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The simulation is a multistep process starting with

o Matrix Element calculation

and continuing through the

o Parton Showers
o Initial State Radiation (ISR)
o Final State Radiation (FSR)
o Underlying Event (UE)

o Beam remnants (BR)
o Multi Parton Interactions (MPI)

o Hadronization

o Hadron decays

O hadron = O parton & PDF
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Input for Monte-Carlo simulation

MC generators combine perturbative picture of hard processes involving electroweak and
strong interactions, with non-perturbative picture of hadronization and underlying event.

Perturbative parameters

Factorization/renormalization scales

process specific

Particle properties
masses, widths,..

Running couplings
consistent with PDF

Parton shower
evolution kernels

Are chosen/calculated

Elena Yatsenko

Qo

Non-perturbative parameters

MPI and BR
pT" cut-off, energy dependence, ...

Hadronization and hadron decays
string or cluster constants

Primordial kr
intrinsic kr of incoming partons

Parton shower
infrared cut-off, as/Aqco

Unknown — Need experimental input
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rivet.hepforge.org
@ RIVET professor.hepforge.org

o Framework for generator independent implementation of experimental measurements.
o Uses data available from the HEPDATA database.
o Currently 322 RIVET routines are available,

including 105 from ATLAS and 36 from CMS!

—=> First step to MC tuning is implementation of your measurement in RIVET!

£
Q
@ PROFESSOR <4 4. é?

o Framework for automated Monte-Carlo tuning.
o Random sampling — Filling — Interpolation — Minimlzatlon
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http://rivet.hepforge.org/
http://professor.hepforge.org/

The LHC measurements have been used to tune a number of Monte-Carlo generators.
The tuning efforts are made to improve modeling UE, MB and MPI processes.

0 PYTHIAG: contains a large collection of tunes from authors and LHC
experiments

0 PvyTHIAS: majority of recent tunes from LHC experiments
0 POWHEG+PYTHIA: Pythia tunes in presence of NLO+PS matching
@ HERWIG/JIMMY: tuned by both authors and LHC experiments

O SHERPA: mainly tuned by authors
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Underlying Event tunes

o Family of A14 full-scale tunes! with o CUETP8M1 (MonashStar'),
various PDFs to most ATLAS jet and CUETP8S and CUETP6S - tunes™?
underlying-event observables. with various PDFs, include CDF and

- Optimized MPI and ISR/FSR parameters. CMS UE data at /s = 0.9, 1.96

and 7 TeV.
Transverse Ney vs. " in [5] < 2.5, incl jet events TransMIN charged particle density /5 = 7 TeV
ER prrryerm— g W T T
3 UF Y
o8 P —e— ATLAS Data §
= —— AU2 CTEQ6L1 z
0.6 [~ ——— Monash =
E A14-CTEQ
o4 A14-MSTW
oa b —— A14-NNPDF
2 — -~ A14-HERA
ol Ll . L
=
S osE g
S5 Gev) s * ” ' pTmaxiGev/d
— Tunes are suitable for high pr processes. — Test model of MPI energy dependence.
— Improved description of UE data, tt gap — Attempt to describe “soft” and
fractions, and 3-to-2 jet ratios. “semi-hard” MPI scatterings.
Lhased on Monash2013 tune: MB+AU 2based on 4C tune 3based on Z2*-lep tune
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-021/
https://cds.cern.ch/record/1697700/files/GEN-14-001-pas.pdf

Tuning Double Parton Scattering (DPS) observables

Normalized AS in pp— 4jin [ < 47 at /5 = 7 TeV
R o RN EEmmmn

DPS is typically

—e— CMS data

1/d° /d [1/rad)
T

described in terms of —— Goreresry
effective cross-section T PB4CMPLoft

parameter o 3
__ OATB b
Oeff = 5,5

N e R e
.:,% l.j E -
CDPSTP8S PYTHIA8 tunes - make use of double RN T e
. E, — . — E
parton scattering measurements: e I N DR -

o e L Tm
AS

o Study of double parton scattering using e
W+2-jet events. CMS: JHEP 1403 (2014) 032 T Coremew M
S Ei‘ji MPI off "=

@ Measurement of four-jets production.
CMS-FSQ-12-013

- DPS observables are used to tune MPI and Beam
Remnants parameters.

