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A few references…
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50 years of hadron colliders at CERN symposium
- Follow CERN on social media (click on the logos)

2

- Follow ATLAS on social media (click on the logos)

- Follow CMS on social media (click on the logos)
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Preamble and Disclaimers
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The goal of these lectures is to give both an overview of the results in the field (there are many, 
apologies in advance if your favourite result is not covered!) and discuss in some detail specific results. 

If there is any result you would like to discuss in more detail please do not hesitate to ask!

Do not hesitate to ask at any time if you have any questions!

- SM EW and QCD aspects are covered in Tim Cohen and Gregory Soyez lectures.


- Accelerator, detector, trigger and performance of event reconstruction will be covered by Tatiana 
Peloni and Jochen Klein. 

These lectures will rely on the following other lectures for fundamental concepts:

At CERN 40-4-C24 
Contact: marumi.kado@cern.ch



Outline

Lecture 4: More Higgs Physics and Global interpretation


- Higgs couplings measurements

- The Yukawa coupling of the Higgs boson to charm quarks

- Off shell Higgs boson coupling and Higgs width 

- Di-Higgs boson production and Higgs boson trilinear self coupling

- Precision EW Fit

- SMEFT Global fits

- Challenges for Run-3 and the HL-LHC

4

Lecture 1: Basic concepts, QCD, jets and Z production 


- Introduction (rather long)

- Luminosity and total cross section

- Jet production measurements and the measurement of the 

strong coupling constant

- Drell-Yan Z production and the measurements of the weak 

mixing angle and the strong coupling constant
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Lecture 2: EW Precision at Hadron Colliders

- Drell-Yan W production and the W mass measurement

- Associated production of vector bosons and jets

- Multi-boson production (W, Z and photons)

- Top production and top properties measurements

Lecture 3: Higgs Physics


- Diboson channels for Higgs measurements

- Measuring the Yukawa couplings of the Higgs boson

- Differential and Simplified Template cross sections

- CP properties of the Higgs boson

- Invisible Higgs boson decays

- Rare Higgs boson decays




Introduction -  The W and Z bosons turn 40!
The Antiproton Accumulator Following the success of 

putting anti-protons ‘on’ ICE! 
(Initial Cooling Experiment)

(Stochastic cooling)
In 1978 the SppS approved!

UA2 
Aiming at electron 
channel, no magnetic 
field, no muon system, 
high-granular projective 
calorimeter (later 
installed first silicon 
vertex detector).

CERN Seminar of 1983

UA1 
Tracking drift chamber, 
calorimeters, large muon 
system, and 0.7 T dipole 
magnet

… to first collisions in 1981 !?
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https://videos.cern.ch/record/1507644


Altogether O(1000) W events

W candidate in UA1e+

e-
Z candidate in UA1

Altogether O(100) Z events

Track cleaning pT > 2GeV

Discovery of 
the W and Z 
bosons
Carlo Rubbia, 
Simon Van der 
Meer

1984

Introduction - The W and Z bosons turn 40!

Discovery of the 
W and Z bosons 
announced in 
January 1983 
with 6 W events 
in UA1 and four in 
UA2!

6



Birth of EW Precision at LEP and SLC
7

Z line shape and the hadronic 
cross section

Strong coupling running WW cross section at LEP-2 
with clear interference pattern 
demonstrating ZWW interaction 
i.e. non-abelian structure of EW 
interaction

Neutral current Axial vs. 
Vector precise measurements 
and prediction of the top and 
Higgs masses

LEP and SLC an immense legacy! 

Asymptotic freedom and QCD 
David Gross, David Politzer, Frank Wilczek

2004
(With first results from PETRA)

In general  Collisions have been outstanding machines to understand QCD, 
essential in the modelling of processes at the LHC.

e+e−



The existence of the top quark was first predicted to explain 
CP violation in Kaons by Kobayashi and Maskawa in 1973

Discovery of the Origin of the CP violation 
and the need for three families of fermions
Makoto Kobayashi, Toshihide Maskawa

2008

Elucidating the quantum structure of EW interaction
Gerardus ’t Hooft, Martinus Veltman1999

« The mass of the top quark could be predicted (with quantum 
corrections in the electroweak theory) from the precision LEP 
measurements » [Reference]

The discovery of the Top Quark

Observation in the 1 lepton - 4 jets topology, yielding 
a mass measurement of approximately 175 GeV

yt =

p
2mt

v
⇠ 1

<latexit sha1_base64="MZolC659tR4PS1NgCMYWkFgSCOw="></latexit>

v = 246 (GeV)
<latexit sha1_base64="xLXSf4ohQpawu+pMVxdJ8uRYnhs="></latexit>

The top quark is the only quark observed directly as a 
physical state, since it decays before it hadronises!
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The top quark was discovered in 1994 at the Tevatron by the 
CDF and D0 Experiments.

