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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Production of electroweak (EW) gauge bosons at the LHC 

▪ Precise tool to probe 
▪ SM parameters (mW, mH, sin2θeff, …) 
▪ Gauge structure of EW sector 
▪ QCD (NNLO corrections, …)

Introduction
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass
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▪ Weak mixing angle extraction @8 TeV 
▪ CMS EPJC 78 (2018) 701; ATLAS-CONF-2018-037 

▪ Triple-differential Drell-Yan @8 TeV 
▪ ATLAS JHEP 12 (2017) 059 

▪ Forward Z → τ+τ− @ 8 TeV 
▪ LHCb arXiv:1806.05008 

▪ Inclusive WZ production @13 TeV 
▪ ATLAS-CONF-2018-034, CMS-PAS-SMP-18-002 

▪ Electroweak diboson production @13 TeV 
▪ WZ: ATLAS-CONF-2018-033, CMS-PAS-SMP-18-001 
▪ ZZ: CMS PLB 774 (2017) 682 
▪ WW: CMS PRL 120 (2018) 081801; ATLAS-CONF-2018-030 

▪ γγ → ll with proton-tagging @13 TeV 
▪ CMS+TOTEM JHEP 1807 (2018) 153  

▪ Light-by-light scattering @5 TeV Pb+Pb 
▪ ATLAS Nature Phys. 13 (2017) 852; CMS-PAS-FSQ-16-012

Measurements discussed in this talk 
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▪ For this type of measurements, leptonic final states are preferred 
(e.g. Z→ll) 

▪ Clean to identify/calibrate in the detector

Detecting the objects
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Z→ee invariant mass with energy corrections

3

Z→ee mass distribution reconstructed with electron tuned energy corrections for
barrel-barrel electron pairs (left) and endcap-endcap electron pairs (right).

Loose-eleID selection, pT>32 (25) GeV for the (sub-)leading electron.

MC normalized to data
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▪ αem, GF, mZ → known with high precision 

▪ Other parameters can be constrained: 
 

▪ BUT: modified by higher-order corrections

Standard Model parameters
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▪ Gfitter  
arXiv:1803.01853  
 

▪ At the LHC:  
Tests of the consistency  
of the EW sector through  
high-precision measurements 
of sin2θeff and mW possible

Direct measurement vs global fit
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Parameter Measurement Indirect 
determination 

from EW fit
mH [GeV] 125.1 ± 0.2 90 ± 21

    mt [GeV] 172.47 ± 0.68 176.4 ± 2.1
mW [GeV] 80.379 ± 0.013 80.354 ± 0.007
sin2θeff (LEP+SLC) 0.23152 ± 0.00016 0.23149 ± 0.00007

https://arxiv.org/abs/1803.01853
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▪ Previous measurements (LHC/Tevatron) 
▪ Based on forward-backward asymmetry (AFB) in DY ee/µµ 
 
 
 
 
 

▪ ATLAS & LHCb measurements heavily limited  
by PDF uncertainties

Weak mixing angle @ 8 TeV
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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 [49]
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.

CT10 CT14 MMHT14 NNPDF31

sin2 ✓`e↵ 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 39 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.

the results quoted below. The combined result is measured to be:

0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.),

where the first uncertainty corresponds to the data statistical uncertainty, the second to the PDF uncertain-
ties in the MMHT14 PDF set, and the third to all other systematic uncertainties a↵ecting the measurement
and its interpretation. This result agrees within its total uncertainty of ±0.00036 with the current value
of 0.23150 ± 0.00006 from global electroweak fits [24]. Figure 11 compares the ATLAS measurements
presented in this note to previous measurements from the LHC experiments, to the recently published
combined legacy measurement from the CDF and D0 experiments at the Tevatron, and to the most precise
legacy individual measurements from LEP and SLC. The combined ATLAS result has similar precision
to that of the most precise LEP/SLC measurements shown in the plot, and to that of the overall combined
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1 Introduction

In the Standard Model (SM), the Z boson couplings di�er for left- and right-handed
fermions. The di�erence leads to an asymmetry in the angular distribution of positively
and negatively charged leptons produced in Z boson decays. This asymmetry depends
on the weak mixing angle (◊W ) between the neutral states associated to the U(1) and
SU(2) gauge groups, i.e. the relative coupling strengths between the photon and the Z
boson. In order to compare directly with previous experimental determinations, a scheme
is adopted in which the higher order corrections to the Z boson couplings are absorbed
in e�ective couplings. The resulting e�ective parameter sin2◊e�

W is defined as a function
of the ratio of the vector and the axial-vector e�ective couplings of the Z boson to the
fermions involved [1], and is proportional to sin2◊W.

Defining ◊ú as the polar angle of the negatively charged lepton in the Collins-Soper [2]
frame, in which the direction of the z-axis is aligned with the di�erence of the incoming
proton momentum vectors in the dimuon rest frame, the di�erential cross section in the
SM at leading order is

d‡

d cos ◊ú = A(1 + cos2 ◊ú) + B cos ◊ú.

Here A and B are coe�cients that depend on the dimuon invariant mass, mainly because of
interference between Z and “ú contributions, the colour charge of the quarks and the vector
and axial-vector couplings. The parameter B is a function of sin2◊W and is proportional
to the forward-backward asymmetry AFB, which is given by

AFB © NF ≠ NB
NF + NB

,

where NF represents the number of forward decays (cos ◊ú > 0) and NB the number of
backward decays (cos ◊ú < 0). The Collins-Soper frame is used because it minimises the
impact of the transverse momentum of the incoming quarks on the identification of forward
and backward decays.

In this paper the asymmetry of the angular distribution of muons in Z æ µ+µ≠ decays1

is measured using proton proton collision data collected by the LHCb experiment at
centre-of-mass energies of

Ô
s = 7 and 8 TeV, corresponding to an integrated luminosity

of 1 fb≠1 and 2 fb≠1 respectively. The asymmetry as a function of the dimuon invariant
mass is used to determine sin2◊e�

W .
Comparisons of the determinations of the weak mixing angle from processes with

di�erent initial and final state fermions provide a test of the universality of the fermion
to Z couplings. The most accurate measurement of sin2◊e�

W at the LEP experiments
was obtained from the forward-backward asymmetry in b quark final states [1], and at
the SLD experiment by measuring the left-right asymmetry with polarised electrons [3].
Determinations of sin2◊e�

W have also been obtained in hadronic production processes with
1In the following Z is used to denote the Z/“ú contributions.

1

At LO SM: Parity-violating term 
B ~ AFB and function of sin2θW

AFB =
σ(cos θ * > 0) − σ(cos θ * < 0)
σ(cos θ * > 0) + σ(cos θ * < 0)θ*: decay angle in Collins-Soper frame
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Figure 2: The measurements of AFB as a function of the dimuon invariant mass for data compared
to SM predictions for (left)

Ô
s = 7 TeV and (right)

Ô
s = 8 TeV. The SM predictions are calculated

using Powheg interfaced with Pythia for parton showering with the world average value for
sin2◊e�

W = 0.2315 [27]. The data include both statistical and systematic uncertainties, and the
SM predictions include the theoretical uncertainties described in Sec. 5.

NNPDF [28]3, with the strong coupling constant –s(MZ) = 0.118, was used when generating
the Apred

FB samples.
Theoretical uncertainties associated with the Apred

FB distributions are taken into account
when determining sin2◊e�

W . They arise from the underlying PDF, the choice of renormali-
sation and factorisation scales, the value of –s used, and the FSR calculation. Each of
these uncertainties, referred to collectively as theoretical uncertainties, are obtained from
simulation. The same uncertainty is assigned to Apred

FB at both
Ô

s = 7 and 8 TeV.
To estimate the theoretical uncertainty of the PDF set, one hundred replica samples

are produced, each with a unique PDF set provided by NNPDF [29]. The value of
Apred

FB is calculated as a function of mµµ for each of these replicas, and the corresponding
68% confidence level interval determined. The size of this uncertainty is larger than the
di�erence observed using CT10 [30] as an alternative PDF parameterisation.

Uncertainty in the PDFs a�ects Apred
FB in a way that is correlated across all dimuon

invariant mass bins. The same systematic uncertainty is applied for both collision energies
and is therefore fully correlated for the two samples.

The uncertainty due to the choice of renormalisation and factorisation scales is studied
by varying them by a factor of 0.5 and 2 [31]. The uncertainty in the sin2◊e�

W determination
due to the uncertainty in –s is estimated by studying the impact of a variation of ±0.002
when generating samples using Powheg-Box. This covers the current uncertainty on
–s [27]. For both the –s and scale uncertainties the final uncertainty is estimated by fitting
a constant across the mass range to the maximum and minimum deviations in Apred

FB to
minimise the e�ect of statistical fluctuations in the samples.

The uncertainty due to the implementation of FSR is treated as a theoretical un-
3NNPDF 2.3 QCD + QED NLO.
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AFB measurement

Total relative uncertainty at  10-3 for  combination 
(central m and e) dominated by data stat. 
In the CF-electron channel, 2% uncertainty 
under the peak

Powheg enhanced with NNLO QCD and NLO EW K-factors (sin2θeff 
lep =0.23113) well describe data.

NNLOJET with MMHT14 PDF  agrees well over the whole range of  measurements

Z forward-backward asymmetry (Z3D) @ 8 TeV

9

Effective weak mixing angle

sin2θeff 
lep key parameter of  SM, dominant theory uncertainty of the measurement at LHC 

come from PDFs , it is measurable via:

1) AFB done recently by CMS (binned in mll and Yll ) and 
Tevatron and in the past ATLAS@7TeV (binned in mll )

2) Z angular coefficient (A4) binned in mll and Yll

-->ATLAS  constrains PDFs uncertainty with 2 innovative approaches the  A4 and Z3D 
measurements  (simultaneous extraction of AFB and PDFs)
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Effective weak mixing angle

sin2θeff 
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come from PDFs , it is measurable via:
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Tevatron and in the past ATLAS@7TeV (binned in mll )

2) Z angular coefficient (A4) binned in mll and Yll

-->ATLAS  constrains PDFs uncertainty with 2 innovative approaches the  A4 and Z3D 
measurements  (simultaneous extraction of AFB and PDFs)

Parameter Value Description
Measured

mZ 91.1876 GeV Mass of Z boson
mH 125.0 GeV Mass of Higgs boson
mt 173.0 GeV Mass of top quark
mb 4.7 GeV Mass of b quark
1/↵(0) 137.0359895(61) QED coupling constant in Thomson limit
Gµ 1.166389(22) · 10�5 GeV�2 Fermi constant from muon lifetime

Calculated
mW 80.353 GeV Mass of W boson
sin2 ✓W 0.22351946 On mass-shell-value of weak mixing angle
↵(m2

Z
) 0.00775995

1/↵(m2
Z

) 128.86674175
ZPAR(6) � ZPAR(8) 0.23175990 sin2✓`

e f f
(m2

Z
) (e, µ,⌧)

ZPAR(9) 0.23164930 sin2✓u
e f f

(m2
Z

) (up quark)

ZPAR(10) 0.23152214 sin2✓d
e f f

(m2
Z

) (down quark)

Table 1: Input parameters used by the Dizet 6.21 library together with the calculated results for e↵ective weak
mixing angles and ↵(mZ ) at the Z pole.

The EW virtual corrections can be expressed fully in terms of several complex form factors, which ac-
count for the higher-order virtual corrections, including those to the photon and Z-boson propagators.
The flavour-dependent EW form factors K f (s, t) modify directly the vector couplings of the Z boson to
fermions as follows:

v f = (2 · T f

3 � 4 · qf · sin2 ✓W · K f (s, t))/�, (3)

where (s, t) denote two variables, chosen to be m`` and cos ✓ (the dependence on the lepton angular
variable arises from the inclusion of box corrections), T f

3 represents the third component of the fermion
weak isospin and qf the fermion electric charge, the parameter sin2 ✓W = 1�m2

W
/m2

Z
is the weak mixing

angle in the on-mass-shell scheme, and � =
q

16 · sin2 ✓W · (1 � sin2 ✓W ) is a multiplicative factor. At
the Z pole, if one integrates over t and considers Z-boson decays to leptons ignoring the small contribution
from the imaginary part of K f , the ratio of the e↵ective vector to axial-vector coupling constants of the
Z boson to leptons is expressed as a function of a single e↵ective form factor K`

Z
:

vl
al
= 1 � 4 · K`

Z
· sin2 ✓W , (4)

and one can define the e↵ective leptonic weak mixing angle at the Z pole as: sin2 ✓`e↵ = K`
Z
· sin2 ✓W .