- The values of e extracted with DPS tunes are
compatible with experimental measurements.

o6 E I | N b

p(object#1) pr (object#2) \ ", PR PR
AS = arccos ( . = 5 5 5 3 .
s [pT (object#1)[ X | p (object#2)] a5

CMS PAS GEN-14-001
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https://cds.cern.ch/record/1697700/files/GEN-14-001-pas.pdf

ATTBAR tune

Modeling of tt production is sensitive to ISR and FSR and is crucial for precision m;
measurement.

1,2 - .
Recent ATTBAR tune™“ is based on three tt measurements: see talk by Liza Mijovic

o Differential tf cross-sections as functions of jet multiplicity and jet pr.
ATLAS: JHEP 1501 (2015) 020

O tt production with a veto on additional central jet activity (Gap-fraction
measurements). ATLAS: Eur. Phys. J. C72(2012) 2043

O Jet shapes in tt events. ATLAS: Eur. Phys. J. C73 (2013) 2676

PyTHIAS POWHEG+PYTHIA8
< T T ] & T T T T T gl
<] P 280 GeV ] T jet veto region |y] < 2.1 ]
(<] — Data q Q — Data 1
s Statistical uncertainty B S 11 Statistical uncertainty ]
3 Total uncertainty ] B Total uncertainty 4
=] - - PYTHIA8 Monash prmmmmmmm B k=1 - - POWHEG+PY8 Monash 1]
o — PYTHIA8 ATTBAR-ISR H b o — POWHEG+PY8 ATTBAR-POWHEG A
& [ : 1 & 105
1.5 : , F 1
: e 1 o e ]
17 "“"“"““: . r ".’ S T T ]
: z :
0.5 Vs=7Tev, 461" ATLAS Preliminary — [ Vs=7Tev, 211" ATLAS Preliminary -
C I | I ] L ! 1 | ! ! 1 J
3 4 5 50 100 150 200 250 300
N]es Q, [GeV]
1hased on Monash2013 tune: MB+AU Gap fraction as a function of threshold Qg
2based on 4C tune ATL-PHYS-PUB-2015-007
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-007/

First LHC measurements already used as input for tuning.
To refine the tunes one can look more in detail at the event topology.

Experimental areas providing input for further MC tuning:

o Event shape variables in multi-jet events
— sensitive to pQCD and non-perturbative aspects of QCD

o Color Coherence
— sensitive to modelling of QCD correlations

o Jets cross-section with different cone sizes
— sensitive to modeling of perturbative radiation, hadronization and UE
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Hadronic event shapes

Event shape variables are geometric properties of the
energy flow in hadronic final-states.

@ Multi-jet events with large momentum transfer.

@ Event shape variables are defined to have a
maximum for uniformly distributed energy within
a multi-jet event:

>ilpr, ATl
Transverse thrust 7+ =1 — max’ziT’T
AT iPT;
2~ For perfectly p A In limit of
: \ balanced isotropic
| two-jets event multi-jets event
=0 TrT=1-2/7
Q@ Jet broadening Bx 0 Aplanarity A
Q@ Jet masses px @ Third-jet resolution

O Sphericity S parameter y»3

— Event shape variables are sensitive to the structure of

QCD radiation.
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Measurements of event shape variables in multi-jet events

Q T N T T T T T
> 0351 ATLAS  iH;;>250GeV Jy, |<1.0 - g ATLAS  iH.>250GeV, |y, |<1.0
£ == Data 2010 \s=7 TeV- S == Data 2010 \s=7 TeV’
D oaf JLat =35 pbt e Herviges 1 S Mo [Ldi=35pb! e Howges
% e Alpgen "
~1z 0.25( Pythia 4 e
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ATLAS EPJC 72 (2012) 2211
CMS JHEP 10 (2014) 087

O Reasonable agreement
with Pythia predictions.

@ Best description is given
by Madgraph.

+ Data
[ Total uncertainty

Pythia6 Z2

- Pythia6 Perugia-P0
Pythia6 D6T

Pythia8 4C
coeeeeeeens Herwig++ 23

Madgraph+Pythia6-22
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http://arxiv.org/abs/1206.2135
http://arxiv.org/abs/1407.2856

Sensitivity of event shape variables in multijet events

— Rivet: CMS_2011.58957746
O Modeling of color connection effects between soft scatters and beam remnants,
ISR, and FSR are the major sources of the discrepancies between the data and the

simulation.
0 Jet Broadening is sensitive to ISR, FSR and color coherence effects.

