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STANDARD MODEL

1 The SM describes the fundamental constituents of matter and their interactions

0 The SM of particle physics is the theory describing 3 of the 4 known fundamental forces (electromagnetic,
weak and strong interactions — excluding gravity) in the universe and classifying all known elementary particles

N B . ]- /
*‘CQGD = Z ("2 (W“(apfsfj - EQsGﬁTS]) ’t.«"lfj - EGﬁpGﬁt 3

* Quantum chromodynamics sector

( \
up CHARM TOP GLUON HIGGS BOSON R - 1 ) - <2 . — I
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e 3 @ |, < Higgs sector Lu =0+ 3 (g’YwB +9iWu) ) 0| - SF(ele—?)"
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DOWN STRANGE |~ BOTTOM PHOTON I teraction N
4,8 Mev/c 95 Mev/c* 4,18 GeV/c’ 0
A b b 0 G ationz
m 1/2 '/2 1 A | . i ) |
Acts on: Mass - Energy Flavor Electric charge Color charge Atomic nuclei
= 7 \
ELECTRON MUON TAU ZBOSON E
0,511 Mev/c 105,7 MeV/c 1,777 Gev/c 91,2 Gev/c’ Particles All particles quarks, lepton Electrically Quarks, Gluons Hadrons
L 1 ~ 1 3 1 E 0 B experiencing: s charged
E | 0 ‘/z @ I | 0
P \ S Particles Graviton W+, W- and Z¢ Yy (photon) Gluons Mesons
T " 0 mediating: (Not yet observed)
0 S | e g | o
Qe QUM | | <155 Mevie 804Geve | TR 10-*1(predictea 1074 1 60 N PP
N ; : : = ; 2 : ; g scale of quarks: to quarks
. s
S | ¢ @ % V. 1
Strength at the 10 3% predicted 107 1 Not applicable 20
J \ J (p )
scale of to hadrons
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protons/neutrons:
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QUANTUM CHROMODYNAMICS (QCD)
QCD: Quantum field theory of strong interactions (c.N. Yang, R. Mills; H. Fritzsch, M. Gell-Mann, H. Leutwyler)

> Interaction carried by gluons acting on quarks and gluons
» QCD-charge: colour of three types (red, blue, green) /

% QCD coupling strength a, depends on energy

» high energy (= short distance or time): a, is small (asymptotic

03
freedom): perturbative regime of QCD
» low energy (= long distance or time): a, Is large (confinement):
non-perturbative regime of QCD 0.25
¢ The Renormalization Group Equation (RGE)
2 ~
g ( 1 >
t:)’:S(’ug):1+bc.ﬁ(( 02))1nfﬁ_m = 0
e 0CsLHD) M ;2 0T Az 0O a (p?) can be expressed:
by = iz; ny > in terms of coupling a,(p,?) at reference scale p, ¢ ;5

» or by introducing non-perturbative constant A = 200 MeV,

Nz number of light quarks; corresponding to the divergence (Landau pole) of a.(p,?)

C,: QCD colour factors

0.1
% Behaviour of o (n?) as a function of energy Q (= 1/R) determines
the properties of QCD and the dynamics of quarks and gluons
» Large Q (small distance R): a, small:: QCD weakly interacting; quarks and 0.05

gluons asymptotically free; regime of perturbative QCD

» Small Q =A (large distance R): a large:: QCD strongly interacting, quarks and
gluons form colour-less bound states: baryons (qgq) and mesons (qq) and do not
exist as free particles, regime of non-perturbative QCD

August 2021

Summary of measurements of a, as a
function of the energy scale Q

f=fotasfi+aifotalfs+ ..

A B RS ALRAL
T decay (N°LO) =
low Q? cont. (N*LO) = |
HERA jets (NNLO) —— ]
Heavy Quarkonia (NNLO)
e'e jets/shapes (NNLO+res) — |
pp/pp (jets NLO) —=+
EW precision fit (N°LO) e~ |
pp (top, NNLO) = -

asymptotic
freedom

AP 200 MeV

- =ay(Mz?)=0.1179 + 0.0009

P 1 I Lol 1 Lol
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| 10 100

Q [GeV]
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B QCD MEASUREMENTS ATTHELHC

O Understanding of soft QCD interactions has directHadronisaton

— Beam remnants Impact on s ,'* 4
1c1 (!.\. aP ok: §;’
» Precision measurement_s, .&*\’}% 3% & Qv@ \ ’/ - Parton shower (initial
Parton Shower » Searches for new physics, B Tngl B P 9/ |~ wand final tate radiation)
SRS » Perturbative Multi-Parton Interactions (MPI),  fadinteraction ; *

» Alternative evolution equations and factorisation schemes

Multi-Parton
Interaction

Colour U mpdlrtance of good modelling soft QCD aspects  Bearemnanis 4

MWMonte Carlo
Event Generator

Reconnection of Hhadron collisions:
> Models developed with set of tunable parameters
. ' to describe the hadron-level properties of final
~ Hadronization states dominated by QCD o R 7
> Probing parton distribution functions (PDF) = S O
_ > Modelling initial state of heavy ion collisions \ . g Parton Density;
gcays - Functions

» Modellina of backarounds for electroweak

 Soft QCD measurements are:

» Crucial for success of ongoing LHC measurements and R&D for ATLAS upgrades

» Crucial for the tuning of the Monte Carlo event generator

» Essential to understand and correctly simulate any other more complex phenoment i ]
» ldeal to study tracking performance in the “carly” stage of a new data taking 10° 107 107 107 1
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Standard Model Production Cross Section Measurements Probi ng SM “ June 2021 I CMS Prellmlnarv
Q aqma - E inal nW. Z or tion 1 7lfeV CMS measurement (L<5.0 fo") E
3 10" e ATLAS Preliminary . Q 1 0° Single boson W, Z productio ooV NS essrnen (< 196 ) ]
r> 10 GaY _ i 1§ TeV GMS measurement (L <137 fb™) 3
S 109 | Vs=57813Te/ | | LHC pp V2= 13 Tel © I Measurements up to three — Theory prediction ]
uﬁo Motivation: e . c10% 2 1" CMS 95%CL limits at 7, 8 and 13 TeV |
3.4=134 =
i ?sw SGe\' O E
10° "o+ Probing different aspects of Stﬂcp{a\{(c{ T/\V//oa’el z > One or more weak ]
. Q Sensitivity to New Physics o o 10 bosons decaying to e or 3
m20 ata 2u.2=2U. w i E
Single boson y, W, Z production 0 102 b leptons IS. the J
10° 2 LHC pp 5 =7 Te/ 0w VL “golden” signature for 3
| BN Oee t5-t00" O I EW processes ]
2 - L a
10 D-bosan production . O 10 o Low background
10! = - Data 8 B » Single bosons are i
43 1 3 “Standard candles” for 3
1 _g 1 B SM physics i
910' 3 > Multiboson are very 3
10~ o sensitive to BSM ]
1072 10° 3 - - —
- Review of Particle Physics
10°3 ¥ 2 B . iBF) L 103 PTEP 2022 083CO01

ector Boson uSmn - Vector Boson Fusion (VBF) & . - i
\ector Bosan Qr‘ah‘prlnn (VVBS) 1 4 Vector Boson Scatterlnq (VBS) Part 9: QCD; Figure 3. 1
PP lets ¥ W Z & t W 77 H Hi VHVy v iEH WWY 77 V' wf Wijj 0 R R —— Equ' gqg'?wf;v'gq% o gyzy'gmz' Ty g 2t mtggl-iVBF‘VH'WH‘ZH‘nH‘tH m
w | o wl |7 IR T e Allresults at: htip:/cemn.ch/oloNi7 EHA i o 24 510,

ATLAS & CMS: Summary of SM and fiducial production cross-section measurements in pp interactions at Vs=5,
7,8, 13 TeV, corrected for branching fractions, compared to the corresponding theoretical expectations 5



ATkAS

A TOROIDAL LHC APPARATUS (ATLAS)

Subdetector Operational | Air-core Muon spectrometer Longitudinally segmented Calorimeter:
B % (u Trigger/tracking and Toroid Magnets) EM and Hadronic energy
A 99'9%‘; Precision Tracking: LiquidAr EM barrel and End-cap & Hadronic End-cap
CSC Cathode Strip 95.3% MDT (Monitored Drift Tubes) Tile calopimeter (Fe-scintillator) Hadronic barrel
Chambers CSC (Cathode Strip Chambers) |n| >2.4 N\ — - —
Forward LAr Calorimeter 99.7% Trigger: :
Hadronic End-Cap Lar Cal 99.5% RPC (Resistive Plate Chamber) barrel 46 m , I-q
Lawr 5% Celortrmeity LoD 2 TGC (Th|n Gas Chamber) endcap e
LVL1 Calo Trigger 99.9% — ' :
LVL1 Muon RPC Trigger 99.8% | o #w S T | Two Level Trigger
LVL1 Muon TGC Trigger 99.9% 7/ 000 tons el || system
MDT Muon Drift Tubes 99.7% 25 m o S & T L1 hardware: 100
Pixels 97.8% K ‘ =\ kHz, 2.5 ps latency
RPC Barrel Muon 94.4% i | T ‘ | HLT farm: merge
e V | N | the former L2 and
SCT Silicon Strips 98.7% N *}:" 5 )
TGC End-Cap Muon Cha 99.5% 25m T\ NN | EventFilter 1.5
Tile Calorimeter 99.2% : B\ { kHz, 0.2 s latency
TRT Transit Rad Tracker 97.2% - N "
Sl T T Inner Detector (ID) Traciqng in 2T Solen0|d Magnet o ‘ N i s
:140;Prehmmary fs=1aTeV B Slllcon Plxels 50x400 pm ] | l.\\ ' EM Calorimeter
Sl Ewcwhvm« e 7 2| Silicon Strips (SCT) 40 um rad stereo strips e Pixel Detector

ATLAS Recorded _— . - - 3 %
S -| TransitionRadiation Tracker (TRT) <36 points/track . Tansiiof Radiation Tracker
$ wf ] — Toroid Magnets SemiConductor Tracker
£ o : ATLAS
: @ AFP LUCID LUCID ZDC AFP
¢ 20t B ATLAS Forward Proton o

[ T IR
\’I‘N\'\‘l \%M\J\B

“h 4B
33!‘\ 3\3\“33““ 30\\5a“

ot
Month in Year
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=0;table=1;up=1
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ApprovedPlotsATLASDetector?sortcol=2;table=1;up=0

CMS DETECTOR

Total weight : 14,000 tonng¢s
Overall diameter :15.0 m
Overall length  :28.7m
Magnetic field :3.8T

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCA
Brass + Plu@c&c@&mazm channels

STEEL RETURN YOKE
12,500 tonnes

SILICON TRACKERS

Pixel (100x150 ym?) ~1.9 m? ~124M channels
Microstrips (80-180 um) ~200 m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

PRESHOWER v
Silicon strips ~16 m* ~137,000 channels | "lll \

¥
A

Leading Protons measured at
-220m & -147m from the CMS

CMS Experimental Area (IP5)
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Leading Protans measured at /
+147m & +220m from the CMS
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Total Cross-sections Standard Model Production Cross Section Measurements
1. pp—X T : 3
Diboson cross sections Sensitivity to New Physics o 2
1' pp_)yy-l_x T . Ef =125 Cav' LD o‘
2 pp o dl+X w Cross-sections L, &%“
WW-boson cross sections @ measurements In pp o @0%

Lopp— (yp —> WW) +X Y _ % O°

2. pp— WW +2>] jet +X (- at \/S 13 TeV ¥ ¢l \60
Measurements of the rarest processes .z 5 = o‘é Theary

1. pp—>Z(— wvw)y+2jets+ X & ':.‘\005 LHC ppE-."T_= 13 TeV

2. pp— Z(— )y + 2 jets + X e . o

3. pp— WWW+X . s HC pp VE=5
EW Z-boson cross sections ey s ses° B .

1. pp — Z +jet(high-p;) + X i B .&°

2. pp— Z+large R-jet + X @wz S‘&;ﬁ
The b-quark fragmentation properties s n:&%

. X A 5

1. pp — jet(B*—J/w Kf—yx 2 KE)+X nu o ATLAS Broiinars
Forward Proton Scattering I T g&

1. pp—p(yy—te) p» e L 04 e V5 = 5,13 TeVv

Soft QCD: Bose-Einstein correlations 10~ 10~* 10-2 10-' 1 10' 10® 10® 10* 10° 10° 101

1. pp — h*h*+ X o [pb]

Bonus: W-mass
29.08.2023

ATLAS: SM and fiducial production cross-section measurements in pp interactions at 5, 13 TeV,
corrected for branching fractions, compared to the corresponding theoretical expectations 8
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2 ixiv2207 12215 6ror PP ELASTIC-SCATTERING AT 18 TEV #1 curpnysicroosiss & o
» ATLAS measurements of elastic scattering can be linked to other processes occurring on hadronic pp-interactions
» Calculation the total pp cross section o, & the p-ratio