Another immense legacy of LEP and SLC: Precision EW predictions, as 
the top mass in 1993 (to  GeV - see link) 172.1 ± 25

https://www.nobelprize.org/prizes/physics/1999/advanced-information/
https://pubs.aip.org/physicstoday/article/68/4/46/415101/The-top-quark-20-years-after-its-discoveryThe


Already More than 10 Years after the Higgs Discovery
9

• Summer 2011 EPS and Lepton-Photon:                 
Still focused on limits.


• December 2011 CERN Council: First hints.


• Summer 2012 CERN Council and ICHEP: 
Discovery! 

• December 2012 CERN Council:                  
Beginning of a new era!

✓ Strongly Motivated


✓ Significance increased with luminosity 
to reach unambiguous levels


✓ Two experiments


✓ Several channels

Mechanism contributing to… [full]
Francois Englert and Peter Higgs2013

mH = 91+30

�23
GeV

<latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="+QVWPOuTCSZ4phXjrdEmc9TwiIk="></latexit><latexit sha1_base64="+QVWPOuTCSZ4phXjrdEmc9TwiIk="></latexit><latexit sha1_base64="ZBEDfAeoni4zjKU2AxawvJ4HkSw="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit><latexit sha1_base64="KT1aF4bLs6iLKlRmmw6bITzJLj0="></latexit>

Indirect measurement of the Higgs boson mass 
through its quantum effect on the precision 
observables.

https://www.nobelprize.org/prizes/physics/2013/summary/


Nature Higgs Anniversary Edition
10

The international journal of science / 7 July 2022

HIGGS 
AT 10
Probing the 
properties  
of the most  
elusive particle 
in physics

https://www.nature.com/collections/gbfhieacie/
https://www.nature.com/articles/d41586-022-01880-z


Further readings…
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Higgs 10 symposium at CERN

CMS news

ATLAS news

CERN news

https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news


The LHC Datasets



PU profile for the LHC Run 2 

The LHC datasets 

With PbPb, XeXe, pPb and in LHCb fixed target 
p or Pb on He, Ne, Ar.  

Rich Heavy 
Ions datasets

Special low mu 
runs for 

precision EW 
measurements

 -  5.02 TeV -  0.26  fb-1 

 -  13 TeV -  0.35 fb-1 

Low PU pp references 
(e.g. for ATLAS) 

Well calibrated datasets for a vast, diverse and 
thrilling physics program!

pp 13 TeV 2015-2018 - ~140 fb-1 with ~95% data 
taking efficiency and ~95% data quality efficiency

Run 2 datasets

(8M Higgs, 300M top quarks, 8B Z’s, 30B W’s)

13

The LHC pp operations for ATLAS and CMS
pp 13.6 TeV 2022-2023  ~50 fb-1 with ~90% data 
taking and data quality efficiency

Run 3 datasets

pp 7-8 TeV 2010-2012 - ~25 fb-1 with ~95% data 
taking efficiency and ~95% data quality efficiency

Run 1 datasets

LHCb  2011: 1.0 1/fb 

2012: 2.0 1/fb


2015: 0.3 1/fb

2016: 1.6 1/fb

2017: 1.7 1/fb

2018: 2.1 1/fb

Run 1 Run 2

L~9 1/fb and PU ~ 2-3



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.

14/07/2018 12)42latex:proton-proton_collision_generic_hard_process.png 1 097 × 1 000 pixels

Page 1 sur 1https://wiki.physik.uzh.ch/cms/_media/latex:proton-proton_collision_generic_hard_process.png?h=1000&tok=399a6a

The total cross section is dominated 
(60 mb) by inelastic interactions.

The main subject of 
these lectures.

p1
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p2
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Includes elastic interactions from 
exchange of photons or pomerons (20 
mb).

 (very naive view of the pomeron is 
a colorless pair of gluons) 

The simplest measurement 
of the cross section counting 
events: 
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The Totem experiment can measure both the elastic 
(with detectors in Roman Pots from 150m to 220m) 
and the inelastic with detectors near the IP. 



Measurement of the Total Cross Section

14/07/2018 12)42latex:proton-proton_collision_generic_hard_process.png 1 097 × 1 000 pixels

Page 1 sur 1https://wiki.physik.uzh.ch/cms/_media/latex:proton-proton_collision_generic_hard_process.png?h=1000&tok=399a6a

From the initial O(80) mb naive estimate of the total cross section of pp collisions.
The total cross section is dominated 
(60 mb) by inelastic interactions.

The main subject of 
these lectures.

