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The Underlying Event

* Protons are extended objects

« After a parton has been scattered out of each, what
happens to the remnants?

Two models:

o Non-perturbative: Soft parton—parton cross section is so large that the

remnants always undergo a soft collision.

 Perturbative: ‘Hard parton—parton cross section huge at low p,, high energy,

dominates inelastic cross section and is calculable.
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What is minimum bias?
~ “all events, with no bias from restricted trigger conditions”

Otot — Uelastic"‘ffsingIe—diﬂ’ractive"‘adouble—diffractive‘l'- .. TO0non—diffractive

dn/dy
A

AN

> Y

reality: omin_pias = Tnon—diffractive T Tdouble_diffractive =~ 2/3 X Otot

What is underlying event?
dn/dy

/ underlying |event \

pedestal height




What is multiple interactions?

Cross section for 2 — 2 interactions is dominated by ¢-channel
gluon exchange, so diverges like d&/dpi = 1/pj forp, — 0.

Integrated cross section above pTmin for pp at 14 TeV

10000 T T | | T x , T :
i jet cross section |
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Tint(PLmin) = ///p

I min

do

dzy dzodp? f1(z1,p7) fa(22,p1)—5

dpl

Half a solution to ojn+ (P | min) > dtot: Many interactions per event

E
Otot — Z On
n=0
oo
Oint = Z non
n=0
Pn Oint > Otot <= (n) > 1 :
A
(n) =2
If interactions occur independently
then Poissonian statistics
n
n!
but energy—momentum conservation
= large n suppressed
_bp ’rL
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Other half of solution:

perturbative QCD not valid at small p ; since g, g not asymptotic states
(confinement!).

Naively breakdown at

i 0.2GeV.-fm
Tp - 0.7 fm

Plmin = ~ 0.3 GeV ~ /\QCD

... but better replace rp by (unknown) colour screening length d in hadron
A ‘ \

A~ 1/py
resolved screened



so modify
do
dpi

d&/dp?
A

a2(p?) - a2(p?)

4 4 0(pL —pimin) (simpler)
Py Py

a2(p? 5+ p?)
(p2 o+ p2)?
or add non-perturbative soft component

or

(more physical)

where p | min Of p | o are free parameters,
empirically of order 2 GeV

Typically 2 — 3 interactions/event
at the Tevatron, 4 — 5 at the LHC,
but may be more

In “interesting” high-p ;| ones.
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Basic generation of multiple interactions

e For now exclude diffractive (and elastic) topologies,
I.e. only model nondiffractive events, with o, >~ 0.6 X gtot

e Differential probability for interaction at p | is
dP 1 do

dp;  onpgdpyL

e Average number of interactions naively

1 [Ecm/2 do
(n) = — —dp |
Ond /0 dp|

e Require > 1 interaction in an event
or else pass through without anything happening

P>1=1—-Fy=1—-exp(—(n))

(Alternatively: allow soft nonperturbative interactions
even if no perturbative ones.)

Can pick n from Poissonian and then generate n independent interactions
according to do/dp (so long as energy left)



Impact parameter dependence

So far assumed that all collisions have equivalent initial conditions,
but hadrons are extended,
e.g. electromagnetic form factor:

d?k  exp(ik - b)
(2m)2 (1 + k2/pu2)2
where 1 = 0.71 GeV (or free parameter);
and overlap of hadrons during collision is

Sp(b) =

O®) = [ d®by d?by Sp(b1) Sp(b) 53 (b — by + by)

or empirical double Gaussian:

r2 r2
pmatter(r) = N1 exp <——2> + No exp (——2>
Tl 7“2

where ro # rq represents “hot spots”, giving

b ted b ted
O®) = [ d®xdt pR3RSEES, (x, )BR5HEE (x, 1)



I I I I
SN Tune A double Gaussian
e old double Gaussian ------- » P
Gaussian -------- ]
ExpOfPow(d=1.35) - b
exponential ----- 1
EM form factor ------- .