More details concerning the implementation of the EW corrections for pp collisions on an event per
event basis as a weight, which accurately corrects the observables for their impact on the measurements

6
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▪ To reduce impact of PDFs 
▪ Fit mass & rapidity dependence of observed  

AFB to SM predictions, as function of sin2θeff 

▪ PDF reweighting using NNPDF3.0 replicas 

CMS weak mixing angle @ 8 TeV
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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 [49]
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.

CT10 CT14 MMHT14 NNPDF31

sin2 ✓`e↵ 0.23118 0.23141 0.23140 0.23146

Uncertainties in measurements

Total 39 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.

the results quoted below. The combined result is measured to be:

0.23140 ± 0.00021 (stat.) ± 0.00024 (PDF) ± 0.00016 (syst.),

where the first uncertainty corresponds to the data statistical uncertainty, the second to the PDF uncertain-
ties in the MMHT14 PDF set, and the third to all other systematic uncertainties a↵ecting the measurement
and its interpretation. This result agrees within its total uncertainty of ±0.00036 with the current value
of 0.23150 ± 0.00006 from global electroweak fits [24]. Figure 11 compares the ATLAS measurements
presented in this note to previous measurements from the LHC experiments, to the recently published
combined legacy measurement from the CDF and D0 experiments at the Tevatron, and to the most precise
legacy individual measurements from LEP and SLC. The combined ATLAS result has similar precision
to that of the most precise LEP/SLC measurements shown in the plot, and to that of the overall combined
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sin2θeff = 0.23101 ±0.00036(stat) ±0.00018(sys)  
±0.00016(theo) ±0.00031(PDF) [0.00053 tot]
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Figure 1: Predicted values at NLO in QCD for the angular coe�cient A4 as a function of m`` , shown for full Z/�⇤
production and for only pure Z-boson production (left), for which the small non-zero value of the angular coe�cient
displays the contribution from the weak mixing angle to the asymmetry. The di↵erence �A4 in the predictions is
shown (right) where the reference is taken to be the LO EW predictions from the Powheg-Box event generator [44–
47] with sin2 ✓W = 0.23113. These predictions are compared to those obtained using the same generated sample,
reweighted as explained in the text to predictions in the EW ↵(0) scheme including the EW form factor (FF)
corrections. These IBA predictions are shown in the two cases where the calculations include or not the EW box
diagrams which break the polynomial decomposition of Eq. 1.

to be very small in the Z-pole region (see Fig. 1 right). The details of this paradigm, often called the
improved Born approximation (IBA) are explained in Refs. [36–38].

A similar approach also works for QCD and has been explored and validated recently in the case of con-
figurations with high-pT jets associated with the Drell-Yan production of Z bosons [39] or W bosons [40].
These studies have shown that with a specific choice of the rest-frame in which the angular coe�cients are
calculated, all coe�cients except A4 are close to zero, suggesting that the Born-like representation of the
matrix element together with the use of the IBA approach for including higher-order EW corrections to
the observables of interest represent an excellent approximation, even in the presence of QCD radiation
including up to two jets produced in association with the Z boson. The potentially large electroweak
Sudakov logarithmic corrections discussed in Ref. [41] represent yet another class of weak e↵ects, sep-
arable from those discussed above and throughout this note. They are very small for lepton pairs with
a virtuality close to the Z-boson pole mass, typically with a mass below 2 mW , and are therefore not
discussed further here.

To assess precisely the size and impact of genuine weak corrections to the Born-like cross section for
lepton pair production with a virtuality below 2 mW , the precision calculations and programs [31, 32]
prepared for the LEP era have been re-used, as encoded in the Dizet 6.21 library [32, 37, 42, 43].
The EW scheme used to compute these corrections is the so-called ↵(0) scheme, with three main input
paramaters, Gµ , mZ , and ↵(0), as given in Table 1. The on-mass-shell-value of sin2 ✓W is obtained from
the measured value of mZ and a value of mW calculated including higher order corrections, leading to a
value of the weak mixing angle in the on-mass-shell scheme of sin2 ✓W = 0.22352. The EW corrections,
expressed as form factors, have an impact on the normalisation of the cross sections, the line-shape of the
Z-boson, the polarisation of the outgoing leptons, the angular coe�cient A4, and the forward-backward
asymmetry AFB, as measured in the fiducial acceptance of the decay leptons.

5

▪ Measurement strategy 
▪ 5D differential cross section                             can be decomposed as  

1+8 harmonic polynomials Pi (cosθ*, φ*), multiplied by dimensionless 
angular coefficients Ai (pTZ, yZ, mZ) 

▪ Angular coefficients Ai describe full QCD  
production dynamics: 

▪ AFB = 3/8 A4 (in full phase space → folding) 
▪ Ai extraction: fit templates of the Pi  polynomials  

to reconstructed angular distributions;  
8×8 bins in (cosθ*, φ*) for each yll, mll bin  
[see also JHEP 08 (2016) 159]

ATLAS weak mixing angle @ 8 TeV
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a per-event weight technique [29, 30] and in the improved Born approximation, as developed and used
for the legacy measurements of LEP [31, 32].

This note is organised as follows: Section 2 describes the theoretical framework used to extract the
measurement, while Sections 3 and 4 respectively review briefly the methodology of the measurement of
the angular coe�cients and the data analysis, which are very similar to what is explained in more detail
in Ref. [7]. Section 5 summarises the various sources of systematic uncertainties in the measurements of
the angular coe�cient A4 and in the extraction of sin2 ✓`e↵ . Finally, Section 6 discusses the compatibility
of the results obtained in the three analysis channels, describes a cross-check with the forward-backward
asymmetry analysis stemming from the interpretation of the ATLAS measurements of this observable [8],
and then presents the results and compares them to previous measurements.

2 Theoretical framework

2.1 Angular coe�cients

The angular distributions of charged lepton pairs produced in hadron–hadron collisions via the Drell–
Yan neutral current process, qq̄ ! Z/�⇤ ! `+`�, provide a portal to precise measurements of the
production dynamics through spin correlation e↵ects between the initial-state spin-1/2 partons and the
final-state spin-1/2 leptons mediated by a spin-1 intermediate state, predominantly the Z boson. The
Collins-Soper (CS) reference frame [33] is used to define the lepton polar and azimuthal angular vari-
ables (cos ✓,�). The spin correlations are described by a set of nine helicity density matrix elements,
which can be calculated within the context of the parton model using the theoretical formalism elaborated
in Refs. [3–6].

At leading order in EW theory, the full five-dimensional di↵erential cross-section describing the kin-
ematics of the two Born-level leptons from the Z-boson decay can be decomposed as a sum of nine
harmonic polynomials, which depend on cos ✓ and �, multiplied by corresponding helicity cross-sections
that depend on the Z-boson transverse momentum (p``T ), rapidity (y``), and invariant mass (m``). It is a
standard convention to factorise out the unpolarised cross-section, denoted in the literature by �U+L , and
to present the five-dimensional di↵erential cross-section as an expansion into nine harmonic polynomials
Pi (cos ✓,�) and eight dimensionless angular coe�cients A0�7(p``T , y

``,m``), which represent ratios of
helicity cross-sections with respect to �U+L :

d�
dp``T dy`` dm`` d cos ✓ d�

=
3

16⇡
d�U+L

dp``T dy`` dm``

⇢
(1 + cos2 ✓) +

1
2

A0(1 � 3 cos2 ✓) + A1 sin 2✓ cos � (1)

+
1
2

A2 sin2 ✓ cos 2� + A3 sin ✓ cos � + A4 cos ✓

+A5 sin2 ✓ sin 2� + A6 sin 2✓ sin � + A7 sin ✓ sin �
�
.

The dependence of the di↵erential cross-section on cos ✓ and � is thus completely manifest analytically.
In contrast, the dependence on p``T , y``, and m`` is entirely contained in the Ai coe�cients and �U+L .

3

a per-event weight technique [29, 30] and in the improved Born approximation, as developed and used
for the legacy measurements of LEP [31, 32].

This note is organised as follows: Section 2 describes the theoretical framework used to extract the
measurement, while Sections 3 and 4 respectively review briefly the methodology of the measurement of
the angular coe�cients and the data analysis, which are very similar to what is explained in more detail
in Ref. [7]. Section 5 summarises the various sources of systematic uncertainties in the measurements of
the angular coe�cient A4 and in the extraction of sin2 ✓`e↵ . Finally, Section 6 discusses the compatibility
of the results obtained in the three analysis channels, describes a cross-check with the forward-backward
asymmetry analysis stemming from the interpretation of the ATLAS measurements of this observable [8],
and then presents the results and compares them to previous measurements.

2 Theoretical framework

2.1 Angular coe�cients

The angular distributions of charged lepton pairs produced in hadron–hadron collisions via the Drell–
Yan neutral current process, qq̄ ! Z/�⇤ ! `+`�, provide a portal to precise measurements of the
production dynamics through spin correlation e↵ects between the initial-state spin-1/2 partons and the
final-state spin-1/2 leptons mediated by a spin-1 intermediate state, predominantly the Z boson. The
Collins-Soper (CS) reference frame [33] is used to define the lepton polar and azimuthal angular vari-
ables (cos ✓,�). The spin correlations are described by a set of nine helicity density matrix elements,
which can be calculated within the context of the parton model using the theoretical formalism elaborated
in Refs. [3–6].

At leading order in EW theory, the full five-dimensional di↵erential cross-section describing the kin-
ematics of the two Born-level leptons from the Z-boson decay can be decomposed as a sum of nine
harmonic polynomials, which depend on cos ✓ and �, multiplied by corresponding helicity cross-sections
that depend on the Z-boson transverse momentum (p``T ), rapidity (y``), and invariant mass (m``). It is a
standard convention to factorise out the unpolarised cross-section, denoted in the literature by �U+L , and
to present the five-dimensional di↵erential cross-section as an expansion into nine harmonic polynomials
Pi (cos ✓,�) and eight dimensionless angular coe�cients A0�7(p``T , y

``,m``), which represent ratios of
helicity cross-sections with respect to �U+L :

d�
dp``T dy`` dm`` d cos ✓ d�

=
3

16⇡
d�U+L

dp``T dy`` dm``

⇢
(1 + cos2 ✓) +

1
2

A0(1 � 3 cos2 ✓) + A1 sin 2✓ cos � (1)

+
1
2

A2 sin2 ✓ cos 2� + A3 sin ✓ cos � + A4 cos ✓

+A5 sin2 ✓ sin 2� + A6 sin 2✓ sin � + A7 sin ✓ sin �
�
.

The dependence of the di↵erential cross-section on cos ✓ and � is thus completely manifest analytically.
In contrast, the dependence on p``T , y``, and m`` is entirely contained in the Ai coe�cients and �U+L .

3



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Predictions 
▪ A4 largest at yZ ~ 3 

▪ A4 → sin2θeff  mapping 
▪ Based on effective linear relation 

A4 = a x sin2θeff + b (in each bin)  
(EW corrections absorbed in (a,b))  

ATLAS weak mixing angle @ 8 TeV
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dilution  
effect



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Data analysis 
▪ ~15M ee+µµ pairs selected in data 
▪ Central-forward Z→ee (eeCF) production: adds extra sensitivity (1.6< yZ <3.6)

ATLAS weak mixing angle @ 8 TeV

 11

70 < mll < 80 GeV
|yll | Data Top+EW Multijets Non-fiducial Z
0-0.8 124 050 0.019 0.017 0.009

0.8-1.6 137 984 0.015 0.014 0.014
1.6-2.5 74 976 0.010 0.011 0.019

80 < mll < 100 GeV
|yll | Data Top+EW Multijets Non-fiducial Z
0-0.8 2 866 016 0.002 0.001 < 0.001

0.8-1.6 2 948 371 0.002 0.001 < 0.001
1.6-2.5 1 314 890 0.002 0.001 < 0.001

100 < mll < 125 GeV
|yll | Data Top+EW Multijets Non-fiducial Z
0-0.8 119 650 0.030 0.023 0.023

0.8-1.6 122 775 0.020 0.015 0.023
1.6-2.5 55 886 0.010 0.005 0.022

Table 5: Data yield in each analysis bin along with estimated background fractions for the µµCC channel.

80 < mll < 100 GeV
|yll | Data Top+EW Multijets Non-fiducial Z

1.6-2.5 702 142 0.001 0.010 0.017
2.5-3.6 441 104 0.001 0.011 0.013

Table 6: Data yield in each analysis bin along with estimated background fractions for the eeCF channel.

the eeCF channel is larger, amounting in total to about 3% in the pole region. Templates of the angular
distributions of the sum of all these backgrounds are used in the fit to extract the angular coe�cients, as
described in Section 3.

