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Introduction and outline

CMS detector:

@ excellent energy resolution

@ Particle Flow technique for
jet reconstruction

<24
HCAL Ini<52

ECAL <30

@ Soft MPI: role in the underlying event

@ Hard MPI: where and how to measure a direct evidence
o W-dijet channel
o 4 light-jet channel

@ Summary and outlook

This is just a small selection of topics due to the speaker taste.
More information can be found in the backup slides.
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The underlyin at the LHC

Lecture by Torbjérn Sjéstrand, April 2005

A hard pp-collision at the LHC can be interpreted as a hard scattering between
partons accompanied by the underlying event (UE) consisting of:

@ Initial and final state radiation
@ Multiple Parton Interactions (MPIs)
@ Beam Remnants

In general the UE is a softer contribution but... some MPIs can be even hard!

Double Parton Scattering (DPS)
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The UE in different types of events

Measurement of the Underlying Event activity as a function of the scale of the hard process

@ MB as a function of the leading track-jet pr
@ Drell-Yan as a function of the di-lepton pr (81 < M,,,, < 120 GeV)
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Is the DPS signal accessible?

Several channels are available to extract the DPS signal

>

Scale of secondary scatter(s)

3

W(pvHW(pv)
Benchmark for
the detection of W(pv)+bb  Z{pp)+bb
the DPS
bb+jj 743
4i W(pv)+j  Z(upHii
Double J/W
Soft (MinimumBias)  j+UE W+UE Z(pp)+UE
~100 mb

Scale of primary scatter

Large physics program — scan over 15 orders of magnitude for o
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CMS strategy for the DPS measurement

2nd step 3rd step

1st step

Data interpretation
and unambigous
definition
of signal and
background templates

Extraction of the DPS
fraction and study of
the process
dependence

Corrected
distributions
DPS-sensitive
variables
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o Compare the data to your own favourite predictions!

‘4th (future) step: differential distributions with high luminosities..
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Measurement of
correlation observables
in the W+dijet channel
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Phenomenology of a W-dijet final state
SPS process: the momentum of the

W-+jets system is overall balanced

" : DPS process: the jets balance each
other in the transverse plane

s - <=

v

Different kinematical topology of the two types of processes

@ by using simple correlation observables, possibility to discriminate them
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Event selection

W selection

@ Request for exactly one muon:

Data samples o with pr > 35 GeV in || < 2.1
@ Full 2011 collision data at /s = 7 TeV ° i::i)tlztizd and passing tight selection
@ Single muon datastreams: @ PF Missing Transverse
o integrated luminosity 5 fb—! Energy (MET) > 30 GeV

@ Transverse mass between muon
and MET > 50 GeV

Jet selection

@ Particle Flow information @ Anti-kt jet cluster algorithm @ [n| <25

Different categories of jet configurations in the final state:
@ exclusively two jets with pr > 20 GeV
o the two leading jets with pr > 20 GeV
@ the two best-balanced jets with pr > 20 GeV
CMS-PAS-FSQ-12-028
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The correlation observables

Different categories of jet configurations in the final state:
o difference in azimuthal angle between the two jets

Ad) _ ¢jet1 o ¢jet2

@ normalized balance of the transverse momenta between the two jets

_aetl —»et2
|p7’ ™

rel
A PT = — jetl —»_/et2
7™ |+ | P
@ balance in transverse momenta between the two jets

A |pTJet1 + p—» jet2|

@ angular difference between the planes of the W- and dijet-systems
AS = arccos ( PT

W = dier
o | - ||

W - dijet
" PT

Measurements of the cross section and the normalized
distributions for the three different jet scenarios

\ CMS-PAS-FSQ-12-028 \
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DPS Observables: exclusive 2-jet scenario

— Fully corrected data with background already subtracted

CMS Prefiminary. pp ~ W +jets, {5 =7 Tev. [Lat=5"

CMS Preliminary, pp ~ W + jets, 5= 7 Tev. [Lat=51"

CMS Preliminary, pp ~ W + jets, V5 = 7 Tev. [Lat=51"
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@ MADGRAPH with MPI provides a very good description of the data
@ High-order diagrams with MG fill the phase space that PYTHIAS8 assigns to MPI

