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\_/v “  Motivation

QCD is the theory that explains

strong interactions as part of the

Standard Model

Why we need to study:

- Important background for new
territory in physics searches
enormous cross section: QCD can
hide many possible signals of new
physics

- QCD defines the hadronization
process of partons whatever
interaction mediator is in the
hard production vertex

What is new at LHC:

Probing the new territory
(x,Q?) range

What we need to study:

- parton structure,

- constrain the strong coupling

- all other pQCD theory components
- study non-perturbative effects

- tune Monte-Carlo generators

How do we proceed?

Collect puzzles!
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d\/QCD"at hadron colliders

e’
ne — factorization scale separates long

and short distance physics
ag (k) — running coupling constant
ng — renormalization scale
Q? = -g2 — transferred momentum

Soft underlying event
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w “How do we proceed

5 POF & -
' - 7]
f" " m /" ™ - Q@
"W 0
v UE . N =
4 ’ 13 % " “%
v ; — 3
A & ! )
. Z o :
| e AT APATONTN | Guarke e Unfq, .
» ARSES and sea 7} t & dln
P AN : o Ow. g
-, rd interaction T) a['ds
S E Partie,
FSR .0 B s Iel/
P = —
4:,,» / % Q_ e
.I " o " (7]
:'. Outgoing parton direction o _9
. o o —
» 8 3
Hard interaction event o 2 E

Hard interaction cross-section
Parton Distribution Functions ‘ LT
Parton showering details fT?Jet's mlssmg;E} i

!
Theory approximations
- Perturbative QCD (pQCD): o/
LO, NLO, NNLO calculations: ME + parton showering (PS),
threshold resummation
- non-pQCD: (Multi-parton interactions (MPI),

String/Cluster fragmentation models) 5
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Soft particle production

— \ ‘ CMS Experniment at the LHC, CERN
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Charged particle multiplicity
Scaling, correlations
Underlying event




" \{)harged particles

~ new input to the dynamics of soft hadronic interactions: interplay between soft N’
and hard processes: no one MC describes data in all configurations

pr>500 MeV, |n|<2.4
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& x‘; & limiting fragmentation
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Sensitive to the interplay between soft,
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semi-hard and hard particles production
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\/v Hard interactions
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] CMS Experiment at LHC, CERN
‘| Run 133450 Event 16358963
‘| Lumi section: 285
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Jets

A
Hadronisation
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Everything in event that is not “triggered”
interaction

" Soft & semi-hard & hard -
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Transverse Transverse

<

UE activity is typically
studied in the transverse
region in pp collisions as a
function of the hard scale of
the event, and at

different centre-of-mass
energies (Vs):

Particle production in
MinBias events or events
with high energy track or jet
(hadronic events)

Drell-Yan events, Top events
(new)
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\/ ~  Double Parton scattering (DPS)

“ Two and more hard interactions within the same production vertex can happen.

m 0{psOsps -1
DPS is characterized by ohBy = —-SE88F8 [ d2b (T(b))2]
2 Oeff
T Lars 2, e s . oo differs from 10 to 20 mb
> l.'A‘.’i\-i 630 GV, 4 Jots, nm',l.;u [S——
g DBE T'l. = T(b) is the overlap function of two
B |Hea-rmv e os S interacting hadrons
S [megmes o e Why it is important:
S D0 WE - 1s0 M. ot bt 2ot 2010y e increase of SM background for
S BLERINEL o T the searches.
§ [BelC e - Question:
s ﬁaT.‘ . — is .4 independent on the process
Tl e R S and interaction energy?
R EELY ¥
G, [mb] 4 jets events at 13 TeV:
WW at 13 TeV(77 fb2): A strong dependence of the extracted values of oeff
opps=1.41+-0.28+--0.28 pb on the model used to the describe the SPS contribution
Significance = 3.9 is ob d
5. =12 +5-2.9 mb is observed. O
ff . .
© ME NLO 2->2 or 2->3 gives 10 mb
JHEP 02 (2018) 032 .
CMS-PAS-FSQ-16-009 ME LO 2->4 gives 15 mb
CMS-PAS-SMP-18-015 ME LO 2->2 gives 20 mb

JHEP 11 (2016) 110
Phys. Lett. 790 (2019) 595

CMS-PAS-SMP-20-009 subm to JHEP " N\”) e
CMS-PAS-SMP-20-007 -) ¥ \



PDFs and og

For, the fixed pQCD order and definite PDF evolution (DGLAP, BFKL, CCFM,..):