» The p-ratio determines the complex phase between the Coulomb and the nuclear amplitudes
4 o0, (TOTEM) > oy, (ALFA) on 5. 8 mb (2.20) Re[ 74(1)] where f,(t) is the elastic-scattering amplitude, t
25 ¢

o) i T ] - 7 stands for the four-momentum transfer in the reaction
E v of omn ) Im[fa ()]}, > p=0.0978 £0.0085 (exp) £0.0064 (th
= [ « TOTEM ok p = (exp) (th)
6 ool s L L . .
200 Coemicrae o bt The most precise measurement’of ,fi | LHC 200m | LS
-~ — COMPETE HPR1R2 % f : o
- — FMOFroissaron-Maximal-Oddergil, om0 12000 the total cross section ] §1§
PP BCBM Block —Cahn-Bourrely-Martin : S 1k Py
150— ----- KMR Khoze-Martin-Ryskin ) 4 The confirms the trend of Giot . ] o0s
~ w HEGSO High Energy General Structure increase with \/S [0 00 00 e T e
[ .- BJAS Broniowski-Jenkovszky- 0.1 & ‘
100 RuizArriola-Szanyi  The p-ratio is in disagreement with [ " ATLAS
: - - 0 * TOTEM
i pre-LHC theoretical expectations “F + Lower energy pp
L . C —— COMPETE HPR1R2
501~ b 4 o, and p together with other 0.1 — FHO
o1ulpp—X) 10468 +1.08 [gxp)s0 12(theor) mp - MeasUrements of these parameters [ 4ff " .
0_ lllll | 1 1 Illlll 1 1 1 llIHI | 11 IIlIIJ | 1111 Compared to mOdeI prediCtiOnS in _0.2:_ r’:‘ IIIIIII I“_I :‘EESSU
10 102 10° 10¢ dependence of s gty
Is [GeV] 10 102 10° 10¢

o, and p incompatible with Community-Standard Semi-Empirical Fits (COMPETE) Is[GeV]

indicating Odderon exchange or a slowdown of &, rise at high Vs °



A@ arXiv:2207.12246

61or PP ELASTIC-SCATTERING AT 13 TEV

) S L DL B
g 100F o ATLAS(NBTS) =gl
< [0 ATLAS(ALFA)  --- cssuem
¢ 90—+ TOTEM o =
- 4 ALICE -
801 » LHeh -
) o Auger :
70; o pp (non-LHC) E
04 ° PP

30

0 b,

30 Hmi

20;_ATLA3 | S
I R R

Comparison of inelastic o

inel

s[GeV] » Ratio of elastic to total cross section

measurements with other published
measurements and model predictions

as a functitri’et the Vs

> Total inelastic cross section o, IS ir%E

O The ratio o;

03

agreement with previous ATLAS ~ 02
measurements using MBTS detectors

inell O1or @ Measure of the 026
opaqueness of the proton, continues to 0
grow slowly with Vs, and its evolution is

well described by the Khoze-Martin- 092
Ryskin (KMR) model. (This is a two-
channel eikonal model with few 02

parameters and it uses all available high-
energy data for pand o, as well as the (.18
corresponding differential elastic cross
sections, and also all available 0.16
measurements of low-mass diffraction.) 014

L The measurement remains far from

probing the black-disc limit, i.e. a
totally opaque proton

o./o. IN tension with the values

from TOTEM and lower energies
Yuri Kulchitsky, IP NASB & JINR

C M}/

#2 Eur.Phys.J.C 79 (2019) 785 “
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0.26
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L]
4
o
’

B ATLAS
» TOTEM
0 Lowerenergy pp
o Lower energy pp

— COMPETE HPR1R2/el. ref.
==+ Block & Halzen
el. ref. =12.7-1.751n(s) + 0.137 Inz(s) - BIAS
| II\IIIIl l \IIIIII| | \IIIIII|
10’ 10’ 1(f
(s [GeV]

Measurements of the ratio a,/a;,; at different
\'s compared to model predictions and for
illustrative purposes the COMPETE prediction
of g, divided by a conventional
parameterization of the elastic cross section



A@AS ATL-PHYS-PUB-2022-009 INCLUSIVE PHOTON FIDUCIAL CROSS SECTION MEASUREMENTS

inciusive Photon Fiducial

Cross Section Measurements

¥, pr > 125 GeV

.ETFHII'Z mﬁ'gﬁml.mmn

ATLAS Preliminary

yopr>25 GV | Vs=T813 TV
- Il <0.6 O R AL
- 0.6< 9| <1.37 | 7= REER AL o) NNLO QCD
- 1.56< || < 1.81 | ~=izamonmea m NLO QCD

- 1.81<|| < 2.37 | " it mbnli o™

LHC pp 45 =13 TeV

Ldt
fh'1]

iz PLE 2017 04072
Mz JHEP 06 (201 5} 005
Mz JHEP 06 (201 5} 005

PAD B4, 052004 (2014)

PAD B4, 052004 (2014)

45 PAD B4, 052004 (2014)

1= JHEP 11 [2021) 163

2z PRD 35 [2017) 112005

45 JHEP [, 088 {2013)

PLB TE1 [2018) 55

- Data
slat
¥, pr > 100 GeV e i E M stat® syst
LHCpp Vs=8TeV
- m‘l"l 137 o= B2l o) - E[I;l[d
= 1.52< || < 2.37 | * ™ Eidpid thao LHCpp Vs=7TeV
- Data
stat
7 = b iR e stat @ sys!
yy. AR,, > 0.4 o A e o )
- Sidn
vy = By
i i L
0.2 0.4 0.6 0.8 1.0 1.2 14 1.6
29.08.2023

data/theory

Status: February 2022

Direct photo

g9 >y

BG

“ReCrat

\O()QZ/}/—nee

W —ev

JHEP 11 (2021) 169
arXiv:2107.09330 [hep-ex] ATLAS

g, MV

Non-prompt photons

1t—>yy

dijet
el

Single- and double-
fragmentation photons

« Cross section of pp—YY(AR,,>0.4)+X
i

y+ et

Diphoton topology

Selection Detector level Particle level
Photon kinematics | pry,, >40(30) GeV, |n,| < 2.37 excluding 1.37 < [, | < 1.52
Photon identification tight stable, not from hadron decay
Photon isolation }Soyo 2<005-pr, ,';‘;0 2<0.09- pr.,

Ny22, AR, >04

[ Overview of the event

Process

Event fraction [%oc]

selection at the detector
level and at the particle
evel (fiducial phase space) Electron

Yy signal

Yy pile-up

60.4 = 3.0
20.0 =+ 1.3
10.1 = 1.1
6.3 + 1.2
2.6 + 0.1
0.6 + 04

11




€9 JHEP 11 (2021) 169
ATH arXiv:2107.09330 [hep-ex]

Diphoton production

Low-Invariant mass diphoton event

CROSS SECTION OF PP— Py + X AT 18 TEV #2 "™V Eur.Phys.JC 4(201)
lal cross sections

jet
+2.4 (syst) pb

fiducial & differ

AR,,>0.4 y &
= 31.4+0.1 (stat)
The measured Integrated 3 m)/)/ Y 4
cross section compatible 4 * @ . y
with the NNLO Il = g

predictions and multileg-
merged calculations

Fiducial cross section [pb]
SHErRPA MEPS @NLO
NnrLoJET NNLO

NLO

LO

B

+7.7

33.2
29.7
19.6
5.3

—-5.6
+2.4
—20

1.6
—-1.3

+(') 5

Diprnox NLO

~
O'),y + unc.

A comparison 0

with the theoretical

predictions shows the

Importance of higher-
“w order QCD

' contributions even for

J Et such an inclusive yy

Yuri Kulchitsky, IP NAWgéurement

e
-
_I,- =
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3129; M5,

measured cross section

ATLAS - data
(s=13TeV, 139 fp! oyt

Wstat
Sherpa MEPS@NLO
NNLOJET NNLO
NNLOJET NLO
NNLOJET LO

Diphox NLO

0 10 20 30 40

Integrated fiducial cross section [pb]




JHEP 11 (2021) 169 7 TeV: Eur.Phys.J.C 74 (2014) 3129; CMS
£ eeu o per o4 CROSS SECTION OF PP— yy +X AT 13 TEV #3 HEP 01 (2012 135 L

T E ATLAS /5 13 TV, 138 ot N 3> Higher-order perturbative QCD
S DIPHOX 4 corrections are crucial for pp—yy+X
%: _, [Agreement: NSN:S;EI 10 Inthe Leading Order (LO) the yy momenta balance
_é_: 10 ?mpasuredl d|ﬁerent|a| Cross.se . _§ each other perfeCtIy, rESUIting ina pTaW of zero. This
8 2 i 0_; g & the most accurate predictions™ i ob\flously doesn’t match the measgred distribution,

= ] - which shows that most of the y-pairs have py,,, values

S i - different from O
b 10 In the Diphox NLO and the Nnlojet NNLO physicists
104 L of 4 include the production of the extra quarks and
16 H H = gluons in the prediction.
& 15 E = O The Nnlojet NNLO prediction (blue line) gives a
:a; 0_; = good description of the measured values at high-py,,
@ 0.6 = _ : : )
= 0 ——=—The Sherpa (red lin mbine calculations with
= 04 Br 1 > 40 (30) GeV - e_S_, erpa ( ec_l e) co | b e calcu ations wit
o E—T0T S 13 additional techniques, which involve the
4 10 50 100 500 . ) .
o, [Gev]  Simulations of arbitrarily many quark and gluon

Differential cross sections measured as functions of p;, (also as emissions, especially relevant at low energies
functions of ¢, 7-Ag,,, ar ) compared with the predictions from o . - .-
Diphox NLO, Nnlojet NNLO and Sherpa MEPS@NLO. At the bottom, *+ Sherpa pl:OVIde the best Qesqupt_lon
the ratio of the prediction to the data is shown. Uncertainty bars on the of the entire measured distribution,
data represent the total uncertainty, while uncertainty bands on the including the IOW-pT

13

predictions feprésent perturbative scale (statistical) uncertainties,'” VAse &JINR
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A@ ATL-PHYS-PUB-2022-009 DIBOSON CROSS SECTIOHtMQW%

twiki/bin/v Pubhc/PhysmsResHﬁgolg] |ned
Diboson Cross Section Measurements Status: February 2022 [ - o May 2021 reliminary
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00 02 04 06 08 10 12 14 16 18 20 22 24 Al results t. Production Cross Sectlon Ratio: Gy, / Gy,
data/theorv

O Diboson cross section ratio comparison to theory: Theory predictions updated to latest NNLO calculations.
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§ repor@oznoos g CROSS SECTION OF PP 4 LEPTONS+X AT 13 TEV #1 Eyirysac oo e B

" arXiv:2103.01918 [hep-ex]
+

it » Measurements of 4l differential & integrated fiducial
Cross- sectlpns In events with 2(e*e”) or 2(n*w’) pairs

O The 4l final state has contributions from interesting
SM processes: 1. Single Z boson production, 2. Higgs
boson production, 3. On-shell ZZ production.
N O Sensitive to New Physics / BSM contributions:

1. Modifications to the couplings of the Higgs or gauge

Contributions to the pp—4¢ (f—e, 7)) process
boson, 2. Possible 4-fermion interactions, 3. Models

(a) t-channel qg—2Z")/y()—4¢ production,

(b) gluon-induced gg—2Z®)/y(")—4¢ product|on with leptonic decaxs of Z bosons or 4. new partlcles
via a quark loop, The supe_rscrlpt (*) refers AN R
(c) internal conversion in Z boson decays to a particle that can be ee&/—\ tgon
Qo 2Oy O 204200028, cither on-shellor offshell, W™ (" | ) 744 Hdf OfslZZ OeshlZZ
(d) Higg;ggsozn(;g‘;gia;eg s-channel production s ayays off-shell Meased | 889 | 21 4% D4 493
> Fiducial cross-sections in fb in the full fiducial phase 8 [l 76a) B i) b
space and in the following regions of m,,: Cross-Section ir2.3(sys[:) tl.l(sys[:) .18 (syst. ) 00 (syst.) 08 (syst.)
1. Z—4L (60<m,<100 GeV) li £13 (umi) 04 (hmi) +0.08 (i) 0 (o)~ #08 (lumi)
2. H—4t (120<m,<130 GeV) 30 (total) |£L3(total) +0.33 (fotal)  #0.8 (otal) £1.3 (total)
3. off-shell ZZ (20<m, <60 GeV;100<m,,<120 GeV;130<m,,<180 GeV) ShERo 0645 BALS A0 1507 460420 |
4, -shell 180<m,, <2000 GeV ) o o o o
on-shell 22 (180<ma, <2000 GeV) povr P | 815 | 210203 4B 0747

» Two predictions are shown for the
gq —4¢t process simulated with Sherpa & Powheg+Pythia8

29.08.2023
15



§i yeoeznoe 1, CROSS SECTION OF PP 4 LEPTONS+X AT 13 TEV #2 FurPhys 1.C 78 (2018) 160 g

y X ax ,()pmmm( for my > 225 Gev

> ATLAS T pval (Sherpa)=022 —s~ Data. 3 5 FATLAS 4 Data 1 3 Eamas R
O 10[s=13TeV, 139 fb" p-val (Powheg)=0.09xx Powheg qg—4l + X 9 105513 Tev, 139" R Powheg il + X2 O 045 13 Tey, 139 " A Powheg ggdl+ X =
=, 4444 Sherpa qg—4l + X £ F120<m, <130 GeV ;% irel_:pail ?‘3/73' &v)((w : 2 0 g5 120< M, <130 GeV Yy Sherpa qgsdl + X 3
= X=gg—41+H—>41+VV V4TV (V v F ) =g AsHo A VWVHIVIY) 5 035 X=gg wvativv) 3
. 4§ el N A Mo |
B H—4l = k) 1Ep—val(F’owheg)=0.6 3 § 0.3E —:
3 10 9g—4l 4 £k r* 3 5 Bl p-val (Sherpa)=0.02 3
— V(V)+VVV E T m12 - © 0,255 m34 p-val (Powheg)=0.0073
10-2 4 vE o E & E
10° e st ‘ E
ol =] SIS 2 §
F Z—— HHiggs————> On-shell 2Z E 0% = =
-5 I _eha E = ]
« 1076, ¥ : plherer | E @ {5t ——— :
S 15 q ]
"-C- c AT T A
o o B W\
S g It N\
a 050

50

2 The measured data are compared with the SM prediction regions:: for the contribution from Higgs production.

using Sherpa (red) or Powheg+PYTHIA (bl models of theThe same-flavour, opposite-charge pair with an invariant mass closest to m is
qg— 4¢ contribution selected as the primary pair in the event with 7z,,.

*» The p-value is the probability for the 42, with £ degrees of 3 The region dominated by Z—4¢ production is used to extract the most
freedom. precise measurement of the Z—4¢ branching fraction to date,

B, .4 =[4.41+0.13 (stat)+0.23 (syst)+0.09 (theory)+0.12(lumi)]x10°
» The SM predlctlons agree well within This is consistent with previous exp. and with the Powheg prediction

uncertabnties over my, Spectrum Y B, 4 =[4.50+0.01]x10°

16
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) Phys. Lett. B 816 (2021) 136190
ATLAS  arXiv:2010.04019 [hep-ex]

gl Wt g w+
v W- v W—

2. CROSS-SECTION PP(y y) — PO W W PO, WW —e&'v yfv #1
» The observation of photon-induced production of W-boson pairs, pp— W W —evu'v
A This is unique process: it only involves diagrams with self-couplings of the EW gauge bosons #* final-state proton stays

«»* Test of the EW sector of the SM

+¢ Direct access to triple pWW and quartic ypp\WW

interactions, O(agy?)