@ Need to understand better the contribution of the SPS
| CMS-PAS-FSQ-12-028 | ]a — 60.6 + 8.7 pb‘
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Measurement of N
correlation observables Nf//m

in the 4-jet channel
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Physics of a 4-jet scenario

A 4-jet final state may arise from one or two chains:
@ the two additional jets may be produced via PS or a 2nd hard scattering

The different kinematical configuration can
be exploited to discriminate the two processes
through some observables:

Ao(ji, jx) = ¢i — D«
Ani, jx) = ni — Mk

re P 'l'v ]
A pr = 7 (i Jie)|
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pr(jet 3)
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pr(jet 4)
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Event selection

Measurement of cross sections and normalized distributions of
jet spectra and correlation observables

Data samples

@ pp collisions @ 7 TeV @ low pile-up conditions
@ 2010 data (36 pb1) @ single jet triggers

@ Request for at least one good reconstructed primary vertex
@ Particle Flow Jets clustered with the 0.5 anti-k7 algorithm
@ Selection of exactly 4 jets in |n| < 2.5:
o 2 jets with pr > 50 GeV
o 2 jets with pr > 20 GeV
@ Tight selection applied for the selected jets
The jets are associated in pairs:
o hard-jet pair: the two leading jets above 50 GeV
o soft-jet pair: the other two selected jets above 20 GeV

CMS-PAS-FSQ-12-01 )
S-PAS-FSQ-12-013 e
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Leading jet: cross section measurements ()

A comparison between data and predictions from different generators is provided

CMS Preliminary 2010, s =7 TeV, L=36 pb™ pp - 4j CMS Preliminary 2010, Vs = 7 TeV, L=36 pb™ pp - 4j
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@ POWHERG fails in the low pt region but it performs very well from 150 GeV on
@ The best agreement is achieved by HERWIG++ and PYTHIA6

— A NLO calculation does not perform necessarily well with the best tune at LO
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Soft jets: cross section measurements (I1)

We can measure a final state with 4 jets down to 20 GeV!

CMS Preliminary 2010, /s =7 TeV, L=36 pb™ pp - 4j
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o POWHERG fails in the description of the high pr region
@ The best agreement is achieved by HERWIG++ and PYTHIA6

— The LO event generators performs well even for the soft jets!

\ CMS-PAS-FSQ-12-013
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Correlation observables: cross section measurements (I11)

A look at the kinematical topology of the jets in the final state:

‘PT(ji,jk)| ik = soft jets
Ipr (i)l + [T (k)|

CMS Preliminary 2010, V5 =7 TeV, L=36 pb™ pp -~ 4j

A¢(ji, k) = i — ¢k AR pT =

CMS Preliminary 2010, /5 =7 TeV, L=36 pb™ pp - 4j
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@ POWHEG interfaced with PYTHIAG tune Z2 overshoots the data
@ PYTHIA6 and HERWIG++ describe the data quite well
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Correlation observables: normalized distributions

Normalized distributions of the correlation observables are more sensitive to the DPS
Very useful to constrain the systematics

CMS Preliminary 2010, s =7 TeV, L=36 pb™ pp - 4j

CMS Preliminary 2010, Vs =7 TeV, L=36 pb™ pp - 4j
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@ Herwig++ and Powheg succeed to describe reasonably well the data
@ The pr-based observables seem to show bigger differences between samples with

and w/o MPI
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Summary and conclusions

— Soft Multiple Parton Interactions
..MPIs can explain the KNO scaling violation, the “ridge” effect and the large multiplicity tails...
@ The UE activity has been measured in hadronic and Drell-Yan events
o Different behaviours as a function of the hard scale can be described
mainly by MPI and radiation models
@ Interesting is to measure hard scales produced by MPls
— Hard Multiple Parton Interactions
@ The 4-jet measurement is sensitive to the hard matrix element and
to the underlying event
o tune dependence observed and need for tuning NLO generators
@ correlation observable measurements have been performed in the
W-+dijet channel and in a 4-jet scenario
o Need for a proper tune of POWHEG and MADGRAPH
o Need for a 4-jet NLO calculation
o Need to compare the W+2 jet with a NLO calculation

...many more analyses will come...
(v+3jet, 2 b-+2 light-jets, Z+dijet, same-sign WW...)

