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The Standard Model (SM)

• Standard Model : basic 
model of elementary 
particle physics
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Soutenance de thèse 19 Juin 2014

Le quark top

Introduction

Le Modèle Standard (MS) de la physique des particules

'��◆&: “la nature”
⌘ '��◆⌘: “la connaissance de la nature”

Modèle Standard: modèle
de base de la physique des
constituants élémentaires
de la matière

force électromagnétique
– photon �

interaction faible – Z , W+
, W�

interaction forte – 8 gluons

boson de Higgs: confère la
masse aux autres particules
– découvert le 4 Juillet 2012

interaction gravitationnelle
– non décrite dans le MS
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• electromagnetic force — photon 
𝜸 

• weak interaction — Z, W+, W- 
• strong interaction — 8 gluons 
• Higgs boson — confers mass to 

the other particles ; discovered in 
2012 by ATLAS and CMS 

• Gravitational interaction — not 
described by the SM
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The W boson
• Discovered in UA1 and UA2 at CERN SPS in 1983 

• 1984 Nobel prize awarded to Carlo Rubbia and Simon van der Meer 
• Charge : ±1e 
• Width : 2.085±0.042 GeV 
• Spin : 1 
• Mass : 80.385±0.015 GeV 
• Decay channels : 

• e, 𝜇, 𝜏 : BR ~11 % each 

• hadrons : BR ~67 % 
• A well-known pillar of SM : why worry about further measurements ? 

• Background to other processes (Higgs, ttbar…) 
• Stringent tests of SM consistency (EW fit), probe of pQCD, of anomalous gauge 

couplings —> More precise measurements of differential cross-sections and 
mass is necessary
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The Large Hadron Collider at CERN
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• 27 km circumference 
• The only high-energy physics proton-proton collider currently running 
• Has successfully delivered big amounts of collision data over the last 7 years to the 4 

detectors : LHCb, ALICE, CMS and ATLAS 
• Center of mass energy is 7 TeV (2011), 8 TeV (2012), 13 TeV (2015 - up to now)

Soutenance de thèse 19 Juin 2014

Le LHC et ATLAS

Le LHC (“Large Hadron Collider”)

27 km de circonférence
Le plus énergétique en fonctionnement : 7(8) TeV dans le centre de masse
en 2011(2012) (14 TeV à énergie nominale)
4 points de collision avec leurs détecteurs associés : LHCb, ALICE, CMS
et ATLAS.

4/54
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The ATLAS experiment at LHC in Run1 (2011-2012)
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Soutenance de thèse 19 Juin 2014

Le LHC et ATLAS

Le détecteur ATLAS : A Toröıdal LHC ApparatuS

Détecteur de traces interne – vertex, traces chargées

Calorimètre électromagnétique – électrons et photons

Calorimètre hadronique
Spectromètre à muons – dans un champ magnétique toröıdal

Schéma du détecteur

Schéma du détecteur
ATLAS
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• Inner tracker - vertices 
reconstruction, charged 
tracks 

• Electromagnetic 
calorimeter - electrons, 
photons 

• Hadronic calorimeter - jets 
• Muon spectrometer - in a 

toroidal magnetic field

Recorded 4.6/20.2 fb-1 luminosity in 2011/2012
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W events at ATLAS Run1
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• W cross-section ~ 102 nb 
• —>7 TeV NW ~ 470M 
• —>8 TeV NW ~  2.02B 

• cleanest signature : e, 𝜇 

• ~47 (202) M events per 
channel 
• detector acceptance, 

event selection and 
reconstruction efficiencies 
to be taken into account 
(conservative factor 10 : 
still a few M just for 7 TeV)
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Theory context 
(an experimentalist’s view!)
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• Theory motivation to mW measurement 
• W production at LHC 
• W detection at ATLAS

Recommended readings : 
• CTEQ Lecture from Jeff Owens (2000) 
• QCD and Collider Physics, R.K. Ellis, 

W.J. Stirling, and B.R. Webber
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mW and the EW fit

 10
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One illustration : W mass (mW) and the EW fit
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Soutenance de thèse 19 Juin 2014

Le quark top

La masse du quark top

Corrections radiatives électrofaibles

Modèle Standard: relation entre la masse
du quark top, la masse du boson W et
la masse du boson de Higgs (corrections
radiatives au propagateur du boson W )

Ajustement des paramètres électrofaibles
! valeurs possibles dans le plan mW -mtop

! Compatibilité du MS avec les obser-
vations en utilisant la masse du nouveau
boson (contrainte sur mh)

Intérêt à mesurer mtop (mW ) avec une
précision inférieure au % ( )

Il existe aussi des contraintes sur la
physique au-delà du MS

Corrections à une boucle au propagateur

du boson W

Ajustement électrofaible

10/54

16 Chapitre 1. Le quark top
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Figure 1.6 – Section e�cace tt̄ mesurée expérimentalement par ATLAS [26] en fonction de la
masse du quark top de la simulation. Plusieurs prédictions théoriques de la section e�cace (à divers
ordres) sont représentées. Elles sont calculées en fonction de la masse au pôle, mpole, assimilée ici
à la masse injectée dans la simulation.

à tous les ordres. On obtient aussi les relations suivantes après brisure de symétrie électrofaible
par le mécanisme de Higgs, qui fait acquérir les masses suivantes aux bosons vecteurs, à tous les
ordres également :

m2
W =

g2
W
v2

4
, m2

Z =
g2
W
v2

4⇢0 cos2 ✓W
=

m2
W

⇢0 cos2 ✓W
, (1.28)

où :

– ⇢0 est déterminé par le secteur de Higgs de la théorie considérée ; on le suppose égal à 1
(valeur dans le cadre du Modèle Standard) pour la suite,

– gW est la constante de couplage de jauge électrofaible,
– v est la valeur moyenne du Higgs dans le vide (vev).

On a alors, en notant µ l’échelle de renormalisation :

⇡↵(µ) =
p
2Gµm

2
W sin2 ✓W (1.29)

=
p
2Gµm

2
W (1� cos2 ✓W ) (1.30)
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p
2Gµm

2
W (1�
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W

m2
Z

), (1.31)

équation du second degré en m2
W

qui donne
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représentant les corrections à la constante de couplage ↵tree, qui proviennent des corrections

18 Chapitre 1. Le quark top

Figure 1.8 – Contours à 1 et 2� dans le plan mW -mtop pour les ajustement électrofaible aux
données expérimentales, incluant (en bleu) ou n’incluant pas (en gris) la valeur de masse du boson
de Higgs mesurée. Les valeurs de mW et de mtop et leurs déviations standards sont également
indiqués. Figure tirée de [31].

radiatives aux propagateurs des bosons de jauge. On peut réexprimer le terme �r par [32] :

�r = �↵�
cos2 ✓W
sin2 ✓W

�⇢+�rres, (1.34)

où �↵ représente les corrections photoniques de la polarisation du vide, �⇢ les corrections à ⇢0,
et �rres est un terme résiduel. Chaque terme contient des énergies propres de bosons, corrigées à
une boucle de fermions ou de bosons. On peut calculer ces termes, et on montre que [32] :

– �↵ est négligeable pour le quark top
– �⇢ est dominant pour les fermions lourds, et on a

�⇢top ⇡
3
p
2Gµm2

top

16⇡2
(1.35)

– �rres apporte des corrections logarithmiques sous-dominantes :

�rtopres ⇡

p
2Gµm2

W

16⇡2
[2 ln

m2
top

m2
W

(
cos2 ✓W
sin2 ✓W

� 1/3)], (1.36)

�rHiggs
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p
2Gµm2

W

16⇡2
[
11

3
(ln

m2
h

m2
W

� 5/6)]. (1.37)

On voit donc qu’on peut obtenir une relation mathématique entre les masses au pôle mW , mtop et
mh en mesurant par ailleurs l’ensemble des paramètres électrofaibles rentrant dans l’équation 1.33.
La mesure de ces trois masses donne alors un test de cohérence du Modèle Standard, à travers
un ajustement de ces trois paramètres. En pratique, on peut e↵ectuer l’ajustement de di↵érentes
façons. Il est possible de calculer chaque paramètre électrofaible en contraignant tous les autres à
leurs valeurs mesurées. Les résultats les plus récents de ces ajustements sont donnés figure 1.7, où
on donne la di↵érence entre la valeur ajustée et la valeur mesurée, divisée par l’incertitude sur la
mesure expérimentale [31]. Les valeurs obtenues en laissant libre la masse du boson de Higgs sont
également fournies. La figure 1.8 donne les résultats de l’ajustement dans le plan mW -mtop sans
contraindre les valeurs des trois masses en gris, et en contraignant la masse mh à être compatible
avec celle obtenue par les collaborations ATLAS et CMS pour le nouveau boson. On remarque
que les mesures directes de mW et de mtop sont en bon accord avec les valeurs ajustées prédites
par le Modèle Standard. La précision sur mW est pour l’instant limitante dans l’ajustement, mais

• Electroweak theory (true at all orders) (1) 
• Also, one has (2) 
• After solving the 2nd order equation in mW2 one 

gets (3) 
• Where radiative corrections to the W boson 

propagator (dominated by top and Higgs 
contributions) can be expressed as :

• Top quark mass dependence 
dominated by :

• Higgs boson mass dependence 
dominated by :

(1)

(2)

(3)

Relationship between W mass, 
top mass and Higgs mass (and 

EW parameters) !