0.1

0.01

o(b)

0.001 [ |\

0.0001

T

1le-05

e Events are distributed in impact parameter b

e Average activity at b proportional to O(b)
* central collisions more active = P, broader than Poissonian
* peripheral passages normally give no collisions at all = finite oot

e Also crucial for pedestal effect (more later)



PYTHIA implementations

(1) Simple scenario (1985):
first model for event properties based on perturbative multiple interactions
no longer used (no impact-parameter dependence)

(2) Impact-parameter-dependence (1987):

still in frequent use (Tune A, Tune DWT, ATLAS tune, ...)

e double Gaussian matter distribution,

e interactions ordered in decreasing p | ,

e PDF’s rescaled for momentum conservation,

e but no showers for subsequent interactions and simplified flavours

(3) Improved handling of PDFs and beam remnants (2004)

e Trace flavour content of remnant,
iIncluding baryon number (junction)

e Study colour (re)arrangement u
among outgoing partons (ongoing!)

e Allow radiation for all interactions d

u



(4) Evolution interleaved with ISR (2004)
e Transverse-momentum-ordered showers

dpP dP dP pPLi—1 (dP dP
:< I\/II_I_Z ISR) exp (_/ ( |/VII‘|‘Z ISR) />
dp dp a1 dp’,

with ISR sum over all previous Ml

(5) Rescattering (in progress)
E

Pl

7 3

Plmaxf=-===========---=---=-=---=-=-=-=-=--

Pll1 f--@-==--C - m e m e e e m o - - -

=

Pii [

Dio boooboo o onult.int. iIs 3 — 3instead of 4 — 4:

ISR B
| JeTonLcIe

P13 |

PLmin

» INnteraction
1 2 3 number
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HERWIG implementations

(1) Soft Underlying Event (1988), based on UA5 Monte Carlo
~ ~ ~ el
E DS X
- L y
e Distribute a (~ negative binomial) number of clusters
independently in rapidity and transverse momentum
according to parametrization/extrapolation of data

e modify for overall energy/momentum/flavour conservation
e N0 Minijets; correlations only by cluster decays

(2) Jimmy (HERWIG add-on 1995; part of Herwig++ 2007)

e only model of underlying event, not of minimum bias

e similar to PYTHIA (2) above; but details different

e matter profile by electromagnetic form factor (with tuned size)

e NO p | -ordering of emissions, no PDF rescaling for non-valence partons:
abrupt stop when (if) run out of energy

(3) Ivan (non-public code 2002; part of Herwig++ 2008)
e also handles minimum bias
e soft and hard multiple interactions together fill whole p | range



SHERPA implementations

(1) Conventional approach (2004)
e Based on formalism of PYTHIA (2) but
e Full showers for all interactions, with CKKW matching

(2) k | -factorization-based approach (2007)

e unintegrated PDFs and off-shell matrix elements
e consistent with BFKL evolution (small x)

e combination with multiple interactions in progress



PhoJet (& relatives) implementations

(1) Cut Pomeron (~ 1980)
e Pomeron predates QCD; nowadays ~ glueball tower
e Optical theorem relates oiot5) and ogjastic

e Unified framework of nondiffractive and diffractive interactions
e Purely low-p | : only primordial k£ ; fluctuations
e Usually simple Gaussian matter distribution

(2) Extension to large p | (1992)
e distinguish soft and hard Pomerons (cf. Ivan):
soft = nonperturbative, low-p | , as above
hard = perturbative, “high™-p |
e hard based on PYTHIA code, with lower cutoff in p |



Direct observation of multiple interactions

Four studies: AFS (1987), UA2 (1991), CDF (1993, 1997)

Order4jetsp |1 > P2 > P13 > P4 and define ¢
as angle betweenp |1 Fp > and p |3 F p 4 for AFS/CDF

Double Parton Scattering Double BremsStrahlung
2
3 X
A 2 1
1
P11+ Ppi2/=0 P11+ P2/ >0
P13+ pPlal =0 P13+ Pial >0
do /dy flat do/dy peaked at ¢ ~ 0/7 for AFS/CDF

AFS 4-jet analysis (pp at 63 GeV): observe 6 times Poissonian prediction,
with impact parameter expect 3.7 times Poissonian,
but big errors = low acceptance, also UA2



o)

o

o
\

CDF 16 GeV v/m + 3 Jets

1—Vertex Events

~

o

o
\

B Data

[@)]

o

o
\

CDF 3-jet + prompt
photon analysis

D DPF component, from
Two—Dataset Method (52.6%)

)

o

o
\

— Monte Carlo admixture:

52.6%DP + 47.4ZPYTHIA Yellow region =

double parton
scattering (DPS)

N

O

[©)
\

Number of Events / 0.052 radians
|

200 -

: The rest =
o [T PYTHIA showers
O ‘: 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 ‘ 1
0 0.5 1 1.5 2 2.5 3

AS, g —angle between pairs (radians)

ODPS = 0:(::3 for A= B — Oeff = 14.5 & 171’2137 mb
S

Strong enhancement relative to naive expectations!



