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Introduzione

Mostrerò i risultati più significativi di ATLAS e CMS su:

- sezione d’urto inclusiva W e Z

- sezione d’urto differenziale della Z in funzione del momento 
trasverso e di Mll

- sezione d’urto Z+jet: molteplicità di jet, correlazioni azimutali

- produzione di W+b

- produzione di di-bosoni e limiti nTGC
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W/Z production at the LHC

To first order at LHC, W and Z are  
generated by a valence quark and a sea 
anti-quark (Q~100 GeV)

Parton fractions are 10-3<x<10-1, so sea-
sea contributions also important

NLO (W/Z+jets) depends on gluon pdf

EWK processes allow both precision 
measurements of fundamental 
parameters (couplings) and PDFs 
constraints  

W and Z are also the dominant signal 
and/or background in many searches
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W/Z Production @ LHC

‣ At first order, W and Z 
production at the LHC 
proceeds through the 
collision of a valence quark 
to a sea anti-quark (Q~100 
GeV)

‣ Since parton fractions are 
typically 10-3<x<10-1, sea-sea 
contributions are also 
important
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Production

LO (Drell-Yan)    +    NLO

gluons play a major role in 
associated jet production

 (W+jets)

Electroweak processes are ideal for 
precise measurements and tests of 

PDFs at the LHC !

LO (Drell-Yan)  +          NLO

Produzione di bosoni Z/W a LHC 

Ad LHC il processo di 
produzione al LO 
è q qbar.

Il processo a NLO dipende dalle 
PDF gluoniche.

Processi Elettrodeboli 
importanti per la misura precisa 
di costanti di accoppiamento e 
per le PDF.

Produzione di W e Z è fondo per 
la produzione di Higgs e per 
analisi di nuova fisica. 

W/Z production at the LHC

To first order at LHC, W and Z are  
generated by a valence quark and a sea 
anti-quark (Q~100 GeV)

Parton fractions are 10-3<x<10-1, so sea-
sea contributions also important

NLO (W/Z+jets) depends on gluon pdf

EWK processes allow both precision 
measurements of fundamental 
parameters (couplings) and PDFs 
constraints  

W and Z are also the dominant signal 
and/or background in many searches
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Leptone

Neutrino

Jet

Evento W+1 jet

Sezioni d’urto inclusive W e Z

Dati raccolti in uno speciale run a bassa luminosità (1032 cm-2 s-1 ) 

- Trigger dedicato. Bassa soglia in pT sui leptoni (stessa del 2010 a 7 TeV).
- Basso Pile Up. Alta risoluzione in energia trasversa mancante (MET).

Stessa strategia di analisi del 2010. Risultati direttamente confrontabili.
CMS-PAS-SMP-12-011

CMS-PAS-SMP-12-011
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Momento Trasverso Z/γ*

 [GeV]
T

q
 ]

-1
 [G

eV
T

/d
q

!
 d

!
1/

-710

-610

-510

-410

-310

-210

data
Pythia/Powheg Z2star
FEWZ CTEQ12NNLO

 [GeV]
T

q
20 30 40 50 60 70 100 200 300 400 500

da
ta

 / 
th

eo
ry

0

2

4

CMS preliminary
=8 TeVs at -1 18.4 pb"

.1,2<|#| 0 GeV2>
T

p

Buon accordo con previsioni teoriche.
Rapporto con i dati a 7 TeV ben 
riprodotto. [GeV/c]

T
q

0 2 4 6 8 10 12 14 16 18 20

R
at

io
 8

 T
eV

/7
 T

eV

0

0.5

1

1.5

2

2.5

3

3.5

data

Powheg
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CMS Preliminary

Alta statistica permette di studiare varie distribuzioni differenziali.

Distribuzione differenziale qT
- radiazione QCD di stato finale
- Underlying Event 

Distribuzioni corrette per:
- risoluzione del rivelatore
- radiazione QED stato finale

Rapporto 8/7 TeV

CMS-PAS-SMP-12-025

CMS-PAS-SMP-12-025
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Distribuzione differenziale Φ*η

Differenza tra dati e RESBOS del 2-5%

Momento Trasverso Z/γ*

2 A. Banfi et al.: Optimisation of variables for studying dilepton transverse momentum distributions . . .

shown in [14] to be less correlated with aT than QT . For
studying the low QT (non-perturbative) region, aT is thus
a more powerful variable thanQT . The aT distribution has
subsequently been calculated to NLL accuracy using soft
gluon resummation techniques [15].