24%

Y

intact or fragments emitting

73% ay

P2 P2 P

2%

Diagrams for the exclusive py— W*W- production representing the
|. elastic process

I1. single-dissociation where one initial proton dissociates (SD)

[11.double-dissociation where both protons fragment (DD)

Signal region Control regions

Rirk SR |nw=0] CR CR | l<nxk <4 |CR
P > 30 GeV < 30 GeV > 30 GeV < 30 GeV
vy —» WW 174 +20 45 + 6 95 + 19 24+ 5
vy — €t 55 = 03 396+ 19 56+ 1.2 32+ 7
Drell-Yan 45 + 09| 280 +40 106 + 19 4700 + 400
qgqg — WW (incl. gg and VBS) |10l =+ 17 55 +£10 1700 =+ 270 970 + 150
Non-prompt 14 +14 36 +35 220 220 500 + 400
Other backgrounds “& 7.1 + 1.7 1.9+ 04 | 311 = 76 81+ 15
Total e"ﬁe 305 =+18 459 £ 19 2460 = 60 6320 + 130
Data 5‘?‘& 307 449 2458 6332

Run 1 evidence of this process has
turned into observation in Run2
at 8 TeV

v ATLAS: Phys. Rev. D 94 (2016) 032011
v CMS: JHEP 08 (2016) 119

Summary of the data event yields, the
predicted signal and BG event yields in
the Signal Region (SR) and Control
Regions (CR) as obtained after the fit

18
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ATLAS  arXiv:2010.04019 [hep-ex]

., CR  AmAs

{s=13TeV, 139 fo'
1<n, <4 '*~=<*  CR

—— [Data
W—>WW

B G B Drel- Yar

B qq=WW

I Mon-prompt
| I Cther qq initiated
' 44444 Total uncertainty

D530 GeV

]
(=]
(=
=

Events / 5 GeV

—
()]
=
o

/

1000

500

Data / Pred.

o
p [GeV]

80

The background-only hypothesis is rejected with a significance of 8.4 (5)o .t +0

120

Events / 5 GeV

Data / Pred.

150 —

100,

P R A
12

—

0.8

Ny = 0
——
]

= Total uncertainty

ATLAS
{s=13TeV, 139"

Data

T—=WW

Tyt

Drell-Yan
qg—=WW
Mon-prompt
Other qq initiated

d The W observation of photon-induced production in pp collisions
(evidence —previously reported) o 19=3.13+0.31(stat)+0.28(syst) fb

v The result is in agreement with the theoretical predictions
Oiheo— 4.3£1.0 (scale)+ 0.1 (PDF) fb by MG5_aMC@NLO+Pythia8

CROSS-SECTION PP[y y]—> P(’) W"W POWW —>evuy #2

The interaction vertex is reconstructed
from the leptons as the weighted average z-
position of the tracks extrapolated to the

beam line: Z¢, Sin” B¢, + z¢, sin® 6,

it _
zvtx -

sin’ O, + sin’ B¢,
The weighted mean zposition of the tracks

extrapolated to the beam line. n,, : number
of tracks in a window Az=+1 mm around

— z!l . excluding the tracks from leptons
— £ 1200 _§ oo | ATLAS '
% \J)%%\Em: — g:‘:‘{w Vs =13 TeVv, 139 b’
7 C p™ > 30 GeV g
//éj’/é//// 800_'__-N0n—pr0
/ — [ Drell-Yan
L 55555 Totaluncertainty . IS
b 00
100 120 400
py [GeV]

200 |

1 2 e et T S A =Y A AR sy —
1 . - - -
0_8 b - i b s s s R sm s s S8 i4E B IaE R IAE B RS T S F——
0-6 — .__I..__ — .I.__.._ .__.._I_...__.
0 1 2 3 4

Number of reconstructed tracks, N,

Without additional tracks from hadronic activity
and from close-by pileup interactions

19



B L O e CROSS-SECTION PP — W W +>1 JETS + X #1
> Fiducial & dnéferentlal cross-section measurements of W*W~ production with >1 jets
» It is sensitive to the properties of EW-boson self-interactions; provide a test of pQCD & EW theory

EIEvents are selected with one e*//" pair & >1 jets with 2Jt>30 GeV and |yi¢f| < 4.5

”'— q n - q | T T T I | T I T T | T T T T | T I | T I T
\\ \N\M  Fiducial selection fequirements ATLAS

— Data

(s =13 TeV, 139 fb" [ Stat. Unc.
pp > D6V | jepto PP — €IV ] [[]Tot. Unc.
7 va q ‘”5’ <5 Data ¢ Predictions
7 ' 258 + 4 (stat) + 25 (syst) b
My > 8IGeV MATRIX 2.0 nNNLO
"/1% 7o/ 279 + 2 (PDF) £ 18 (scale) b
q w7 Wt g W J-T ¥ Jets MATRIX 2.0 nNNLO ® NLO EW
g q g V| <4 278 + 2 (PDF) + 18 (scale) fb
: _ - T - ; Sherpa 2.2.2 (0-1j@NLO, 2-3}@LO)*
dFeynman diagrams: #* W~ boson pair in association with a jet | 2723 ®or): &)
> The measured fiducial cross-section of #* W*— e v 4 v+>1 jets+X 263 £3 (PDF) £ 16 (scale) o &)

old = 258+4 (stat)+25 (syst) fb \W
_ _ Comparison of the measured fiducial W + jets Niddetiinsiieteiime | ST
The result is compared with cross-section with various theoretical predictions ™ ™ * jyegrateq ictucial cross-secton [

O fixed-order parton-level prediction from MATRIX 2.0 that is accurate to NNLO (NLO) for gg — WW (Wgg — W) product

O prediction that additionally accounts for EW corrections to WW+jet production: calculated with Sherpa 2.2.2+OpenlL.oops

O predictions from Sherpa 2.2.2, MadGraph5_ aMC@NLO+Pythia8 with FxFx merging, and Powheg MiNLO+Pythia8,
which are all supplemented by a Sherpa 2.2.2+OpenLoops gg—WW LO+PS prediction

29.08.2023 » The data agree well with all MC predictions 2




<) JHEP 06 (2021) 003

3. CROSS-SECTION PP->W*W + 21 JETS + X #2

kLR arXiv:2103.10319 [hep ex]
= ' ] — Y —
§ 10 atLAS L ?:::.z"nis;zz-n;meﬂa-"w 7% Measured fiducial cross- 5 “Farnas T — L
P S R i - - NG R L = T B
P MDePyg Jo  sections of WW+jets for: & [ pp— e Loneanceymas e |
L Qo R Y MQI?QZ&&ELEQSTET; £ et > MATRIX NNNLO ® NLO EW 3
5 P e, lead.lep. sub-lead.lep. 5 - “ plus Sherpa+OL gg — WW -
ik ™ ame o Pt » Pt ’ g .
- - : lead.Jet s ew Eld
e . : ow-
- ; Pt y M .
10 2 E10 - - - 1ok e 410
e O All predictions give an excellent B :
102k ?tfrr“l . . a4 o
o 1af description of the observed data 102 R
Rl
Q 12 g 14r ]
8 1~--+1----H"5¢ ﬁé%ﬁﬂﬁﬁ»{«é#}i LA H H} O For the nominal Sherpa 2.2.2 predlctlorg 12[ jlr*# NS {*%#M { {ﬁii‘alff . } 1
k=] + #‘p ¥ |
g ok values of y2/ndf are below one, except Bro.f ' SN
2 3107 lead.Jet 06| , , -
W 40060 10 20 3 1°;lee:*[‘65;<\}]°2 the m,, distribution measured for p* e —
%‘ i . . - + D‘ata and Sltat Unlcelljtaint : E >200 Gev’ for WhICh the Value IS 1'4 + Data and Strt Unct-erta-irE?eV] =
:_g i }‘?ET:}:gTeV, 139 fb™’ ;ﬂtaIUr;:gnzainl}r "] Gb - f h - - d . 8 ;%T:J:g-rev‘ 139 b ;(r::‘tal Uf";;“;im}’ Y] . _g
g 105‘ pp — esvutvj g Mtse;pzmb;mmaa FxFx * '510 C_Omparlsons O_ the _remalnlng pre ICtIO'_;% 10? Pp — efvuv ] : Mggpaamb;rpwhlafi FxFx * _fm
O I Mammesemosw]  With the data yield similar y? values, ¥ |ooaaoe. T Manexmnio Lo ew ]
s asos peestepmores = except for the jet multiplicity, H- & S o P ShepRrer s
15_ N B —:102 . . . J y’ . T T U3 : -t g H10?
_ . distributions, where, for the highest ; H. = ZpT"j ot b :
et multiplicities and energies, small 5T :
10 - ) i ) T ) e
' B discrepancies exist: data / predictions  1o"tS_ = ¥p Het+ xp | e s
g r B T > The data agree well with predictions i m ]
R 1 4++¥- %%f‘ }ﬁ“ {#*{" - t f1 inall differential distributions, up to ;;" S AT T 1LW ‘} Hi- it { ¥
g 08| . ; . : ]
& oef L 1 thehighest p;and for <5 jets £ . 14
40 50 60 102 2102 3x102 - :}TGSX‘:f]& g pT . J 40 50 60 10° 2x107  3x10°? Hz[ﬁéég]z 21
PT e T



ATLAS 3
Z(>LELNdd & Z(~pvlydd
T PR@DU@T[@M S

7% "1:7{ . .
R\ ) i W
' RN Z(—vv)yjj candidate event:  *< - Zl=w)yl)
J e.t ‘ V v P y
MET

> P+ =64 GeV,

> E,ms = 264 GeV RS
> m;=2.6TeV jet °



CMS
CMS: EL‘ECTROWEAK CROSS SECH&HVM‘?{WMSPUNic/PhysicsResuItsCombined é

qqZZ

1.19+0.38 £ 0.13
1 ] L " " L

]

May 2022 CMS Preliminary
CMS EW measurements vs. 7 TeV CMS measurement (stat,stat+sys) 00—+
Theory 8 TeV CMS measurement (stat,stat+sys) ——o——
13 TeV CMS measurement (stat,stat+sys) ot
qqW — ot 0.84+0.08+0.18 19.3fb™
qqW ot 0.91+0.02+0.09 35.9fb
qaZ —f 0.93+0.14+0.32 5.0fb"’
qQaZ o 0.84+0.07+0.19 19.7 b
qQaZ . 0.98+0.04+0.10 35.9fb’
WV e 0.85+0.12+0.18 138 fb™
TY—WW i 1.74+£0.00+0.74 19.7 fb"
qqWy ' 1.77+0.67+£056 19.7fb"
qqWy . 0.88+0.11+0.15 138 fb™
os WW e opposite-sign (0S) WW 1.12+0.15+0.17 138 fb™
ss WW -+ . H same-sign (SS) W*W* 0.69+0.38+0.18 19.4 fb™
SS %NW L 1.20+0.11 £+ 0.08 137 ﬂzr‘1
qqZy = o 1.48+065+048 19.7fb
[qqZ'y C D 1.20+0.12+0.13 137 fb"
qqWZ b e 1.46+0.31£0.11 137 fb™

137 b’

Summary of the
cross sections of
pure Electroweak
(EW) Interactions
among the gauge
bosons presented
as a ratio
compared to
theory

JHEP 06 (2020) 076
Eur. Phys. J. C 82 (2021) 105

|

0
All results at:

1

NASB & JINR

Prrzaduction Crosas Section Fia?io: Oexp / O
List ofptiblication: https://twiki.cern.ch/twiki/

5

theo

In/View/CMSPublic/PhysicsResultsSMP



€ ATLAS-CONF-2021-038

o ArLascone2021038 B RCTROWEAK PP Z(—LL)y JJ +X & PP— Z(—vwv)y JJ +X PRODUCTION #1 %/
» Vector boson scattering (VBS) processes (VV—VYV with V = W/Z/y)

> Quartic EW coupling experlmentally acceSS|bIe In electroweak production of VV]]

: ; . O Purely EW interactions
; . without self interactions
- fs
. P
i L'E] i1 h 9 i i q
N T f’ h i /]
8 TR, L I hoo~F
¥ fa e v f! fa
T b f’ : I3
0 Processes involving both strong and EV\/“lnferactlons“
d Purely EW mteractlons involving only 3 1ok ATLAS .

Vs=13TeV, 139"

(up) [Ge

120
110

(I()_'_m(”y) _,L-" 160 - >
Z roductloﬁ wor 18 Covii A o
g p FSR sof ™ a3 MW<
The Z— Il & Z—vv decays are studied 2 P Ly
Z—Il large contributions from FSR off of leptons

cubic and quartic self interactions

q (f

D - [v -
o0 08
l:i

: I DALY s M e
L9 4 1"1.3 . . O
Rk 3
Bass . "
- - . 5
N B
P 4 g e ]
R
o' - . ;

O Increase sensitivity to EW couplings, by removing FSR events 4Q0" 80 90 100110 120 130 140 150 160 170

» Selection on the masses of the |l and /Iy systems: m+m;, >2m,  JHEP03(2020)054 muniEey v

- Two-dimensional distribution of m(ll) and m(Zly) for events
> LE{%FE% Z—vy decays r s mrmeony, 1 mon sonen SAtISTying all w1y selection criteria except that on the sum of
m(ll) and m(Zly). The photon is emitted from an initial-state quark

24



A@ ATLAS-CONF-2021-038 ELECTROWEAK PP-Z ( —EE s ,ll"',ll' )}’ JJ+X PRODUCTION # !