4.5 Angular distributions

The agreement between data and MC is assessed after all the selection criteria have been applied. Figure 5
shows the angular distributions, cos ✓ and �, over the full |yll | and p``T range, for all three channels
and for the central mass bin, 80 < mll < 100 GeV, together with the ratio of the observed data to
the sum of predicted signal and background events. The data and MC distributions are not normalised
to each other, resulting in normalisation di↵erences at the level of a few percent, compatible with the
combination of uncertainties in integrated luminosity and signal cross section. The measurement of the
angular coe�cients is, however, independent of the normalisation between data and simulation in each

17

Central: |ηe|<2.4 
Forward: 2.5<|ηe|<4.9



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ sin2θeff results → based on reference PDF set (MMHT14) 
▪ eeCF channel most precise (only 1.5M events, cf. 13.5M eeCC + µµCC) 
▪ MC statistics second largest systematic uncertainty

ATLAS weak mixing angle @ 8 TeV
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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Compatibility with other measurements 
▪ sin2θeff = 0.23140 ±0.00021(stat) ±0.00016(sys) ±0.00024(PDF) [0.00036 tot] 
▪ This measurement improves the overall consistency of the full set of 

measurements

ATLAS weak mixing angle @ 8 TeV
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0.15%  
precision



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ d3σ/dyll dmll dcosθ* measurement designed to be  
simultaneously sensitive to sin2θeff and PDFs 

▪ yll and mll → sensitive to PDFs 
▪ cosθ* → sensitive to sin2θeff and PDFs 

▪ Measurement 
▪ Wide kinematic range is covered: 

46 < mll < 200 GeV and |yll|< 3.6 
▪ 654 differential bins in total 
▪ Accuracy: about 2%  

[1.9% (lumi) + 0.5%(stat) + 0.5%(exp)] 

ATLAS triple-differential Drell-Yan @ 8 TeV
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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Good agreement of triple-diff. measurements with predictions 
▪ Asymmetry (AFB) evolution clearly visible

ATLAS triple-differential Drell-Yan @ 8 TeV
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Triple-differential Drell-Yan cross 
sections

Combined 3D cross section distributions

Good agreement of triple-di↵erential measurements with predictions

Asymmetry evolution: AFB < 0 below Z -pole,
AFB ⇠ 0 around Z -pole, AFB > 0 above Z -pole
! expected from interference of the Z/�⇤ contributions

Asymmetry grows with |y``| due to less dilution
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Initial-state QCD radiation can introduce a non-zero transverse momentum for the final-state lepton pair,
leading to quark directions which may no longer be aligned with the incident proton directions. Hence,
in this paper, the decay angle is measured in the CS reference frame [26] in which the decay angle is
measured from an axis symmetric with respect to the two incoming partons. The decay angle in the CS
frame (✓⇤) is given by

cos ✓⇤ =
pz,``

m``|pz,``|

p+1 p�2 � p�1 p+2q
m2
`` + p2

T,``

,

where p±i = Ei ± pz,i and i = 1 corresponds to the negatively-charged lepton and i = 2 to the positively-
charged antilepton. Here, E and pz are the energy and longitudinal z-components of the leptonic four-
momentum, respectively; pz,`` is the dilepton z-component of the momentum; and pT,`` the dilepton
transverse momentum.

The triple-di↵erential cross sections are measured using 20.2 fb�1 of pp collision data at
p

s = 8 TeV.
The measurements are performed in the electron and muon decay channels for |y``| < 2.4. The electron
channel analysis is extended to high rapidity in the region 1.2 < |y``| < 3.6. The measured cross sections
cover the kinematic range 46 < m`` < 200 GeV, 0 < |y``| < 3.6, and �1 < cos ✓⇤ < +1. For convenience
the notation

d3� ⌘
d3�

dm``d|y``|d cos ✓⇤

is used. The cross sections are classified as either forward (cos ✓⇤ > 0) or backward (cos ✓⇤ < 0) and used
to obtain an experimental measurement of AFB di↵erentially in m`` and |y``|:

AFB =
d3�(cos ✓⇤ > 0) � d3�(cos ✓⇤ < 0)
d3�(cos ✓⇤ > 0) + d3�(cos ✓⇤ < 0)

. (3)

2 ATLAS detector

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged particles in
the pseudorapidity1 range |⌘| < 2.5 are reconstructed with the ID, which consists of layers of silicon pixel
and microstrip detectors and a straw-tube transition-radiation tracker having a coverage of |⌘| < 2.0. The
ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is surrounded by a hermetic
calorimeter that covers |⌘| < 4.9 and provides three-dimensional reconstruction of particle showers. The
electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead absorbers for |⌘| <
3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active material and steel
absorbers in the region |⌘| < 1.7. In the region 1.5 < |⌘| < 3.2, liquid argon is used as the active material,
with copper absorbers. A forward calorimeter covers the range 3.2 < |⌘| < 4.9 which also uses liquid
argon as the active material, and copper and tungsten absorbers for the EM and hadronic sections of the
subdetector, respectively.

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three layers of
precision chambers allow the accurate measurement of muon track curvature in the region |⌘| < 2.7. The

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam
pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

6



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Measurement reinterpretation 
▪ Cross-check of Ai-based sin2θeff  measurement 
▪ Extracted triple-differential AFB distributions are compared with NNLO 

calculations using MMHT14 PDF set for sin2θeff = 0.23148

ATLAS triple-differential Drell-Yan @ 8 TeV
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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ LHCb provides a complementary phase-space region (wrt ATLAS 
and CMS) for EW measurements 

▪ High and/or low Bjorken-x values  
are probed

Z→τ+τ− production with LHCb

 17
 4

Motivations

● LHCb offers a complementary phase space 
region with respect to ATLAS and CMS for 
Electroweak measurements.

 
● Cross-sections measurements of W and Z 
production in the forward acceptance are 
important tests of the Standard Model.

● These measurements provide access to Parton 
Distribution Functions in two different regions:

● We can aim to precisely measure fundamental 
parameters of the SM: the electroweak mixing 
angle, the W mass etc.

➔ at high Bjorken-x values;

➔ at low x values, unexplored by other 
experiments.

 2

LHCb: a general purpose forward detector

Muon 
Chambers

two RICH 
detectors

Magnet

SPDCalorimeters

VErtex
LOcator

Tracking
Stations

● Forward region: unique acceptance within 
the LHC experiments (2 < η < 5). 

● Momentum resolution: 0.4% at 5 GeV and 
0.6% at 100 GeV. 

● Muon ID efficiency: 97% with 1-3% μ → π 
mis-identification.

● Electron reconstruction: bremsstrahlung 
recovery and well-measured direction.

● Excellent vertex reconstruction: tagging 
of  b and c jets.

JINST 3 (2008) S08005 

LHCb demonstrated its capability in EW and 
jet physics

General purpose 
forward detector
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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Measurement of Z-boson production cross-section in di-tau final 
state @ 8 TeV 

▪ Taus reconstructed in leptonic (muon or e) or hadronic (one or 
three hadrons) final states  

▪ Seven channels in total: τeτe, τµτµ, τµτh1, τeτh1, τµτh3, τeτh3, τµτe  

▪ Main background (multijet, W/Z) → data-driven techniques

Z→τ+τ− production with LHCb
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Figure 1: Invariant-mass distributions for
(a) ⌧µ⌧µ, (b) ⌧e⌧e, (c) ⌧µ⌧h1, (d) ⌧e⌧h1, (e)
⌧µ⌧h3, (f) ⌧e⌧h3, (g) ⌧µ⌧e candidates with
the excluded mass ranges indicated by the
gray areas. The Z! ⌧+⌧� simulation (red)
is normalised to the observed signal. The
Z (blue), QCD (brown), and electroweak
(magenta) backgrounds are estimated from
data. The tt, V V backgrounds and cross-
feed (green) are estimated from simulation
(see text) and generally not visible.
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Figure 2: Summary of the measurements of Z! l+l� production cross-section inside the LHCb
acceptance region from pp collisions at 8TeV. The error bar represents the total uncertainty.
The dotted inner error bar corresponds to the statistical contribution. The coloured band
corresponds to the combined measurement of Z! ⌧+⌧� from this analysis. The last 7 rows
represent the NNLO predictions with di↵erent parameterizations of the PDFs.
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(United Kingdom), RRCKI and Yandex LLC (Russia), CSCS (Switzerland), IFIN-HH
(Romania), CBPF (Brazil), PL-GRID (Poland) and OSC (USA). We are indebted to
the communities behind the multiple open-source software packages on which we depend.
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EPLANET, Marie Sk lodowska-Curie Actions and ERC (European Union), ANR, Labex
P2IO and OCEVU, and Région Auvergne-Rhône-Alpes (France), Key Research Program
of Frontier Sciences of CAS, CAS PIFI, and the Thousand Talents Program (China),
RFBR, RSF and Yandex LLC (Russia), GVA, XuntaGal and GENCAT (Spain), Herchel
Smith Fund, the Royal Society, the English-Speaking Union and the Leverhulme Trust
(United Kingdom).
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▪ Measurements compatible with NNLO pQCD predictions  
(and different PDF sets)  

▪ Test of lepton flavour universality in Z decays: 

Z→τ+τ− production with LHCb

 19

uncertainty [31] is of 0.2% as studied with the Dynnlo generator [32]. The integrated
luminosity is measured using van der Meer scans [33] and beam-gas imaging method [34],
giving a combined uncertainty of 1.2% [18].

The cross-section results compared with the previous Z ! µ+µ� and Z ! e+e�

measurements inside the same acceptance region at 8TeV [12, 13], are presented in
Fig. 2, where the region is defined for Z bosons with an invariant mass between 60 and
120GeV/c2 decaying to leptons with pT > 20GeV/c and 2.0 < ⌘ < 4.5. The predictions
from theoretical models are calculated with the Fewz [35, 36] generator at NNLO for the
PDF sets ABM12 [37], CT10 [38], CT14 [39], HERA15 [40], MSTW08 [29], MMHT14 [41],
and NNPDF30 [42]. A best linear unbiased estimator is used to combine the measurements
from all streams taking into account their correlations, giving a �2 per degree of freedom
of 0.69 (p-value of 0.658). The combined cross-section is

�pp!Z!⌧+⌧� = 95.8± 2.1± 4.6± 0.2± 1.1 pb ,

where the uncertainties are statistical, systematic, due to the LHC beam energy uncertainty,
and to the integrated luminosity uncertainty, respectively.

Lepton universality is tested from the cross-section ratios [12, 13]

�8TeV

pp!Z!⌧+⌧�

�8TeV

pp!Z!µ+µ�
= 1.01± 0.05 ,

�8TeV

pp!Z!⌧+⌧�

�8TeV

pp!Z!e+e�
= 1.02± 0.06 ,

where the uncertainties due to the LHC beam energy and to the integrated luminosity
are assumed to be fully correlated as the analyses share the same dataset, whilst the
statistical and systematic uncertainties are assumed to be uncorrelated.

6 Conclusion

A measurement of Z! ⌧+⌧� production cross-section in pp collisions at
p
s = 8TeV inside

LHCb fiducial acceptance region is reported, where the region is defined as a tau-pair
of invariant mass between 60 and 120GeV/c2, with the tau leptons having a transverse
momentum greater than 20GeV/c, and pseudorapidity between 2.0 and 4.5.

The reconstruction of tau-pair candidates is performed in both leptonic and hadronic
decay modes of the tau lepton, requiring at least one leptonic mode for the tau-pair
combination. The backgrounds to Z! ⌧+⌧� are mainly from QCD and W/Z +jets and
are estimated with a data-driven method.

The production cross-section with all uncertainties summed in quadrature yields
95.8± 5.2 pb, in agreement with the SM prediction. The results are consistent with the
Z! e+e� and Z! µ+µ� cross-sections measured at LHCb. They are compatible with
LU at the level of 6%.
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▪ Good way to test gauge structure of SM 
▪ Look for signs of new physics (anomalous couplings) 
▪ With more data at the LHC: precision test of NNLO pQCD 

▪ Two types of measurements 
▪ Inclusive → larger cross-sections, less sensitive to ‘pure’ EW diagrams 
▪ Vector boson scattering (VBS) → smaller cross-sections, more sensitive 

to QGC, EWSB, …

Diboson production

 20

Example diagrams for EW (VBS) VV production

•  Examples(of(VVjj(EW(VBS(diagrams,(these(are(all(o(α6)(
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▪ Recent inclusive diboson measurements at the LHC can reach  
~5% precision

Diboson production

 21

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryJuly 2018

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.05± 0.02 ±0.96 -135.9 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

discussed 
today
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▪ WZ inclusive + differential cross section  
measurements from both ATLAS & CMS 

▪ WZ → 3lv (3e, 3µ, eeµ, eµµ) 
▪ Clean channel due to leptons 
▪ Z-boson is on-shell 
▪ 3rd lepton+ETmiss consistent with W

Inclusive WZ production @ 13 TeV

 22

L. Aperio Bella    22

latest WZ final state results

ATLAS-CONF-2018-0034,  
CMS-PAS-SMP-18-002 

WZ
• Inclusive+differential cross 

section measurements from 
both ATLAS & CMS
✦ WZ→3lν

• Good agreement between 
data & predictions
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7. Systematic uncertainties 9
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Figure 3: Distribution of key observables of the analysis in the ZZ control region: flavour com-
position of the three leading leptons (top left), invariant mass of the three leptons plus missing
transverse momentum (top right), transverse momentum of the Z boson reconstructed from
the pT of the two leptons assigned to it, and transverse momentum of the leading jet. Vertical
bars on the data points include their statistical uncertainty and shaded bands over the predic-
tion include the contributions of the different sources of uncertainty evaluated after the signal
extraction fit.
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Figure 3: Distribution of key observables of the analysis in the ZZ control region: flavour com-
position of the three leading leptons (top left), invariant mass of the three leptons plus missing
transverse momentum (top right), transverse momentum of the Z boson reconstructed from
the pT of the two leptons assigned to it, and transverse momentum of the leading jet. Vertical
bars on the data points include their statistical uncertainty and shaded bands over the predic-
tion include the contributions of the different sources of uncertainty evaluated after the signal
extraction fit.

