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Reminder: Building blocks of Monte Carlo Generators

| Initial State Radiation ‘

Hadronization

PDF, Proton
structure

AN
Not shown for simplicity: / \
e

Final State Radiation ‘

Beam Remnants /
Multiple Interactions

FSR off the hard partons

taken from Stefan Gieseke©

The general approach is the same in different programs but the
models and approximations used are different.



» 1stlecture

» Monte Carlo methods why and how?
» Parton Shower

v

1st tutorial
» Build your own Parton Shower (in Python)!

v

2nd lecture
» Hadronization
» Multiple Parton Interaction
» Tuning

v

2nd tutorial
» Shower uncertainties (in Python)
or
» MC@NLO/POWHEG (see Marek’s lecture) matching in
Python
3rd tutorial
» Real life example - work with Herwig, Sherpa and Pythia!

v



Hadronization

Hadronization (non-perturbative semi-empirical models)

P Two main models: Lund string model and Cluster model
also

older: Flux tube model and Independent fragmentation (Feynman-Field fragmentation '78)
Hadronization factorizes from hard process (process-independent)

Both main models contain many parameters to be determined from data, preferably LEP.
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Lund String model

[Andersson,Gustafson,Ingelman,Sjostrand] Phys.Rept.97(1983)31
Originally invented without parton showers in mind.

[=

We start with 2-jet events in ete~ — hadrons.
Lund string model: like rubber band that is pulled apart and breaks
into pieces, or like a magnet broken into smaller pieces.



Lund model - Physical motivation

Self coupling of gluons

< “attractive field lines” inear static potential V(r) ~ kr

QED FIELD LINES “ ‘ a1
B=60 H—
15 F B hiﬁ t
> Ulg
3 ;E linear region
;3 05 | .
0
o _
QCD FIELD LINES (?) 02 04 06 08 1 12 14 16
G Q Supported by lattice QCD,
@ @ hadron spectroscopy.

k=1 GeV/fm ~ potential energy gain lifting a 16 ton truck.
Flux tube uniform traversal shape (in the central region) — simple
description as a 1+1 - dimensional object - a string
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Lund model - QCD potential

Lund string: like rubber band that is pulled apart and breaks into
pieces
simplified colour

V(r)
i representation:

guenched QCD

full QCD

r r r r




Lund model - string motion

th
As a qq pair moves apart, they are slowed b,
down and more and more energy is stored in /; /

the string.

If the energy is small, the g7 pair will 4
eventually stop and move together again. We

get a “YoYo” - state which we interpret as a

meson.

If high enough energy, the string will N
break as the energy in the string is large , !

{ o
X

enough to create a new g7 pair. -LIIZ L/2

Assume negligibly small quark masses. Then linearity between
space-time and energy-momentum gives:

dE dp, dE| ‘dpz

dz

dz ~lar dt
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Combine yo-yo-style string motion with string breakings.
Motion of quarks and antiquarks with intermediate string pieces.

F 4

A quarks from one string break combines with a antiquarks from an
adjacent one.
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How does the string break?

The quarks obtain a mass and a transverse momentum in the
breakup through a tunneling mechanism

q q’<—+—>a/ q q q’ -—a E f—> a’ q
: —
d=qu/n
qu/=O mJ_q/>0

Probablity of tunneling:

2 2 2
m TP m
P o< exp <7 Lq) = exp <7 Lq) exp (77‘;)
K K K

» Suppression of heavy quarks: uit : dd :s§:cc ~1:1:0.3:1071

» Diquark (g9 - g9 breakups) ~ antiquark = simple model for
baryon production.

String model has very good energy-momentum picture however it is
unpredictive in understanding of hadron mass effects = many
parameters, 10-20 depending on how you count.



The Lund model - gluons

The Lund string model predicted the string effect measured by Jade.
In a three-jet event there are more energy between the gg and g7 jets
than between 43.



The cluster model

[Webber NPB238(1984)492]
What if we have PS (more perturbative input before hadronization).