THANKS FOR YOUR ATTENTION
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DPS Observables: inclusive 2-jet scenario

— Fully corrected data with background already subtracted

CMS Prefiminary. pp ~ W +jets, {5 =7 Tev. [Ldt=5"

CMS Preliminary, pp ~ W + jets, V5 = 7 Tev. [Lat=51" CMS Preliminary, pp ~ W + jets, 5= 7 Tev. [Lat=51"
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@ MADGRAPH+PYTHIA6 with MPI provides a very good description of the data
@ MADGRAPH+PYTHIA6 w/o MPI undershoots the data of around 20%
@ PYTHIAS8 is below the data of a factor 1.5-2

| CMS-PAS-FSQ-12-028 | ]a —79.4 + 10.8 pb‘
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DPS Observables: inclusive 2-jet scenario

— Best balanced jets are associated in the final state

CMS Preliminary, pp ~ W + jets, V5= 7 Tev. [Lat=51"

CMS Prefiminary. pp ~ W +jets, {5 =7 Tev. [Lat=5"

CMS Preliminary, pp ~ W + jets, V5= 7 Tev. [Lai=51"
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@ MADGRAPH+PYTHIA6 with MPI provides a very good description of the data
@ MADGRAPH+PYTHIA6 w/o MPI undershoots the data of around 20%
@ PYTHIAS8 is below the data of a factor 1.5-2
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Correction to stable particle level and systematic effects

Unfolding technique

@ Bayes method in the RooUnfold package

o Generator-detector level correction up to 40%

Systematic effects: total uncertainty ~ 13-17%

Trigger: ~ 1%

Muon ID: ~ 2%
Luminosity: 2.2%

Pile-up: ~ 2-3%

MET Resolution: ~ 5-7%
Jet energy scale: ~ 5-13%

The systematics have been re-calculated for the normalized distributions
and the total effect is around 2-6%

CMS-PAS-FSQ-12-028
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FSQ-12-028: Control distributions at detector level (1)

— Validation plots for the correlation observables in two scenarios

CMS Preliminary., pp -+ W+ jets, V5= 7 Tev. [Ldt=51" CMS Pretiminary. pp W+ jets, (5= 7Tev, [Lat=5m" CMS Preliminary, pp W + jets, V5 = 7 Tev. [Lat=5 1"
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@ MADGRAPH+PYTHIA6 describes the data very well in all the scenarios
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— Validation plots for the

kinematical single jet distributions

@ MADGRAPH+PYTHIA6
describes the data very well
in all the scenarios
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FSQ-12-028: Number of selected events

Exclusive selection Inclusive selection
(exactly 2 jets) (at least 2 jets)
Events Relative Events Relative
contribution(%) contribution(%)

Data 243803 - 315096
W pt+v 228761 91.5 284439 87.6
WoT+v 3723 1.48 4736 1.46
DY 5301 212 6564 2.02
QCD 350 0.14 467 0.14
WW/WZ 2564 1.02 3463 1.07
top 9360 3.74 25210 1.76

@ Highest contribution from the top background
@ Very little contamination from QCD events

\ CMS-PAS-FSQ-12-028 \
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FSQ-12-028: Systematic effects

source A¢ A™py [
Exclusive W + 2 jots slection
Mode] dependency 11115 11{15) 11 (1.5}
Muon [Dand lrie(p'l 220=) 221=) 221=)
Background normalization 07({0.2) 06 (0.2) 1(0.3)
IES 5312 2.3) 4510004 511029
JER 1.1(0.3) 1.1 (L5} 1.7 {07
Ey scale 33 (08 32(05) 05-68(27)
Piloup 2201 24 (0.8) L& A7)
Luminosity 12(=) 12(-) 12(-)
Total 1317 (3) 1-16(23) 1417(62) @ Jet Energy scale and model
Inclusive W + 2 ot slection, R ading two ets
Modk] dependency e (s 1% dependency affect the
Muon [ and trigger 2.2(=) 22(=) 22(=) . .
Background normalization L3 1(0.3) 1.5 (0.4) measurements Wlth the blggeSt

S 3797 (21) 84015 12-95(13) uncertainty

i 0904 0% ([04) L3 {04)

g scale 13005 334 0561 (28
Ir‘.i[h-up L"J:II)H 2\|\1.': (i klli‘.'lj ‘ CMS-PAS-FSQ-12-028 ‘
Luminosity 12(=) 11(-) 11(-)
Total 13-16 (18) 13=15(23) 14=16(53)

