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Outline

Experimental SM and Higgs Physics at LHC

Lecture 1: Basic Concepts, the LHC and precision measurements with Drell-Yan W and Z processes.
Lecture 2: Associated and multi- Vector boson production, and top quark

Lecture 3: Higgs Physics

Lecture 4: More Higgs Physics and Global interpretation

- Disclaimer: These lectures will be focused mostly on ATLAS and CMS (LHCb covered by Marco
Gersabeck and QCD and jet physics covered by Peter Uwer)

- Excellent resources for keeping up-to-date with the latest results: Physics Briefings from
ATLAS and CMS.



In Case you Missed it!

PROGRAMM Vv MEHR UBER CERN KONTAKT

I,/

//

feilern mit!

Im Jahr 2024 begeht das CERN seinen 70. Geburtstag.
Deutschland, als Grundungsmitglied und groBter Beitragszahler,
wiurdigt diesen runden Geburtstag mit vielen grof3en
und kleinen Veranstaltungen im September 2024.

Link to the page


https://www.cern70.de

The General Framework in a Nutshell

Two main outcomes of the LHC: The discovery
of the Higgs boson and nothing else (so far)!
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Simplicity, governed by symmetries only 3 (EW)
and 2 (QCD) parameters!
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Not governed by symmetries and with 26 parameters -

set by the “hand” of experiments!

Open problems

Hierarchies
- Gauge Hierarchy and Naturalness
- Flavour hierarchy including neutrino masses

The strong CP problem

From neutron

%Fj‘yﬁ’AHV O < 10—10 electric dipole

87-‘- moment

The existence of Dark Matter (hew field?)

The nature of Dark energy

Open questions

What is the origin of the asymmetry between matter
and anti-matter in the universe?

What are the properties of QCD confinement?

Why do electrons have precisely the same charge as
the protons?



The Mission of the LHC

Fundamental physics at the energy Frontier

- The no-loose theorem: Discover the Higgs boson or reveal strong
dynamics in vector boson scattering

- Probe the electroweak scale: with direct searches for new phenomena
beyond the Standard Model.

- Probe the Standard model and higher scales indirectly. Through CP-
violation in Heavy Flavors, rare B decays, etc... Through precision
measurements of Higgs couplings, standard EW parameters,
anomalous couplings, etc...

- Study strongly interacting matter at extreme energy densities.

In all these areas the LHC is already an immense success



The LHC a « Marvel of Technology »

27 km tunnel originally built
for the LEP collider
at an average depth of

100m - lowest point 175m
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LHC facts sheet see:

http://cds.cern.ch/reco


http://cds.cern.ch/record/2255762

« The most ambitious scientific experiment in history »

Unrivalled at the Energy Frontier
13.6 TeV (centre-of-mass energy)

Outstanding at Intensity Frontier

Record Luminosity* of | 2.33 X 10°* cm?s~!

protons
— OO IOTONS

elecirons

LINACA

*Surpassed in June 2022 by SuperKEKB at 4.71 x 10°* cm?s~!



« The most ambitious scientific experiment in history »

Few interesting facts
9300 Magnets (among which 1232 bending
dipoles) reaching 8.3T with current of 11,400 A.

Ramped to 7.5 TeV in the LHC

The maximum number of bunches (2808) not
reached at Run 2 is limited by the injection kickers
(~1 ps) and by the beam dump extraction (~3 ps)

Beams are made of trains with a total
nominal number of bunches of 2808 each
containing approximately 100 Billion
protons. Bunches are separated within trains
by 25ns (approximately 7m).

SPS accelerates protons to 450 GeV,
bunches before injection in the LHC.

Each proton has the kinetic energy of a
mosquito and the total energy of the beams is
350 MJ ~ 1 TGV a 150 km/h.

The booster accelerates
protons at 1.4 GeV.

Accelerated at 50 MeV in a LINAC

protons
antiprctons

Hydrogen (gas) is ionized in a
duoplasmotron.

First accelerated with a RF quadrupole \ -
at 750 keV. %
4
=n

PS brings them to 26 GeV, it is in
the PS that bunches are formed
with a 25ns spacing.




Construction and Commissioning of the LHC

LHC Operation challenge:
Unprecedented beam energy and luminosities
(for a hadron machine)

Main challenge : Stored beam energy 2
orders of magnitude higher than previous
machines... 350 MJ

Total stored energy in the magnets (11 GJ,
enough to melt 15 tons of copper)




The Detectors




10 Years of Design
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General Purpose Detectors

ATLAS nano fact sheet
- 25m Diameter and 44m length

- Qver 7000 tons

- 0O(100) Million readout channels

--
-----
ea=n
........
-
-

Muon chambers

Toroid magnets

Solenoid magnet | Transition radiation tracker
Semiconductor fracker

: PN \ %3 : ‘\ﬁ"’v < ,' " i“.
Pixel \

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

CMS nano fact sheet

- 15m Diameter and 21m length

- 14000 tons

- O(75) Million readout channels

CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter :15.0m
Overall length ~ :28.7m
Magnetic field :3.8T

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

HADRON CALORIMETER (HCA

Brass + Plastic scintillator ~7,000 channels

STEEL RETURN YOKE
12,500 tonnes

SILICON TRACKERS
Pixel (100x150 ym?*) ~1 m* ~66M channels
Microstrips (80-180 pm) ~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
Silicon strips ~16 m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



General Purpose Detectors

Sub System

Design

Magnet(s)

Solenoid (within EM Calo) 2T
3 Air-core Toroids

Solenoid 3.8T
Calorimeters Inside

Inner Tracking

Pixels, Si-strips, TRT
PID w/ TRT and dE/dx
opy /PT ~ 5 X 10~ 4pr @ 0.01

Pixels and Si-strips
PID w/ dE/dx
Opr /DT ~ 1.5 X 10~ 4pr @ 0.005

EM Calorimeter

Lead-Larg Sampling
w/ longitudinal segmentation

og/E ~ 10%/VE & 0.007

Lead-Tungstate Crys. Homogeneous
w/0 longitudinal segmentation

og/E ~ 3%/VE & 0.5%

Hadronic Calorimeter

Fe-Scint. & Cu-Larg (fwd) = 11X
ocg/E ~ 50%/vVE @ 0.03

Brass-scint. > 7Ao & Tail Catcher
ocg/E ~ 100%/vE & 0.05

Muon Spectrometer System
Acc. ATLAS 2.7 & CMS 2.4

Instrumented Air Core (std. alone)

opr /PT ~4% (at 50 GeV)
~11% (at 1 TeV)

Instrumented Iron return yoke

opr/PT ~ 1% (at 50 GeV)
~ 10% (at 1 TeV)



0 Years of Construction
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LHC Experiments

General Purpose Detectors

15




LHC Experiments
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Specialised Detectors
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Lecture by Mark Williams




LHC More Specialised Detectors
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(Part of ATLAS 210m)




Latest experiments on board!
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10 Years of LHC Operations

Run 2 Run 3
|

LS2
13 TeV 13.6 TeV

Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation
7 TeV e button collimators interaction o _
— R2E project regions Civil Eng. P1-P5 pilot beam
2011 {0} 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 20
ATLAS - CMS
experiment upgrade phase 1
aam bipes . . . :
nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi

upgrade

September 10, 2008

We are here!!