The measurement of the total cross section can also 
be done through the measurement of the elastic 
cross section at (very) low momentum transfer and 
the optical theorem!
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Includes elastic interactions from 
exchange of photons or pomerons (20 
mb).

 (very naive view of the pomeron is 
a colorless pair of gluons) 



Using the Optical Theorem: relates the forward elastic 
cross section (scattering at 0 momentum transfer) and the 
total cross section.

ρ~0.14 is taken from TH 
predictions (known 
typically at 0.5%)

�tot = 4⇡ Im[fel(0)]
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⇢ = Re[fel(0)]/Im[fel(0)]
<latexit sha1_base64="Huv2riuIueD7wjAwZvcKjgC7n9A="></latexit><latexit sha1_base64="Huv2riuIueD7wjAwZvcKjgC7n9A="></latexit><latexit sha1_base64="Huv2riuIueD7wjAwZvcKjgC7n9A="></latexit><latexit sha1_base64="Huv2riuIueD7wjAwZvcKjgC7n9A="></latexit>

Requires special beam 
optics with very large beta* 
(90m - 2.5km) and no 
crossing angle.

fel is the forward 
elastic scattering 
amplitude.

Requires 
measurement of 
inelastic events

To reach the CNI (Coulomb Nuclear Interference) 
region requires very special beam optics with a β* 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).

⇢ = 0.10± 0.01
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Lower than the 
predicted value. 

Model did not take into account « odderons » three 
gluon colourless bound states exchange. First 
evidence by TOTEM.
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Measurement of the differential elastic cross section

(See TOTEM paper)

https://arxiv.org/abs/1812.04732


Measurement of the differential elastic cross section

At very low momentum transfer (t ~ 5 10-4 GeV2) transition 
from Nuclear to Coulomb scattering with an interference (CNI)

The parameters can be fit to the measured differential 
cross section and all the parameters determined.

…can also measure the luminosity!
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(See ALFA paper)

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


Dissecting the total cross section

2⇥ 1034cm�2s�1
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From the nominal LHC luminosity:

100⇥ 10�27 (cm2)⇥ 2⇥ 1034 cm�2s�1
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With a total cross section of approximately 100mb:

⇠ 2⇥ 109 evts/s
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100 mb
Inelastic, start seeing events in the detector! 

Starting point of everything!!

Total cross section

60 mb
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Cross Section Measurements



Fiducial volume and Acceptance

The detector can measure photons, charged leptons, hadrons, 
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)

top-quark 

b-jet

b-jet

light-jet

light-jet

lepton
neutrino

anti top-quark 

pp ! tt
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Reconstruction level typical selection

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

pT> 25 GeV and with in |eta|<2.5.

- Missing transverse momentum in excess of 20 GeV.

- Four jets wit ET> 35 GeV and |eta|<2.5.

- Two jets tagged as b-jets.


Corresponding (typical) fiducial volume

- One true lepton (electron or muon) ET/pT> 25 GeV and with 

in |eta|<2.5.

- 4 Truth particle jets wit ET> 35 GeV and |eta|<2.5.


More complete fiducial volume

- Truth level missing transverse energy larger than 30 GeV.

- 2 of the truth particle jets originate from a b-quark.

- Truth particle level lepton isolation
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Reconstructed distribution

More Cross Sections Definitions 
Total, fiducial, differential and unfolded

Being a bit more precise on how to derive the cross section from 
the counted number of events with specific analysis selection 
criteria:

The acceptance A defined by the ratio of number of 
events produced in the fiducial volume to the total 
number of events. It is an extrapolation factor 
estimated by theory (typically with Monte Carlo).

Fiducial cross section

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

Where σtot is the total cross section for a given process (which includes the 
decay branching fractions), A the acceptance of the process,      is experimental 
efficiency (online and offline) and L is the integrated  luminosity.

"
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Total cross section

Differential cross section w.r.t. (truth level) variable 
The notion of differential cross section in HEP is binned in 
truth level variables and measurements in corresponding 
reconstruction level variable: 

Truth distribution

t
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Generating the reconstructed 
distribution (detect. simulation)

f(t)
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Unfolding estimating the truth from 
the reconstructed 

g(r) ! f(t)
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To be solved numerically the problem needs to be discretised:

f(t) ! x
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For the case where the number of truth 
and reconstructed bins are the same 
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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.
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This draws the focus on the experimental understanding of the measurement on truth particle 
that are reconstructable.

(Outstanding contribution from IPPP Durham!)

These will allow 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:

RIVET 
The Particle Physics Analysis Tolkit

Link Link

Most LHC results implemented! Large number of analyses implemented!