Tnclusive W+ 2 jots saloction, bust py-balanced 1 ol palr

Mode] dependency 1T{15) (L5 1 (15)
Muon [D and irigger 2.20=) 11(<) 12(=)
Background normalization 1103 1.2(0.2) 1.6 (05)
IEs 26-13 (2238 131002 A4
JER 0804y 08 (0d) L1{nd)
Fy scake 3005 Aalmd) O58A(LT
Piloup 2408 25 07) 0,85 {1.0)
Luminosity 22i=) 22(=) 12(=)
Tital 13-18 (2.5-4.2) 12-16(27) 14-15(29)
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FSQ-12-013: Control distributions at detector level

— Validation plots for the correlation observables
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@ LO generators describe the data very well
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FSQ-12-013: Control distributions at detector level (1)

— Validation plots for the basic kinematical jet distributions
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g 21:p, >50GeV + 25 p, > 20 Gav. o HERWIG=+ 21ip, > 50GeV + 2 p, > 20Gav. e HERWIGeS b, >0 Gav + 2j: p, > 20 Gev - HERWIGH
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Jetn Jetn

@ LO generators describe the data very well
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DATA Total Number | Trigger | Good Vertex | Number of events Number of
Sample of Events region | requirement | in trigger region | Selected Events
JETMET 20350952 50-80 6730757 1168570 17125
20350952 80-140 6730757 232628 19198
20350952 >140 6730757 283420 57318
JETMETTAU 4887422 50-80 1728630 722490 10647
4887422 80-140 1728630 143640 5431
4887422 >140 1728630 27606 11785
JET2010B 11234922 50-80 408361 165592 2624
11234922 80-140 408361 33016 4958
11234922 >140 408361 24902 2784

Table 4: Number of events passing the applied selections for each data sample and each trigger

region.
Montecarlo | Total Number Number of Good Vertex Number of
Sample of Events Triggered Events | requirement | Selected Events
PYTHIA6 9982400 7128229 7127080 1130589
HERWIG++ 9971200 6732445 6731530 1125835

Table 5: Number of events passing the applied selections for each MC sample.

CMS-PAS-FSQ-12-013
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Correction to stable particle level and systematic effects

Unfolding technique

@ Different methods used for cross-check:

o Bin-by-bin correction
o Bayes unfolding

@ Low migration effects inside the phase space

@ Detector effects well under control

Systematic effects: total uncertainty ~ 15-18%

Jet energy scale: ~ 13-15%
Model dependence: ~ 3-6%

°
°
@ Jet energy resolution: ~ 2-3%
°
°

Pile-up reweighting: < 0.1%
Trigger efficiency: < 0.4%

Systematic uncertainties assigned to the normalized distributions: ~ 5-8%

CMS-PAS-FSQ-12-013 \

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013



FSQ-12-013: Systematic effects

Measured Model Jet Energy | Jet Energy Pileup Luminosity Total
Observable | dependence Scale Resolution | reweighting Uncertainty
AT 6% 15% 1% <0.1% 4% 16%
ApPFt 3% 14% 1% <0.1% 4% 15%
Ayfard 3% 13% 1% <0.1% 4% 16%
Aypert 3% 13% 2% <0.1% 4% 16%
N pr 3% 13% 1% <0.1% 4% 16%
ALpr 3% 13% 1% <0.1% 4% 17%
1 jet pr 2% 14% 0.5% <0.1% 4% 15%
2" jet pr 2% 14% 0.5% <0.1% 4% 15%
37 jet pr 2% 14% 0.5% <0.1% 4% 15%
4Mjet pr 2% 14% 0.5% <0.1% 4% 15%
19 jet Ui 2% 13% 0.5% <0.1% 4% 15%
2 jet 3% 13% 0.5% <0.1% 4% 15%
3jet 3% 13% 0.5% <0.1% 4% 15%
4Miety 2% 13% 0.5% <0.1% 4% 15%

@ Jet Energy scale affects the measurements with the biggest uncertainty

Paolo Gunnellini - DESY Hamburg

Low-x workshop
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FSQ-12-013: Corrected distributions at particle level (1)

— Cross section measurements
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@ LO and NLO generators describe the data very well
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FSQ-12-013: Corrected distributions at particle level (Il

