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The duality of LHC physics program results
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incredible validity range of SM No direct sign of new physics 
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In the absence of direct 
signals for new physics, 
precision measurements 

of fundamental EW 
parameter could be the 
groundbreaking path for 

the next discovery.

Precision physics 
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• In the recent past, the global electroweak fit was able 
to predict the masses of the top quark and Higgs 
boson before their discovery  

• Relations between electroweak observables can be 
predicted now at 2-loop level  

• Precise measurements of the electroweak parameters 
allow stringent test of the self consistency of the SM 
⟹ Looking for hints of physics beyond the SM. 

How to test SM?
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Indirect searches: look for deviations from SM 
predictions due to quantum loop effects of new virtual 

particles 
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The EW sector
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Stefano Camarda 9

Electroweak sector

The electroweak gauge sector of the 
Standard Model is constrained by three 
precisely measured parameters

At tree level, other EW 
parameters can be 

expressed as

Higher order corrections modify these 
relations, and determine sensitivity to 
other particle masses and couplings

 In SM, Δr reflects loop corrections and depends on mt2 and lnmH

The relation between MW, mt, and MH provides stringent test of the SM 
and is sensitive to new Physics  

In the electroweak sector of the SM, the W mass at the loop level:

4

W mass measurement 

In SM, Δr reflects 
loop corrections 
and depends on 

mt2 and ln(mH) 

k are EW loop 
corrections
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key parameter of SM
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Indirect determination of both mW and 

sin2θeff  more precise then the experimental 
measurement:
• This call for a precise direct Measurement 
✓ Stringent test of the self consistency of the 

SM
✓ but extreme precision needed 

LHC (or HL-LHC) is able to reach this level of precision ?

precision of indirect determination of  

mW  ±8 MeV
Call for δmW

exp < 10 MeV 

± 20x10-5 error in sin2 θeff 

corresponds to ±10MeV error in 

mw  

precision of indirect Determination of   

sin2θeff  ± 6x10-5
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• Discrepancy of LEP and SLD 
measurement on sin2θW 
triggered quite some 
interest in recent years 

• Problem at Hadron colliders: 
Do not know incoming 
fermion direction on an 
event-by-event basis 

• to extract sin2θeff  exploit 

forward-backward 
asymmetry (AFB) of DY 
process

Weak Mixing Angle

7

Indirect Determination: sin2θeff = 0.23151±0.00006

World average: sin2θeff = 0.23151±0.00014 

Combination at hadron 
colliders: 

sin2θeff = 0.23140 ± 0.00023



L. Aperio Bella   

Z forward-backward asymmetry @LHC 
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Asymmetry as a function of boson y

CMS 
ATLAS CC

ATLAS 
CC+CF

LHCb

• The orientation of the incoming quark is 
unknown 
• Use θ* scattering angle defined in the 

Collins-Soper frame, with z-axis orientation 
defined by the Z rapidity 

• In pp collisions, it is more likely to be in the 
same orientation as the Z boson, due to the      
u/ubar  and d/dbar valence asymmetry

Part I: Weak mixing angle

Drell-Yan cross-section factorisation in full lepton phase space:  

A4 sensitive to sin2θW via coupling structure

ATL-CONF-2018-037 Data: 20.2 fb−1 of 8TeV 

Neutral current: 

Z couples differently with left and right handed fermions ➞ Forward-backward asymmetry  

Fold angular polynomials and fit to reco 
angular distributions binned in mZ and |yZ|  

3 decay channels: 

μμCC, eeCC , eeCF


5

cosθ > 0: forward  
cosθ < 0: backward  
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Projection for Upgraded detector
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The Higgs and the LHC �2

today

First beam in ATLAS
(2009)

Higgs discovery
(2012)

Only ~5% of total 
expected data

Month in Year
Jan Apr Jul Oct
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Projection for Upgraded detector
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The Higgs and the LHC �2

today

First beam in ATLAS
(2009)

Higgs discovery
(2012)

Only ~5% of total 
expected data
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HLLHC scenario:  
• infinite statistic  
• benefit form extended trading 

coverage up to |η| < 4 
• ancillary measurement to reduce 

current knowledge of PDF 
uncertainty 

In the context of the Yellow 
Report for the HL-LHC: 

prospect PDF fits including HL-
LHC pseudo-data of future 

PDF-sensitive measurements 
from ATLAS, CMS and LHCb 
were performed (compared 

with PDF4LHC15)
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AFB strongly depend on PDF uncertainty ⇒ 

dominant systematic for the extraction of 

sin2θeff 
• different couplings of u- and d-type 

quarks  
• yll direction depends on the relative 

content of valence and sea quarks 

weak mixing angle @LHC

• The expected sensitivity to particle level AFB as a 

function of mll 
• PDF band correspond to PDF uncertainty without 

inset constraint. 
• The imperfect knowledge of the PDF results in 

sizeable uncertainties in AFB, in particular in 
regions where the absolute value  of the 
asymmetry is large, i.e. at high and low mll. On 
the contrary, near the Z boson mass peak, the 
effect of varying sin2 θef f is maximal, while being 
significantly smaller at high and low masses. 
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PDF reweighting and prospect of the results
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New analysis techniques, including in-
situ PDF profiling and categorisation 

statistical and systematic 
uncertainties are significantly reduced 

relative to previous LHC 
measurements. 
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sin2θW extraction Prospect PDF sets
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The expected sensitivity of the sin2θeff measurements is 

improved by ~20% using prospect PDF sets. Including LHeC 
data: reduction of PDF (total) uncertainties by a factor of ~5 (2) 

wrt to HL-LHC PDFs. Exceeding LEP precision
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• Same basic measurement 
principle at Tevatron and LHC 

• Using a template fit 
approach to pl

T and mT 

• Uncertainties dominated by 
model-uncertainties 

• PDFs, angular coefficients  
• Transverse momentum 

spectrum of the W boson 

• Tevatron and LHC results 
currently at similar level of 
precision

The W mass

14
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W mass measurement with ATLAS Run1 data
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Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV

The result is consistent with the SM expectation, compatible with the world average 
and competitive in precision to the currently leading measurements by CDF and D0 

Results

44

19 MeV is still far from 
the target of 8 MeV 

set by the 
electroweak fit  
how can we 
improve ?
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W mass measurement with ATLAS Run1 data
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Combined Result

Different combinations are performed, 
taking into account the correlation of 
mT and pTl (approx. 50%) and of 
systematics.