▪ Irreducible background:  
▪ ZZ, VVV, ttV, tZ with ≥3 prompt leptons  
▪ Estimated from MC  

▪ Reducible background:  
▪ At least one fake/non-prompt lepton 
▪ Z+jets, Z+γ, W+γ, tt, WW  
▪ From data-driven methods  

▪ Main systematic uncertainties:  
▪ Data-driven background  
▪ Luminosity

Inclusive WZ production @ 13 TeV

 23

ZZ control region

An uncertainty of 12% is assigned as a global uncertainty on the amount of Z Z background predicted
by the MC simulation based on the comparison with data in the Z Z control region. Similarly, a global
uncertainty of 30% is assigned for the tt̄ + V background.

The uncertainty due to other irreducible background sources is evaluated by propagating the uncertainty
on their MC cross sections. These are 20% for VVV [83] and 15% for tZ [7].

The uncertainty on the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following a
methodology similar to that detailed in Ref. [84], from a calibration of the luminosity scale using x-y
beam-separation scans performed in August 2015 and May 2016. It is applied to the signal normalisation
as well as to all background contributions that are estimated purely using MC simulations and has an
e↵ect of 2.4% on the measured cross sections.

The total systematic uncertainty on the W±Z fiducial cross section, excluding the luminosity uncertainty,
varies between 4% and 6% for the four di↵erent measurement channels, and is dominated by the un-
certainty on the reducible background estimate. Table 3 shows the statistical uncertainty and the main
sources of systematic uncertainty on the W±Z fiducial cross section for each of the four channels and
their combination. The theory uncertainty on the measurements is dominated by the modelling of the
parton shower.

eee µee eµµ µµµ combined
Relative uncertainties [%]

e energy scale 0.2 0.1 0.1 < 0.1 0.1
e id. e�ciency 2.8 1.8 1.0 < 0.1 1.1
µ momentum scale < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
µ id. e�ciency < 0.1 1.3 1.6 2.8 1.5
Emiss

T and jets 0.2 0.2 0.3 0.5 0.3
Trigger < 0.1 < 0.1 0.2 0.3 0.2
Pileup 1.0 1.5 1.2 1.5 1.3
Misid. leptons background 4.7 1.1 4.5 1.6 1.9
Z Z background 1.0 1.0 1.1 1.0 1.0
Other backgrounds 1.6 1.5 1.4 1.2 1.4
Uncorrelated 0.7 0.6 0.7 0.5 0.3
Total systematics 6.0 3.5 5.4 4.1 3.6
Luminosity 2.4 2.4 2.4 2.4 2.4
Modelling 0.5 0.5 0.5 0.5 0.5
Statistics 3.6 3.3 3.2 2.7 1.6
Total 7.4 5.4 6.7 5.4 4.6

Table 3: Summary of the relative uncertainties on the measured fiducial cross section �fid.
W±Z for each channel and

for their combination. The uncertainties are reported as percentages. The decomposition of the total systematic
uncertainty into the main sources correlated between channels and the source uncorrelated between channels is
indicated in the first rows.

13
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▪ Cross section results 
▪ NNLO calculations (in general)  

improve data/MC agreement 
▪ NLO + parton shower reasonably describe  

(extra) jet kinematics

Inclusive WZ production @ 13 TeV
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and for the W Z system a variable mWZ
T . The variable mWZ

T is reconstructed as

mWZ
T =

vuut*
,

3X

`=1

p`T + Emiss
T

+
-

2

�
2666664
*
,

3X

`=1

p`x + Emiss
x

+
-

2

+ *,
3X

`=1

p`y + Emiss
y

+
-

23777775
. (2)

The Powheg+Pythia MC prediction is used for the W±Z signal contribution. In Figure 1 and Table 1
this contribution is scaled by a global factor of 1.18 to match the NNLO cross section predicted by
MATRIX. This scaling is only used for illustrative purposes in this figure and does not a↵ect the meas-
urements. Figure 1 indicates that the MC predictions provide a fair description of the shapes of the data
distributions.

Channel eee µee eµµ µµµ All

Data 1279 1281 1671 1929 6160

Total Expected 1221 ± 7 1281 ± 6 1653 ± 8 1830 ± 7 5986 ± 14

W Z 922 ± 5 1077 ± 6 1256 ± 6 1523 ± 7 4778 ± 12
Misid. leptons 138 ± 5 34 ± 2 193 ± 5 71 ± 2 436 ± 8
Z Z 86 ± 1 89 ± 1 117 ± 1 135 ± 1 426 ± 3
tt̄+V 50.0 ± 0.7 54 ± 0.7 56.1 ± 0.7 63.8 ± 0.8 225 ± 1
tZ 23.1 ± 0.4 24.8 ± 0.4 28.8 ± 0.4 33.5 ± 0.5 110 ± 1
VVV 2.5 ± 0.1 2.8 ± 0.1 3.2 ± 0.1 3.6 ± 0.1 12.0 ± 0.2

Table 1: Observed and expected numbers of events after the W±Z inclusive selection described in Section 5
in each of the considered channels and for the sum of all channels. The expected number of W±Z events
from Powheg+Pythia and the estimated number of background events from other processes are detailed. The
Powheg+Pythia MC prediction is scaled by a global factor of 1.18 to match the NNLO cross section predicted
by MATRIX. The sum of background events containing misidentified leptons is labelled “Misid. leptons”. Only
statistical uncertainties are reported.

8 Corrections for detector e↵ects and acceptance

For a given channel W±Z ! `0±⌫`+`�, where ` and `0 are either an electron or a muon, the integrated
fiducial cross section that includes the leptonic branching fractions of the W and Z bosons is calculated
as

�fid.
W±Z!`0⌫``

=
Ndata � Nbkg

L · CWZ
⇥

 
1 � N⌧

Nall

!
, (3)

where Ndata and Nbkg are the number of observed events and the estimated number of background events,
respectively, L is the integrated luminosity, and CWZ , obtained from simulation, is the ratio of the num-
ber of selected signal events at detector level to the number of events at particle level in the fiducial
phase space. This factor corrects for detector e�ciencies and for QED final-state radiation e↵ects. The
contribution from ⌧ lepton decays, amounting approximately to 4%, is removed from the cross-section
definition by introducing the term in parentheses. This term is computed using simulation, where N⌧ is
the number of selected events at detector level in which at least one of the bosons decays into a ⌧ lepton
and Nall is the number of selected W Z events with decays into any lepton.

9

2.
2.
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M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ W(Z) polarisation extracted by ATLAS 
▪ Helicity fractions f0 (longitudinal polarisation) and fL/fR (transverse) 
▪ Extraction via template fits to lepton decay angle in W(Z) rest-frame 
▪ Evidence for longitudinally polarised Ws at 4.2σ (3.8σ expected)

Inclusive WZ production @ 13 TeV
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11 Polarisation measurement

11.1 Formalism and analysis principle

The polarisation of a gauge boson can be determined from the angular distribution of its decay products.
At the Born level, the expected angular distribution for massless fermions in the rest frame of the parent
W is given in terms of the diagonal elements f0, fL and fR of the Spin Density Matrix [90–93] by

1
�W±Z

d�W±Z

d cos ✓`,W
=

3
8

fL(1 ⌥ cos ✓`,W )2 +
3
8

fR(1 ± cos ✓`,W )2 +
3
4

f0 sin2 ✓`,W , (8)

where ✓`,W is defined using the helicity frame, as the decay angle in the W rest frame of the charged
lepton with respect to the W direction in the W Z centre-of-mass frame, as shown in Figure 7. The
terms f0, fL and fR refer to the longitudinal, transverse-left handed and transverse-right handed helicity
fractions, respectively, and the normalisation is chosen such that f0 + fL + fR = 1. In the equation, the
upper and lower signs correspond to W+ and W� bosons, respectively. All dependences on the azimuthal
angle are integrated over.

A similar expression holds for the expected angular distribution of the lepton decay products of the Z
boson

1
�W±Z

d�W±Z

d cos ✓`,Z
=

3
8

fL(1+ 2↵ cos ✓`,Z + cos2 ✓`,Z ) +
3
8

fR(1+ cos2 ✓`,Z � 2↵ cos ✓`,Z ) +
3
4

f0 sin2 ✓`,Z ,

(9)

where ✓`,Z is defined using the helicity frame, as the decay angle in the Z rest frame of the lepton with
respect to the Z direction in the W Z centre-of-mass frame. The parameter ↵ = 2cvca

c2
v+c

2
a

is expressed in terms

of the vector cv = � 1
2 + 2 sin2 ✓e↵

W and axial-vector ca = � 1
2 couplings of the Z to leptons, respectively,

where the e↵ective value of the Weinberg angle sin2 ✓e↵
W = 0.23152 [33] is used. Equation (9) also holds

for the contribution from �⇤ and its interference with the Z boson. The tight invariant mass window of
10 GeV around the nominal Z boson mass minimises the contribution from �⇤, although the presented
helicity fractions are e↵ective fractions, containing this small contribution from �⇤.

Equations (8) and (9) are valid only when the full phase space of the leptonic decays of the gauge bosons
is accessible. Restrictions on the pT and ⌘ values of the charged decay lepton or of the neutrino suppress
events at ��cos ✓`,W (Z ) �� ⇠ 1, as shown in Figure 8, and the analytical expressions of Equations (8) and (9)
cannot be used to extract the helicity fractions.

Another major di�culty arises for the W boson from the incomplete knowledge of the neutrino mo-
mentum. The large angular coverage of the ATLAS detector enables measurement of the missing trans-
verse momentum, which can be identified as the transverse momentum of the neutrino. The neutrino
longitudinal momentum p⌫z is obtained using the W mass constraint. Solving the corresponding equation
leads to a two-fold ambiguity which is resolved by choosing the solution with the smaller |p⌫z |. If the
measured transverse mass is larger than the nominal W mass, no real solutions exist for p⌫z . The most
likely cause is that the measured Emiss

T is larger than the actual neutrino pT. In this case, the best estimate
is obtained by choosing the real part of the complex solution with the smaller magnitude. As an alternat-
ive of the cos ✓`,W observable using this reconstruction of the neutrino momentum, a “transverse helicity”

20



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Search by both ATLAS & CMS 
▪ Relatively clean signature: 

▪ 3 leptons + ETmiss  
▪ VBS dijet production topology (large mjj + large jet rapidity separation)

Electroweak WZ production @ 13 TeV
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jet

jet

Kenneth Long

‣Diboson production via vector 
boson scattering 

- Important component of VVjj 
production proceeding entirely 
via EW interactions at tree level 

- Given SM Higgs, vector boson  
self-interactions precisely 
predicted 

- Deviations from predictions 
signal new physics in EW 
sector  

Introduction and Motivation

‣ Low cross sections for VBS just becoming accessible 
- Measurements in new channels at 13 TeV 
- Some channels moving from observation to measurement with 

the full Run 2 data set

VBS WZ

Non-VBF (αs2α2) WZjj production

�2

H± Production

W

Z



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Dominant background (dedicated control regions are used) 
▪ QCD WZjj 
▪ Misidentified leptons 

▪ Signal extraction 
▪ Simultaneous fit of background event yields  

including various control regions 
▪ ATLAS: extra cut on BDT discriminant

Electroweak WZ production @ 13 TeV
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Kenneth Long

‣Diboson production via vector 
boson scattering 

- Important component of VVjj 
production proceeding entirely 
via EW interactions at tree level 

- Given SM Higgs, vector boson  
self-interactions precisely 
predicted 

- Deviations from predictions 
signal new physics in EW 
sector  

Introduction and Motivation

‣ Low cross sections for VBS just becoming accessible 
- Measurements in new channels at 13 TeV 
- Some channels moving from observation to measurement with 

the full Run 2 data set

VBS WZ

Non-VBF (αs2α2) WZjj production

�2

H± Production

W±Zjj→ "ν""jj
• 3 isolated leptons (e or µ), MET (via mT) as WZ incl. (previous talk)
• VBS signal region (SR): ≥ 2 jets, pT > 40 GeV , mjj > 500 GeV,  b-jet veto
• BDT discriminant based on 15 variables reflecting VBS kinematics

• Background estimate constrained via 3 control regions fitted w/ SR
Marc-André Pleier Brookhaven National Laboratory4/11

ATLAS-CONF-2018-033

WZjj-EW measured signal strength:

Observed sign.: 5.6σ (3.3σ expected)
Corresponding fid. cross section:

µWZ-QCD = 0.60 ± 0.25
µttV = 1.18 ± 0.19
µZZ = 1.34 ± 0.29

Post-fit background normalisations



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Observed (expected) signal significance: 
▪ 5.6σ (3.3σ) ATLAS → first observation 
▪ 1.9σ (2.7σ) CMS 

▪ Measured cross sections are  
also compared to theory predictions

Electroweak WZ production @ 13 TeV
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8. Fiducial Cross Section Measurement and Search for EW WZ Production 11

of WZjj grows with increasing values of the dijet mass and rapidity separation of the leading
jets, as shown in Fig. 2 for events satisfying the EW signal selection. This motivates the use of
a 2D distribution of dijet mass and dijet rapidity separation for the extraction of the EW WZjj
significance. This distribution is shown as a one-dimensional histogram in Fig. 3.

