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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:

- Although QCD is the basic
theory of strong interactions its
parameters are still not well
known.

- 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

What is new at LHC:

Probing the new territory
(x,Q?) range

What we need to study:

- proton structure,

- constrain the strong coupling
- pQCD theory components

- study non-perturbative effects
- tune Monte-Carlo generators

How do we proceed?

Collect puzzles!

hard production vertex o \J y |
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d\/QCD"at hadron colliders

e’
ne — factorization scale separates long

and short distance physics
ag (1g) — running coupling constant
nr — renormalization scale
Q? = -g2 — transferred momentum

Soft underlying event

- ~
= 3

P,=x,P,

=x,P
P2=Xo>2 Factorization property

o (P ) Z,-,,-J ax, dxéij(pll Py os(ig), Q75 e, Wi

Partonxétribution Partonic cross-section
function (PDF) computed in pQCD

oft interaction: production o Sy= “szn(T) O N
the low-pt hadrons :
Q) | Fixed ord pQJCD éy
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w “How do we proceed

' : 7]
- i
. e, ' - L E ﬁi!
‘ amd | —® i
- - a |
Dyt < : i
. Val i
s o s i e R o e Unfoy,: "
P 4 N\ . and sea 17, l'oﬁw dlng
2 — rd Interaction i') Ward
4, O S b )
c E rticy
FSR .0 O es J/
4 =3 -+ e'/e
‘a0 4 o Q
4 :'." Outgoing parton direction g _§
"h’ 8‘ O 7
Hard interaction event B ; >
QO 0 o
e —

Hard interaction cross-section ; s
Parton Distribution Functions and
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Theory approximations
- Perturbative QCD (pQCD): o/
LO, NLO, NNLO calculations: ME + parton showering (PS),
threshold resummation
- non-pQCD: (Multi-parton interactions (MPI),
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Soft particle production

\ ‘ CMS Experiment at the LHC CERN
\

58830811 GMT(04:2 kl | r(

Charged particle multiplicity
Scaling, correlations
Underlying event
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I “Charged 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
e
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& x‘; & limiting fragmentation
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semi-hard and hard particles production
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(d) CMS N > 110, 1. 0GeVIc<p <3.0GeV/c
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Qualitatively described effect:
1 PYTHIAS8 string shoving:

] interacting strings

1 EPOS LHC:

hydrodynamical evolution

Superposition the low
multiplicity yield and

modulation as cos(2A¢).

Extracted V,, exhibit
factorization.

1 lemi\ed
N2 dAndA¢

1 A2 Nsignal

Sn(An, A¢)
Bn(An,A¢)

N(N —1) dAndA¢

Of high-density core (formed by color
String fields)
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\/v Hard interactions
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] CMS Experiment at LHC, CERN
‘| Run 133450 Event 16358963
‘| Lumi section: 285
Sat Apr 17 2010, 12:25:05 CEST

PDFs and as measurement
DPS

E;(GeV) ‘ s DGLAP vs BFKL
= Jet1 Multijet correlations
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Transverse Transverse

<

UE activity is typically
studied in the transverse
- N— region in pp collisions as a
~"Soft & semi-hard & hard - BT GRE 5 17 function of the hard scale of
';-»Beam remnants (BR): everythmg besrdes the £ the event, and at
‘::hard (part of>the)’, lntgractl.on’>re Lo ST e s different centre-of-mass

S TRE ,l;u‘ . energies (Vs):

2 o) Particle production in
,?}mtlaHlSR) and fmal (F SR) State radlatmn B MinBias events or events

Jets

A
Hadronisation

-

= with high energy track or jet
;'1Ml]|tlple Parton Interac;tmns (MPI), If hlghfr pt (hadmﬁic eveng?s,) j

flnteractleﬂs 7 Doubie Ffanton Sﬂatierm Drell-Yan events, Top events
(new)

Y ol )




\/“ Underlying events e

High p track _
or Tracker jets Z+jetS el
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~  Dotble Parton scattering (DPS)

~ Two and more hard interactions within the same production vertex can happen.
97 —1
oot = [ [ & (T(®))’]

T(b) is the overlap function of two

DPS is characterized by

—
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DPS with 4 jets events

JHEPO1 (2022) 177 (13 TeV):

A strong dependence of the

extracted values of oeff

on the model used to the describe

the SPS contribution

is observed.