The next 20 Years of LHC: Towards HL-LHC

HL-LHC

Lo 13.6 - 14 TeV
inner triplet . HL-LH_C
radiation limit installation
VA
| ooz | oo | ouer | 20w | om [[]]
5to 7.5 x nominal Lumi
ATLAS - CMS —
HL upgrade
- —

integrated JEANUUR{S
luminosity EELl0R{ %

N ) , Z iz | Higher intensity comes at a
: S - S N u \ f | 7 ‘ z - =2 - : 2 Run’/ E}} LS: 283171 /(95092595/ 195 ’
—— SR T e V. cost PU (up to 140-200) and
—Interactionregion at LHC'IP = — - O — _ ( p_ )
== o e — NS = requires major upgrades
Approximately x10

Luminosity delivered
(in terms of results x20)




The LHC datasets

The LHC pp operations for ATLAS and CMS

Run 3 datasets pp 13.6 TeV 2022-2024 ~85 fb~! with ~90% data
CMS  — mormevssom' taking and data quality efficiency
A I 1) |
% . — gg}g}géx 4161 _ Run 2 datasets pp 13 TeV 2015-2018 - ~140 fb-1 with ~95% data
g — §§é§i§§fgfb;g taking efficiency and ~95% data quality efficiency
§ | = 2024,136Tef, 856 1o ‘ (8M Higgs, 300M top quarks, 8B Z’s, 30B W’s)
g | Run 1 datasets pp 7-8 TeV 2010-2012 - ~25 fb~1 with ~95% data
5 20 taking efficiency and ~95% data quality efficiency
0 —_ _ — " 50
R R I S LHCDb Run1 2011:1.0 1/fb Run 2 2015:0.3 1/fb
o o Date (UTC) 2012: 2.0 1/fb 2016: 1.6 1/fb
protiie 2017:1.7 1/fb
P L~9 1/fb and PU ~ 2-3 5018 2.1 1/fh
L g0 — ATLAS Online B 2015-18:(u/n, . = 34/29 —
8 700 W oot =581 - Rich Heavy With PbPb, XeXe, pPb and in LHCDb fixed target
Z 600 EousTa e lons datasets p or Pb on He, Ne, Ar.
£ - .
g Low PU pp references - 5.02 TeV - 0.26 fb
2 (e.g. for ATLAS) - 13 TeV - 0.35 b
Special low mu - - g
preci;;;gsgsvf - L Well calibrated datasets for a vast, diverse and
measurements 0 10 20 30 40 50 60 70 80 thrilling physics program!

Mean Number of Interactions per Crossing



Event Particle (and Energy) Flow

From the detector signals (ionisation, electron-hole,
Scintillation, Cherenkov, Transition Radiation, etc.) reconstruct
tracks of charged particles, energy deposits and the particle
content of the event (not all and not perfectly well)!

Muon
== Electron
Charged Hadron (e.g.Pion)

el )‘“‘“ — — — - Neutral Hadron (e.g. Neutron)
s 4=  ==ea- Photon

Key:

‘‘‘‘‘‘‘‘‘

Transverse slice
throughCMS @

o e

Silicon
Tracker

Electromagnetic .
Calorimeter

Superconducting
Solenoid

Iron return yoke interspersed

with Muon chambers
Om im 2m 3m 4m 5m 6m 7m
1 ] | ] ] l ] I

22

The optimal reconstruction of the event Particle and Energy
Flow in the event is the basis of all analyses in HEP!

e.g. CMS very successful global PFlow algorithm (paper)
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From the main Particle and Energy flow of the event,
all higher level information: e.qg. jets, HF-jets, taus,
and MET are reconstructed.

See exercises by Jan Kiessler!


https://arxiv.org/pdf/1706.04965

Performance Achievements: Object Reconstruction

11" (13 TeV)

> 1.2__[ I I I I | | I I I | I I | I I I ] 1 I l-
O - : i o) 1.2 |
Electrons, photons and muons = 11_;":';{) e BBV % TE s el o2 ity Datat?
- Multivariate methods used for identification (at many levels) T ER T I siadbhosdy &Z-5ly MG
and calibration L ool 2 il<ta7,152< <207
_ _Qj i i i i i - S oof
In-situ calibration using Z, W, J/Psi and Upsilons 08l s S gt , - 4
i O  osf — g-"':$:e:_:.)_‘
0.7) 1 £ -
~MC P § 0.7
. . ] - = PData - 06F ... .
- JES in situ uncertainty reach ~1% level already (central and 0.5p RN N N o oRg SubTaeTen
intermediate pT range) — using Z, y and multi-jets. o+ SRS SRS S S NEY
o _ _ _ _ _ ' 1 e 1
- PU mitigation using associated tracks (jets and soft term in 2 oo ! T E %8
MET) 0 5 10 15 20 25
Number of vertices
Taus . 70—11 T Illllllllllllllﬁ?.gqebl-1|(1|3lT?Y—) zq1.4""[""]""]ltlvlrtrllxv L
- DL based identification (70% eff. and ~50 rej.) 3 . cms  dala, AKB PF CHS - S [ ATLASPreliminary OSepevents
_ _ _ ' ' S eo Preliminary A A LUt S 12| \s=13TeV,43fb" tt-enriched sample —
- In-situ calibration based on Z events A, [ PTRiO0GEVIi<ts ¢ MC.AKS8 PFCHS - 2 | :
£ 5o~ ¢ MC, AK8 PF PUPPI __ = 1 .
V . ¢ MC, AK8 PF SK i o - Jet p‘>25 G_e‘\L_'_ .o ® . -
B d Ceiet 40— —_——— % 0.8/ —
- an -je s _ +$=_6__8_ = ol - -
. . . o . 30 == ) o —— {’ . iy . .
- In-situ calibration of b-tag efficiency (using top events and/ e - : = +— g ! . - .
or diet events) 20 . 2 (.4} Jetp>60 GeV -
- DL techniques from low level variables bring significant 1of—gv'th PUPPI, Jet tml;af S and .:\/IET' 3 02 A—A A A A —
improvements I ecomelmorel sta le vs.l o] etfp. . -~ Jet p_>100 GeV :
— EFETETEN S BPETET TSN TS ST RS ST Ar S S e
0 5 10 15 20 25 30 35 % 10 20 30 40 50 60

number of reconstructed vertices .
Pileup (w)



Performance Achievements: Object Reconstruction

Electrons, photons and muons

- Multivariate methods used for identification (at many levels)
and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons

Jets/MET

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) — using Z, y and multi-jets.