Ta

La

(2)
T

p(1)
T

p TQ
!"

acop!

 t 
Recoil

Fig. 1. Graphical illustration in the plane transverse to the
beam direction of the variables defined in the text and used to
analyse dilepton transverse momentum distributions in hadron
colliders.

A recent paper [16] has discussed the idea of using ∆φ,
as an analysing variable that is sensitive to the physics
of QT , and insusceptible to lepton momentum uncertain-
ties1. Whilst ∆φ is primarily sensitive to the same compo-
nent of QT as aT , the translation from aT to ∆φ depends
on the scattering angle θ∗ of the leptons relative to the
beam direction in the dilepton rest frame. Thus, ∆φ is
less directly related to QT than aT . As a result, ∆φ has
somewhat smaller statistical sensitivity to the underlying
physics than aT .

In this paper, we discuss two further ideas to improve
experimental precision, whilst maintaining (QT ) physics
sensitivity:

– Dividing aT , and QT by the dilepton invariant mass,
Q, thus further reducing the effects of lepton pT res-
olution, and almost totally cancelling lepton pT scale
calibration uncertainties.

– Correcting ∆φ on an event-by-event basis for the scat-
tering angle, θ∗, thus improving the sensitivity to QT .

An overview of the rest of this paper is as follows. In
Sect. 2 we give an approximate analytic motivation for the
idea of dividing aT (and QT ) by Q in order to produce
variables with very substantially improved experimental
resolution. In Sect. 3 we discuss the idea of correcting ∆φ
on an event-by-event basis for the scattering angle, θ∗,
thus improving the sensitivity to QT . In addition, we pro-
pose a new variable, cos(θ∗η), which provides a measure
of the scattering angle that is based entirely on the mea-
sured track directions and is thus extremely well measured
experimentally. In Sect. 4 we describe the simple param-
eterised detector simulation we employ in our MC stud-

1 We note that the expected distribution of ∆φ does have a
small residual sensitivity to the lepton pT measurement. This
arises from the cut on Q in the event sample selection, which
is affected by the lepton pT scale and resolution.

ies. In Sect. 5–9 we present the results of our MC studies
of the performance of the various candidate variables in
terms of their experimental resolution and their sensitiv-
ity to the underlying physics. In Sect. 10 we present some
conclusions, including our recommendations for the best
variables to use in experimental studies of the transverse
momentum of dilepton pairs produced at hadron colliders.

2 Mass ratios of aT and QT

For ∆φ ≈ π, aT is given by the approximate formula

aT = 2
p(1)T p(2)T

p(1)T + p(2)T

sin∆φ

and thus the fractional change in aT with respect to a

variation in, say, p(1)T is given by

∆aT
aT

=
p(2)T

p(1)T + p(2)T

∆p(1)T

p(1)T

.

The dilepton invariant mass is given by

Q =
√

2p(1)p(2)(1− cos∆θ),

where p(1) and p(2) are the lepton momenta and ∆θ is
the angle between the two leptons. Thus, the fractional
change in mass with respect to a variation in p(1) is given
by

∆Q

Q
=

1

2

∆p(1)

p(1)
.

Since track angles are extremely well measured it can be
taken to a very good approximation that

∆p(1)T

p(1)T

=
∆p(1)

p(1)
.

The fractional change in aT /Q with respect to a variation
in p(1) is thus given by

∆ (aT /Q)

(aT /Q)
=

∆aT
aT

−
∆Q

Q
=

(

p(2)T

p(1)T + p(2)T

−
1

2

)

∆p(1)T

p(1)T

.

