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A few references...

50 years of hadron colliders at CERN symposium

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

OVolbe @) wogan 9 )

50 years 2\
of Hadron Colliders| - Follow ATLAS on social media (click on the logos)
at CERN

14" October 2021 16001500 EVouTube  [©) Instagram iy g

7/ /’///", 1 / ._ rw‘

U NN

\ N \\\ \ = — _,/////’/f ///f?//////// // 7 / /,‘,/ 3 Pal /
N \\\\\\ AN \ . 't n,l./; Y
N \ N :;: \.\ ice Ohlso /

— - . - 7/
. "~ A /4//,///’ / /8
2 4 7,
e /

- Follow CMS on social media (click on the logos)
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Preamble and Disclaimers

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!

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

- 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.

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



Outline

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

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

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 Gilobal fits

- Challenges for Run-3 and the HL-LHC



Introduction - The W and Z bosons turn 40!

Following the success of The Antiproton Accumulator

putting anti-protons ‘on’ ICE!
(Initial Cooling Experiment)
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https://videos.cern.ch/record/1507644

Introduction - The W and Z bosons turn 40!

- et W candidate in UA1
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Birth of EW Precision at LEP and SLC

LEP and SLC an immense legacy!
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Z line shape and the hadronic
cross section

Strong coupling running

Asymptotic freedom and QCD

David Gross, David Politzer, Frank Wilczek

(With first results from PETRA)

WW cross section at LEP-2
with clear interference pattern
demonstrating ZWW interaction
l.e. non-abelian structure of EW
Interaction

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

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



The discovery of the Top Quark

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

.................

160 170 180 1

Discovery of the Origin of the CP violation | Top Mass (GeV/c')
and the need for three families of fermions |

Makoto Kobayashi, Toshihide Maskawa

1
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(e —_ [\
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Another immense legacy of LEP and SLC: Precision EW predictions, as 1
the top mass in 1993 (to 172.1 = 25 GeV - see link) | T e 3 meters
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Reconstructed Mass (GeV/cz)

- | Elucidating the quantum structure of EW interaction

00 Gerardus 't Hooft, Martinus Veltman Observation in the 1 lepton - 4 jets topology, vielding
a mass measurement of approximately 175 GeV
« The mass of the top quark could be predicted (with guantum \/i
o . g
corrections in the electroweak theory) from the precision LEP Yy = ~ 1 v = 246 (GeV)
measurements » [Reference] U
The top quark was discovered in 1994 at the Tevatron by the The top quark is the only quark observed directly as a

CDF and DO Experiments. physical state, since it decays before it hadronises!


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

Nature Higgs Anniversary Edition

The international jou ce/7July 2022

natu re nggsboson at10:adeep diveinto

“Iﬁﬁs e the mysterious, mass-giving

o .
"TI . particle

Probing t% We discuss the discovery of the Higgs boson and the impact it's had on physics.
properties

of the

elusiv icle ¥

%_ ,] o« f‘,“"l J‘,‘J‘

nature portfolio

e > collection

Collection 04 July 2022
The Higgs boson discovery turns ten

The discovery of the Higgs boson was announced ten years ago on the 4th of July 2012 — an
event that substantially advanced our understanding of the origin of elementary particles’
masses. In this collection of articles from Nature, Nature Physics and Nature Reviews Physics
we celebrate this groundbreaking discovery and reflect on what we have learned about the
Higgs boson over the intervening years.



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

Further readings...

Higgs 10 symposium at CERN

ATLAS news

10 years of Higgs research

The ATLAS Collaboration at CERN has released its most comprehensive overview of the Higgs boson.
The new paper, published in the journal Nature, comes exactly ten years after ATLAS announced the
discovery of the Higgs boson. In celebration of this anniversary, a special all-day symposium on the
Higgs boson is currently underway at CERN.