- PU mitigation using associated tracks (jets and soft term in
MET)

Taus

- DL based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B- and C-jets

- In-situ calibration of b-tag efficiency (using top events and/
or diet events)

- DL techniques from low level variables bring significant
Improvements

O | | | | | o I | I I | | I |
s L N
« , [ Vs =13 TeV, Data 2015-18 ATLAS
s L : N
cr% _ anti-k; R=0.4, PFlow+JES, nfl <0.8 1 y +jet i
: A Z(— ee)+jet |
1.05— Vo Z(— uu)+jet —
i > Elp _
i, 0 | —
# ™ T Ael L AL [ T" W eD. ::': ;l..;:,:;_;:;:';;:“‘::rﬁ
T N -
' ' ! AN .
0.95 .
—— Central value .
i .~ Stat. uncertainty 44 N
09— Total uncertainty =
i | | | | | 1 1 | I | | | L I | i

20 30 40 10°  2x10° 10°  2x10°

p; [GeV]

E.g. recent development: use W — 7( — h) v to calibrate single
hadron energy response through E/p allowed to greatly improve jet
calibration in particular in the extrapolation at high energies!

Total PFlow JES uncertainty in ATLAS down to 0.3% at 400 GeV !



Performance Achievements: Object Reconstruction

Electrons, photons and muons

- Multivariate methods used for identification (at many levels)
and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons

Jets/MET

- JES in situ uncertainty reach ~1% level already (central and
intermediate pT range) — using Z, y and multi-jets.

- PU mitigation using associated tracks (jets and soft term in
MET)

Taus

- BDT and RNN based identification (70% eff. and ~50 rej.)
- In-situ calibration based on Z events

B- and C-jets

- In-situ calibration of b-tag efficiency (using top events and/
or diet events)

DL techniques from low level variables bring significant
Improvements

C-jet rejection

c jet rejection

2o0F T T T T
. ATLAS Simulation Preliminary
- ttjets, €, = 70%
50 |
40 i Run 3 reco
g GN1
30F . DL1d
20F  pL1 .
0 : ] ] I ] ] ] ] i ] ]
2017 2018 2019 2020 2021 2022 2023
Vaar
150 CMS Simulation Preliminary 13.6 TeV
™1 = 1 ¢ 7 1 7 & 7 =% F T 3
| ttevents, pr > 20 GeV. |n| < 2.4, £, =70% :
100'_- c jet r.ejecti.on. i
L [0 udsg jet rejection :
| Run 1 Run 2 Run 3
80 a 1
I %29 :
I x19 : 3
1, i x9.1 )
60 x6.1 E
x3.3 i -
401 | :
L OB %50 |
20_ X3 2 E :
; x18 | | 1
: E x1.0 . l E .
0 . N - e : J
CSvvi CSVv2 DeepCSV DeepJet PNET UParT

Reconstruction performance: Well calibrated, robust to PU and..

+2500

2000
+41500
11000

1500

10* =

tion

jec

jetre

Light

LOVES ML/RAI

CMS does too...

. well exceeding expectations!



Reconstruction Performance

- Run 1 - 3: So far excellent trigger and object reconstruction performance in increasing
levels of PU. Trigger Thresholds kept stable throughout!

- Going to HL-LHC: The gain in acceptance and in performance with new detectors (to improve PU
mitigation), new algorithms and new computing capabilities is expected to at least match current
experimental performance.

- Keeping Trigger thresholds at similar levels
- Object reconstruction performance (efficiency vs rejection and energy scale and resolution) at stable levels.

- Challenge: improve calibrations not only with more data to come but also improved strategies.

Menus at LHC and for HL-LHC (example from ATLAS)

Signature Run 1 Run 2 HL-LHG - Increase readout rate 750-1000 kHz (currently 100 kHz).
Smgle e (isolated) 25 2/ 22/ 27 - Increased latency and higher granularity.
Single photon 120 140 120"
HT 700 700 375 / 350 - Enhanced data processing capabilities, storage rate up
MET 150 200 200 to 10 kHz (currently 1-2 kHz).

From A. Sfyrla LHCP 2018 For Run 3 similar thresholds (with upgraded TDAQ)



Measuring Physical Processes




Fiducial volume and Acceptance

The detector can measure photons, charged leptons, hadrons, pp — tt t— bWt (= (to)
and missing transverse momentum only within its detector/
trigger capabilities (limited in pseudo rapidity and in transverse
momentum/energy of the particles).

A measurement of a total cross section necessarily involves
the extrapolation from the fiducial volume.

Definition of a fiducial volume: the phase space in which a given
final state is measurable (this does not only include the volume
of the detector and its thresholds in energy, but also aspects

such as the isolation) t— bW~ (— ud)
Corresponding (typical) fiducial volume
- One true lepton (electron or muon) ET/pT> 25 GeV and with Reconstruction level typical selection
in |etal<2.5.

- One identified and isolated lepton (electron or muon) ET/

- 4 Truth particle jets wit ET> 35 GeV and |eta|<2.5. o
pT> 25 GeV and with in |eta|<2.5.

More complete fiducial volume - Missing transverse momentum in excess of 20 GeV.
- Truth level missing transverse energy larger than 30 GeV. - Four jets wit ET> 35 GeV and |eta|<2.5.
- 2 of the truth particle jets originate from a b-quark. - Two jets tagged as b-jets.

- Truth particle level lepton isolation




More Cross Sections Definitions

Total, fiducial, differential and unfolded

Being a bit more precise on how to derive the cross section from Differential cross section w.r.t. (truth level) variable ¢
the counted number of events with specific analysis selection The notion of differential cross section in HEP is binned in
criteria: truth level variables and measurements in corresponding
reconstruction level variable: 7~
Total ti o Nevts
otal cross section tot — Truth distribution v
A xex [ Ldt 1)
Reconstructed distribution ( (T)
Where o, is the total cross section for a given process (which includes the

decay branching fractions), A the acceptance of the process, ¢ is experimental

Generating the reconstructed f (t) N (7“)
efficiency (online and offline) and L is the integrated luminosity. distribution (detect. simulation) g
The acceptance A defined by the ratio of number of Unfolding estimating the truth from g (’r) — f (t)
events produced in the fiducial volume to the total the reconstructed
number of events. It is an extrapolation factor

estimated by theory (typically with Monte Carlo). _ _ _
To be solved numerically the problem needs to be discretised:

N,
Fiducial cross section Ufid — cvts f(t) — X g(r) —Y

e x [ Ldt

With a definition of the fiducial region, € should be large and the fiducial cross
section bear little model dependence

. A —1 For the case where the number of truth
X = y and reconstructed bins are the same

A is the response matrix - Of course there are many intricacies
arising in particular from non accurate response matrix.



