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Infroduction

» Strong interactions are challenging

at the LHC!
Mainly observed as jets

Important source of background for
many searches

Not well modelled in Monte Carlo
(MC) simulation yet

Can be probed by a multitude of
measurements

We will review several analyses both
from ATLAS and CMS

The impact of these new
measurements on parton distribution
functions (PDFs) will be shown as well
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Event shape variables

» Sensitive to the details of the hadronisation process and useful to determine
as and MC tune parameters and search for new physics phenomena

Do - H
> Transverse thrust: 1’| = max 2ilPr,i - for
nT §:¢PT¢

where #i; is the unit vector that defines the transverse thrust axis

JHEP 12 (2018) 117

> Used to define

= 0 for a perfectly balanced
/ two-jet event

1L = 1— TJ_‘
\‘ = 1- 2/m for an isotropic multijet
» Jet broadening: event
1
Bx = 50 ZPT,z‘\/(m —nx)* + (¢s — dx)?
2Pr %

2
X

> Total jet mass: px = P2

with X = U (upper) or L (lower) region


https://link.springer.com/article/10.1007/JHEP12(2018)117
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Event shape variables

JHEP 12 (2018) 117/
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where Hr; = (D1 jet1 + Pr,jerz)/2 And Tot = U + L

» Monash and CUETP8M1 Pythia8 tunes model energy flow in plane transverse
to the beam well (whereas the energy flow out of the fransverse plane is not
well described)

» Herwig++ performs well, better than Pythia8 for By, and pr,;

» Madgraph much better than Pythia8 (transverse and longitudinal flows of
energy better modelled by ME approach)


https://link.springer.com/article/10.1007/JHEP12(2018)117
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Event shape variables

JHEP O1 (2021) 188

» Six event-shape variables measured as a function of jet multiplicity in three
interval of Hr ,

> [T X Nl
Zi |ﬁT,i

TL:Zi’PTi-nT‘; T, =

» Thrust major/minor

» Sphericity and aplanarity from linear combinations of the eigenvalues of

1 1 px ¥ Px 'pr i Px,iPz,i 3 3
M:z;yz — Z |pz| Z |pz| Py.,iPx,i py i py,zpz 1 S = 5()\2 + )\3)5 A= 5)\3
Pz,iPx,i Pz,iPy,i pz 0

ATLAS

» C and D from cubic and quartic combinations
C = 3(A A2 + A A3 + A2A3),
D = 27()\1)\2)\3) ' , =

» 3-jets (5-jets) event with high (low) values
of T,and S



https://link.springer.com/article/10.1007/JHEP01(2021)188
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Event shape variables

» MC normalised to data in

each Hr, bin (Pythia8
xsec +30%, MG5 -35%)

Sherpa overestimates
high multiplicities

Herwig dipole model
underestimates high

multiplicities (better when

considering Herwig with
angular ordered PS)

Pythia8 (A14 tune)
describes data well only
for infermediate thrusts

MG5_aMC gives the best
overall description -
importance of including
in ME beyond LO terms

(1/6(n™ > 2)) (do/dA)
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None of the MC provide a good description of the data in
all the regions
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Inclusive jet cross section

JHEP 12 (2020) 082

» Double differential (py , y) jet cross sections measured and compared to fixed-
order calculations and MC predictions

> Sensitive to PDFs over a wide range of x and @2, in particular high-x gluon and

valence quark

» Dependence on the jet anti ky algorithm distance parameter R (jet size) is

studied via ratios
> 84 <jetp;r <1588 GeV
> Jet |y| <20

» Data well modelled at moderate
values of jet size

» Deviation visible at low p; for very
large values of jeft size

Ratio of d°c / dp_dy w.r.t. AK4 jets
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https://link.springer.com/article/10.1007/JHEP12(2020)082
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Inclusive jet cross section

JHEP 12 (2020) 082
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Jet size

» PS calculations agree well with data 05 ’

(do/dy) / (do/dy of AK4 jets)

» NLO corrections are needed

Ratio to data

» Accurate modelling of NP effects is

) 02 04 06 08 1 12
essential Jet size


https://link.springer.com/article/10.1007/JHEP12(2020)082
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Mulii-jet correlation

» Two categories of events selected:
» 3-jet events (8 & 13 TeV) & Z+2-jet events (8 TeV)

» Two observables of sub-leading jets:
» Transverse momentum ratio: pr3/Pra

> Angular separation: ARy3 = /(y3 — ¥2)% + (@3 — @;)?