Jet pedestal effect

Events with hard scale (jet, W/Z, ...) have more underlying activity!
Events with n interactions have n chances that one of them is hard,
so “trigger bias”: hard scale = central collision

= more interactions =- larger underlying activity.

Centrality effect saturates at p | harq ~ 10 GeV.

Studied in detail by Rick Field, comparing with CDF data:
“MAX/MIN Transverse” Densities

Jet #1 Directior

“TransMIN” very sensitive to
the “beam-beam remnants”!

“Toward-Side”

Jet #1 Direction

“TransMAX” “TransMIN”

Jet #3

“Away-Side” Jet

e Define the MAX and MIN “transverse” regions on an event-by-event basis with
MAX (MIN) having the largest (smallest) density.



®» “Leading Jet” events correspond to the leading
calorimeter jet (MidPoint R =(.7) in the region |n| <2
with no other conditions.

®» “Inclusive 2-Jet Back-to-Back” events are selected to
have at least two jets with Jet#1 and Jet#2 nearly “back-
to-back” (Ad,, > 150°) with almost equal transverse
energies (P(jet#2)/Py(jet#1) > (.8) with no other
conditions .

» “Exclusive 2-Jet Back-to-Back” events are selected to
have at least two jets with Jet#1 and Jet#2 nearly “back-
to-back” (A¢,, > 150°) with almost equal transverse
energies (P (jet#2)/P (jet#1) > 0.8) and P (jet#3) <15
GeV/e.

®» “Leading ChgJet” events correspond to the leading
charged particle jet (R = 0.7) in the region |n| <1 with
no other conditions.

= “7_-Boson” events are Drell-Yan events
with 70 < M(lepton-pair) <110 GeV
with no other conditions.

Fourth HERA-LHC Workshop Rick Field — Florida/CDF/CMS
May 26-30, 2008

Jet #2 Direction

ChgJet #1 Direction

“Exc2J Back-to-Back”

“Charged Jet”

Z-Boson

Page 8



"'Transverse" Charged Particle Density: dN/dnd¢ "Transverse" Charged Particle Density

1.00

. 1.0E+00 -
CDF Preliminary PYTHIA 6.206 (Set A) : ]
data uncorrected PARP(67)=4 CDF Data
0.75 - theory corrected P, g data uncorrected

PT(chgjet#1) > 30 GeV/c theory corrected

1.0E-01 5

PYTHIA 6.206 Set A
PARP(67)=4

1.0E-02 -

PYTHIA 6.206 (Set B)
CTEQS5L PARP(67)=1

"Transverse" Charged Density

1.8 TeV [n|<1.0 PT>0.5 GeV

1.0E-03 1
0.00 3

sity dN/dnd¢dPT (1/GeVic)

0 5 10 15 20 25 35 40 45 50 /
PT(charged jet#1) (feVi — 1 ]

(charged jet#1) ($eVic) 8 1.0E-04-

T B

| 9 -

S ]

Py(charged jet#1) >30 GeVie | — k&7 |t L

/ 1 1.8 TeV nl<1 PT>0.5 GeVic
Il Il

PARP(67)=4.0 (old default) is favored 1.0E-06

over PARP(67)=1.0 (new default)! 0 2 4 6 8 10 12 14
PT(charged) (GeV/c)

PYTHIA 6.206 Set B
PARP(67)=1

Compares the average “transverse” charge particle density (In|<1, P>0.5 GeV) versus
Pr(charged jet#1) and the Py distribution of the “transverse” density, dN,,,/dnd¢dP; with
the QCD Monte-Carlo predictions of two tuned versions of PYTHIA 6.206 (P (hard) >0,
CTEQSL, Set B (PARP(67)=1) and Set A (PARP(67)=4)).

