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W mass in a “traditional” way

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

need to look at transverse 
quantities due to the presence of 

the neutrino in the final state



 3

W mass in a “traditional” way

however transverse quantities are  
not Lorentz invariant  

measurement is strongly dependent 
on the production model

Combined Value Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total �2/dof
categories [MeV] Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. of Comb.

mT, W+, e-µ 80370.0 12.3 8.3 6.7 14.5 9.7 9.4 3.4 16.9 30.9 2/6
mT, W�, e-µ 80381.1 13.9 8.8 6.6 11.8 10.2 9.7 3.4 16.2 30.5 7/6
mT, W±, e-µ 80375.7 9.6 7.8 5.5 13.0 8.3 9.6 3.4 10.2 25.1 11/13

p`T, W+, e-µ 80352.0 9.6 6.5 8.4 2.5 5.2 8.3 5.7 14.5 23.5 5/6
p`T, W�, e-µ 80383.4 10.8 7.0 8.1 2.5 6.1 8.1 5.7 13.5 23.6 10/6
p`T, W±, e-µ 80369.4 7.2 6.3 6.7 2.5 4.6 8.3 5.7 9.0 18.7 19/13

p`T, W±, e 80347.2 9.9 0.0 14.8 2.6 5.7 8.2 5.3 8.9 23.1 4/5
mT, W±, e 80364.6 13.5 0.0 14.4 13.2 12.8 9.5 3.4 10.2 30.8 8/5
mT-p`T, W+, e 80345.4 11.7 0.0 16.0 3.8 7.4 8.3 5.0 13.7 27.4 1/5
mT-p`T, W�, e 80359.4 12.9 0.0 15.1 3.9 8.5 8.4 4.9 13.4 27.6 8/5
mT-p`T, W±, e 80349.8 9.0 0.0 14.7 3.3 6.1 8.3 5.1 9.0 22.9 12/11

p`T, W±, µ 80382.3 10.1 10.7 0.0 2.5 3.9 8.4 6.0 10.7 21.4 7/7
mT, W±, µ 80381.5 13.0 11.6 0.0 13.0 6.0 9.6 3.4 11.2 27.2 3/7
mT-p`T, W+, µ 80364.1 11.4 12.4 0.0 4.0 4.7 8.8 5.4 17.6 27.2 5/7
mT-p`T, W�, µ 80398.6 12.0 13.0 0.0 4.1 5.7 8.4 5.3 16.8 27.4 3/7
mT-p`T, W±, µ 80382.0 8.6 10.7 0.0 3.7 4.3 8.6 5.4 10.9 21.0 10/15

mT-p`T, W+, e-µ 80352.7 8.9 6.6 8.2 3.1 5.5 8.4 5.4 14.6 23.4 7/13
mT-p`T, W�, e-µ 80383.6 9.7 7.2 7.8 3.3 6.6 8.3 5.3 13.6 23.4 15/13

mT-p`T, W±, e-µ 80369.5 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 29/27

Table 11: Results of the mW measurements for various combinations of categories. The table shows the statistical
uncertainties, together with all experimental uncertainties, divided into muon-, electron-, recoil- and background-
related uncertainties, and all modelling uncertainties, separately for QCD modelling including scale variations,
parton shower and angular coe�cients, electroweak corrections, and PDFs. All uncertainties are given in MeV.

Several additional studies are performed to validate the stability of the mW measurement. The stability
of the result with respect to di↵erent pile-up conditions is tested by dividing the event sample into three
bins of hµi, namely [2.5, 6.5], [6.5, 9.5], and [9.5, 16]. In each bin, mW measurements are performed
independently using the p`T and mT distributions. This categorisation also tests the stability of mW with
respect to data-taking periods, as the later data-taking periods have on average more pile-up due to the
increasing LHC luminosity.

The calibration of the recoil and the modelling of the pW
T distribution are tested by performing mW fits in

two bins of the recoil corresponding to [0, 15] GeV and [15, 30] GeV, and in two regions corresponding
to positive and negative values of u`

k
. The analysis is also repeated with the pmiss

T requirement removed
from the signal selection, leading to a lower recoil modelling uncertainty but a higher multijet background
contribution. The stability of the mW measurements upon removal of this requirement is studied, and con-
sistent results are obtained. All mW determinations are consistent with the nominal result. An overview
of the validation tests is shown in Table 12, where only statistical uncertainties are given. Fitting ranges
of 30 < p`T < 50 GeV and 65 < mT < 100 GeV are used for all these validation tests, to minimise the
statistical uncertainty.

The lower and upper bounds of the range of the p`T and mT distributions are varied as in the optimisation
procedure described in Section 11.3. The statistical and systematic uncertainties are evaluated for each
range, and are only partially correlated between di↵erent ranges. Figure 27 shows measured values of mW
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uncertainty on ATLAS measurement  
dominated by theory modelling
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Towards a new measurement
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Abstract: W bosons are produced at LHC from a forward-backward symmetric initial

state. Their decay to a charged lepton and a neutrino has a strong spin analysing power.

The combination of these effects results in characteristic distributions of the pseudorapidity

of the leptons decaying from W+ and W− of different helicity. This observation may open

the possibility to measure precisely the W+ and W− rapidity distributions for the two

transverse polarisation states of W bosons produced at small transverse momentum.
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in our paper we have shown that it is possible to unfold the rapidity 
distribution of the W directly from data 
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predicted by PDFs

error bars in the fit smaller than PDF prediction!