Thus the variations with p(1)T in aT and Q partially
cancel in the ratio, rendering aT /Q less susceptible to the
effects of lepton pT resolution than aT . In particular, in the

region of low QT then p(1)T ≈ p(2)T and thus ∆(aT /Q) ≈ 0.
Similarly, the quantity QT /Q is less susceptible to the
effects of lepton pT resolution than QT .

A simple example of an uncertainty in the lepton pT
scale calibration is to consider the pT of all leptons to be
multiplied by a constant factor. It can be seen trivially
that in this case aT , QT and Q are all multiplied by the
same factor and that the measured aT /Q and QT/Q are
unaffected by such a scale uncertainty.

Usata variabile Φ*η. Risoluzione angolare 
migliore di quella in pT.

A. Banfi et al.: Optimisation of variables for studying dilepton transverse momentum distributions . . . 3

3 Correcting ∆φ for the scattering angle

The azimuthal opening angle between the two leptons,
∆φ, is primarily sensitive to the same component of QT as
aT , and is based only on the well measured lepton angles.
However, at fixed aT /Q, ∆φ depends on the scattering
angle θ∗ of the leptons relative to the beam direction in
the dilepton rest frame. For convenience, we define the

acoplanarity angle, φacop, as φacop = π − ∆φ. For p(1)T ≈
p(2)T it can be fairly easily shown that

aT /Q ≈ tan(φacop/2) sin(θ
∗).

This suggests that the variable

φ∗ ≡ tan(φacop/2) sin(θ
∗)

may be an appropriate alternative quantity with which to
study QT .

In the analysis of hadron-hadron collisions, θ∗ is com-
monly evaluated in the Collins Soper frame [17]. However,
θ∗CS requires knowledge of the lepton momenta and is thus
susceptible to the effects of lepton momentum resolution.
Motivated by the desire to obtain a measure of the scat-
tering angle that is based entirely on the measured track
directions (since this will give the best experimental res-
olution) we propose here an alternative definition of θ∗.
We apply a Lorentz boost along the beam direction such
that the two leptons are back-to-back in the r-θ plane.

This Lorentz boost corresponds to β = tanh
(

η−+η+

2

)

and

yields the result2

cos(θ∗η) = tanh

(

η− − η+

2

)

,

where η− and η+ are the pseudorapidities of the negatively
and positively charge lepton, respectively.

We consider two candidate variables

φ∗

CS ≡ tan(φacop/2) sin(θ
∗

CS)

φ∗

η ≡ tan(φacop/2) sin(θ
∗

η)

for further evaluation in terms of their experimental reso-
lution and physics sensitivity.

4 Simple parameterised detector simulation

Monte Carlo events are generated using pythia [18], for
the process pp̄ → Z/γ∗, in the e+e− and µ+µ− decay
channels, and re-weighted in dilepton QT and rapidity,
y, to match the higher order predictions of resbos [19]
as in [14]. Electrons and muons are defined at “particle
level” according to the prescription in [20], and at “de-
tector level” by applying simple Gaussian smearing to

2 The lepton pseudorapidity, η, is defined as η =
− ln[tan( θ

2
)], where θ is the polar angle with respect to the

beam direction, in the laboratory frame.

the particle level momenta: δ(1/pT ) = 3 × 10−3 (1/GeV)
for muons, which are measured in the tracking detectors;
δp/p = 0.4(p/p0)−1/2 with p0 = 1 GeV for electrons,
which are measured in the calorimeter. In addition, the
particle angles are smeared, assuming Gaussian resolu-
tions of 0.3 × 10−3 rad for φ and 1.4× 10−3 for η. These
energy, momentum, and angular resolutions roughly cor-
respond to those in the DØ detector [21].

Events are accepted for further analysis if: 70 < Q <
110 GeV and both leptons satisfy the requirements pT >
15 GeV and |η| < 2. These selection cuts are made at
particle level, unless otherwise stated.

