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Why measure mW?

Indirect search for new physics in radiative corrections
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Global EW fit and mW
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Indirect
± 8 MeV

Direct
± 15 MeV

Thus, room for new physics
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State of the art, direct
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80200 80400 80600

Mass of the W Boson

 [MeV]WM March 2012

Measurement  [MeV]WM

CDF-0/I  79±80432 

-I∅D  83±80478 

CDF-II )-1(2.2 fb  19±80387 

-II∅D )-1(1.0 fb  43±80402 

-II∅D )-1 (4.3 fb  26±80369 

Tevatron Run-0/I/II  16±80387 

LEP-2  33±80376 
World Average  15±80385 
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Still to come: full Tevatron Run-II dataset and LHC!

Natural target: the indirect constraint (< 10 MeV)

mW (MeV)
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Hadron collider method
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Signal Simulation and Template Fitting
● All signals simulated using a Custom Monte Carlo

– Generate finely-spaced templates as a function of the fit variable

– perform binned maximum-likelihood fits to the data

● Custom fast Monte Carlo makes smooth, high statistics templates

– And provides analysis control over key components of the simulation  

● We will extract the W mass from six kinematic distributions: Transverse mass, 
charged lepton pT and missing ET using both electron and muon channels

MW = 80 GeV

MW = 81 GeV
Monte Carlo template

1. The transverse mass, mW
T =

p
2p`T��ET (1� cos�), where; p`T is the charged lepton trans-

verse momentum, pT ;��ET is the missing transverse energy measured by the calorimeter,
which estimates the the neutrino pT ; and � is the azimuthal opening angle between
the neutrino and charged lepton.

2. The charged lepton pT itself,

3. The ��ET itself.

With perfect experimental resolution, the statistically most sensitive variable is mW
T . How-

ever, once the resolution on the ��ET is taken into account, p`T has essentially the same
sensitivity to mW . For example, in the CDF measurement [5, 6], the statistical uncertainties
with the muon channel are 16 MeV and 18 MeV for the mW

T and p`T fits, respectively.
Measurements are in progress by the ATLAS and CMS experiments at the LHC, but the

high pileup environment means that they are likely to focus on p`T as their main fit variable.
Compared to the Tevatron, the W production cross section is roughly an order of magnitude
higher, and thus the statistical uncertainties will anyhow be subdominant.

In the
p
s = 1.96 TeV pp̄ collisions at the Tevatron, W production was dominated by

valence ud̄ and dū annihiliation. At the LHC, W production recives a far larger contribution
from sea quarks and from qg scattering. Furthermore, the flavour composition is far richer,
with an O(20%) contribution from cs̄/sc̄ annihilation. An mW measurement at the LHC is
therefore subject to potentially limiting PDF uncertainties, that are larger than those at the
Tevatron. Ref. [9] cast a rather pessimistic outlook, though other more recent studies are
more optimistic [10, 11, 12]. Ref. [11] estimates an error of around 20 MeV using current PDF
sets. However, this could be reduced to around 10 MeV with the requirement pWT < 15 GeV,
which suppresses the contribution from qg scattering. It is also pointed out in [11] that
the error would be greatly reduced if the pseudorapidity, ⌘, acceptance could be extended
from the roughly |⌘| < 2.5 of ATLAS and CMS, to |⌘| < 4.9. Ref. [12] proposed that even
within the limited acceptance of the ATLAS and CMS detectors, an optimal exploitation of
the correlations between di↵erent rapidity regions and with the two W charges could reduce
the uncertainty by around 60%. Further improvements could be achieved by exploiting the
correlations with Z decays [12].

So far it has been assumed that ATLAS and CMS are the only LHC experiments with
a chance to improve on the direct mW determination. The LHCb experiment [13] has not
been discussed in this context.

• Firstly, the rate of W production is far smaller in LHCb due to (i) the limited angular
acceptance 2 < ⌘ < 5 and (ii) the lower instantaneous luminosity 1.
In this paper, we argue that W production in LHCb is still su�cient to make a com-
petitive measurement, and quantify the sensitivity with current and future datasets.

• Secondly, LHCb lacks the hermetic calorimeter coverage that is needed to reconstruct
the ��ET and mW

T .

1In 2012, LHCb already recieved a factor of twenty lower instantaneous luminosity than ATLAS and
CMS, as required for the beauty and charm physics program.

2

Compare distributions of the charged lepton pT, 
missing ET, and transverse mass to QCD templates

81 MeV

It is likely that the LHC experiments will focus on the 
charged lepton pT which is less affected by pileup.
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Uncertainties, Tevatron
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Are PDFs going to be the limiting uncertainty?
Especially at the LHC…

With ~¼ of the CDF dataset:

!" on the width of the mass peak in a Z ! ee subsample

where both electrons have E=p > 1:11.
We use the tuned energy scale to perform an indepen-

dent measurement of the Z-boson mass in the dielectron
channel (see Fig. 1), initially blinded with the same offset
as used for the measurement in the dimuon channel. The
unblinded result, MZ ¼ 91 230" 30stat: " 14syst: MeV, is
consistent with the world average, providing a stringent
cross-check of our EM calorimeter energy scale calibration
and electron simulation. Cross-checks of the Z ! ee mass
measurements using exclusive subsamples consisting of
electrons with E=p > 1:11 and E=p < 1:11 respectively,
performed with both calorimetry and tracking, give con-
sistent results. The final determination of the electron
energy scale combines the E=p-based calibration with
the MZ measurement, taking the correlated uncertainty
due to the QED radiative correction into account.