The final combination gives            
(assuming same mass for W+ and W-) : 

exp. syst = 10.6 MeV mod. syst =13.6 MeV 

 15

stat. = 6.8 MeV 

  mW = 80370 +- 19 MeV

PDF variations (25 error 
eigenvectors) of CT10nnlo, very 
similar between pTl and mT but 

strongly anti-correlated between 
W+ and W-. Dominated by 

knowledge of valence quark PDFs 
(in particular dv) 
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low-Pileup Data
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Both ATLAS and CMS collected @340 pb-1 of data 
collected @13TeV with low Pileup <μ> =2   

fantastic opportunity for W precision measurement!
better understanding the physics 

modelling of the W mass 
measurement will allow  to reach 

10 MeV precision !

Prospects for pTW measurement
• One of the largest uncertainties comes from 

the QCD modelling of the pTW distribution 


• pTW can be measured directly from recoil, 
provided experimental resolution is good 
enough. 


• For the pileup level of 2011 data (<!>=9)  
"(uT)=13 GeV, not good enough.


• Special runs taken in 2017 at <!>=2


• Lowered calorimeter thresholds and “particle 
flow” reconstruction will further improve the 
recoil reconstruction beyond simple pileup 
reduction


• Target:  measure pTW with ~1% uncertainty in 
5 GeV bins for   pTW<30 GeV


ATL-PHYS-PUB-2017-021

√s =   5 TeV     ∫ L = 280 pb-1 
√s = 13 TeV     ∫ L = 160 pb-1

low-! run

2011
Run-2

 18

ATL-PHYS-PUB- 2017-021
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Futher in the future of W mass measurement 

18

W mass prospects with HL-LHC and HE-LHC

Study of potential of low pile-up runs, < µ >⇠ 2, at HL-LHC@14TeV and HE-LHC@27TeV.

Major reduction of uncertainty can be achieved due to
Extended coverage with new tracking detector, ITk, from |⌘| < 2.5 to |⌘| < 4
! combining central and forward ranges brings significant reduction in the PDF unc.
! probe new region of x at Q2 ⇠ mW

Optimal reconstruction of missing transverse momentum

Total uncertainty of ⇠ 11 MeV with 200 pb�1 of data at each energy.
Future HL-LHC PDF set would reduce PDF uncertainty by factor of 2.
Future LHeC PDF set from DIS data would reduce PDF uncertainty by factor of 5-6.

Elena Yatsenko 17/18

ATL-PHYS-PUB-2018-026

ATL-PHYS-PUB-2018-026

Study of potential of low pile-up runs, < μ >∼ 2, at HL-LHC@14TeV and HE-LHC@27TeV. 200 pb-1 per 
week, yielding ~1M candidate/week  

• Major reduction of uncertainty can be achieved due to: 
• Optimal reconstruction of missing transverse momentum → better recoil resolution  
• Extended coverage with new tracking detector → ITk coverage from |η| < 2.5 to |η| < 4 
• combining central and forward ranges brings significant reduction in the PDF unc. →probe new 

region of x at Q2 ∼mW

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-026/
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Prospect W mass
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Total uncertainty of ∼ 11 MeV with 200 
pb−1 of data @HL-LHC: 30% reduction of 

PDF uncertainty with extended tracker. 

Future HL-LHC PDF set would reduce PDF 
uncertainty by factor of 2. 

Future LHeC PDF set from DIS data would 
reduce PDF uncertainty by factor of 5-6.
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The EW precision measurements program at HL-LHC will highly 
benefit from more precise knowledge of PDF. 

With  3000 fb-1 at 14 TeV the statistical precision of sin2θeff  
measurements with ATLAS, CMS and LHCb will be better than 5 x10-5. 
The overall uncertainty will remain dominated by the PDFs, which can 

be reduced to 10-16 x10-5 using in situ constraints, with an overall 
uncertainty below 18 x10-5.  

The PDF uncertainty on sin2θeff can be reduced by 10%25% using the 

global fits to HL-LHC data. 

Data from the LHeC collider would have the potential to reduce the 
PDF uncertainties by an additional factor of 5.  

 Dedicated low-pileup runs will provide the required conditions to 

reach the 8 MeV goal for a mW measurement. Five to ten weeks of 

data taking in the course of the HL-LHC will lead to a statistical 
precision of about 3 MeV.  

Assuming the extended lepton coverage allowed by the HL-LHC 
detectors, the impact of PDF uncertainties on the mW measurement, 

using today’s PDF sets, would amount to 5-8 MeV. These uncertainties 
are further reduced to about 4 MeV when using the HL-LHC prospect 

PDF set, leading to an overall HL-LHC target of ΔmW = ±6 MeV. LHeC 

measurements could further reduce the PDF systematics to 2 MeV.

Conclusion

20



Backup 
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• HL-LHC set incorporates the expected constraints 
from present and future LHC data; it starts from the 
PDF4LHC convention and comes in three scenarios 
corresponding to more or less optimistic 
projections of the experimental uncertainties.  

• The LHeC PDF set represents the impact of a 
proposed future high-energy, high-luminosity ep 
scattering experiment  on the uncertainties in the 
proton structure, using the theoretically best 
understood process for this purpose.

Prospect PDF for HL-LHC

22
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New physics will shows up?