Gt — 7-35 mb

Opps=15-70 nb

AB __
Opps =

ot is 2-10 (10 to 20) mb

for g(q)

A _B
m ogpg0sps

2 Oeff

interacting hadrons

First observation in same sign WW at 13 TeV (138 fb1):
CMS-PAS-SMP-21-013, Accepted by PRL

opps"Winc=80.7 +11.2(stat)+9. 5(syst)-8.6(syst)+12.1(model) fb
oppsVWfid=6.28 +0.81(stat)+0.69(syst) +0.37(model) fb
Observed significance = 6.2
O = 12.2 +2.9-2.2 mb

cMs

Events
w0 D

—+- Data
mwz
mzz

(23 Total unc.

[ JNonprompt []Charge misid.
Wy mVvy
[ Rare

138 fb™' (13 TeV.

100 =
0

g" 2_; 2 —DPS W*W* * = Total background unc.

o “5FE

3 ,5E

o 4

a 1 * . :
0'50 10 20 30 40 50

Bin number

~ A

DPS with Z+jets
JHEP 2110(2021)176
Give the additional
possibility

to constrain MPl models
e’

N’
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PDFs and og

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

A) Define PDFs at fixed ag

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 ag(My)
Gluon medium, high-x
Gluon, ag(M;)

Differential production
(single, double, triple),
correlations, ratios,
asymmetry

14



Jet produetion: sensitivity to g-PDF and to ag
CMS, 13 TeV, Integrated luminosity 36.3 fb-! N’

_ Comparison with NNLO Double-differential inclusive jet production

CMS 36.3 b (13 TeV)

up o weos o5 <bi<To | roshi<ts [ is<m<zs + HERA DIS + the normalized triple-differential
+ ttbar cross-section, DGLAP evolution
of SEER | cmme D PDF and as(Mz) = 0.1170+-0.0019 at NNLO

Ratio to NNLO CT14®NP®EW

100 200 000 100 200 7000 100 200 7000 100 200 Jetpng)é)gv) (qpproximcﬂ-ed by k from NLO), UncerTCIinﬁeS

Comparison with NLO+NLL comparable with world average
CMS 36.3 b (13 TeV)
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strange quark PDF

0

. _
s, d w s, d W
——— VWV — > AAAAN
6 vC
BTOOOOO L ——<—— BTOOTO0L——>———
g C g c " CMS HERA DIS + CMS A, + CMS W+c
x 2 MS, this analysis
PDFs are probed at Yo srat v ama
<x >=0.007 150 MM
at the scale of W mass :
13 TeV (CMS, 36 fb-1): T
o(W+c)=1026 osl
+ 31 (stat) + 72 (syst) pb ;
CMS Hessian uncertainties O__3 : ol . e
o 10 10~ 10°
“~ CMS, this analysis =19 GeV?
7 ABMP16nlo " 1.6CMS HERA DIS + CMS A, + CMS W+c
o r ) ’
2 ATLASepWZ16nnio ol Ll vewes ot e
- b oue =g,
"2 EPJC 82(2022)1094
1 _
EPJC 79 (2019) 269 —

T 102 10"

_S+§
Cu+d

S

From neutrino scattering Rs=0.5

At Q2=1.9 GeV2 strange

sea-quark density is suppressed

"

CMS-PAS-SMP-21-005, submitted to EPJC

CMS Preliminary

138 fb™ (13 TeV)

Total uncertainty

P> 30 GeV, Y <2.4
- Statistical uncertainty  pl > 35 GeV, Inl <2.4

Predictions: NLO MCFM + NLO PDF Data
0.950 + 0.005 (stat.) + 0.010 (syst.)