MC Tools for the LHC Rick Field - Florida/CDF Page 28
CERN Julv 31, 2003



A Jet#l-JetH#2

5 10°F
s | D@
= o ® P> 180 GeV (x8000)
i’ 10 "F o 130 < p"™* < 180 GeV (x400)
5 [ ® 100 < p* < 130 GeV (x20)
T qp3 P 15 < p{™* < 100 GeaV
s |
= 10%
10
1E
1 C
=% MidPoint Cone Algorithm (R = 0.7, ..., = 0.5) L LRI 6 08
=» _£=150 pb! (Phys. Rev. Lett. 94 221801 (2005)) . +" === PYTHIA6.225
=» Data/NLO agreement good. Data/HERWIG agreement o Sl
good. . A )
% Data/PYTHIA agreement good provided PARP(67) = ™2 3nf4 n

1.0—4.0 (i.e. like Tune A, best fit 2.5).

Fourth HERA-LHC Workshop Rick Field — Florida/CDF/CMS
May 26-30, 2008

Ad dijet (rad)

Page 12



Rick Field December 1, 2004

Leading Jet: “MAX & MIN Transverse” Densities
PYTHIA Tune A HERWIG

"MAX/MIN Transverse" Charge Density: dN/dnd¢$

"MAX/MIN Transverse" Charge Density: dN/dnd¢

-
(2]
-
[=2]

Leading Jet CDF Preliminary Leading Jet

HERWIG 1.96 TeV
data uncorrected
1.2 theory + CDFSIM
¥

b e
0'8I§H 322SR RILIEEIESOIL A R A ACI TR
;s 13888

CDF Preliminary
data uncorrected
12 L theory + CDFSIM

PYTHIA Tune A 1.96 TeV

"Transverse" Charge Density
"Transverse" Charge Density

0.4 |
% 5828555555555 50,3aRAnAAAAAREsEe N ersgeE
B S 5] T il 0T g
Charged Particles (|n|<1.0, PT>0.5 GeV/c) o Charged Particles (|n|<1.0, PT>0.5 GeV/c)
0.0 f f f f 0.0 f f f f
0 50 100 150 200 250 0 50 100 150 200 250
ET(jet#1) (GeV) ET(jet#1) (GeV)
"MAX/MIN Transverse" PTsum Density: dPT/dnd¢ "MAX/MIN Transverse" PTsum Density: dPT/dnd¢
2.5 2.5
g CDF Preliminary PYTHIA Tune A 1.96 TeV g CDF Preliminary HERWIG 1.96 TeV
@ data uncorrected 4 data uncorrected
220+ theory + CDFSIM a € 20~ theory + CDFSIM
2 S 2
@ Leading Jet o Y £ g
g15 - R v e S &
: ] E
? ] TN T il Tlor ¢ 3
B0l gi A 1 TR R TYTYTITToTL 'l Y
3 755558008 Y 3
o 58 122 )
> >
2 0.5 mfy @
g CEOOEOONENOn, OoGOnEs OOEnAM nOannAsIEE T BBl g > DOS0pEnonEEEE0on  Joo00agnIan BBl
= . T o
: 0.0 Y ‘ ‘ Charged Famcles (|11|<1.0,‘ PT>0.5 GeV/c) : 0.0 o ‘ ‘ Charged Particles (|In|<1.0, PT>0.5 GeV/c)
0 50 100 150 200 250 0 50 100 150 200 250
ET(jet#1) (GeV) ET(jet#1) (GeV)

Charged particle density and PTsum density for “leading jet” events versus Er(jet#1) for PYTHIA Tune A and HERWIG.



CDE'Run 1 P1(@) 2

PYTHIA 6.2 CTEQSL Z-Boson Transverse Momentum
ILParameter Tune DW Tune AW 012 i O CDF Run 1 Data e ]
— un
UE Parameters | MSTP(81) | 1 % ] . :Z;':\I,TGTUM o published
MSTP(82) 4 4 ; 0.08 - - - ., N e
= 4 *
PARP(82) 2.0 GeV T e UL UGR/
s % Normalized to 1
A i :g 0.04 +
PARP(84) 0.4 g
o Ik
PARP(86) ¥ 0.00 ; ; ; : : : : : : |
PARPISO e 0 2 4 6 3 10 12 14 16 18 20
ISR Parameters ) il Z-Boson PT (GeV/c)
PARP(90) 0.25
PARP(62) 125 » Shows the Run 1 Z-boson p; distribution (<p(Z)>
) PARP(64) ~ 11.5 GeV/C) Compared With PYTHIA Tune DW,
PARP(91) 2. . \
PARP(93) 5.

Tune DW uses D(0’s perfered value of PARP(67)!