Can we get a simpler model?
Cluster Model:

» QCD parton showers provide
pre-confinement of colour:

» Planar approximation: gluon =
colour-anticolour pair
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The cluster model

[Webber NPB238(1984)492]
What if we have PS (more perturbative input before hadronization).
Can we get a simpler model?

Cluster Model:

» QCD parton showers provide
pre-confinement of colour:

» Planar approximation: gluon =
colour-anticolour pair

» colour-singlet pairs end up close in phase
space and form highly excited hadronic
states, the clusters

> Clusters (~ excited hadrons) decay into
hadrons

Mass spectrum of colour-singlet pairs asymptotically independent of
energy, production mechanism ;¢



Cluster model - Mass spectrum

Mass spectrum of primordial clusters independent of cm energy.

Primary Light Clusters

0.9 ——rr ——— —
—— Q=35GCeV
0.8 — Q=091.2GeV |
A — Q=189GeV 4
0.6 - — Q =1000GeV 7]
0.5 7
04 B
0.3 B
0.2 - B
0.1 |- ]
0 * l
1 10
M/GeV

Peaked at low mass (1-10 GeV) typically decay into 2 hadrons. Project
colour singlets onto continuum of high-mass mesonic resonances
(clusters). Decay to lighter well-known resonances and stable

hadrons.
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Heavy cluster

» Although cluster mass spectrum peaked at small m, broad tail at
high m.

» Small fraction of clusters too heavy for isotropic two-body decay
to be a good approximation

> heavy cluster decay first (Longitudinal cluster fission) into
lighter cluster, or radiate a hadron C — CC C — HC, it is rather

string-like.
» ~ 15% of primary clusters get split but ~ 50% of hadrons come
from them! 15/63



Hadronization - comparison of the model

Taken from T. Sjostrand

program PYTHIA

model string

energy—-momentum picture  powerful simple
predictive unpredictive

parameters few many

flavour composition messy simple

unpredictive in-between
parameters many few
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Multiple Particle Interaction




How do we know MPI exists? Data makes you

smarter!
UADS experiment at the SPS - proton-antiproton 540 GeV c.m.

IN—

v
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Motivation - how do we know MPI exists?

L S I B B SR R SRR S N S | w? T T T T T T T Y’
ot b s 4
4! (Jf \ 4 UAS rem2 DAT 4 uas 1382 0aT8
“t F 4 A\ 4 UAS 1381 DATA 4 uss wn oama
&\Nﬂ

{
| | . sl -
Number of [ Number of i
Charged Tracks T Charged Tracks ||

o L T |o‘5"|‘4_J.l!II\\I|]
o _0 <0 a0 100 120 0 40 w0 [ g o

fch e

FIG. 3. Charged-multiplicity distribution at 540 GeV, UAS FIG. 12. Charged-multiplicity distribution at 540 GeV, UAS
results (Ref. 32) vs simple models: dashed low py only, full in- resulis (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., @o(b)].

\_ Sjostrand & v. Zijl, Yy,
Phys.Rev.D36(1987)20
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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 > p o > pi3 > pig anddefine ¢
as angle betweenp |1 Fp o and p| 3 F p 4 for AFS/CDF

Double Parton Scattering Double BremsStrahlung
2
3 X
4 2 1
P11+ Ppi2f=0 P11+ piof >0
P13+ pral=0 P13 +pial >0

do/dp flat do/dp peaked at ¢ =~ 0/x for AFS/CDF
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Motivation - how do we know MPI exists?

CDEF: Double parton scattering in pp collisions at /s = 1.8
[Phys. Rev. D 56, 3811-3832 (1997)]

3

o

s}
T

CDF 16 GeV y/m° + 3 Jets

1—Vertex Events

B Data

I:I DP component, from background
subtraction method (52.6%)

— Monte Carlo admixture:
52.67%DP + 47 .47ZPYTHIA

Number of Events / 0.052 radians

o T S [ T (NS B

o] 0.5 1 1.5 2 25 3

AS, o —anagle between pairs (radians) 21/63



Motivation - how do we know MPI exists?