Press Statement | 4 July 2022

years

HIGGS boson

discovery

CERN news

e

..' " ,g' l“ .1:" }l : ]
LS =3

ATLAS and CMS release results of most comprehensive studies
yet of Higgs boson’s properties

The collaborations have used the largest samples of proton-proton collision data recorded so far by the experiments to
study the unique particle in unprecedented detail

News | Physics | 04 July, 2022

Higgs10: When spring 2012 turned to summer

It was just a few short weeks in mid-2012, but they were so intense that it felt like years. As 4 July drew near, the ATLAS and
CMS experiments could sense that they were homing in on something big.

THE HIGGS BOSON TURNS

News | At CERN | 04 July, 2022

10: RESULTS FROM THE
CMS EXPERIMENT

® 04 JUL 2022 | & AJAFARI | B
PHYSICS



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

The LHC Datasets




The LHC datasets

The LHC pp operations for ATLAS and CMS

Run 3 datasets pp 13.6 TeV 2022-2023 ~50 fb-! with ~90% data
CMS —zow07Tevasops taking and data quality efficiency
o I 1 | |
RGN0 Run 2 datasets pp 13 TeV 2015-2018 - ~140 fb-! with ~95% data
ool —— S025. 1267V, 4200 - taking efficiency and ~95% data quality efficiency

w2023, 13.6 TeV, 31.4 fb7

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

Total integrated luminosity (fo™)
N
o

Run 1 datasets pp 7-8 TeV 2010-2012 - ~25 b1 with ~95% data
; — | taking efficiency and ~95% data quality efficiency
0 , /‘-//_l v
B 0 e 0% o LHCb Runi1 2011:1.0 1/fb Run 2 2015: 0.3 1/fb
Date (UTC) 2012: 2.0 1/fb 2016: 1.6 1/fb
PU profile for the LHC Run 2 5 5 2017:1.7 1/fb
Y . L91/fbandPU 2'3 20-821 -/fb
% sop | ATEAS Online S ee Rich Heavy With PbPb, XeXe, pPb and in LHCDb fixed target
z bR Y lons datasets p or Pb on He, Ne, Ar.
o 400:— 2022-23: (u) = 44.6 -
S - {s=13.6TeV, 49 fb”
2 O Low PU pp references - 5.02TeV - 0.26 fb™
§ 20 (e.g. for ATLAS) - 13 TeV - 0.35 fb!
Special low mu i 1003
f : . .
precigi%ZSESJ ol ] Well calibrated datasets for a vast, diverse and
measurements O 10 20 30 40 50 60 70 80

thrilling physics program!

Mean Number of Interactions per Crossing



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
(60 mb) by inelastic interactions.
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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 A
. . . o\ \
(60 mb) by inelastic interactions. exchange of photons or pomerons (20 N ol o»ﬂ\““ o%]‘“‘“ “@20@
L . Al
mb). o= I /’L Il
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> |
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Measurement of the differential elastic cross section

Requires special beam
optics with very large beta”

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

Relative beam sizes around IP1 (Atlas) in collision

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 — _ S
AR o e > - ATLAS  Preliminary ft
» N N N Al . G 10t {s=13 TeV, 340 ub™ BN _
Beam 1 —— Beam 2 S = B*=2.5 km \
Q7| @6 Q4 DI Q2 ATLAS Q2 D1 Q4 Q6 Q7 £ -+, b __
© 100 | f
B7L1 A7L1 A7R1 B7R1 e = | '
Al A3 A5 A7 102 _ 1072
A - - - - - Aﬁm / Arﬂ;z - = = =~ > A =
= < - - < liﬁiiixz:iiiééé-iaﬁrttif._‘ _____ * = ™ = » = : ® 2016 data
. e
10 E Elastic fit
A2 A4 A6 A8 = 0,=104.68 £ 1.08 mb
B p=0.0978 + 0.0085 , ®
B=21.14 £ 0.13 GeV' o
241 m e e e 241 m 15 67+ 29 Gev? *
- D=17.4 + 7.8 GeV" -.
10- 1 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 o.ogg \ N\
OO sms
T 10 10 107 4 iGev?