Intrensic KT

Tune DW has a lower value of PARP(67) and slightly more MPI!

Fourth HERA-LHC Workshop Rick Field — Florida/CDF/CMS Page 13
May 26-30, 2008



“Leading Jet”

Jet #1 Direction

“Toward”

“Transverse”

“Transverse”

Average Charged Density

S

W

[+ ]

—_

Charged Particle Density: dN/dnd¢

CDF Run 2 Preliminary

data corrected
-~ pyAgeneratorlevet - - oo oo T oo T T T

"Away"

pading Jet"

R=0.7 mijet#)j<Z ~~

Charged Particles {|n|<1.0, PT>0.5 GeV/c)
| | | |

100 150 200 250 300 350
PT(jet#1) (GeV/ic)

400

® Data at 1.96 TeV on the density of charged particles, dN/dndé, with pr > 0.5 GeV/e and n| <1 for “leading

jet” events as a function of the leading jet p,. for the “toward”, “away”, and “transverse” regions. The

data are corrected to the particle level (with errors that include both the statistical error and the systematic
uncertainty) and are compared with PYTHIA Tune A at the particle level (i.e. generator level).

Fourth HERA-LHC Workshop

May 26-30, 2008

Rick Field — Florida/CDF/CMS
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“Drell-Yan Producetion” . ,
Charged Particle Density: dN/dnd¢
\/7 5
CDF Run 2 Preliminary
Z-Boson Direction 2 data corrected " Away"
g py AW generator level
o =, c R
o "Drell-Yan Production”
“Toward” % 70 < M({pair} <« 110 GeV
= Factor of ~3
o
“Transverse” “Transverse” %3 1
& "Transversg"
o ]
E:
"Toward" Charged Partic.les {Inl<1.0, T>Q.5 ev/
o I I (Iexcludlng thelep}on-palr
0 20 40 60 80 100
PT(Z-Boson) (GeV/c)

® Data at 1.96 TeV on the density of charged particles, dN/dnd¢, with py > 0.5 GeV/e and || <1 for “Z-
Boson” events as a function of the leading jet p, for the “toward”, “away”, and “transverse” regions. The
data are corrected to the particle level (with errors that include both the statistical error and the systematic
uncertainty) and are compared with PYTHIA Tune AW at the particle level (i.e. generator level).

Deepak Kar’s Thesis

Fourth HERA-LHC Workshop Rick Field — Florida/CDF/CMS Page 24
May 26-30, 2008



Charged Particle Density: dN/dnd¢ Charged Particle Density: dN/dnd¢

3 4
CDF Run 2 Preliminary CDF Run 2 Preliminary
by data corrected = data correctec [
= "Away” G .
2 pyAW generator level d % 34 ---- P _Y"i gen eireiic_)r_lelreil ___________________
8 2____:__________.__“_ _____________________________ D
o Drell-Yan Production - Toward"
o 70 < M{pair) < 110 GeV o
@ I I . ~—— i ST T T T T T T T
= - Leading Jet
% % MidPoint R=0.7 |n{jet#1)|<2
L I e r i by o
ol "Transverse" o] 0 .
& PR T A i I % 5 1+ Transverse
- ————— L —‘ﬁ’ <
“Toward" Chargedgf:{:'d"i'ss 11:‘9'7; "l'cmf:if ol Charged Particles (jn|<1.0, PT>0.5 GeVic)
0 , , i ) e 0 : 1 : : 1 : 1 1 :
0 20 40 60 20 100 0 20 40 60 80 100 120 140 160 180 200
PT{Z-Boson) {GeV/c) PT{jet#1) (GeV/c)

Jet #1 Direction

Z-Boson Direction

“Toward” “Toward”

“Tra

T,

® Data at 1.96 TeV on the density of charged particles, dN/dnd¢, with py > 0.5 GeV/e and |n| <1 for “Z-Boson”
and “Leading Jet” events as a function of the leading jet p, or P (Z) for the “toward”, “away”, and
“transverse” regions. The data are corrected to the particle level (with errors that include both the statistical
error and the systematic uncertainty) and are compared with PYTHIA Tune AW and Tune A, respectively, at
the particle level (i.e. generator level).