> Split events info categories of interest:

Soft radiation Hard radiation
(p13/pr2 < 0.3) (prs/pr2 > 0.6)
S h ou ld be we l l_ Collinear radiation I “_——-——>j2 <’
described by PS | (small-angle, ARx < 1.0) ja
(@) (b)

2102.08816

j1j2 and j3
ordered in pr

Should be well-

Large-angle radiation ] .
(ARos > 1.0) X described by Matrix

(©) (d)

Element (ME)



https://arxiv.org/abs/2102.08816
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Mulii-jet correlation

2102.08816
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» Large-angle and hard radiation well described by ME (LO 4j+PS and NLO
2j+PS — only for hard radiation region)

» Soft radiation well described by PS approach (LO 2j+PS)

» Collinearregion not well described by either


https://arxiv.org/abs/2102.08816
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Lund Jet Plane measurement  Phys. Rev. Lett. 124 (2020) 2 22002

» The LJP is an abstract
description of jet development,
with each entry corresponding
to the transverse momentum
and angle of any given
emission with respect to the
emitter

In(1/2)

emission

Pt

<= —
emission core

Pt T D7

ARZ = ()’emission - ycore)2 +

+ (¢emission - ¢core)2

» Regions of plane point to
various physical processes

» Dijet (anfti-k; algorithm, R = 0.4)

events with pr,/ pra < 1.5 g (4R, z)

» Reconstructed by reversing the % (4R, z,)
C/A clustering algorithm 2

O (AR, z,)

» Only charged fracks in jets with
pi> 675 GeV ® o0

Jet inputs

‘ ‘ . (Tracks)

AR


https://arxiv.org/abs/2004.03540

Lund Jet Plane measurement

>

16/09/21

Francesco Giuli & Valentina Mariani

Phys. Rev. Le’r’r 124 (2020) 2 22002
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https://arxiv.org/abs/2004.03540
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Jet substruciure

» Important to study the jet origin (quark or gluon) and constituents

CMS-SMP-20-010

» Two different subsefts: Z+jets and di-jets (1 central + 1 forward)

. . . K K ARi P
» Five jet substructure observables studied: Ag = 2 %\ R
pemission icjet
— T _ 2 2
2 = ~emission core ARl — \/(Ayl) + (A(Pl) o ) )
Pt paly 2 1 CMS Preliminary Simulation 13 TeV
K -qul E T LI | T T T T T LI | E
N /\ K S 0.9 —e— Central dijet region -
’ ﬁ ?:n O.Si —m— Forward dijet region =
(pTD) S - ]
2@ S 07 1:_._.% —4a— Z+jet region 3
LHA Width Thrust r 06 Tt e Yl E
11 ©0 © 0_5; - —e— é
Multiplicity 0.4 ; Hh::ﬂ N é
Aemaaand T
EiAgt—A—ti‘k_rfA“%Ag< E
> Different fractions of gluon jets observed, — oiF =
| o | |11 | | | | | | |11 | .
especially at low pr values T S5 5s o

jet
P [GeV]


https://cds.cern.ch/record/2759616
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Jet substruciure

CMS-SMP-20-010

CMS Preliminary <3591 (13 TeV)