0 CT18: 09559993 0

A CT182: 0.958 3383 A

O MMHT14: 0.935 10921 =

< ABMP16: 0.964 tg;ggg] 38fb 1 <>

* NNPDF3.0: 0.935 3317 i

* NNPDF3.1: 0.939 %092 e

Il Il 1
0.4 0.6 0.8 1 X
o(W'+T)/c(W+c)

W ) ~ \

N’
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MC / Data

~"7+¢: towards c-PDFs

50 100 150 200 250

Py [GeV]

e
CMS 35.9 fo'! (13 TeV) CMS 35.9 fo'! (13 TeV)
T T T T ; 1 G F T T T T T ]
a2 > X
- —+— Measurement - (O] i —e— Measurement
F A R ~ A 4
[ =+ MG5_aMC + PY8 (< 2 NLO + PS) ] '8_ | . == MGS5_aMC + PY8 (< 2] NLO + PS]
1 = e
—+— & MGS5.aMC+PY8(<4LO+PS) | NQ" I " MESAMC+PYB(4LO+ P9
| 3 4 Sherpa (<2{NLO +<4jLO + PS)
4 Sherpa(<2NLO +<4jLO + PS) ° 1F E
L E 3 N
1 1 1 1 1 071 1 Il 1
T T T T T
unc
1
141 soco
[
i
=
—~ 1.2F B
o
=
1 1 1 1

0

100 200 300
p}[GeV]

One step before c-quark PDF N/

extraction

Inclusive Z+c cross-section:
405.4 £ 5.6 (stat)
+ 24.3 (exp)
+ 3.7 (theo) pb
MadGraph5+MCatNLO:
524.9 * 11.7 (theo) pb

MCatNLO and Sherpa
overestimate Z+c cross-section
at NLO and

MCatNLO agreed with data
at LO.

For Z+jets, NLO calculations has better agreement
with data then LO -> PDF overestimate c-content?

JHEPO04 (2021) 109 \ y

EPJC 78(2018) 287

uu . 1

\ J S \



b

\Z——I‘E) towards b-quarks PDFs ~ ~

and 4 vs 5-flavor schema "
b AT (e ANANT g i Current simulations are in NLO either in 4 or 5
i b Z FNS.
Syyvy b 4% g In 4 FNS b-quark does not contribute to PDF.
Massive b through gluon splitting
CMS 137fb"! In 5 FNS b-quark typically massless but b
| p71l>35 GeV, pyvblead>25 GeV contributes to PDF
Inl<2.4, M;=[71-111] GeV

CMS 137 fb' (13 TeV)
. Lol -y T T T T T T T ]
Generator b-jet p;>30 GeV, <2.4 T ez ioe ]
T 4 M ol F +  Statistical unc. B
S 10 1 Theoretical syst. unc. _
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f|d O O O © ° F —=— MG5_aMGC (NLO, NNPDF 3.0, CUETP8M1)+
e r —4— MG5_aMG (LO, NNPDF 3.1, CP5 .
— —_ 1 —%— MG5_aMC (LO, NNPDF 3.0, CUETP8M1) _|
Ofig(Z+>=2b) = 0.65+-0.03+-0.07+-0.02 pb = st
fid . . . . Ee E
o S — ]
- —— -
ized to fiducial ==
ormaiize O TIducida 10 == =
__ CMs 19.8fo (8 TeV) E e E
% —6— Data C t. C —‘: 3
g ross-section el ]
3 qg'lo MadGraph 5FS + Pythia6 E . E
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/"~ W+, Zproduction and o

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

Ef —e— CT14 + MMHT14 combined

Ax?
(e 0]