G. Burgers and F. Jegerlehner  
10.5170/CERN-1989-008-V-1.55
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The global EW fit
• Idea of electroweak fits 

• Measure many different observables in 
experiments 

• Calculate the relations between all 
observables in the Standard Model

• Probe the consistency of the SM by 
predicting observables 

• Input for the gobal electroweak fit mostly from 

• LEP: Z boson observables (e.g. sin2θW) 
• Tevatron: W boson, top quark mass 
• LHC: Higgs boson, top quark mass 

• Overall good consistency between indirect 
determination (i.e. physics parameter left free) 
and the direct measurements

 12

arXiv:1803.01853
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The global EW fit
• Test the consistency of the Standard Model 

• e.g. predict mW, provided all other input 
measurements 

• needs 7 MeV precision to compete with indirect 
determination from theory fit (10-4 relative 
uncertainty!) 

• Electroweak precision measurements also sensitive 
to several new physics scenarios 

• For this, need a 5 MeV precision on mW 
• —>this measurement needs very accurate prediction 

for W production and kinematics of decay products : 
• W pT and rapidity spectrum 
• polarisation (spin correlations) 
• high order EW (NLO) 

• Proton PDFs are an essential ingredient for this 
• It also needs detector calibration at the same level of 

precision!  13

arXiv:1803.01853
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parenthesis : sin2θW
• One of the key inputs to EW and BSM fits 
• Observed tension between LEP and SLD measurements (~3 sigmas) 
• New preliminary measurement from ATLAS

 14

ATLAS-CONF-2018-037
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W production

 15
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Drell-Yan production
• factorization theorem :

 16

• weight the partonic cross-section by non-perturbative fonctions (parton distribution 
functions, PDFs) considered at high scale Q2=𝜇F2 (separates perturbative and non-
perturbative regime) 

• partonic cross-section can be calculated perturbatively and is only known up to NNLO 
and thus depends on a renormalisation scale 𝜇R2 (=Q2):

tree level W production (LO)

• the spinors 
• coupling (V-A) 
• polarisation

• ‘Breit Wigner’ with W mass and 
width 

• CKM matrix element 
• Gauge coupling constant 
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W production : PDFs
• W+(W-) production is dominated by ud̄ (dū) 
• uv is higher at high x —> increase of W+ 

production at high rapidities (next slide) 
• Contribution from 2nd quark generation is 

not negligible : ~25% 
• induces larger uncertainties than in pp̄ 

• Gluon contribution starting at NLO

 17

PDF fq/g(x, Q2) = 
probability for a 

parton q/g to carry a 
fraction x of the 

proton momentum for 
a hard process with 

scale Q2
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W production : rapidity
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• Rapidity y is defined as : y = 1/2 ln [(E+pz)/(E-pz)] 
• Assuming intrinsic transverse momentum of partons kT=0, we have (in 

center of mass frame) : pa = √s/2 *xa (1,0,0,1) and pb = √s/2 *xb (1,0,0,-1)  
• —>y = 1/2 ln (xa/xb) 
• Leading to : • low |y| : mainly sea quarks (x~10-2) 

• high |y| : 1 sea quark and 1 
valence quark (x~10-4, a few 0.1 ) 

• One has at lowest order :

• Boson rapidity directly sensitive to PDFs 
• allows to constrain them from differential 

cross-section measurements

xa =
M

s
ey xb =

M

s
e−y

dσ
dy

=
1
s ∑

a,b

σab→W
0 (M)fa(xa, M2)fb(xb, M2)
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W pT : where does it come from ?

 19

• Intrinsic kT of the partons : good agreement with the data (fixed-
target pn collisions) up to pT ~ 2 GeV —>assume Gaussian form with 
< kT(parton)>  ~ 760 MeV 

• Not sufficient to describe higher values of W pT

QCD and Collider Physics, 
R.K. Ellis, W.J. Stirling, and 

B.R. Webber
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W pT : where does it come from ?

 20

• Need additional hard parton emissions to explain higher pT region 
• NLO (qg—>Wq, qq’—>Wg), NNLO QCD 
• NNLO diagrams are typically :
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W pT :  let’s diverge a little bit

• Where the exponential is referred to as the ‘Sudakov form factor’ 
• However, does not include the cases where multiple gluons are emitted with kT ~ 

pT, nor the cases where gluon momenta add to 0. 
• Several resummation formalisms and calculations to resum the leading, next-to-

leading and next-to-next-to leading logs 
• e.g., RESBOS, DYRES, Geneva, RADISH… 

• Can also use parton showers (typically done in simulations) : Sherpa, Pythia, 
Herwig… 

• Evolution of fragmentation functions through DGLAP formalism
 21

αn
S lnm(M2/p2

T)

• Pure fixed-order NNLO predictions : diverge when pT—>0 (pT 
<< M ) due to the presence of soft and collinear emissions — 
spoiled by large logarithms of the type  

• This can (has to) be resummed at all orders and gives 

ATL-PHYS-PUB-2014-015
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W pT : summary

 22

• high pT~M : fixed-order V+1 jet (MC : fixed-order matrix elements) ; resummation does not work 
• dσ/dpT2 goes as 1/pT2 

• low pT << M : fixed-order breaks down, resummation comes in (MC : Parton showers) 
• Transition region : no fixed boundary 

• resummation works but fixed-order gives sensible results as well 
• Best prediction from consistent combination of the two 

• MC : Matrix element + parton shower merging/matching

pT

Courtesy of F. Tackmann
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NLO EW emissions
• Corrections to W production take into account O(𝜶EM) corrections : photon 

radiation (ISR, FSR), loop corrections (pure weak), ISR/FSR interference (IFI)

 23

• ISR factorised in the PDF evolution, FSR is the most important numerically 
among the rest 

• Several tools to handle this. In ATLAS W/Z simulated samples, typically : 
• Pythia8 parton shower handles the ISR 
• Photos handles FSR and electron pair emissions from virtual photon 

(higher order, uncertainty only) 
• pure weak and IFI corrections not included but impact is estimated with 

other tools (YFS, Winhac…) (and often simply added as uncertainty)
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W detection

 24
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Event topology, definitions of observables
• Detect single (inclusive) W boson decaying into a 

lepton and a neutrino 
• The ATLAS detector measures : 

• The lepton charge and 4-vector (transverse 
momentum  p⃗Tl) 

• The activity recoiling against the W (hadronic 
recoil u⃗T) 

• measures additional jets from signal 
• Sensitive to additional interactions (pile-up) 

and underlying event 
• Enables to indirectly reconstruct the neutrino 

transverse momentum p⃗Tmiss = - (u⃗T + p⃗Tl)  

• Some analyses use a direct reconstruction of 
pTmiss, some use a direct reconstruction of the 
recoil —> different algorithms, impact is 
significant ~only for mW here

 25
  9

Measurement strategy

● Event representation

– Main signature : final state lepton (electron or muon) : 

– Recoil : sum of “everything else” reconstructed in the calorimeters; a measure of pT
W,Z

– Derived quantities : 

+ useful projections (see later). No explicit jet reconstruction!

p⃗T

l

p⃗T

l  u⃗T  : vector sum of calorimeter 
deposits excluding lepton deposits

mT = √[2 pTl pTmiss (1-cosΔφ)]

Impossible to fully reconstruct 
mW because of the neutrino
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The Jacobian peaks : mT and lepton pT
• In the W rest frame (assume pT(W) =0 ) : 