More Cross Sections Definitions

Total, fiducial, differential and unfolded

Take home message: ideally a well defined fiducial cross section will minimise the dependence
on TH and modelling assumptions.

This draws the focus on the experimental understanding of the measurements on truth
particles that are reconstructable.

These will allow improved future interpretations of the data with and when new TH and
modelling tools will be available.

Very important data preservation tools excellent database and tools:

- HEPData RIVET
Repository for publication-related High-Energy Physics data The Particle PhySiCS AnaIySiS Tolkit
Link Link
Most LHC results implemented! Large number of analyses implemented!

(Outstanding contribution from IPPP Durham!)


https://rivet.hepforge.org
https://www.hepdata.net

Total and Elastic Cross Sections




Measurement of the Total Cross Section

From the size of the proton ~O(80) mb naive estimate of the total cross section of pp collisions.

The total cross section is dominated Includes elastic interactions from
(60 mb) by inelastic interactions. exchange of photons or pomerons (20
mb). N
p1 P1 P3
3 —— \/
p - :
L1P1
-

TOTEM CMS TOTEM
P2 P4 ‘

Pt = — /'é % TR RO IR B S\ ol v
p2 . (p p )2 (\60 mb) = 'll‘ . .! «* ..!‘ . l - .lh 1 I/ 1 '
P 1 —_— 3 -1C -5 4 5 n 10

TOTEM  CMS TOTEM

T~ b —_—
The main subject of (very naive view of the pomeron is Elastic > | RP A
: | At
these lectures. a colorless pair of gluons) (~25 '"/b) N I ! , L «+ | | '
‘, TOTEM  CMS TOTEM
Single- dlffr % aee RP | T1/12 RP
- (~10mb) - ) (> =2 = —
The simplest measurement . ‘* Lo )ty
P . . Nel T Nznel 0 s !
of the cross section counting Otot — . | \ ToTEM  CMS TOTEM
events: L Double-diffr. 4= R I e, . | T1/12 RP
(~5 mﬂ/ ~7 .'lﬂ... ‘ 1 : 5 ",. ';1: | - I l
The Totem experiment can measure both the elastic ) TOoTEM  CMS TOTEM
(with detectors in Roman Pots from 150m to 220m) Central-diffc e __, |, RE ] |T‘/E,$:
. . . ~1mb o o . «
and the inelastic with detectors near the IP. im )/ ~— T L) B | |\ '
- -10 -5 0 5 5 10



Measurement of the Total Cross Section

From the initial O(80) mb naive estimate of the total cross section of pp collisions.

The total cross section is dominated Includes elastic interactions from
(60 mb) by inelastic interactions. exchange of photons or pomerons (20
mb).

p1 P1 P3
pt T \/

T1P1

L2P2
p2 T P4

o) A pp (PDG 2010) a  ATLAS, ATLAS-ALFA |
Do B 2 —g 120 © Auger (+Glauber) £ LHCb ' - —
— (pl — pg) % 0% ALICE ® TOTEM 4 -
. . o | S 100 Utor fits by COMPETE R SRR N S 1 ot fr: wll B O 7ot
The main subject of (very naive view of the pomeron is & (pre-LHC model RRP (12,) || - {1 |
these lectures. a colorless pair of gluons) g 90 |- - -~ fitby TOTEM o - e
< 80 (11.84 — 161715+ 0.1358 In®s) - 5 i =
5 : ¥ :
The measurement of the total cross section can also 3 z e -
be done through the measurement of the elastic e T T i
- R = % % :“E’ : -
cross section at (very) low momentum transfer 30 it g e B R 7 S _
and the optical theorem! Ty — ) _,94/" -~ _
10 [ s e o U -
0 | | |

10! 102 10° 104 10°
Vs (GeV)



Measurement of the differential elastic cross section

Requires special beam
optics with very large beta”

(90m - 2.5km) and no
crossing angle.

Zalabive zz5r- 3 222 3ound IF1 Alas) r zclision

Using the Optical Theorem: relates the forward elastic

cross section (scattering at 0 momentum transfer) and the
total cross section.

B fo IS the forward
Otot = am Im[fel (O)] eelastic scattering

amplitude.

1067 (dNel/dt)t:O Requires

Otof — measurement of

1+ ,02 Nel -+ Ninel inelastic events

0~0.14 is taken from TH

5 = Rel£.(0)] /I £, (0)] sl at 0.59%)

To reach the CNI (Coulomb Nuclear Interference)

region requires very special beam optics with a 3* of
2.5 km.

LHC also requires « de-squeezing », reaching such
large beta* is another great achievement of the LHC!!

An analysis by TOTEM with recent run at 13 TeV and
beta® 2.5 km yields a measurement of rho with a fit to
the CNI region (see next slide).

B N Lower than the
P = 0.10 = 0.01 predicted value.

Model did not take into account « odderons » three

gluon colourless bound states exchange. First
evidence by TOTEM.

(See TOTEM paper)



https://arxiv.org/abs/1812.04732

Measurement of the differential elastic cross section

ALFA Q5 D2 Q3 Q1 Ql Q3 D2 Q5 ALFA — _ —
P T > - ATLAS  Preliminary ft
> NN w ==y N, - S 1ot (s=13 TeV, 340 pb’ Yy |
Beam 1 — Beam 2 re = B*=2.5 km ;
Q7| Q6 Q4 DI Q2 ATLAS Q2 D1 Q4 Q6 Q7 £ *, b __
L 0% ‘ | f
B7L1 A7L1 A7R1 B7R1 e = |
Al A3 AS A7 oL 102
A - - - - - Arm 1 Arx 2 - > - > A =
- « < - = }:Z'i:}iif?i:'~f'rp r?; ¥ = } = B ® 2016 data
v 10 E Elastic fit
A2 A4 A6 A8 = G,,1=104.68 + 1.08 mb
B p=0.0978 + 0.0085 , ®
237 m 237 m . __ B=21.14 + 0.13 GeV’ o
241 m ' o s - 241 m 1 C 6.7 + 2.9 Gay *
- D=17.4 + 7.8 GeV" -.
10-T- x2/Ndof=51.0/62 ¢
At very low momentum transfer (t ~ 5 10-4 GeV?) transition " 1§§ ] .3
from Nuclear to Coulomb scattering with an interference (CNI) 3 0.0'82 \ N
2 s T T
— = 10 1072 107 .
dNel _ Lﬂ' ZCYQED | Otot (Z 4 p)e_b|t|/2 i t [GeVz_
dt )._, 1] 47

104.7 + 1.0 (exp.) £ 0.12 (th.) mb,
0.0975 + 0.0085 (exp.) + 0.0064 (th.)

