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LHC Run 1 and 2
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Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC 

2010, 7 TeV, 45.0 pb¡1

2011, 7 TeV, 6.1 fb¡1

2012, 8 TeV, 23.3 fb¡1

2015, 13 TeV, 4.2 fb¡1

2016, 13 TeV, 41.0 fb¡1

2017, 13 TeV, 49.8 fb¡1

2018, 13 TeV, 67.9 fb¡1
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¾ ppin (13 TeV)=80:0 mb

¾ ppin (8 TeV)=73:0 mb

¾ ppin (7 TeV)=71:5 mb

2018 (13 TeV): <¹> = 37

2017 (13 TeV): <¹> = 38

2016 (13 TeV): <¹> = 27

2015 (13 TeV): <¹> = 13

2012 (8 TeV):   <¹> = 21

2011 (7 TeV):   <¹> = 10
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2017 Low PU Runs
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CMS has ∼ 200 pb−1 of 13 TeV low pileup data at
< µ >∼= 3

ATLAS ran at somewhat lower pileup, but collected low pileup
data for longer → ∼ 300 pb−1 at < µ >∼= 2
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Run 3 and HL-LHC

Modest increase in pileup in Run 2 from 2022 most likely

Increase to ∼200 pileup for HL-LHC (but with significant
detector upgrades)

Ongoing discussions for further low pileup runs in (early) Run
3
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Pileup Impact on Reconstruction

Reconstruction becomes more challenging with higher pileup
in all areas, but some aspects are more affected than others

Large Impact:

MET scale/resolution
Jet energy scale/resolution
Calorimeter or neutral lepton isolation

Moderate impact:

Electron (or photon) energy scale/resolution/identification

Small impact:

Muon reconstruction/identification/energy scale/resolution
Charged isolation
Jet/MET quantities formed from charged particles

Pileup can affect both the performance
(resolution/efficiency/fake rates/etc) of objects, as well as the
corresponding systematic uncertainties
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Low PU Data - Motivation

Most important pileup effect for precision EWK physics is the
degradation of missing energy resolution and systematic
uncertainties on hadronic recoil scale and resolution relevant
for W selection/reconstruction

Several measurements have been discussed which can/would
benefit from Low PU data

Direct measurement of W pT , especially in low pT region
Measurement of W mass using MT with reduced theory and
recoil modeling systematics (discussed in some detail by
Stefano yesterday)
Measurement of W /lepton charge asymmetry and/or
differential cross sections?
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Low PU Data - MET/Recoil Resolution

n.b: Number of vertices ∼= 0.7µ (Min. Bias acceptance/efficiency in
vertex reconstruction)

CMS MET reconstruction shown not optimized for low pileup

PUPPI is a pileup suppression algorithm which removes charged

PFCandidates from pileup vertices and down-weights close-by neutrals
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(Old) W pT Measurements at Low PU
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Precision limited by statistics and systematics on e.g QCD
background and recoil modeling, but bin width at low pT is
limited by recoil resolution
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Missing Energy Performance at Higher Pileup

Hadronic recoil can still be calibrated with Z → `` events, even if
resolution is degraded

Ultimate precision and limits imposed by pileup degradation to be
understood

Multivariate techniques may be used to improve both MET resolution

and data/MC matching
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W Charged Lepton Cross Sections/Asymmetries

corresponding ATLAS 8 TeV measurement has somewhat
larger QCD background and recoil-modeling systematics
related in part to higher pileup
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W Charged Lepton Cross Sections/Asymmetries

BUT methodology used for signal extraction and background estimates
somewhat different

ATLAS: Cuts on /ET and MT for signal, fits to /ET (etc) in control regions
for background

CMS: Inclusive selection (more background), fit to /ET in signal region for

simultaneous signal extraction and background estimate (potentially lower

systematics at higher pileup)
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W Helicity/Rapidity at LHC

(a) left-handed W+ (b) right-handed W+ (c) W+ Rapidity

At tree level:
All W production at LHC is qq̄ induced
Direction of the W relative to the incoming quark determines the
helicity
Only two helicity amplitudes/polarization states
W has zero transverse momentum

Full information on valence quark PDF’s in the relevant x range

contained in dσ/dy broken down into the two helicity states

JHEP12(2017)130 E. Manca, O. Cerri, N. Foppiani, G. Rolandi
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W Helicity/Rapidity at LHC

(a) left-handed W+ (b) right-handed W+ (c) W+ Rapidity

Direction of incoming quark depends even more on PDF’s in pp vs pp̄
collisions

gluon-induced contribution from higher order effects larger and more

uncertain (also due to higher Ecm compared to Tevatron)