Fourth HERA-LHC Workshop Rick Field — Florida/CDF/CMS Page 37
May 26-30, 2008



"Transverse" Charged Particle Density: dN/dnde

1.2
CDF Run 2 Preliminary
data corrected
generator level theory

)
0
|

)
(o8]
|

"Transverse" Charged Density
o
e}
|

0.0 f f f f f f f
150 200 250
PT(jet#1) (GeVic)

400

"Toward" Charged Density

"Toward" Charged Particle Density: dN/dndé

0.9
CDF Run 2 Preliminary

data corrected
generator level theory

=
[2}}
I

o)
w
|
T

" Drell-Yan Production”
70 < M(pair) < 110 GeV

excluding the lepton-pair

Charged Particles (|n|<1.0, PT>0.5 GeV/c)

0.0 f f
0 20 40 60 80
PT{Z-Boson) (GeV/c)

100

Jet #1 Direction

Z-BosonDirection

“Toward™

® Data at 1.96 TeV on the density of charged particles, dN/dndé¢, with pr > 0.5 GeV/e and [n| <1 for the
“toward” region for “Z-Boson” and the “transverse” region for “Leading Jet” events as a function of
the leading jet p,. or P(Z). The data are corrected to the particle level (with errors that include both
the statistical error and the sysiematic uncertainty) and are compared with PYTHIA Tune AW and
Tune A, respectively, at the particle level (i.e. generator level). The Z-Boson data are also compared
with PYTHIA Tune DW, the ATLAS tune, and HERWIG (without MPT)

Fourth HERA-LHC Workshop
May 26-30, 2008

Rick Field — Florida/CDF/CMS

Page 42



Multiple interactions also preferred by HERA photoproduction data:

<E>/(AnAg) [GeV/rad]

o o

o

<dE,/dén> [GeV)

1.

=

o

underlying activity in
photoproduction vs. DIS

2L H 1 e data
[ o —— PHOJET
S R A PYTHIA mia
[ PYTHIA
8r T ————min. bias
6
i s
4r T
20
0 L L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L
0 0.2 0.4 0.6 0.8 1
xes
%
ZEUS 1994 Preliminary
9
L ® ZEUS 94 DATA p
g [ - PYTHIA noMI GRV 5GeV<E"<6GeV
E — PYTHIA MI GRV o
4 [ == PYTHIA MI GRV full 0<n™ <1
I - PYTHIA MI GRV K/
[ -~ PYTHIA MI LAC
6 .. PYTHIA ANOM+VMD
[ --- HERWIG MI GRV
5 —

(anti)correlations in
energy flow around jet

4T
o
=4
E3f H1
G
2 * ® data "
o PYTHIA mia
PYTHIA Lo
ol .
- L ‘ [ |- | L
1 -3 2 -1 0 1 .
n
CDF Il Preliminary
2
} eom
~ F' — PYTHIATune A Looipise
> L
| -~ PYTHIA L
0.8 — ... PYTHIA (no MPl)_“,;q-;_'fj;:-?" .
|~ HERWIG T4
0.6 —
i 37 < P/ < 45 GeV/c
0.4 —
i 0.1<IY*I<0.7
0.2 —
0 I ‘ \ \ \




Colour correlations

(p | )(ncp) is very sensitive to colour flow

0.80 |u|r|lllll111|ll||l[|

-

o UAl Vs=900 GeV
0.55 +— —

0.50 —

2 ous
long strings to remnants = much ¢ : ?
ncp/interaction = (p | )(ncp) ~ flat T o] .
0.35 ; .__
P [
PR I I I S B
0 20 40 60 80 100

FIG. 27. Average transverse momentum of charged particles
in |77| <2.5 as a function of the multiplicity. UA1 data points
(Ref. 49) at 900 GeV compared with the model for different as-
sumptions about the nature of the subsequent (nonhardest) in-
teractions. Dashed line, assuming ¢ scatterings only; dotted

short strings (more central) = less lne, g seaterings with “maximal” sting length; sold line gz
ncpf/interaction = (p | )(ncp) rising




“Toward”

Leading Jet

CDF Run 2 Preliminary

30 < ET(jet#1) <70 GeV
data uncorrected
“Transverse” “Transverse” theory + CDFSIM
% 1.5 + Back-to-Back
) 30 < ET(jet#1) < 70 GeV
-
o
)
“ 9 =2 J
Back-to-Back o ©
Jet #1 Direction g
<

“Toward”

“Transverse” “Transverse”

Number of Charged Particles

Min-Bias

Jet #2 Direction

® Look at the <p> of particles in the “transverse” region (p; > 0.5 GeV/c, |n| <1) versus
the number of particles in the “transverse” region: <p> vs Nchg.