m_ T T T T T T [er Tz @ Tc sl T T 1 T T T D M
o ] ef A af 1 f4 —_fDa:a — > Ratio of the mean
14 = L i L i L i -pata unceriain
9|8 ohe HTE g g ] 14 | il s 1 i
BlE e Tl B e VL TR ol g e T ¢ UShEyse of substructure
52 | 12 T P 1 = i Herw observables in
i :? ; == 1 [ == 1yl Lasgl _‘# S
L el T R T T R N B B | S Tl T B P I T O B B . | P [ | . .
| R e | R N R e (I LI I — 77 SR (1) AK4, [120, 1501 GeV _
. : : I | el @ ach i, s Tev regions with gluon
o 1 E s qal I Jd  F77Z77+771 (3) AK8, 1120, 1501 GeV .
§§105:EE: :g: :Q:; 1.1:i :‘2: & 12{}_‘ » - 11;}‘ e :‘2_: OAQ;_B:—D—'F—A:D—tﬁ () AK4, [120, 1501 GeV, eanChed Ond
s e & s [ -, ] o C s 1  charged-only _ . .
1:;-%?;««'./-1'.’;/5 1'/-“2-;;/-- N 72277/, 1’/"*"/':;:'/' Bl 1 (5) AK4, 1120, 1501 GeV, qUOrk enriched JeTS
7/l EG e [~ Ha l///l & r'/vll 1' 1' 1/: oo N B B r ed
(1)(2) (3) (4) (5) (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) (1) (2) (3) (4) (5) areem
LHA (A ) Width (L) Thrust (1) Multiplicity (Ay) (p?)2 (7%} > A” genercﬂ‘ors
B o cee . overestimate the
reliminary £35.9fb" (13 TeV) +Data .
;\ Q K T T T T F T T T T 16_| T T | _I T T T T T T I_
212 TR B A o] b LA & T 17patauncerainty difference between
3l ¢ L agn SHE (8 eroiy] { 4 Pythia8 CP5
:X: A = - w -é_ y 1a r|< n |
5[5 R v - X Hf T R 1# 55 | pythias cP2 quark and gluon
clc 1 C 5 . L ]
sle [ | F= = | P ] erEP £s *j Herwig7 CH3 jefs af low pr
F 7k e Fi oy 7} 4 Sherpa LO
B I e e
- L e . #2557 A Sherpa LO+jet .
MR I TPTR N - haali SN TN
e o= e e ot cev ; :
: = 2 e (@ AXa, 120, 1501 GeV, enerarors give d
| ¢ 7 :-_kl."l;--l -/'. 1 7%\ I/‘ O'BE:; Fg:; ! (5) A4, 1120, Tsym Gev, g g
HEE@E H@E@6E M@@@®E O@@@®E) reasonable
LHA (A!) Width () Thrust(A)  Multiplicity (A% P9 (4 descrip’rion of the

rafio


https://cds.cern.ch/record/2759616

16/09/21 Francesco Giuli & Valentina Mariani

Double parton scattering in 4 jets

CMS-SMP-20-007

—.  CMS Preliminary _________ 0.042pb'(13 TeV,
3 - .- PW NLO 22 ---- DPS template 3
S [ B PWNLO 2-2 + DPS — CMS Data ]
L 10" T
» F -
< - I ]
'\g 10° & - i =
R —— e A g
104 _§'_='_-'_-_-- T YRy Reppppa———— A e _§
S 2 T PWNLO2o2bam
Qs #==== (PWNLO 2-2+DPS)/Data 3

op s . . [T :

> SPS processes exhibit strong kinematic g

correlations between all jets 05f =

25 3.
A S [rad]

» In DPS processes jets are often produced - - - -
in two independent pairs in a back-fo- AS = arccos ((Pj,l + Pj,z) ' (fm +4PT,4))
back configuration P11+ Pral [Prs + Pral

» DPS needed in the models to describe
data


http://cds.cern.ch/record/2758368
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Double parton scattering in 4 jets

» The DPS contribution extracted with
a template fit of distributions for SPS
obtained from MC event generators
and a double-parton scafttering
distribution constructed from
inclusive single-jet events in data

€ /1
DPS _ 4 2
OAB = — | 30 + 04 (05— 04)
Ooff \ 2

_ €40A0B (1 B 10_A>
2 OB

Ueff
» ModelwithNLO2 - 2o0r2 — 3
matrix elements yield the smallest
values of gqs

» Including 4 partons in the matrix
element calculation of the SPS
model yields higher values of o4

> Clear need for further development
of models

CMS-SMP-20-007

O Measurements (Preliminary)