23

The Higgs and the LHC �2

today

First beam in ATLAS
(2009)

Higgs discovery
(2012)

Only ~5% of total 
expected data
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Big potential to collected critical datasets to do high precision EW physics:
this requires ultimate performance of detector at different energies and pileup 

Often theoretical uncertainties are becoming the bottleneck for exploiting the full 
statistical power of a measurement
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measurement of SM fundamental parameters
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mH 125.09 ± 0.24 GeV (ATLAS+CMS)  Uniquely measured at the LHC  

mt  172.84 ± 0.70 GeV (ATLAS)  

172.44 ± 0.49 GeV (CMS)  

Comparable with Tevatron precision  

mW  80.370 ± 0.019 GeV (ATLAS) Competing with Tevatron precision  

sin2θW  
0.23101 ± 53 10-5 CMS 

0.23148 ± 106 10-5 LHCb 
0.23140 ± 36 10-5 ATLAS

Not yet competitive with LEP and SLD  

The relation between MW, mt and MH 
provides stringent test of the SM

 
and 

is sensitive to new Physics 

The measurement of 
sin2θW tests this relation: 

± 20x10-5 error in sin2 

θeff corresponds to 
±10MeV error in Mw  

Stefano Camarda 9

Electroweak sector

The electroweak gauge sector of the 
Standard Model is constrained by three 
precisely measured parameters

At tree level, other EW 
parameters can be 

expressed as

Higher order corrections modify these 
relations, and determine sensitivity to 
other particle masses and couplings
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relation between top, Higgs and W masses 
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The relation between MW, mt and MH 
provides stringent test of the SM

 
and 

is sensitive to new Physics 

Stefano Camarda 11

                                            

Indirect determination of m
W
 (±8 MeV) is more 

precise than the experimental measurement
Call for dm

W

exp
 < 10 MeV

Relation between top, Higgs and W masses

(*) arXiv:1608.01509

The measurements of the Higgs and top-

quark masses are currently more precise than 

their indirect determination from the global fit 

of the electroweak observables
Improving precision will 

not increase sensitivity 

to new physics

The W mass is nowadays the crucial measurement to 
improve the sensitivity of the global EW fits to new physics
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W mass

26

80370±19 MeV 

86% pTl, 14% mT

Part II: W-boson mass
Eur. Phys. J. C (2018) 78:110 Data: 4.6 fb−1 of 7 TeV 

Consistent with the SM expectation, compatible with the world average and comparable in 
precision to the currently leading measurements by CDF
Dominated by PDF and QCD model uncertainties (mainly pTW)

11
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W mass history

27
Stefano Camarda 13

W-boson mass history

1983 CERN SPS – W discovery

1983 – UA1 

m
W
 = 81 ± 5 GeV

1992 – UA2 (with mZ from LEP)

m
W
 = 80.35 ± 0.37 GeV

2013 – LEP combined

m
W
 = 80.376 ± 0.033 GeV

2013 – Tevatron combined

m
W
 = 80.387 ± 0.016 GeV

2017 – LHC (ATLAS)

  m
W
 = 80.370 ± 0.019 GeV

Only four W-boson mass 
measurements in the last 7 years

Complex measurements 
which require O(5-7) years
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Moderate or negative correlations, which will lead to 
reduced combined uncertainties, are observed between 
categories of different W-boson charges, and between 

central and forward pseudorapidities, at given √ s 
. As expected from the correlations, combining the central 

and forward pseudorapidity ranges brings significant 
reduction in the PDF uncertainties. 

The PDF uncertainties can be reduced to about 4 MeV 
using HL-LHC PDF sets and to 2 MeV using LHeC PDF sets. 

Prospect W mass

28

Total uncertainty of ∼ 11 MeV with 200 
pb−1 of data at each energy. 

Future HL-LHC PDF set would reduce PDF 
uncertainty by factor of 2. 

Future LHeC PDF set from DIS data would 
reduce PDF uncertainty by factor of 5-6.
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Potential low pile-up runs at HL-LHC (14 TeV) and HE-LHC (27 TeV): 200 pb-1 per week


- Extended coverage with new tracking detector: |!| < 4 —> 30% reduction of PDF 
uncertainties 

- The PDF uncertainties can be reduced to about 4 MeV using HL-LHC PDF sets and to 
2 MeV using LHeC PDF sets. 

Part II: W-boson mass
ATL-PHYS-PUB-2018-026HL-LHC/HE-LHC prospects

13
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Discrepancy of LEP and SLD measurement on 
sin2θW triggered quite some interest in recent years 

Problem at Hadron colliders: Do not know 
incoming fermion direction on an event-by-event 
basis 

@Hadron colliders use forward-backward 

asymmetry (AFB) to extract sin2θW

Weak Mixing Angle

30

New analysis techniques, including in-situ PDF 
profiling and categorisation statistical and systematic 

uncertainties are significantly reduced relative to 
previous CMS and ATLAS measurements. 

Indirect Determination: sin2θeff = 0.23151±0.00006

World average: sin2θeff = 0.23151±0.00014 

Combination at hadron 
colliders: 

sin2θeff = 0.23140 ± 0.00023
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weak mixing angle @LHC
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D. Zanzi

sin2!feff and PDFs

15ATLAS-CONF-2018-037 l
effθ2sin

0.229 0.23 0.231 0.232
NNPDF3.0 (100)
CT14

MMHT2014

NNPDF3.0 (1000)
CT10

 (8 TeV)-1Weighted PDF                                            18.8 fbCMS
l
effθ2sin

0.229 0.23 0.231 0.232
NNPDF3.0 (100)
CT14

MMHT2014

NNPDF3.0 (1000)
CT10

 (8 TeV)-1Nominal PDF                                             18.8 fbCMS
EPJC78(2018)701

FBA

0.2−

0

0.2

POWHEG

 (GeV)llm
70 80 90 100 110

FBA
∆

0.005−

0

0.005

0.0012±0.0008, ±0.0004, ± = l
effθ2sinδ

NNPDF3.0 uncertainty
NNPDF3.0 replicas

EPJC78(2018)701‣ PDF uncertainties constrained in AFB,A4→ sin2!feff 
interpretation exploiting correlations in mll and yll 
- PDF uncertainties profiled in ATLAS 
- Bayesian "2 reweighting in CMS 

‣ Yet PDF is source of large systematic uncertainty 
- CMS: PDF syst ±31, spread among PDF sets ~65 [10-5] 
- ATLAS: PDF syst ±24, spread among PDF sets ~28 [10-5] 
- compatibility cannot be estimated without correlations  