O 77 is sensitive to ISR/FSR and insensitive to MPI and color coherence effects.

Effect of ISR, FSR and color connection Effect of MPI
CMS unpublished pp, (s =7 TeV, J‘ Ldt=5 " CMS unpublished pp, IS =7TeV, _[Ldt =5
e B B e o B B B o B o
(c) e _320<pm<390 GeVic 4 L () 320 <p,, <390 GeVic B
0. - : — 0.6— . —
; ] L O] ]
B ] 1~ E Bin .
2 _— n 3 .
Q H Q I ]
c 04 = . — I 04— —
] i S I N ]
E = E 1 3 r —— Data 7]
e ] 3
* <Data -, - ]
£ 02 - - Pythiag "= - £ o o :ﬁ:‘azg thout MPI : ]
Pythia8_nocolor T [~ ythia without T
- - Pythia8_nofsr h . = - = PythiaBdc T
— . Pythia8_noisr 7] - — -+ Pythia8 4C without MPI e
TREERN T U S S O.—:....I....I........I....I.
© (d) -E Pythiag o 2:— (d) Pythia : y2=435 52 e '-E
81 P P 8 1sf Nidigtainll 3
= i = E E
(] N O JE - ]
= moo T un = E. [ ————— E
- ok 3
L C =l 1 1 1 1 1
-2 © 05 -35 -3 -25 -2 -15 -1 -0.5
In (Brot.c) In Bot,c)
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https://rivet.hepforge.org/analyses#CMS_2011_S8957746




Color coherence

1
Color coherence effects: interference
of soft gluon radiation emitted along

color-connected objects. 1 > 2

Previously observed in e"e™ and pp collisions.

Experimental signature:

O Events with at least 3 jets.
@ Two leading jets are back-to-back.

@ Relative abundance of soft
radiation in the region between
color-connected final-state
partons.

— Measure the angular correlation
between the 2d and softer 3d jet in
the event.

Elena Yatsenko

Search disk

Beam axis
_ [Adys|
[ = arctan D
Jet1
$23 = ¢3 — 2

723 = sign(n2) - (3 —m2)
17/23



Probe of color coherence effects in multi-jet events

Three leading jets are ordered by their pr: pr, > pr, > pr, Eur. Phys. J. C (2014) 74:2901
F T T T T T ™
pr, > 100 GeV, pr, > 30 GeV (oo, CVS L= 3eer” Vs=7Tev 3
05 < ARy <15 EIn,<08 ]
Mir > 220 GeV 007~ ]
Iml, 2] <25 3 :

In presence of color coherence W

PYTHIAG D6T
® Data
=== Color Coherence On
------ Color Coherence Off
Systematic uncertainty

0 along the event plane
(in particular near 8 ~ 0)
third jet population
is enhanced.

T T PR NS i

@ out of event plane
(where 8 = 7/2)
third jet population
is suppressed.

= = == Color Coherence On
------- Color Coherence Off E
Statistical uncertainty E
Systematic uncertainty
Stat.+ Sys. uncertainty

05 1 15 2 25 3

MC/Data

. . .. B
O Variable g is sensitive to color coherence effects. gz
2

@ Pythia predictions with color coherence effects n2 =13
improve description of the data, although predicted B=0,7
effects are not as strong as observed in data. ho = ¢3
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http://epjc.epj.org/articles/epjc/abs/2014/06/10052_2014_Article_2901/10052_2014_Article_2901.html

Color coherence in Monte-Carlo generators

Herwig+-: implements color coherence effects through explicit angular ordering of parton emission
using the coherent branching algorithm.
— central region: describes the data CENTRAL REGION FORWARD REGION

better than the other MC generators. A AR LA AR SRR RRIALE A ARE AN SRS R R RSA RAAMY
— forward region: discrepancies at high 8. 12 0 T os<njezs ]
1.1F 4
Pythia: color coherence effects through g 1
angular ordering veto algorithm in initial s H
and final-state showers (can restrict angle 3 090 1
of the branching). = 1
o8 - PYTHIAG 22 Es L e PYTHIAG 72 b
r —— PYTHIAB 4C g T —— PYTHIAB 4C
. [ L NADCRAPH ~PYTHIAG DST 1 L NADGRAPH «PYTHIAG DST
MadGraph+Pythia: 2 — 3 LO ME + PS, 0.7 T7 7 Statstioal uncertainty R Statistical uncertainty E
= r Systematic uncertainty 1 Systematic uncertainty
color coherence for hard S it v T SO PUUIN rowis ri wn O
jets at LO is coming from the exact 05 1 15 2 25 3 o5 1 15 2 25 3
QCD color amplitudes in the model. p

@ None of the models describe the data satisfactorily.

