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This talk:

» Definition and Motivation

» Example of MPI model



This talk:

» Definition and Motivation

» Example of MPI model- Multiple Partonic Interaction model not
Message Passing Interface )

» Colour structure of an event

> Summary
Thursday’s talk:

Overview of MPI models

Tuning tools - Professor

>
>

» Comparison with some LHC data

» CDF Min Bias “factorization” mystery
>

Outlook



Definitions and Motivation



Zero and Minimum Bias measurements
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Zero and Minimum Bias measurements

» “Zero bias” - Every event in a perfect 47 detector (or maybe almost
perfect FELIX - A full acceptance detector at the LHC by Bjorken).

> A “minimum bias” event is what one would see with a totally inclusive
trigger. All events, with a minimum bias from restricted trigger
conditions.

» In practice this definition depends on the experiment’s trigger!
Two examples:

1. ATLAS, Minimum Bias Trigger Scintillator (2.1 < || < 3.8), single arm
MBTS trigger fired, primary vertex reconstructed, phase spece:
pr > 500(100) MeV, || < 2.5,n45 >1 (2,6,20)

2. CDF (2009), Minimum bias trigg. BBC (3.2 < |n| < 5.9), coincidence in
time of signals in both forward and backward modules, primary vertex
reconstructed, phase spece: pr > 400 MeV, |n| < 1.0

» Typical observables:

1 dNa 11 _dchh 1 dNe
Nev d77 ’ Nev 27FPT dndPT’ Nev dnch

and (pr) vs. e,



Underlying Event

> We define an interesting hard process

» Underlying Event = Everything except the hard/interesting process
(and initial- and final-state showers)



Underlying Event

> We define an interesting hard process

» Underlying Event = Everything except the hard/interesting process
(and initial- and final-state showers)

Toward

Underlying Event:What

Outgoing
Parcon

¥

Hard Scatter

Away

S v>éé%;?g/\/' Moo’ ® Model dependent contributions include:

* Multiple Parton Interactions (MPI)
becomes nearly independent of the
hard scatter, when the hard scatter
energy > 10 GeV.

Nz o Initial State Radiation (ISR) has an
lwf angular distribution that is nearly
j independent of the hard scatter and
can contribute to the transverse region.



Motivation - how do we know MPI exists?

UADS experiment at the SPS - proton-antiproton 540 GeV c.m.
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Motivation - how do we know MPI exists?

—T— T T T T T T T T -t

§ UAS 1982 DT 4 vas 1982 0ama

4 uas 1981 DaTa 4 uUks 081 OATA

1wt E [ ~ it |
Number of i Number of J_JF

_ Charged Tracks [’ Charged Tracks |

wn 120 £

. nen

FIG. 3. Charged-multiplicity dmnbu:ion at 540 GeV, UAS FIG. 12. Charged-multiplicity distribution at 540 GeV, UAS
results (Ref. 32) vs simple madels: dashed law pr only, full in- results (Ref. 32) vs multiple-interaction model with variable im-
cluding hard scatterings, dash-dotted also including initial- and  pact parameter: solid line, double-Gaussian matter distribution;
final-state radiation. dashed line, with fix impact parameter [i.e., Oy(8)].

Sjdstrand & v. Zijl,
Phys.Rev. (1987)2019




Motivation - how do we know MPI exists?

Direct observation of multiple interactions

Five studies: AFS (1987), UA2 (1991), CDF (1993, 1997), DO (2009)

Order4jetsp ;1 >pi2 > P13 > P4 anddefine ¢
as angle between p | ; Fp o and p, 3 F p 4 for AFS/CDF

Double Parton Scattering Double BremsStrahlung
2
3 X
4 2 1
P11+ PpPi2f=0 Ip11+piof>0
P13+ Ppral=0 P13+ pi4/ >0

do/dep flat do/dy peaked at ¢ =~ 0/x for AFS/CDF



Motivation - how do we know MPI exists?

CDF: Double parton scattering in pp collisions at /s = 1.8
[Phys. Rev. D 56, 3811-3832 (1997)]
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Motivation - how do we know MPI exists?