dNe; —20QED  Otot ,. b ’
. , 1l/2
< d )t_o ”( 1 I TP

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

Otot(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° 6, —— —— {1 100 mb  Total cross section
7 ' : ' HE 7
10 10 : : .
Tevatron LHC ¢ 6() mb Inelastic, start seeing events in the detector!
10 — 310 Starting point of everything!!
10° 10° ‘.‘w
o, o
10°* 10° &
o
10° ~ 10° & From the nominal LHC luminosity:
b o (E >Vs/20) =
10 10 _ _
a , T ! 2 x 10%*em %571
< 10 Oy~ > S 100
6 G, : . . O
© 10°k; EF.100Gev) N 310 o
jet T . : : 0))
10" E E 10" @
107 ’ : 107 2 With a total cross section of approximately 100mb:
I : )
10° s,/ / E 10" 3 —27 2 34 ., —2_—1
. | . 100 X 107" (em”) x 2 X 10°* em™“s
107 kg, (M=120GeV)” /' ; 10
10 200 GeV” 10 ~ 2 x 10” evts/s
10° : 5 10°
e, 500GeV /) |
10'7 il ] L1 1 a1l 1 L1 paal 10'7
0.1 1 10
Vs (TeV)



Cross Section Measurements




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 measurement on truth particle
that are reconstructable.

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:

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

Jet Cross Sections and the Measurement of o




Jet

Cross Sections

and
| Measurement of
the strong
coupling constant

CATLAS
http://atlas.ch

Rurf® 280673 |
Event: 1273922482
015-09-29 15:32:53 CEST///\\\\




Soft QCD Measurements

r _llllIllIIIIlllIllllllllllIIIIIIIIIIIII'II]IIIIII' .8 1-§I T 7T T ]Il L I L T II T T II T | B! ) T- CMS
Ec 8—_nch 52 pT > 100 MeV, |77| <25 § a nch > 2, pT > 100 MeV, Iﬂl <25 = 8 WL UL B A B B B L B B | I\/_L L bl LLILAN LA B
>° [ 7>300ps . [ ©>300ps £ - pp Vs = 13 TeV inelastic -
S 55 ATLAS (5= 13 TeV 2 105 atLAs (s=13Tev - _-
2 r . - =l 7 - -
2 3 = X ’
‘: g 10_2 e —_E 6 -. ......... :
10°E = 5 a2 -
. - =e= Data - .g : E
6 —- Data B 104t = PYTHIA 8 A2 - = .
— PYTHIA 8 A2 = == PYTHIA 8 Monash - S 4 =
5 5 =+ PYTHIA 8 Monash ] [ e EPOS LHC - Z - .
SE EPOS LHC ] 10°5 == QGSJET II-04 © L -
-= QGSJET I1-04 - = 3 —
5 - N u E
- 2 E -
o 1.05E, ki . ' -&- data :
< iy s I 1 - == PYTHIA8 CUETP8S1  :
S [ e o T e T L S E 2 EPOS LHC 8
=0.95 - _‘,r-rr: p= B | | | | | a
: 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
! n

2 . F o ATLAS(MBTS) — Pythas | Essential track multiplicity measurements to tune the
— 100E & ATLAS (ALFA) --- EPOS LHC E . . : :
¢ gor | JOTEM --- QGSJET-I = Underlying Event and Minimum Bias modelling (as

80 © Auger - well as probing tracking and the detector geometry)

70 * PP (non-LHC) -

o pp -

60 -

o E - Many more:

40 E - Total inelastic cross section measurements

30 - - Exclusive cross section measurement

-  MPIl measurements



Differential Jet Production Cross Sections

Example: Double differential jet cross section measurement by CMS

10™3 CMS 5.0 fb™' (7 TeV)
> —POWHEG+Pythia6 (22*) X EW — | _
@ 10" °lyl <0.5 (x10%) - -  Count number of events in reconstructed bins of ( ApT Ay)
= 00.5< Iyl <1.0 (x 10%) - ’
o 10° *=1.0<lyl <1.5 (x 10%) —
— 01.5<1yl <2.0 (x10:)) —
3 10" B v2.0=<lyl <25 (x 10°) -
- e
Q. _O-"O"..o.. -‘-""'...., - . . ‘g . .
T 10 e T e, B - Unfold to truth particle jet quantities taking into account
o 10° _,_j-n-.g._::-*_:“ Ot iy ~ reconstruction and trigger efficiencies and unfolding resolution matrix
10 **_p*j@o@g:‘-._:%%::- .
10 *"’*... %‘“‘u S %% ool d2 1 N
- ﬂﬂg == = o) ]
10 TR T S —
- == E
10" Fanti-k; R=0.7 v = dp 1 dy el Ap 1 Ay
1077 | K
2x10° 10° 2x10°

Jet P, (GeV)



Ratio to NLO(CT10-NLO)

Ratio to NLO(CT10-NLO)

Ratio to NLO(CT10-NLO)

Differential Jet Production Cross Sections

Example: Double differential jet cross section measurement by CMS

CMS 5.0 fb" (7 TeV)
181 IyI<0'.5 | i
i anti-k; R =0.7 -
1.6 . pata/NP/EW 7
- - CT10 aS(Mz) =0.112 - Min. value i
1.4 — CT10a M) =0.118 -
[ —  CT10 ay(M,) = 0.126 - Max. value A1
" -
12 = == ]
A HHEEED FEES AT i .
JEIIDL__U;iﬁﬁﬂﬁ EE
0.8F ; .
0.6E ' AN =
2x10? 10 2x10°
Jetp_ (GeV)
CMS 5.0 fb™ (7 TeV)
181 1.0<lyl<t.5 o E
N anti-k; R =0.7
1.6 . Dpaa/NP/EW 7
-~ CT10«,(M,) =0.112 - Min. value .
14F — CT10a M) =0.118 ]
[ — CT100ay(M,) = 0.126 - Max. value ,— ]
| o .
120 _ = ~
1E 1 EEEFEETEEErEH : -
MEEEEaEETEs 7
0.8F .
0.6 - —— =
2x10? 10°
Jet P, (GeV)
CMS 5.0 fb™ (7 TeV)
L8 oyl R
C anti-k; R =0.7 1
1.6~ . Dpata/NP/EW 7
[ CT10«,(M,) =0.112 - Min. value
14 — CT10ayM) =0.118 ~ —
[ — CT1004(M,) =0.126 - Max. value -~ i
12F = .
N EEE I | E
0.8 #: s
0.6 S

2x10°  3x10?
Jet P, (GeV)

Ratio to NLO(CT10-NLO)

Ratio to NLO(CT10-NLO)

CMS 5.0 fb" (7 TeV)
1.8F - ' l 5
B 0.5=lyl<1.0
i anti-k; R=0.7
1.6~ . pata/NP/EW -
- — -~ CT10ay(M,) = 0.112 - Min. value ]
1.4 — CT10a (M) =0.118 -
[ —  CT10 ay(M,) = 0.126 - Max. value ]
= o
12— == ~
N D R e e Ea TS (] E
gEEERE=ararasca et ﬂ
0.8F Jr .
0.6 - NN =
2x10? 10°
Jetp_ (GeV)
CMS 5.0 fb™ (7 TeV)
1.8fF 1.55lyl<2.0 T
§ anti-k; R=0.7
1.6 . pata/NP/EW B
- — - CT10 ay(M,) = 0.112 - Min. value
1.4F — CT10a M) =0.118 |
- CT10 ag(M,) = 0.126 - Max. value - ~
12 =T ‘l' y
ST aTEae llllll“F E
0.8F =
0.6k . — —
10° 2x10% 3x10? 10°

Jet P, (GeV)

- CGount number of events in reconstructed bins of (Apr, Ay)

Unfold to truth particle jet quantities taking into account
reconstruction and trigger efficiencies and unfolding resolution matrix

(iQCT - :l .PV;
dprdy L Apr Ay

Comparison with State-of-the-art predictions

- 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.