 5

what about transverse momentum?

¥ µ
.

W pT and rapidity 
in lab frame 

θ and ϕ of lepton 
in W rest frame

things start to look much more complicated…

Ai coefficients are functions of W production  
and multiply spherical harmonics of 2nd order

5 GeV
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pT - η kinematicsc

given y and W pT,  
a lepton in the lab frame has a pT,  η and a ϕ (with respect to the ϕ of the W)  

however the three variables have a constraint (in rest frame E*= M/2) 

y = 0, W pT = 20 GeV

pT

η
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pT - η kinematicsc

given y and W pT,  
a lepton in the lab frame has a pT,  η and a ϕ (with respect to the ϕ of the W)  

however the three variables have a constraint (in rest frame E*= M/2) 

y = 0, W pT = 20 GeV

pT

η
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W pT

y = 0, W pT = 20 GeV

pT

η

pT - η kinematics
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angular coefficients templates

A4

A0 A1 A2

A3

W pT

pT

pT

η η η

η η
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measurement of W properties

changing basis from helicity amplitudes to angular coefficients 

and adding a finer binning in W pT 

it is possible to measure simultaneously the double differential distribution 
of the W rapidity and pT and its mass 
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final prospects 

Uncertainty on PDF 
negligible (<3 MeV)

Uncertainty on scale much reduced
(residual unc. likely due to stat. 
fluctuation)

projections to data sample 
collected by CMS in full Run2 

show 5 MeV uncertainty is 
within reach
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some numbers

CMS data taking 
period 2016 2017 2018

number of 
events into 
acceptance

35 fb-1 

~100 M
45 fb-1 

~130 M
65 fb-1 

~185 M

NB: for the analysis to work, MC must have ~10 more statistics than data!

do we have the tools to process such a huge number of events?
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the new ROOT interface for expressing parallelism

27

RDataFrame in a nutshell

p_x p_y p_z E myvar

Range
Filter

Define

ROOT
CSV

Apache Arrow
SQLite

ATLAS’ xAOD

histograms, profiles

data reductions 
(mean, sum,..)

new ROOT files

any user-defined 
operation

cut-flow reports

Datasource

Results

your analysis as a graph of operations
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Analyses as computation graphs

ROOT::RDataFrame df(dataset);

auto df2 = df.Filter("x > 0")

  .Define("r2", "x*x + y*y");

auto rHist = df2.Histo1D("r2");

df2.Snapshot("newtree", "newfile.root");

filter

x > 0

define
r2 = x² + y²

data
x, y

histo
r2

ROOT file
x, y, r2

Write datasets to disk, also in parallel.

lazy execution guarantees that the event loop 
is run only once 

developed to be transparently parallelisable  
through Implicit MultiThreading

RDataFrame
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a mini framework

RDF RDF 2 RDF 3 

RDF 4 RDF 5 

some 
action

some 
action

some 
action

some 
action

some 
action

output 

the idea: wrap RDF into a mini-framework that executes some modules  
following a graph path 

some 
action

=
a group of actions on RDF 

i.e. apply a calibration, filter events, 
fill histograms….
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some 
action

= a python class

= a C++ class (inherits from a virtual mother class)

class filter: 

    def __init__(self, string): 

       self.myTH1 = [] 
       self.myTH2 = [] 
       self.myTH3 = [] 
       self.string = string 

    def run(self,d): 

       self.d = d.Filter(self.string) 
       return self.d 

    def getTH1(self): 

       return self.myTH1 

    def getTH2(self): 

       return self.myTH2 

    def getTH3(self): 

       return self.myTH3

#include “filter.h" 

RNode filter::run(RNode d){ 
     
   auto d1=d.Filter("Mystring_"); 
     
   return d1 
} 

std::vector<ROOT::RDF::RResultPtr<TH1D>> filter::getTH1(){ 

   return _h1List; 

} 

std::vector<ROOT::RDF::RResultPtr<TH2D>> filter::getTH2(){ 

   return _h2List; 

} 

std::vector<ROOT::RDF::RResultPtr<TH3D>> filter::getTH3(){ 

   return _h3List; 

}
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an example of action: extraction of the “Angular Coefficients”  
                       from a WJets Montecarlo

task: compute
m =

∑ Pk(cos θ, ϕ)wi

∑ wi for each bin of W pT and y 
for each harmonics k = 0,…,7

implementation:

 1 TH2 filled with w 

for each harmonics (0 to 7): 
 1 TH2 filled with Pk and weighted with w 
 1 TH2 filled with Pk 2 (to compute variance)

σm = σ2
Pk

∑ w2
i

(∑ wi)2

spherical harmonics 2nd order (W has spin 1!)

in RDF language: 
about 10 Filters and 10 Defines
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results

a scaling plot: 2*192 cores Intel(R) Xeon(R) Platinum 8168 CPU @ 2.70GHz 
Lots of SSD storage, bleeding edge hardware 
@ Scuola Normale Superiore 
27 GB input data (~4000 cluster)
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currently investigating 
bottlenecks over 100 cores

rates at level of MHz!!

full data statistics can be processed in 5 minutes 