» The cross-section of the EW prodm: sensitivity to the gauge boson self-interactions
O Improved constraints probe scales of new physics in the multi-TeV range and provide a way to look for signals

Ty -1 1000
of new physics in a model-independent way g "¢ C\\/ | ATLAS Preiminary s Daia |
Lepton pt. > 20,30(leading) GeV, |ne| < 2.47 _ o 2 oEds . Vs=13TeV, 139 fb" Eg‘é’bz%ﬂ )
Ne>2 Selection criteria e S IS el
; ; L - : -
Photon E} >25GeV, || <237 applied at particle level s00E QCD -
Econe? < 0.07EY = _ \
AR(Ly)> 04 500 C(I*17p)>0.4  N\Totalunc.
Jet P> 50 GeV, vl < 4.4 Very = (3j, + ¥j,)/2 400 ERSESS I .
VBS sianat Ay > 1.0 {(tly) =
sSighature m;; > 150 GeV Yir =Y
remove jets if AR(y, j) < 0.4 orif AR(¢, j) <0.3
Event mep > 40GeV 7 o ot i ol Nl —

> 182G The centrality of the I*I-p

. i Mee ¥ Mgy S 14F ' ‘ ' ' ' ' 9
Strong QCD-Zy)) 1746,y < 0.4 system relative to the tagging g5 12 {(|+| j<0 4 } ¢ TRE
S eparatl on N gap _ 0 'D 1 W SEVRREE. SRRV \-\\\\-\-\‘\-\r\-\\\-\"\ w\\\\\-\-\\\\\\\*\\\\\\\*\\‘é\ \\\Q\\\\Q\\\\Y\\\‘%ﬁ

fels jets (jy, J) 7€ o8} ' >
] ] . 0 O. 2 0. 4 0.6 O. 8 1 12 14 16 18 2 22
1 Events selected with high m;; and high [Ay;;| Gl
- - - - - + — - -

O Centrality used to control background from Centrality distributions, &(I"I™y), in Signal

s : Region, {(I*I7y)<0.4, and Control Region,
Strong QCD - Zyjj p_ro_ductlpr) _ C(I*l17y)>0.4, before the fit to extract the EW-Zyjj

In data;background from tty validatedvindata i» nass 2 inrand the various backgrounds is shown. 25



§2 arinsconroncs ELECTROWEAK PP—Z(—e‘e, u*uyJJ+X PRODUCTION #2
> Post-fit m;; dlstrlbutlons I Slgnal Region (SR) & Control Region (CR)

Events / bin

ATLAS Prellmlnary
Vs=13 TeV, 139 b

]
I

%R

EW-Zyjj
QCD-Zyjj
Z+Jets

Y Total unc.

ATLAS Protmimary . —+— Data 3 1 To minimise dependence on theory
=prvion’ mmocozy 1 modelling, the high-g,, is only used to
+ets —
- ity

E constrain the m;; distribution

30 The normalisation parameters of the
QCD-Zyjj background, constrained by
data in the SR & CR are

Sy Total unc.

Data / Pred.

SassS S R +0.18

.21_ ;B.E'y—stmng, CR — 1. 'DD_G 16
m b 'R

s;— [T \ h ;8 — 1. D5+D 17

sl | Zy-strong, SR — -0.16

Summary of the
observed number
of events in data,
N, Packground
(NZ+jets' I\Itt_y'
Nywz;ji), EW-Znjj
signal (New-zy;;)
and QCD Zyjj
(Nocp-zy5) after
the fit.

29.08.2023

500 7000 15'0\0 2000

2500

3000

m; [GeV]

SR CR

00436 5547

087455 1352460

M1 5949

1743 1443

85430 143+
Total  SMUGIE3 162420
Ny 1461 1624

1000 2000 2500
m. [GeV]

Background-only hypothesis rejected with 106 (110)
Measured and theoretical Zy-EW cross sections:

opySP =4.49+0.40 (stat)+0.42 (syst) fb

o " =4.73+0.01 (stat)+0.15 (PDF)*023_ ,, (scale) fb
(from MG5_aMC@NLO+Pythia8 at LO)
» Measured and theoretical Zy-EW+QCD cross sections:

GEW+QCD Xp =20.6+0.6 (stat)*12_, , (syst) fb A
Q theor =20,4+0.1 (stat)+0.2 (PDF)+2.2 (scale) fb
(frb“mﬁ%h'@ "aMIC@NLO+Pythia8)

00 1500 3000

e‘“e“‘
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4G EurPhys).C82(2022)105 ] ECTROWEAK PP Z(—vv}ydJ +X PRODUCTION: 15 5P/ >110 GEV #1

e arXiv: 2109.00925

1.2

EW Z(—vv)yj] selection : : : g F A d-rsrev JHEP 08 (2020) 80 1
il ) » Using the E;™s to trigger g 'Fo===r . —
Observab]e Reqlllfemems ( _)VV) events 0.8 :_ﬂ_ - :—-— Anlii) = 5, WBF scale factor _:
Nig with py > 25 GeV 22 F2,3reco v o6 |- = T 5 (oo - 25 o ana —
(i1l <45 A This usually doesn’t impact oa e P - ecey
p1(ji) [GeV] S 60 sensitivity to BSM effects, as these oo . Eécta”“ llllllll E
p1(jy) [GeV] 5 50 are expected at high energy % - e :
AR(j,{) > 0.4 S OG0 25140 160" T80 360 350 340" '2'56' Jéstl)“é{]{]
® [GeV]
|&7}i]'| boson > 3.0
Vec ctor o 350 g ey ﬂs_ ; .......................
(3 Caﬁeﬂng (\]B S) <0.7 E 3 ;I_:t:z:!ﬂ Tew, égﬂmﬂ:rf:iw E{P : fre Ew Z+y  [ill Strong =+
mpTV]  signat™™® >05 T R TSR meany me
miss _ . ' jet—y
[I“thh-ET [GeV] > 150 Pzysuong = 102041 il centralit )05+ ()] || masaososed
Ad(truth-E™S, jy) > 1.0 Puy = 1012020 MY =T Gy )
p1(y) [GeV] SI5,<I0] 50 e i
Ifz(y)2|0 VA M AN YR
") <007
AR(y, jet-or-{) > 04
— _ o] 01 o2 0= 04 05 06 077 08 09 1
Cy  strong-Zyjj separation > (0.4 > Photon Centrality
Ad(truth-E™S, y) >18

WY g

N it pr > 4 GeV and Jy < 241
T

Similar strategy to select VBS events; control strong Zyjj production

Additional BGs, mainly Wyjj, compared to Z(—Il)y in data »
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AHS arXiv: 2109.00925

ELECTROWEAK PP— Z(—vv)yJJ +X PRODUCTION: 15 >P/>110 GEV #2

» EW Z(—>vv)y]] IS observed In this flnal state W|th a significance of 5.2 (5.1)o

180

ATLAS

rf- Pnst-m .
= '°9F fs=13Tev, 139 m" § E
E 140 EW Z(—=vV)yjj NN —:
LLl 120 —
100 % —:
80 _f
60 —:
40 p=g.. *
20 .
0.6 —@— Data/Post-fit ' > Uncertainty ' —— Pre-/Post-fit * A ]
"“Fake-e E&’“ "WilcR “TwrlcR T2 T ER "R m,
JdMeasured and theoretical Zy-EW cross sections: S
&y =1.3120.20 (stat)£0.20 (syst) fb &
oy, 10-=1.27+0.01 (stat)+0.17 (scale)+0.03 (PDF) fb &

(from MG5_aMC@NLO+Pythia8 at LO, rescaled by 0.3% to VBFNLO)

» Largest sources of uncertainties in jet energy scale/resolution is 7.6% and in Vy+jets modelling is 6.7%.

-2 Data

>33 Uncertainty

EW Z+y

B Strong Z+y

EW Wy

B Strong Wy

BTy vy

By +jet

Elec—r
jet—y

_: [ jet—e

Post-fit results
for m;; SR & CR
bins in the EW Z
y+]ets cross-
section
measurement
with the pz. e\
signal
normalization
floating
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§2 arxivizo0s. 12741 frepex]  ELECTROWERAK PP Z(—vv)ydJ +X PRODUCTION: E,">150 GEY #1

> The EW production of Z(— wvw)y jj with ay (E;>150 GeV), is a Probe of the EW symmetry breaking
mechanism in SM & is sensitive to quartic gauge boson couplings (QGS) via vector-boson scattering (VBS)
Z boson branching ratio Z—wv is larger than the branching ratio Z—l; the background is under better congiol than in the hadronic decay channel

Z

q

Photon centrality relative to the two jets
with the highest p+ values in the event is ‘f

defined as

y-centrality =

y(y)=0.5[y(ji)+y ()]

y(j1)=y(j2)

Were y=05x1n[(E + p;)/(E - p;)]is the rapidity
of the objects (p, Is the z-component of
the momentum of a particle)

(, F|dUC|aI region definitio

=

K %
T -

L Selections Cut value
iy, s > 100GV
E! > 150 GeV
Number of isolated photons N,=1

Feynman diag rams of electroweak

Q

Q
a
a

Zyj7 production involving the VBS
subprocess (top left) or

non-VBS subprocesses (top right)

Of QCD Zyy7 production with gluon
exchange (bottom left) or

the s-channel gg-¢g¢ process (bottom
right) 29.08.2023

Photon isolation

Number of jets

Overlap removal
Lepton veto

| A¢(7 Ii %HISS
|Ad(j1, pr)|
|Ad (o, ™)
mjj
y-centrality

E;““e“” <0.022pr +245 GeV, p?“ezo [pr <005
Njets > 2 with Pt > 50 GeV
AR(y,jet) > 0.3
Np=0,N,=0
> 04
>0.3
>0.3

> 300 GeV
Yuri Kulchit(sbx, IP NASB & JIN

Py

Definttion of the Zy subregions

y-centrality

21 lepton

G GeV]

O The signal region (SR) is required to have 7z,>300 GeV

and y-centrality < 0.6, where 77, is defined as the
invariant mass of the 2jets with the highest values of 2,
The Zy QCD CR 1 requires events with 72,<300 GeV; it
IS used to estimate the Z{»v)y77 QCD background yield
The Zy QCD CR 2 has the same selection criteria as the
SR but requires events with p~centrality > 0.6; it is used to
check for possible 7z, mismodelling. The values of the
requirements are chosen to maximise the number of events

and the purity of the targeted process in each region 29



A@ arxiv:2208.12741 [hep-ex] ELECTROWEAK PP Z(—vv)yJJ +X PRODUCTION: E;">150 GEV #2
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- Zy QCDCR 1 Bt Wi ] | ZyQCDCR2 M i Wi i 3505 Wy CR W thi Wi E 10° | Signal region I ttyjj M vii |
T Post-Fit Wz i Wz ] - Post-Fit Wz Wz ) - PostFit Wz.j Wi ] E Post-Fit Wz, i B Z(iiyyij 3
+ 7/ Uncertainty -~ Pre-Fit Bkgd. - L 7/ Uncertainty ----Pre-Fit Bkgd. _ 300 7 Uncertainty  ---Pre-Fit Bkgd. 3 - 7 Uncertainty  ---- Pre-Fit Bkgd.
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£ . . . . . 500 1006~ 1500 2000 2500 3000 3500
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0.30 0.53 0.71 81 0.86 0.90 0.93 0.95 1
m; [GeV] m; [GeV] BDT classifier response

Summary of the yield forprocesses in all regions, ATLAS Dl ZOUWEWK  EZ(v)jj QCD
Vs=13TeV, 139" Wilv)yii QCD W(lv )yij EWK W (eTjj, i, tj

o The mf?’g'it_“buuonsbfor the after the fit. Thedashed line shows the total 10¢ L Buckground onty it~ IR — — )
(@) CR1:ZyQCD, background distribution before the fit. Postrit (i 7rUncentainty - Pre-Fit Blad.

(b) CR 2: ZyQCD,
(c) CR: Wy, and the BDT classifier response distribution for the
(d) SR: after the fit in all regions
o The boosted decision tree (BDT) classifier response was-remapped into
equal-width bins for better representation. The dashed line shows the-tota
background distribution before the fit.

o The sianal selection uses a boosted decision tree (RDT) e
> The observed fiducial cross section | 0zyewk =0.7773,fb| & o -

Events

Data/ Pred

o o

(== J (= NN

< Qcp ; <r acp 2 SR 30
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Experimenta|$tandard Model Production Cross Section Measurements _ AE’;;’“?.S% ry 2022
pp inelastic il l-'[:]| . &G" L T Li
StatUS dmts Bens | (- T e
CMS - Prome
VBS W:W*  36fbT, 6.5 137167, » § e =) >
» 920 pR| 123 (2019) 161801 »# 30" p|_B 809 (2020) 135710 " &
VBS W*Z 36, 530 PLB 793 (2019) 469 1377, 6.8¢ PLB 809 (2020) 135710 & W
VBS ZZ 139fp™, 5.5p arXiv:2004.10612 137f6, 400 PLB 812 (2020) 135992 ¥ N
VBS Wy - (1374201, 53, PLBBIL(2020)135088 % &{D
-1 ATLAS-CONF-2021-038 -1 arXiv:2106.11082 Q
VBSZy  1397>100 SRS 1371671, 940 LB S
y=WW- 13917, 840 p| 816 (2021) 136190 ~— : 0& Theory
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SM PRODUCTION CROSS SECTION MEASUREMENTS

v
Electroweak VVjj production has been observed in all major channels
v They are amongst the rarest processes currently experimentally accessible
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ATLAS

EXPERIMENT

Run: 349169
Event: 1043374730
2018-04-30 01:58:32 CEST

WWW-?’éJrV e*v uv candidate event
E,Mss =105 GeV
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VBF, VBS, and Triboson Cross Section Measurements  stus: rebruary 2022
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VBF, VBS & TRIBOSON CROSS SECTION MEASUREMENTS
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Experimental Status
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47
139

Reference
FLE781 R0 &5 . Evidence for WVV from ATLAS
FROSS IR E0ET 0 www — Iv lv qq (I=e,u)
O www-blyly
O wWwz—-lvqqll
0 WWZ-=lvivll
O wWzz —qqllli
in 80 fb~! (2015-2017 data)
O Evidence 4.16 (WVV) and 3.2¢6
(WWW) PLB 798 (2019) 134913
EPJC 78 (20M8) &
masconr2ee-os  New ATLAS result focuses on WWW in