The extraction of the significance of EW WZjj production uses a simultaneous maximum likeli-
hood fit to this 2D distribution and the EW signal selection control region defined in Section 5.
The fit is performed independently for each channel.
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Figure 3: The 2D distribution of dijet mass and pseudorapidity separation, used for the EW
signal significance extraction. The x-axis shows the dijet mass distribution in the indicated
bins, split into three bins of Dhjj: Dhjj 2 [2.5, 4], [4, 5],� 5. The solid symbols represent the
number of events measured in data with statistical uncertainties, the stacked filled histograms
show different background contributions. The dashed line represents the EW WZ contribution
stacked on top of the backgrounds. The bottom panel shows the ratio of the number of events
measured in data to the total number of expected events, the shaded band at 1 represents the
size of the systematic uncertainties on the predicted yields. Normalizations are shown as the
best fit values.

The systematic uncertainties are represented by nuisance parameters that are allowed to vary
according to their probability density functions, and correlation across bins and between dif-
ferent sources of uncertainty is taken into account. The expected number of signal events is
taken from the MADGRAPH5 AMC@NLO prediction, multiplied by a signal strength modifier
µEW , which is treated as a free parameter in the fit. The background contributions are allowed
to vary within the estimated uncertainties. The postfit yields for the signal and background
corresponding to the best fit signal strength for EW WZ production are shown in Table 3.

An excess of events with respect to the background only hypothesis is observed. The excess
in data is quantified by calculating the corresponding local p-value using a profile likelihood
ratio test statistic [53–56]. The observed (expected) significance for electroweak WZ production
is 1.9 (2.7). The corresponding best fit value for the signal strength µEW is

µEW = 0.64+0.45
�0.37 (3)

The total uncertainty of the µ measurement is dominated by statistical uncertainties. The cross
section in the loose fiducial region from the prediction used in the fit is 1.48+0.12

�0.11 (scale) ±
0.07 (PDF) fb, computed using RIVET with events from MADGRAPH5 AMC@NLO at LO in-
terfaced to PYTHIA.

Source Uncertainty [%]

W Z j j-EW theory modelling 5.0
W Z j j-QCD theory modelling 2.3
W Z j j-EW and W Z j j-QCD interference 1.9

Jets 6.7
Pileup 2.2
Electrons 1.6
Muons 0.7
b-tagging 0.3
MC statistics 2.1
Misid. lepton background 1.0
Other backgrounds 0.1

Luminosity 2.1

Table 2: Summary of the relative uncertainties in the measured fiducial cross section �fid.,EW
meas. . The uncertainties are

reported as percentages.

9 Cross-section measurements

The signal strength µEW and its uncertainty are determined with a profile-likelihood-ratio test statist-
ics [62]. Systematic uncertainties in the input templates are treated as nuisance parameters with an as-
sumed Gaussian distribution. The BDT score distribution in the QCD control region and in the signal
region, with background normalisations, signal normalisation and nuisance parameters adjusted by the
profile-likelihood fit are shown in Figure 1. The signal strength is measured to be:

µEW = 1.77 ± 0.41(stat.) ± 0.17(syst.) = 1.77 ± 0.45 (2)

and the background-only hypothesis is excluded in data with a significance of 5.6 standard deviations,
for 3.3 standard deviations expected. The normalisation parameters of the W Z j j-QCD, tt̄ + V and Z Z
backgrounds controlled by data in the dedicated control regions are measured to be µWZ�QCD = 0.60 ±
0.25, µt t̄+V = 1.18 ± 0.19 and µZZ = 1.34 ± 0.29.

The observed W Z j j-EW production integrated fiducial cross section derived from this signal strength
is

�fid., EW
meas . = 0.57 +0.15

�0.14 fb
= 0.57 +0.14

�0.13 (stat.) +0.05
�0.04 (syst.) +0.04

�0.03 (th.) fb .
(3)

It corresponds to the cross section of electroweak W±Z j j production, including interference e↵ects
between W Z j j-QCD and W Z j j-EW processes, in the fiducial phase space defined in Section 3 using
dressed-level leptons.

11

ATLAS

CMS

Differential cross sections  
in SR for WZjj production
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▪ Measurement by CMS 
▪ Extremely clean 4 lepton signal 
▪ BUT: very low production cross-section  
→ Limited statistics 

▪ Use BDT for extra background  
discrimination 

▪ Observed (expected) significance: 
▪ 2.7σ (1.6σ) CMS  

ZZjj electroweak production @ 13 TeV
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Kenneth Long

‣ Limited statistics, but strong discrimination feasible 
➡Train BDT with 7 discriminating variables 

- mjj, Δηjj, z*(Z1), z*(Z2), R(pT), dijet pT balance, m4ℓ 
- Use all events with mjj > 100 GeV 

- Significance extracted via fit to BDT output distribution 
- Observed (expected) of 2.7σ (1.6σ) 

μ = σobs/σth. = 1.39

ZZ VBS at 13 TeV: Results

Kenneth Long

+0.72 
- 0.57 (stat) 

+0.46
- 0.31 (syst.) 

PLB 774 (2017) 682

�12

9

BDT output
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
04

 

0

2

4

6

8

10

12

14

16

18

20

22
Data
ZZjj EW

 ZZ→gg 
 ZZ→qq 

Z, WWZtt
Z+X

 > 100 GeV,jjm
 < 400 GeVjjm

| < 2.4
jj
ηΔor |

 (13 TeV)-135.9 fb

CMS

BDT output
0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
04

 

0

2

4

6

8

10

12

14

16

18

20

22
Data
ZZjj EW

 ZZ→gg 
 ZZ→qq 

Z, WWZtt
Z+X

 > 100 GeVjjm

 (13 TeV)-135.9 fb

CMS

Figure 3: Distribution of the BDT output in the control region obtained by selecting ZZjj events
with mjj < 400 GeV or |Dhjj| < 2.4 (left) and for the ZZjj selection (right). Points represent the
data, filled histograms the expected signal and background contributions.

induced production from the background-enriched region of the BDT distribution.

The systematic uncertainties are treated as nuisance parameters in the fit and profiled [54]. The
post-fit values are then used to extract the signal strength. The signal strength is measured to
be µ = 1.39+0.72

�0.57 (stat) +0.46
�0.31 (syst) = 1.39+0.86

�0.65 and the background-only hypothesis is excluded
with a significance of 2.7 standard deviations (1.6 standard deviations expected).

The measured signal strength is used to determine the fiducial cross section for the EW pro-
duction. The fiducial volume is almost identical to the selections imposed at the reconstruc-
tion level, the only difference being the lepton thresholds of p

`
T > 5 GeV and |h|` < 2.5. The

generator-level lepton momenta are corrected by adding the momenta of generator-level pho-
tons within DR(`, g) < 0.1. The kinematic selection of the Z bosons and the final ZZjj candidate
proceeds as the reconstruction-level selection. The observed signal strength corresponds to
a fiducial cross section of sEW(pp ! ZZjj ! ```0`0jj) = 0.40+0.21

�0.16 (stat) +0.13
�0.09 (syst) fb, compatible

with the SM prediction of 0.29+0.02
�0.03 fb.

8 Limits on anomalous quartic gauge couplings
The events in the ZZjj selection are used to constrain aQGCs in the effective field theory ap-
proach. The ZZjj channel is sensitive to the operators T0, T1, and T2, as well as the neutral
current operators T8 and T9 [7]. The former operators are constructed from the SUL(2) gauge
fields, while the latter only involve the UY(1) fields. As a consequence, the T8 and T9 oper-
ators are experimentally accessible only via final states involving the neutral gauge bosons.
The effect of a nonzero aQGC is to enhance the production cross section at large masses of
the ZZ system. Thus the mZZ distribution is used to constrain the aQGC parameters fTi/L4.
The increase of the yield exhibits a quadratic dependence on the anomalous coupling, and a
parabolic function is fitted to the per-mass bin yields, allowing for an interpolation between
the discrete coupling parameters of the simulated signals. The statistical analysis employs
the same methodology used for the signal strength, including the profiling of the systematic
uncertainties. The distributions of the background model, including the EW component, are
normalized to their respective SM predictions. The Wald Gaussian approximation and Wilks’
theorem are used to derive 95% confidence level (CL) limits on the aQGC parameters [55–57].
The measurement is statistically limited.

8 7 Search for EW ZZjj production
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Figure 2: Distribution of the dijet pseudorapidity separation (left) and dijet invariant mass
(right) for events passing the ZZjj selection, which requires mjj > 100 GeV. Points represent
the data, filled histograms the expected signal and background contributions. No data beyond
|Dhjj| > 7 (left) and mjj > 1600 GeV (right) is observed.

The determination of the signal strength for the EW production, i.e., the ratio of the mea-
sured cross section to the SM expectation µ = s/sSM, employs a multivariate discriminant
to optimally separate the signal and the QCD background. The scikit-learn framework [49]
is used to train and optimize a boosted decision tree (BDT) on simulated events to exploit
the kinematic differences between the EW signal and the QCD background. Seven observ-
ables are used in the BDT, including mjj, |Dhjj|, mZZ, as well as the Zeppenfeld variables [8]
h⇤

Zi
= hZi

� (hjet 1 + hjet 2)/2 of the two Z bosons, and the ratio between the pT of the tagging
jet system and the scalar pT sum of the tagging jets. The BDT also exploits the event balance
Rp

hard
T , which is defined as the transverse component of the vector sum of the Z bosons and

tagging jets momenta, normalized to the scalar pT sum of the same objects [50].

A total of 36 discriminating variables including observables sensitive to parton emissions be-
tween the tagging jets, the production and decay angles of the leptons, Z bosons, and tagging
jets as well as quark-gluon tagging information are considered in the BDT training. Observ-
ables that do not improve the area under the signal-versus-background efficiency curve (AUC)
are removed from the BDT. The observables sensitive to extra parton emissions provide lit-
tle marginal AUC increase and are not retained because of the limited modelling accuracy in
the simulation. The tunable hyper-parameters of the BDT training algorithm are optimized
via a grid-search algorithm. Finally, the BDT performance is checked using a matrix element
approach [51–53] that provides a similar separation between the signal and background pro-
cesses.

To validate the modeling of the backgrounds in the search, a QCD-enriched control region is
defined by selecting events with mjj < 400 GeV or |Dhjj| < 2.4. Good agreement is observed
between the data and SM expectation in this control region, as shown in Fig. 3 (left). The
classifier output distribution for all events in the ZZjj selection including the high signal purity
contribution at large BDT output values is shown in Fig. 3 (right).

The BDT distribution of the events in the ZZjj selection is used to extract the significance of
the EW signal via a maximum-likelihood fit. The expected distributions for the signal and
the irreducible backgrounds are taken from the simulation while the reducible background is
estimated from the data. The shape and normalization of each distribution are allowed to vary
in the fit within the respective uncertainties. This approach constrains the yield of the QCD-

2 2 The CMS detector
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Figure 1: Representative Feynman diagrams for the EW- (top row and bottom left) and QCD-
induced production (bottom right) of the ZZjj ! ```0`0jj (`, `0= e or µ) final state. The scattering
of massive gauge bosons as depicted in the top row is unitarized by the interference with am-
plitudes that feature the Higgs boson (bottom left).