O'tot(pp — X)

The parameters can be fit to the measured differential Jo,

cross section and all the parameters determined.

...can also measure the luminosity!

(See ALFA paper)


https://cds.cern.ch/record/2816601/files/2207.12246.pdf

Dissecting the total cross section

10° s | § | 5 100 & 1()() Inb Total cross section
tot : : : : |
10’ Tevatron LHC |, 11 6() mb Inelastic, start seeing events in the detector!
10 ' P 10 Starting point of everything!!
10° 10° "
O’b g !
’ 10" &
10 0 ] ] ] .
10° 10" 8 From the nominal LHC luminosity:
= o (B >vVs20) B A P
s : e 2 x 10°*em ™25
— : . 1t N
5 10 C,, 10 B
Gz 0
b 100 oiet(ETiel s 100 Gev) E 10 8
- I 10" @
10 , g | |
10° / 102 2 With a total cross section of approximately 100mb:
' D
) ' 0" 3 _ 34 2 ]
- e L 100 x 10727 (em?) x 2 x 10** em™?s
107 GHiggs(MH=120 GeV) | 0 9
10° 200 Gev” i ~ 2 x 107 evts/s
N 10°
10
WJS2012 sm Gevl T 107
107 b —— il
0.1 1 10



Drell-Yan W and Z processes




The SppS Legacy

T

UAT
92 EVENTS

~No
b=

Transverse Mass distribution in UA2

QCD - background
2 2 2 2
mp = Mm” + Py + Dy

EVENTS PER & GeV/c?
&
i
:
Events per 2 GeV

&

1 1 1 1 1 1 _ll
30 50 10 90 110
INVARIANT MASS M (e'e”) (GeV/c))

Altogether O(1000) W events

Altogether O(100) Z events

At SppS W production
dominated by valence quarks

W polarised in the anti-proton

direction.
W
4—
S =
p g < p
d U

Production



The SppS Legacy

T T T T T T Y T

. UA1
s i 92 EVENTS _
5 > Transverse Mass distribution in UA2
@ - QCD - background gy fi m2 o > _I_ > _|_ >
; r 2 T m p;c py
o 4 | -
30 50 10 90 10
INVARIANT MASS M (e'e) (GeV/c) my (Gev)
Altogether O(100) Z events Altogether O(1000) W events I -
UAt UA2
Precision reached: At SppS W production mf[: W 7 events
dominated by valence quarks for
50
Mz =91.5+1.2+1.7(GeV) (UAT) W polarised in the anti-proton N
direction. S
My, = 81.0+ 0.8 £1.3(GeV) (UA2) W =
e 20k (1+c0s 0:)’\;/
p = 1.004 + 0.052 (UAT) = N
. 9 € <« oo > UV 34*44- ‘ 4] .
S111 HW — 0226 0014 (UA1) "8 6 0 oi o -1&3.6-01.2 02 06 10
q cos




The di-lepton mass spectrum at LHC

~
—
: 2 LEP
d / '\‘
= i / 3y
]A-: 30 AIJEPH ;’ /;\ \'\
-’ \
- DELPHI TR\
SN
L 3 " / ’,' 4\'\\ \‘ \
| / '-' \ *\\
" | 'I \\ \\\
[ OPAL I/" '\‘\'\
20 B é I'I' \\\'\:\\
3 " y \
| ¢ average measurements, [/ W,
error bars increased [/ "::i\
by factor 10 o
10 | \
0 ..................
86 88 2 92 94
E, [GeV]

my = 91.1875 & 0.0021 GeV
[, = 2.4952 + 0.0023 GeV
p = 1.0050 £ 0.0010

At LEP ~4.5M Z per
experiment

Events / GeV

Candidates / a[m(p' )|/ 2

Inclusive mass distributions 1
13.1 b (13 TeV, 2016)

1 01 1 Trigger paths
0 CMS - ~ s
10 & Preliminary M U
- le . v
10° B,
= ¢ " v U /-
B P low mass double muon + track
1 08 Y double muon inclusive
10’ ,
108 /., J/Psi and Upsilon in electrons
and muons are extremely
10° Special trigger important standard candles for
10" enhancements calibration.
| 1 L 1L 11 I | 1 1 1 | 1L 11 I | 1 1
1 10 . 10°
uru invariant mass [GeV]
107 ..w.,: . ] ' . ——
10° o = isolation prompi-like sample LHCb di_muon mass
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: / _

Y Y (i) > 1CeV. p(u) > 20 GV

- . spectrum
: ¥ prompt g pu

vt | T *

\"/Zk At LHC Z events are

e 0" ye produced in Billions!
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Composition of Drell Yan production

41

flavour decomposition of W cross sections flavour decomposition of Z° cross sections
100- L] llllll ?l L] 1 'lll" M 1 ] l. 100_ A lllll' ::U 1 1 lll'll

Flavour content of the pp — Z, W process —

In pp collisions a sizeable charge asymmetry
due to the valence quarks (2u vs 1d) in the
proton (difference reduces with the COM
energy as W production occurs at lower X).

d
<
LI |

For 13 TeV collisions predictions are:

% of total o (Z')

% of total o (W'+W)

ow- = 8.54 1021 (PDF) + 0.16 (TH) nb

ow+ = 11.54 7029 (PDF) £ 0.22 (TH) nb

o7 = 1.89 + 0.05 (PDF) =+ 0.04 (TH) nb

0.1

vs (TeV)
Typically in pp in leptonic modes

Numbers with leptonic branching fractions

Overall this process is O(3M) times smaller b=e, T
than the total inelastic cross section. Br(W — qq’) ~ 70%

Still O(30) Billion W boson events produced !!

Br(W — (*v) ~ 10%



Forward Backward Asymmetry

~|
ve
ml

........................ NN A " f e mmmemmemeem e

f Al / Term coming from the
L rest frame

Z/gamma® interference

_ . . ) ~ Thesize of th
S (Rf(l +7°) + Lg (1 — )) fZ, do  4wa? 3A(1 + 052 0%) + (B cos 6° effect will depend
- = — |5 cos” 0") +(B cos on the mass of the
d COS (9 33 N 8 i di-lepton system
ap=(Ly—Ry)/2=T;
O — OB
= (L 2="T3 —2Qsin’0 Bx App =
v = (Ly + Ry)/2 = T3 — 2Q; sin? by R ——
There is an explicit asymmetry between In ¢ "¢~ collisions the FB asymmetry is obvious as the
the coupling of the Z to left and right direction of the incoming electron w.r.t. positron is known:

what is the direction of the quark with respect to the direction of
the anti-quark?

handed fermions!



Measurement of the weak mixing angle at the LHC

Because of the valence PDFs the momentum of valence quarks is larger
and indicates the direction of the quark! The forward and backward
asymmetry can be quantified in the same way.