 26

cos θ = 1 −
4pℓ

T
2

̂s

| ⃗pℓ | = | ⃗pν | =
mW

2
pℓ

T ≤
mW

2

pℓ
T

2 =
̂s

4
sin2 θ

hence

Actually

θ

pa,b =
̂s

2
(1,0,0, ± 1)

a b

Thus

dcos θ

dpℓ
T

2 =
2

̂s × cos θ
• Singularity at θ = 𝜋/2 ! dσ

dpℓ
T

2 =
dσ

d cos θ
×

d cos θ

dpℓ
T

2

̂s = (pa + pb)2

• Jacobian peak at pT 
= mw/2 

• Transverse 
momentum of the W 

• Finite W decay 
width 

• —>
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• In the context of mw 
measurement :  

• lepton pT sensitive to 
modelling of W pT and not 
so much to detector 
resolution 

• mT is not sensitive to W pT 
but is very sensitive to 
MET resolution

mT(ℓν)2 = ( | ⃗pℓ
T | + | ⃗pν

T | )2 − ( ⃗pℓ
T + ⃗pν

T )2 = 2 | ⃗pℓ
T | | ⃗pν

T | (1 − cos Δϕℓν)

m(ℓν) = ( | ⃗pℓ | + | ⃗pν | )2 − ( ⃗pℓ + ⃗pν )2

• Unlike the Z, not possible to fully reconstruct the W mass due to neutrino 

• One can use the transverse mass mT(l𝝂):

• For small pT(W), mT is invariant to leading order 
• Jacobian peak at mw

• Can be compared to the invariant mass :

The Jacobian peaks : mT and lepton pT
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Recent ATLAS 
measurements

 28
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W cross-sections at 7 TeV

 29

Eur. Phys. J. C (2017) 77:367
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W cross-sections at 7 TeV : introduction
• Very precise measurement (<1%) of W and Z cross-sections at 7 TeV 
• W cross-section is measured in a fiducial volume, extrapolated to full phase-

space and differentially in lepton η absolute value, |ηl| 

• QCD analysis : PDF fits, strange-quark density, determination of CKM matrix |Vcs| 

• Signal MC sample : Powheg+Pythia6 using CT10 NLO PDF set for the matrix 
element, CTEQ6L1 for the parton shower 

• Assess uncertainties with alternative samples : MC@NLO+Herwig, 
Powheg+Herwig : matrix element variation, parton shower/underlying event 

• W pT is reweighed to Powheg+Pythia8AZNLO, generator tuned to ATLAS Z 
data 

• Normalised to NNLO prediction from FEWZ with a 5% uncertainty (PDF, scales) 
• Background is also using simulated samples except for multi-jet (data-driven)
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• at least one primary vertex with 3 tracks of pT >500 MeV 
• MET > 25 GeV  
• mT > 40 GeV 
• electron channel : 

• single electron trigger with medium ID and pT >20 or 22 GeV (depending on the period) 
• Identification (ID) : based on shower shape, track properties and track-to-cluster 

matching 
• Calorimeter isolation : upper limit on sum of energy in a cone of size ΔR = 0.2 

(‘topoetcone20') 
• Tracking isolation : upper limit on sum of pT of tracks in a 0.4 cone (‘ptvarcone40’) 
• exactly one tight ID electron that matches the trigger, in the acceptance (|η| < 1.37 or 

1.52<|η| < 2.47, with pT >25 GeV 
• reject events with >=1 medium ID electron with pT >20 GeV (cuts the Z background) 

• Charge-separated analyses (W+ vs W-) : sensitive to charge misID 
• Evaluated from same-sign Z—>ee events in the data and the MC as a function of η, 

corrected for in the MC
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Event selection

ΔR = Δϕ2 + Δy2
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Event selection

Fiducial volume : phase-space to where the distributions are unfolded at generation 
level (i.e. remove detector effects): 
• lepton pT > 25 GeV, lepton |η| < 2.5 — Born level for the leptons 
• pT ν >25 GeV  
• mT > 40 GeV 
• 11 lepton |η| bins (common to electron and muon channels) : [0.00, 0.21, 0.42, 

0.63, 0.84, 1.05, 1.37, 1.52, 1.74, 1.95, 2.18, 2.50]

• Muon channel 
• single muon trigger with  pT > 18 GeV 
• reconstructed using a combination of muon spectrometer and inner detector 

information 
• |z0-zPV| < 1cm (remove background from cosmic rays) : z extrapolated to the beam line 
• pT > 25 GeV, |η| < 2.4 
• isolation : ptvarcone40/pT  < 0.1 
• events with >= 1 muon with pT >20 GeV are rejected (cuts the Z background) 
• charge misID negligible
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Muon calibration
• Use a combination of ID and MS, calibrate transverse momentum as a function of η 

• Momentum resolution : obtained by fitting the Z invariant mass, as well as 1/pT ID − 1/pT MS  for both 𝜇+ 
and 𝜇- in Z and W 

• Momentum scale : compare Z peak in data and MC 
• longitudinal biases (sagitta biases, from systematic misalignment modes) 

• muon sagitta bias correction uses W events (E/p) and Z events 
• Momentum corrections at the level of 0.1-0.4% and uncertainty of ~2.10-4 

• Use tag-and-probe methods (Z—>𝜇𝜇) for the scale factors (reconstruction, trigger, isolation) and 
uncertainties 

• Same level of correction, a bit higher for trigger, 5-10% (still known with a relative uncertainty of 
0.1-0.8%)
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pT (Figure 4). The corresponding uncertainty in mW is estimated by propagating the di↵erence in A2
between the Z-boson measurement and the theoretical prediction to the corresponding coe�cient in W-
boson production. The corresponding uncertainty in the measurement of mW is 1.6 MeV for the extraction
from the p`T distribution. Including this contribution, total uncertainties of 5.8 MeV and 5.3 MeV due to
the modelling of the angular coe�cients are estimated in the determination of the W-boson mass from
the p`T and mT distributions, respectively. The uncertainty is dominated by the experimental uncertainty
of the Z-boson measurement used to validate the theoretical predictions.

7 Calibration of electrons and muons

Any imperfect calibration of the detector response to electrons and muons impacts the measurement of
the W-boson mass, as it a↵ects the position and shape of the Jacobian edges reflecting the value of mW .
In addition, the p`T and mT distributions are broadened by the electron-energy and muon-momentum res-
olutions. Finally, the lepton-selection e�ciencies depend on the lepton pseudorapidity and transverse
momentum, further modifying these distributions. Corrections to the detector response are derived from
the data, and presented below. In most cases, the corrections are applied to the simulation, with the excep-
tion of the muon sagitta bias corrections and electron energy response corrections, which are applied to
the data. Backgrounds to the selected Z ! `` samples are taken into account using the same procedures
as discussed in Section 9. Since the Z samples are used separately for momentum calibration and e�-
ciency measurements, as well as for the recoil response corrections discussed in Section 8, correlations
among the corresponding uncertainties can appear. These correlations were investigated and found to be
negligible.

7.1 Muon momentum calibration

As described in Section 5.1, the kinematic parameters of selected muons are determined from the as-
sociated inner-detector tracks. The accuracy of the momentum measurement is limited by imperfect
knowledge of the detector alignment and resolution, of the magnetic field, and of the amount of passive
material in the detector.

Biases in the reconstructed muon track momenta are classified as radial or sagitta biases. The former
originate from detector movements along the particle trajectory and can be corrected by an ⌘-dependent,
charge-independent momentum-scale correction. The latter typically originate from curl distortions or
linear twists of the detector around the z-axis [111], and can be corrected with ⌘-dependent correction
factors proportional to q ⇥ p`T, where q is the charge of the muon. The overall momentum correction is
parameterised as follows:

pMC,corr
T = pMC

T ⇥
⇥
1 + ↵(⌘, �)

⇤
⇥

h
1 + �curv(⌘) ·G(0, 1) · pMC

T

i
,

pdata,corr
T =

pdata
T

1 + q · �(⌘, �) · pdata
T

,

where pdata,MC
T is the uncorrected muon transverse momentum in data and simulation, G(0, 1) are normally

distributed random variables with mean zero and unit width, and ↵, �curv, and � represent the momentum

22

sagitta bias correction

momentum scale momentum resolution
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Electron calibration

 34

• Electron measurement : energy from the EM calorimeter; eta and phi from the ID  
• Calibration sequence :  

• Calorimeter longitudinal intercalibration using muon energy deposits ( Z—>𝜇𝜇 events) 

• Passive material and presampler response corrections derived using longitudinal shower 
profiles of electrons and photons 

• Overall energy scale and resolution from Z—>ee decays 
• Selection efficiencies for reconstruction, identification, trigger, isolation 

• use tag-and-probe methods (Z—>ee) for the scale factors and uncertainties
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MET calibration