CDF Run II

AWAY

TRANSVERSE

TOWARDS
()

TRANSVERSE

AWAY

On event-by-event basis:

1) Identify the leading object in the event

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

3) Compute Zp; of charged particles (or multiplicity) Leading-track

in the different regions

SETTINGS: TouRD

* pT > 0.5 GeV/c
(tracks and leading-track)

* leading-track not included T
in distributions
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Motivation - how do we know MPI exists?

CDF Run IT
Good description of Run I Underlying event data (x> = 1.3).

5 5[ . . —— —— T

g « data, uncorrected

N MRST2001, x.,/N=1.3 ]
=4 - . CTEQBL, x}/N=16 ]
e

v

leading track

toward
[ Ad] < 60°
0 . I - — 1 o ——
Y /Ny =17/30=0.6 X 22 Y/ N, =464/30 =15.5 transverse transverse
= ! T T 3 60° < |Ad| < 120° 60° < |Ad| < 120°
o _ S T = O ™
= oL . . - =\
- o i B e e o B away
Tk i e i i | : I = 1A6] > 120°
20 25 30 35 40 45 50

P (GeV)
ljet

Only p; > 20GeV.
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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
minimume-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 on an event-by-event basis are
crucial.
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MPI model basics

Inclusive hard jet cross section in pQCD:

da
2 l]
(s = [t [ dndn fi, Q) file @)
5 mm
— 250 o
2 [ — 0,,:DL'92 1
- [ - o,:DL'04 ] .
° [ — QCD2-2, pp >2GeV 1 ome > Otot eventually

200 r
Interpretation:

» o™ counts all partonic scatters
in a single pp collision

» more than a single interaction

o = <ndijets>Uinel

V5 (GeV)



MPI model basics (Herwig++)

Assumptions:

» the distribution of partons in hadrons factorizes with respect to
the b and x dependence = average number of parton collisions:

o ,ddj;
n(b,s) = partons (x1,%2,b ®Z/ td 12]

dé;
= Z /dxldxz/dzb’/d 249
1+ ,]
x Dija(x1,p?, b)) Djyp(x2, p7, |b — U'])
— L 2"// zd&U
B Z 1+ 6 /dX1dxz,/ av [ dp dp?
1]

X fiya (1, pR)Ga (|6 |)fip (x2, p2) G (10 — 1)

_ A(E)O’inc(s pmm)
> at fixed impact parameter b, individual scatterings are
independent (leads to the Poisson distribution)
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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
i(b,s) = A(b)a™(s; pi") = 2x(bs)

where A(D) is the partonic overlap function of the colliding hadrons

=
A) = [ EHCAFGa(B-F) £ —w=1s0cer
’ § o1 o wo071Gev? |

G(b) from electromagnetic FF:

- - d% ekb 0.05-_ 1
Gp(b):Gp(b):/—z_.i

(27)% (1 +k2/p2)?

But u? not fixed to the

electromagnetic 0.71 GeV?. 0 2 4
Free for colour charges. impact parameter b [\mb]

. 5 mi
= Two main parameters: pu=, pj™".



Semi hard underlying event

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

« data, uncorrected
MRST2001, x.,/N=1.3
r CTEQS6L, ., 16

leading track

1+ ]
r 1 toward
1A¢] < 60°
U — = -
X/ Ny =1 =0.¢ transverse transverse
= T T 4 60° < |Ag| < 120° 60° < |Ad| < 120°
= D e iy e
—2p e . 3 away
S £y — * - 1Ad] > 120°
20 25 30 50

11,15("‘ (GeV)

Only p* > 20GeV.
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Hot Spot model

Extension to soft MPI, p; < pmin

: inc ;
Fix the two parameters ji50r and ogg, in

—

e (B,5) = (A(B: )0 hard (s; pi™) + A(B; o)L, )

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

Trot (8 —2/d2 e Xurlb )) )

ba(s) = / a5 (1 - e*me<b’S>> .