Ratio of Differential Jet Production Cross Sections

Measurement of the ratio of cross sections

Ra o = O3—jets __ X (g - R3/2is the ratio of inclusive 3-jet to inclusive 2-jet cross
/ 02— jets sections as a function of the average pT of the two leading jets:
c(}]) _I | 1T 1 | 1T 1 | 1T 1 1T 1 | 1T 1 1T 1 I_I < pT]_,Q >
o 0.2~ CMS -
- \s=7TeV == -
0.18 antikyR=07-" " — . . . . .
- i Using ratios can improve precision by cancelling systematic
0.161 ot T TR N uncertainties.
0.14 ;
0120 E - Again interesting dependence in strong coupling constant.
0.1 ~ - Main experimental uncertainty partly canceled but still
0.08" Data (it Lumi =506 dominant.
- — — CT10ayM,) =0.110 - Min. Value 7]
- CT10ay(M,) = 0.118 : . : .
0.06 . CTH0a(M)=0130 - Max Value - - With the transverse momenta of all the jets can infer the energy
0047 Lo b b b b b Scale Of ‘the process_

200 400 o600 800 1000 1200 1400
Py, ) (GeV)



Measurement of the Strong Coupling constant

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

From QCD:
Crucial dependence of the strong coupling constant O o024 . NS | rlcl_jet'S: 'a '(M');'O'jlmsw.ooes }
with the energy scale predicted (1973): S’ 0.00F . CMSR, ‘ R
Z\\ m CMS tt cross section _
0.2 E ﬁ]“ﬁ?\ o CMS inclusive jets N
0.181|| 4 .
+ T 0.16 - -
0.14 .
0.12F ~ .
i 33 — 2n 2\ - - .
—1/12\ _ —1/"2 J 2 h 0.1 4+ Doinclusive jets =
aS (Q ) o CVS (QO) 1 | 19277 CVS(QO) ln <Q2> N o DO ;nguI;rc{)rrelation ]
_ 0/ d 008__ O H1 N
0.06 — o ZEUS .
Asymptotic freedom: QCD is perturbative at high energies b '1'0 e 1‘(')2 — '1'(')3 -

Q (GeV)



The Drell Yan £ / Y “production




The SppS Legacy
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The SppS Legacy
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The di-lepton mass spectrum at LHC

R N LEP
23| ALEPH
- DELPHI
L3
- OPAL
20

| $ average measurements,
error bars increased
by factor 10

10

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

Inclusive mass distributions
13.1 fb' (13 TeV, 2016)

Trigger paths
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important standard candles for
calibration.
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Composition of Drell Yan production

35

flavour decomposition of W cross sections flavour decomposition of Z° cross sections
100 —r—r—r—rrrq —— 100 ———r — T

Flavour content of the pp — 7, 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).

W'+W)
o
o
T

% of total o,,(Z)

For 13 TeV collisions predictions are:

% of total o (

—_
|

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 ) VA A B N A

1 10 1 10
Vs (TeV) Vs (TeV)
Typically in pp in leptonic modes

Overall this process is O(3M) times smaller b=e, 1, T Br(Z — vv) ~ 20%

than the total inelastic cross section. Br(W — qa) ~ 70% Br(Z — qq) ~ 70%
Still O(30) Billion W boson events produced !! Br(W — ¢*v) ~ 10% Br(Z —¢707) ~ 3%