‣ Improved understanding of PDF differences and 
correlations is key 
- new PDF sets with more LHC W,Z data will reduce impact of 

in-situ PDF constraints and ease combinations

Effective leptonic 
weak mixing angle

• Exploit forward-backward asymmetry 
(AFB) in Drell-Yan ee/µµ events
✦ Fit mass (Tevatron) or mass & rapidity (CMS) 

dependence of observed AFB to SM 
predictions as function of sin2θeff

lept 
✦ Extract from angular coefficient A4 (ATLAS) 

in mass/rapidity bins

6

5

uncertainty on the AFB measurement. To reduce this
dependence, an additional correction, α(q, η, S), to the
muon momentum is applied to the data and MC sepa-
rately. This factor is determined by requiring the mean
of the Mµµ distribution over the full mass range in each
(q, η, S) region to be consistent with the corresponding
nominal value obtained from a generator-level MC sam-
ple after applying the same kinematic and acceptance
cuts as those applied to the data. After the calibration,
the mean values of Mµµ in data and MC are consistent
to within statistical fluctuations. The additional calibra-
tion, together with the D0 muon calibration and resolu-
tion smearing procedure [13], reduces not only the q-η-S
dependence, but also the potential effect from an imper-
fect modeling on the final state radiation in the pythia

generator. The residual difference between data and MC
Mµµ mean values is propagated to the uncertainty of the
weak mixing angle measurement.
Additional corrections and reweightings are applied to

the MC simulation to improve the agreement with da-
ta. The ratio between the MC and data efficiencies for
the muon identification is measured using the tag-and-
probe method [13] and applied to the MC distributions
as a function of muon η. The simulation is further cor-
rected for higher-order effects not included in pythia by
reweighting the MC events at the generator level in two
dimensions (pT and rapidity y of the Z boson) to match
resbos [18] predictions. In addition, next-to-next-to-
leading order QCD corrections are applied as a function
of Z boson mass [18, 19].
The sign of the track matched to the muon is used

to determine the charge of the muon and to classify the
event as forward or backward. The charge misidentifi-
cation rate measured in the data is smaller than 0.4%.
Since the opposite charge sign requirement is applied in
the event selection, the probability of both muons charges
to be misidentified, thus transforming a forward event in-
to a backward event or vice versa, is negligibly small.
Background is suppressed by the strict requirements

on the muon tracks. The main remaining contribution
is from multijet events, in which jets are misidentified as
muons, and is estimated from data by selecting events
with reversed muon isolation cuts in order to study the
shape of the mass distribution of multijet events. The
normalization of the multijet background is assumed to
be same as that of the selected same sign events af-
ter correcting for the presence of the misidentified sig-
nal events and the additional background contributions
described below. The W+jets background is generated
using alpgen [20] interfaced to pythia for showering
and hadronization. The Z/γ∗ → ττ , di-boson and tt̄
backgrounds, are estimated using pythia. In the dimuon
mass range used for the effective weak mixing angle mea-
surement, the multijet background is 0.68%± 0.68%. An
100% uncertainty is used to safely cover the bias due to
corrections for the misidentified signal events. The sum

of theW+jets, Z/γ∗ → ττ , di-boson (WW andWZ) and
tt̄ background is 0.20%±0.05%, where the uncertainty is
mainly from cross sections of the physics backgrounds.
The effective weak mixing angle is extracted from the

background-subtracted AFB spectrum by comparing the
data to simulated AFB templates corresponding to differ-
ent input values of the weak mixing angle. The effective
weak mixing angle parameter, here denoted as sin2 θpW ,
corresponds to the input parameter in the calculation
from the leading order pythia generator. Higher order
corrections are used to convert sin2 θpW to sin2 θ!eff [21].
The templates are obtained by reweighting the two-
dimensional distribution of the Z boson mass and cos θ∗

at the generator level to different sin2 θpW pythia predic-
tions. The background-subtracted AFB distribution and
pythia predictions are shown in Fig. 1.
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FIG. 1: (color online). Comparison between the AFB distri-
butions in the background-subtracted data and the MC with
different sin2 θpW values in the pythia generator. The χ2 cor-
responds to the MC with the best fit value of sin2 θpW . The
uncertainties are statistical only.

The uncertainties on the fitted sin2 θpW , listed in Ta-
ble I, are dominated by the limited size of the data sam-
ple. The systematic uncertainties due to muon momen-
tum calibration and resolution smearing, the estimation
of the backgrounds and the efficiency scale factors are
themselves also dominated by the limited data samples.
The PDF uncertainty is obtained as the standard devia-
tion of the distribution of sin2 θpW values given by each of
the equal-weighted PDF sets from NNPDF3.0 [15]. The
best fit is

sin2 θpW = 0.22994± 0.00059 (stat.)±

0.00005 (syst.)± 0.00024 (PDF).

D0 µµ: PRL 120, 241802 (2018)
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Figure 4: Comparison between data and best-fit AFB distributions in the dimuon (upper) and
dielectron (lower) channels. The best-fit AFB value in each bin is obtained via linear interpola-
tion between two neighboring templates. Here, the templates are based on the central predic-
tion of the NLO NNPDF3.0 PDFs. The error bars represent the statistical uncertainties in the
data.