Otot
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Extension to soft MPI, p; < pmin

Contim_lation of the differential cross section into the soft region
pr < pi™ (here: p; integral kept fixed)

5 — e —
3| — " =3GeV, f=—05CeV |
R U e e
= g4 j
S| ]
S |
&)
= 3t ]
= d 2 min,2 N
% I —Z;‘ﬂ ~p; efﬁ (ptz Py ) 1
Ut . ]
2 i m
B2 E
S 7 |
- i m
T |
00 2 4 6 5 3



Detailed look at observables: Transverse Region

& 5 — T T T T T T —T T L e

§ « data, uncorrected ]
N — p® =3.5, u?=1.50, x2,/N=3.1 ]
w4 —— " =35, 4u?=1.25, x2,/N=2.9 b
= e P =40, =150, x2,/N=2.8 ]
\ 3 E

PP (GeV)

Notice Jet pedestal effect.

leading track

toward
|A¢| < 60°

transverse

60° < |Ad| < 120°

away
1891 > 120°
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Look at LHC results (900 GeV)

» ATLAS charged particles in Min Bias (N, > 1, pr > 500MeV, |n| < 2.5)

Average transverse momentum as function of Ney Charged particle multiplicity as function of 1

L B B B
—e— ATLAS data

cteq, mu=1, pT=3.0

- -~ mrts mu=1, pT=3.0

——— mrts mu=2, pT=5.0

cteq mu=2, pT=5.0

cteq mu=1.5, pT=4.0

mrst, mu w -+
“,.«»‘

(p1) [GeV]

1/NeydNe/dy

]l

E

= ATLAS data 3
cteq, mu=1, pT=3.0 -

- — - mrts mu=1, pT=3.0
T=
{T‘rlﬁmu =2, pT=g.0

MC/data
MC/data

T I R S T N A M
-2 -1 o 1 2

Bl bov i bvv v bny
10 20 30 40

» 0o0ps, 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 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

modefs

Dj
* Final distributions crucially depend on color space |[maje ?ﬁ
tansatz

B e ~
=Q — — 7 Y p T
B [r e— 1
2] -~ 1 1
% . L L
o o T 1 By 5 FWD
\({'J i 5 I
& — ' o —
. - .
7 & v * CTRL
] ;
Fime > v -
_ Ay 4
o T 0 1Ny — FWD
A8 i 1
=(T R ¥ Py
& e
Sjostrand & PS, JHEP 03(2004)053 i:;v
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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 Pomeron) exchanges color between the beams

» The colour flow determines the hadronizing string topology
Each MPI, even when soft, is a color spark

Di
* Final distributions crucially depend on color space m kef:ﬁ

mode;s
a satz

j
\
; ! i
Tt i1 N ' ~ FWD
~ T i ' ;
[y v A rd =
. 3
a W CTRL
o 5 R ) |
- (E‘A EE T ! 5
(R e 0 N —
, 3

Sjostrand & PS, JHEP 03{2004)053

SErings
Forward region (and forward-backward + forward-central correlations) 34/63



Colour reconnection (CR) in Herwig++

Extending Herwig’s hadronization model:

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




Colour reconnection (CR) in Herwig++

Extending Herwig’s hadronization model:

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

» CR in 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,
Mi + My < Mjj + My,

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

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



1/NevdNen/dyy

MC/data

2.8
2.6

Charged particle multiplicity as function of 7 (09TeV, N, > 6)

MinBias ATLAS 900 GeV

Charged particle density (0.9 TeV, N, > 6)

o L A A B S S B
—e— Read off from ATLA!
—— Herwig++ 2.4
—— Herwig++ 2.5

—— Herwig++ 2.4
—— Herwig++ 2.5

—e— Read off from ATLA!