The size of the asymmetry as a function of the di-lepton mass will depend on
the rapidity of the system (how boosted it is in the z direction). Where a high
boost generates less ambiguity on the initial direction of the charge (from
valence quarks).

Very important to reconstruct electrons at highest possible pseudo rapidity with
forward calorimeters (muons are limited to the tracking volumel!)

CMS up to 4.4 and ATLAS up to 4.9... but careful, energy resolution is also very

important! LHCb bound to forward region (2-5) thus reaches higher £¢ rapidities
(with less stats).

Channel vl min p't2d (GeV) min pifal (GeV)
Uy 0.00-2.40 20 10
ee 0.00-2.50 25 15

A fgnl  minp$(GeV)  min pE" (GeV)
eg 0.00-2.50 2.50-2.87 30 20
eh 1.57-2.50 3.14-4.36 30 20

LHACh  pu —

CMS ee/ﬁg es ch nee————————

0 1 2 3 4 ¥,
CMS Preliminary 59 fb™' (2018, 13 TeV)
m ' ' ' | I ‘ ' | '
%;(“- !
= Fit(CT182)
0-2_" Data
r:"'
+ 0.05]
LL
© 0
A
-0.05+~ 0 1 1 ,
0 20 40 60

lyl-m bin
With mass bins typically between 55 GeV and 150 GeV



Measurement of the weak mixing angle at the LHC

New measurements of sin” 0\, by LHCb and CMS Precision comparable to the most precise single
measurements at LEP AIQB and SLD A, , determination

SM 0.23155 = 0.00004
LEP A,  —= | | 0.23099 = 0.00053
LEP P, 0.23159 = 0.00041
LEP Aly - 0.23221+ 0.00029
SLD A/, — 0.23098 = 0.00026
TOWARDS A NEW PRECISION ERA IN THE CDF 1.96 TeV & ‘ 0.23221 = 0.00046
f:}ﬁtg RO AR I ERARTIRES D0 1.96 TeV B —k B 0.23095 = 0.00040
A fundamental parameter of the Standard Model, ATLAS 7 TeV n O O 0.23080 + 0.00120
the electroweak mixing angle plays a key role in the LHCb 7+8 TeV 0.23142 + 0.00106
“Higgs mechanism”, when the W and Z gauge — —
bosons get their masses through electroweak CMS 8 TeV O 0.23101+ 0.00053
imetry bresking. CHAS has niow renorted ainen CMS13 TaV i eeeeeesenneensaencennstrrerernretnrerernssnsansanseellesetncenetntetiteneeieeriersensansanasanernnannns —_— SaaiEr « 808034
measurement of... ‘ L . 1 . . . .
0.229 0.23 0.231 0.232 0.233 0.234
. 2l
SN0
CMS Briefing Link CMS:  sin?6, = 0.23157 +0.00010 (stat) + 0.00015 (syst) + 0.00009 (theo) + 0.00027(PDF)

LHCb CERN Seminar! Link  LHCb:  sin?¢f, = 0.23152 + 0.00044 (stat) + 0.00005 (syst) + 0.00022 (theo/PDF)


https://cms.cern/news/towards-new-precision-era-study-electroweak-interactions
https://indico.cern.ch/event/1403080/

Measurement of the weak mixing angle at the LHC

New measurements of sin” 0\, by LHCb and CMS Precision comparable to the most precise single
measurements at LEP AIQB and SLD A, , determination

A'TLAS. I?rgliminar -

LEP-1 and SLD: Z-pole ' | 0.23152 £ 0.00016
LEP-1and SLD: A% | —e—1 | 0.23221+ 0.00029
SLD: A, —e— 0.23098 £ 0.00026
Tevatron B | 0.23148 £ 0.00033
LHCb: 7+8 TeV B . | 0.23142 + 0.00106
TOWARDS A NEW PRECISION ERA IN THE |
STUDY OF ELECTROWEAK INTERACTIONS CMS: 8 TeV I | 0.23101+ 0.00053
B3 APR 2024 - | —_
ATLAS: 7 TeV [ e 0.23080 £ 0.00120
A fundamental parameter of the Standard Model, - —_
the electroweak mixing angle plays a key role in the ATLAS: ee -+ 0.23119 £ 0.00049
“Higgs mechani'sm”, when the W and £ gauge ATLAS: ee, 0.23166 + 0.00043
bosons get their masses through electroweak [ -
symmetry breaking. CMS has now reported a new ATLAS: 8 TeV P 0.23140 + 0.00036
measurement of... ' 0 '23 — O 231 é32 —
sine’
CMS Briefing Link CMS:  sin? ngf = 0.23157 + 0.00010 (stat) = 0.00015 (syst) + 0.00009 (theo) + 0.00027(PDF)

LHCb CERN Seminar! Link  LHCb:  sin?¢f, = 0.23152 + 0.00044 (stat) + 0.00005 (syst) + 0.00022 (theo/PDF)

ATLAS Result ATLAS sin?6Y; = 0.23140 + 0.00021 (stat) +0.00024(PDFs) + 0.00016 (syst)


https://cms.cern/news/towards-new-precision-era-study-electroweak-interactions
https://indico.cern.ch/event/1403080/

Tau Polarisation In Z Decays

. Measurement relies in measuring the fraction of tau helicity states, using
/ polarisation sensitive variables! Using both leptonic and hadronic taus
= > : L. deca

= 9
a 0 N(Z = 1z 1") = N(Z — 177 11)
s ' (Pr) = — ¥ — ¥
z 6 N(Z—= 11" )+ N(Z— 17 13)
5 —
4
37 Energy and angular variables are used!
2
20,4 U
1 Po=-A,=—>"5 =~ —2. % =-2(1—4sin?6%).
0 T T U%—i—d% a., ( W
g 145
- }:g_ Tau polarisation directly measures the ratio of vector to axial Z couplings.
o 0.8F .
5 0'646 VR =5 20 PT(ZO) = —0.144 £+ 0.015 = —0.144 + 0.006 (stat) £ 0.014 (syst).

Visible di-t Mass m, (e,u) / GeV

sin? 05 = 0.2319 + 0.0019 = 0.2319 + 0.0008 (stat) + 0.0018 (syst).