QCD-induced production, is used to extract the signal significance and to measure the cross
section for the EW production in a fiducial volume. Finally, the selected ```0`0jj events are used
to constrain aQGCs described by the operators T0, T1, and T2 as well as the neutral-current
operators T8 and T9 [7].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are silicon pixel and strip
tracking detectors, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sec-
tions. Forward calorimeters extend the pseudorapidity h coverage provided by the barrel and
endcap detectors up to |h| < 5. Muons are measured in gas-ionization detectors embedded in
the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range |h| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For nonisolated particles
with 1 < pT < 10 GeV and |h| < 1.4, the track resolutions are typically 1.5% in pT and 25–90
(45–150) µm in the transverse (longitudinal) impact parameter [19].

Electrons are measured in the pseudorapidity range |h| < 2.5 using both the tracking system
and the ECAL. The momentum resolution for electrons with pT ⇡ 45 GeV from Z ! e+e�
decays ranges from 1.7% for nonshowering electrons in the barrel region (|h| < 1.479) to 4.5%
for showering electrons in the endcaps [20].



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Similar analysis strategy/selection (ATLAS & CMS) 
▪ Same-sign leptons: QCD background suppression 
▪ Two jets, mjj > 500 GeV; Δηjj > 2.0 (2.5)   

▪ Observed (expected)  
significance: 

▪ 5.5σ (5.7σ) CMS 
▪ 6.9σ (4.6σ) ATLAS 

▪ Fiducial cross sections in agreement  
with theory: 

▪ σCMS = 3.83 ±0.66 (stat) ±0.35 (sys) fb 
▪ σLOMG5 = 4.25 ± 0.27 
▪ σATLAS = 2.95 ±0.49 (stat) ± 0.23 (sys) fb 
▪ σLOPowheg = 3.08 ± 0.45  

▪ Precision VBS EW results expected  
with full Run-2 datasets

W±W±jj electroweak production @ 13 TeV
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LHC as a photon-photon collider

 31

▪ Boosted charged-particles are intense source of photons 
▪ Quasi-real photon flux 

▪ Q ~0.3 GeV (protons @LHC) 
   ~0.06 GeV (Pb ions) 

▪ Emax ~2.5 TeV (protons @LHC)  
       ~80 GeV (Pb ions)  

▪ Clean access to high-energy  
EW interactions 

INTRODUCTION

QUASI-REAL PHOTONS FROM LEAD-NUCLEI

�4

Photon and Gluon Induced Processes 507 

Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 

v=o 

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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p
   
T

−

FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
jet photoproduction  
(probe nPDF directly)

Photon-photon:  
dilepton, diphoton!  
(& other exclusive states)

Experiments at RHIC & LHC have begun a systematic investigation of UPC, including:

• Boosted nuclei are intense source of quasi-real photons 

• Typically treated using EPA (Weiszacker-Williams) 

• Quantize classical field  

• Photons with E≾(ℏc/R)γ are produced coherently (Z2) 

• Up to ~80 GeV for Pb+Pb @ 5.02 TeV, 1.4 TeV for p+p!
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

[Fermi, Nuovo Cim. 2 (1925) 143]

[Phys. Rept. 364 (2002) 359-450]
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refers to the particle detector contained in the pot), track reconstruction therefore starts with
a search for linear patterns along z among the hits detected in the 10 planes, as described in
Chapter 3 of Ref. [24]. The search is performed independently in each of the two strip orien-
tations (with angles of +45� and �45� with respect to the bottom of the RP); hits in at least
3 out of 5 planes are required. If only one pattern is found in both orientations, the patterns
can be uniquely associated and a track fitted, yielding a “track impact point” evaluated at the
center of the RP along z. Figure 7 shows a typical distribution of the track impact points in the
(x, y) plane for a RP at 15 s from the beam. When there is more than one pattern in any strip
orientation, a unique association is not possible and no track is reconstructed. The inefficiency
due to multiple tracks depends on the pileup, and ranges between 15 and 40% in the 2016 data
used in this analysis. This multiple tracks inefficiency and the x- and time-dependent effects
of radiation damage to the sensors described in Section 2 are the dominant sources of ineffi-
ciency. Other reconstruction effects, such as those due to showers within the detector material,
are estimated to contribute ⇡3% to the efficiency for finding proton tracks.
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= 13 TeVsCMS+TOTEM 2016,

Figure 7: Example of track impact point distribution (in the x, y plane) measured in RP 210F,
sector 45, at 15 s from the beam in the x direction. The beam center is at x = y = 0. The track
selection includes a matching requirement with RP 210N, which suppresses noise and beam
backgrounds, but slightly reduces the acceptance for low values of the position x, given the
different acceptance of the near and far RPs.

4.3 Determination of x

The fractional momentum loss of a proton, x, can be determined from the track impact point
in a single RP. This is advantageous in regions where the other RP of the sector does not have
sufficient acceptance or is inefficient. In practice, x is reconstructed by inverting Eq. (2). This
method ignores subleading terms in the proton transport (notably the one proportional to the
horizontal scattering angle); their effect is included in the systematic uncertainties.

The main uncertainties are:

• dispersion calibration: relative uncertainty in Dx of about 5.5%;
• horizontal alignment: approximately 150 µm;
• neglected terms in Eq. (2).

For values of x & 0.04, the leading uncertainty comes from the dispersion, and from the ne-

▪ CT-PPS: near-beam proton spectrometer at IP5 of the LHC  
(CMS + TOTEM) 

▪ Tracking (+timing) detectors in Roman Pots (RP), 210-220 m from IP5 
▪ Designed to operate at the full LHC luminosity (pile-up!) 

▪ Reconstruction of proton momentum  
loss -> direct access to central-state  
kinematics 

▪ Requires good understanding of  
LHC optics

γγ → ll with proton-tagging @ 13 TeV
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▪ Matching central-state kinematics (l+l-) with proton kinematics 
▪ Significant background reduction (mostly DY + pile-up)  

▪ 20 events observed with matched kinematics (12 µ+µ- + 8 e+e-) 
▪ µ+µ- background estimate: 1.49 ± 0.07 (stat) ± 0.53 (sys)  
▪ e+e- background estimate: 2.36 ± 0.09 (stat) ± 0.47 (sys) 

▪ Excellent prospects for high-mass/low xs electroweak physics

γγ → ll with proton-tagging @ 13 TeV
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Figure 11: Correlation between the fractional values of the proton momentum loss measured in
the central dilepton system, x(`+`�), and in the RPs, x(RP), for both RPs in each arm combined.
The 45 (left) and 56 (right) arms are shown. The hatched region corresponds to the kinematical
region outside the acceptance of both the near and far RPs, while the shaded (pale blue) region
corresponds to the region outside the acceptance of the near RP. For the events in which a
track is detected in both, the x value measured at the near RP is plotted. The horizontal error
bars indicate the uncertainty of x(RP), and the vertical bars the uncertainty of x(`+`�). The
events labeled “out of acceptance” are those in which x(`+`�) corresponds to a signal proton
outside the RP acceptance; in these events a background proton is detected with nonmatching
kinematics.
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Figure 12: Expected acceptance regions in the rapidity vs. invariant mass plane overlaid with
the observed dimuon (closed circles) and dielectron (open circles) signal candidate events. The
“double-arm acceptance” refers to exclusive events, pp ! p`+`�p. Following the CMS con-
vention, the positive (negative) rapidity region corresponds to the 45 (56) LHC sector.

of 9.4 fb�1 collected in proton–proton collisions at
p

s = 13 TeV. The Roman Pot alignment
and LHC optics corrections have been determined using a high statistics sample of forward
protons. A total of 12 gg ! µ+µ� and 8 gg ! e+e� events are observed with dilepton
invariant mass larger than 110 GeV, and a forward proton with consistent kinematics. This cor-
responds to an excess larger than five standard deviations over the expected background from
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1 Introduction
Proton–proton collisions at the LHC provide for the first time the conditions to study the pro-
duction of particles with masses at the electroweak scale via photon–photon fusion [1, 2]. Al-
though the production of high-mass systems in photon–photon collisions has been observed
by the CMS and ATLAS experiments [3–5], no such measurement exists so far with the simul-
taneous detection of the scattered protons. This paper reports the measurement of the process
pp ! p`+`�p(⇤) in pp collisions at

p
s = 13 TeV, where a pair of leptons (` = e, µ) with

mass m(`+`�) > 110 GeV is reconstructed in the central CMS apparatus, one of the protons
is detected in the CMS–TOTEM precision proton spectrometer (CT–PPS), and the second pro-
ton either remains intact or is excited and then dissociates into a low-mass state, indicated by
the symbol p⇤, and escapes undetected. Such a final state receives contributions from exclu-
sive, pp ! p`+`�p, and semiexclusive, pp ! p`+`�p⇤, processes (Fig. 1 left, and center).
Central exclusive dilepton production is interesting because deviations from the theoretically
well-known cross section may be an indication of new physics [6–8], whereas central semiex-
clusive processes constitute a background to the exclusive reaction when the final-state protons
are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Tevatron and
at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this paper,
forward protons are reconstructed in CT–PPS, a near-beam magnetic spectrometer that uses
the LHC magnets between the CMS interaction point (IP) and detectors in the TOTEM area
about 210 m away on both sides of the IP [15]. Protons that have lost a small fraction of their
momentum are bent out of the beam envelope, and their trajectories are measured.

Central dilepton production is dominated by the diagrams shown in Fig. 1, in which both
protons radiate quasi-real photons that interact and produce the two leptons in a t-channel
process. The left and center diagrams result in at least one intact final-state proton, and are
considered as signal in this analysis. The CT–PPS acceptance for detecting both protons in
“exclusive” pp ! p`+`�p events (the left diagram) starts only above m(`+`�) ⇡ 400 GeV,
where the standard model cross section is small. By selecting events with only a single tagged
proton, the sample contains a mixture of lower mass exclusive and single-dissociation (pp !
p`+`�p⇤, “semiexclusive”) processes with higher cross sections. The right diagram of Fig. 1 is
considered background, and contributes if a proton from the diffractive dissociation is detected,
or if a particle detected in CT–PPS from another interaction in the same bunch crossing (pileup),
or from beam-induced background is wrongly associated with the dilepton system. A pair of
leptons from a Drell–Yan process can also mimic a signal event if detected in combination with
a pileup proton.
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Figure 1: Production of lepton pairs by gg fusion. The exclusive (left), single proton dissoci-
ation or semiexclusive (middle), and double proton dissociation (right) topologies are shown.
The left and middle processes result in at least one intact final-state proton, and are considered
signal in this analysis. The rightmost diagram is considered to be a background process.

1

1 Introduction
Proton–proton collisions at the LHC provide for the first time the conditions to study the pro-
duction of particles with masses at the electroweak scale via photon–photon fusion [1, 2]. Al-
though the production of high-mass systems in photon–photon collisions has been observed
by the CMS and ATLAS experiments [3–5], no such measurement exists so far with the simul-
taneous detection of the scattered protons. This paper reports the measurement of the process
pp ! p`+`�p(⇤) in pp collisions at

p
s = 13 TeV, where a pair of leptons (` = e, µ) with

mass m(`+`�) > 110 GeV is reconstructed in the central CMS apparatus, one of the protons
is detected in the CMS–TOTEM precision proton spectrometer (CT–PPS), and the second pro-
ton either remains intact or is excited and then dissociates into a low-mass state, indicated by
the symbol p⇤, and escapes undetected. Such a final state receives contributions from exclu-
sive, pp ! p`+`�p, and semiexclusive, pp ! p`+`�p⇤, processes (Fig. 1 left, and center).
Central exclusive dilepton production is interesting because deviations from the theoretically
well-known cross section may be an indication of new physics [6–8], whereas central semiex-
clusive processes constitute a background to the exclusive reaction when the final-state protons
are not measured.

(Semi)exclusive dilepton production has been previously studied at the Fermilab Tevatron and
at the CERN LHC, but at lower masses and never with a proton tag [9–14]. In this paper,
forward protons are reconstructed in CT–PPS, a near-beam magnetic spectrometer that uses
the LHC magnets between the CMS interaction point (IP) and detectors in the TOTEM area
about 210 m away on both sides of the IP [15]. Protons that have lost a small fraction of their
momentum are bent out of the beam envelope, and their trajectories are measured.

Central dilepton production is dominated by the diagrams shown in Fig. 1, in which both
protons radiate quasi-real photons that interact and produce the two leptons in a t-channel
process. The left and center diagrams result in at least one intact final-state proton, and are
considered as signal in this analysis. The CT–PPS acceptance for detecting both protons in
“exclusive” pp ! p`+`�p events (the left diagram) starts only above m(`+`�) ⇡ 400 GeV,
where the standard model cross section is small. By selecting events with only a single tagged
proton, the sample contains a mixture of lower mass exclusive and single-dissociation (pp !
p`+`�p⇤, “semiexclusive”) processes with higher cross sections. The right diagram of Fig. 1 is
considered background, and contributes if a proton from the diffractive dissociation is detected,
or if a particle detected in CT–PPS from another interaction in the same bunch crossing (pileup),
or from beam-induced background is wrongly associated with the dilepton system. A pair of
leptons from a Drell–Yan process can also mimic a signal event if detected in combination with
a pileup proton.

