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why a precise measurement of the W mass?

radiative corrections in SM induce 
relations among MW, MH and Mtop 

~ (Mtop/Mw)2

~ log (MH/Mw)

check
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A measurement of MW at 10-4 level could shed new light to our knowledge of the SM 



Chapter 3. Measuring the W mass

3.2.1 Lepton transverse momentum and transverse mass

The process under study is the following:

p+ p ! W +X and W ! l⌫

where X, called the "hadronic recoil", is the set of all other particles produced in the collision,
typically from the hadronization of the proton remnants and of the gluon initial state radiation.
At the generator level, meaning with no reconstruction or pileup effects, the recoil momentum
is equal and opposite to the W one. The W boson then decays into a lepton and a neutrino:
the former is well measured, whereas the latter cannot be detected. The two main experimental
variables sensitive to the W mass are the lepton transverse momentum and the transverse mass.
To explain the reason why these variables are useful, we can proceed by steps. To start with,
suppose that the W boson is produced with no transverse momentum: in this case, in its rest
frame, the lepton energy is half of the W mass, 2 and the lepton transverse momentum is related
with its decay angle; when the decay is orthogonal with respect to the beam-line the lepton
transverse momentum reaches its maximum value, equal to half of the W mass. But since the
lepton transverse momentum is invariant under boosts along the beam axis, a measurement of
the distribution of the lepton transverse momentum gives a measurement of the W mass.
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Figure 3.6: Left plot: Lepton transverse momentum distribution: the two cases of absent (present) W -pT
spectrum are plotted in black (blue). The effect of the W -pT is basically to smear the Jacobian peak at
half of the W mass. The green line, superimposed on the peak, indicates MW /2.
Right plot: Transverse mass square distribution. In black (blue) the distribution is shown in case of
absent (present) W -pT . The two distributions look pretty similar, confirming the weak dependence of the
transverse mass on the W -pT spectrum. The green line, superimposed on the peak, indicates M2

W . The
red histogram shows the effect of choosing only the charged tracks inside of the detector acceptance for
computing the hadronic recoil.
Both plots show events simulated with Pythia8 standalone (for further details about this software see Ref.
[33]), with no selection applied on the events

2This is exactly true only in the assumption that the lepton mass can be neglected, that is perfectly verified.
The correction to the transverse momentum due to the lepton mass scales like m2

l /m
2
W . In the case of the muon

this correction is larger than the electron, and is of the order of 10�6, much smaller than the target precision for
this measurement.
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the “traditional way”

jacobian peak at ~ MW/2 jacobian peak at ~ MW

sensitive to 
production/decay 

mechanism

sensitive to 
production/decay 

mechanism

extract MW from these 
distributions through a 

template fit  for different 
MW hypothesis

Distributions in data and MC 
must agree at 10-4 level not to 

bias the fit

each point is a 
likelihood ratio
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our first milestone - the Z W-like mass measurement

crucial for understanding in depth the experimental calibrations

more details in 
backup

NB: Z W-like mass measurement has been performed with muons only

Now electrons are included in the analysis thanks to the efforts of the Roma group
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who are we  
and where are we going?

profiting of the huge amount of statistics and the outstanding control of our detector, 
we are currently developing new tools and strategies to face: 

• PDF uncertainty 

• WpT modelling 

• recoil modelling

Pisa Roma CERN Saclay ETH

2+2 2+1 3 2 1

group

manpower

UCLA

1
students

FTE

~ 5
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the Power of Simplicity

lepton pT and η carry information about the 
unknown rapidity/helicity of W boson
can we unfold this 2D distribution and reconstruct rapidity/helicity 
distributions?
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this simple observation opens the possibility of measuring 
the W rapidity spectrum for each helicity

arXiv:1707.09344 
About the rapidity and helicity distributions of the W bosons produced at LHC 

E.M., O.Cerri, N.Foppiani, G.Rolandi

2− 0 2 y

0.002−

0

0.002Pu
ll

3− 2− 1− 0 1 2 3
y

0

0.02

0.04

0.06

0.08

0.1

0.12

N
or

m
al

is
ed

 n
um

be
r o

f e
ve

nt
s

Fit result
predicted by PDFs

tiny statistical error bars with respect to 
the uncertainty of the newest NNPDF3.1

18M of W+ in the fit  
(61M in CMS 8 TeV statistics)

rapidity distributions of W+ bosons 
with spin pointing to negative z

https://arxiv.org/abs/1707.09344
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such a measurement 

• is interesting per se since it has never been done 
• will constrain the bulk of the PDF uncertainty in the W mass measurement

effort started in CMS since this summer using muons and electrons 

we are analysing 13 TeV data (technically much easier) 

• evaluating the QCD background in muon and electron samples 
• producing the templates for the fit (solving some subtle theoretical 

problems) 
• implementing the fit
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fit is sensitive to W pT variations: 
systematic uncertainty comparable 

to PDF variations

can we use this sensitivity to fit the W double differential phase 
space in pT and Y? 
still trying to assess the feasibility 

essential point: 13 TeV statistics is a factor 50 wrt to the plots above
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measuring the W pT from recoil information

recoil equals W pt event by event

but mismeasured due to: 

• particles out of acceptance 

• pile up

set up a regression in order to get the PDF of the true recoil on an event by 
event basis 
topic deeply studied in: 

CERN-THESIS-2017-157 
CERN-THESIS-2017-125

Olmo Cerri
Nicolo’ Foppiani
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we start from what we know

kill pile up using charged tracks

regression

x 
“correlated observables”

of scale (e1) and angle 
(e2) of the recoil

• tracks multiplicity 
• highest track 

momentum  
• sphericity 
• neutrals 
• number of pileup 

vertices ………

6 6 Track-based recoil and missing transverse energy

where Â ~pT
µ is the vector sum of the pT of the two muons.