® Shows <p;> versus Nchg in the “transverse” region (p; > 0.5 GeV/c, |n| <1) for

“Leading Jet” and “Back-to-Back” events with 30 < E(jet#1) <70 GeV compared with
“min-bias” collisions.
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“Transverse”

“Transverse”

"Transverse" Charged Fraction

"Transverse" Charged Fraction: PTsum/ETsum
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CDF Run 2 Preliminary

data corrected
generator level theory

H{HHHHHHHHI i ; Py i1 } }

"Leading Jet"
MidPoint R=07_|n{jet#i}|<2 ____ |

PTsum Charged Particles (In|<1.0, PT=0.5 GeV/c)
ETsum Stable Particles {|n]<1.0, all PT)

<
o

50 100 150 200 250 300 350 400
PT(jet#1) (GeV/c)

® Data at 1.96 TeV on the charged fraction, PTsum/ETsum, for PTsum (pr > 0.5 GeV/e, In| <1) and ETsum (all
P M| < 1) for “leading jet” events as a function of the leading jet p, for the “transverse” region. The data are
corrected to the particle level (with errors that include both the statistical error and the systematic uncertainty)
and are compared with PYTHIA Tune A and HERWIG (without MPI) at the particle level (i.e. generator

level).
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Extrapolation to LHC

Energy dependence of p | min @and p | ¢:
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LHC predictions: pp collisions at \'s = 14 TeV
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* PYTHIA models favour In(s);
* PHOJET suggests a In(s) dependence.
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LHC predictions: JIMMY4.1 Tunings A and B vs.
PYTHIA6.214 — ATLAS Tuning (DC2)
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< Nchg > - transverse region

UE tunings: Pythia vs. Jimmy
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| 4 PYTHIAG.214 - Rome (CTEQS5L)

JIMMY4.1 - DC3 (CTEQ6L)
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LHC prediction
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PTJIM=4.9
=2.8x (14 / 1.8)°27

*energy dependent PTJIM
generates UE predictions
similar to the ones
generated by PYTHIAG.2 -
ATLAS.



Connection with total cross section
M. Bahr, J.M. Butterworth, MHS, arXiv:0806.2949 — JHEP

Recall Poisson statistics for independent scatters:

1 : n mnc
Tn scatters:/dzbg (O(b)gmc> e~ OW)o ;

= Oinelastic = /de (1 — e 0 ) ;

Optical theorem:

1 mnc
Ototal = 2/d2b (1 — 200 ) .

Choose matter distribution
Choose p | min — a}g?%.
Measure oygig — "€

= a’]i{}.cp. for Ivan model

Wb

a}{%fjg. > 0 gives theoretical constraint on allowed parameters.



M. Bahr et al., Herwig++ 2.3 Release Note, arXiv:0812.0529

— reasonable description of Tevatron minimum bias data
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M. Bahr, J.M. Butterworth, MHS, arXiv:0806.2949 — JHEP
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— Very early LHC data (total and
elastic cross sections) will indi-
cate whether consistent parameter
sets possible or energy evolution is
mandatory
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Summary

Underlying event/minimum bias collisions least understood aspect of
hadron collider physics

Multiparton collisions an essential component

Enormous amount of Tevatron data now, more coming
Some improvements in understanding

but still quite different models describe the data quite well
Huge spread in extrapolations to LHC



Multiple Interactions Outlook

Issues requiring further thought and study:

Multi-parton PDF'S fa,asa3.- (71, Q%, 22, Q3, 73, Q3, .. .)
Close-packing in initial state, especially small x

Impact-parameter picture and (x, b) correlations
e.g. large-x partons more central!, valence quarks more central?

Details of colour-screening mechanism

Rescattering. one parton scattering several times
Intertwining: one parton splits in two that scatter separately
Colour sharing: two FS—IS dipoles become one FS—FS one
Colour reconnection: required for (p, ) (ncharged)

Collective effects (e.g. QGP, cf. Hadronization above)
Relation to diffraction: eikonalization, multi-gap topologies, ...

Action items:
e Vigorous experimental program at LHC

Study energy dependence: RHIC (pp) — Tevatron — LHC
Develop new frameworks and refine existing ones

Much work ahead!