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


Jet Cross Sections and the Measurement of αS



Jet  
Cross Sections  

and 
Measurement of 

the strong 
coupling constant

↵S
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Soft QCD Measurements

Essential track multiplicity measurements to tune the 
Underlying Event and Minimum Bias modelling (as 
well as probing tracking and the detector geometry)


- Many more: 
- Total inelastic cross section measurements

- Exclusive cross section measurement

- MPI measurements



Differential Jet Production Cross Sections 

Example: Double differential jet cross section measurement by CMS
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- Count number of events in reconstructed bins of (�pT ,�y)
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- Unfold to truth particle jet quantities taking into account 
reconstruction and trigger efficiencies and unfolding resolution matrix
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Differential Jet Production Cross Sections 

- Main experimental uncertainty is the Jet Energy Scale uncertainties.

- Very important checks of (very very intricate) NLO predictions 

- Interesting dependence on the strong coupling constant.

Comparison with State-of-the-art predictions

Example: Double differential jet cross section measurement by CMS

d2�

dpT dy
=

1

"L
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- Count number of events in reconstructed bins of (�pT ,�y)
<latexit sha1_base64="WiUREXrXtKrZ4YI4tQjX9mol82Y="></latexit><latexit sha1_base64="WiUREXrXtKrZ4YI4tQjX9mol82Y="></latexit><latexit sha1_base64="WiUREXrXtKrZ4YI4tQjX9mol82Y="></latexit><latexit sha1_base64="WiUREXrXtKrZ4YI4tQjX9mol82Y="></latexit>

- Unfold to truth particle jet quantities taking into account 
reconstruction and trigger efficiencies and unfolding resolution matrix
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Measurement of the ratio of cross sections

- R3/2 is the ratio of inclusive 3-jet to inclusive 2-jet cross 
sections as a function of the average pT of the two leading jets:R3/2 =

�3�jets

�2�jets
=
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Using ratios can improve precision by  cancelling systematic 
uncertainties.

- Again interesting dependence in strong coupling constant.


- Main experimental uncertainty partly canceled but still 
dominant. 


- With the transverse momenta of all the jets can infer the energy 
scale of the process.

Ratio of Differential Jet Production Cross Sections 
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Measurement of the Strong Coupling constant 

From QCD:
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From the measurements of jet cross sections and 
their ratios, the strong coupling constant can be 
measured at the highest energy scales!

Asymptotic freedom: QCD is perturbative at high energies

Crucial dependence of the strong coupling constant 
with the energy scale predicted (1973):
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The Drell Yan             productionZ/�⇤
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The SppS Legacy

Altogether O(100) Z events

Transverse Mass distribution in UA2

m2
T = m2 + p2x + p2y
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Altogether O(1000) W events

At SppS W production 
dominated by valence quarks

W polarised in the anti-proton 
direction.
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Transverse Mass distribution in UA2

Precision reached:

MW = 81.0± 0.8± 1.3 (GeV)
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(
<latexit sha1_base64="qCkM3gxFL6AKllJ6Nc40K7jrdmE="></latexit> <latexit sha1_base64="qCkM3gxFL6AKllJ6Nc40K7jrdmE="></latexit> <latexit sha1_base64="qCkM3gxFL6AKllJ6Nc40K7jrdmE="></latexit> <latexit sha1_base64="qCkM3gxFL6AKllJ6Nc40K7jrdmE="></latexit>

W

Decay

W polarised in the anti-proton 
direction.

33

Altogether O(100) Z events Altogether O(1000) W events

The SppS Legacy



Z, J/Psi and Upsilon in electrons 
and muons are extremely 
important standard candles for 
calibration.

u
<latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit>

u
<latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="4Op2CZCCveS7pGSLYSFMNdpq4iE=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqFZ+W6sHjcANfxmEBaijGM209oIbDJGCIccUHAkMYYkImp4+QgTIiBtgTpwiJFyc4wEV0uaUxSkjInZC3zHN+gWb0Nx6aqdmtIqkV5HSxxFpUspThO1qvovnztmyv3nPnafd24z+ceE1Jdbgjti/dIvM/+psLQYjnLkaBNWUOcZWxwqX3J2K3bn/pSpDDhlxFg8prggzp1ycs+802tVuzzZy8TeXaVk7Z0Vujne7S2pw+LOdy6Bz0giDRtgKUMYBDnFMbTzFOa7QRNtZPuIJz96lJz39eRW8UnEn9vFtePkHLJOOSg==</latexit><latexit sha1_base64="4Op2CZCCveS7pGSLYSFMNdpq4iE=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqFZ+W6sHjcANfxmEBaijGM209oIbDJGCIccUHAkMYYkImp4+QgTIiBtgTpwiJFyc4wEV0uaUxSkjInZC3zHN+gWb0Nx6aqdmtIqkV5HSxxFpUspThO1qvovnztmyv3nPnafd24z+ceE1Jdbgjti/dIvM/+psLQYjnLkaBNWUOcZWxwqX3J2K3bn/pSpDDhlxFg8prggzp1ycs+802tVuzzZy8TeXaVk7Z0Vujne7S2pw+LOdy6Bz0giDRtgKUMYBDnFMbTzFOa7QRNtZPuIJz96lJz39eRW8UnEn9vFtePkHLJOOSg==</latexit><latexit sha1_base64="nrfxL6tLr60NciTroqH//RazIt0="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit>