PAD 92, 012008 (2015
ATLAS-CONF-2012-029
ATLAS-CONF-2015-080

I*v I*v jj and I#v 17y [*v; Phys.Rev.Lett.129
(2022) 6, 061803; ArXiv 2201.13045

O e*e*+|],

O e+,

Q wut])

Q 3l + E;™s with no same-flavour opposite-

EFJC 77 (2017) 474
EFJC B1 (2027} 183

charge lepton pair
— strong suppression of VV + jets

JHEP O7 (20 7) 107

29.08.2023

data/theory
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. r:“iui?.ﬂbﬁn slat \ 139

[ I:F." EWH' i = L1 b 0L L4 i fominf Erar;ﬁﬂﬁl m

'=tluz‘u“ﬁh=ﬂu Pt 139

yy = WW r=m;ul?_z-;='rﬁu e 202
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B Fmary] 203

ZZjj EWK =y 1%

PRI I T ST NN T 0 U T Y T (WO W T T W O N Lo s o bo oo d oo w b oo aal
00 05 10 15 20 25 30 35

PLE 816 (2021) 135190
PAD 94 [2018) 032011
PAD 100, 032007 {2019)
PAL 123, 161801 [2019)
PAD 96, 012007 (2017)
PLE 793 (92019) 480
PAD 93, 092004 (201)
2 Xiv:2004. 10612

The 6y1yw.x=820+100 (stat)£80 (syst) fb
it is 2.60 of predicted 6y, x=511£18 fb
(NLO QCD and LO EW)

Observation of VVVV from CMS

in 137 fb™1 (2015-2018 data)

d 576 (VVV), 3.36 (WWW)
PRL 125 (2020) 151802
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S e R L 120 (2020 6 Setene e OBSERVATION OF PP — WiWiW+ X PRODUCTION #1
» The combined observed (expected) significance pp— WWW+X is found to be 8.0(5.4)c
@ The inclusive cross section is 820+100 (stat)+80 (syst) fb: 2.66 from the predicted of 511+18 fb (NLO QCD, LO EW accuracy)

TREBWWNTE W zte {rg)mfa:)r; Slr::grams . . WWW—Fv v ]} is distinguished
| ooy oroduction of WWW BG » from VBS signatures by requiring at least 2
A W bosons’ |nc|ud|ng " W g Celnttl’a| jetS with m“<160 GeV & AT]”<15
| ' , diagrams sensitive Imulation
R Al d to t?’iple & quartic O on-shell WWW s_imulated V\{ith Sherpa 2.2.2 E_it NLO
T gauge couplings a WH —->WWW?* simulated with Powheg+Pythia8 at NLO

: : _ _ . o QO spin correlations accounted for in W decays
Signal is measured in a fit to a boosted-decision-tree (BDT) discriminant O t- and u-channel production at O(a) as background

12 BDT training variablésloo?é}:;'”"”""”“'é'o';;'(”"”)'? 5”""':}1;;"”'””""""';'5'!;;'('”'”)': ‘smo};;;;"”"”""”"”.';avt;"w‘- Number of events for postfit signal, BG
L (5= 13TeV, 139 fy' WWWp=161) ] [ fe=13TeV, 1391 WWWE=181) 1 f [ (5= 13TeV, 139 b WWW(u=161) ] ]
>F sof-SA e Shpon | BESR Do ] o shue ] & data observed in the 2¢ & 3¢ SRs
€€ BED e BET L RMUE G e
Lrlorvardjen o - i B P, TN A
T SEN TN e 1 " WWW signal 28443 124+19 82+10 348452
minimum m (£, j)  —— o af Wz 811457 346422 170+£10 164+15
(s J1) 2 Chargeflip 311473 1945 17404
N(Gets) .
P (€2) D : 0 y conversions 608 £85 13915 .. 15£0.1
7, T T 3 7 g Nonprompt 170440 145423 104421 266429
1.2:/ & ) + + b 1 ¢ '%
Nem ol S O.J;W/Wf’j”” W{%)f TL N A T . |Other 23+24 100410 5846  80+09
ri &,. jl)J 0'60_ AR TR Ty - 0'60 0TeE 0 S 05 08 eI 08 a8 1 O 0'60_ 5705 05 04 05 06 07 05 08 1 _
BDT output BDT output BDToutout | TOtal predu{iéz 4111 8§73+22 415+17 890454
I I I i I Q
» Postfit BDT output distribution in the e*¢*, e «*, x4 & 3¢ channels for Data eSS w0 s 418 9
J?&V 34

Improving the separation between signal and background
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W0 ATLAS Prefiminary -Daﬁ CJWWW{u=1.86T] T [ ATLAS Preliminary #Data  WWW(u=158
o c A DNen-prompt @ BrE-1aTev, 12 @V @Nor-prompt
o =13TeV, 130" 1
- <R .B nv. [JChargefiip o = SR 3| @y conv. DCharge-flip
- ther z:Uncerainty 1 g 20 . .ﬂﬂ‘lEr # Uncertainty
£ Fre-Frt Bhgd. 7 i Post-Fit .- Pre-Fit Bkgd.
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E
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T
m [GeV] E'T"'“ significance

Data / Pred.

» Higher signal purity in 3l events compared to I#l%jj
O Separate boosted decision tree (BDT) training to
extract signal: Kinematic and angular variables,

combining leptons and E,™iss
O Similar validation of BDT modelling as for I*l%j)

Data / Pred.

11 BDT training variables

3£
ET'Ssignificance <10/ ET"SS
Pr (£3)
NGets)
same flavor 77z .,
1y (£E€E, EXFSS)
(€. € )_
AG(LEL, ETTES)
minimum AR (E, £)
2T (fs)_
1 (Eo. EEFVTT)
Efrniss significance

-IIIII\IIIIIIIIIIIIIII\\IIIIIIIIIIIIIII\IIIIIIIIII—
120~ -

- ATLAS ¢ Data 7

[ {s=13TeV, 139 1" CIwww(u=1.61)
100—SR pp* mwz _

: Post-Fit - Ngn.prgmpt ]

80-— 3£ [ Other
- 72 Uncertainty
grrrzzzzd | e Pre-Fit Bkgd. |

#M/M//#/// v //i// Z /i/yi///;y /;;;
; it

b)'m_.i\)'-ho

oo R

0 01 02 03 04 05 06 07 08 09 1
BDT output

O The measured cross section, extrapolated to the total phase space:
v 6\ ww=820+100 (stat)+80 (syst) fb; ey\wMc=511+18 fb
2.60 from the predicted of calculated at NLO QCD and LO EW accuracy

Data / Pred.

Events

14

&) herelat oo oss - OBSERVATION OF PP— WiWW+X PRODUCTION #2

Backgrounds and Background Estimation

ATLAS Preliminary ¢ Data CIWWW(u=1.66)
10 (s=13Tev, 139" EWZ @@ Non-prompt

Post-Fit [y conv. ;Charge—_ﬂlp
ol Vb oo, Bkad Uncertainty

W0 | WE41pt WEe2Dps ot
o LU0l

.-1-
1,9//7*(/////yyc,¢/ﬁf¢f//}/7§%//f/%/ / s raade Sliiatll SACRELEY ott
4 SR 3 ]

R, Raiy Rug Rar Ry R, R

42U Fit of BDT (SRs) and m;, (WZ CRs)

Largest source of background from WZ+jets
production, constrained in control regions

O Other backgrounds are instrumental and

estimated in data (misidentified leptons, vy -
conversions, electron charge misreconstruction)
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OBSﬂRYﬁTIONQE pp_) VVV_|_X PRODUCTION Phys.Rev.Lett.125 (2020) 151802 CZ

arXiv:2006.11191
> The production of VVV (V =W, Z) bosons in pp collisions at Vs=13 TeV
> 5 final states: W*W*W7*—FE [*2vqq , WAWAW F—EIH 73y, WEWFZ—El 2y FlF, WEZZ—Ev2(1H17), ZZZ— 3 (F1F)

CMS 187 b (13 Tev) O The observed significance of oM 187 (13 Te)
100 Same-sign/3 leptons 4/5/6 leptons Data and prediction the combined VVV production oo e o st
] ‘ ‘ , o ¢ Data = stat. uncertainty ) I Combined| | == Sequentiabcut 1 gy 402 4021
3 Background + systematics signat 1S 5.7 (59) | i
2 Triboson signals O the corresponding measured o e
) . g WW| —— 115 T4 020
& BWWW i, = 11528 cross section relative to S T
BWWZ (,,,=08653) - - . WWZ| | = 086 0392
- prediction is 1._02’70-_26_0.23 - :; f::
WZZZ =00 O The observed significances for Wz| | == 224 "1z a2
5| Bkg. in same-sign / 3 leptons the individual triboson 7 Mowed <54 |
[Lost/ three leptons production processes:
Bl Charge mismeasurement 0 1 2 3 4 § 6
o ".l I 4| OWW-+j 7w o 3.3(3.1) WWW, Signal strength
0 T ——"—mm—— — " == gl [INonpromptieptons o 3.4(41) WWZ, Best fit values of the signal strengths
1] - lept
| co e i Go o oo eH 2 10 AB 1234500 = boer o L7T(Q.)WZZ, " for the BDT-based analyses and the
. Z > 7 5 |Backgrounds in 4/5/6 leptons o 0.0(0.9) zzz. sequential-cut analyses
1J m-out  mqn  #SFOS  gprpins Z+en BDT bins 'g, '% Mzz [Jtwz [JOther
Same-sign dilepton 3 leptons 4 leptons 2@ | Oz @AW Cross section (1b)
Comparison of the observed numbers of events to the predicted yields after fitting. For Treating Higgs boson contributions as
the WWW & WWZ channels, the results from the boosted decision trees (BDT) based | Process Signal Background
selections are used. Events with two or more jets are categorized as “myj-in” or “mj;- VVV 10103210 +150 3701120 +80
out”. The expected significance L in the middle panel represents the number of WWWwW 590+ 160+ 160 190+ )10 80
standard deviations with which the null hypothesis (no signal) is rejected; it is Wwz 300130 29 10058 158
calculated for, the fit for s, Pulls are the differences in the numbers of observed and, ASE’@R 20071160 +70 110178° :LE‘{‘,; .
’ = 200 = 80

predicted events normalized to the uncertainties in the numbers of predicted events.




§2 ATL-PHvS-PUB-2022-009 VECT OR BOSON 'I‘X CROSS SECTION MﬂASUREMENTS

Vector Boson + X fid. Cross Section Measurements  swws: february 2022 frde o The data/theory ratio for

: . . : [fb-]
"""" s . ' " ' ' I ' ' 3.2 PLB 2017 04 072 H H H
¥ ;--__'r}“ﬁ"“i.;;%ﬂ” : B oo %2 ePan Grieo0s several ‘_smgle-boson fldUClaI
—y 421 o . - e e e wmesz  Production cross section
- LHC (#]] ".'5—13 Telf 33 JHEF:}EE%% 117 d f
Z — ee, pp xR : mm O 202 ﬁ%% 2017 E measurements, corrected for
21213 ST 53 {39 NS COwae om leptonic branching fractions
=y r'ﬂ'mn' v ;‘E mostoraeem o Al theoretical expectations
-2+ 23j L[y a6 oeroromeom - were calculated at NLO or
-2+ 24j Sale 45 MEPar ai b hiah
~Z+ b - LHC pp v==7 TeV 386 HEP 07 (2020) 044 igner
—z4+22b Em ass  weporemnow o The dark-color error bar
F e stat @ syst 46  PAD 1, 052005 (2015) Isti
oo s e BT | es ez o represents the statistical
e o 0.081  PLB 758 (201 a0 uncertainly
W — ey, uv ::i_,:__"E: s N - . 45  EPICTT 87 - .
i S s ecnpnaim o The lighter-color error bar
Wt 2] R o W7 erw g :
—— e Ao  IUER 08 atE ar7 represents the full uncertainty,
e g 45 Srcrie includi ' d
W+ 23 s 0.2 JHEP 05 (2018 07 Including systematics an
w i "“Eﬁ%' 202 JHEF:}E%:‘IK} 077 . . ..
~W 4 24 e, 48 EPicTsEoBE luminosity uncertainties
e | EE 46 Eicrposles The luminosity used and
Wik | - 1 ety © /
W.Z>qq | - T e «s wesimoneoy  reference for each measurement
WY er(Z) (fid.) | e s, 0.081  PLE 758 (2016) 601
o( ;;];rﬂ ) (fid.) e ATLAS Preliminary EE %EE%EE?%& are also shown
== — :
-3 SR Vi=5.7.8,13 TeV ::E PICTé oiaiaies O Th_ey were not always_ e\_/aluated
(D) (2) (ot | — D . a2 dHept i 117 using the same prescriptions for
------- » 46 JHEP 02 (2017} 117
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» The pp—Z+high-p- jets+X provides a way to probe the interplay between QCD & higher-order EW processes
O The angular correlations between the Z boson and the closest jet are performed in events with at >1 jet with p+ > 500 GeV

g _ 7 9 1
Z+ 1-jet Dijet
7
q q 9 q

Feynman diagrams for the production of a

Z boson in association with high-z; jets

U The Z+ 1-jet events are expected to populate the back-
to-back region where the Z boson is balanced against
a single high-z; jet

U In dijet events, the Z boson is expected to be radiated
from the quark leg, with kinematics leading to small
values of the angular distance between the 2 boson
and the closest jet, A&, , and, therefore, populating
the collinear region

10°

I

= = =
= — ATLAS Data @ Total Unc. —
e — Vs=13TeV, 139 fb™’ - SHERPA 2.2.1 .
, SHERPA 2.2.11
105 £ *=1jet o MG5 aMG+PY8 FxFx | —=
= 4+ NNLOJET NLO =
- ~» NNLOJET NNLO =
10% ; LHO @t . : ] ;
=  ARMIn, <1.4 =  High- =
s | p >500 GeV n
107 5 | . ST> 600 Ge\~
— i pT,jZSOO GeV : : ARmmZ’jZZ i 1 F¢>.V-+¢- ]
- Vomgy | Poewew | -
! : :
5 ’?'% ’ q;*ﬂ — =£fl+
= : :
<5} . .
o : ! + : : T +
0.5 oo