Cod” ]

MC/data

Leehessl
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MinBias ATLAS 900 GeV

Charged particle multiplicity as function of p (0.9TeV, Ny, > 6) Average transv. momentum as function of Ngp, (0.9 TeV, N, > 6)
N—~"”;uuwuwuwwuuwuwuwwuu — T T T T T T T T T
Tk I I I I I I I I I 3 ETT I I I E
3 —e— Read off from ATLA! g —e— Read off from ATLAS J
o1 —— Herwig++ 2.4 = —— Herwig++ 2.4 3
St —— Herwig++ 2.5 & —— Herwig++ 2.5
D103
T

e 11
o4

o 1.0 “mwo++

070 09

107

251 o 08

<

MC/data
£5&
T
I

MC/data
- &
o
o

Su
85

T

|

\

obia b b b by by b b T Ty y
2 4 6 8 10 12 14 16 18 20 10 20 30 40 50 60
P [Gev Nen
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Underlying event in Herwig++ - key components

Matter distribution (%)
1.4 T T T T T T T
p2=2GeV? ——
42 =0.71GeV? e

0.8

0.6

0.4

0.2

0 R
0 02 04 06 08 1 12 14

bfm]

Based on electromagnetic form factor

(radius of the proton free parameter)

Main parameters:

Extension to soft MPI
(e < p™™)

s
eV
Gaussian extension below pi®

min

Energy dependent pj

Colour structure (preco, Pcp)

Possibility of change of color structure
(color reconnection)

[Gieseke, Rohr, AS, EPJC 72 (2012)]

The least understood part of modeling

> /L2 - inverse hadron radius squared (parametrization of overlap function)

> p;“in - transition scale between soft and hard components = pnit = pm‘n ( \[)b

> Dreco - colour reconnection
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Underlying event in Herwig++ - key components

Matter distribution (%)

14 T T T T T T T

1.2

1

0.8

0.6

0.4

0.2

0 -
0 02 04 06 08 1

1.2 14
bfm]

Based on electromagnetic form factor
(radius of the proton free parameter)

Pythia:
- Many options including double
Gaussian (similar shape to EE)

- x-depended overlap [Corke,
Sjostrand, JHEP 1105:009]

Extension to soft MPI
(pr < ppn

Gaussian extension below pj™"

min

Energy dependent pj
Pythia:

Regularise cross section with p/"" a

S
free parameter:
in2
2(p2 p;m" )

do o (rp)
2 . min2\2
(PT‘H%‘ )

ot

Colour structure (preco, Pcp)

Possibility of change of color structure
(color reconnection)

[Gieseke, Rohr, AS, EPJC 72 (2012)]
The least understood part of
modeling (very active area research)

Pythia:

Recent development: String
Formation Beyond Leading Colour J.
Christiansen, P. Skands
[arXiv:1505.01681]
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Min Bias/Underlying Event

Herwig++ MPI model with independent hard and soft processes,
showered and with colour reconnection. Just few parameters. Min
bias without integrated diffraction (work in progress).

Pythia MPI interleaved with showering. MPI ordered in pr. The most
sophisticated model. Many options and parameters (Pythia has
strong emphasis on NP physics) = many tune families.

Sherpa New model - SHRiMPS with integrated diffraction based on
KMR (Khoze-Martin-Ryskin model). Model in development -
currently not suitable for UE studies (work in progress - this winter?).
Currently for UE there is “cheap version of Pythia’s UE model” (F.
Krauss)



(e N g /chndoy
oo

4l

UE measurements - Energy Overview

900 GeV p Underlying Eve 1800 GeV ppbal Underlying Ever GeV pp Underlying Event
T
Average Charged Particle Densiy (TWRD) (1] <25, p, 05 GaVic) | Average Charged Partice Dersity (TWRD) Averags Charged Partce Density (TWAD) (1| < 25, py > 01 GoVic)
F = ATLAS = COF 35| = ATLAS
- Hervigs+ (UE-EE-4-CTEQ6LT) # Herwig++ (UE-EE-4+-CTEQBL1) - Herwige- (UE-EE-4-CTEQGL1)
Iy Pythia 6 (350:P2011) ] r Pythia 6 (350:P2011) r Pythia 6 (350:P2011) B 1
[ — Pyhias : —+— Pythias 3 —+ Pyhias i —
b + Sherpa + Sherpa + Sherpa
C : oS
r 4 15— | 25 o ot 1
b i .
2 3
15 E
- 18 B E
[ 18
E toniges 260 Pytiactzoni, Py + O3 omiges 260, Fyha s 2ontz, Pyias.162 Shapa 140 ]
Il Ll | n 1 HE | L L !
2 6 8 10 5 10 15 20
p, (leading track) [GeV] p, (leading track) [GeV]
atio to ATLAS s tio to ATLAS
1
2 4 6 8 10 08 0
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Run II results - UE [ar1-prHYS-PUB-2015-019]