Tau Polarisation In Z Decays

. Measurement relies in measuring the fraction of tau helicity states, using
/ polarisation sensitive variables! Using both leptonic and hadronic taus
- > : < deca

7
Also done in ATLAS at 8 TeV J'
s 0070 [y el
363" T

ATI A:“)(i}fle\!) n . _
LEP-SLD — 1 — T
gﬁ;;;;:{egg)%- - <P > L N(Z%TRTL)_N(Z%TL TR)
T/ = — —
L3 —
Energy and angular variables are used!
DELPHI
204 v :
ALEPH - 7 P.=—-A,= 5 < 72 m—Z-—T=—2(1—4sm29$,fo.
OPAL - 97 T 1 4t
! | ! I 1 | ! ! 1 ! |
o e > Tau polarisation directly measures the ratio of vector to axial Z couplings.
Asymmetry A

7%) = —0.144 + 0.015 = —0.144 + 0. + 0. :
Measurement already dominated by systematic P=(Z°) ¢ 0.015 0 0.006 (stat) =+ 0.014 (syst)

uncertainties already! But not competitive with
AFB measurements (in e and mu channels)!

sin? 05 = 0.2319 + 0.0019 = 0.2319 + 0.0008 (stat) + 0.0018 (syst).



Precise direct invisible Z Width by CMS!

Measurement based on missing transverse momentum

CMS 36.3 fb~! (13 TeV)
Ll L] I L L) L L) ] L} L} Ll ] 1] | U L ] L ) Ll ] ' Al 1 L] I L
PSS +jets | [ up +jets [ ee + jets "I“. SDlslte}la refit
n . D SM pOSt-ﬁt T rrrrrrrt ITI rrr v
| . Z(-vv)+j - SM :
W(— fv) + ALEPH | H———1 3450 + 48 MeV
- - Minor bgrd [ :
- QCD multijet - -
Y L3 H——H — 498 + 17 MeV
I Z/Y (= )+ - . ©
N OPAL |- H——H 539 +31MeV
LI B L ymbined [ b 4503 + 16 MeV
CMS | bt 4523 + 16 MeV
——1 : 1(13 TeV 36.3 fb™)
T T T T T T T T T T T T - 1 l L1 1 1 l L1 1 1 I L1 1 1 I L1 1 l-
o . s ‘ ' ! 400 450 500 550 600
— - » r - ¥ . - . ...— .
a 1 n._...__.__;,;____;__:__vﬂ In..'ln__';.__.__'_t__.____..< l.._‘...._',u;....,____'____.ﬂ [iny (MeV)
_3 1 .l I 1 L 1 l L L 1 l 1 1 l. 1 l 1 | 1 l 1 1 ] 1 .I 1
500 1000 500 1000 500 1000
U (GeV)

Measurement already dominated by systematic
I, =523 £ 3 (stat) =16 (syst) MeV uncertainties!




Precise Determination of a¢ - ATLAS

3 _U+L 7
- - do d oY T
Measurement of the differential full- . 1+ 2 g 4 A-( )P( 0 ¢)
. = cos i(y, pT, m)P;i(cos 0,
lepton phase space Z cross section! dpdg  dprdydm -
| =
— 0.08———F———T . . . . v
E " ATLAS Preliminary ] 1.9 .NangaParbat N . DYTurbo
1 - i i - i = - 13TeV,pp - Z/y* = IT,p. >25GeV, |n| < 2.5
'8'-8- 0.06[~ == —e- Data ~ 8 60 m'/4<;,1 L Q<m'1/é<Tp/u u/é u/Q<2
I tat. @ syst. l ﬁ_ = i ' R VF " TPRUFTR OTF T
e I - s fes ] . -.é-, = NLL+NLO resummed
0.04 —— - + + ' + + ot - B NNLL+NNLO resummed
- ] 1.1~ B Artemide — T 40— 20 N°LL+N’LO resummed
i —— i ; i _8 - B N*LL+N*LOa resummed
0.02}- —— - -
pp—>Z —— i
" 8TeV,20.2fb" - 20
....!....5....!....!....!... arxlv:2303.12781
1.1~ E= Cute+MCFM B /
m 0_....1....|....|....|....|....
© 1
—J .
- -
g e s z h
- T { g e . . . .
e 11 adis : e = 0 5 10 15 20 25 30
o I : o 1 O [GeV
= — 5 q, 1oeV.
o Fo—— et ——— o
0 5 10 15 20 25 : :
p. [GeV) Comparisons done at N3LO-N4LL with

N3LO PDFs



Most precise determination of a¢ based on the Sudakof peak, first measurement based on resummation

Ratio to theory

Precise Determination of a¢ - ATLAS
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Precise Determination of a¢ - ATLAS

Most precise determination of a¢ based on the Sudakof peak, first measurement based on resummation

| | | |
-@- Hadron Colliders
ATLAS -@- Category Averages PDG 2022 — - | | | -
Preliminary -@- Lattice Average FLAG 2021 £ 0.122[- ATLAS Preliminary pp—~Z 3
-@- World Average PDG 2022 s’ ; 8 TeV, 20.2 fb” -
@~ ATLAS Zp_8 TeV 012018 E
ATLAS ATEEC 0.1185 + 0.0021 2118 - + B
CMS jets 0.1170 + 0.0019 01164 | -
W, Z inclusive 0.1188 +0.0016 0.114F —
tf inclusive 0.1177 £ 0.0034 0.112 L i
---------------------------- R v s ook, s s ot e, i . . . 1z MSHT20 PDF ~
T decays 0.1178 £ 0.0019 r o Z: 20 ~
QQ bound states 0.1181 £ 0.0037 0.110 - Scale variations B
: I 0.108L | | 1 -
PDF fits 0.1162 + 0.0020 NLL NNLL N3LL N*LLa
efe jets and shapes 0.1171 £ 0.0031
Electroweak fit [ _______| ¢ ——— _012086+0.0028
Lattice_ _ _ _ _ _ _ _ _ _ _ _ _ _ | Ll ______ DEITBASS0I0008: Such precision would not be possible without
Worldaverage | ¢ 0.1179 £0.0009 precise TH predictions (K. Melnikov’s lectures)!
ATLAS Zp_8 TeV | 0-1183 +0.00p9
0.115 0.12 0.125 0.13
o (m )

74

Precision on par with Lattice QCD estimates!



High Mass Drell Yan Measurements

Measuring DY in the high mass region is very interesting for EW and Effective field theory constraints.

A highly non trivial measurement!