The calorimeter towers containing lepton energy depo-
sitions are excluded from the calculation of the recoil
vector ~u (i.e., lepton removal). The underlying event en-
ergy in these towers is measured using the nearby towers in
W-boson data. The ~u resolution due to the underlying event
and additional p !p collisions is modeled using data trig-
gered on inelastic p !p interactions and random bunch cross-
ings, respectively. The ~pT imbalance between the ~p‘‘

T and ~u
in Z ! ‘‘ events is used to tune the recoil model, which
also includes the response to the initial-state QCD
radiation and its resolution. Cross-checks of the recoil

model show good agreement between W-boson data and
simulation.
Kinematic distributions of background events passing

the event selection cuts are included in the template fits
with their estimated normalizations. Backgrounds arise
from jets misidentified as leptons, Z ! ‘‘ decays with
only one reconstructed lepton, W ! #$ ! ‘$ !$$, pion
and kaon decays in flight (DIF), and cosmic rays. We
estimate jet, DIF, and cosmic ray backgrounds from the
data and Z ! ‘‘ and W ! #$ backgrounds from simula-
tion. Background fractions for the muon (electron) data
sets are evaluated to be 7.35% (0.14%) from Z ! ‘‘
decays, 0.88% (0.93%) from W ! #$ decays, 0.04%
(0.39%) from jets, 0.24% from DIF, and 0.02% from cos-
mic rays.
As with the Z-boson mass measurements, the MW fit

values were blinded during analysis by adding another
unknown offset in the range ½$75; 75% MeV. The un-
blinded fit results (e.g., Fig. 3) are summarized in
Table I. The consistency of these results confirms that the
W-boson production, decay, and the hadronic recoil are
well-modeled. Systematic uncertainties from analysis pa-
rameters are propagated toMW by fitting events, generated
with the parameter values varied by their uncertainties,
with the nominal templates. The statistical correlations
between fits are evaluated with simulated experiments
and are found to be 69% (68%) between mT and p‘

T (p$
T)

fit values, and 28% between p‘
T and p$

T fit values. We
perform a numerical combination of the six individually
fitted MW values, including correlations, using the BLUE
[21] method and obtain MW ¼ 80 387" 19 MeV, with

TABLE II. Uncertainties for the final combined result on MW .

Source Uncertainty (MeV)

Lepton energy scale and resolution 7
Recoil energy scale and resolution 6
Lepton removal 2
Backgrounds 3
pTðWÞ model 5
Parton distributions 10
QED radiation 4
W-boson statistics 12
Total 19

TABLE I. Fit results and uncertainties for MW . The fit win-
dows are 65–90 GeV for the mT fit and 32–48 GeV for the p‘

T
and p$

T fits. The %2 of the fit is computed using the expected
statistical errors on the data points.

Distribution W-boson mass (MeV) %2=dof

mTðe;$Þ 80 408" 19stat: " 18syst: 52=48
p‘
TðeÞ 80 393" 21stat: " 19syst: 60=62

p$
TðeÞ 80 431" 25stat: " 22syst: 71=62

mTð&;$Þ 80 379" 16stat: " 16syst: 58=48
p‘
Tð&Þ 80 348" 18stat: " 18syst: 54=62

p$
Tð&Þ 80 406" 22stat: " 20syst: 79=62
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FIG. 4. The 68% C.L. ellipses of MW and the top quark mass
mtop, using the Tevatron-average value [22] of mtop. Also shown

as bands are the allowed ranges for the SM Higgs boson mass,
based on direct searches conducted at LEP [23], the Tevatron
[24], and the LHC [25,26].

PRL 108, 151803 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

13 APRIL 2012

151803-6

Phys. Rev. Lett. 108, 151803
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Flavour composition
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Fig. 5: Contributions of different quark–antiquark annihilations to W± (left panel) and Z (right panel)
production, as a function of the beam energy.

5% error of the PDFs of the u and d quarks appears more realistic.
The present experimental uncertainty of the PDF of the c quark is at the 10% level10) , see

Fig. 9 taken from Ref. [10]. The present experimental uncertainty of the PDF of the b quark is
at the 20% level, see Fig. 10 taken from Ref. [10].

Another problem for the use of current proton PDFs in the analysis of W and Z production
and decay at the LHC arises from ‘compensating’ PDF changes: a change of the PDF of one
quark can be compensated by a change of the PDF of the other quark of the same family that
leaves the Z rapidity distribution nearly invariant and hence escapes detection11).

For the 3rd quark family compensating PDF changes are obviously not possible.
The above uncertainties of PDFs are incorporated in the simulation of pT spectra from

W+, W� and Z leptonic decays. This simulation uses the LHAPDF package [11] of PDFs,
and PYTHIA 6.4 [6] for the modelling of the QCD/QED initial-state parton shower and its
hadronization; the transverse momentum kT of quarks and antiquarks is the one incorporated
in PYTHIA. The tool for event generation is WINHAC 1.31 [12], a Monte Carlo generator for
single W production in hadronic collisions, and subsequent leptonic decay. WINHAC includes
also neutral-current processes with � and Z bosons in the intermediate state. The novel feature

10)Theoretical calculations of heavy-quark PDFs from the gluon PDF are claimed to have a smaller error margin.
11)The condition of invariance of the Z rapidity distribution, and hence invisibility even in high-statistics data

samples, is decisive: if the measured Z rapidity distribution looked differently than expected from the current
proton PDFs, an appropriate change of the proton PDFs would be unavoidable.