< C T T T T T 1 A L T T T T T ]
% 25~  Transverse region ATLAS Preliminary —| § 25 Transverse region ATLAS Preliminary —
o . i [ _
= r \s=13TeV 15 F \s=13TeV ]
é o pT>045 GeV, n<25 i Eo oF pT>0.5 GeV, ml< 2.5 .
T O ps1Gev 1& | ps>1Gev .
= [ Fr 1%  F ]
At = IV -
a [ - [ ]
WNooE o 1= Yo rpyrer | i
g r " r et $
© C 9 C it O O o -
v ] £ an
0.5 —e— DATA (uncorrected) == EPOS A 0.5~ —— DATA (uncorrected) == EPOS
----PYTHIA8 A14 PYTHIA 8 A2 ] | -== PYTHIABA14  wweee PYTHIA 8 A2
[* - HERWIG++ EE5S = PYTHIA 8 Monash 7 b <es HERWIG++ EE5S = PYTHIA 8 Monash 7|
0 1 1 1 1 1 L 1 1 1
1.3
© 1.2 R
T 1.1 ©
o a
o o
0.9 X
= o8t ; ‘ = 8t
07 5 70 75 20 07 5 70 15

25 0 2530
pITead [GeV] plTead [GeV]

» Many LHC UE observables (not tuned since not available) and
well described by most of the models!
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Problems - very soft MinBias ATLA

7000 GeV
> 12
& [ Average p, vs N, (N, > 1, p, > 0.5 GeVic) H
16 s
- r = ATLAS 2
e ¢ ¢ Epos ]
[ — LHCUE-EE-SCRCTEQsL
141 = Pythia 6 (350:P2011)
[ +— Pythia 8
[ + Sherpa

08
[ ls
b §
[ §
o6 ATLAS_2010_S8918562 14
Epod1.99.crme.v3200, Herwige+ 2.6.1a, Pyihia 6.426p12, Pyihia 5.108,p1, Sherpal B
S S S S RS |-
0 50 100
on
Ratio to ATLAS
15 -
L ]
—_—
! ¥
05 . L
0 50 100

Need of the colour reconnection.
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Problems - very soft MinBias ATLA

100k events

7000 GeV 7000 GeV pp Soft QCD (mb,diff,fwd)
3 A
I} r Average p, vs N, (N, > 1,p, > 0.5 GeVic) s 8 r Average p vs N, (N, >2,p, > 0.1 GeVic) 1]
16 5 ool 3
- T = ATLAS 2 - b = ATLAS B
o F - Epos 2 o Epos
[ — LHCUE-EE-SCRCTEQsL 08l o LHC-UEEE-SCRCTEQSL
141 = Pythia 6 (350:P2011) 8L = Pythia 6 (350:P2011)
[ +— Pythia 8 E +— Pythia 8
[ + Sherpa orhi + Sherpa
12 E
[ 06|
1 F
05|
0.8 i
h 5 04
L E P
o6 ATLAS_2010_S8918562 b 08l ATLAS_2010_S8918562 1
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» MC models have parameters such as pT cutoff, energy evolution,
colour-reconnection... + many parameters of hadronization models

» Tuning (fixing) of parameters required to constrain models

» No unique way of tuning: which data samples should be used? Divide
and conquer (split parameters in subgroups which can be tune
separately) ...

> “manual” tunning - hard and inefficient - lots of man and CPU power
needed.