- - World average:
®-CT14 o =0.1181+0.0011
- HERAPDF2.0
-k MMHT14

NNPDF3.0
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Cross-sections with CT14 and MMHT14 sets are the most sensitive to the underlying as 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(m,)= 0.1175+0.0025-0.0028, has a ~2.3%

N

This extracted value is fully compatible with the current ag(m;) world average. 1 9
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NNLO

NNLO

NNLO

NNLO

LA L L [ L L B L B B 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 ti cross section 13TeV : EPJC 79:368 (2019)
CMS multi-diff tt 13TeV : EPJC 80:658 (2020)

CMS Incl. Jets 13TeV : arXiv 2111.10431 (2021)
World Average : Prog. Theor. Exp. Phys. 083C01(2020)
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small angle

large angle

MULTI-JET CORRELATIONS

Theoretical predictions are based on

* MATRIX ELEMENT EXPANSION AND PARTON SHOWER

* MULTI-PARTON INTERACTIONS AND HADRONIZATION

soft P, radiation hard P, radiation
S i
g I,

(C)) (b)

c
=4
8 < _/7 < (’
T
g

(c) (d)

Study with 3 jets and Z+2jets events

at 8 and 13 TeV

3-jet event

selection

transverse momentum of the leading jet ()
transverse momentum for each jet and rapidity for j; ,
azimuthal angle difference between j; andj,
transverse momentum ratio between j, andj;

angular distance between j, and j;

P11 > 510 GeV

Pr > 30GeV 7 |y1,2’ <25
214 < Agy, < 70

0.1 < pT3/pT2 <09

R + 0.1 < ARy < 1.5

Z + 2 jet event

selection

transverse momentum of Z (j;)

transverse momentum and rapidity for j,

transverse momentum and rapidity for j3

azimuthal angle difference between Z and leading j,
dimuon mass

angular distance between j; andj,

prz > 80GeV, |y, | <2

P12 > 80GeV, ‘yz‘ <1

P13 > 20 GeV, |y3| <24
2<[APzo| <

70 < my < 110GeV

0.5 < ARy; < 1.5




MC / Data

Normalization to Integral

CMS Preliminary

3-JET EVENTS VS Z+2JETS AT 8 TEV

3 jets

19.8 b (8 TeV)

—e— Data
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—— MADGRAPH (LO4jets+PS)
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STy
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Eur. Phys. J. C 81 (2021) 852

CMS Preliminary 19.8 b (8 TeV)
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of histograms
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Normalization to Z+1jet events

Allow to estimate the rate of 2" jet



MULTIJETS MULTIPLICITY AND PT

CMS 200 <p,, <400 GeV 36.3 b (13 TeV) \ CMS 36.3fb (13 TeV)
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NLO suplemented by PB-TMD and TMD
Parton shower gives better description of
Lower jet multiplicity cross-section CMS-PAS-SMP-21-006
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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
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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

120 CMS Simulati T 1.20 CMS Simulation i (
S S — ly|<0.5 E
8 - . =
£ i< igh (23 2 115 antik, R=07 ?iil;lilﬁ E
S 115 antik,R=07 — - Pythi b g 1.10 s 155y <20 E
pQCD X ¢ T PovheatPyias P 8 1.05 —en205hi<25 ]

S . E
AREL] . ] X & 100 T E }(
H I A Y e
2 0.95 .