CDF Run I
On event-by-event basis:

AllRY 1) Identify the leading object in the event

TRANSVERSE 2) Build TRANSVERSE REGIONS w.r.t. it

TOWARDS 3) Compute Zp; of charged particles (or multiplicity) Leading-track
° in the different regions
TOWARD
SETTINGS:
* pT > 0.5GeV/c ANSVE
Ui GiE e (tracks and leading-track)

AWAY

* leading-track not included
in distributions




Motivation - how do we know MPI exis

CDF Run I
Good description of Run I Underlying event data (x2 = 1.3).

w

« data, uncorrected
MRST2001, x2,/N=13

<Nt||g>lxzvuw

leading track

toward
[ Ag] < 60°
0 . I - — . - ——
Y /Ny =17/30=0.6 X 22 /N, =464/30 =15.5 transverse transverse
= T T T T T - 60° < |[Ad] < 120° 60° < |Ad| < 120°
= —_—— = —— = _|_'ﬁ"— ]
s S == ] away
= . Y . L - — . = 1Ad] > 120°
20 25 30 35 40 45 50
Ljet
r(GeV)

Only p’*" > 20GeV.



Why should we be interested?

1. Quantum Chromodynamics (QCD) 2. Experiments

> Can we predict/understand the > These effects are often formally
properties of hadrons? suppressed for inclusive cross
sections.

» Connection with:
» In practice, their significance can

: dlffl‘aCt.IOl’l be enhanced by
saturation
» confinement » experimental acceptance
» total cross section » cuts to suppress
backgrounds
» their impact on detector
calibration

» the need to measure
more exclusive
quantities

» missing Et
reconstruction

» Photon/lepton isolation

» Mass reconstruction (see
Jon’s talk on Friday)



Example: Jet Energy Scale

> Leptonic energy scale typically much better known than the
hadronic/jet energy scale.

» To determine response to hadronic jets, typically look for well measured
leptonic processes (e.g. Z — eTe™ ) and balance leptons against jets.

» This balance is affected by the environment of the event.



Example: Jet Energy Scale

Example: Jet Energy Scale

Effects of the Underlying Event

Title: “Effects of the Underlying Event” by Jonathan Butterworth



Example: Minijet veto

» In some processes there is no colour exchange between the protons.

» Suppression of QCD radiation in the event;
Important signature for reducing backgrounds.

» No suppression in activity from MPI

Forward jets

wiz ¢

w/Z

Higgs Decay n



Example: Minijet veto

» In some processes there is no colour exchange between the protons.

» Suppression of QCD radiation in the event;
Important signature for reducing backgrounds.

» No suppression in activity from MPI

Forward jets

o z, Higgs Decay n

2




Example: Minijet veto

Example: Minijet veto Lr

Effects of the Underlying Event




Motivation - is it really important?

Motivation:

» The minimum bias/underlying event is an unavoidable background to
most collider observables and having good understand of it leads to
more precise collider measurements!

» First LHC results are Minimum Bias and Underlying Event!
Alice: [0911.5430], CMS [1002.0621], ATLAS [1003.3124] so it must be
important ;)

» These will be particularly relevant for the LHC as, when it is operated at
design luminosity, rare signal events will be embedded in a background
of more than 20 near-simultaneous minimum-bias collisions.

> Any realistic experiment simulation event generator needs to be able to
model these effects.

> “Don’t worry, we will measure and subtract it” But... fluctuations and
correlations crucial



Motivation - is it really important?

log GA

» Steep distribution = small sideways shift = large vertical
> Rare fluctuations can have a huge influence



Modeling the Underlying Event

Expect impact parameter (b) dependence:




Semi hard underlying event

Taken from Peter Skands:

and Multiple Parton-Parton Interactions

QCD ANALOGUE:

Parton Showers: resum diverg

perturbative emission cross se(

MPI: resum divergent perturb
interaction cross sections

PERIPHERAL CENTRAL
MPI> 1 <MPI> 3




Evolution of MPI model in Herwig++

Semihard UE

Default from Herwig++ 2.1. [Herwig++, 07113137
Multiple hard interactions, p; > pi™" [Bahr, Gieseke, Seymour, JHEP 0807:076]
Similar to JIMMY [J. M. Butterworth, J. R. Forshaw and M. H. Seymour, Zeit. fur Phys. C72]

Good description of harder Run I UE data (Jet20).

vV v vy



Eikonal model basics

Starting point: hard inclusive jet cross section.