Special trigger 
enhancements

Inclusive mass distributions

`+
<latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit>

`�
<latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="COxW/8PSooqKuWn6NWYoF5V6wdE="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit>

At LEP ~4.5M Z per 
experiment

mZ = 91.1875± 0.0021GeV
<latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="T/efHaPhl5/7RxZRQx2we5heFCE="></latexit><latexit sha1_base64="T/efHaPhl5/7RxZRQx2we5heFCE="></latexit><latexit sha1_base64="Lv3jp/lHEi+jf33gsqKAuLyAWPc="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="T/efHaPhl5/7RxZRQx2we5heFCE="></latexit><latexit sha1_base64="T/efHaPhl5/7RxZRQx2we5heFCE="></latexit><latexit sha1_base64="Lv3jp/lHEi+jf33gsqKAuLyAWPc="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit><latexit sha1_base64="f0uM9sjujOSUj2B9aNxEliujfpA="></latexit>

LEP

�Z = 2.4952± 0.0023GeV
<latexit sha1_base64="o3YG5C1FUQCI1PEXqVsH07PIqWY="></latexit><latexit sha1_base64="o3YG5C1FUQCI1PEXqVsH07PIqWY="></latexit><latexit sha1_base64="o3YG5C1FUQCI1PEXqVsH07PIqWY="></latexit><latexit sha1_base64="o3YG5C1FUQCI1PEXqVsH07PIqWY="></latexit>

⇢ = 1.0050± 0.0010
<latexit sha1_base64="1F4ZvxSHvuNOnwt4IFv+V/4sPCY="></latexit><latexit sha1_base64="1F4ZvxSHvuNOnwt4IFv+V/4sPCY="></latexit><latexit sha1_base64="1F4ZvxSHvuNOnwt4IFv+V/4sPCY="></latexit><latexit sha1_base64="1F4ZvxSHvuNOnwt4IFv+V/4sPCY="></latexit>

The di-lepton mass spectrum at LHC
34

Z
<latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit>

⌥
<latexit sha1_base64="4LZqC5uNP+T6Xr82o4Z2xlvp5fw="></latexit><latexit sha1_base64="4LZqC5uNP+T6Xr82o4Z2xlvp5fw="></latexit><latexit sha1_base64="4LZqC5uNP+T6Xr82o4Z2xlvp5fw="></latexit><latexit sha1_base64="4LZqC5uNP+T6Xr82o4Z2xlvp5fw="></latexit>

J/ 
<latexit sha1_base64="DAL94XHe4iiUJO5zObjKoXXPakQ="></latexit><latexit sha1_base64="DAL94XHe4iiUJO5zObjKoXXPakQ="></latexit><latexit sha1_base64="DAL94XHe4iiUJO5zObjKoXXPakQ="></latexit><latexit sha1_base64="DAL94XHe4iiUJO5zObjKoXXPakQ="></latexit>

 0
<latexit sha1_base64="GdQrMvJies1lH3r4wa7ewUm/KTI="></latexit><latexit sha1_base64="GdQrMvJies1lH3r4wa7ewUm/KTI="></latexit><latexit sha1_base64="GdQrMvJies1lH3r4wa7ewUm/KTI="></latexit><latexit sha1_base64="GdQrMvJies1lH3r4wa7ewUm/KTI="></latexit>

�
<latexit sha1_base64="ojYlf0vOzQkAR9T5OPC+EwA6nso="></latexit><latexit sha1_base64="ojYlf0vOzQkAR9T5OPC+EwA6nso="></latexit><latexit sha1_base64="ojYlf0vOzQkAR9T5OPC+EwA6nso="></latexit><latexit sha1_base64="ojYlf0vOzQkAR9T5OPC+EwA6nso="></latexit>

!
<latexit sha1_base64="nJvvNs0l3+9k9v2pv+rEj7tV89c="></latexit><latexit sha1_base64="nJvvNs0l3+9k9v2pv+rEj7tV89c="></latexit><latexit sha1_base64="nJvvNs0l3+9k9v2pv+rEj7tV89c="></latexit><latexit sha1_base64="nJvvNs0l3+9k9v2pv+rEj7tV89c="></latexit>

⌘
<latexit sha1_base64="MklMq2PBdGukwrTaS5jeRz96SQc="></latexit><latexit sha1_base64="MklMq2PBdGukwrTaS5jeRz96SQc="></latexit><latexit sha1_base64="MklMq2PBdGukwrTaS5jeRz96SQc="></latexit><latexit sha1_base64="MklMq2PBdGukwrTaS5jeRz96SQc="></latexit>

8B events produced at LHC!