5 Scaling factors

In the following sections, we compare the experimental
resolution and physics sensitivity of the various candidate
variables. In particular, we compare the variation of the
resolution for each variable as a function of that variable.
This comparison is facilitated by ensuring that all dis-
tributions have approximately the same scale and shape.
Compared to QT or QT /Q, all other variables are on av-
erage a factor

√
2 smaller (since aT and aL measure one

component of QT ). A simple multiplication by MZ (=
91.19 GeV [22]) corrects for the average Q−1 factor in the
mass ratio and angular variables and conveniently ensures
that all variables have the same units (GeV). Finally, the
mean value of sin(θ∗) is around ∼ 0.85, and tan(φacop/2)
is scaled by this additional factor. The above factors are
summarised in Table 1.

variable scaling factor
QT 1

QT /Q MZ

aT
√
2

aT /Q
√
2MZ

aL
√
2

aL/Q
√
2MZ

tan(φacop/2) 0.85
√
2MZ

φ∗

CS

√
2MZ

φ∗

η

√
2MZ

Table 1. Scaling factors for different candidate variables.

6 Experimental resolution for dilepton
scattering angle

Figure 2 shows the experimental resolution of cos(θ∗CS) and
cos(θ∗η) in our simulation of dimuon events. The upper row
of Figure 2 shows events that satisfy 70 < Q < 110 GeV; it
demonstrates that cos(θ∗η) is significantly better measured
experimentally than cos(θ∗CS). This is because cos(θ∗η) is
evaluated using only angular measurements, which are

Phys. Lett. B 720 (2013) 32-51

Phys. Lett. B 720 (2013) 32-51
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dσ/dMll misurata in un intervallo ampio di Mll, da 15 a 1500 GeV. 

Distribuzione differenziale Mll
- importante come fondo per molte 
ricerche di nuova fisica
- sensibile alle PDF 

Distribuzioni normalizzate alla sezione 
d’urto al picco (60<Mll<120).

Distribuzioni corrette per:
- risoluzione del rivelatore
- radiazione QED stato finale

Sezione d’urto Drell Yan dσ/dMll
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Distribuzione 
differenziale Mll
Misurata nell’intervallo di massa tra 
[116, 1500] GeV
Confronto tra diverse predizioni 
teoriche e PDF. 

Sezione d’urto Drell Yan dσ/dMll

Accordo tra dati e FEWZ con diverse PDF Forma ben riprodotta dai 
3 diversi generatori

ATLAS-CONF-2012-159

ATLAS-CONF-2012-159
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Distribuzioni di rapidità in Z/γ* + jet 

dσ/dy misurata in intervalli di Mll permette di ricavare migliori vincoli alle PDF.

Distribuzione differenziale y
- Mμμ> 20 GeV 
- |y|<2.4 

Distribuzioni normalizzate
alla sezione d’urto 
al picco (60<Mll<120).

Distribuzioni corrette per:
- risoluzione del rivelatore
- radiazione QED 
stato finale
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Molteplicità dei jet e Correlazioni 
Azimutali in Z+jet a 7 TeV 

!"#$%$&'"()*+,-.*/*0$'1*2%311*1$2'"3&*456*

!"

!  Test of recent NLO pQCD predictions for large jet multiplicities (not accessible before)"

!  Test of limitations of ME+PS generators and fixed order pQCD in regions where large 
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!  Jet multiplicity up to 7 jets: well described by ME+PS generators (up to 5 
jets) and BlackHat+Sherpa, MC@NLO fails!
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Produzione di W+quark b
Produzione di W + b-jet importante fondo a WH, H→bb. 
Fondo irriducibile in molte ricerche di nuova fisica e single top. 

Precedenti discrepanze teoria/dati di 
quasi 3σ (CDF) in produzione W+1 b jet.

Dati a 7 TeV sono consistenti entro 1.5σ 
con le predizioni di MCFM.