 35

• MET built from a soft term (tracks) + hard term that comprises leptons 
and jets 

• Uncertainties from each hard object is propagated to the hard term 
• Soft term uncertainty is obtained by looking at Z in MC and data 

(response and resolution)
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• non-isolated electrons, converted photons or hadrons misidentified as signal 
electrons, or heavy quarks or hadron decays into muons + MET cut is passed thanks 
to neutrinos from hadron decays/resolution effect 

• multijet is poorly modelled in most ATLAS analyses (huge cross-section, tiny selection 
efficiency, bad modelling of non-prompt muons…) 

• Need to use the data to estimate its contribution 

• Use a control region (CR) enriched in multijet to build shape templates 
• loosen lepton ID and invert isolation requirement, subtract EW/top contributions 

• Fit the fraction in a ‘normalization (or fit) region’ == signal region with relaxed mT and 
MET cuts (enriched in QCD) 

• Extrapolate the fitted fraction to the signal region by taking into account the selection 
efficiency 

• Scan in mT/MET relaxing cut values —> dependence —>additional linear 
extrapolation to signal region (10% correction, added as uncertainty here) 

• Additional uncertainties for the template shapes : different requirements for CR, 
detector calibration uncertainties, alternative signal MC
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Multijet background (QCD)
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• Measured fiducial cross-section where : 
• L is the integrated luminosity NW is the total 

number of events, BW is the estimated 
background, Cw is defined as : 

• Then extrapolated to common fiducial volume, 
where EW accounts for the different eta 
acceptances 

• Total cross-sections can be then inferred from :  
• where  
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Analysis method
σ fiducial,e/μ

W =
NW − BW

CW × L

CW =
NMC,reconstructed

W

NMC,generated, fiducial
W

σ fiducial,ℓν
W =

σ fiducial,e/μ
W

Ee/μ
W

σtotal,ℓν
W =

σ fiducial,ℓν
W

AWAW =
NMC,generated, fiducial

W

NMC,generated,total
W • CW uncertainties amount to ~0.2(0.6)% 

in the 𝜇 (e) channel 

• EW has small uncertainties w.r.t. 
experimental 

• AW has larger uncertainties : 1.5-2%

• Luminosity uncertainty is 1.8% 
• Theory uncertainties relate to : 

PDF, NLO ME/PS matching, 
hadronisation, underlying event
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• Combine using technique 
introduced at HERA 

• Properly taking into 
account the correlations 
between the 
measurements 

• 𝛘2 minimisation allowing 
to have contributions of 
the correlated uncertainty 
sources to shift
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Results
Process N events N Background C

W+ —> 𝜇 ν 9 225 887 683 000 ± 32 000 0.656 ± 0.003
W- —> 𝜇 ν 6 260 198 598 000 ± 20 000 0.649 ± 0.003
W+ —> e ν 7 552 884 515 000 ± 48 000 0.572 ± 0.004
W- —> e ν 5 286 997 468 000 ± 40 000 0.586 ± 0.005
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• Integrated cross-section : dominated by luminosity and 
acceptance factor uncertainties 

• Test of lepton universality 
• Ratio result is more precise than LEP result of 1.007 ± 0.019
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Results
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• Dominated by multijet background and signal modelling (MC@NLO vs Powheg) 
• Luminosity dominates 
• Total experimental uncertainty (excluding luminosity) is ~1%
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Systematic uncertainties : electron channel
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• Put various plots 
from theorist 
friends

 41

Systematic uncertainties : muon channel

• Dominated by multijet background, followed by various uncertainties ~at 
the same level 

• Total uncertainty excluding luminosity is ~0.6%
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• Bayesian unfolding, purity > 90% 
• Unfolding is almost an efficiency correction

 42

Results : unfolded differential distributions
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• Fixed-order NNLO QCD predictions use DYNNLO 1.5 (baseline) and FEWZ 3.1.b2 (used for NNLO 
uncertainty evaluation) 

• NLO EW corrections provided by MCSANC 

• In DY cross-section calculations the value of 𝜶EW can be fixed in different input-parameter schemes  

•  Here ‘G𝜇’ scheme (primary parameters are particle masses and Fermi constant with values 
taken from PDG) —>see  

• Uncertainties in these plots is the dominating PDF uncertainty only
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Comparison with theory

• Good potential to discriminate between different PDF choices 
and to provide information to reduce PDF uncertainties 

Dittmaier, S. & Huber, M. J. High Energ. Phys. (2010) 2010: 60
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• Lepton charge asymmetry defined as :  

 44

Comparison with theory : lepton η and asymmetry

• Significant constrain on u/d PDFs between x ~ 10-1 and 10-3 
• Data overall well described (luminosity uncertainty of 1.8% is excluded in the plots) 
• HERAPDF2.0, NNPDF3.0, MMHT14 and CT14 more or less agree with the data 

within uncertainties 
• ABM12 remarkably good, but does a poorer job describing Z distributions
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• PDF profiling and full PDF fits heavily rely on methods used in previous 
experiments (Tevatron, HERA) and global PDF fit groups, see e.g 

• Use of APPLGRID for theory predictions, together with k-factors from the 
accurate theory tools described before (NNLO QCD from DYNNLO 1.5, 
NLO EW from PHOTOS and MCSANC) 

• Use of xFitter software 
•  start from existing PDF sets 

• Use a 𝛘2(bexp, bth) that minimises difference between observed and 
predicted cross-section allowing nuisance parameters (bexp, bth) to shift 

• Allows for quantitative estimate of the agreement between the data and 
the PDF sets from global fits, and study further constraining power from 
the new measurement 

• Best 𝛘2 is obtained with CT14nnlo, CT10nnlo, and reasonable with 
MMHT14nnlo
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PDF profiling : methodology

Eur. Phys. J. C 75, 458 (2015), JHEP 12, 100 (2014), JHEP 09, 061 (2012)   
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PDF profiling results (exemple of MMHT14)
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• More complex than PDF profiling 
• Requires parametrisation of the PDFs at a starting scale Q02 = 1.9GeV2 

• PDFs are evolved to the scale of the measurements and convolved with hard-
scattering coefficients to obtain the theoretical cross-section predictions 

• Then, fit using similar (but different) 𝛘2 as in profiling, with parameters left free 

• Fit done with HERA and new ATLAS data 
• New set termed ATLAS-epWZ16 
• Includes experimental and theory uncertainties
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Full PDF fit
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• Theory uncertainties include : variation on the heavy quark masses, on Q0, on Qmin (smallest 
scale for HERA data), different parametrisation, 𝜶S(mZ) (= 0.118 ± 0.002), NLO EW, FEWZ vs 
DYNNLO 

• Experimental uncertainties on the new PDF set greatly reduced by a factor 3 w.r.t. the previous 
one (ATLAS-epWZ12) 

• Data well described by the theory

 48

Full PDF fit : result
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• ATLAS 2010 W,Z : unsuppressed strangeness at x ≃0.023 and Q2 = 1.9 GeV2, —> strange, 
down and up sea quarks of similar strength in that kinematic range 

• Supported by ATLAS W+c measurement 

• Not expected from neutrino scattering experiments, which have big weight in global PDF fits
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strange quark density

• Many checks were performed : 
• remove the constraint ū = d̄ for x—>0 
• Inclusion of E866 data for which there are tensions (ū - d̄) 
• remove low/high mass Drell-Yan 

• How much the 𝛘2 increases when imposing suppressed strangeness (rs = 0.5 and Cs ̄
= Cd̄) 

• Everything points to strangeness values consistent with this measurement
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• Uncertainties include : 
• experimental 
• model variations (heavy quark masses, 

starting scale, minimum scale of HERA data) 
• PDF parametrisation

• 𝜶S 

• EW corrections
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strange quark density
• factorisation and renormalisation scales 
• FEWZ vs DYNNLO
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• W production mainly from ud and cs quarks 
• |Vud| already measured with high precision, but not |Vcs| 
• W production rate and lepton η distributions are sensitive to |Vcs| 
• —>PDF fit with |Vcs| allowed to vary (other CKM matrix elements fixed to the 2012 PDG value) 

• parametrisation variations —>Dominant uncertainty 

• Competitive with other measurements
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|Vcs| measurement
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• Shorter analysis was performed using 81pb-1 of early Run2 2015 data : W,Z 
fiducial and inclusive cross-sections 

• Peak delivered instantaneous luminosity was L = 1.7 × 1033 cm−1 s−1,  ⟨μ⟩ = 19.  