9
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A much discussed problem

• …

• Krasny et al., EPJC 69 379-397 (2010)

• Bozzi et al., PRD 83:113008 (2011)

• Rojo et al., 1309.1311 (2013)

• ATL-PHYS-PUB-2014-015

• Bozzi et al., 1501.05587 (2015)

• Quackenbush et al., PRD 92, 033008 (2015)

• …

8

http://arxiv.org/abs/1004.2597
http://arxiv.org/abs/1104.2056
http://arxiv.org/abs/1309.1311
http://arxiv.org/abs/1501.05587
http://www.apple.com
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Example of charged lepton pT fit
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Bozzi et al, 1501.05587
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Figure 4: Summary of the PDF uncertainty on m

W

computed with di↵erent PDF sets, colliders
and final states. The basic acceptance criteria have been used in the left plot, while in the right
plot an additional cut pW? < 15 GeV has been applied.

MeV at the LHC 8 TeV and from 6 to 18 MeV at the LHC 13 TeV.
In addition, the PDF sets under study di↵er in the parametrization that they adopt to describe

the proton structure; the latter a↵ects the best description of the PDFs and in turn the best
prediction of the central m

W

value. The spread �
sets

of the central values, defined as the di↵erence
between the largest and the smallest central values, is a second component of the final PDF
uncertainty on m

W

.
A conservative estimate of the uncertainty on m

W

, that combines the two elements of uncer-
tainty described above, can be obtained by computing the envelope of the predictions under study,
according to the PDF4LHC recipe [20] and by measuring the half-width �

PDF

of the resulting band.
We include, in the evaluation of the envelope, the results of the sets CT10, MSTW2008CPdeut and
NNPDF2.3, because they are based on the same sets of data, making their comparison homoge-
neous. These results are presented in Table 2. We observe that the spread �

sets

represents a large
contribution, up to 35% of the overall uncertainty . In Table 3 we compute the envelope of the
results obtained with two more modern PDF sets, namely NNPDF3.0 and MMHT2014, which include
recent public data from the LHC. We observe that the width of the envelope ranges between 16
and 32 MeV, depending on the collider energy and kind and on the final state; more interesting,
the spread of the two central values is below 5 MeV in the W� case at the LHC, while it is above
15 MeV in the W

+ case and at the Tevatron.
From Table 5 we can appreciate the impact of the inclusion of the new LHC data, which have

been used in the determination of the NNPDF3.0 set. Beside a few MeV o↵set for the central
values, it is possible to observe a small (few MeV) reduction of the PDF uncertainty, which is
roughly 20% smaller than the one computed with NNPDF2.3. For MMHT2014 the uncertainties are
similar or slightly larger than the ones obtained with MSTW2008CPdeut.

The dependence of the PDF uncertainty with the collider energy is illustrated in Table 4, using
the NNPDF3.0 PDF set.

11

With the previous PDF4LHC recommendations (1101.0538), they 
estimate a 20-30 MeV uncertainty for the LHC measurements

http://arxiv.org/pdf/1501.05587.pdf
http://arxiv.org/abs/1101.0538
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Example of charged lepton pT fit
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Bozzi et al, 1501.05587

Factor of ~2 smaller with pT(W) < 15 GeV,
but still preventing our < 10 MeV goal.

80.36

80.37

80.38

80.39

80.4

80.41

80.42

80.43

80.44

80.45

80.46

M

W

(G
eV

)

LHC8W+ LHC8W� LHC13W+ LHC13W� TEVW+

NNPDF2.3
NNPDF3.0

CT10
MSTW2008CPdeut

MMHT2014

80.36

80.37

80.38

80.39

80.4

80.41

80.42

80.43

80.44

80.45

80.46
M

W

(G
eV

)

LHC8W+ LHC8W� LHC13W+ LHC13W� TEVW+

NNPDF2.3
NNPDF3.0

CT10
MSTW2008CPdeut

MMHT2014

Figure 4: Summary of the PDF uncertainty on m

W

computed with di↵erent PDF sets, colliders
and final states. The basic acceptance criteria have been used in the left plot, while in the right
plot an additional cut pW? < 15 GeV has been applied.