P

ai“C(S;Pinm) = Z/m;nz dptzfi/hT (xl’ﬂ ) ® dpz ®f]/h2 (XZ,,LL )5
]

mc

> oyt eventually (for moderately small p

mln)



Eikonal model basics

250 T
| — o,,: DL'92

-. o, DL'04

— QCD2—2, pr >2GeV 1

o(mb)

200
150
100

50

Vs(GeV)



Eikonal model basics

Starting point: hard inclusive jet cross section.

PG = 3 [ o) ® T 0 ),

lm

> oot eventually (for moderately small p}“‘“).

Interpretation: o'™ counts all partonic scatters that happen during a single pp
collision = more than a single interaction.

(e e = NOinel-

where oinel is the cross section for having one or more jet pairs above p?‘m



Eikonal model basics

Use eikonal approximation (= independent scatters’). Leads to Poisson
distribution, at fixed impact parameter, b = |b|, the probability for m partonic
interactions: .
= 7 b m g
Pu(B,s) = M0 it
m!

Then we get giner:

Cinel = /dzgi P, (E’ s) = /dz}; (1 . e—ﬁ(E,g)) .

n=1

Real life momentum/flavor conservation suppresses high-m tail + other
physical correlations



Eikonal model basics

Use eikonal approximation (= independent scatters’). Leads to Poisson
distribution, at fixed impact parameter, b = |b|, the probability for m partonic
interactions:

Pm(57 S) = 1’[(1;;'5) e_ﬁ(E,s) .

Then we get giner:

Oinel = /dzbzpm b S /d2 7e—ﬁ(5,s)> )

n=1

Cf. oinel from scattering theory in eikonal approx. with scattering amplitude
a(b,s) = L) 1)

Oinel — /dz 72X<b q>) = X(Z; S) = %ﬁ(}; 5) .

X(l;, s) is called eikonal function.

Real life momentum/flavor conservation suppresses high-m tail + other
physical correlations



Eikonal model basics

Calculation of 7i(b, s) from parton model assumptions:

dé;;
(b S) - Lpartons x17x27 ®Z/d tZd 2]

- do
_ 277 2 I
= E 71+5ij/dx1dx2/d b /dptd 5

X Dz/A(thh \b ) ]/B(xzvpt’ |b b/|)




Eikonal model basics

Calculation of 7i(b, s) from parton model assumptions:

dé;;
(b S) - Lpartons x17x27 ®Z/d tZd 2]

- do

_ 277 2 7]
_Zil+5ij/dx1dXQ'/db /dp[d >
x Dija(x1,pi, |6'))Dj/s(x2, p7, [0 — U])

dé;;
2 2 l]
_E 1+5l]/dX1de/d /d

X ﬁ/A<x1,pf>cA<\b \fip (2, p7)Gi (|6 — 1))
= A(b)o™ (s;p™™) .




Eikonal model basics

From assumptions:
> at fixed impact parameter b, individual scatterings are independent,

» the distribution of partons in hadrons factorizes with respect to the b
and x dependence.

we get the average number of partonic collisions at a given b value is
ii(b,s) = A(b)o™ (s; p™) = 2x(b,s)
where A(b) is the partonic overlap function of the colliding hadrons

T

=
A= [EHCANGa(B-F) £ iy
’ g 01r --- u2=0.71GeV? ]
G(b) from electromagnetic FF:
- d% ekl 0.05-__ 1

cp(w:cp(%:/ @2 1+ /22

But u? not fixed to the
electromagnetic 0.71 GeV?. 0 2 4
Free for colour charges. impact parameter b [\mb]

> Two main parameters: u?, pin,



Semi hard underlying event

Good description of Run I Underlying event data (x* = 1.3).

5 T T T
« data, uncorrected
MRST2001, x.,/N=1.3

leading track

1k 1
ol— 1 I | . I I
h /N =1T 0.6 X /N, =464/30 =15.5 transverse transverse
F T T T T T 1 60° < [Ad] < 120° 60° < |Ag| < 120°
= —Ee e e e
= i g o i i o i3 | 1
20 25 30 35 40 45 50

Pt (GeV)

Only pl* > 20GeV.