IIIIIIIIII'IIII|IIIIIIIII|IIIllllllllllllll

UA2 4jets (0.63 TeV)

Phys.Lett.B,268(1):145-154,1991

CDF 4jets (1.96 TeV) } -+ i

Phys.Rev.D,47:4857-4871,1993

ATLAS 4jets (7 TeV)

JHEP,11:110,2016

CMS 4jets (7 TeV) e

Eur.Phys.J..C76(3):155,2016.
CMS 4jets (13 TeV)
Pythia 8 - CP5

b
Herwig 7 - CH3 P

Pythia 8 - Vincia

Herwig 7 - Soft Tune

MadGraph5 LO - CP5
MadGraph5 LO - Vincia =
MadGraph5 NLO 2to2 - CP5 = 3l

Powheg NLO 2to2 - CP5 [

Powheg NLO 2to3 - CP5

|I[II|IIII|IIII|IIII|III]|IIII|IIII|IIIIIII

0 5 10 156 20 256 30 35 40
0 [mb]

o Shows a strong
dependence on the model


http://cds.cern.ch/record/2758368

» Z — ll + jets selection:
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Z+b-jels at 13 TeV

JHEP 07 (2020) 044

» Single lepton trigger of pr > 25 GeV, 2 OS leptons (ee/uu), with pp > 27
GeV, |n|<2.5,76 <my; <1 06 GeV

» 21 or 22 jets reconstructed with Anti-kt algorithm (AR = 0.4) with p; > 20

GeVand |n|<2.5

> b-jet candidate selection relies on long lifetime, secondary vertices, decay

pattern, etc.

_ ATLAS Simulation
- Vs=13TeV, f

--- Light-flavour jets 3

Fraction of jets / 0.05

EPC 79 (2019) 970

e —08 06 04 —02 0 02 04 06 08 1

» Tracking & jet information condensed using
multivariate algorithms for separation of b-
jets vs different flavour jets (c- or light-
flavour)

» Require 1 or 2 jets passing a “cut” on MV b-
tagging algorithm corresponding of 70%
efficiency for b-jets (vs mistag of ~10% c-
jets and ~0.4% for light-jets)


https://arxiv.org/abs/2003.11960
https://arxiv.org/abs/1907.05120
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I+b-jets at 13 TeV

JHEP 07 (2020) 044
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> Challenge for searches and test of other process in such phase space


https://arxiv.org/abs/2003.11960
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epWL1ZVjeis20 PDF fit

JHEP 07 (2021) 223

» QCD fit to DIS data from HERA and the ATLAS Electroweak boson data: W,Z at
/ TeV (Eur. Phys. J. C 77 (2017) 367), W + jets (JHEP 05 (2018) 0/7) and Z + jets
at 8 TeV (EPJC 79 (2019) 847)

» V+jets data sensitivity to PDFs up to x ~ 0.3

» As soon as global fitters include ATLAS W,Z at 7 TeV dataq,
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they get in better agreement with ATLAS predictions
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epWZVjeis20 PDF fit .ep o7 2001) 223

» QCD fit to DIS data from HERA and the ATLAS Electroweak boson data: W,Z at
/TeV (Eur. Phys. J.C /7 (2017) 367), W + jets (JHEP 05 (2018) 0//7) and Z + jets
at 8 TeV (EPJC /9 (2019) 847)

> Nice agreement up to x =~ 0.1 (negative x(d — %) without V+jets 8 TeV data)
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Other distributions in better agreement with global fitters!
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Conclusion and outlook

QCD is an essential ingredient of SM, its apparent formal simplicity covers a
very complex phenomenology

Important to improve precision on other measurements, but a very interesting
and intellectually challenging problem/process by itself

Enormous theory effort to improve precision, now being matched by
Important measurements in specific regions of phase space

Despite many improvements, still many divergences exist, and more corners of
phase space need to be measured

Many more clever measurements needed, | just presented some of them
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Stay tuned! More results coming soon!
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b-quark fragmentation properties 210511450
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b-quark fragmentahon properhes 2108.11650
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controlling b-fragmentation
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Pairs of isolated photons at 13 TeV 210709330
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