MeV at the LHC 8 TeV and from 6 to 18 MeV at the LHC 13 TeV.
In addition, the PDF sets under study di↵er in the parametrization that they adopt to describe

the proton structure; the latter a↵ects the best description of the PDFs and in turn the best
prediction of the central m
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of the central values, defined as the di↵erence
between the largest and the smallest central values, is a second component of the final PDF
uncertainty on m

W

.
A conservative estimate of the uncertainty on m

W

, that combines the two elements of uncer-
tainty described above, can be obtained by computing the envelope of the predictions under study,
according to the PDF4LHC recipe [20] and by measuring the half-width �

PDF

of the resulting band.
We include, in the evaluation of the envelope, the results of the sets CT10, MSTW2008CPdeut and
NNPDF2.3, because they are based on the same sets of data, making their comparison homoge-
neous. These results are presented in Table 2. We observe that the spread �

sets

represents a large
contribution, up to 35% of the overall uncertainty . In Table 3 we compute the envelope of the
results obtained with two more modern PDF sets, namely NNPDF3.0 and MMHT2014, which include
recent public data from the LHC. We observe that the width of the envelope ranges between 16
and 32 MeV, depending on the collider energy and kind and on the final state; more interesting,
the spread of the two central values is below 5 MeV in the W� case at the LHC, while it is above
15 MeV in the W

+ case and at the Tevatron.
From Table 5 we can appreciate the impact of the inclusion of the new LHC data, which have

been used in the determination of the NNPDF3.0 set. Beside a few MeV o↵set for the central
values, it is possible to observe a small (few MeV) reduction of the PDF uncertainty, which is
roughly 20% smaller than the one computed with NNPDF2.3. For MMHT2014 the uncertainties are
similar or slightly larger than the ones obtained with MSTW2008CPdeut.

The dependence of the PDF uncertainty with the collider energy is illustrated in Table 4, using
the NNPDF3.0 PDF set.

11

http://arxiv.org/pdf/1501.05587.pdf
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Cause of PDF uncertainty

• Polarisation

• Valence quark PDFs polarise the Ws, which affects the 
final state particle distributions that we fit for mW.

• Acceptance

• Due to the limited angular acceptance of the detectors, 
a change in the rapidity distribution will sculpt the pT 
and mT distributions.

11
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Acceptance
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|ηlept|< 2.5
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Acceptance
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|ηlept|< 2.5 + 2 < ηlept< 5
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W production - Purity
Determine number of
signal events by fitting
templates to p

µ
T spectra

as a function of ⌘.

Fit templates from
simulation (signal) and
data (most significant
backgrounds).

W+ purity 79%, W�

purity 78%.

templates varied to set systematic uncertainties associated with
template shapes and purity of sample.

reconstruction and selection e�ciencies checked for any dependence
on the muon charge - none seen.

W. Barter (CERN) Electroweak Production Physics at LHCb 27/10/2015 27 / 52

W →μν @ LHCb

See Will Barter’s CERN seminar today 

14

Latest LHCb measurements of Electroweak Boson Production in Run-1
We present the latest LHCb measurements of forward Electroweak Boson Production using proton-proton collisions recorded in LHC Run-1. The seminar shall discuss 
measurements of the 8 TeV W & Z boson production cross-sections. These results make use of LHCb's excellent integrated luminosity determination to provide constraints 
on the parton distribution functions which describe the inner structure of the proton. These LHCb measurements probe a region of phase space at low Bjorken-x where the 
other LHC experiments have limited sensitivity. We also present measurements of cross-section ratios, and ratios of results in 7 TeV and 8 TeV proton-proton collisions. 
These results provide precision tests of the Standard Model.
The seminar shall also present a measurement of the forward-backward asymmetry (A_FB) in Z boson decays to two muons. This result allows for precision tests of the 
coupling of the Z boson to left and right handed particles, providing sensitivity to the effective weak mixing angle (sin^2(theta_W^eff)). The A_FB distribution visible in the 
LHCb acceptance is particularly sensitive to sin^2(theta_W^eff), as the forward phase-space means that the initial state quark direction is better known than in the central 
region. This reduces theoretical uncertainties in extracting sin^2(theta_W^eff) from A_FB, and allows LHCb to make the currently most precise determination of 
sin^2(theta_W^eff) at the LHC.

http://indico.cern.ch/event/442433/
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Extending… 

• ..the (Bozzi et al, 1501.05587) study to include LHCb

• It only considers the charged lepton pT, which is anyway 
the only observable that is available to LHCb.

15

“GPD”
Charged lepton: pT > 25 GeV, |η| < 2.5
Neutrino: pT > 25 GeV
pT(W) < 15 GeV

LHCb Charged lepton: pT > 20 GeV, 2 < |η| < 4.5

Define:

Bozzi et al., 1508.06954 (2015) 

http://arxiv.org/pdf/1501.05587.pdf
http://arxiv.org/abs/1508.06954
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Technicalities

• Simulate pp → W →lν @ 13 TeV using POWHEG
+PYTHIA and [NNPDF3.0, MMHT2014, CT10]

• Produce a lepton pT template with a given PDF set and 
mW and call this the “pseudo-data”. 

• Compare it to templates with different mW values and 
find the best fit.

• Repeat with different PDF sets for the pseudo-data.

16

Bozzi et al., 1508.06954 (2015) 

http://arxiv.org/abs/1508.06954
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PDF uncertainties
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GPD
W+

GPD
W-

LHCb
W+

LHCb
W-

mW envelope (MeV) 
[NNPDF3.0, MMHT2015, CT10] 30 MeV 24 MeV 35 MeV 84 MeV

mW envelope (MeV) 
[NNPDF3.0, MMHT2015] 25 MeV 13 MeV 27 MeV 50 MeV

Bozzi et al., 1508.06954 (2015) 

LHCb has larger uncertainties due to poorer known densities 
at low/high-x, and the inability to cut on the recoil pT.