LHCb di-muon mass 
spectrum



Composition of Drell Yan production

Flavour content of the                            processpp ! Z,W±
<latexit sha1_base64="CNlX8tbalzvuuf/jhHr/JpR5/Ss="></latexit><latexit sha1_base64="CNlX8tbalzvuuf/jhHr/JpR5/Ss="></latexit><latexit sha1_base64="CNlX8tbalzvuuf/jhHr/JpR5/Ss="></latexit><latexit sha1_base64="CNlX8tbalzvuuf/jhHr/JpR5/Ss="></latexit>

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).


Overall this process is O(3M) times smaller 
than the total inelastic cross section. 
Still O(30) Billion W boson events produced !!

u
<latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit>

d
<latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="fQ6yrn+fYbSs1wEAfC9MN0LCB10=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqNbwtlYPGoEb/jIIC1BHMZpp7QU3GCIFQ44pOBIYwhIRND19hAiQETfAnDhFSLg4xwMqpM0pi1NGROyEvmOa9Qs2obn11E7NaBVJryKljyPSpJSnCNvVfBfPnbNlf/OeO0+7txn948JrSqzBHbF/6RaZ/9XZWgxGOHM1CKopc4ytjhUuuTsVu3P/S1WGHDLiLB5SXBFmTrk4Z99ptKvdnm3k4m8u07J2zorcHO92l9Tg8Gc7l0HnpBEGjbAVoIwDHOKY2niKc1yhibazfMQTnr1LT3r68yp4peJO7OPb8PIPBO6OOQ==</latexit><latexit sha1_base64="fQ6yrn+fYbSs1wEAfC9MN0LCB10=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqNbwtlYPGoEb/jIIC1BHMZpp7QU3GCIFQ44pOBIYwhIRND19hAiQETfAnDhFSLg4xwMqpM0pi1NGROyEvmOa9Qs2obn11E7NaBVJryKljyPSpJSnCNvVfBfPnbNlf/OeO0+7txn948JrSqzBHbF/6RaZ/9XZWgxGOHM1CKopc4ytjhUuuTsVu3P/S1WGHDLiLB5SXBFmTrk4Z99ptKvdnm3k4m8u07J2zorcHO92l9Tg8Gc7l0HnpBEGjbAVoIwDHOKY2niKc1yhibazfMQTnr1LT3r68yp4peJO7OPb8PIPBO6OOQ==</latexit><latexit sha1_base64="z4BarX4wjvidDJTvtD+dHZh9FxA="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit><latexit sha1_base64="7kVD1bztflqXqy6ue1pPjTm2YK4="></latexit>

u
<latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="4Op2CZCCveS7pGSLYSFMNdpq4iE=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqFZ+W6sHjcANfxmEBaijGM209oIbDJGCIccUHAkMYYkImp4+QgTIiBtgTpwiJFyc4wEV0uaUxSkjInZC3zHN+gWb0Nx6aqdmtIqkV5HSxxFpUspThO1qvovnztmyv3nPnafd24z+ceE1Jdbgjti/dIvM/+psLQYjnLkaBNWUOcZWxwqX3J2K3bn/pSpDDhlxFg8prggzp1ycs+802tVuzzZy8TeXaVk7Z0Vujne7S2pw+LOdy6Bz0giDRtgKUMYBDnFMbTzFOa7QRNtZPuIJz96lJz39eRW8UnEn9vFtePkHLJOOSg==</latexit><latexit sha1_base64="4Op2CZCCveS7pGSLYSFMNdpq4iE=">AAACuXicjVJdS8MwFD2rX3NOnb76UhyCT6P1RR8FQXzcwH3AHNJm2QzL2pKkwhj+Al/1t4n/QP+FN7EDdYimtD05956T3NzEmRTaBMFryVtZXVvfKG9WtqrbO7u1vWpHp7livM1SmapeHGkuRcLbRhjJe5ni0TSWvBtPLmy8e8+VFmlybWYZH0yjcSJGgkWGqFZ+W6sHjcANfxmEBaijGM209oIbDJGCIccUHAkMYYkImp4+QgTIiBtgTpwiJFyc4wEV0uaUxSkjInZC3zHN+gWb0Nx6aqdmtIqkV5HSxxFpUspThO1qvovnztmyv3nPnafd24z+ceE1Jdbgjti/dIvM/+psLQYjnLkaBNWUOcZWxwqX3J2K3bn/pSpDDhlxFg8prggzp1ycs+802tVuzzZy8TeXaVk7Z0Vujne7S2pw+LOdy6Bz0giDRtgKUMYBDnFMbTzFOa7QRNtZPuIJz96lJz39eRW8UnEn9vFtePkHLJOOSg==</latexit><latexit sha1_base64="nrfxL6tLr60NciTroqH//RazIt0="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit><latexit sha1_base64="i+elp7OtusenBAzjnXWo+H5LzHk="></latexit>