Submitted to EPJC

sin2θeff
lept -- key SM parameter
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Figure 3: For di↵erent PDF sets, distributions of the predicted angular coe�cient A4 (top), of the di↵erence between
the various predictions and a reference one chosen as the MMHT14 PDF set (middle), and uncertainties in A4 ob-
tained from the di↵erent PDF sets (bottom). The distributions are shown as a function of the dilepton mass m`` (left)
and of the dilepton rapidity y`` (right).

on A4 and on the extracted value of sin2 ✓`e↵ . The impact in the mass sidebands has opposite sign on each345

side of the Z pole, and is typically larger than that in the pole region; however, the sensitivity to sin2 ✓`e↵346

is much lower in the sidebands than in the pole region, and hence the impact of these corrections on the347

measurement itself in the sidebands is small, and is primarily important for the PDF profiling. The impact348

of the corrections on the measurement in the pole region however is substantial, amounting to 25 10�5.349

This number is close to that quoted in Section 2.2 for the specific example shown in Fig. 2.350
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Enhanced sensitivity 
by including forward 
electrons

NEW
@ ICHEP

AFB,A4 strongly depend on PDF uncertainty ⇒ 

dominant systematic 

• quark assigned based on Z rapidity 

• largest at high yZ where valence quark PDFs 
dominate at large x 

• also depend on quark flavour, so on relative 
contributions of u and d PDFs
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weak mixing angle extraction HL-LHC
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Prospects for WMA measurement at HL-LHC

Sensitivity studies of sin2 ✓`e↵ extraction from AFB

measurement at HL-LHC

3000 fb�1 at 14 TeV

Extension of the tracking system to |⌘| < 4

Combination of 3 channels: central-central,
central-forward, forward-forward
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Simulation Preliminary ATLAS
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Elena Yatsenko 20/18
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4

LHCb sensitivity to parton density functions

 LHCb offers a complementary phase 
space region with respect to ATLAS 
and CMS for Standard Model tests in 
electroweak sector:

– Cross-section measurements of 
W and Z production in the forward 
acceptance.

– Access to Parton Distribution 
Functions (PDFs) in regions of 
known high-x and unexplored 
low-x partons. PDFs parametrized 
as 

 We aim at precise measurement of 
fundamental parameters of the SM: the 
electroweak mixing angle, the W mass 
etc.

Q
2=M

2
,x1,2=

M

√s
e

±y
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relation between top, Higgs and W masses 

33

Stefano Camarda 11

                                            

Indirect determination of m
W
 (±8 MeV) is more 

precise than the experimental measurement
Call for dm

W

exp
 < 10 MeV

Relation between top, Higgs and W masses

(*) arXiv:1608.01509

The measurements of the Higgs and top-

quark masses are currently more precise than 

their indirect determination from the global fit 

of the electroweak observables
Improving precision will 

not increase sensitivity 

to new physics

The W mass is nowadays the crucial measurement to 
improve the sensitivity of the global EW fits to new physics

The measurements of the mH and m  are 

currently more precise than their indirect 
determination from the global fit of the 

electroweak observables 

Improving precision will 
not increase sensitivity to 

new physics  

Indirect determination of m
W 

(±8 MeV) is 

more precise than the experimental 
measurement 

Call for δmW
exp < 10 MeV 
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weak mixing angle @LHC
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Figure 11: Comparison of the measurements of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , presented in this
note to previous measurements at LEP/SLC, at the Tevatron, and at the LHC. The overall LEP-1/SLD average [48]
is represented together with its uncertainty as a vertical band. The ATLAS combined result for all channels is
shown, together with the results for the eeCF channel alone and for the combined eeCC and µµCC channels. This
latter result can be compared directly with the CMS result on the same dataset and has a similar overall accuracy.

PDF set CT10 CT14 MMHT14 NNPDF31
Central value 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements
Total 40 37 36 38
Stat. 21 21 21 21
Syst. 32 31 29 31

Table 13: Results for extracted values of sin2 ✓`e↵ with the global breakdown of their uncertainties, shown for the
four PDF sets considered in this note. The uncertainty values are given in units of 10�5.

7 Conclusions666

This note reports a measurement of the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , based on the667

run-1 8 TeV dataset of the ATLAS experiment at the LHC, corresponding to an integrated luminosity668

of 20.2 fb�1. The results are obtained from the combination of 6 million electron and 7.5 million muon669

pairs from Z-boson decays in the central region, complemented by 1.5 million electron pairs with one670

electron in the forward region of the detector, leading to significantly enhanced sensitivity to sin2 ✓`e↵ ,671

compared to a measurement using the central-central channels alone. This measurement extends a previ-672

ous measurement of the full set of angular coe�cients from Z-boson decay by focusing on the A4 angular673

coe�cient, which is the one most sensitive to sin2 ✓`e↵ . The measurement is done separately in coarse674
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Effective leptonic 
weak mixing angle
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()*)!*+,ee ! !"!!!#$±!"%&'&$

(')*)+,µµ ! !"!!!-#±!"%&!'-
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l2
0.23 0.231 0.232 0.233

-1 18.8 fbµµCMS

-1ee 19.6 fbCMS

µµee+CMS

 0.00060±0.23125 

 0.00086±0.23056 

 0.00053±0.23101 

CDF/D0 combination: PRD 97, 112007 (2018)
D0 µµ: PRL 120, 241802 (2018)
CMS: Submitted to EPJC
ATLAS: ATLAS-CONF-2018-037

For LHC measurements, statistics & PDFs dominant uncertainties

NEW
@ ICHEP

3σ deviation

New analysis techniques, including in-situ PDF profiling and 
categorisation statistical and systematic uncertainties are 
significantly reduced relative to previous CMS and ATLAS 
measurements. 

Approaching precision of  Tevatron combination

 

https://arxiv.org/abs/1803.01853


L. Aperio Bella   

SUSY scale

35  10

An example of BSM physics : Supersymmetry

W W
χ± χi

0

W W~
l~ν

Δ r  =  Δ r
SM+Δ r

SUSY

~ν , χ
1

0

: dark matter candidates

→ dm
W
 probes the scale 

of BSM physics

Ideally, dm
W
 < 10 MeV

The W mass is nowadays the crucial measurement to improve the sensitivity of the 
global EW fits to new physics 
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(a) Excellent lepton performance: 
• calibration: energy scale and resolution  

• In particular forward electron performance are very important and challenging

How to approach the required sensitivity

36

  

Measurement of ܖܑܛT܍l
DW�¥V �7H9��PHDVXUHPHQW�- III

� Contributions of the different channels to the measurement of sin2Tୣl

� eeCF is most precise though it has only 1.5M events (compared to 13.5M eeCC + ǋǋCC)
� Measurement uncertainty 36 x 10-5

� data stat and PDF uncertainty roughly equal. MC stats next largest uncertainty. 9

(MMHT)

20.2 fb-1

ATLAS-CONF-2018-037

x 10-5

ATLAS-CONF-2018-037 eeCF is most 
precise channel 1.5 M of events 
(13.5M ee+μμ)
measurement uncertainty 36 x 10-5

 

(b) Precise knowledge of the Z decay and production dynamics to constraint the main Theory uncertainty 
PDF.