Inclusive H;’gh-pT

Collinear Back-to-back Hfgh-ST

Summary of integrated fiducial cross-section results
[ Data are compared with predictions from MC generators
4 S+ is the scalar sum of the transverse momentum of all
selected jets. High-$7 > 600 GeV

1 The collinear is for A/?m'”

;<14

St = Xp*+Xp,

29.08.2023 “' O The back-to-back regions is for 42, 220 38
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The Z-boson prand jet p; are
observables of the Z+ jets process
and probe perturbative QCD over
wide range of scales

/GeV]
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Understanding the kinematics ofjetsél m—a;

In events with V-bosons produced in g
association with several jets is
essential for the modelling of
backgrounds for other SM processes
& searches beyond the SM

The high-z;, region is dominated by thé
back-to-back topology and receives 05
significant negative corrections due &0

EW effects

In contrast, events with a high-z jet 5
typically result in both back-to-backy
and collinear topologies

The NNLOjet@NNLO predictions”-5
describe the data very precisely,
except for large values of zr , (71 1)
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CROSS-SECTION PP —Z(—e'e, 4 i) + LARGE-RADIUS JET+X #1

» Heavy-flavor partons in the initial state of a hard-scattering process are understood to arise from gluon splittings into 44 ,cc

O A high-mass new particle decaying into resonances naturally generates high-momentum merged jets, and the high-
momentum regime is particularly sensitive to modifications to SM dynamics by new physics

O Alarge-A-jet is required as a proxy for a high-p, hadronically decaying or splitting object (high-energy gluon)

Inclusiye\ 2-tag

% \w\ % it
Z+bb 324 +4 305+4 8426 1572425
Z+ce 536+ 10 530+9 : 19.3+20
Z+be 89 +2 81+2 146+12 1+09
Z+b 2588+ 13 2423+ 12 148+ 1.1 124+%h
Z+c 5073+32 4862 +39 55+13  69+17
Z+light 53808 + 164 51206+ 145 94+1.1 1L1£15
tt 5960 £46 5204 +43 827+53 754+56
W+jets 13+4 711 04+0.1 <0.1
Diboson 2042+17 1834 +16 205+14  207+14
MC total 70493 +175 66452+ 158 3249+68 315172
Data 66481 65034 391 384

Reconstruction-level event-selection yields in the ee & 4 channels from each process’s
MC sample (with Sherpa 2.2.1 used for the Z#+jets samples) and from collision data
The single-top process was found to make a negligible contribution to all event

Selections and has been omitted

» Multijet backgrounds were estimated to be negligible by a data-driven method
8 Jrle amas | ipmm ] 3 eE e amas T p
= Inclusive region " Total sys = E 5 a0 region #=MC stat

= C wi ) mZ+cc

S g3 i
10 I WHets - Ewﬂets
Eglboson - -Rlboson

o The 2-tag region was defined as a subset of inclusive
with requiring “the large-R jet contains exactly two

b-tagged subjets” (highest-z 2-tag large-#Zjet in

the 2-tag selection)

Subject separation: the angular separation, A&A4, 4 ),

between 2 A-tagged subjets

o = e e i B b B o s

2F E 2E t ¢

Bt S f 1 E DR S %\\%«\\%\\g\%\
08 - . = 08 \
06F | , + t = BE

800 1000 1200 1400 1600 1800 2000 20 30 40 50 80 102 2102

Large-R jet P, [GeV] Large-R jet mass [GeV]

o
=]
I

Selected reconstruction-level observables, compared with pre-fit MC simulation with
Sherpa 2.2.1 used for the Z+jets samples: the left shows the inclusive-selection ee

large-R jet prand the 2-tag selection eelarge-# jet mass distributions 40
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1 The differential cross-sections indicate

Q

significant mismodeling of QCD
activity in the inclusive event selection
by MC models

The NLO Sherpa and LO MadGraph+
Pythia8 event generators predicting greater
p+ and azimuthal decorrelation in the Z+J
system than seen in the data. The large-R jet
itself is consequently biased to higher p; and
mass values than in data, although to a lesser
extent than the deviations in the Z+J-system
observables

0 The NLO MadGraph5 aMC@NLO +

>

Pythia8 model describes all
distribution shapes well, with only a
small overestimate of the inclusive
fiducial cross-section.

All models somewhat overestimate this
cross-section, with recent Sherpa
versions providing the best description

CROSS-SECTION PP Z(—¢'e”, 4 11°) + LARGE-RADIUS JET+X #2.

; Data
—Sherpa 2.2.10
-Sherpa 2.2.1
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Particle-level differential cross-sections in the inclusive event selection. In the legend, “MGaMC” refers to NLO configurations of the
MadGraph5 aMC@NLO generator, and “MG” to LO MadGraph, both run in conjunction with Pythia 8. All models are using the
“SFNS” refer to the flavor-number scheme used. These are a significant background to important Higgs-boson searches. 41
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s ELar e-/lP'et T om —3d az-tagdata/ai_m'data:(o.62i0.12)% &eo S0 ATL A.IS‘ ‘The 2-tag regioh was defined as
9 9 Jet pr — Sherpa 2.2.10 5F . az-tagSher/amCISher:(o'59:|:0'39)% ‘Q,Q' 5 F 2tagregion subset of inclusive with requiring:
& [ ~--Sherpa 2.2.1 5F i g2tag [ gincl =(0.54+0.21)% > 2 I Vs=13Tev “the large-R jet contains exactly:
3 10 e -=- Sherpa2.2104F MG MG A~ " % L 361m'  two b-tagged subjets” 1
2 F --- Sherpa 2.2.10 fusing 3 The 2-tag selection: there is good shape ¢
T I TTMGaMGIPaa44F | agreement between the data & MC modefs” E
R Stat+sys unc. 19 The strongest feature observed in this event- £ N
o CCECt o o9, =14.6+46 fbselection region is in normalization, with - Large-/4 jet mass S
i —— Zi:jsmrpaf14.9i4.2 fomodels using four-flavor number scheme 10’ ¢ gﬁgpa 2910 5F Foo= E
- CELETTE we =14.4+391b (4FNS, b-absent in PDF) approach - -..Sherpa2.2.15F . .
0 am ae —  significantly underestimating the rate of [ 7~ gﬂg[gg i ?quing 1
- 2-tag region . 1 b boosted-jet production 10¢ . = MGaMC+Py8.244 5F o
s o1 Tev et T T S ber scheme (SENS.  F -~ MGaMC+Py8 244 4F |-+ -2
L 36.1 1! \ T TTTTETE |_Ve' our-tiavor num €r scheéme ( , 5 Stat+sys unc. it
ol O LT -1 with b) approaches with modern tools do i —
p - : : ——————1—3 much better (Sherpa 2.2.10 &
S 4sE . MadGraph5_aMC@NLO) providing § 2f
8 £ ----eeeeeeeeeeeeed o gccUrate predictions for the 2-tag cross- 81.5;—
= 05' apr DI iices) masssssse: DENEPPIECERES { section and the ratio of 2-tag to inclusive2 1 }. ==
' _':L:---j-----i_:::__'::__--f-._-._-.L--q O This results is important for future use of (sEmn=7=rreTsrnmzznA=Te LIl oo .
M0 4102 5><1|£>2 R ot 1(033 v !\/IC-de_rived large-/# jet flavor composition 0 % 405060 12 o
arge-Rjetp, [GeV] iy studies of the #4467 process Large-R jet mass [GeV]

Particle-level differential cross-sections in the 2-tag event selection. In the legend, “MGaMC” refers to NLO configurations of
the MadGraph5_ aMC@NLO generator, and “MG” to LO MadGraph, both run in conjunction with Pythia 8. All models are
using the “4/5SFNS” refer to the flavor-number scheme used. 42
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» The fragmentation of heavy quarks is a crucial aspect of QCD

» Detailed studies and precision measurements of the heavy-quark
fragmentation properties allow a deeper underst. of QCD

O The fragmentation properties of jets containing b-hadrons
are studied using B*—J/wK=* in pp collisions, with ¢ —u'pe

O The measurement determines the p, and p+ profiles of the

reconstructed B hadrons with respect to the axes of the jets to

which they are geometrically associated
The provides key measurements which help to better

—~
N
—~—

understand the fragmentation functions of heavy quarks:

» Significant differences among different MC models are
observed, and also between the models and the data

» Some of the discrepancies are understood to arise from poor
modelling of the g — bb  splittings, to which the present
analysis has substantial sensitivity

» Including the present measurements in a future tune of the MC
predictions may help to improve the description and reduce
the theoretical uncertainties of processes where heavy-flavou
quarks are present in the final state, such as top quark pair

productien?er Higgs boson decays into heavy quark'pairghitsky, IP NASE &
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A@ Phys.Rev.Lett. 125 (2020) 26 F ORWARD PROTON SCATTERING: po— p( }/}/-)[ o/ ) p( *) JHEP 07 (2018) 153 CZ
P e e G arXiv: 1803.04496

dThe observation of forward p scattering with 2 leptons (e*e /u*u~) produced via photon fusion
O The scattered proton is detected by Forward Proton Spectrometer Whl|e the £*€~ are reconstructed by the Central Detector

Q The 57 (123) ee (44) data event candidates in the dilepton rapidity y,~ _E /\  ATLAs iE
vs 2, plane satisfying even selection and kinematic matching = — \\/ . Jss13Teviiaemt -
O Proton-tagging techniques are introduced for X-section measurements 2 = g \/ | —
O oerp 9 = 11.0£2.6 (stat)=1.2 (syst)£0.3 (lumi) fb e =
fid — ; = " AFP acceptance =
O-MI*H-p i - 7'2:|:1'6 (Stat):l:o-g (S>/St):|:0-2 (Iuml) fb —4 ;//5,‘2,71// /,_,-:;'e’ g:zgfan—d Far stations_z
Bl = i Ceswaese™Y 3
Tamwictiear X Ssury Uggi-p (fb) Uﬂgﬁ; (fb) _8110 102 10° T 10
. . . m;, [GeV]

Sy = | 155+12 135+1.1 Q pp—p(yy—t ) p™ is observed with a significance exceeding 5o in

Squry Using Refs. [33,34] [TO9 208 9.4£0.7 both the e*e+p & p*p+p final states
< d These results demonstrate that the ATLAS Forward Proton
SUPERCHIC 4 [97] &@Q 22+09 4 104£0.7 spectrometer performs well in high-luminosity data taking

T~ : A .
Measurement YS} 1029 77+18 O Proton tagg_mg IS introduced for cross-section measurements of
photon fusion processes at the electroweak scale

» Compares X-sections with the combined HERWIG+LPAIR predictions assuming unit soft-survival factors S
» Soft-survival effects are included using an my-dependent reweighting of these predictions to S,
processes; LPAIR predictions are additionally scaled down by 15% to account for S, being lower for single-dissociative

processes. SUPERCHIC4 predictions include full kinematic dependence on S, for exclusive, single-, and double-
dissociative processes. a4

urv 1 .
urv Calculated for exclusive



&) Eur. Phys. J. C 82 (2022) 7, 608 JHEPO3 (2020) 014 €MS
R Sy o BOSE-EINSTEIN CORRELATION vs. MULTIPLICITY s ) e

'_,-2 u I T L I I T T T I T

1E ATLAS (5=13Tev £ 4;' -

1= m <25 J X 35 w - ------- 3
09 ER S H“ b ;

- . - o S
08F 1 2sF _. J}Q‘J"ﬂ% .
07k E £ $$$ ATLAS {s=13TeV :

3 E : <25 ]
06 1 15E 3 3
0.5E = - s MB,p_>100MeV — m, fit

; e ey — Bt (3 v HMT,p >100MeV -- Constfit
0.4F a ' Pr E C b o MB,p_>500MeV —3m,fit -

: o MBpSOM oo 3 05 2 HAIT.b. > 500 M6V — Conmtit .
O‘SZ-I S R —l. HMT p }SDUM .‘l-" 1 Ip P E UE ] P R N R . ’I:‘JT o 1 I. |: ‘-.

0 2 y ; 8 0 2 4 6 8
[7]<2.5 I7[<2.5
Meh = nen/{ng' ) M ()= Sdnaldnlyn) e

O The parameter A7) is found to increase as azz,,%33 for multiplicity up to 7z,~2:

Q For 72,23, the source radius # saturates at a value £=3.35*020 ., fm
O Results indicate a direct dependence of R on the p; threshold

d The parameter 4(77z,,) decreases with multiplicity for the lower z; threshold and is o5 .'

lower for the higher 2 threshold but increases slightly with multiplicity

o The behaviour of R is qualitatively similar.
o There is a clear difference in the results at low n,

O The dependence of the .4(77,,) on rescaled
multiplicity obtained from the exponential
fit of the A,(¢) correlation functions for
tracks with 2>100 MeV and »>500
MeV at Vs=13 TeV for MB & HMT data.