• measurement compared with NNLO fixed-order predictions from DYNNLO using 
different PDF sets 

• Dominant uncertainty from MET
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W cross-section at 13 TeV
Physics Letters B 759 (2016) 601–621
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W cross-section : conclusion and summary
• Remarkable precision on Drell-Yan cross-section, 

below 1% (when excluding luminosity uncertainty) 
even for W 

• Allows for stringent tests of Standard Model 
• High number of experimental points is a good input to 

constrain parton distribution functions and thus 
reduce their related uncertainty 
• Key ingredient for most physics analyses 

• Competitive measurement of |Vcs| CKM matrix 
element
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W+jets at 8 TeV

 54

JHEP05(2018)077
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• Several differential cross-sections for W + ≥ 1 jet in the electron channel 
• HT (scalar sum of the transverse momenta of electron, neutrino and jets), pT(W), 

pT(j1), y(j1) (transverse momentum and rapidity of the leading jet, i.e. with highest pT)  
• And for W+ ≥ 2 jets 

• pT(j2), y(j2), ΔR(j1,j2), Mjj 
• W+/W- cross-section ratio 

• Cancelling of dominant systematic uncertainties 
• Motivation : stringent tests of pQCD, constraints to PDFs fits, sensitivity to ME/PS 

matching schemes 

• detector calibration for reconstructed objects (leptons, jets, missing ET) are all from 
standard Combined Performance groups 

• Main signal MC sample is Alpgen+Pythia6 with up to 5 partons in the ME 
• All backgrounds estimated with MC except for multi jet (data driven)
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W+jets at 8 TeV : introduction
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• Trigger : electron, isolated (pT>24 GeV) or not (pT>60 GeV) 
• exactly 1 electron with pT>25 GeV, within detector acceptance and 

matching the trigger 
• ‘tight’ identification 
• cut on impact parameters of associated track 
• isolation : ptvarcone30/pT < 0.07, topoetcone30/pT < 0.14 
• no other ‘medium’ electron with pT>20 GeV 

• Anti-kT jets with R=0.4, pT>30 GeV, |y|<4.4, separated from the electron 
• pile-up rejection for jets within tracking acceptance (‘JVF’ cut) 
• Veto on events with b-tagged jets (pT >20 GeV, |η| <2.5) —>rejects tt ̄

• jets-electron overlap removal 
• MET > 25 GeV, mT > 40 GeV
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W+jets at 8 TeV : event selection
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• Dominant background is multijet for lower jet 
multiplicity, tt ̄becomes more important for events 
with higher multiplicity

 57

W+jets at 8 TeV : event yields
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• All observables use Bayesian unfolding to account for detector effects (bin migrations) 
• Comparison to various prediction (first 3 have non-perturbative corrections using Sherpa 2.2.1 to 

account for hadronisation and underlying event) 
• NLO EW corrections investigated with Sherpa 2.2.1, PDF sensitivity investigated with MCFM 

• Theory uncertainties include : renormalisation/factorisation scale variations, 𝜶S, PDF uncertainties (only 
statistical uncertainty is shown for LO generators)
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W+jets at 8 TeV : comparison to various predictions

Fiducial phase spaceTheoretical predictions
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• Overall good agreement of measured 
values with predictions 

• NLO vs LO improves agreement 
(Sherpa 2.2.1) 

• Better agreement for the ratio  
• —>probable cancelling of 

theoretical mismodeling (jet 
emission)
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W+jets cross-section and W+/W- ratio

W cross-sectionW cross-section ratio uncertainties

• High gain in precision 
from the ratio 

• multijet uncertainty 
dominant at large jet 
multiplicity (ratio) 

• Significant impact of jet 
energy scale at high 
multiplicity (dominant for 
W cross-section)
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• Just a few exemples of distributions : W pT for W + ≥ 1 jet (W and ratio), 
ΔR, Mjj for W + ≥ 2 jets 

• W pT : sensitive to PDFs, interesting for fits 
• best described by Alpgen+Pythia and LO Sherpa 1.4 
• Ratio : most predictions are off 

• ΔR, Mjj : test hard parton radiation at large angles and matrix-element/
parton-shower matching 

• Good description from BlackHat+Sherpa 
• Much better description of large Mjj/ΔR values from Sherpa 2.2.1 

as compared to Sherpa 1.4
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W+jets at 8 TeV : differential cross-sections
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• High precision reached especially for the 
W+/W- ratio 

• Overall good agreement between the data 
and the theory predictions 

• Degradation at large jet rapidity, angular 
separation and energy 

• Sensitivity of W+/W- ratio to PDFs 
• Multi-leg generators (Alpgen, Sherpa) do 

best in many places 
• High multiplicities in the ME 

• No single prediction describes each and 
every measured observable
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W+jets at 8 TeV : a few conclusions
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W cross-section : conclusion and summary
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W mass at 7 TeV

 63

Eur.Phys.J. C78 (2018) no.2, 110 
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Analysis strategy
• Measurement’s methodology : 

• obtain predictions with simulated events for signal and background (except data-driven multijet 
background) 

• to extract the result, compare data and predictions for distributions sensitive to mW by performing a 
template 𝜒2 fit 

• Very simple in principle, but extremely challenging in practice as it requires at the 1/10,000 level : 
• Accurate theoretical description of W production and decay kinematics in the simulation 
• Precise calibration of the detector 

• Fully reconstructed mass in Z-boson sample to validate the analysis and to provide significant experimental 
and theoretical constraints (ancillary measurements)
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pTlmT
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Measurement’s categories

 65

• Measurement performed in 2 channels, using 2 observables, 2 
charge categories, 3 (4) |η(lepton)| bins in the electron (muon) 
channel 
• In total, 28 different values of mW are extracted 
• Allows to : 

• Thoroughly validate the physics modelling 
• benefit from different sensitivities to systematic uncertainties
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Motivation
• See Introduction 
• Current world average (Tevatron + 

LEP) provides the most precise value :  
• mW = 80.385 ± 0.015  GeV 

• The natural goal for the measurement’s 
precision is set by the EW fit 
prediction’s uncertainty (7 MeV)

 66

arXiv:1803.01853
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W mass at LHC : more data, larger challenges

 67

• In proton-proton, W+/W- boson production is asymmetric 
• Different contributions from sea/valence quarks 

• Charge dependence of pT spectrum and thus on the pTl and mT 
observables 

• More heavy flavour initiated production (25% of the W production is 
induced by at least one second generation quark s or c)  

• W+, W- and Z are produced by different light flavour fractions  
• Larger gluon-induced W production  
• Large PDF-induced W-polarisation uncertainty (valence vs sea quarks) 
• Strange quark pdf uncertainty —> uncertainty on the relative fraction of 

charm-initiated W boson —> alter the balance between valence quark 
and sea quark 

Stefano Camarda 3

W mass at the LHC

Further QCD complications

Heavy-flavour-initiated processes

W+, W- and Z are produced by 
different light flavour fractions

Larger gluon-induced W production

A proton-proton collider is the most challenging enviroment to measure m
W
, 

worse compared to e+e- and proton-antiproton

In pp collisions W bosons are mostly 
produced in the same helicity state

In pp collisions they are equally 
distributed between positive and 

negative helicity states

Large PDF-induced W-polarisation 
uncertainty affecting the p

T
 lepton 

distribution

Larger Z samples, available for detector calibration given the precisely 
known Z mass →  most of the measurement is then the transfer from Z to W
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Further QCD complications

Heavy-flavour-initiated processes

W+, W- and Z are produced by 
different light flavour fractions

Larger gluon-induced W production

A proton-proton collider is the most challenging enviroment to measure m
W
, 

worse compared to e+e- and proton-antiproton

In pp collisions W bosons are mostly 
produced in the same helicity state

In pp collisions they are equally 
distributed between positive and 

negative helicity states

Large PDF-induced W-polarisation 
uncertainty affecting the p

T
 lepton 

distribution

Larger Z samples, available for detector calibration given the precisely 
known Z mass →  most of the measurement is then the transfer from Z to W

The uncertainty in u and d valence and sea PDF —> an 
uncertainty in helicity axis of the W —> on pTl  spectrum 

Strange quark pdf uncertainty —> uncertainty on 
the relative fraction of charm-initiated W boson 
production —> uncertainty on pT(W)

The amount of charm initiated W production will 
also alter the balance between valence quark 
and sea quark —> W polarisation —> pTl  

30

Valence vs sea quarks

arXiv:0901.0002
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Spectra differences between ‘purely sea’ 
and ‘standard’ quark induced W production

 68

Eur. Phys. J. C (2010) 69: 379–397

• Uncertainty on sea and valence PDFs —>on the measured spectra
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MODELING ASPECTS

 69
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Introduction to the modeling
• Factorisation of cross-section under 4 terms 

• Approximation checked and valid at 2 MeV level for mW

 70

6 Vector-boson production and decay

Samples of inclusive vector-boson production are produced using the Powheg MC generator interfaced
to Pythia 8, henceforth referred to as Powheg+Pythia 8. The W- and Z-boson samples are reweighted to
include the e↵ects of higher-order QCD and electroweak (EW) corrections, as well as the results of fits to
measured distributions which improve the agreement of the simulated lepton kinematic distributions with
the data. The e↵ect of virtual photon production and Z/�⇤ interference is included in both the predictions
and the Powheg+Pythia 8 simulated Z-boson samples. The reweighting procedure used to include the
corrections in the simulated event samples is detailed in Section 6.4.