�

�

p

p

p

`�

`+

p

�

�

p

p

p

`�

`+

p⇤

�

�

p

p

p⇤

`�

`+

p⇤

Figure 1: Production of lepton pairs by gg fusion. The exclusive (left), single proton dissoci-
ation or semiexclusive (middle), and double proton dissociation (right) topologies are shown.
The left and middle processes result in at least one intact final-state proton, and are considered
signal in this analysis. The rightmost diagram is considered to be a background process.
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▪ HI collisions: each photon flux scales with Z2 
▪ γγ luminosities are extremely enhanced for  

ion beams (Z4 = 5x107  for Pb+Pb) 
▪ Excellent environment to test strong-field QED 

 
Previous (related) measurements 

▪ Indirect test via electron/muon g-2  
▪ Delbruck scattering and  

photon splitting process at low energies 

▪ At high-energy, proposed as a  
clean channel to study: 

▪ Anomalous gauge couplings 
▪ Contributions from BSM particles
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We have compared our results with:
I Jikia et al. (1993),
I Bern et al. (2001),
I Bardin et al. (2009).

Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop

fermionic contributions in the ultrarelativistic limit

(ŝ, |̂t|, |û| � m
2
f

). The corrections are quite small

numerically.
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▪ Event selection 
▪ Two back-to-back low-ET photons  

and “nothing else” in the detector 

▪ Fiducial cross-sections consistent with SM 
▪ First high-energy evidence for γγ → γγ  

interaction (formally also VBS process) 
▪ 4.4σ (3.8σ expected) in ATLAS 
▪ 4.1σ (4.4σ expected) in CMS

Light-by-light scattering at the LHC
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4. Event selection and background estimation 7

in both values are driven by the size of the data sample left at high acoplanarities, after all
selection critera have been applied.
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Figure 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
selection criteria (squares), compared to the expected LbyL signal (red histogram), QED e+e�
(yellow histogram), and the CEP+other (light blue histogram, scaled to match the data in the
Aco > 0.02 region as described in the text) backgrounds. Signal and QED e+e� MC samples
are scaled according to their theoretical cross sections and integrated luminosity. Data and
simulations are uncorrected for detector effects. The error bars around the data points indicate
statistical uncertainties.

4.3 Light-by-light distributions

The exclusive diphoton signal is extracted after applying all selection criteria described above,
and having estimated the amount of residual QED e+e� and CEP+other backgrounds left.
Table 1 shows the number of events remaining after each selection criteria. The preselection
corresponds to two photons each with transverse energy ET > 2 GeV, pseudorapidity |h| < 2.4
(excluding photons falling in the Dh ⇡ 0.1 gap region between EB and EE, 1.444 < |h| <
1.566), and diphoton invariant mass greater than 5 GeV. The number of events measured in
data and expected from the sum of all MC contributions in the first two rows do not match
as these selections accept a fraction of non-exclusive backgrounds that are not considered in
the simulation. Once the full exclusivity selections are applied, the data-MC agreement is very
good. We observe 14 LbyL candidates, to be compared with 11.1 expected from the LbyL signal,
2.7 from central exclusive plus any residual diphoton backgrounds, and 1.1 from the QED e+e�
background.

An extra selection has been also studied by further requiring that the candidate LbyL events
have no signal above noise in the pixel tracker layers. Such more stringent selection is sensitive
to charged particles down to ⇠40 MeV, and results in a consistent number of reconstructed
LbyL signal counts (and even more reduced QED backgrounds). However, since the efficiency
of such a tight selection is difficult to assess from a control region in data, the default analysis
is kept with the charged-particle track pT > 0.1 GeV exclusivity requirement.

Figure 5 shows the comparison of the measured and simulated photon transverse momentum,
photon pseudorapidity, photon azimuthal angle, diphoton invariant mass, diphoton rapidity,
and diphoton transverse momentum distributions, respectively. Both the measured yields and
kinematic distributions are in accord with the combination of the LbyL signal plus QED e+e�
and CEP+other background expectations.

DRAFT

Figure 6: Event display for an exclusive �� ! �� candidate. Event 106830493 from run 287924 recorded on
2015.12.12 at 19:41:56 is shown. Two back-to-back photons (E�1

T = 6.0 GeV and E�2
T = 5.5 GeV) with an invariant

mass of 12 GeV and no additional activity in the detector are presented. All calorimeter cells with E > 500 MeV
are shown.

January 30, 2017 – 20:55 17

provided as a function of the sum of cluster transverse energies (Ecl1
T +Ecl2

T ). The e�ciency grows from
about 70% at (Ecl1

T + Ecl2
T ) = 6 GeV to 100% at (Ecl1

T + Ecl2
T ) > 9 GeV. The e�ciency is parameterised

using an error function fit which is then used to reweight the simulation. Due to the extremely low noise,
very high hit reconstruction e�ciency and low conversion probability of signal photons in the pixel de-
tector (around 10%), the uncertainty due to the requirement for minimal activity in the ID is negligible.
The MBTS veto e�ciency was studied using �� ! `+`� events (` = e, µ) passing a supporting trigger
and it is estimated to be (98 ± 2)%.

Photons are reconstructed from EM clusters in the calorimeter and tracking information provided by
the ID, which allows the identification of photon conversions. Selection requirements are applied to
remove EM clusters with a large amount of energy from poorly functioning calorimeter cells, and a
timing requirement is made to reject out-of-time candidates. An energy calibration specifically optimised
for photons [38] is applied to the candidates to account for upstream energy loss and both lateral and
longitudinal shower leakage. A dedicated correction [39] is applied for photons in MC samples to correct
for potential mismodelling of quantities which describe the properties (“shapes”) of the associated EM
showers.

The photon particle-identification (PID) in this analysis is based on three shower-shape variables: the
lateral width of the shower in the middle layer of the EM calorimeter, the ratio of the energy di↵erence
associated with the largest and second largest energy deposits to the sum of these energies in the first
layer, and the fraction of energy reconstructed in the first layer relative to the total energy of the cluster.
Only photons with ET > 3 GeV and |⌘| < 2.37, excluding the calorimeter transition region 1.37 < |⌘| <
1.52, are considered. The pseudorapidity requirement ensures that the photon candidates pass through
regions of the EM calorimeter where the first layer is segmented into narrow strips, allowing for good
separation between genuine prompt photons and photons coming from the decay of neutral hadrons. A
constant photon PID e�ciency of 95% as a function of ⌘ with respect to reconstructed photon candidates
is maintained. This is optimised using multivariate analysis techniques [40], such that EM energy clusters
induced by cosmic-ray muons are rejected with 95% e�ciency.

Preselected events are required to have exactly two photons satisfying the above selection criteria, with
a diphoton invariant mass greater than 6 GeV. In order to reduce the dielectron background, a veto
on the presence of any charged-particle tracks (with pT > 100 MeV, |⌘| < 2.5 and at least one hit in
the pixel detector) is imposed. This requirement further reduces the fake-photon background from the
dielectron final state by a factor of 25, according to simulation. It has almost no impact on �� ! ��
signal events, since the probability of photon conversion in the pixel detector is relatively small and
converted photons are suppressed at low ET (3–6 GeV) by the photon selection requirements. According
to MC studies, the photon selection requirements remove about 10% of low-ET photons. To reduce other
fake-photon backgrounds (for example, cosmic-ray muons), the transverse momentum of the diphoton
system (p��T ) is required to be below 2 GeV. To reduce background from CEP gg ! �� reactions, an
additional requirement on diphoton acoplanarity, Aco = 1�����/⇡ < 0.01, is imposed. This requirement
is optimised to retain a high signal e�ciency and reduce the CEP background significantly, since the
transverse momentum transferred by the photon exchange is usually much smaller than that due to the
colour-singlet-state gluons [41].
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▪ ATLAS measurement already interpreted  in terms of limits on 
specific BSM models

LbyL impact on specific BSM models
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Fig. 1: Exclusive ALP production in ultra-peripheral Pb-Pb collisions.

LEP and LHC [13–15]. In Fig. 2, we show the expected sensitivity from performing a bump hunt in
m�� for UPCs, assuming a luminosity for the current (1 nb�1) and the high luminosity (10 nb�1) Pb-Pb
runs.1 For each mass point we computed the expected Poisson limit [16]. The dominant backgrounds
are estimated to be light-by-light scattering [3] and fake photons from electrons, and become negligible
for m�� & 20 GeV. In the region which there is background, we assume the entire signal falls into a
bin of width 1 GeV. The signal selection criteria in this case are ET > 2 GeV and |⌘| < 2.5 for the
two photons and |��� � ⇡| < 0.04. The analogous limit from the exclusive p-p analysis performed by
CMS [17] is also shown, which is very weak due to low photon luminosities. For the FF̃ operator the
heavy-ion limits are significantly stronger, whereas for the BB̃ operator, traditional p-p collider limits
are enhanced due to additional production channels through the Z coupling.

Light-by-light scattering has been measured by the ATLAS collaboration [2], and the results were
consistent with our estimates and those in earlier computations [18–20]. Using the observed m�� spec-
trum, we then derive an observed limit on ALPs for F eF and B eB couplings, which are shown in black
in Fig. 2. In detail, we generated Monte Carlo samples for the ALP signal using a modified version of
the STARlight code [21],2 which assigns a small virtuality to the photons and as such leads to a typical
p��T . 100 MeV for the recoil of the ��-system. We then follow the ATLAS analysis and apply the
following selection cuts on the signal:

1. Require exactly two photons with ET > 3 GeV and |⌘| < 2.4

2. Demand |��� � ⇡| < 0.03, where ��� is the azimuthal angle between the two photons

The signal efficiency is ⇠70% near threshold and becomes fully efficient if the sum of the photon ener-
gies exceeds 9 GeV. The selection criteria are slightly different from our previous theoretical analysis,
however we note that only the larger ET cut leads to noticeable changes for the efficiencies. Given
that we do not model photon identification at the detector level, we apply an extra total reconstruction
efficiency of 90%, which roughly takes into account the per-photon ID efficiency of 95% measured by
ATLAS.

The m�� spectrum measured by ATLAS is plotted in bin-widths of 3 GeV, starting at m�� = 6
GeV. For our exclusion, we generated samples with m�� = 7, 10, 13, 16, ... GeV, and assume that all the
events are contained in their respective bins after final selection. We further assume that ATLAS did not
observe any events with m�� & 30 GeV. The 95% exclusion limits on the coupling 1/⇤ are obtained
assuming only statistical uncertainties. A more detailed CLs analysis that includes a proper treatment of
systematics would yield slightly more conservative limits, and we encourage the experimental commu-
nity to include such an analysis as it is beyond the scope of our simulation framework.

In summary, we have found that heavy-ion collisions at the LHC can provide the best limits on
ALP-photon couplings for 7 GeV < ma < 100 GeV, confirming our previous estimates. The very

1Limits from the p-Pb runs are not competitive despite their higher luminosity, because of the less advantageous Z2 scaling
of the production rate. Collisions with lighter elements, e.g. Ar-Ar, may set relevant limits if the luminosity could be enhanced
by two to three orders of magnitude, as compared to current Pb-Pb run.

2Our patch for ALP production is now included in the latest STARlight release.
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Fig. 2: Left: We show 95% exclusion limits on the operator 1
4

1
⇤aF F̃ using recent ATLAS results on heavy-ion

UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb�1 (10 nb�1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb�1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2�, 3�) [22] and from the LHC (ATLAS
2�, 3�) [23, 24] (see [1] for details). Right: The corresponding results for the operator 1

4 cos2 ✓W

1
⇤aBB̃. The LEP

I, 2� (teal shaded) limit was obtained from [14].

large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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The recent measurement by ATLAS of light-by-light scattering in LHC Pb-Pb collisions is the
first direct evidence for this basic process. We find that it excludes a range of the mass scale of a
nonlinear Born-Infeld extension of QED that is . 100 GeV, a much stronger constraint than those
derived previously. In the case of a Born-Infeld extension of the Standard Model in which the U(1)Y
hypercharge gauge symmetry is realized nonlinearly, the limit on the corresponding mass reach is
⇠ 90 GeV, which in turn imposes a lower limit of & 11 TeV on the magnetic monopole mass in such
a U(1)Y Born-Infeld theory.