The measurement will benefit 
from extended coverage in eta 

central

Fwd

https://indico.cern.ch/event/558932/contributions/2686932/attachments/1540124/2414768/armbruster.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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Effective mixing angle from the lepton angular distributions 

37

Effective mixing angle from the lepton angular distributions

Unpolarized cross section
F/B asymmetry :

A4 = 8/3 AFB ~ a + b sin2Tl
eff

Factorized expression for Z boson production 
and decay at hadron colliders:

Production
Decay
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PDF reweighting 
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William Barter (Imperial College London) Slide 10LHCb Prospects EW Meeting: 4/4/19

Aside - PDF reweighting
With thanks to Robert Thorne and Juan 
Rojo for discussions (in person and by 
email) this week.

• Bayesian Reweighting
Discussion in the literature over weighting function to use:

NNPDF: @A ∝ >ABC2DC
E
FGH

F

Giele and Keller; Sato et al.:    @A ∝ DC
E
FGH

F

• PDF profiling
• More typically used with Hessian sets – mathematically can be shown as 

providing equivalent results to Giele and Keller weights in Bayesian reweighting.

• This `discrepancy of approach’ within reweighting has not disappeared – the two 
weighting approaches – G&K and NNPDF – can give significantly different results, 
especially when reweighting gives large reductions in PDF uncertainty.
• In addition, we do not use “tolerances” when reweighting, so we give our data more 

weight than the data used in the global fits.

See eg NNPDF collab., Nucl. Phys B 855, 608 (2012)

See eg Sato et al., Phys. Rev. D 89, 114020 (2014)
and A. Bodek et al. EPJC76:115 (2016)

See eg Paukkunen and Zurita, JHEP12(2014)100
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• The Drell-Yan production cross section as 
function of the scattering angle θ. 

•  
 

• Linear term in cos(θ) give rise to non-
vanishing forward-backward asymmetry 

• The V-A interference contribution is 
proportional to gV gA, and depends on the 
weak mixing angle θW 

• The Z/γ* interference contribution is 
proportional to (s - mz2) 
➡AFB changes sign at the Z pole

Forward-Backward asymmetry 

39

B ~ Z/γ* and V-A interference

Measurement of the weak mixing angle

March 14, 2016 Stefano Camarda 15

cosθ > 0: forward  
cosθ < 0: backward  

Contents11

1 Introduction 212

2 Analysis 313

3 Forward-backward asymmetry measurements 514

4 Extraction of sin
2 ✓ef f 615

5 Conclusion 816

Appendices 1117

A Invariant mass distribution and the expected event yield 1118

B cos✓⇤ distribution 1419

C sin
2 ✓ef f sensitivity 1620

1 Introduction21

In the Standard Model (SM), the Z boson couplings di�er for left- and right-handed fermions. The22

di�erence leads to an asymmetry in the angular distribution of positively and negatively charged leptons23

produced in Z boson decays. This asymmetry depends on the weak mixing angle (sin2 ✓W ) between the24

neutral states associated to the U(1) and SU(2) gauge groups, i.e. the relative coupling strengths between25

the photon and the Z boson. The di�erential cross section for the decay of the Z/�⇤ to dilepton final state26

can be written at leading order as:27

d�
d(cos ✓)

=
↵2

4s

"
3
8

A(1 + cos2 ✓) + B cos ✓
#
, (1)

where
p

s is the centre-of-mass energy of the quark and anti-quark, and ✓ is the angle between the negative28

lepton and the quark. The coe�cients A and B depend on the colour charge of the quarks and the vector29

and axial-vector couplings and are define as [1]:30

A = Q2
l Q2

q � 2Qlg
q
Vg

l
V �1 + (gqA

2
+ gqV

2)(glA
2
+ glV

2) �2 ,

B = �4Qlg
q
Ag

l
A�1 + 8gqAg

q
Vg

l
Ag

l
V �2 ,

(2)

where g f
V = t f3 � 2Q f sin2 ✓W and g f

A = t f3 , �1 is the interference between Z and �⇤ contributions and �231

is the Z Breit-Wigner.32

The coe�cient B introduce a forward-backward asymmetry in ✓ arising from the presence of both vector33

and axial-vector couplings. Experimentally this asymmetry can be express simply as:34

AFB =
N (cos ✓⇤ > 0) � N (cos ✓⇤ < 0)
N (cos ✓⇤ > 0) + N (cos ✓⇤ < 0)

=
3
8

B
A
, (3)

2
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Z forward-backward asymmetry @LHC 
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Asymmetry as a function of boson y

CMS 
ATLAS CC

ATLAS 
CC+CF

LHCb

Challenge for LHC

• The orientation of the incoming quark is 
unknown 
• Use θ* scattering angle defined in the 

Collins-Soper frame, with z-axis orientation 
defined by the Z rapidity 

• In pp collisions, it is more likely to be in the 
same orientation as the Z boson, due to the      
u/ubar  and d/dbar valence asymmetry

Part I: Weak mixing angle

Drell-Yan cross-section factorisation in full lepton phase space:  

A4 sensitive to sin2θW via coupling structure

ATL-CONF-2018-037 Data: 20.2 fb−1 of 8TeV 

Neutral current: 

Z couples differently with left and right handed fermions ➞ Forward-backward asymmetry  

Fold angular polynomials and fit to reco 
angular distributions binned in mZ and |yZ|  

3 decay channels: 

μμCC, eeCC , eeCF


5
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AFB Particle level CT14NNLO

41

DRAFT

on the electron |⌘ |: CC, CF and FF, where C represents an electron reconstructed in the central region34