O Data clearly support larger color coherence effects than in present
MC implementations.

@ Further study of color coherence models of Monte-Carlo generators is needed.

— Rivet: CMS_2013.11265659
Elena Yatsenko 19/23


https://rivet.hepforge.org/analyses#CMS_2013_I1265659




Cross-section ratio with different cone sizes

CMS(unpubllshed)L 5! (s= 7TeV

0 /s =7TeV data, L =5fb"". S eos
O Measurements of inclusive jet cross-section with 3052?
R=05and R=0.7. oo

R(0.5,0.7) = (da(°'5) _ da(°~7)) / (da(o.v)) i1

dpr dpr dpr
@ Ratio of the measurements as a function of
jet rapidity and transverse momentum.

0 Ratio below unity due to QCD radiation, =NLODNP
effect vanishes at high pr. 6 100 o 1000
Jet P, (GeV)
cMs, L =5 fbt . Vs= 7Tev cMs (unpubllshed) L=5fb" (s=7Tev
» OF. Anti-k; R=0.5 1 Antik; R=0.7 ¢ 1<05 (<5 93 S Fi<os ]
O 10°k E ° 05<|y\<10(x5")§ 2.0.95F : E
S 10f + * 10<lyI<15 (<5%) § P 1
2 F Fo_ o1, <|y\<20(><5)< = - -l
> 10°F E 2 2.0<|y[<2.5 (x5) § ] r 1
B,_10°F, +, » 2.55]y|<3.0 4 £ E
o 10°F E] E E
© 10k ¥ 1 E
10F + E [lData Bl
1P TH TP : 3 = NLOONP ]
E " NLOONP theory 3 N 0 PYTHIA6 22 E
10"E  with CT10 PDF o b - HERWIG++ 1
102 EIExp. uncertainty + 4 0.6 — POWHEG+PYTHIA6
E Il Il £ 1 1 3 E ]
60 100 200 300 1000 60 100 200 300 1000 S T E——T T
Jetp_ (Gev) 60 100 00 1000

Jet P, (GeV)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072006

Cross-section ratio with different cone sizes

» Choice of the jet radius parameter R determines
which aspects of jet formation are emphasized:
perturbative radiation / hadronization / UE.

» Dependence on the jet radius is generated
through parton showering, hadronization and UE.

NLO ® NP vs. POWHEG+PYTHIAG

0@ Modeling of non-perturbative (NP) effects is crucial
for describing data.
9 NLO(LO)+HAD+MPI
ONLO(LO)
O Best description is given by POWHEG+PYTHIAG.

CI\’\ITO(LO) =

Input for MC tuning

@ Detailed look into the pattern of QCD radiation.
@ Advantage of using ratio compare to separate
measurements:

o Cancellation of systematic uncertainties in the ratio
— more stringent test of the theoretical predictions.
o Interplay of QCD effects at different R.

Elena Yatsenko

CMS (unpublished), L =5fb? s =7Tev
F T T ]

E lvl<os

E = NLOONP E!
B . a1
60 100 200 1000
Jet P, (GeV)
CMS (unpublished), L =5fb? Vs =7TeVv
Flyl<05 ]

[®]Data

= NLOONP
PYTHIAG 22
HERWIG++ Bl

—POWHEG+PYTHIA6

Ll |
1000
JetpT(GeV)
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072006

Summary

o ATLAS and CMS jet measurements — many observables studied.

Most of the measurements are implemented in RIVET.

©

Monte-Carlo tuning results show significant improvement in
description of UE, MPI and hard-scattering processes.