. 19.7 fo' (8 TeV) 19.7 fo"' ee and uy (8 TeV)
< ® c 10 S 0E  Amre ¢ T v oo
® 10 ® o —4- Data Q0 CMS - ¢ data Q -~ CMS Y'Z - e'e, p
O ) ® . . Sys. uncertainty o 10° % 10? l
ﬁ_ 10 o ° Total uncertainty % . ] v*Z > ee o 10
= 3 ° w/0 luminosity uncer. o 5 M yZ o =
85 ™ . £ 10 mov E
(- -
“ ® m ttw+iw B
10°F ATLAS . “ o maco s 10 s
10°F {s=8TeV,20.3 b - 107 E
106 [~ MMHT2014 with 68% CL (PDF +a.) + scale + Pl unc. ® 10° = 10 -
% 1.4 - 1 | | | | | 1 1 E’ 10.4 -
a - = MMHT2014 w/o Pl corrections 10?2
% 1.2 SN 10°° —* data
S e, A Y U ISR SRR N— :
£ lpeeacaseseve LR PR | 10 10°r  [iFewz NNLO CT10
0.8F 1 L 1 L 1 P T | 10-7 \
o
S 14— MMHT2014 -- - . s=———e— : 1 | |
Q e s 0 ¢ 15— m—— - > 15F : = E
g e S leo.. oot g 5
" 09} --HERAPDF20 --CT14 - ABM12 -~NNPDF3O . S 05 — 3 - -
! 1 ! ! T N I © 056 PP R | = © 05 -
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Drell-Yan W boson production




ATLAS

EXPERIMENT

Run: 183081
Event: 101291517
2011-06-05 17:09:02 CEST




Inclusive Precision Vector Boson Production at the LHC
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https://atlas.cern/updates/briefing/run2-luminosity

Events /2

Inclusive Precision Vector Boson Production at the LHC

With a dataset of only 4.6 fb-1 at 7 TeV,
approximately 15.5 M W+ events and 10.4 W-
events (electrons and muons). Low PU !

Cross section measurement (as a function of
rapidity) the uncertainty completely dominated
by luminosity uncertainty of 1.8% - Now
reached less than 1% (see ATLAS briefing) !!!

Experiment Briefing

ATLAS delivers most precise luminosity measurement at
LHC

24 January 2023 | By ATLAS Caollaboraton

Q? = 1.9 GeV?

ATLAS-epWZ16

— p2rxpyed une
eu:B unc. )

Using these cross section
measurements and the the
Deep Inelastic Scattering data
from Hera new set of PDFs can
be estimated (ATLAS-epWZ16
same was done in CMS).
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Inclusive Vector Boson Production at LHCDb

LHCDb Precision W production measurements (at 8 TeV) complement the pseudo-rapidity
distribution of the leptons in the [2-5] region.
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Important complementarity for PDF fits.



Measurement of the W Mass at the LHC

A Milestone measurement!

Categories are defined by the charge of the

Analysis strategy based on two kinematic distributions fitted in reconstructed lepton, its flavor (electron or muon)
several categories and its pseudo rapidity.
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LHCb Measurement of the W Mass

59

Measurement done using the g/p distribution (dominant in ATLAS as well) for W  tan((m — A@)/2) pE

¢’ =
events and simultaneously the Collins-Soper ¢* distribution for the Z events: cosh(An/2) M
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As for the case of ATLAS this measurement relies on the fine calibration of the lepton energy M Ot pT 1 9
scale, savvy methods elaborated to correct for charge dependent curvature (sagitta) bias _ p pTE( — CO5 )

corrections using a pseudo mass definition.
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CDF Mass Measurement
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Parton distributions

QED radiation
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- The tension with the CDF W mass with ATLAS only was at

the 3.40 level

- (Tension of CDF measurement with the SM 706)

Since an update of the W mass measurement was made by ATLAS...




The W boson Mass Puzzle

Improved ATLAS result weighs in on W boson

An improved ATLAS measurement of the W boson mass is in line with the Standard Model

Press release | Physics | 23March, 2023

CERN press release

Observed shift 10 MeV and precision improved by 16 MeV!

Overview of m,, Measurements

I LEP Combination | AT| AS Preliminary ™ @
\s=7TeV,4.6f0" | f
DO (Run 2) | e—e
arXiv:1203,0293 . :
CDF (Run 2) | s —
FERMILAB-PUB-22.254-PPD v | :
ATLAS 2017 ' P :
arXiv:1701.07240 @ Measurement - i
] stat. Unc. Ak
ATLAS 2023 !Total Unc. vl
this work ""/SM Prediction T——
R | K i
80200 80300 80400

m,, [MeV]
mMw = 80360+5(siat) +15(syst) = 80360 +16 MeV

mw = 80370 +£19 MeV

Several small improvements, but mostly relying on the
huge analysis effort of the first 7 TeV result but
reformulated using the profile likelihood paradigm.

Before discussing the tension of the CDF measurement with the
SM, need to address the tension between measurements!

The tension with the CDF W mass increases to 40

Where do we go from here?

Significant evidence of measurement systematic
bias: need a collective effort to understand this
puzzle!

For a detailed discussion see Paper by Amoroso et al. Link


https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson
https://arxiv.org/pdf/2308.09417

Reach at HL-LHC in EW Precision measurements

EW Mixing angle W Mass

With the increased luminosity and muon acceptance - Need for low PU (~2)
in CMS (from eta 2.4 to 2.8 - for this study) - Need from ~200 pb™' (already a good start only
approximately one week at 14 TeV) to 1 fb™

CMS Phase-2 Simulation Preliminary
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Nano-summary

The LHC has entered the Precision Era: producing EW measurements with precisions
comparable with the eTe™ LEP and SLD colliders.






The ATLAS W Mass Measurement

Milestone measurement demonstrating the LHC capabilities in precision measurements!

Analysis strategy based on two kinematic distributions fitted in several categories

Decay channel W — ev W — uv
Kinematic distributions pf}, mT p%‘, mr
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Prediction

- Reweighted fully simulated events using Powheg v1 — Pythia 8.170 — CT10 for HS (and CTEQG6L1 for PS) with AZNLO tune (QED ISR with
Pythia 8 and FSR with Photos) —
- Three steps reweighting procedure using factorized fully differential cross section:

NLO EW effects not taken into account in baseline but uncertainty taken into account)

-

-1 7
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da(y>] [do(m, y) do(y)

h—

- First reweight rapidity distribution to DYNNLO with CT10nnlo

- Then at given rapidity reweight in pT to Pythia 8 AZ tune

Uncertainty added for the small

- Finally reweight to angular (A) coefficients estimated at O(as?) disagreement in A2
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Dataset

Experimental Setup

- 7 TeV only, 4.6 fb-1 (electrons) and 4.1 fb-1 (muons) well probed data at moderate PU
- e, 4 with pseudo-rapidity of 2.4 with transverse momentum > 30 GeV (MT > 60 GeV, MET > 30 GeV, recoil < 30 GeV)

/ ST Py W — fy pﬂ‘r}m% — _ (ﬁfg n ZZT) mp = \/zpf["meSS(] — COS A¢)
- Specific improved calibration of leptons (precision dominated by muons - relatively low pT)
Px . . . .
: - Specific calibration of the recoil energy
- First equalise PU multiplicities
- Then correct for residual differences based on Z events
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ATLAS W Mass Measurement

Modeling QCD and PDFs

W-boson charge W+t W= Combined
Kincmatic distribution p‘fr mr pfl- mey pfr Moy

my = 80369.5 + 18.5 MeV

A Milestone measurement!

Fixed-order PDF uncertaintly
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