The correction procedure is based on the factorisation of the fully di↵erential leptonic Drell–Yan cross
section [31] into four terms:

d�
dp1 dp2

=

"
d�(m)

dm

# "
d�(y)

dy

# 2666664
d�(pT, y)

dpT dy

 
d�(y)

dy

!�13777775

2
6666664(1 + cos2 ✓) +

7X

i=0

Ai(pT, y)Pi(cos ✓, �)

3
7777775 , (2)

where p1 and p2 are the lepton and anti-lepton four-momenta; m, pT, and y are the invariant mass,
transverse momentum, and rapidity of the dilepton system; ✓ and � are the polar angle and azimuth of the
lepton1 in any given rest frame of the dilepton system; Ai are numerical coe�cients, and Pi are spherical
harmonics of order zero, one and two.

The di↵erential cross section as a function of the invariant mass, d�(m)/dm, is modelled with a Breit–
Wigner parameterisation according to Eq. (1). In the case of the Z-boson samples, the photon propagator
is included using the running electromagnetic coupling constant; further electroweak corrections are dis-
cussed in Section 6.1. The di↵erential cross section as a function of boson rapidity, d�(y)/dy, and the
coe�cients Ai are modelled with perturbative QCD fixed-order predictions, as described in Section 6.2.
The transverse-momentum spectrum at a given rapidity, d�(pT, y)/(dpT dy) · (d�(y)/dy)�1, is modelled
with predictions based on the Pythia 8 MC generator, as discussed in Section 6.3. An exhaustive review
of available predictions for W- and Z-boson production at the LHC is given in Ref. [70].

Measurements of W- and Z-boson production are used to validate and constrain the modelling of the fully
di↵erential leptonic Drell–Yan cross section. The PDF central values and uncertainties, as well as the
modelling of the di↵erential cross section as a function of boson rapidity, are validated by comparing
to the 7 TeV W- and Z-boson rapidity measurements [41], based on the same data sample. The QCD
parameters of the parton shower model were determined by fits to the transverse-momentum distribution
of the Z boson measured at 7 TeV [44]. The modelling of the Ai coe�cients is validated by comparing the
theoretical predictions to the 8 TeV measurement of the angular coe�cients in Z-boson decays [42].

6.1 Electroweak corrections and uncertainties

The dominant source of electroweak corrections to W- and Z-boson production originates from QED
final-state radiation, and is simulated with Photos. The e↵ect of QED initial-state radiation (ISR) is
also included through the Pythia 8 parton shower. The uncertainty in the modelling of QED FSR is
evaluated by comparing distributions obtained using the default leading-order photon emission matrix
elements with predictions obtained using NLO matrix elements, as well as by comparing Photos with
an alternative implementation based on the Yennie–Frautschi–Suura formalism [71], which is available

1 Here, lepton refers to the negatively charged lepton from a W� or Z boson, and the neutrino from a W+ boson.

11

• dσ(m)/dm modeled with Breit Wigner 
• Other terms : reweight MC according to various predictions 

1. dσ(y)/dy : fixed-order NNLO prediction (DYNNLO) 

2. pT at a given y : Pythia8 with ‘AZ’ tune 
3. polarisation Ai : fixed-order NNLO prediction (DYNNLO) 

• (NB : baseline MC is Powheg+Pythia)

spherical 
harmonics
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Validity check of the reweighting

 71

Use NNPDF3 prediction as pseudo-data, perform the various reweightings (y, pT, 
polarisation) to CT10 sample : strongly validates the modeling procedure

ΔmW =1.5±2.0 MeV
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Rapidity
• Use of DYNNLO (Fixed-order pQCD, NNLO) 
• Validate against 7 TeV ATLAS W, Z cross-section 

measurements 
• Distributions sensitive to PDF effects, critical for 

validation  

• PDF set : CT10nnlo (best agreement), MMHT14nnlo and 
CT14nnlo used for uncertainties (other global sets 
disfavoured by the data)

 72

Eur. Phys. J. C 77 (2017) 367
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W/Z polarisation
• Kinematic of the decay leptons depend on polarisation of the (W or Z) boson 

• NLO QCD brings pT to boson, in turn affecting polarisation 
• Full 5-dimensional cross-section can be written as :

 73

• θ and φ : angles of the charged lepton (W-, Z) or neutrino (W+) in the rest frame of the boson 
• Ai(m, y, pT) : dimensionless angular coefficients (m dependence is small) 

• Ai—>0 when pT~0 except for A4 (responsible of forward-backward lepton asymmetry, sensitive to sin2θW) 

• A5-A7 small, only appear at NNLO in 𝜶S
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Polarisation

 74

• Crucial to get right in pp collisions, otherwise miss some effects 
• ATLAS measurement of Z angular coefficients validates fixed-

order pQCD NNLO prediction 
• except for A2 : additional uncertainty 

• data/prediction difference is added to the uncertainty ; 
pseudo-experiments show no correlation with other 
coefficients 

• Uncertainties on the Z measurement are propagated to the W

JHEP 08 (2016) 159

ATLAS-PHYS-PUB-2014-015
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W boson transverse momentum
• Pythia8 tuned on Z pT ATLAS data (AZ tune) 

• Good agreement is obtained for the ratio of 
differential cross-sections using this tune: 

• pT(W) is obtained via the product of the predicted 
ratio and the experimental Z pT spectrum 

• The total uncertainty being the sum in 
quadrature of these two components, ~1-2%
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the kinematic region corresponding to pW
T smaller than 30 GeV, where large logarithmic terms of the

type log(mW/pW
T ) need to be resummed, and non-perturbative e↵ects must be included, either with parton

showers or with predictions based on analytic resummation [86–90]. The modelling of the transverse-
momentum spectrum of vector bosons at a given rapidity, expressed by the term d�(pT, y)/(dpT dy) ·
(d�(y)/dy)�1 in Eq. (2), is based on the Pythia 8 parton shower MC generator. The predictions of vector-
boson production in the Pythia 8 MC generator employ leading-order matrix elements for the qq̄0 ! W,Z
processes and include a reweighting of the first parton shower emission to the leading-order V+jet cross
section [91]. The resulting prediction of the boson pT spectrum is comparable in accuracy to those of
an NLO plus parton shower generator setup such as Powheg+Pythia 8, and of resummed predictions at
next-to-leading logarithmic order [92].

The values of the QCD parameters used in Pythia 8 were determined from fits to the Z-boson trans-
verse momentum distribution measured with the ATLAS detector at a centre-of-mass energy of

p
s =

7 TeV [44]. Three QCD parameters were considered in the fit: the intrinsic transverse momentum of the
incoming partons, the value of the strong coupling constant at the Z-boson mass used for the QCD ISR,
and the value of the ISR infrared cut-o↵. The resulting values of the Pythia 8 parameters constitute the
AZ tune. The Pythia 8 AZ prediction was found to provide a satisfactory description of the pZ

T distri-
bution as a function of rapidity, contrarily to Powheg+Pythia 8 AZNLO; hence the former is chosen to
predict the pW

T distribution.

To illustrate the results of the parameters optimisation, the Pythia 8 AZ and 4C [93] predictions of the pZ
T

distribution are compared in Figure 1(a) to the measurement used to determine the AZ tune. Kinematic
requirements on the decay leptons are applied according to the experimental acceptance. For further
validation, the predicted di↵erential cross-section ratio,

RW/Z(pT) =
 

1
�W
·

d�W(pT)
dpT

!  
1
�Z
·

d�Z(pT)
dpT

!�1

,

is compared to the corresponding ratio of ATLAS measurements of vector-boson transverse momentum [44,
45]. The comparison is shown in Figure 1(b), where kinematic requirements on the decay leptons are
applied according to the experimental acceptance. The measured Z-boson pT distribution is rebinned
to match the coarser bins of the W-boson pT distribution, which was measured using only 30 pb�1 of
data. The theoretical prediction is in agreement with the experimental measurements for the region with
pT < 30 GeV, which is relevant for the measurement of the W-boson mass.