(|⌘ | < 2.47) and F represents an electron reconstructed in the forward region (2.5 < |⌘ | < 4.2). Both35

electrons are required to have pT > 25 GeV. The invariant mass of the electron pair is required to be36

loosely consistent with the Z boson mass, 60 < m`` < 200 GeV, and the events are further categorised37

in 10 equal-size bins in absolute dilepton rapidity up to |Yee | = 4.0. On the left of Figure 1 is shown the38

cos ✓⇤ distribution for CC, CF and FF channels for the selected pp ! Z/�⇤ ! e+e�events expected for39

3000 fb�1 at
p

s = 14 TeV.40

The contribution of jets misidentified as electrons is suppressed using a tight electron identification and41

a track isolation requirement. In the forward region, the timing information provided by the HGTD is42

used to improve the electron isolation by rejecting additional tracks from interactions close in space, but43

separated in time from the hard-scatter vertex. The purity of the candidate sample is determined with44

simulation, and is found to be greater than 99% in the CC channel, between 90 and 98% in CF, and45

between 60 and 90% in the FF channel. The signal significance in the CF channel is up to 20% higher46

assuming an High-Granularity Timing Detector (HGTD) installed in the calorimeter forward region of the47

ATLAS update detector with respect to the case of provided by the extended Inner Tracker (ITk) only.48

AFB is calculated from the selected electron pairs, and unfolded to correct for detector e�ects and49

migrations in m`` and |Yee | bins. On the right side of Figure 1 the amplitude of the AFB as function of50

|Yee | at particle level in the fiducial volume is shown for CC, CF and FF channel separately. As expected51

the CF channel shown the larger asymmetry. In the CF and FF channels, migrations in the m`` are up to52

50 and 60% respectively. Various sources of uncertainty are considered. Given the lack of knowledge53

of the composition and the modelling of the misidentify electrons and the limited statistic of the MC54

samples used for the background determination an uncorrelated 5% uncertainty on the background yield55

is consider for each bin of invariant mass and rapidity for all the channels. To note as well that an overall56

normalisation systematic for the background have completely negligible e�ect on the measurement.57
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Figure 2: Distribution of �AFB as a function of mass for the CC, CF and FF channels. The filled bands correspond to
the experimental sensitivity with and without the HGTD. The solid red lines correspond to a variations of sin2 ✓e f f
corresponding to 40 ⇥ 10�5. The dashed blue lines illustrate the total error from CT14 NNLO PDF. Overlaid green
line shows the particle-level AFB distribution.

Significant uncertainties arise from the limited knowledge of the momentum scale and resolution of the58

electrons. Following Reference [6], in order to account for possible non-linearity in the energy scale of59

26th September 2018 – 11:25 3

• The expected sensitivity to particle level AFB as a function of mee  for each channel for a chosen 
rapidity bin.  

• PDF band correspond to PDF uncertainty without inset constraint. 
• The imperfect knowledge of the PDF results in sizeable uncertainties in AFB, in particular 

in regions where the absolute value  of the asymmetry is large, i.e. at high and low mll. On 
the contrary, near the Z boson mass peak, the effect of varying sin2 θef f is maximal, while 
being significantly smaller at high and low masses. 
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weak mixing angle @HL-LHC

42
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PDF reweighting and prospect of the results

43
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impact of LHC data on modern global pdf fits

19
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.
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!
 NNPDF3.1 NNLO: includes jet data using NNLO 

evolution and NLO matrix elements, with scale 
variations as additional TH systematic error!

 The jet pT is always used as central scale choice!

 Also tried variants where ATLAS and CMS 2011 7 
TeV data included using exact NNLO theory!

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

 Only central bin of ATLAS data included - the large 
χ2  once all bins are included remains there once exact 
NNLO theory is used

Figure 55: Left: comparison of the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the
Z pT , top quark, or inclusive jet data have been removed. Right: same, now comparing with the NNPDF3.1 NNLO
fit where the ATLAS and CMS 7 TeV inclusive jet data have been treated using exact NNLO theory, from [169].

It is worth emphasising that until recently, the gluon at large-x was only constrained in the PDF fit by
inclusive jet production data, and to a lesser extent by DIS data via scaling violations. However, there are
now at least three datasets available with which constrain the large-x gluon, namely inclusive jets, the pT
distribution of Z bosons, and top quark di↵erential distributions. In all cases, NNLO calculations are now
available. To illustrate the robustness of the resulting gluon, in Fig. 55 (Left) we show a comparison of
the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the Z pT , top quark,
or inclusive jet data have been removed. We observe that the four fits agree within PDF uncertainties,
highlighting that these three families of processes have statistically consistent pulls on the large-x gluon.

Another consideration that is relevant for the determination of the large-x gluon in a PDF analysis are
the settings for the theoretical calculations used for the inclusive jet cross sections. Until 2016, only the
NLO calculation was available, and di↵erent groups treated jet data in di↵erent ways, either adding the
NLO scale errors as additional systematic uncertainties as in CT14 and NNPDF3.1, using the threshold
approximation to the full NNLO result as in MMHT14, or excluding jet data altogether as advocated by
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LHC data has extensive and growing portfolio of pdf-sensitive 
measurements.  

measurements of same process at different CM energies, and ratio 
measurements (EG. of different processes, or same process at 
different energies) with partially cancelling systematics can provide 
significant pdf constraints  

NNLO QCD calculations available for important physics processes 
– developments in grid technology (APPLfast) mean these data 
should be useable in rigorous NNLO pdf fits in the near future

constraining PDFs with LHC data

44

impact of LHC data on modern global pdf fits
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.
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fit where the ATLAS and CMS 7 TeV inclusive jet data have been treated using exact NNLO theory, from [169].

It is worth emphasising that until recently, the gluon at large-x was only constrained in the PDF fit by
inclusive jet production data, and to a lesser extent by DIS data via scaling violations. However, there are
now at least three datasets available with which constrain the large-x gluon, namely inclusive jets, the pT
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available. To illustrate the robustness of the resulting gluon, in Fig. 55 (Left) we show a comparison of
the NNPDF3.1 NNLO global fit at Q = 100 GeV with the corresponding fits where the Z pT , top quark,
or inclusive jet data have been removed. We observe that the four fits agree within PDF uncertainties,
highlighting that these three families of processes have statistically consistent pulls on the large-x gluon.