— Cross section measurements
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@ LO and NLO generators describe the data very well
| CMS-PAS-FSQ-12-013 |

e 2013 34

DESY Hamburg ow-x workshop




FSQ-12-013: Corrected distributions at particle level (llI

— Normalized shape measurements
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@ LO and NLO generators describe the data very well
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FSQ-12-013: Corrected distributions at particle level (1V)

— Normalized shape measurements
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@ LO and NLO generators describe the data very well
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Definition of templates for signal and background

— Using SHERPA for A¢ and Apr of the jets in a W+dijet final state

o T Z T T T

S []Pythia8 Signal DPS ¢ Z r 3

° [ Sherpa W+3jet mpi ] 0.25F [C]Pythia8 Signal DPS ]

o2k 0 Sherpa W+2jet mpi ] R Sherpa W+3jet mpi ]

[ we Sherpa W+1jet mpi ] ro Sherpa W+2jet mpi ]

F --- MadGraph W+4jetmpl | _ | 0.2 - Sherpa W+1jet mpi —

o 15—_ — Pythia8 Inclusive mpi [ E -- MadGraph W-+4jet mpi ]

F L — Pythia8 Inclusive mpi ]
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@ By adding an increasing number of additional partons in SHERPA,
the background shape changes and it tends to fill the phase space of
the signal
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Phenomenology of the DPS in a 4-jet scenario

Preliminary MC study @ SPS: MPI switched off + PS switched on

performed W|th PYTHIA8 4(: @ DPS: MPI switched on + PS switched off
CMS Simulation CMS Simulation
Z F Z 10
Z [ ~DPS Z ‘DPS
T f T
oL sPs i "SPS
E H [ soft,,  soft,
i A= ¢scft-jet .¢scft-jet : U3 rel = ﬁ
[ 1 2 E softhr | scft1l+| scftzl
10" F : T
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1022 F
3L it ali
10 s PRI et 10 3 i
vl b b boaaa Lo i s | ! ) |
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A¢soﬁ-jets A;eolftp-r

The two processes involve different regions of the phase space:
@ SPS is broad throughout the whole phase space
@ DPS populates high values of A¢ and low values of A pr

This is indeed an idealistic picture but helps to identify the "hot” regions
— The PS in the DPS only smears the distribution but differences with SPS survive
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Phenomenology of the DPS in a 4-jet scenario

Inclusive QCD sample production comparing:
@ Inclusive: nominal PYTHIA8 sample
@ NO MPI: MPI switched off 4+ PS switched on

@ Signal: two hard scatterings at the parton level

z 10— z 10—
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r e
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Py

@ Discriminating power: The two processes exhibit different shapes and specific regions of the
phase space can be exploited to extract the DPS contribution

@ BUT..little difference between MPI switched on and off
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Formalism of the double parton scattering

A bit of (simplified) theory of the double parton scattering..

The cross section for a generic process that involve DPS can be written:

__ moaop . .
OAB — EU_ff where o is the effective area parameter for the DPS
€
g £ @ AFS (4jets - no erors given)
=~ = C UA2 (4]ets - lover limit)
O eff 15 mb 5 = B CDF (4jats)
° E CDF (1 + 3ets)
. E +  DO(v+3jets)
How to measure it? 160+ ATLAS(W+2jets)
145
Evaluating the fraction of DPS events 120
that occur in a given physics channel 100
wrt the single chain processes s;
6
r [ ]
N ATLA
Theory says that it's independent on the 2F S
collision energy and the process type 0— 1(‘]‘ I 153 — "“1‘04
\s [GeV]

@ a high energy phase for the LHC extends the study of the energy dependence

@ with increasing energy, partons with lower x start to be relevant and detectable

Paolo Gunnellini - DESY Hamburg Low-x workshop June 2013



The UE in different types of events

Measurement of the Underlying Event activity as a function of the scale of the hard process

@ MB as a function of the leading track-jet pr
@ Drell-Yan as a function of the di-lepton pr (81 < M,,,, < 120 GeV)
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@ The differences in spectrum at scales above 10 GeV are due to the hadronic

radiation of the two processes:
@ Hadronic events have ISR and FSR from gluons
o DY events have only ISR initiated by quarks
— The UE (and the MPI) depends on the first hard scattering

— Investigation of direct evidence of double hard scatterings (additional jets)
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