©

o Valuable input for MC tuning:

o Events shapes variables provide good sensitivity to the
structure of QCD radiation.

o Color coherence effects are not described by MC at desirable level
— larger coherence effects are supported by data.

o Inclusive jet cross-section with different radius parameter values
is sensitive to perturbative effects from parton showers and
non-perturbative effects from hadronization and underlying event.
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Tunes to Z-boson transverse momentum measurements

o AZ, AZPHI and AZPHINLO tunes aiming to describe transverse momenta

spectrum of Z boson production (pr, ¢*). ATLPHYS.PUB.2013.017

PyTHIA8, POWHEG+PYTHIAS8, PYTHIAG, POWHEG+PYTHIAG JHEP09(2014)145
Tunes are base on ATLAS measurements: g Data uncertainy ATLAS ]
14 —— POWHEGHYTHIAS 4 B
0 Angular correlations in Drell-Yan lepton pairs to 5 [ETrowneeevmne o 1
g
a e VA .|

probe Z-boson transverse momentum. ;
Phys.Lett.B720(2013)3251 b

4

0.9 4
* F 4
@ Measurement of the Z/v* boson transverse P ]
. . . 0.8 _ 4 —
momentum distribution. r @nrevjmum‘ ]
1 10 10?
P2 [GeV]
Z — jpt bare kinematic Z — ce dressed kinematic
E = ATLASdata E| E —— ATLASdata E
—— PyrHia8 AZPHI G T2 E  Pyraia6 AZPHI ]
— —— PyrHia8 4C [ 115 - ——— Pyrma6 AUET2B E
i~ B E B
s R g 11l b
g - E b4 E g !
Q1 - 9 S rosE e
J P 3 J E “‘W o
= o =] Z 10 Wu _"L‘fﬁ” f
E oss |- - E
E| E - E|
- 09 = -
ofs Ceeol Cel E B SN Cel E
1073 1072 107" 1 1073 107? 107" 1
z4; z¢;
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-017/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-23/

Jet cross-section with different cone sizes

ATLAS JHEP02(2015)15

100
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©

10? mSpT [GeV] 10% 103pT [GeV]
Jet radius parameters: R=0.4 and R=0.6.

ATLAS

det=45m‘
Vs=7TeV

jantik, jets, A=0.8
Data

POWHEG+PYTHIA

AUET2B x

Perugia

NLOJET++
(CT10)x
Non-pert, corr, x
EW corr.

Corrections for electroweak and non-perturbative effects

from hadronization and the underlying event.

NLOJET++ predictions are systematically lower for

R=0.6, compare to R=0.4.

POWHEG+PYTHIAG predictions describe both, R=0.4

and R=0.6 in a similar way.

Elena Yatsenko
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http://arxiv.org/pdf/1410.8857.pdf

QCD effects in jets ol adi

The relative normalization of jet cross sections and theoretical predictions for different
jet radii R exhibits a dependence on R.

JHEP 0804 (2008) 063

Three main sources of
corrections to the jet pr:

@ Perturbative radiation,
@ Hadronization,

@ Underlying event.

9 T T T T T T
—

_ 8 Tevat‘ron 1> y
L quark jets <t
67 pi=50GeV 1 —
= o
82 6 10N
£ 5 I
e, I 0 Effect of perturbative radiation reduces
€ 3 < with grows of R as In R.
* =
o 2 - .
w2 % @ Hadronization correction reduces as 1/R.
£ =

! ] o UE correction grows like R?,

%4 05 06 07 08 09 1 11 increasing with jet area.

R
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http://arxiv.org/abs/0712.3014

Hadronic event shapes

ATLAS

events with two leading jets with

@ mean transverse momentum
%HTQ > 250 GeV

9 |lyl|<10
subleading jets

o pr > 30 GeV

o |ly|<15

Jets are reconstructed using anki-kt
algorithm with R=0.6.

Particle-level jets are constructed from all
final state particles with lifetimes longer
than 10 ps.

Elena Yatsenko

CMS

events with at least one jet with
9O pr > 110 GeV
0 |n| <24
subleading jets
o pr > 30 GeV
0 |n| <24

Jets are reconstructed using anki-kt
algorithm with R=0.5.

Particles with a lifetime longer than 30 ps
are declared stable.
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Color coherence and jets CS ratio (CMS)

Color coherence
events with at least three jets

O pr > 30 GeV
O leading jet pr; > 100 GeV
0 two leading jets are central: |n1],|n2| < 2.4
0 0.5 <AR3 <15
0 My > 220 GeV
Jets are reconstructed with the anki-kt algorithm with R=0.5.

Inclusive jet cross-section ratio with different cone sizes
Jets are reconstructed with the anki-kt algorithm with R=0.5 and R=0.7.
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