 3 1 1 3 5 12+ Pythia 6.4.21 DW 1
Pythia 6.4.21 SOA
Y2 10 b ]

08 | ) ) B

B0/ PO

» significant difference between Herwig +

Jimmy and Pythia osp L T

H . . . 0.4 | 4
> qualitatively consistent with (o) /{p):
smaller fluctuations within event < larger 2] pp.is=10Tev, aksCia R=06
00 L

correlations 54 3 21 125 45

0
y
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CMS analysis at /s = 0.9 TeV

Experimental conditions

> only charged tracks
> p: > 0.3 GeV
> |n| <23
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CMS analysis at /s = 0.9 TeV

Experimental conditions

> only charged tracks
> p: > 0.3 GeV
> |n| <23

— very low multiplicity
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CMS analysis at /s = 0.9 TeV

Experimental conditions

> only charged tracks
> p: > 0.3 GeV
> |n| <23

— very low multiplicity

Modification of p — o’

/ — median H&H .C

Jj€physical jets i
AJ

C = Jj€Ephysical jets AJ

Atot
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CMS analysis at /s

Experimental conditions

> only charged tracks
> p: > 0.3 GeV
> |n| <23

— very low multiplicity

E\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\E
Modification Ofp—>p’ 00 02 04 06 08 1.0 p‘EéeV]

/ median H&H NG > can discriminate between UE

P = Jj€Ephysical jets

A;

C = Jj€Ephysical jets AJ

Atot

Sebastian Sapeta (LPTHE, Paris)

Data

S S By e e |
3.0 CMS Preliminary Syst. + Stat

- L — syt
< [ Vs=0.9Tev -s Pro-Q20
-~ [ track-jets e DW
a  o5[ k.Re06 SR

[ Ini<18, p>03GeV

tunes even at extreme conditions
» none of the tunes describes data

> looking forward to the 7 TeV
results (also for other observables)
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Measurement of UE is difficult both in principle and in practice
» we have considered a simple toy model to better understand the methods
» both traditional and area/based approach perform comparably well in
measuring average quantities
» for event-to-event measurements traditional approach suffers significantly
from hard radiation

Sebastian Sapeta (LPTHE, Paris) Characterizing the underlying event in hadron-hadron collisions



Measurement of UE is difficult both in principle and in practice
» we have considered a simple toy model to better understand the methods

» both traditional and area/based approach perform comparably well in
measuring average quantities

» for event-to-event measurements traditional approach suffers significantly
from hard radiation

The study of UE from MC with the area/median method suggests the set of
observables deserving dedicated measurements

» dependence of p on rapidity
» fluctuations from event to event (large for all generators/tunes)

» fluctuations within an event, o, (significant differences between Herwig+Jimmy
and Pythia)

correlations (large differences between Herwig+Jimmy and Pythia)

v
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