JHEP12(2017)130 E. Manca, O. Cerri, N. Foppiani, G. Rolandi
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W Helicity/Rapidity at LHC

(a) left-handed W+ (b) right-handed W+

2D distribution of charged lepton pT and η can discriminate
between helicity states as well as rapidity of the W

JHEP12(2017)130 E. Manca, O. Cerri, N. Foppiani, G. Rolandi
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W mass from charged lepton kinematics

Phenomenological study in LHCb-like acceptance
(30 < p`

T < 50GeV,2 < η` < 4.5) comparing 1D fit of p`
T distribution to

2D fit of (p`
T , η

`) distribution, with and without posterior weighting (∼
equivalent to profiling) of PDF’s

2D fit is closely related to previous study, differs from ATLAS fit to p`
T in

categories of η` because the latter effectively leaves the normalization in

each η` bin freely floating (and uses coarser η` binning)

Eur. Phys. J. C (2019) 79: 497, S. Farry, O. Lupton, M. Pili, M. Vesterinen

Josh Bendavid Ultimate EWK Precision 15



W Charged Lepton Differential Cross Sections

Hadronic recoil “only” needed to suppress QCD backgrounds

Reasonably strong motivation for double-differential
measurements of charged lepton cross sections/asymmetries
for both PDF constraints and W mass

Requires higher integrated luminosity (higher pileup data) to
maintain statistical uncertainties (also statistical component
for fakes and efficiencies)

Some price to pay for recoil modeling related systematics on
signal efficiency and/or background estimates, but different
tradeoffs and mitigations are possible depending on analysis
strategy

Low pileup data may still be useful for 1D differential cross
sections/asymmetries and/or more explicit use of recoil
information
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Electron Performance

No dramatic degradation of lepton performance expected vs pileup

(Though electron energy scale may become more difficult to control at
the level needed for W mass measurements)

Precise efficiency measurements and uncertainties/correlations suitable

for 300 fb−1 analyses extremely challenging irrespective of pileup
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Muon Performance

No dramatic degradation of lepton performance (or efficiency
systematics) expected vs pileup

Can use charged isolation-only if really needed

No dramatic impact on muon momentum scale/resolution expected

Precise efficiency measurements and uncertainties/correlations suitable

for 300 fb−1 analyses extremely challenging irrespective of pileup
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HL-LHC

Moving to 200 pileup is entering a different regime

Increased vertex density can lead to pileup contamination for charged
particle quantities (but mitigated by detector upgrades such as improved
tracking detectors and precision timing capabilities)

Upgraded detectors/extended coverage/etc can also be leveraged in

further low pileup data collection
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Precision Timing Benefits: Pileup Suppression

Significant reduction in effective pileup in terms of charged multiplicity
across full η range with 3σ (90 ps) cut on timing

Reduces pileup contamination for charged particles at 200 PU back to ∼
LHC Run 2 levels

Benefits propagate to lepton charged isolation, pileup jet suppression,

MET resolution, b-tagging, etc
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HL-LHC CMS Electron Performance

Electron reconstruction/efficiency should be ∼ ok at high pileup

Some radiation and pileup related challenges for energy resolution
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HL-LHC CMS Muon Performance

Upgraded muon detectors maintain good performance at high pileup and
extend coverage to |η| = 2.8 for CMS e.g. (albeit with challenging
situation for hardware trigger beyond 2.4)

some muon ID also possible in CMS forward calorimeter up to |η| = 3
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HL-LHC CMS Missing Energy Performance

By exploiting forward tracking, precision timing, pileup
suppression techniques, etc, missing energy reconstruction
stays ∼ manageable in case further W charged lepton-focused
cross section measurements are needed at high pileup
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Conclusions

Low pileup data clearly superior/useful/needed for direct measurements
of W pT to reduce/constrain/validate theory modeling and uncertainties
for (high pileup) p`

T based mW measurements

Improved recoil resolution at low pileup can also lead to reduced
experimental and/or theory modeling uncertainties for MT -based mW

measurements (but accuracy of recoil calibration for high pileup data may
still be improved along with pileup mitigation)

Cross section measurements of the charged lepton kinematics can
probably be done with manageable systematics related to the (minimal)
use of hadronic recoil, but definitely inclusive W/Z and maybe 1D
differential cross sections in the W case will benefit from the low pileup
data

Some thought may be needed for optimal combination of high and low
pileup data for W cross sections/angular coefficients/pdf constraints/mW

Z/γ∗ cross sections/angular coefficients/weak mixing angle mainly from
high pileup data (except for inclusive xsecs, and some ratios with W )

ECM = 5 TeV data and other HI reference runs should not be forgotten
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Backup:
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