The predictions of RESBOS [87, 88], DYRES [89] and Powheg MiNLO+Pythia 8 [94, 95] are also
considered. They all predict a harder RW/Z(pT) distribution, and disagree with the u`

k
distribution ob-

served in the W-boson data, as discussed in Section 11.2. They are therefore not considered further.
Figure 2 illustrates the impact of these predictions on the reconstruction-level p`T and mT distributions.
Reconstruction-level distributions for DYRES, RESBOS and Powheg MiNLO+Pythia 8 are obtained
from the Powheg+Pythia 8 signal sample by reweighting the particle-level pW

T distribution. The e↵ect
of varying the pW

T distribution is largest at high p`T, which explains why the uncertainty due to the pW
T

modelling is reduced when limiting the p`T fitting range as described in Section 11.3.

6.4 Reweighting procedure

The W and Z production and decay model described above is applied to the Powheg+Pythia 8 samples
through an event-by-event reweighting. Equation (3) expresses the factorisation of the cross section into

14

JHEP 09 (2014) 145
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Uncertainties to pT(W)

 76

• Only modelling uncertainties which are uncorrelated between Z 
and W give sizeable uncertainties on the measurement 

• Induced by heavy flavour initiated production : 6/3% of cc/bb 
for Z, 20% of cs for W production 

• Missing higher orders in QCD ISR : factorisation scale (𝜇F) 
variations taken as correlated between W and Z for light quark, 
independently for heavy quarks 

• other sources : uncertainty on mC, choice of parton shower LO PDF 
• Central prediction and uncertainty well validated with the recoil 

distribution in the data
𝜇F variations all uncertainties Validation in the data
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Uncertainty from the PDFs

 77

• Each PDF uncertainty eigenvector from CT10nnlo propagated 
simultaneously to Ai, rapidity and pT reweighing distributions 
• Overall uncertainty evaluated with the Hessian method 
• Consider MMHT14nnlo and CT14nnlo as alternative 

• For pT(W), only relative variations of pT(W) and pT(Z) are considered, 
reducing the impact of this uncertainty
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QCD modelling uncertainties

 78

• Biggest uncertainties arise from the PDFs, modelling of pT(W) and polarisation 
• Strong anti-correlated effect of PDF on W+ vs W- ! 

• May be further reduced in the future thanks to : 
• More ancillary measurements : polarisation @13 TeV (higher statistics, uncorrelated 

systematics), direct W pT measurement (requires a low pile-up run at LHC) 
• Simultaneous profiling of the PDFs in the fit
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Electroweak uncertainties
• QED FSR photons implemented with Photos, negligible uncertainty on it 
• FSR pair production impact checked with Photos and Sanc, taken as uncertainty 

• can be implemented in the baseline MC for future measurements (Photospp 3.61) 
• Combined NLO EW⊗QCD corrections are assessed with Winhac and taken as an 

uncertainty - they include IFI + pure weak corrections but need to be checked using 
a realistic pT (NLO in QCD) 

• same remark (available recently in Powheg-EW)
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EXPERIMENTAL 
ASPECTS

 80
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Event selection
• Lepton selection 

• muon : pT > 30 GeV, |η| < 2.4, track-based isolation 
• electron : pT > 30 GeV, |η| < 1.2 or 1.8 < |η| < 2.4, track and 

calorimeter-based isolation 
• Kinematic requirements : 

• Recoil : uT < 30 GeV 
• mT > 60 GeV, pTmiss > 30 GeV

 81

7.8M events

5.9M events
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Background fractions

 82
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Electron calibration

 83

• φ modulation due to mechanical 
deformation under gravity of the 
calorimeter (‘pear-shape’) corrected 
with W and Z events 
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Muon calibration

 84

• As expected, uncertainties are smaller than for electron
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Hadronic recoil calibration
• Several steps of the correction : 

• Correct pile-up activity 
• Correct ΣET distribution in pT bins 
• residual response and resolution 

corrections in Z events, extrapolated 
to W 
• Includes a correction of recoil phi

 85

  28

Recoil response calibration

● Recoil projections useful for calibration:

ΣET correction
recoil phi — ux and uy correction
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Recoil bias vs pTZ Recoil resolution vs ΣET

Hadronic recoil calibration
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• Validation check using Powheg+Herwig6 as pseudo-data

Hadronic recoil calibration
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Multijet background
• Use of a data-driven technique :  

• 2 different fitting regions to extract multijet fraction (FR1, FR2) — 
mainly for uncertainty purposes 
• Templates obtained in an MJ enriched region by reverting 

isolation 
• EW and top contamination subtracted with MC estimation 

• Scan in lepton isolation variable for MJ shape template building 
• 3 different observables : mT, pTl/mT, pTmiss 

• Fitted fraction corrected for signal region selection efficiency 
• linear extrapolation to signal region

 88
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Multijet background

 89

• Differences in the extrapolation to signal region are taken 
as (main) fraction uncertainty 

• Shapes of observables obtained by an linear extrapolation 
from CR to SR using the ratio of different anti-isolated 
regions 

• Uncertainty dominated by statistics, evaluated by 
fluctuating the bin contents within stat. uncertainty 
before extrapolation

• Background fraction (η-dependent) 
• 0.6 - 1.7 % (e channel) 
• 0.5 - 0.7 % (mu channel)
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Extraction of mW

 90
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Preliminary cross-check with Z

 91

• Several cross-checks : 

• 𝜒2 template fit to the reconstructed mll 
distribution : ΔmZ = 1(3) ± 3(5) MeV for 
the electron (muon) channel 

• Treat alternatively the negative or positive 
lepton as ‘invisible’ to mimic a neutrino,  

• fit to pTl and mT distributions as in W 
analysis 

• Results consistent with combined LEP value 
of mZ within experimental uncertainties

Difference between measured Z boson mass in ATLAS and the combined LEP result
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Z ee plots after all corrections
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Z mumu plots after all corrections

 93



F.Balli — W physics at ATLAS — Grodno, 12–24 August , 2018

Fitting range stability

 94

• Fitting range of the distributions optimised in the simulation 
• Check the stability of the full combination when varying either mT or pTl 

fitting range 
• Check that the result on the difference with respect to the central value 

is within ~1-2 standard deviations (fully uncorrelated uncertainty)
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Distributions - hadronic recoil

 95
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Distributions - lepton eta

 96
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mW extraction

 97

• 𝜒2 template fit to the data in each 
category (distribution, charge, 
lepton channel, ηl bin) 

• All categories give consistent result 
—> strength of detector calibration 
and physics modelling 

• Also cross-check in more 
categories (bins of recoil, mu…) 

• Several combinations performed, 
using BLUE method
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CONCLUSION AND 
SUMMARY

 98
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ΔmW result
• Measurement of mW+ - mW- 

• Not blinded 
• Many uncertainties cancel as they are not charge-dependent  
• Dominant uncertainty from the PDFs 
• Result compatible with 0 within ~1 sigma
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: EPJC CERN-EP-2016-305
26th January 2017

Measurement of the W-boson mass in pp collisions

at
p

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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• Dominant uncertainty comes from the physics modelling 
• Largest contribution from QCD

mW result
pTlmT
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Comparison to other measurements
• Same precision as single best 

measurement from CDF 
• Pulling the mW towards a value close to 

Standard Model prediction from EW fit
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What’s next ?

 102

• What can be done to improve the precision in the coming ( <10 ) 
years ? 