Evolution of MPI model in Herwig++

Semihard+Soft UE
» Default from Herwig++ 2.3. [Herwig++, 0812.0529]
> Extension to soft interactions, p; < p{“i“ [Bahr, Gieseke, Seymour, JHEP 0807:076]
» Theoretical work with simplest possible extension.

[Béhr, Butterworth, Seymour, JHEP 0901:065]

> ”HOt SpOt” model. [Béhr, Butterworth, Gieseke, Seymour, 0905.4671]



Soft eikonal

So far only hard MPL
Now extend to soft interactions with

Xtot = XQCD + Xsoft-

Similar structures of eikonal functions:

7\ _inc

1
Xsoft = EAsoft( )Usoft

Simplest possible choice:
Aot (b 1) = Anara(b; 1) = A(b; ).
Then

A(b: . .
xior = A8 (e, 1ot

inc

One new parameter ogy.



Fixing o
Exploit knowledge of ot in eikonal model:
Ctot = 2/(312 *th(b b))
_) / &5 (1 e MG o o )

nc
soft*

ot well measured. Fixes o

Energy extrapolation from Donnachie-Landshoff
» DL 92 [D&L, PLB296, 227 (1992)]
» DL 92 normalized at TVT

» DL 04 [Dé&L, PLB595, 393 (2004)]

inc

soft




Fixing o
Exploit knowledge of ot in eikonal model:
Ctot = 2/(312 *th(b b))
_) / &5 (1 e MG o o )

nc
soft*

ot well measured. Fixes o

Energy extrapolation from Donnachie-Landshoff

» DL 92 [D&L, PLB296, 227 (1992)]
» DL 92 normalized at TVT
» DL 04 [Dé&L, PLB595, 393 (2004)]

Model turned out to be too simple.
— Relax the constraint of identical overlap

Asoft(b) - A(b, :usoft)

inc

soft




Hot Spot model

Extension to soft MPI, p; < p}“i“

in

Fix the two parameters fisoft and oo

in

1

Xtot(a S) ==

5 (A o™ hard(s:p™) + A(E: pcr) o5,

from two constraints. Require simultaneous description of ot and bei
(measured/well predicted),

Oot (5 —2/d2 7X‘°‘(b S)) ,
/ Li —xtor s)) .
Utot



Extension to soft MPI, p; < pmin

min

Continuation of the differential cross section into the soft region p; < p;
(here: p; integral kept fixed)

= 5 T T T T T T T T r
% i —— prin =3 GeV, B=—05GeV * ]
Q e | U P =5 GeV, B=0.06 GeV 2 E
=4l ;
% i ,
S0 |
b i ,
=
—~ 3 B
> i ,
@ i ,
U i ,
‘D i ,
® 2f ]
L7 |
- i ,
17 —
00 2 4 5 . o



Tevatron Run I final states

» So far: only indirect constraints from ot and o.

» Now use model in Herwig++ with ii(b,s) as input for MPL

> Remaining free parameters (p"", ui%).

> Look at XZ /dof for Tevatron Run I data

in the (pi"", u2) plane.



> for Rick’s Runl Jet
analysis for all regions

p? (GeV?)

Parameter space at Tevatron

Xt20t/ N, dof

P i S
2.5 3.0 3.5 4.0 4.5 5.0

P (Ge)

o[ T T T T I T T



Detailed look at observables: Transverse Region

» 5 — T T T T T T —T T —T— T

§ « data, uncorrected ]
N — p =3.5, y?=1.50, x2,/N=3.1 ]
w4 —— p"" =35, )2 =1.25, x2,/N=2.9 b
= e P =40, =150, x2,/N=2.8 ]
\ 3 E

leading track

toward
|A¢| < 60°

away

1891 > 120°

MC/Data

P (GeV)



On to the LHC

What we have so far:
» Unitarized jet cross sections

Fulfil constaints from o and .

>

» Simple model with similar overlap functions.
» No additional (explicit) energy dependence.
>

Left with freedom in parameter space.



On to the LHC

What we have so far:
» Unitarized jet cross sections
Fulfil constaints from o and .

>

» Simple model with similar overlap functions.
» No additional (explicit) energy dependence.
>

Left with freedom in parameter space.

= Look at LHC results (900 GeV).
» ATLAS charged particles in Min Bias.