It gets interesting when we consider correlations…

Using the prev. PDF4LHC prescription (1101.0538):

http://arxiv.org/abs/1508.06954
http://arxiv.org/abs/1101.0538
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Correlations

18

a factor of two with the increased collision energy in Run-II. The Run-I yield of around two million can
be compared with the 0.6(0.5) million W ! µ(e)⌫ candidates that were used in the CDF measurement
with 2.1 fb�1 [6,7]. The D0 measurement with 4.3 fb�1 [8,9] used around 1.7 million W ! e⌫ signal
candidates. The Run-II W ! µ⌫ yield in LHCb, assuming an integrated luminosity of 7 fb�1, will be
around eight million.

In order to estimate the statistical precision on the mW fit with LHCb data, we take the p`T templates
described in Sect. 2. The dominant background reported in Ref [26] is Z/�

⇤ ! µµ where one muon
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Fig. 1 The fitted mW in the GPDs versus LHCb for each NNPDF3.0 set, and for (left) W+ and (right) W�.
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Fig. 2 The fitted mW for W+ versus W� and for (left) LHCb and (right) the GPDs. Based in the NNPDF3.0 PDF sets.

Run-I Run-II
3 fb�1 7 fb�1

W+ W� W+ W�

Signal yields, ⇥106 1.2 0.7 5.4 3.4
Z/�⇤ background, (B/S) 0.15 0.15 0.15 0.15
QCD background, (B/S) 0.15 0.15 0.15 0.15

�mW (MeV)
Statistical 19 29 9 12

Momentum scale 7 7 4 4
Quadrature sum 20 30 10 13

Table 4 The estimated experimental uncertainties on a mW measurement with LHCb.

5

W+ W-

As expected, we see a large anti-correlation 
between the GPD and LHCb uncertainties.*

Bozzi et al., 1508.06954 (2015) 

Q: What happens to the LHC average?
*Above plots are only NNPDF3.0, but we see very similar 
correlations with the other two sets that we considered.

http://arxiv.org/abs/1508.06954
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LHC average?
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Replica templates for the p

`
T distribution are produced for each of the NNPDF3.0 [22], MMHT2014 [23]

and CT10 [24] PDF sets. For the sake of simplicity, we assume the same kinematic acceptance for
the ATLAS and CMS experiments, and henceforth refer to them generically as the General Purpose
Detector (GPD) experiments. The GPD acceptance is defined as; |⌘| < 2.5, p`T > 25 GeV, p⌫T > 25 GeV,
p

W
T < 15 GeV. 3 For LHCb, the kinematic acceptance is defined to be 2.0 < ⌘ < 4.5 and p

`
T > 20 GeV.

The possibility of cut on p

⌫
T and/or p

W
T is obviously excluded for LHCb. For simplicity, we assume a

GPD averaged measurement for each W charge, already averaged over electron and muon channels. In
the following, these are denoted G+ and G�. The two LHCb measurements with W ! µ⌫ are denoted
L+ and L�.

We follow the PDF4LHC recommendation [25] in estimating the PDF uncertainty. If we consider the
three sets (NNPDF3.0, MMHT2014, and CT10), then the full uncertainty envelope of the considered
sets is used. In our default evaluation, we only consider the two most recent sets (NNPDF3.0 and
MMHT2014), which already include constraints from LHC data. The following uncertainties (in MeV)
are estimated:
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These are repeated in Tab. 1, while Tab. 2 lists the corresponding uncertainties that are evaluated with
the inclusion of the CT10 sets. In both tables, we also provide the largest di↵erence in central values,
denoted �

sets

, between the (two or three) sets under consideration in each case. This is evidently a major
contributor to the uncertainty envelope. For the W

+, similar uncertainties are estimated for LHCb and
the GPDs. For theW� on the other hand, the LHCb uncertainty is roughly a factor of four larger, because
of the larger uncertainty of the sea quarks at large partonic x. The real power of the LHCb measurement
is revealed in the correlations. With the NNPDF3.0 sets, we obtain the following correlation matrix:
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Similar correlation coe�cients are found with the two other sets under consideration. There is a partic-
ularly large negative correlation of around �60% between the LHCb and GPD measurements with the
W

+, and a smaller anti-correlation of around �30% for the W�. This can be clearly seen in Fig. 1 which
shows the distribution of fitted mW values in the GPDs versus LHCb for the 100 NNPDF3.0 replicas.
For a single experiment, there are smaller correlations between the W

+ and W

� measurements, as can
be seen in Fig. 2. In LHCb, this is around +20%, and for the GPDs, it is around �20%. Between di↵erent
charges and experiments, the correlations are around 10% or less in magnitude. The normalised set of
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The resulting PDF uncertainty would be 10.5 MeV with the GPDs alone, and 7.7 MeV including LHCb.
Tab. 3 lists the PDF uncertainties, with and without including LHCb. The set of weights is also listed.
An average that includes L+ with around 20% of the weight, and with only a few percent for L�, would
have a PDF uncertainty that is reduced by more than 30%. Tab. 3 also lists the corresponding numbers
for scenarios in which:

3We assume that the GPD experiments will adopt the suggestion of Ref. [16], to require pWT < 15 GeV.
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ularly large negative correlation of around �60% between the LHCb and GPD measurements with the
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+, and a smaller anti-correlation of around �30% for the W�. This can be clearly seen in Fig. 1 which
shows the distribution of fitted mW values in the GPDs versus LHCb for the 100 NNPDF3.0 replicas.
For a single experiment, there are smaller correlations between the W

+ and W

� measurements, as can
be seen in Fig. 2. In LHCb, this is around +20%, and for the GPDs, it is around �20%. Between di↵erent
charges and experiments, the correlations are around 10% or less in magnitude. The normalised set of
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The resulting PDF uncertainty would be 10.5 MeV with the GPDs alone, and 7.7 MeV including LHCb.
Tab. 3 lists the PDF uncertainties, with and without including LHCb. The set of weights is also listed.
An average that includes L+ with around 20% of the weight, and with only a few percent for L�, would
have a PDF uncertainty that is reduced by more than 30%. Tab. 3 also lists the corresponding numbers
for scenarios in which:

3We assume that the GPD experiments will adopt the suggestion of Ref. [16], to require pWT < 15 GeV.

3

Four measurements*

G=GPD, L=LHCb

Bozzi et al., 1508.06954 (2015) 

*This considers the example of the envelope to the two most 
recent sets in our study

(MeV)

Scenario 
δmW

PDF envelope of 
NNPDF3.0, MMHT14

Weight in average
G+ G- L+ L-

GPD only 10.5 MeV 26% 74% — —

GPD + LHCb 7.7 MeV 30% 45% 21% 4%

Average

http://arxiv.org/abs/1508.06954
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Table 1 PDF uncertainties on mW (MeV) with the PDF4LHC prescription using the NNPDF3.0 and MMHT2014 sets,
for the 4 sub-measurements as defined in the text.

G

+
G

�
L

+
L

�

Envelope 24.8 13.2 27.0 49.3
�sets 20.9 5.7 12.1 22.9

Table 2 PDF uncertainties on mW (MeV) with the PDF4LHC prescription using the NNPDF3.0, MMHT2014 and CT10
sets, for the 4 sub-measurements as defined in the text.

G

+
G

�
L

+
L

�

Envelope 29.9 23.5 35.0 84.1
�sets 22.0 23.7 24.0 74.0

Table 3 The PDF uncertainties on the LHC averages including and excluding LHCb, resulting from the weighted average
with the optimal weights, ↵.

PDFs Experiments �PDF (MeV) ↵

PDF4LHC(2-sets) 2⇥GPD 10.5 (0.26, 0.74, 0, 0)

PDF4LHC(2-sets) 2⇥GPD + LHCb 7.7 (0.30, 0.45, 0.21, 0.04)

PDF4LHC(3-sets) 2⇥GPD 16.9 (0.50, 0.50, 0, 0)

PDF4LHC(3-sets) 2⇥GPD + LHCb 12.7 (0.43, 0.41, 0.11, 0.04)

NNPDF30 2⇥GPD 5.2 (0.50, 0.50, 0, 0)

NNPDF30 2⇥GPD + LHCb 3.6 (0.35, 0.47, 0.16, 0.02)

MMHT2014 2⇥GPD 9.2 (0.45, 0.55, 0, 0)

MMHT2014 2⇥GPD + LHCb 4.6 (0.39, 0.14, 0.46, 0)

CT10 2⇥GPD 11.6 (0.33, 0.67, 0, 0)

CT10 2⇥GPD + LHCb 6.3 (0.38, 0.20, 0.40, 0.03)

– The CT10 sets are included in the uncertainty estimates: In this case the PDF uncertainties are
increased by roughly a factor of two, but the relative impact of the LHCb measurement is similar to
the 2-set scenario.

– Each PDF set is considered separately: instead of the envelope, the individual uncertainty bands are
used. The uncertainties are far smaller, but LHCb still has a large impact. For the NNPDF3.0 sets,
the gain is still around 30%. For the other two sets, the gain is closer to a factor of two!

The next question is whether or not LHCb can measure mW with su�cient experimental precision to
exploit this anti-correlation in PDF uncertainties.

3 LHCb experimental sensitivity to the W mass

In Run-I (2010-2012), LHCb recorded 3 fb�1 of pp collisions at
p
s = 7� 8 TeV. In Run-II (2015-2018),

LHCb hopes to record around 7 fb�1 at
p
s = 13 TeV. Given the W ! µ⌫ signal yields reported in

a LHCb measurement using only 1 fb�1 of data from the 2011 Run [26], we extrapolate the projected
Run-I and Run-II signal yields, and use these to estimate the uncertainties on a mW measurement with
LHCb. These estimates are listed in Tab. 4, for both the Run-I and Run-II datasets. They are quoted
separately for the W

+ and W

� since the PDF uncertainties, as discussed in detail in Sect. 2, motivate
separate analyses for the two charges.