σ(W➙bb)CMS = 0.53±0.05(stat)±0.01(sis) pb
σ(W➙bb)MCFM = 0.52±0.03 pb

arXiv:1302.2929v1
CMS-PAS-SMP-12-026
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Produzione di di-bosoni a LHC

Diboson production at LHC

Triple gauge couplings:
‣ Charged triple gauge couplings (WWZ, WWγ) allowed
‣ Neutral triple gauge couplings (ZZZ, ZZγ) forbidden in Standard Model

Anomalous couplings lead to enhanced cross section, larger boson pT
Diboson production:
‣ provides a direct measurement of (anomalous) triple gauge couplings 
‣ is an important background to Higgs and BSM searches 
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Anomalous Triple Gauge Couplings (aTGC)

• The s-channel diagram contains a 
triple gauge coupling vertex

• Neutral TGC are not allowed in the 
standard model

• Observation of either neutral TGC or 
deviations from the SM charged TGC 
would be evidence of new physics

• aTGC modify both production 
rate and event kinematics

• Use measured cross section or event 
kinematics to constrain aTGC

• Neutral and charged couplings probed 
by different channels

17
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Produzione di di-bosoni
- importante fondo per Higgs e nuova fisica
- misura diretta degli accoppiamenti tra bosoni di gauge

Accoppiamenti tripli 
- accoppiamenti carichi permessi nel Modello Standard
- accoppiamenti neutri (nTGC) non permessi

Accoppiamenti nTGC anomali hanno l’effetto di 
aumentare le sezioni d’urto per alto pT e alta massa del 
sistema di-bosonico.

12
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ZZ➙llll e nTGC anomali

Sezioni d’urto totali

Dati seguono le predizioni teoriche in un 
ampio intervallo di energie.

Accoppiamenti anomali

Limiti al 95% CL per gli esperimenti
a TeVatron e LHC.

Non MS
Modello Standard

JHEP03(2013)128

JHEP03(2013)128
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WW/WZ e nTGC anomali

Sezioni d’urto totali

Dati seguono le predizioni teoriche in un 
ampio intervallo di energie.

!
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CMS
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% 1±
% 2±

"#$ and !95% CL Limit on 

 = 7 TeVs, -1L dt= 5.0 fb&

Accoppiamenti anomali

Estratti dal pT del sistema dei 2 jet.
Nessuna evidenza di nTGC anomali.

ATLAS-CONF-2013-021

Eur.Phys.J. C73 (2013) 2283
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Wγ e Zγ e nTGC anomali

Accoppiamenti anomali

Limiti al 95% CL per gli esperimenti
a TeVatron e LHC.

Sezioni d’urto totali

Dati seguono le predizioni teoriche in un 
ampio intervallo di energie.

Prima misura di σ(Z(➙νν)γ) a LHC

σ(Z(➙νν)γ)CMS   = 21.3±4.2(stat)±4.3(sis)±0.5(lumi) pb
σ(Z(➙νν)γ)BAUR = 21.9±1.1 pb

arXiv:1302.1283v1
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Conclusioni

ATLAS e CMS hanno testato il Modello Standard nel settore 
elettrodebole con numerose misure (a 7 e 8 TeV). 

Risultati ottenuti per lo più limitati da errori sistematici. 

In generale ottimo accordo con il Modello Standard su ordini di 
grandezza. 

Misure di precisione hanno messo vincoli a PDF e accoppiamenti 
anomali.  

Discrepanze tra dati e predizioni teoriche in alcune misure 
importanti per ricerche di nuova fisica.

Il grosso dei dati a 8 TeV deve ancora essere analizzato. 
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Backup

17



A. Tropiano, Risultati di Fisica Elettrodebole da CMS e ATLAS IFAE 2013 Cagliari

Backup
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3 Correcting ∆φ for the scattering angle

The azimuthal opening angle between the two leptons,
∆φ, is primarily sensitive to the same component of QT as
aT , and is based only on the well measured lepton angles.
However, at fixed aT /Q, ∆φ depends on the scattering
angle θ∗ of the leptons relative to the beam direction in
the dilepton rest frame. For convenience, we define the

acoplanarity angle, φacop, as φacop = π − ∆φ. For p(1)T ≈
p(2)T it can be fairly easily shown that

aT /Q ≈ tan(φacop/2) sin(θ
∗).

This suggests that the variable

φ∗ ≡ tan(φacop/2) sin(θ
∗)

may be an appropriate alternative quantity with which to
study QT .