W�
<latexit sha1_base64="rUHdqIZp+L4ZZlLvkuft1IYV75U="></latexit><latexit sha1_base64="rUHdqIZp+L4ZZlLvkuft1IYV75U="></latexit><latexit sha1_base64="rUHdqIZp+L4ZZlLvkuft1IYV75U="></latexit><latexit sha1_base64="rUHdqIZp+L4ZZlLvkuft1IYV75U="></latexit>

Z
<latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit><latexit sha1_base64="ICWCpB3FniaiIu+Qz2DuLmrLBIM="></latexit>

u
<latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit><latexit sha1_base64="dW1yKudE/8wkldIcQJFFGLqdd04="></latexit>

Br(Z ! ⌫⌫) ⇠ 20%
<latexit sha1_base64="sGOXIP7suuZHVBFLyBk7gtXvo44="></latexit><latexit sha1_base64="sGOXIP7suuZHVBFLyBk7gtXvo44="></latexit><latexit sha1_base64="sGOXIP7suuZHVBFLyBk7gtXvo44="></latexit><latexit sha1_base64="sGOXIP7suuZHVBFLyBk7gtXvo44="></latexit>

Br(Z ! qq) ⇠ 70%
<latexit sha1_base64="+NBE21luWSB/K225+BJkmg8HuD4="></latexit><latexit sha1_base64="+NBE21luWSB/K225+BJkmg8HuD4="></latexit><latexit sha1_base64="+NBE21luWSB/K225+BJkmg8HuD4="></latexit><latexit sha1_base64="+NBE21luWSB/K225+BJkmg8HuD4="></latexit>

Br(Z ! `+`�) ⇠ 3%
<latexit sha1_base64="R1AvUZPkL1XgW3BEble0sFHskm4="></latexit><latexit sha1_base64="R1AvUZPkL1XgW3BEble0sFHskm4="></latexit><latexit sha1_base64="R1AvUZPkL1XgW3BEble0sFHskm4="></latexit><latexit sha1_base64="R1AvUZPkL1XgW3BEble0sFHskm4="></latexit>

Br(W ! `±⌫) ⇠ 10%
<latexit sha1_base64="XDU6ID7UPjszNUpINnpdSS2Zfmk="></latexit><latexit sha1_base64="XDU6ID7UPjszNUpINnpdSS2Zfmk="></latexit><latexit sha1_base64="XDU6ID7UPjszNUpINnpdSS2Zfmk="></latexit><latexit sha1_base64="XDU6ID7UPjszNUpINnpdSS2Zfmk="></latexit>

Br(W ! qq0) ⇠ 70%
<latexit sha1_base64="tM7He0pH5t/ykm+80Y67YXZYh1k="></latexit><latexit sha1_base64="tM7He0pH5t/ykm+80Y67YXZYh1k="></latexit><latexit sha1_base64="tM7He0pH5t/ykm+80Y67YXZYh1k="></latexit><latexit sha1_base64="tM7He0pH5t/ykm+80Y67YXZYh1k="></latexit>

Typically in pp in leptonic modes
` = e, µ, ⌧

<latexit sha1_base64="VqJOuEnrWc48FeJxQlhmh2sZfEE="></latexit><latexit sha1_base64="VqJOuEnrWc48FeJxQlhmh2sZfEE="></latexit><latexit sha1_base64="VqJOuEnrWc48FeJxQlhmh2sZfEE="></latexit><latexit sha1_base64="VqJOuEnrWc48FeJxQlhmh2sZfEE="></latexit>
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�W� = 8.54 +0.21
�0.24 (PDF)± 0.16 (TH) nb

<latexit sha1_base64="dmDsIcqG9edVehrKoaAGrJxZ84s="></latexit><latexit sha1_base64="dmDsIcqG9edVehrKoaAGrJxZ84s="></latexit><latexit sha1_base64="dmDsIcqG9edVehrKoaAGrJxZ84s="></latexit><latexit sha1_base64="dmDsIcqG9edVehrKoaAGrJxZ84s="></latexit>