O The dependence of the A(77,,) on 77z,,. The
uncertainties represent the sum in
quadrature of the statistical and
asymmetric systematic contrlbutlorks

4i ""”'P,'%‘l‘“"' R
250 ol =
oF I ATLAS Vs=13TeV 1
- p, > 100 MeV ]
150 : E
- A MB,p_>100MeV - - \[ng fit
= v HMT, p > 100 MeV — Const fit
- o CMS, HCS method - \j_ft
- — Const fit 3
D_I | ' ENENEEE EFEET I BT A i SR N A S S
0 50 100 150 200 250 300

n
Comparison with CMS for 2,>100 MeV"

29.08.2023 Yuri Kulchitsky, IP NASB & JINR and |7 < 2.4. 45



() Eur. Phys. J. C 82 (2022) 7, 608

BEC PARAMETERS YS MUL'I’IPLICITY #3

JHEPO3 (2020) 014 %
arXiv: 1910.08815

ATLAS arXiv: 2202.02218
1_r§:\ T " ATLAS Vs=13Tev] E g "ATLAS Vs=13Tev 1 O ATLAS: The k; dependence of
TN m<25n 221 @ : ni<25,n, 22 the correlation strength, A(k+), and
0.8~ B 3 pbed | E the source radius, R(ky), obtained
A 3 B " E from the exponential fit to the R,(
0.6 — R T = St i e — o . ;
- 2 —— Q) correlation functions for events
0.4l - 3 e with multiplicity ny, >2 and
[ 4 MB,p_>100MeV — Bxpo it~ | e 4 MB,p_>100 MeV — Expo fit E transfer momentum of tracks with
" v HMT, p_> 100 MeV - Expo fit T T £ v HMT, p_> 100 MeV - Expo fit E > S
021, MB, p_ > 500 MeV --- Expo fit ‘\\ - - o MB, pTI- 500 MeV  --- Expo fit . Pt 100 MeV and. p.T >00 MeV al
-0 HMTTp > 500 MeV - Expo i =0 HMT, p, > 500 MeV - Expofi E 13 TeV for the minimum-bias
R T Y B R Y 02 04 06 08 1 12 14 (MB) and high-multiplicity track
K, [GeV] k; [GeV] (HMT) events.
,CMS I — pp (13 Tev) CMs ——— . PP(13TEV) O The uncertainties represent the
I pr> 200 MeV H;Q“gg”"‘p"c“y - p> 200 MeV HC'DQ“C”;“'“F*"“'W ] sum in quadrature of the statistical
[ In|<2.4 o HCS i In|<2.4 o HCs . & systematic contributions.
-5 ¢ ] o PR _- : o DR 1 O The curves represent the
I ¥ 'E 3F g & E - exponential fits to A(k) and R(k+).
“tae L | 4 o
® g ; o 2p & = 41U CMS: Results for R;,, and A from
i = L i .
0.5l Minimum-bias =1l & E L Minimum-bias [@] 1 the three methods as a_fu_nctlon of Kk
- e CS g - - - ﬁgs 71U In the lower plots, statistical &
-, EES i F e DR 1 systematic uncertainties are shown as
L T T R T L L4 4 L PR TR T N TR T NN AN TR TR N N NN SO T N
85535755 o8 o7 082 03 04 05 06 o7 errorbarsandopen boxes,

(k_)[GeV] (k. )[GeV] respectively 16



EPJ C 78, 110 (2018)

L Svanions | BONUS:: MEASUREMENT OF THE W BOSON MASS: 76 FROM SM PREDICTION

ANA-STDM-2019-24 _ PoS ICHEP2022 (2022) 898 Wil
O CDF Il measure the W boson mass, M,,, using data corresponding to 8.8 fb!

collected in proton-antiproton collisions at a 1.96 TeV with the CDF Il detector at

CDF Il Collaboration, High-precision measurement of the W
boson mass with the CDF detector. PoS ICHEP2022 (2022) 898

sMm the Fermilab Tevatron collider. A sample of approximately 4x108 W boson is used
ZZ'FI zz:z f : . N to obtain M,,=80433.5+6.4(stat) £6.9(syst) =80433.5+£9.4 MeV. The
i W bosoyis are identified using their decays to ev & uv and the mass is measured by
DELPHI 80336 + 67 _ - . . .
fitting/template distributions of transverse momentum and mass: my = \/2p§p;(1 ~ cos Ag)
L3 80270 = 55 —_— .
OPAL 80415 + 52 —e— O A comparison with the SM expectation of M,,,=80357+6 MeV, treating the
ALERTL - soado = ot ° uoted uncertainties as independent, yields a difference with a significance of 7.
DO 11 80376 = 23 —— .
ATLAS 80370 + 19 —.— 76 The suggests are:
CDE I 80433 + © —>e » the improvements to the SM calculation or

1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
79900 80000 80100 80200 80300 80400 80500
W boson mass (MeV/c?)

» of extensions to the SM
O SM result includes the published estimates of the uncertainty (4 MeV) due to

—T T
ATLAS Internal

e e e/ A missing higher-order quantum corrections and the uncertainty (4 MeV) from other
Do 2012 R0 = 23.0 Mev global measurements used as input to the calculation
et euation 201 b o e » ATLAS Collaboration, Measurement of the WW-boson mass in pp collisions
ATLAS 2017 | _s0560 5+ 18 5 mev at Vs =7 TeV with the ATLAS detector, EPJ C 78, 110 (2018), EPJ C 78, 898
LHCB 2021 B . © - 320 MoV (2018), arXiv:1701.07240; A measurement of the mass of the W boson is
CDF 1l 2022 264335 = 9.4 Mov presented based on proton—proton collision data recorded in 2011 at a 7 TeV with
Conf Note 2023 —fiiase.3 = 15.6 MoV the ATLAS detector at the LHC, and corresponding to 4.6 fb! of integrated
80350 80400 80450 80500 luminosity. The selected data sample consists of 7.8x10° candidates in the
The ATLAS Collaboration has reported a gg; [r:ﬂni\r;? W—uv channel and 5.9x10° candidates in the W—ev channel.
| S su i
M,,=80370+7 (stat)£11(syst)x1(mod. syst)=80370+19 MeV ATLAS/CMS: Run-2 at 13 TeV is 139/137 fb!

M,,=803564+5 (stat)=15(syst) =80356+16 MeV  ANA-STDM-2019-24 NR 47



(5 CONCLUSIONS p.

1. Many new SM results with the latest Run 2 dataset by the ATLAS and
the CMS Collaborations were published

2. Measurement SM processes cross sections over 15 orders of
magnitude

3. Comparison of the measurement SM processes to theory expectations
4. Evidence or Observation of rare processes

5. The most precise measurement of the total cross section pp-
Interactions

6. Observation of the BEC radius saturation for very high multiplicity

List of the SM papers:

CMS Collaboration: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
ATLAS Collahoration: https://twiki.cern.ch/twiki/bin/%iriemfgglﬁf&JAQLiglj%ﬁandardModelPublicResuIts

48



A.‘
or S— W —
S 0N, 4 e =




ent at the LHC, CER}
Data'fécorded: 2015-May-2Q )9.2091
53393 / 363

Event / LS: 2451

. 4




STANDARD MODEL: LAGRANGIAN

d The Quantum chromodynamics sector (QCD) sector defines the interactions between quarks and gluons,
which is a Yang—Mills gauge theory with SU(3) symmetry. Since leptons do not interact with gluons, they are
not affected by this sector. The Dirac Lagrangian of the quarks coupled to the gluon fields is given by

y; is the Dirac spinor of the quark field, where i={r, g, b} represents color,

EQ[jn - Zw* (3‘}’#(3“515 - Egb )) 11)3 IW ;},! y 7Y, are the Dirac matrices,
b G2, is the 8-component (a =1,2,...,8) SU(3) gauge field,
'I"’J‘ij are the 3x3 Gell-Mann matrices, generators of the SU(3) color group,
G2, represents the gluon field strength tensor,
g Is the strong coupling constant.

d The Electroweak sector is a Yang—Mills gauge theory with the symmetry group U(1) x SU(2),,

' B, is the U(1) gauge field,
CEW EW (10 5( waﬂ ng ) ]Wm ‘WBW, Ytl,\, is the weak hypercharge — the generator of the U(1) group,
W, is the 3-component SU(2) gauge field,
T, are the Pauli matrices — infinitesimal generators of the SU(2) group — with subscript L to
indicate that they only act on left-chiral fermions,
g' and g are the U(1) and SU(2) coupling constants respectively,
W2, (2=1,2,3) and B are the field strength tensors for the weak isospin and weak
hypercharge fields.

 Higgs sector: In the Standard Model, the Higgs field is a complex scalar of the group SU(2),:
(a” i - (gvwB, -I—g’?'ﬁ"“)) o X

[ AT 912
H— - I(ﬁﬂ p—-1 ] .
O Yukawg sector: The Yukawa interaction termsyamukhltsE: Vidkawa, = Y QGQUW DLGuUW +ULGIDWP JrDLGIDHGCJ the,




JET PHYSICS IN PP-COLLISIONS MC MODELS
Jets are crucial for understanding of the SM. Probing of the 0CD — Jets are the result of

fragmentation of partons produced in a scattering process et
In High-Energy Particle collisions — two main phases: Undein
O Perturbative phase: partons with high-transverse momentum are produced v Fent

In a hard-scattering process at a scale Q V4

O Non-perturbative phase: partons convert in hadrons emitting gluons

and ggq-pairs an interplay between Hadronization Process (HP) and / Radiation ragnentation

R .
Initial State
'\ F

Underlying Event (UE):
» Hadronization Process: transition from
» Underlying Event:
4 initial-state radiation (ISR);
4 final-state radiation (FSR);
O multiple-parton interactions;
O colour-reconnection effects

s Effects of HP and UE depend on Jet
radius parameter and are most
pronounced at low p;

R0

o

artons fo hadrons Final St

Radiation

xf{x,@?)

L)

L)

» All these aspects of high energy collisions
can be Probed in the Jet Physics

L)

Jet

Parton density functions (PDF)



jet 3

jet 2 10'm

EXAMPLE: JETS MC MODELS

5 o deposited enerzy: | JELSI NArrow collimated clusters of stable particles
o i hadronic produced by the fragmentation of a hard parton
A [AEeET Probe highest p; — best handles on searches for
new physics
15 .

,  Observables 10""m |Parton fragmentqtlon
S » Phenomenological models (PYTHIA, HERWIG, ...)
— MmMesons. ------- hﬂ[}"nl'l!-':: — . -
£ ploos Ft;;n/“*/ » Matching to fixed order

= Hadronisation Process Parton shower (PS)

- T <10"™m | > Soft- and collinear approximations

= gluon guark  Theory & » Mismatch between kinematics of virtual and real
kS Modeling corrections: soft-gluon resummation

proton

29.08.2023

jet 1

Hard scattering — perturbative Quantum ChromoDynamics

(pQCD) predictions at fixed-orders QCD calculations: Leading
Order (LO), Next—to—LO (NLO), Next-to—Next-to—LO (NNLO)

Initial State — Parton Distribution Functions (PDFs)

53

Probe parton substructure — test QCD through wide energy range




2 INNER DETECTORS (ID)

ATLAS tracking detectors:
(* R=1082mm Pixels, SCT & TRT

i .

. s s o

L5

L R = 554mm
[ R=514mm

R=443 :
scr{ = Q New innermost 4-th layer for the
R=371mm Pixel detector
\ R=299mm [IBL = Insertable B-Layer]

O Required complete removal of the
ATLAS Pixel volume
Q IBL fully operational

R =50.5mm
R =33.25mm

R=0mm

R=122.5mm
Pixels { R=88.5mm

New Be beam pipe

Two times better tracks impact Bearameters resolution at 13 TeV!

Yuri Kulchitsky, IP NAS JINR



S ATLAS CALORIMETERS

» Lar & TileCal >> Very stable performance » (Good operation efficiency: ~100% for LAr & Tile
» Improved stability of new Tile power supplies » LAr using 4 sample readout to achieve 100 kHz

Min. bias trigger scintillators (MBTS) Tile barrel Tile extended barrel

* Fe-Scintillating
[ 1 T
* Cu-LAr 1le structure
structure aiinlecl 7

1.5< /<32

I_; LAr hadronic \ w | Al s
end-cap (HEC) —T, N7, ”‘W“ “ V4 Neutrino)
LAr electromagnetic - I
end-cap (EMEC) : - A7 i)
NNN- 8y & / 4 ', ¥ | » Cu/W-LAr
* Pb-LAr N e, . structure
accordion NS R e U *32<n <49
: ' e .
o In[<2.5 / <
| [Ar electromagnetic .
barrel
(LAr: Liquid Argon) Ty - VY T piseT 2R 1 EYDEDIMENT

hitp://atlas.ch



S DIRECT PHOTON/ELECTOR RECONSTRUCTION

Search for seed energy clusters in the EM calorimeter with significant energy
For [n|<2.5 EM LAr calorimeter is divided into 3 layers in depth, which are
finely segmented in 77and ¢&; a thin LAr presampler layer covering [n|<1.8;

» Form a cluster from cells in a rectangular region AnxA(p:O.125><O.17%3 ound
seed

» Selected in barrel |5?|<1.475 & two end-cap 1.375<|»?|<3.2;
» Photon identification: classify as electron, photon, or converted photon |
matching cluster with tracks; use lateral and longitudinal energy profiles
of the photon/electron electromagnetic shower

1 Calorimeter isolation in region AR,,>0.4 around photon with

requirement E+'°<0.05 x p;7

» Converted and unconverted p-s are calibrated separately use the
tracking information to correct the Calorimeter response for
upstream energy losses and leakage

% Calculate energy and direction: photon energy a weighted sum of ~ [~55% FhotansHaaty Heour det
layer energies, with corrections for detector effects e

\ .