Numbers with leptonic branching fractions




Forward Backward Asymmetry in pp Collisions

«— | >
s B F
7 /~v* / e oru /o ot or
7 rest frame /a8 / Term coming from the
f Z/gamma® interference
do Ara® |3 )
£ D 5) — = *
Y (Rr(1+°)+ Ly (1—7°)) f2, = o _8A(1 cos? 0%)
ay = (Ly — Ry)/2 =T} Bo 4. _ OF 08
O + 0B

Vf = (Lf + Rf)/Q = TJ:? — QQf sin? O
In eTe~ collisions the FB

asymmetry is obvious as the Because of the valence PDFs the

momentum of valence quarks is

There Is an explicit asymmetry direction of the incoming e e
between the coupling of the Z to electron w.r.t. positron is larger and indicates the direction
left and right handed fermions! known: what is the direction of of the quark! The forward and

backward asymmetry can be

the quark with respect to the R
quantified in the same way.

direction of the anti-quark?



Measurement of effective weak mixing angle at the LHC

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).

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.

ATLAS Preliminary

m 04 Clll\nlsl IIDrelliTlinlalry I O O |1|8.|8| flb-1 |(8| -Irle\ll) LEP-1 and SLD: Z-pole | | 023152000016
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Precise direct invisible Z Width by CMS!

Measurement based on missing transverse momentum

36.3 fb~! (13 TeV)
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Measurement already dominated by systematic
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Tau Polarisation in Z Decays - CMS

: Measurement relies in measuring the fraction of tau helicity states, using

/ polarisation sensitive variables! Using both leptonic and hadronic taus
A
& > P . decays.
/ 204 0 . Tau polarisation directly measures
L P.=—-A,= 2 _T_;z ~ —2- a—T = —2(1- 4 sin’ Gaf/f) the ratio of vector to axial Z
T T T couplings.
3 . - -
- ><1g _CMS _ Preliminary 363t (13 TeV) Energy and angular variables are used!
m = Z — Z - 1t 3
—~ 8@ Wz - | tt+jets = % 3
"g 7 ;— M W +jets | Diboson _i \ = \ = /
L%J 6 i_ L P QCD multijet +0b$erved _i --------------------- l;) ----------- N J'O o i N ------------ i For R'T |ept0n the V (V — p
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3 o ’*.. = g / g / \ Conversely, for L-T is left-
oE® e, 3 e e, S— Y = . - e > handed, the V tends to be
15_ Coeq, ‘/\_/ ‘/\/ \ transverse, AV = —1.
0
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Tau Polarisation in Z Decays - CMS

sin? 6% = 0.2319

0.0019 = 0.2319 =

- (0.0008 (stat) =

- 0.0018 (syst).

New CMS measurement with partial Run 2 dataset
comparable precision as measurements at e e~ colliders

CMS (13TeV) | preliminary  ——e— -
36.3 b’

ATLAS (8 TeV) | ¢ |
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Phys. Rept. D98 |— -
030001 (2018)
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Asymmetry A

Measurement already dominated by systematic
uncertainties already! But...
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CMS: 8 TeV : ®

ATLAS: 7 TeV
ATLAS: €6 UM
ATLAS: ee .

ATLAS: 8 TeV

ATLAS Preliminary

0.23 0.231

2/
SIN“0_,

0.232

"1 0.23152 + 0.00016

0.23221+ 0.00029
0.23098 £ 0.00026
0.23148 £ 0.00033
0.23142 £ 0.00106

0.23101+ 0.00053

0.23080 £ 0.00120
0.23119 £ 0.00049

0.23166 + 0.00043

- 0.23140 + 0.00036

ATLAS and CMS measurements in e e~ and
utu~ final states dominate the precision.

PDF uncertainties are dominant in this
measurement!



Precise Determination of a¢ - ATLAS
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N3LO PDFs




Precise Determination of a¢ - ATLAS

Most precise determination of a¢ based on the Sudakof peak, first measurement based on resummation
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Precise Determination of a¢ - ATLAS

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