A) Define PDFs at fixed o

B) Define ag for the particulary PDF set which gives the best approximation

of the Data by Theory

C) Combined PDFs and o fit

Process

W mass measurement
W.Z production

W+c production
Drell-Yan, high mass

Drell-Yan low mass

W, Z+jets

Inclusive jets, multijets
Direct photon

ttbar, single top

Sensitivity

Valence quarks

Quark flavor
separation

Strange quark

Sea quark, high-x,
photon PDF

Low-Xx, resummation
Gluon medium-x
Gluon and as(My)
Gluon medium, high-x
Gluon, as(Mz)

Differential production
(single, double, triple),
correlations, ratios,
assymmetry
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/"~ W+, Zproduction and o

Sensitive to a5(mz) due-to ISR, virtual gluon exchange, gq scattering (NLO, NNLO, ...).

N

Lalculate V-production cross-section at NNLO level for varying as(mz) and compare
theoretical predictions to experimental data (12 samples with different decay modes).

~ 10 CMS pp — W+X, Z+X (fiducial) 38 pb™ (7 TeV) + 18.2 pb™ (8 TeV) N CMS pp —> W' +X, Z+X 38pb™ (7 TeV) + 18.2 pb' (8 TeV)
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Cross-sections with CT14 and MMHT14 sets are the most sensitive to the underlying ag value.
Robust and stable with respect to variations in the data and theoretical cross sections.
The result derived combining the CT14 and MMHT 14 extractions:
as(mz)= 0.11754+0.0025-0.0028, has a ~2.3%
This extracted value is fully compatible with the current ag(m,) world average.
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NNLO

NNLO

NNLO

LA I Y N L O B LN B
H1 multijets at low Q* : EPJC 67:1 (2010)
ZEUS incl. jets in y p : NPB 864:1 (2012)

H1 multijets at high Q? : arXiv 1406.4709 (2014)
H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)
H1 incl. & dijet : EPJC 77:791 (2017)

CDF Incl. Jets : PRL 88:042001 (2002)

DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)

CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)
CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)
CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

CMS tt cross section 13TeV : arXiv 1812.10505 (2018)

CMS multi-diff tt 13TeV : CMS-PAS-TOP-18-004 (2018)

World Average : PRD 98:030001(2018)
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¢. strange quark PDF
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Z+ {Z\-Flé towards c- and b-quarks PDFS”
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- Y Summary

« CMS measures both hard and soft QCD processes in various phase space
regi'({ns and compare them with a wide range of LO , NLO and NNLO
calculations
o« CMS measurements are used for the combinations with other experiments in
global fits and in Monte-Carlo Models tuning. Validation of the QCD
predictions (scaling properties, particles spectra, strong coupling behavior,
PDFs, evolution, etc) allows to further constrain and tune existing models.
More results can be found in CMS public web page:
http://cms-results.web.cern.ch/cms-results/public-

results/publications/SMP/index.html
http://cms-results.web.cern.ch/cms-results/public-
results/publications/FSQ/index.html
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V Multi-jet correlations

Theoretical predictions are based on

® Matrix element expansion and parton shower
® Multi-parton interactions and hadronization

soft pr radiation hard py radiation

small angle
radiation

J1 _> :
Ja
(a) (b)
(c) (d) ;
~ \/

\ ) ~

large angle
radiation



) N’ =~
___“Azimuthal decorrelations

Ad;; in bins of pry for pr>100 GeV, Back-to-back region of dijet
Pr1>200GeV, |y;|<2.5,|y,|<2.5 correlations-sensitive probe
of soft gluon radiation
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Deviations (~109%) are observed for

Comparison is done all tested generators

with fixed-order
pQCD (NLO) EPJC 76(2016) 536
and with LO ME+PS CM§-PP5\-5y47-009 9 2}
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__Jet clustering technique

' i Iterative cone e Cssem e ] ¢
Fixed cone algorithms:

Iterative Cone (CMS) / JetClu (ATLAS)
Midpoint algorithm (CDF/DO0)
Seedless Infrared Safe Cone (SISCone)

Successive recombination algorithms:

: 512 p, [GaV] [ K, R=1 | = -
dij: min (kz.p,k;p)R—jz %«:;' v,rw
_ 1,4 s "> B
dig=ky .
if(d; <dig) add ito ] .
and recalculate p,
p=1 '>kT jet algorithm o,:vy antik, R=1

p=0 ->CA jet algorithm
p=-1 ->“Anti-k;” jet algorithm

CMS uses R=0.5,0.7 in Run1
R=0.4,0.6 in Run2
ATLAS uses R=0.4,0.6 in Run1,2 JHEP 1009 (2010) 091
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__/9QCB Evolution equation

“Connection between various scales in QCD (for instance, between PDF and the N
high:r/nomentum scattering) is performed via evolution differential equations.
In small-x region standard B =
&} - =
approaCh to NLO QCD ,5 E [[J Atlas and CMS rapidity plateau :/- JoTex.
perturbative calculations. ek e p
DGLAP (expansion in terms 10 = m 74
2 . . F IO =zevus
of power of ag In(Q“)) is predicted to N =
be not sufficient. F @2 oows
1045 (0] E665
. E 3 suac
Need to develop alternative approaches: 10°; __
BFKL (expansion in terms of In(1/x)). o3l i—vm‘ ‘ | it
. F = 10 CeV |
CCFM _angular and energy ordering o E BFKL? ‘ H 2l
LDC (Linked dipole chain) : i I
l ] m \’IUH'M ur’{ -
Non perturbative effects, 107 o . 1 | |
Multi Parton Interaction 07 10° 10° 10t 10® 10? 10!

(MPI) etc. models have to
be tuned to data.
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grHar correlations of jets
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« Events with at least two jets passing cuts: p;>35 GeV in |n|<4.7
+ JFor a pair of jets with the largest An (CMS) the angular distance is
calculated: Ap = @1 — @2

g (Mg P BB PR DGLAP generators
T Tmms  Cmmoo Zum' startto be worse in
et o T S S ;.2 high Ay description

“SiRy T "N

U . I S Analytical BFKL

" calculations at NLL
e e accuracy with an optimized
“cms apoey oS awow Fenormalization schema
S o, S o | provide reasonable
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=== PYTHIA 8 4C
=== HERWIG++ 2.5

e |1 7 e omione . description of

L B Trp
«= POWHEG+PYTHIA 8 - 08 8 ag:
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" £ e
0.6; — | é 0.6;

data for the measured jet
variables at Ay>4

[ Mueller-Navelet dijets —r— - [ Mueller-Navelet dijets
05 P;>35GeV,lyl<47  sewe"F ' " . 05 P;>35GeV,lyl<4.7 = \/
r cedee 17 r ]
Py T T R N N SE F TR N - Fy| NS S RN RN A A A B e A
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Ay Ay

Cr(AY,Prmin) = <cos(n(m-Ad))>

JHEP08(2016)139
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djertu’rbative QCD (pQCD)

pQCD prediction at fixed order calculation
Singﬁfarities (soft and collinear) are:
U partially cancelled between real and
virtual contributions,
O partially absorbed in PDFs and coupling
renormalizations

Finally, fixed order QCD calculations are matched
with parton showers (PYTHIA or HERWIG)
Monte-Carlo models which represent soft and
collinear radiation patterns

OR in alternative approach non-perturbative and
Electroweak corrections are applied as weights
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http://www.slac.stanford.edu/
Y \.cgy-wrap/getdoc/slac-pub-13&94.pdf
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\/jet reconstruction in detector

Calorimeter jets (CaloJets):
Jet clustered from -
Calorimeter

Anti-Kt clustering

Tracker jets (TrackJets):

algorithm is applied Jet clustered from Tracks

, to the different

Towers (CMS,ATLAS) - 3 objects
Or TopoClusters g
(ATLAS) & N
CaloMET = s

ParticleFlow jets (PFJets):
Jet clustered from Particle
Flow objects (a la generator
level particles) which are
reconstructed based on
cluster separation.
Subdetectors: s |
ECAL,HCAL,
Tracker, Muon

PFMET CMS

All subdetectors
participate in
reconstruction

The residual

jet energy
corrections is
applied on top
of all algorithms

~ N

Subdetectors:
Tracker

(ATLAS,CMS)

JetPlusTrack jets (JPTJets):
Starting from calorimeter
jets tracking information is
added via subtracting
average response and
replacing with tracker

measurements.

Subdetectors:
ECAL,HCAL,
Tracker, Muon
TcMET
2]
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