4

L)

VN

¢
DO 8

L)

L)

.. One cell

A |In the middle
Layer
(0.025x0.025)

Cluster
P O OOV 000 S S SOO%

- \s=8 TeV, 4.58 pb' - 20.2 fb!
_ATLAS —|ﬁ—'_§

—_Fraction of y

I

Photon Purity

0.8

llllll

&

|

m’| < 1.37
SHERPA, MV1ic: 0%-100%

llllll

v" Corrected for pileup using jet area method I B vo teakage correction

» Use 2D-sidebands for remaining background i Bl with 1eakage correction i
. 7 - 56]
% Remove hadron and t background W o R ‘ I
\/ ’ 30 40 50 60 7080 100 200 300 400

Smaleleetron background removed using MCruri kulchitsky, IP NASE & JINR EY [GeVie



JHEP 11 (2021) 169

ATEAS  arXiv:2107.09330 [hep-ex]
?: 1 gnnl.ns ¢:§=I1a: T.e‘;',l1;39 fio~" Data —— ;‘é - ATLAS v" 13Tev 139! Data —— | %g ;
& F F DIPHOX :‘3_ 60 - DIPHOX —_ 2
2w Som 13 ® S — 1 £
S : 1T 40 [T i1 s
_E 1072 F i-g E :': 1072
: 1 380 E
102 : 20 : 10-3
10 0 s 1
£ 0E g -
- s 14 88
g 12¢ g 12¢ s
Z 08 g 08
8 06 2 08
= 04 = 0.4
0.2 = 0.2
0 | L Ll | L1 1 a1 3 o Eu -
20 50 100 200 500 1000 L
myy [GeV] §
Differential cross sections measured as functions =
Cs ' : W
of M, P11 Prye . ICOS 6|5 compared with the 0 ) Yryip| | PBibn Bl | 3
predictions from Diphox NLO, Nnlojet NNLO, st = ' 7| —
) .
Sherpa MEPS@NLO. L LA W VR ¥R
» Good agreement is generally found with the predictions at the highest theoretical precisio
» Only the merged approach with multi-leg matrix elements at NLO, as implemented by £
Sherpa, and a fixed-order NNLO calculation, as implemented by NNLOJET, givea  §
satisfactory description of the data. =

29.08.2023

Yuri Kulchitsky, IP NASB & JINR

1 =

(=1 Yo R Ve

CROSS SECTIONOFPPH Y -I-XAT 13 TEV #4

CMS

7 TeV: EurPhys.J.C 74 (2014) 3129; M5

JHEP 01 (2012) 133 #—

ATLAS

/5=

13 TeV, 139 o

I | =
Data —+— J
DiPHOX o
MMLOJET 3
SHERPA

9

"y

o000 o
O 00 =P D
T TeTT

—
TTTI

3

3

]

Data ——
DipHOX
NNLOJET —— ]
SHERPA ——

300 400 500
57 pry, [GeV]



PRD 54 (1996) 6680

— electroweak Zjj =+ strong Zjj
100 0'8_""|""|'
BG <
';' :: \ = B(S\\~ \V) -
v 10_1 —| \\ — A
&) 3 . R X \ —
N [ | ] < I \ -
fo [ ] & | v\ Signal
(- <]
il U 5 O | "
= : ] \E}‘ 0.4 \ —
g ' \ 9t \
_3 o | I
Q 0 i o [Theminimal
,.g F [The dijet mass . :‘* 0 2-_pseudo_rap|d|ty i\ —
jo-4 Ldistribution of the "\ a [ separation Ay
E two tagging jets \ 3 | between any leptons.
i N L & tagging jets '\
1[}_5 L1 i | | T - | I I I 1 \I. 1 G.G I I I 11 1 | J | -] J\Jl“'l = el
0 2000 4000 8000 800D 0 1 2 3 4
my; [GeV] Any,

1 No colour connection between scattering quarks leads to characteristic

signature

¥
3

1/o do/dn

ELECTROWEAK PP Z(—LL)y JJ +X & PP— Z(—wv)y JJ +X PRODUCTION #2
Experimental Signature

.10

D_BG [ T 'I T T T L I T T T T I W w m T 'I' T T L W I m
- (a) PP — ZjiiX
0.25 [—
B QCD blkgd
0.20 [— -~
C . .
N ” .
- r e
0.15 |— . N

Q.05

I"IIIIIIIIIII|IIII|IIII|IIII

Tz — Tla—7T]

Characteristics of the third - soft jet in Z;

i Signal

 Additional activity in the event measured relative to centre of “tagging (solid) and background (dashed) events at the LHC.

jets™: yx = (v +2) 12

Yir =¥z

{x = , Cx = exp

29.08.2023

_4[

nx — (mj1 + nj2) /2

i1 Y dlikuichits

2
l,lp NASB & JINR

The pseudorapidity n;* is measured with respect to the
center of the two tagging jets, <n> = (n;"49* +n,'299)/2,
and the distributions are normalized to unitarea. 53



) arxiv22s124ihepe]  COMBINATION OF THE ATLAS MEASUREMENTS

MR EurPhys.J.C 82 (2022) 105

d The combination of EW Z(— wv)yjj (£77>150 GeV) & (15<£77<110 GeV) production yields an observed

(expected) signal significance of 6.30 (6.60)
O Limits on anomalous Quartic Gauge Couplings (aQGC) are obtained in the framework of Effective Field Theory

(EFT) with dimension-8 operators

T H S B B
—e— Data Z(vV)yii EWK

E ATLAS B Z(vV)yii QCD W(lv)yii QCD §
. - - - 3 1 W(lv)yij EWK Wi(ev)jj, tjj, ttjj
The effect of new physics introduced by aQGCs can be realised using ~ '*gVs=13Tev, 139 =g]fu””” =
an EFT Iinearly parameterised by an effective Lagrangian: . i TN ARy 7 Uncerainy
L = £5M+Z “Lo, +Z =L 9; where O, & O, are dimension-6 or =

dlmen5|on 8 operators induced by integrating ol
the new degrees of freedom while ¢; & /; represent the numerical coefficients
that are meant to be derivable from a more complete high-energy theory. The A
term is a mass-dimension parameter associated with the energy scale of the o
new degrees of freedom that have been integrated out.

III|,|,| III\II|,|,| IIHHIIl \IIHIIIl

N

O Having found no significant deviations from SM predictions, the A A
data are used to set limits on anomalous Quartic Gauge Couplings — osg " ==~

-
T

Data/Pred.

 The limits are set on Effective Field Theory dimension-8 operators oz e EE I
(fr 0/A4; fr 5/A4; fr 8/A4; fr 9/A4, fMo/A4, fMl/A4 & sz/A4) The £ distribution in the SR after the fit in
O These constraints are either competitive with or more stringent the CRs. The red (green) line shows the
than those previously published by CMS expected number of events in the case of non-

zero EFT coefficient fr /A% (f 0/ A?) , values

29.08.2023 Yuri Kulchitsky, IP NASB & JINR .
shown in the legend. 59



Phys. Rev. Lett. 129 (2022) 6, 061803
ATLAS  arXiv:2201.13045, ATLAS-CONF-2021-039

Observed (expected) significances and measured signal strengths

OBSERVATION OF PP WiWiW+X PRODUCTION #3

T : ntv o7
for the individual and combined channels D e 2o/ 4]
Fit Observed (expected) significances [o] | u(WWW) F;rf'“‘1“‘:‘1I‘E“I’fli;“backgm““d modeling 2”;
Jets and ET :
o 23(14) 1692079 | MC statistics 2.8
+ + epton 2.1
€ U 4.6 (31) 1.57 £0.40 Luminosity 1.9
)uiﬂi 5.6 (28) 2.13+0.47 Si_g;nal l‘IllDdEliI_IE_; 1.5
Pile-up modeling 0.9
2L 6.9 (41) 1.80 £ 0.33 Total systematic uncertainty 0.5
Data statistics 11.2
35_ 4.8 (37) 1.33+£0.39 W Z normalizations 3.3
Combined 80(5.4) 1.66 + 0.28 Total statistical uncertainty 11.6

dMeasured signal strength,
overall & in individual channels 3 The measured cross section, extrapolated to the total phase space, is:

L Background-only hypothesis
rejected with 8.0c, where 5.4¢
are expected

calculated at NLO QCD and LO electroweak accuracy

29.08.2023

Yuri Kulchitsky, IP NASB & JINR

6\, 2 = 820 + 100 (stat) + 80 (syst) fb
approximately 2.6 from the predicted cross section of

60



£ atLprvspus-2021.022 COMBINED EFT INTERPRETATION OF WW, WZ, 4L & ZJJ PRODUCTION

Wilson coefficients of the Standard Model Effective Field Theory (SM EFT) are constrained in a combined fit of differential
cross-section measurements of the productions: WW & WZ in leptonic final states, 4 charged leptons, a leptonically decaying Z
boson in vector-boson-fusion topology. No significant deviations from the SM expectation are found .

Q Interpretation of multiboson measurements in the SMEFT “ ¢ 6 c’ ©
0 Expansion of SM Lagrangian in increasing powers of inverse scale of [£smerr ~ Lgy; + Z FO:‘ + Z FO;
new physics, 1/A :

1 Leading SMEFT effect expected from interference of dim-6 operators with SM:

c\® (f:(.ﬁ:')2 2 cl®c©

( , (6) .( )

o o | Mswsrr = IMoul” + 37 - 2Re (MO My ) [#[3 2= |MEO |37 7 2Re (M7 M)
Linear model Quadratic terms Cross terms

O Quadratic term at the same order, O(A™), as SM + dim-8 interference
O Focus on operators at dim-6: 33 CP-even operators studied, assuming flavour symmetry and neglecting Higgs

Combination of several multiboson measurements O Measurements with high precision and small background
> pp — WW — evuv: Eur. Phys. J. C 79 (2019) 884 using 36 fb contributions

> pp — WZ — llI’v:  Eur. Phys. J. C 79 (2019) 535 using 36 fo-t { Sensitive to a large number of dim-6 operators affecting

> pp — 4l— <1Urr: JHEP 07 (2021) 005 using 139 fb1 J gauge-boson self-couplings |
> pp — Zjj — ljj:  Eur. Phys. J. C 81 (2021) 163 using 139 fb! d coupllngs_of gauge_bosons and fermions
O Higgs-boson production kinematically suppressed: J four-fermion couplings

O see ATLAS-CONF-2020-053 for dedicated EFT study "
O see ATL-PHYS-PUB-2021-010 for a H'WW= and WW combination 61



S COMBINED EFT INTERPRETAHON OF W WZ, 4L & ZJJ PRODUC’TION

. = 10
Eﬂ)2 = ATLAS Prellmlnary Prediction —gl 54025 ATLAS Prellmlnary ' " Prediction 1 8 - ATLAS Prellmlnary Prediction’
& [ Vs=13Tev,36m"'  EZZJ Theory Uncertainty : % - Vs=13TeV, 36 b  [ZZZA Theory Uncertainty 1 & [ ¥s=13Tev, 139" = EZZ Theory Uncertainty
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three 4¢ analysis regions, the signed azimuthal angle between the two jets in Z+jets production with a VBF topology.
62



§2 aripnvs.pus2021022 COMBINED EFT INTERPRETATION OF Wi, WZ, 4L & ZJJ PRODUCTION
20

—2A log(L)

- ATLAS Preliminary s =13 TeV, 36-139 -~ Lin, individual - ATLAS Preliminary ys=13TeV,36-139f5" ~® Lin,individual —68% CL 3
1~ = Lin, profiled ~ — = 8- Lin, profiled —95%CL =
- A=1TeV —— Lin+quad, indiv ] 10 A=1TeV —— Lin+quad, indiv —
g 05 __ —* Lin+quad, prof 7 g 5%_ ~¥- Lin+quad, prof _%
3 = " - '.'t?u = l | =
St 18 °F Y LA
Q B N ki) — -
E 0 ' ' — - T T -
5 T HTHL "H” 1 § s + =
¢ I 1 & F -
- — 68% CL . -10 —
05— ] = =
B — 95% CL ] _15F =
B (3) (0] 1] 2] 0] (0] ] = (3] 4] [0 (6] 7] (1] 2] 3] .
A= Sw Chq Cvit C it Cir Coaa Cuq — 2= Cyw  Cyr Cvr Cwr Cur Coga Cogr Cogn 3
Cor = 0.81C,, +0.38,0 + 0.13¢,, +0.37¢;, - 0.14c, +0.12c,,) O = —037ck + 089C - 0.11c, ~02100,~0.13¢,,  Cyr =019 ~ 014+ 086 + 041G, ~0.17cy, i =080y + 07165~ 0316 021~ 056, - 014
£ (1 3) (1 (U] i1 (1 @
i _ m_ @ " ) o (1) (1) ), (38) Cyg = = 0.35C 5 + 049 5 + 0.26c,, +0.35¢, + 0.51¢, + 0.38¢ +0.18c, Coqn = 0960, +0.44c, "+ 061c,, - 0.1c,,+0.34c,,
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quoted both for fits linear in the parameters and for fits that take into account also quadratic contributions. The i 1
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interference between SM and dimension-six operators, is included. The latter case also includes quadratic ;
dimension-six contributions, which are part of the J(4~%) contributions. Comparisons of the two results can be J: 5
used to estimate uncertainties due to the truncation of the EFT expansion. s G
—10f- 3
O Limits set at 95% confidence level, both for the “linear” and “linear plus quadratic”” models . i
- - - . - . - . - 1
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£ euehys o c s s PARTON DISTRIBUTION FUNCTIONS AT VS =7, 8, 13 TEV

dAn analysis at NNLO order in the theory of QCD for the determination of a new set of parton
distribution functions (PDF) using diverse measurements in pp collisions at Vs = 7, 8 and 13
TeV, performed by the ATLAS at the LHC, together with deep inelastic scattering data from ep
collisions at the HERA.

dThe ATLAS data sets considered are differential cross-section measurements of inclusive #*
and 2/ = boson production, /#* and 2 boson production in association with jets,
production, inclusive jet production and direct photon production. The resulting set of PDF s
called ATLASpdf21.

> It Is observed that the addition of the ATLAS data sets to the HERA data brings the PDFs
much closer to the global PDFs of MSHT, CT and NNPDF than to HERAPDF2.0.

» The ATLASpdf21 PDFs agree with these global fits as well as they agree with each other.

» Thus, ATLAS data seem to be able to replicate many of the features that the fixed-target deep
Inelastic scattering and Drell-Yan data plus the Tevatron Drell-Yan data bring to the global
PDFs.

» Using only the HERA and ATLAS data allows a detailed treatment of correlated systematic
uncertainties.

29.08.2023 Yuri Kulchitsky, IP NASB & JINR 64



Sk S e 2T BOSE-EINSTEIN CORRELATIONS AT 13 TEV #1

Correlations in phase space between two identical bosons from symmetry of wave functions.
» Enhances likelihood of two particles close in phase space

» Allows one to ‘probe’ the source of the bosons In size and shape
» Dependence on particle multiplicity and transverse momentum probes™=

“HBT method

the production mechanism e
Correlation function C,(Q) a ratio of probabilities: : 1-6‘1 N ermzs T
15 n,, = 231 - 300 =

/>QE ﬂ, RQ)= /fte_RQ /11\’%* . ::'goiiogo[;m] i 22:;?::sian fit —é

C,(Q)= AR, P,) =C, (1+Q(Z:R\Q)@ L 212 13:*' e Exponential fit _
Po(Py, o) ——Q°(4,RQ)=12e "°

C, is a normalisation, € accounts for long range effects, R is the Q%=—(p,—p )2 1_13_ E
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