Another consideration that is relevant for the determination of the large-x gluon in a PDF analysis are
the settings for the theoretical calculations used for the inclusive jet cross sections. Until 2016, only the
NLO calculation was available, and di↵erent groups treated jet data in di↵erent ways, either adding the
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approximation to the full NNLO result as in MMHT14, or excluding jet data altogether as advocated by

106

NNPDF3.1

effect of  LHC jet+top+ZPt

EPJ C77 (2017), 663

global pdf fitters actively including LHC 
data from ATLAS, CMS and LHCb

many measurements shown in this talk 
are yet to be included

much more still to come…

MMHT

EPJ C78 (2018), 248

a strange story

7

EPJ C77 (2017) 367

consistent with previous ATLAS results
PRL 109 (2012) 012001 (W,Z inclusive, 36 pb-1)

JHEP05 (2014) 068 (W+c analysis)
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Figure 31: Determination of the relative strange-to-down sea quark fractions rs (left) and Rs (right). Bands: Present
result and its uncertainty contributions from experimental data, QCD fit, and theoretical uncertainties, see text;
Closed symbols with horizontal error bars: predictions from di↵erent NNLO PDF sets; Open square: previous
ATLAS result [38]. The ratios are calculated at the initial scale Q2

0 = 1.9 GeV2 and at x = 0.023 corresponding to
the point of largest sensitivity at central rapidity of the ATLAS data.

• To test the sensitivity to assumptions about the low-x behaviour of the light-quark sea, the constraint
on ū = d̄ as x ! 0 is removed by allowing Ad̄ and Bd̄ to vary independently from the respective
Aū and Bū. The resulting ū is compatible with d̄ within uncertainties of ' 8% at x ⇠ 0.001 and Q2

0,
while s + s̄ is found to be unsuppressed with rs = 1.16.

• The ATLAS-epWZ16 PDF set results in a slightly negative central value of xd̄�xū at x ⇠ 0.1, which
with large uncertainties is compatible with zero. This result is about two standard deviations below
the determination from E866 fixed-target Drell–Yan data [137] according to which xd̄ � xū ⇠ 0.04
at x ⇠ 0.1. It has been suggested that the ATLAS parameterization forces a too small xd̄ distribution
if the strange-quark PDF is unsuppressed [135]. However, the E866 observation is made at x ⇠ 0.1,
while the ATLAS W, Z data have the largest constraining power at x ⇠ 0.023. For a cross-check, the
E866 cross-section data was added to the QCD fit with predictions computed at NLO QCD. In this
fit xd̄ � xū is enhanced and nevertheless the strange-quark distribution is found to be unsuppressed
with rs near unity.

• Separate analyses of the electron and muon data give results about one standard deviation above
and below the result using their combination. If the W± and Z-peak data are used without the Z/�⇤

data at lower and higher m``, a value of rs = 1.23 is found with a relative experimental uncertainty
almost the same as in the nominal fit.

• A suppressed strange-quark PDF may be enforced by fixing rs = 0.5 and setting Cs̄ = Cd̄. The total
�2 obtained this way is 1503, which is 182 units higher than the fit allowing these two parameters to
be free. The ATLAS partial �2 increases from 108 units to 226 units for the 61 degrees of freedom.
A particularly large increase is observed for the Z-peak data, where �2/n.d.f. = 53/12 is found for
a fit with suppressed strangeness.

A final estimate of uncertainties is performed with regard to choosing the renormalization and factor-
ization scales in the calculation of the Drell–Yan cross sections. The central fit is performed using the
dilepton and W masses, m`` and mW , as default scale choices. Conventionally both scales are varied by
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A strange conundrum
 In most PDF fits, strangeness suppressed wrt up and down quark sea due to neutrino dimuon data

 On the other hand, recent collider data, in particular the ATLAS W,Z 2011 rapidity distributions, prefer 
instead a symmetric strange quark sea

Thorne, DIS2017

 The new ATLAS data can be accommodated in the global fits, and i) indeed it increases strangeness, but 
not as much as in  a collider-only fit, and ii) some tension remains between neutrino and collider data

≈ 0.5 (from neutrino, CMS W+c)

≈ 1.0 (from ATLAS W,Z)
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(following HERAPDF ansatz; xFitter framework)



L. Aperio Bella   

SM measurements play essential roles in testing our current 
understanding of the laws that govern the universe. 
1. Measurements of the SM at LHC are looking at unexplored 

territory  
• Testing the validity of SM in challenging & previously unaccessible 

regions 
• High energy, rare processes 
• Difficult modelling: high-order/EW corrections 

• Tune MC generators, constraints PDFs, ... 
2. Constrain, or observe, new physics contributions  

• Rare production processes 
• Processes sensitive to anomalous couplings 

3. Background to all direct searches & Higgs measurements 

SM Physics Measurement

45

http://context.reverso.net/traduzione/inglese-italiano/laws+that+govern


L. Aperio Bella   

The SM has been very successful in predicting the 
observed rates of particle production processes.  

Despite its success, the SM cannot answer several 
open questions in particle physics:  

Dark matter, dark energy? Baryon asymmetry? 
Strong CP problem? 

Is the Higgs mass fine tuned?  
Are these the right questions? 

Open questions 

46



L. Aperio Bella   

SM measurements validity range
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L. Aperio Bella   

Direct searches
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Searches for di-lepton and di-jet resonances 

arXiv:1903.06248 

Exclude excited quarks with masses 
below 6.7 TeV (95% C.L.) 

ATLAS-CONF-2019-007 
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Higgs boson physics 
ATLAS-CONF-2019-005 

First full combination based on template  
cross sections (reduced theory uncertainty) 

ATLAS-CONF-2019-004 

Full Run-2 dataset provides a  significance of 4.9σ 
in H à γγ decay mode alone (exp. 4.2σ)  
 
 

SM value:    1.15         fb  +0.09 
- 0.12 