» Convenient as the analysis was quickly available in RIVET ;-)

> Thr_ee points from ‘valley”
(P /GeV, 1 /GeV?) = (3.0,1.0); (4.0, 1.5); (5.0,2.0)



Look at LHC results (900 GeV)

» ATLAS charged particles in Min Bias (N, > 1, pr > 500MeV, |n| < 2.5)
» Convenient as the analysis was quickly available in RIVET.

Average transverse momentum as function of Nep, Charged particle multiplicity as function of 7
T T T T I T R e R AR
E L4 & —e— ATLAS data = T 5E E
:‘ 3 E cteq, mu=1, pT=3.0 3 %“ 4B =
2 PE -—- mrts mu=1, pT=3.0 33 3
T 12 —-- mrts mu=2, pT=5.0 3 z
E el
E cteq mu=2, pT=5.0 3 =
1= X —
o ERry sl E
09 L = 09 =~ ATLAS data E
osE 3 08 cteq, mu=1, pT=3.0 —
— o7 - - -~ mrts mu=1, pT=3.0 _J
o7 B — e - - mrtymu=2, pT=50 3
s R o 06 Bttt et
g, B \ \ \ \ E R S \ \ et prsio—H)
= E ] E cteq mu=1.5, pT=4.0
S LB 4 2 .k E
g 12F E S R = mrst, mu=1. 5fp21':$e 3
Z g 13  BEa= e Lo
e E E e
08 e—t=mnsem = R = 08 E
fd oo AP AT RPN ERVETETN BTV ol ol O R R B
10 20 30 40 50 60 2 1 o 1 2

Z

» oops, not so nice...
» despite very good agreement with Rick Field’s CDF UE analysis.
» choice of PDF set (CTEQ611 vs MSTW LO** (our default))

» Failure of a physically motivated model usually points to more,
interesting physics ... colour structure?



Colour structure

» Colour structure of the soft interactions, p; < p?‘m
Sensitivity to parameter:
e colourDisrupt = P(disrupt colour lines) as opposed to hard QCD.
e colourDisrupt =1, completely disconnected.

(ud) = (ud)




Colour Structure of the Underlying Event

Colour Structure of the Underlying Event multiple interactions, even when
soft, can cause non-trivial changes to the colour topology of the colliding
system as a whole, with potentially major consequences for the particle
multiplicity in the final state

Each MPI (er cut Pomeren) exchanges color between the beams

» The colour flow determines the hadronizing string topology

* Each MPI, even when soft, is a color spark

Dij
* Final distributions crucially depend on color space [make f:ﬁ '“odEIs

rent aANsitze
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Sjostrand & PS, JHEP 03({2004)053



Colour Structure of the Underlying Event

Colour Structure of the Underlying Event multiple interactions, even when
soft, can cause non-trivial changes to the colour topology of the colliding
system as a whole, with potentially major consequences for the particle
multiplicity in the final state

Each MPI (or cut Pomeron) exchanges color between the beams

» The colour flow determines the hadronizing string topology

* Each MPI, even when soft, is a color spark




Underlying event in Herwig++

Colour Structure of the Underlying Event multiple interactions, even when
soft, can cause non-trivial changes to the colour topology of the colliding
system as a whole, with potentially major consequences for the particle
multiplicity in the final state

» plain Colour Reconnection (pCR) (parameter p;.c,) - Included from
Herwig++ 2.5, [Gieseke, Rohr, AS, Eur.Phys.J. C72 (2012)]

» Colour Disrupt - only Soft UE (parameter pcp)

Main parameters:
> /1,2 - inverse hadron radius squared (parametrization of overlap function)
> p" - transition scale between soft and hard components
»  Dreco - colour reconnection

» pcp - colour structure of the Soft UE



Colour reconnection (CR) in Herwig++

Extending the hadronization model in Herwig(++):

— » QCD parton showers provide pre-confinement
= colour-anticolour pairs form highly excited
hadronic states, the clusters




Colour reconnection (CR) in Herwig++

Extending the hadronization model in Herwig(++):

» QCD parton showers provide pre-confinement
= colour-anticolour pairs form highly excited
hadronic states, the clusters




Colour reconnection (CR) in Herwig++

Extending the hadronization model in Herwig(++):