3.1 Statistical sensitivity estimate for the p

`
T fit

In Ref. [26], LHCb found, in 1 fb�1 of Run-I data, around 550k candidate muonic W

+ decays, and
around 350k W

�, with a purity of around 70%. The extrapolated signal yields in the full Run-I and
Run-II datasets are listed in Tab. 4. It is assumed that the cross sections for W± production increase by

4

Whichever set or sets of PDFs are considered, 
LHCb has a > 30% impact on the PDF uncertainty

Bozzi et al., 1508.06954 (2015) 
LHC average?

http://arxiv.org/abs/1508.06954
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LHCb sensitivity
Scale the same templates to the expected yields in the full 
Run-II dataset (take lower end of 7-10 fb-1 projection)
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escapes the limited angular acceptance of LHCb. At lower p`T , there is a large “QCD” background from
muonic decays of pions and kaons. Directly under the upper edge Jacobian peak, where most of the
mW sensitivity is delivered, the QCD background is small. An exponential parameterisation for each of
the Z/�

⇤ and QCD backgrounds is added to the signal p`T templates, with yields and shapes roughly
reproducing those in Ref. [26]. The signal and background templates are scaled to the projected yields
listed in Tab. 4. From this spectrum, we generate 500 copies but with each bin varied according to a
Poisson random number. Each of the 500 pseudo-datasets is compared to the ensemble of templates
corresponding to di↵erent mW values. The best fit value for each of these 500 copies is obtained from
the minimum �

2 and with the uncertainty defined by ��2 = ±1. Tab. 4 lists the statistical uncertainty
computed as the spread of the best fit central values. 4 With the Run-II dataset, LHCb could achieve
statistical uncertainties of 10(13) MeV for the W

+(W�).

3.2 Momentum scale calibration

In the Tevatron mW measurements, the muon momentum scale, and electron energy scale, were major
contributors to the total uncertainties on mW . In particular, the D0 measurement with W ! e⌫ relied
almost entirely on Z/�

⇤ ! e

+

e

� events, leading to the single largest source of uncertainty of around
20 MeV, depending on the fit variable. The CDF measurement exploited a combination of J/ ,  (2S),
⌥ (nS) (n = 1, 2, 3) and Z/�

⇤ decays into µ

+

µ

� to achieve a muon momentum scale uncertainty of
7 MeV.

LHCb is ideally suited for a precise calibration of the momentum scale, due to the large samples of
inclusive quarkonia signals that are recorded. Furthermore, LHCb has an excellent momentum resolution
that ranges between 0.2% and 0.8% [18]. LHCb has already demonstrated its ability to make world’s
best measurements of various b- and c-hadron masses [27,28]. In Ref. [27], LHCb reported a relative
momentum scale uncertainty of 3 ⇥ 10�4 as part of a measurement of b-baryon masses, using only 35
pb�1 of data.

The Z/�

⇤ ! µ

+

µ

� line shape provides an important constraint on the momentum scale at high pT .
Roughly speaking this would be �z/

p
N , where N is the number of Z/�⇤ events in the Z peak region,

and the observed line-width, �z ⇠ 3 GeV, is dominated by the natural width of the Z. A concern might

4 The ±29 MeV uncertainty for the W� in Run-I can be compared to the ±22 MeV that was reported by CDF in the p`T
fit using a similar number of W ! µ⌫ events [6,7].
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Fig. 3 The simulated p`T spectra for (left) W+ and (right) W� decays in the projected Run-II LHCb dataset. The data
points correspond to one of the 500 pseudo-datasets. The stacked histogram corresponds to the best fit template. In the
lower panel, the points represent the ratio of the data to the best fit template, and the lines show the ratio of the best fit
template to templates with mW varying by ±50 MeV.

6

Statistical precision:
W+: 9 MeV
W-: 12 MeV

Bozzi et al., 1508.06954 (2015) 

Sufficient Z and Υ samples to control 
momentum scale uncertainty to 
around 4 MeV

http://arxiv.org/abs/1508.06954
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LHC average
Assumption: ATLAS and CMS each measure mW with 7 MeV 
precision for each charge, with 50% +ve correlation between 
charges. (CMS-NOTE-2006-061, EPJ C57:6270651 (2008))
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Scenario 
δmW (MeV)

PDF envelope of NNPDF3.0, MMHT14
Weight in average
G+ G- L+ L-

2 x GPD  13.1 (6.0exp,11.6PDF) 22% 78% — —

1 x GPD + LHCb  10.9 (6.6exp, 8.7PDF) 26% 44% 25% 5%

2 x GPD + LHCb  9.8   (4.7exp, 8.6PDF) 25% 48% 22% 4%

A big table with many different choices of PDFs, 
and assumptions on the uncertainties

• *Caveat: don’t yet address an important source of 
uncertainty in the W pT model (±5 MeV for CDF/D0).

• Nevertheless, it seems clear that LHCb should make a direct 
measurement of mW.

Total* uncertainty on LHC average

Bozzi et al., 1508.06954 (2015) 

http://arxiv.org/abs/1508.06954
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Summary/outlook

• PDFs may be the key challenge in improving our direct 
constraint on mW.

• LHCb can help by making a direct mW measurement 
(1508.06954).
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Many other scenarios
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Table 5 The uncertainties on di↵erent LHC averages for mW . The separate experimental and PDF uncertainties are
listed, as are the weights that minimise the total uncertainty.