To effectively study the properties of the hadronic recoil, we partially disentangle the hadronic
activity recoiling against the boson pT from the other effects by projecting the recoil vector
along the directions parallel (uk) and perpendicular (u?) to the boson pT direction: uk should
be proportional to the boson pT, the proportionality coefficient depending on the 6ET definition;
u? is expected to be distributed around zero.

The optimal 6ET choice was obtained by using all the reconstructed charged tracks compatible
with the primary vertex (PV), requiring longitudinal impact parameter with respect to the re-
constructed primary vertex dz(track, PV) < 0.1 cm. While this definition, called tkMET, has
the drawback of only retaining 40% of the hadronic recoil probed with the more widely used
pfMET variable [24], it has the advantages of exhibiting a better data-MC agreement and of
being essentially insensitive to pileup. More importantly, tkMET provides — in the presence
of pileup — the best discriminating power for the transverse mass Jacobian peak.
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Figure 2: Left: u? resolution from Z events as a function of the number of vertices for pfMET
(circles) and tkMET (squares), after response correction, from simulated and data samples.
Right: W+ transverse mass distributions obtained with different 6ET definitions.

The left panel of Fig. 2 compares the resolution of u? for the tkMET and pfMET observables in Z
events, as a function of the number of reconstructed vertices in the event, showing that tkMET
is essentially insensitive to pileup. The resolution has been corrected for the corresponding
recoil response [24], defined as huki/pT,Z. The right panel of the same figure shows instead
the performance of the tkMET for the transverse mass distribution in W ! µ+n events, when
compared to different 6ET definitions, at generation and reconstruction level. The generated
pfMET includes all stable particles within |h| < 5.0, while the generated tkMET selects the
stable charged particles with |h| < 2.4.

In view of minimizing the systematic uncertainties caused by parton distributions functions
(PDFs) and polarization differences when applying the calibration to W events, the recoil cali-
bration is performed in bins of boson rapidity. The uk and u? distributions (generically denoted
by ui) are modeled empirically by a sum of three Gaussians, whose parameters are polynomial
functions of pZ

T. The models obtained from fitting the different (data and simulated) event sam-
ples are used to derive corrections that can be used to transform the original recoil values of a

measuring the W pT from recoil information
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closure test
reobtain the original spectrum by summing up all the PDFs

Controllare la convergenza: sum of pdfs
29

Alte dimensioni di input ⇒ Controllo della convergenza globalmente

Esempio: La distribuzione gaussiana di slide 27

Ri-ottenere la distribuzione di y come somma delle pdf predette

x (osservabili) Regression
pdf predetta nel 
singolo evento

=
+ +

+ + ...
Sum of pdfs: Coefficienti correttivi

30



La classifica delle definizioni 18

Migliore misura del recoil ⇒ minore incertezza sistematica da pT-W

Confronto tra sistematica e statistica, 
ma ci sono altre incertezze! 

La simulazione la descrizione del 
recoil (non pT-W) può essere sbagliata

Risultato del lavoro:
la nuova definizione MNPK ha una 
sistematica legata a pT-W 3 volte più 
piccola di TK

15

systematics on the W mass measurement

caveat: 
this assumes a perfectly 
calibrated detector

track recoil

mean of PDF after 
regression

most probable 
value of PDF after 

regression
factor 3
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this is a crucial formula: given the W kinematics, recoil and lepton are uncorrelated

let’s concentrate on the recoil

problem:

implies a systematic uncertainty on the fit  
that we have to calibrate out

how do we calibrate the detector for this measurement?
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morphing MC to data

The correct procedure should be to equalise all the variables given as input in data and MC 
in a correlated way

this is not straightforward in such a high number of dimensions (typically 10-12)

let’s calibrate f(y|z) instead of f(x|z)

this way we have reduced the problem to 2 dimensions only
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quantile morphing 2D on Z events

a tool to perform 2D quantile morphing is in place

check the residual bias:

track recoil

regression

limited by MC 
statistics

before after

-11     10

-14    828     11

140    14

still biased! 
work in 

progress

±

±

±

±

Secondo step: sistematica a priori 34

1) trasformo ZMC in ZDATA

TK: 29 ± 11 MeV

MNPK: 140 ± 14 MeV

Bisogna 
applicare una 
correzione!

2) fit: estraggo il 
bias

W 
MC

Z MC Z 
data

W 
data
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conclusions

we are working on many fronts and we have new ideas to attack the main 
systematics  

as usual, manpower is our main problem

… the top is still far, but we’ll get there! 
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backup
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uncertainty on  
Y shape due to PDFs
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where does “PDF uncertainty” come from?

neglecting W pT

boost to lab frame:  
ηLAB = ηCM + Y
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in addition, W polarisation…
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status of the muon momentum scale calibration

Calibration performed fitting the bias in muon pT due to:  

• mismodelling of magnetic field 
• mismodelling of the material budget of the tracker 
• residual misalignment of the tracker modules

extract corrections coefficient fitting the peak 
position of the invariant mass distribution in 
dimuon JPsi and Upsilon events 

1.

2. check  the validity of the procedure using 
dimuon Z events
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currently at the level of 2 10-4 but a lot of room for improvement
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