» QCD parton showers provide pre-confinement
= colour-anticolour pairs form highly excited
hadronic states, the clusters

> CRin the cluster hadronization model: allow
reformation of clusters, e.g. (il) + (jk)

» Physical motivation: exchange of soft gluons
during non-perturbative hadronization phase




Colour reconnection (CR) in Herwig++

i

Extending the hadronization model in Herwig(++):

—J » QCD parton showers provide pre-confinement
= colour-anticolour pairs form highly excited
hadronic states, the clusters

> CRin the cluster hadronization model: allow
reformation of clusters, e.g. (il) + (jk)

» Physical motivation: exchange of soft gluons
during non-perturbative hadronization phase

Implementation

» Allow CR if the cluster mass decreases,

M + My < M + My,

where M2, = (pa + py)* is the (squared) cluster mass

> Accept alternative clustering with probability preco (model parameter)
= this allows to switch on CR smoothly



MinBias ATLAS 900 GeV

Charged particle multiplicity as function of 1 (09TeV, Ny, > 6) Charged particle density (0.9 TeV, N, > 6)
B L e = B s o 0 s B
£ 3 =z
ERN S —— Read off from ATLAS ] 5 —— Read off from ATLAS—|
Z £ —— Herwig++ 2.4 5 —— Herwig++ 2.4 3
F28F —— Herwigt+ 2.5 % —— Herwig++ 2.5 3
S a6f Z10 E
24 E
2.2 b
1073

18 [
16
14
12

Leehessl

= it
< S
3 ‘“““L s
s 5
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MinBias ATLAS 900 GeV

Charged particle multiplicity as function of p; (0.9 TeV, Ny, > 6) Average transv. momentum as function of N, (0.9 TeV, Ny, > 6)
o o o e e B L e e ey e
& ETTT T T T T T T T T z T T T T E

—e— Read off from ATLA! o —e— Read off from ATLAS J
—— Herwig++ 2.4 5 —— Herwig++ 2.4 =
—— Herwig++ 2.5 = —— Herwigt++ 2.5
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Energy interpolation

» Not possible to fit with energy-independent parameters (different
parameters for different energies).

> Possible to fit with energy-dependent pi"™" = pi" (E—‘/j)b and all else
energy-independent.

» Interpolation to v/s = 2760 GeV

6

— UE-EE-4-CTEQ6L1
+ No sigma eff in fit
5- -- UE-EE-5-CTEQ6L1 -

] 2000 4000 6000 8000 10000 12000 14000
VT [GeY



Energy scaling

Transverse charged Particle > pr

CDF (300, 900, 1960 GeV) LHC (900, 7000 , 1400 GeV)
Transverse Charged ¥ p | density Transverse ©_p, density vs. p'kt
= T e = 2T
§ '2;+‘CDFdAm I I I I ] E 1 I I I I I I I I
& TF -+ Nosigma eff in fit T 4 = r
= [oeeees UE-EE-5-CTEQ6L1  ....... i 1 ] 3
T 1 --- UBEEACTEQsLL e [ 3 L
S r : 1 i b S
~ r fmmes b N
S sl L3 4
ot - 4 i
[ et 1 e
06— J
o4 - i L —e— ATLAS data
————— ] 05 3 . === No sigma eff in fit -
- r RS UE-EE-5-CTEQ6L1
o2 7 - -~ UE-EE-4-CTEQ6L1 |
ol bbb b b i oLl v bvn b b b b b b
3

Al
30 5 2 4 6 8 10 12 14 16 18 20
P [Gev /] p. (eading track) [GeV]

Legend:
> No sigma eff. in fit (only UE data in fit) - blue lines

» UE-EE-5-CTEQ6L1 - both sigma eff. and UE data in fit o5, = 14.8 mb).
» UE-EE-4-CTEQG6L1 - old tune - only UE data in fit.
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Summary:

> Motivation and experimental evidence for MPI
» Example of MPI model - MPI in Herwig++

» This was just a basics - there are many details which I had
no time to talk about and “The Devil is in the detail” ...

v

Colour structure of an event

v

Energy extrapolation
Thursday’s talk:

» Overview of MPI models

Tuning tools - Professor

>

» Comparison with some LHC data

» CDF Min Bias “factorization” mystery
>

Outlook



Thank you for your attention!
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