0.90

0.85

L ] 0.80 ,
2x10° 10° 210 _EFE T
0.75

. ;
Jetp, (GeV) ' 210° 10° 210°
Jet P, (GeV)

Relative electroweak correction
I = =
o i =
w o w

Iy
<]
S

o
©
vl

200 300 500 1000
P, avg [GeV]

http://www.slac.stanford.edu/
Y \.cgy-wrap/getdoc/slac-pub-13&94.pdf
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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 . T
©10 %L [ Atlas and cMs =
approaCh to NLO QCD =0 E [J Atlas and CMS rapidity plateau u;/t@"r,g{
. H Ol = DO Central+Fwd. Jets Vs
perturbative calculations. g ko A
DGLAP (expansion in terms 10} = m 74
2\\ . F [m zeus > e
of power of a5 In(Q7)) is predicted to B -
be not sufficient. - o soms DGL‘_,‘_”_V_T_:,-;’ :
]()4E~ (1) E665 P S - e
Need to develop alternative approaches: 10} Gl __?,

BFKL (expansion in terms of In(1/x)). ;2| ’,,' s -

CCFM angular and energy ordering - “"BFKL? ‘ LH I
LDC (Linked dipole chain) 5 L i
1 AN,
" \,u o ( ;
Non perturbative effects, 0'f . | | o
Multi Parton Interaction 07 10° 10° 107 10° 102 107
(MPI) etc. models have to \./

be tuned to data.
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__Jet clustering technique

lterative cone rwem siscon o3 | /
2 iscone

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

Successive recombination algorithms:
5%

—mi p p y

d i mm(ki. ,kg. )P

_ 1,2
diB'ku'
if(d. <dg) add i to j
and recalculate p,

p=1 ->k; jet algorithm
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

e e
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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 e B
(ATLAS) -3
CaloMET £ s

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

PFMET CMS

All subdetectors
participate in
reconstruction

The residual

jet energy
corrections is
applied on top
of all algorithms

> NS

Subdetectors:
Tracker

(ATLAS,CMS, ALICE)

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
CMS

~
) w O\
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W,
Fixed pQCD at NLO and NNLO with NLOJet++ and NNLOJET
NLO calculation in FASTNLO.

ddition to SMP-20-011~—
JHEP 02(2022) 142

NLO improved to NLO-+NLL using MEKS
PDF sets: CT14, NNPDF 3.1, MMHT2014 (includes 7 TeV ATLAS and CMS jet data),

ABM16 (no 7 TeV jet data), HERAPDF 2.0 (HERA DIS only)

13 TeV
o 1.2r :
5 Dittmaier, Huss, Speckner
B Anti-k; (R =0.4)
£ 115 —|y|<05
8 | - 0.5<]y|<1.0
- 1.0<|y|<15
w 1 45<y<20
1.05¢
1
0.95¢
100 200 300 7000 2000
Jet P, (GeV)
CMS Simulation 13 TeV
12} : T
& 1.04F Pythia 8 CP1 Anti-k; (R=0.4) 1
g Herwig++ EE5C —|y| <0.5
o 0.5<|y]<1.0 ]
8 o2t 1.0 <y <15 |
o YCL 1.5<y|<2.0
=z
1.01F 1
1
0.99}¢
0.98¢
0.96f

100

200 300

1000 = 2000
Jet P, (GeV)

EW corrections

NP corrections

1 . 45<y|<20

1.05;

0.95¢

13 TeV

Dittmaier, Huss, Speckner

1
100 200 300 7000 2000
Jet P, (GeV)
CMS Simulation 13 TeV
[ Pythia 8 CP1 Anti-k; (R=0.7) ]
Herwig++ EE5C — |yl <0.5
..... 05<ly|<1.0
1.15¢ e 1.0< |yl <15 1
15<|y|<2.0

7000 2000
Jet P, (GeV)

100 200 300

N’

He=Hr=Prjer ( or HT)

EWK Corrections
At NLO accuracy

NP corrections:
PYTHIA 8 CP1 tune

=

HERWIG++ EEC5 tune

30

N’

/
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, 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

2

I3
(a) (b)
(c) (d) ;
\J u

\ ). ~

small angle
radiation

large angle
radiation
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__“Azimuthal decorrelations