�mW (MeV)
Scenario Experiments Tot Exp PDF ↵

Default 2⇥GPD + LHCb 9.0 4.7 7.7 (0.30, 0.44, 0.22, 0.04)

Default 1⇥GPD + LHCb 10.1 6.5 7.7 (0.31, 0.40, 0.25, 0.04)
Default 2⇥GPD 12.0 5.8 10.5 (0.28, 0.72, 0, 0)

PDF4LHC(3-sets) 2⇥GPD + LHCb 13.6 4.8 12.7 (0.43, 0.41, 0.12, 0.04)

PDF4LHC(3-sets) 1⇥GPD + LHCb 14.6 7.3 12.7 (0.43, 0.40, 0.12, 0.04)
PDF4LHC(3-sets) 2⇥GPD 17.7 5.5 16.9 (0.50, 0.50, 0, 0)

�LHCb
exp = 0 2⇥GPD + LHCb 8.7 4.0 7.7 (0.31, 0.41, 0.24, 0.04)

�LHCb
exp = 0 1⇥GPD + LHCb 9.8 5.9 7.9 (0.31, 0.37, 0.28, 0.04)
�LHCb
exp = 0 2⇥GPD 12.0 5.8 10.5 (0.28, 0.72, 0, 0)

�GPD
exp = 0 2⇥GPD + LHCb 7.9 1.9 7.7 (0.29, 0.48, 0.19, 0.04)

�GPD
exp = 0 1⇥GPD + LHCb 7.9 1.9 7.7 (0.29, 0.48, 0.19, 0.04)
�GPD
exp = 0 2⇥GPD 10.5 0.1 10.5 (0.26, 0.74, 0, 0)

�PDF = 0 2⇥GPD + LHCb 4.6 4.6 0.0 (0.34, 0.34, 0.22, 0.10)

�PDF = 0 1⇥GPD + LHCb 5.8 5.8 0.0 (0.23, 0.23, 0.37, 0.17)
�PDF = 0 2⇥GPD 5.5 5.5 0.0 (0.50, 0.50, 0, 0)

�LHCb
exp ⇥ 2 2⇥GPD + LHCb 9.6 5.6 7.7 (0.29, 0.50, 0.17, 0.04)

�LHCb
exp ⇥ 2 1⇥GPD + LHCb 10.8 7.6 7.7 (0.30, 0.46, 0.20, 0.05)
�LHCb
exp ⇥ 2 2⇥GPD 12.0 5.8 10.5 (0.28, 0.72, 0, 0)

�GPD
exp ⇥ 2 2⇥GPD + LHCb 11.2 7.9 8.0 (0.32, 0.35, 0.29, 0.04)

�GPD
exp ⇥ 2 1⇥GPD + LHCb 13.9 10.5 9.0 (0.31, 0.26, 0.37, 0.05)
�GPD
exp ⇥ 2 2⇥GPD 15.6 11.5 10.6 (0.32, 0.68, 0, 0)

�PDF ⇥ 2 2⇥GPD + LHCb 16.0 4.7 15.3 (0.30, 0.45, 0.21, 0.04)

�PDF ⇥ 2 1⇥GPD + LHCb 16.7 6.7 15.3 (0.30, 0.44, 0.22, 0.04)
�PDF ⇥ 2 2⇥GPD 21.7 5.9 20.9 (0.27, 0.73, 0, 0)

5 Uncertainties stemming from the pW
T modelling

Another source of theoretical uncertainty that we have overlooked so far is the p

W
T model. This strongly

a↵ects the preparation of the templates that are used to fit the data and eventually to extract mW . The
presence, at low lepton-pair transverse momenta, of large logarithmically enhanced QCD corrections
and the role, in the same kinematic region, of non-perturbative e↵ects have been discussed in Refs. [30,
31], but the dependence of the resulting model on the acceptance cuts has never been investigated in
detail and will deserve a dedicated study. The p

`
T is more sensitive to this than m

W
T . At the Tevatron,

the uncertainty from the p

W
T model on the p

`
T fit was around 5 MeV, but perturbative QCD scale

uncertainties should also be taken into account. To a first approximation the results of the present note
are independent of the uncertainty stemming from on the pWT modelling and will hopefully be confirmed if
the latter will turn out to be under control. On a longer term perspective we will need a global analysis of
all the non-perturbative elements active in the proton description: the PDFs uncertainties, in particular
the role of heavy quarks in the proton [32,12], and the description of the intrinsic transverse momentum
of the partons. The inclusion of all the di↵erent Drell-Yan channels (neutral current, W+ and W

�) in
the di↵erent acceptance regions of the LHC experiments might have an impact on a systematic reduction
of all these uncertainties.

6 Summary

Improving the precision on mW remains a priority in particle physics. At the LHC, there is no shortage of
W production, but there are potentially limiting PDF uncertainties on the anticipated measurements by
ATLAS and CMS, which cover central lepton pseudorapidities, |⌘| . 2.5. We show that a measurement
in the forward acceptance of the LHCb experiment, 2 < ⌘ < 4.5, would have a PDF uncertainty that
is highly anti-correlated with those of ATLAS and CMS. In this paper we study the measurement of
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W pT model
• At the Tevatron, we tuned the W pT model on Z data, 

giving a 5 MeV uncertainty on the lepton pT fit.

• Does this really cover all the full PQCD uncertainty? At 
the LHC, this is complicated by the flavour composition 
and interplay with PDFs.
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Indirect Higgs mass constraint
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Direct measurement!

mt and mW constrain the Higgs mass, but for equal 
contribution to uncertainty, need ΔmW = 0.006Δmt!