> new tools help to automatize this process -> however still you need to
think it is not “Fire-and-forget”



Rivet and Professor

p N —
// - { Sherpa | ("random parameter sampling |
[ —Herwight —— Professor
[ / ( — perform tuning
[/ ,-{\ Pythiag —— T y
°
( : <
Beam parameters e p
— | Number of events to generate T — R'Vet —_— HistogramsJ
Generator specific parameters o ~ o ~
m T
o p
[ Pythia - S Analyses:
p— p N Hadron multiplicities
| Herwig ~— AGlLe — Event shape variables
h . )’ . Z-Boson pr distribution

48 /63



Rivet and Professor

TUNING PROCEDURE IN PROFESSOR (1D, 1BIN)

© Random sampling: N parameter points in n-dimensional space
@ Run generator and fill histograms

@ For each bin: use N points to fit interpolation (2" or 3 order
polynomial)

(interpolation—data )
error?

O Construct overall (now trivial) 2 a2 Y 4.0
@ and Numerically minimize  pyMinuit, SciPy

SRRl

° bm mlcrpnlduun

best p

Professor 4/16
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Rivet and Professor
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Rivet and Professor

OBSERVABLES AND WEIGHTS

(FO ()~

This is what Professor minimises: x2(p) = Y0 Ype 0 v

|>m
(ﬂ
N

Slightly more art than science
Garbage in, garbage out
Use weights w;, to:

o emphasize certain observables
o emphasize certain bins of an observable
o switch off single bins (e.g. MinBias region for Jimmy Herwig)

Na transverse) for min-bias
T T

£

No MinBias physics in Jimmy s

—— Jinmy /Herw
g S

Herwig 7
Cannot get first 3 bins or so right

Transition from MinBias to UE type
physics

= Exclude these bins from Professor af |
minimisation N I L 1 |

51

/63



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
: 2 : interaction cross sectiong

PERIPHERAL CENTRAL
MPI> i <MPI> =3
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Colour reconnections in Herwig-++ [Giescke, Rohr, AS, Eur.PhysJ. C72 (2012) 2225]

fa(mcut) = Na(mcut)/ Z Nb(mcut) =

b=h,i,n

0.8

0.2

0.0

N a (mcut) 1
—e, M
cl
T
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| — - i-type |
h-type
. - - - - X ~ -
~
~
,,,,,,,,,,,,,, ~
~
L L L P
10° 10! 10° 10°
Meye/GeV

Since these n-clusters can lie at very different rapidities (the extreme
case being the two opposite beam remnants), the strings or clusters
spanned between them can have very large invariant masses (though
normally low pT), and give rise to large amounts of (soft) particle

production.
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Colour reconnections in Herwig-++ [Giescke, Rohr, AS, Eur.PhysJ. C72 (2012) 2225]
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Since these n-clusters can lie at very different rapidities (the extreme
case being the two opposite beam remnants), the strings or clusters
spanned between them can have very large invariant masses (though
normally low pT), and give rise to large amounts of (soft) particle
production.
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Summary:

»> Tremendous amount of new developements in GPMCs.

» Parton showers well established.

» Hard matrix element - “NLO revolution” and more - see Marek’s lectures.

» Hadronization crucial to obtain fully exclusive simulation of the collisions. Two
main models: string and cluster.

» MPI models under constant improvement (new MPI model Shrimps in Sherpa,
improvements in Pythia and Herwig, for LHC)!

» Good first round of LHC data well described...
> ... butstill a lot space for improvements.

» Not-too-soft not-too-high-multiplicity physics under good control (if you use
modern models with modern tunes).
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The Road Ahead

v

Event generators crucial since the start of LHC studies.

v

Qualitatively predictive already 25 years ago

v

Quantitatively steady progress, continuing today:

» continuous dialogue with experimental community,
» more powerful computational techniques and computers,
» new ideas.

v

As LHC needs to study more rare phenomena and more subtle
effects, generators must keep up by increased precision.
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Thank you for the attention!



MCnet Short-term studentships

training studentships

MCnet projects
Pythia
Herwig
Sherpa
MadGraph
Ariadne
CEDAR

3-6 month fully funded studentships for current PhD
students at one of the MCnet nodes. An excellent opportunity
to really understand and improve the Monte Carlos you use!

Application rounds every 3 months.

for details go to:
www.montecarlonet.org




Enjoy the rest of the school!
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