‘A¢j; in bins of pr; for pr>100 GeV,

p11>200GeV, |y, |<2.5,|y,|<2.5

19.7 o™ (8 TeV

—~ 10"
a - .
g — CMS —— Theory CT10-NLO —
5| 210" = prefiminar | Theoretical uncertainties
3l £ y V)
DD -3 — —
S |3
10" = - |
—ID% B anti-k, R =0.7 3 'j et N LO,:
1072 B PI*>1100 GeV (x10'3) ]
r 4 900<p]™<1100 GeV (x10') ]
o+ 700<P["<900 Gev (x10%) - e
107 o 500<pI™<700 GeV (x10°) - - W
= 400<p"™<500 GeV (x10%) ﬁ_ﬁ:“f* =
108 ©  300<pM™<400 GeV (x109) I e
Lo 200<p™<300GeV (x107) s P =
b |-
10° A ] 2%
- =7 o= =
104 I o f --'.".“—
e —_— % -t ]
— o027 .u-"l —
C 4}_’_”* - v-e_
102 - —o— - e —e~@“e- —_
B - - 7
i 7 o P
o -
= —— 00 +"'++ =
_74% +—o—vf o ., —
S e -
= M =
4 [ —
wie . AjetlO.| . -
0 /6 /3 /2 2n/3 5n/6 T
A rad
q)Dijet( )

Comparison is done
with fixed-order

pQCD (NLO)

and with LO ME+PS

CMS

Back-to-back region of dijet

4

correlations-sensitive probe
of soft gluon radiation

—— PH-2J + PBCUETM1
—— PH-3J + PBCUETMA1

anti-k; R=0.4
Inclusive 3-jets

35.9 fo! (13TeV
1.3 1.3
1.2 200 <p7™ <300 GeV 1.2 300 < pT* < 400 GeV
1.1 1.1
1 1
0.9 0.9
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.3 1.3
1.2 400 < p?“ <500 GeV 1.2 500 < p;”“* <600 GeV
1.1 e 1
1 1 Eﬁﬁ;
9 09 _:_;_;_:_;:\:::_:ziz 09 1 1 1 1 1 1 1 1 1
8 1.3 1.3
o 1.2 600 < pT* <700 GeV 1.2 700 < p:ax <800 GeV
= 141 1.1
R e == I
E 0.9 1 1 1 1 1 1 1 1 1 0.9 1 1 1 1 1 1 1 1 1
o 1.3 1.3
1.2 800 < p:a* <1000 GeV 1.2 1000 < p:a‘ <1200 GeV,
1.1 1.1
1 1
0.9 0.9
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.3 max 170 171 172 173 174 175 176 177 178 179 180
1.2 pr- > 1200 GeV A¢’1 5 [deg]
1.1 :
1
0.9
1 1 1 1 1 1 1 1 1

170 171 172 173 174 175 176 177 178 179 180
A¢, , [deg]

Deviations (~109%) are observed for
all tested generators

EPJC 76 (2016) 536

CNI$S-PAS-SMP-17-009
U w)
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grHar correlations of jets

N/

0

N’

« 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 ;1 high Ay description

“SiRy T "N

U . I S Analytical BFKL

" calculations at NLL
e e aceuracy with an optimized
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PDFs are probed at
< x>=0.007
at the scale of W mass

13 TeV (CMS, 36 fb-1):

o(W+c)=1026 £ 31 (stat) £ 72 (syst) pb B > 30 GeV, i 1 <2.4
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7,8, 13 TeV with 5, 20, 36 fb"’

Differential cross-section if inclusive W+-, Z/v* and W+-.Z+jets, ttbar, inclusive jets, direct

Photons; DGLAP evolution is used
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\Z*E) towards b-quarks PDFs -
and 4 vs H-flavor schema
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\/ “Dead cone effect for heavy quarks

-/ J. Physics G: Nucl. Part. Phys. 17 1602: dead cone in soft gluon radiation by heavy quark.

/4

The dead cone size depends on
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First direct observation of the dead cone effect.
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ALICE: Nature volume 605, p. 440—-446 (2022)
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