�W+ = 11.54 +0.32
�0.31 (PDF)± 0.22 (TH) nb

<latexit sha1_base64="SKw1dGI1eOgPOJvlCTentPDf1ME="></latexit><latexit sha1_base64="SKw1dGI1eOgPOJvlCTentPDf1ME="></latexit><latexit sha1_base64="SKw1dGI1eOgPOJvlCTentPDf1ME="></latexit><latexit sha1_base64="SKw1dGI1eOgPOJvlCTentPDf1ME="></latexit>

�Z = 1.89± 0.05 (PDF)± 0.04 (TH) nb
<latexit sha1_base64="Cswc2u2OGgSBwLkCUZ4WsRTPQZY="></latexit><latexit sha1_base64="Cswc2u2OGgSBwLkCUZ4WsRTPQZY="></latexit><latexit sha1_base64="Cswc2u2OGgSBwLkCUZ4WsRTPQZY="></latexit><latexit sha1_base64="Cswc2u2OGgSBwLkCUZ4WsRTPQZY="></latexit>

For 13 TeV  collisions predictions are:

Numbers with leptonic branching fractions



Forward Backward Asymmetry in pp Collisions

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.

e+ oru
<latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit>

`�
<latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="COxW/8PSooqKuWn6NWYoF5V6wdE="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit>

✓⇤
<latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit>

Z rest frame

e� oru
<latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit>

d�

d cos ✓⇤
=

4⇡↵2

3ŝ


3

8
A(1 + cos2 ✓⇤) +B cos ✓⇤

�

<latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="9x+6L7hEVRO2DSSrdWASWlXw+mI="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit>

Term coming from the 
Z/gamma* interference

`+
<latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit>

AFB =
�F � �B

�F + �B
<latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit>

FB

B /
<latexit sha1_base64="Bi4J/WBAMPpDRHENH3PH5Yh82z0="></latexit>

In  collisions the FB 
asymmetry is obvious as the 
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?

e+e−
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Z/�⇤
<latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit>

f
<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>

f
<latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit>

af = (Lf �Rf )/2 = T 3
f

<latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="4DBwBD2yZgILKfTDWZmpB8Vs4ak="></latexit><latexit sha1_base64="4DBwBD2yZgILKfTDWZmpB8Vs4ak="></latexit><latexit sha1_base64="IzX23oVIYZDA92uVMtN7n+ZrrK4="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit>

vf = (Lf +Rf )/2 = T 3
f � 2Qf sin

2 ✓W
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There is an explicit asymmetry 
between the coupling of the Z to 
left and right handed fermions!

g

2 cos ✓W
f�µ

�
Rf (1 + �5) + LF (1� �5)

�
fZµ

<latexit sha1_base64="AlpW20lvwfB+I8za7OzWtLRDSxw="></latexit>



Measurement of effective weak mixing angle at the LHC

Once the reference frame is defined, the Forward backward 
asymmetry can be straightforwardly measured, expressing the 
asymmetry in terms of the effective mixing angle is less 
straightforward but done. 

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).

Latest ATLAS result using forward electrons up to eta of 4.9.  
sin2 ✓`e↵ = 0.23140± 0.00021 (stat)

±0.00024(PDFs)± 0.00016 (syst)
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Precise direct invisible Z Width by CMS!
38

Measurement already dominated by systematic 
uncertainties!

Measurement based on missing transverse momentum



Tau Polarisation in Z Decays - CMS
39

Measurement relies in measuring the fraction of tau helicity states, using 
polarisation sensitive variables! Using both leptonic and hadronic taus 
decays.

Tau polarisation directly measures 
the ratio of vector to axial Z 
couplings.

Energy and angular variables are used!

For R-τ lepton the V (V = ρ, 
a1) resonance tends to be 
longitudinal (λV = 0). 
Conversely, for L-τ is left-
handed, the V tends to be 
transverse, λV = −1.



ATLAS and CMS measurements in  and 
 final states dominate the precision.

e+e−

μ+μ−

PDF uncertainties are dominant in this 
measurement!

New CMS measurement with partial Run 2 dataset 
comparable precision as measurements at  colliderse+e−

Measurement already dominated by systematic 
uncertainties already!  But…

Tau Polarisation in Z Decays - CMS
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Precise Determination of  - ATLASαS

Measurement of the differential full-
lepton phase space Z cross section!

Comparisons done at N3LO-N4LL with 
N3LO PDFs 

41



Precise Determination of  - ATLASαS

Most precise determination of  based on the Sudakof peak, first measurement based on resummationαS
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Precise Determination of  - ATLASαS

Most precise determination of  based on the Sudakof peak, first measurement based on resummationαS
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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!