In the analysis of hadron-hadron collisions, θ∗ is com-
monly evaluated in the Collins Soper frame [17]. However,
θ∗CS requires knowledge of the lepton momenta and is thus
susceptible to the effects of lepton momentum resolution.
Motivated by the desire to obtain a measure of the scat-
tering angle that is based entirely on the measured track
directions (since this will give the best experimental res-
olution) we propose here an alternative definition of θ∗.
We apply a Lorentz boost along the beam direction such
that the two leptons are back-to-back in the r-θ plane.

This Lorentz boost corresponds to β = tanh
(

η−+η+

2

)

and

yields the result2

cos(θ∗η) = tanh

(

η− − η+

2

)

,

where η− and η+ are the pseudorapidities of the negatively
and positively charge lepton, respectively.

We consider two candidate variables

φ∗

CS ≡ tan(φacop/2) sin(θ
∗

CS)

φ∗

η ≡ tan(φacop/2) sin(θ
∗

η)

for further evaluation in terms of their experimental reso-
lution and physics sensitivity.

4 Simple parameterised detector simulation

Monte Carlo events are generated using pythia [18], for
the process pp̄ → Z/γ∗, in the e+e− and µ+µ− decay
channels, and re-weighted in dilepton QT and rapidity,
y, to match the higher order predictions of resbos [19]
as in [14]. Electrons and muons are defined at “particle
level” according to the prescription in [20], and at “de-
tector level” by applying simple Gaussian smearing to

2 The lepton pseudorapidity, η, is defined as η =
− ln[tan( θ

2
)], where θ is the polar angle with respect to the

beam direction, in the laboratory frame.

the particle level momenta: δ(1/pT ) = 3 × 10−3 (1/GeV)
for muons, which are measured in the tracking detectors;
δp/p = 0.4(p/p0)−1/2 with p0 = 1 GeV for electrons,
which are measured in the calorimeter. In addition, the
particle angles are smeared, assuming Gaussian resolu-
tions of 0.3 × 10−3 rad for φ and 1.4× 10−3 for η. These
energy, momentum, and angular resolutions roughly cor-
respond to those in the DØ detector [21].

Events are accepted for further analysis if: 70 < Q <
110 GeV and both leptons satisfy the requirements pT >
15 GeV and |η| < 2. These selection cuts are made at
particle level, unless otherwise stated.

5 Scaling factors

In the following sections, we compare the experimental
resolution and physics sensitivity of the various candidate
variables. In particular, we compare the variation of the
resolution for each variable as a function of that variable.
This comparison is facilitated by ensuring that all dis-
tributions have approximately the same scale and shape.
Compared to QT or QT /Q, all other variables are on av-
erage a factor

√
2 smaller (since aT and aL measure one

component of QT ). A simple multiplication by MZ (=
91.19 GeV [22]) corrects for the average Q−1 factor in the
mass ratio and angular variables and conveniently ensures
that all variables have the same units (GeV). Finally, the
mean value of sin(θ∗) is around ∼ 0.85, and tan(φacop/2)
is scaled by this additional factor. The above factors are
summarised in Table 1.

variable scaling factor
QT 1

QT /Q MZ

aT
√
2

aT /Q
√
2MZ

aL
√
2

aL/Q
√
2MZ

tan(φacop/2) 0.85
√
2MZ

φ∗

CS

√
2MZ

φ∗

η

√
2MZ

Table 1. Scaling factors for different candidate variables.

6 Experimental resolution for dilepton
scattering angle

Figure 2 shows the experimental resolution of cos(θ∗CS) and
cos(θ∗η) in our simulation of dimuon events. The upper row
of Figure 2 shows events that satisfy 70 < Q < 110 GeV; it
demonstrates that cos(θ∗η) is significantly better measured
experimentally than cos(θ∗CS). This is because cos(θ∗η) is
evaluated using only angular measurements, which are
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Trigger 

2011
doppio ele pT>17(8) GeV
doppio μ pT>13(8) GeV
singolo ele pT>32 GeV
singolo μ pT>24 GeV
2012
doppio ele pT>17(8) GeV 
doppio μ pT>17(8) GeV
singolo ele pT>27 GeV
singolo μ pT>24 GeV
Menu speciale nel 2012 per sezione 
d’urto Z/W inclusiva a 8 TeV:  
singolo ele(μ) pT>22(15) GeV
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