• More progress on theory side : resummation, incorporation of 
NLO EW⊗QCD effects in simulation

• Experimental innovations : e.g. pile-up mitigation techniques, more 
and more ancillary measurements like W pT, polarisation… 

• Run at low pile-up (mu~1) very interesting in this respect 

• Combinations with existing/future measurements (e.g Tevatron)
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• Strong motivation to measure W pT with an uncertainty 
below 1% in the Sudakov region (pT ~< 20 GeV ), with 
a resolution of ~5 GeV to catch the variation of the 
Sudakov peak 

• crucial input to mW : with comparable precision, 
does not need to rely on Z anymore (—>no 
extrapolation uncertainty) 

• stringent test of resummed predictions and parton 
showers 

• Pile-up degrades the reconstructed pT(W) resolution 
(== hadronic recoil) as √(<𝜇>) 

• —>need very low pile-up data taking 
• ~300 pb-1 at 13 TeV needed for enough 

statistical precision 
• ~150 pb-1 taken in 2017, ~200 taken last 

month (mu~2) : stay tune! 
• 250 pb-1 at 5 TeV (2017) : allows to check 

energy dependence of the models for pT(W)
 103

Low mu runs : W pT
ATL-PHYS-PUB-2014-015 

ATL-PHYS-PUB-2017-021 
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And now for something 
completely different…

 104

Eur. Phys. J. C (2017) 77:474
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• Largest background from strong Wjj 
production (~O(10) times larger than EW) 

• Signal : 
• Large interval in jet rapidities (rapidity 

gap) —>large invariant dijet mass Mjj 
• W boson in rapidity gap  
• Little hadronic activity in the rapidity 

gap due to the absence of colour flow 
between the interacting partons  105

Electroweak W j j production and constraints on anomalous 
gauge couplings (aGC) with 7 and 8 TeV data

Eur. Phys. J. C (2017) 77:474

Leading order diagrams for Wjj electroweak production

Leading order diagrams for Wjj strong production

• Opportunity to probe 
anomalous (triple) gauge 
couplings through VBF 
topology 

• probe for new 
fundamental interactions 

• First VBF W observation
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• Wjj MC : Powheg+Pythia8, using MiNLO for strong production (sets the QCD emission 
scales), PDF set is CT10 

• strong production  
• Sherpa 1.4 at leading order is used to estimate interference between strong and EW 

(using QCD+EW vs separate QCD and EW Wjj samples) 
• Also used in cross-section comparisons 

• Other backgrounds are modelled with MC except for multi jet (data-driven)

 106

Modeling

Cross-section measurement
• Binned likelihood fit to the Mjj distribution with Gaussian constraints to every background 

• Determination of 𝜇i 

• i = QCD or EW 
• Ni : measured number of (background subtracted) events 
• Ci : N(reco)/N(truth) passing the selection 
• Ai : acceptance of fiducial volume

fiducial cross-section
normalisation 

factor (=1 in SM)
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• Using single lepton trigger  
• Leptons and jets reconstruction/calibration/preselection 

similar as the W+jets analysis presented before

 107

Event selection

• Use of lepton and jet centrality defined as

• Such that C < Cmax = 0.4 implies y to be 
in the range :

• Forward lepton CR used to constrain strong 
Wjj production 

• Validation region (for multi jet and QCD Wjj) 
has >=1 central jet

Cℓ( jet) = |
yℓ( jet) −

y1 + y2

2

y1 − y2
|

[
y1 + y2

2
− Cmax × |y1 − y2 | ,

y1 + y2

2
+ Cmax × |y1 − y2 | ]
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• EW signal represents ~15 % of the total number of events 
• Dominant background is strong Wjj production (~50% of total number of events)

 108

Event yields

• constraint to 
QCD Wjj from the 
control region (all 
backgrounds 
subtracted)
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SM Cross-section result

• First 5 sigma Wjj EW measurement
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• Many unfolded differential cross-sections obtained in the fiducial region 
• Direct probes of new physics 
• Here, just one exemple : for Mjj> 500GeV (left), dominated by QCD ; EW Wjj 

appears for Mjj > 2TeV (right) !

 110

Unfolded differential cross-sections : Wjj EW vs QCD
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• Effective Lagrangian for WWV coupling with operators up to dimension 6 (V=Z, gamma) 

• Deviation from SM : g1V ≠1, 𝛋V ≠1, 𝞴V ≠ 0, 𝛋̃V ≠ 0
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Constraints on aGC

• Gauge invariance requires :

• To preserve unitarity one can introduce :

• With 𝝠 = 4 TeV (preserves unitarity) 
for all parameters in sensitivity range

• Or in EFT : assume perturbative coupling coefficients ci and scale of new interaction 𝝠, Oi 
are dimension 6 field operators :

• One can relate the ci to the aTGC parameters

CP violating
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• Effect of anomalous couplings modelled within Sherpa 
• Fit using the yield in signal region with Mjj > 1 TeV, pT 

of leading jet > 600 GeV 
• last requirement maximises sensitivity to aTGC 
• Fit each aTGC parameter, fixing the other 

parameters to SM value 
• No deviation from SM is observed

 112

Constraints on aGC
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• First observation (>5 sigma) of EW Wjj 
• systematic uncertainty dominates the 8 TeV measurement 

• Many unfolded differential cross-sections provided 
• Allowing to check theoretical models (high order 

calculations) 
• aTGC constraint 

• 𝝺V intervals competitive with those from WW 

• No deviation from SM is observed

 113

EW Wjj : summary
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• Wide range of physics ‘touched’ using Ws at LHC 
• I just talked about a few selected items (linked with the most recent 

publications, mainly) … 
• Precise tests of SM 
• Key input to PDFs 
• validation of predictions that are essential for signal/background modelling 

in other analyses 
• W mass measurement and global EW fit 
• Wjj electroweak — direct probe of new physics 

• Many other topics 
• W+charm 
• new physics searches at high mT 
• …
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Concluding remarks
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Thank you for your 
attention!!
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BACKUP

 116
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• PDF profiling and full PDF fits heavily rely on methods used in DIS experiments (esp. 
HERA) 

• Software used is xFitter, that makes use of APPLGRID for theory predictions, together with 
k-factors from the accurate theory tools described before (NNLO QCD from DYNNLO 1.5, 
NLO EW from PHOTOS and MCSANC) 

• Profiling : use of xFitter software 
•  start from existing PDF set 

• Use a 𝛘2(bexp, bth) that minimises difference between observed and predicted cross-
section allowing nuisance parameters (bexp, bth) to shift 

• New PDF f0’ is : 

• f0 is the central PDF set and fk+ and fk- the corresponding up/down eigenvectors 
• Allows for quantitative estimate of the agreement between the data and the PDF sets 

from global fits, and study further constraining power from the new measurement 

• Best 𝛘2 is obtained with CT14nnlo, CT10nnlo, and reasonable with MMHT14nnlo
 117

PDF profiling : methodology
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PDF profiling : results

• ‘correlated chi2’ is the contribution from the penalty term 
• left of ‘|’ is including PDF set uncertainties, right is excluding 

PDF set uncertainties
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• More complex than PDF profiling 
• Requires parametrisation of the PDFs at a starting scale Q02 = 1.9GeV2 

• PDFs are evolved to the scale of the measurements and convolved with hard-scattering 
coefficients to obtain the theoretical cross- section predictions 

• Done with a variable flavour number scheme that switches on c- and b-quark PDFs at 
mc and mb 

• Then, fit using similar (but different) 𝛘2 as in profiling, with parameters left free 

• Fit done with HERA and new ATLAS data 
• New set termed ATLAS-epWZ16 
• Includes experimental and theory uncertainties

 119

Full PDF fit

• Parameter scans requiring 𝛘2 saturation (no 
𝛘2  decrease when adding free parameters) 

• Some constraints by sum rules 
• —>15 parameters 

• As ̄and Bs ̄appear as free parameters 
• assume s ̄= s
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Comparison CDF vs ATLAS

 120



F.Balli — W physics at ATLAS — Grodno, 12–24 August , 2018

Comparison D0 vs ATLAS
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MSSM fit
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Comparison CDF vs ATLAS
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courtesy of M. Boonekamp
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Comparison D0 vs ATLAS
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courtesy of M. Boonekamp
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Difference Tevatron vs LHC
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Difference Tevatron vs LHC
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Spectra differences between ‘purely sea’ 
and ‘standard’ quark induced W production
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Eur. Phys. J. C (2010) 69: 379–397

• Uncertainty on sea and valence PDFs —>uncertainty on W helicity 
—> on the measured spectra
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Full uncertainty table
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Weights of all categories
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pT modeling strategy
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Recoil distributions without modelling correctionsvarious predictions of the 2 
observables
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pT modeling strategy
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• Very different prediction of pT(W)/pT(Z) ratio from 
resummed technique or Powheg MiNLO with respect 
to Pythia 8 AZ 

• This is a high topic of interest and subject to many 
discussions in the LHC EW working group 

• Pythia8 AZ  is validated by the data (u//) contrary to 
other predictions 

• Negligible impact of the parton shower model 
(Herwig 7)
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• Dependence of 
uncertainty (statistical + 
recoil calibration 
systematic) in first pT(W) 
bin (0-5 GeV) vs mu for 
300 pb-1 integrated 
luminaosity 

• Dependence of SET with 
sqrts
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Low mu runs