Over 80 years ago, soon after Dirac proposed his rel-
ativistic theory of the electron [1] and his interpreta-
tion of ‘hole’ states as positrons [2], Halpern [3] in 1933
and Heisenberg [4] in 1934 realized that quantum ef-
fects would induce light-by-light scattering, which was
first calculated in the low-frequency limit by Euler and
Kockel [5] in 1935. Subsequently, Heisenberg and Eu-
ler [6] derived in 1936 a more general expression for
the quantum nonlinearities in the Lagrangian of Quan-
tum Electrodynamics (QED), and a complete calcula-
tion of light-by-light scattering in QED was published
by Karplus and Neuman [7] in 1951. However, measure-
ment of light-by-light scattering has remained elusive un-
til very recently. In 2013 d’Enterria and Silveira [8] pro-
posed looking for light-by-light scattering in ultraperiph-
eral heavy-ion collisions at the LHC, and evidence for this
process was recently presented by the ATLAS Collabo-
ration [9], at a level consistent with the QED predictions
in [8] and [10].

In parallel with the early work on light-by-light scat-
tering in QED, and motivated by a ‘unitarian’ idea that
there should be an upper limit on the strength of the elec-
tromagnetic field, Born and Infeld [11] proposed in 1934
a conceptually distinct nonlinear modification of the La-
grangian of QED:

LQED = �
1

4
Fµ⌫F

µ⌫
!

LBI = �2
⇣
1�

r
1 +

1

2�2
Fµ⌫Fµ⌫ �

1

16�4
(Fµ⌫ F̃µ⌫)2

⌘
,

(1)

where � is an a priori unknown parameter with the di-
mension of [Mass]2 that we write as � ⌘ M2, and F̃µ⌫

is the dual of the field strength tensor Fµ⌫ . Interest

in Born-Infeld theory was revived in 1985 when Frad-
kin and Tseytlin [12] discovered that it appears when
an Abelian vector field in four dimensions is coupled to
an open string, as occurs in models inspired by M the-
ory in which particles are localized on lower-dimensional
‘branes’ separated by a distance ' 1/

p
� = 1/M in some

extra dimension 1. Depending on the specific brane sce-
nario considered, M might have any value between a
few hundred GeV and the Planck scale ⇠ 1019 GeV. For
the purposes of this paper, we consider only the relevant
terms of fourth order in the gauge field strengths in (1).

Until now, there has been no strong lower limit on
the Born-Infeld scale � or, equivalently, the brane mass
scale M and the brane separation 1/M . A constraint
corresponding to M & 100 MeV was derived in [14] from
electronic and muonic atom spectra, though the deriva-
tion has been questioned in [15]. Measurements of pho-
ton splitting in atomic fields [16] were considered in [17],
where it was concluded that they provided no limit on
the Born-Infeld scale and it was suggested that measure-
ments of the surface magnetic field of neutron stars [18]
might be sensitive to M =

p
� ⇠ 1.4⇥ 10�5 GeV. More

recently, measurements of nonlinearities in light by the
PVLAS Collaboration [19] are somewhat more sensitive
to the individual nonlinear terms in (1), but are insensi-
tive to the particular combination appearing in the Born-
Infeld theory, as discussed in [20] where more references
can be found.

1
Remarkably, the maximum field strength is related to the fact

that the brane velocity is limited by the velocity of light [13],

confirming the insight of Born and Infeld [11].
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▪ This talk presents only some of the (most recent) EW measurements 
▪ Single-bosons → extraction of EW parameters (like sin2θeff) 
▪ Multi-bosons → test of gauge structure of SM (first observation of  

electroweak WZ and same-sign WW production);  
→ precision for some measurements sufficient to test NNLO pQCD  

▪ Alternative ideas become interesting 
▪ EW interactions with forward protons 
▪ Heavy-ion UPC as a clean test of QED (LbyL) 

▪ (Very) precise measurements require time… 
▪ Still finishing some of the LHC Run-1 (8 TeV) measurements 

▪ Expecting new measurements (with full Run-2 datasets) 
▪ More statistics, special low-pileup runs taken 
▪ In some cases already restricted by systematic uncertainties  
→ understanding of them is crucial 

Summary & outlook
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Backup
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▪ EW corrections 
▪ Use EW form factors (Dizet library) to assess impact of EW corrections 
▪ Five complex (flavour-dependent) FFs 

▪ Improved Born Approximation  
▪ Similar methodology as at LEP 
▪ Per-event weights are defined 

▪ Box diagrams 
▪ Potentially can break  

cross-section factorisation 
▪ Impact is small near Z-pole →

ATLAS weak mixing angle @ 8 TeV

 39

Shift of A4 by 0.001 → shift of sin2θeff  by 20x10-5 

=> EW corrections are important!

Measurement of 𝐬𝐬𝐬𝐬𝐬𝐬𝟐𝟐θ𝐞𝐞𝐞𝐞𝐞𝐞l at √s=8TeV: 
EW corrections 

� Hadron colliders tools for sin2θeffl : simulate in a LO EW scheme in effective Born approx. for 
given sin2θeffl different from on-mass-shell (sin2θW =1-mW

2 / mZ
2), to account for EW corrs.

� Here: use EW form factors to assess impact of weak corrs to Born-like σ for ll production
� Improved Born Approximation (similar methodology as at LEP)

� per-event weight using TauSpinner framework and form factors from Dizet library
� EW corrections: in terms of five complex (flavour dependent) form factors

� At Z pole (→ ll ) form factors 𝐾𝐾Zl. Ratio effective vector to axial-vector couplings:

5

on-mass shell

sin2θeffl

� ∆A4: including EW corrections (without and 
with boxes which break factorisation 
assumption) to POWHEG-BOX generator 
input: 0.23113

� Shift of A4=0.001 → shift of sin2θeffl =20x10-5

� EW corrections are important!

ATLAS-CONF-2018-037

Ratio effective vector to axial-vector couplings:

2

ultra-precision experiments with 4-fermion processes such

as Belle-II.

Obviously, calculating large sets of one-loop Feynman

diagrams on paper is a tedious task. The packages such as

FeynArts [11], FormCalc [12], LoopTools [12] and FORM

[13] allow us to handle the substantial number of diagrams

reasonably quickly, minimize probability of human errors,

and avoid the rapid error accumulation often unavoidable

with purely numerical methods. The one of the key fea-

tures of the presented work is to compare the complete one-

loop set of electroweak radiative corrections to the parity-

violating asymmetry in e−e+ → µ−µ+(γ) process calcu-

lated first on paper, with some approximation, and then within

a computational model based on FeynArts, FormCalc and

LoopTools, precisely.

FeynArts is a Mathematica package which provides the

generation and visualization of Feynman diagrams and am-

plitudes involving Standard Model particles. FormCalc, a

Mathematica package which reads diagrams generated with

FeynArts and evaluates amplitudes with the help of the pro-

gram FORM in analytical form. LoopTools provides the many-

point tensor coefficient functions and is used to numerically

evaluate one-loop integrals. After that, one may implement

one of the two renormalization schemes (RS), on-shell or

the constrained differential renormalization (CDR) which is

equivalent to MS scheme at the one-loop level [12].

Our computation model is not a "black box" and still

requires considerable human input on many stages. On the

other hand, we can modify these packages to better suit spe-

cific projects. In [14], for example, we adopted FeynArts and

FormCalc for the NLO calculations of the differential cross

section in electron-nucleon scattering. In [18], we evalu-

ate higher-order electroweak effects needed for the accurate

interpretation of MOLLER and Belle II experimental data

and show how new-physics particles may enter at the one-

loop level. In general, the results obtained with these pack-

ages can be presented in both analytical and numerical form.

Unfortunately, our equations for asymmetry at NLO level

obtained with FeynArts and FormCalc are too lengthy and

cumbersome to publish. It is also a challenge putting them

into a Monte Carlo as required by the specific experimental

analysis.

As we show in the earlier sections, at the certain kine-

matic conditions, the approximate equations obtained on pa-

per are in a very good the agreement with the numerical re-

sults obtained with computer algebra, and may be used for

physical analysis and quick estimations not requiring ultra

precision.

2 Four-fermion process description

Let us consider the four-fermion scattering in s-channel. Here

we concentrate on the scattering of longitudinally polarized

q

p1

−p2

p3

−p4
(a) (b)

(c) (d)

γ,Z(W)

γ,Z(W)

(e) (f)

Fig. 1 Feynman diagrams of the process e−e+ → µ−µ+ in radiation-
free kinematics: 1(a) – Born approximation, 1(b) – boson self energies,
1(c), 1(d) – vertex diagrams, 1(e), 1(f) – box diagrams. Curly lines with
no marks denote photon or Z-boson.

electron off the unpolarized positron in s-channel:

e−(p1)+ e+(p2)→ γ,Z → µ−(p3)+ µ+(p4). (1)

Feynman graphs for the process (1) in tree-level (Born) and

one-loop approximation (NLO) are presented in Fig. 1.

Four-momenta of initial (p1 and p2) and final particles

(p3 and p4) form a standard set of Mandelstam invariants r

(r = s, t,u):

s = (p1 + p2)
2, t = (p1 − p3)

2, u = (p2 − p3)
2. (2)

Unless stated otherwise, we give only ultra-relativistic ana-

lytical results, which correspond to the approximation m2
g ≪

|r|. We use index g for initial and final fermions flavors, i.e.,

in our case, g = e,µ then me is the electron mass and mµ is

the muon mass. For the truncated propagator in s-channel,

we use the following:

D j =
1

s−m2
j + im jΓj

( j = γ,Z), (3)

which is present in all amplitudes of Fig. 1 and depends on

the total energy of the reaction
√

s in the center-of-mass sys-

tem (c.m.s.), intermediate boson mass and its width. Photon

mass mγ ≡ λ is equal to zero everywhere except for spe-

cial cases mentioned below. In these cases, it is used as an

infinitesimal parameter which regularizes infrared (IR) di-

vergence. Mass of Z-boson is denoted as mZ , its width is ΓZ

(we use scheme with the fixed decay width).
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▪ Results 
▪ Compatibility of sin2θeff in 20 measurement channels (9 eeCC+9 µµCC+2 eeCF)

ATLAS weak mixing angle @ 8 TeV
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Pulls of each measurement wrt most sensitive measurement (eeCF in 2.5<|yZ|<3.6)



M. Dyndal (Precise) electroweak measurements @ LHCPIC 2018

▪ Results with other PDF sets

ATLAS weak mixing angle @ 8 TeV
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▪ Fiducial regions

Electroweak WZ production @ 13 TeV
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Kenneth Long

WZ VBS at 13 TeV: Overview
‣ Why WZjj ⟶ℓ±ℓ±jj? 

- Sensitive to charged resonances  
or couplings 

- Less clean signature than ZZ, W±W±, but cross 
section accessible with large dataset

VBS production

QCD production

CMS-SMP-18-001

Event selection

New Result

‣ Event selection 
- Exactly 3 leptons with 

moderate pT + pTmiss 
- Tight dijet kinematic cuts to  

reduce QCD WZjj and  
significant nonprompt  
contributions 

- Expected S/B ~ 1/4 for 
events in signal region

Electroweak Signal Higgs Signal Tight Fiducial Loose Fiducial

pT(`Z,1) [GeV] > 25 > 25 > 25 > 20

pT(`Z,2) [GeV] > 15 > 15 > 15 > 20

pT(`W) [GeV] > 20 > 20 > 20 > 20

|⌘(µ)| < 2.4 < 2.4 < 2.5 < 2.5
|⌘(e)| < 2.5 < 2.5 < 2.5 < 2.5��mZ �mPDG
Z

�� [GeV] < 15 < 15 < 15 < 15

m3` [GeV] > 100 > 100 > 100 > 100

m`` [GeV] > 4 > 4 > 4 > 4

pmiss
T [GeV] > 30 > 30 - -

|⌘(j)| < 4.7 < 4.7 < 4.7 < 4.7
pT(j) [GeV] > 50 > 30 > 50 > 30

|�R(j, `)| > 0.4 > 0.4 > 0.4 > 0.4
nj � 2 � 2 � 2 � 2

pT(b) [GeV] > 30 > 30 - -

nb�jet = 0 = 0 - -

mjj > 500 > 500 > 500 > 500

|�⌘(j1, j2)| > 2.5 > 2.5 > 2.5 > 2.5��⌘3` � 1
2 (⌘j1 + ⌘j2)

�� < 2.5 - < 2.5 -
<latexit sha1_base64="fFme9wjAX2hfdZiwMAA/6L1XP64="></latexit><latexit sha1_base64="fFme9wjAX2hfdZiwMAA/6L1XP64="></latexit><latexit sha1_base64="fFme9wjAX2hfdZiwMAA/6L1XP64="></latexit><latexit sha1_base64="fFme9wjAX2hfdZiwMAA/6L1XP64="></latexit> �5

CMS

Leptons from Z: pT > 15GeV, |η|<2.5  
Lepton from W: pT > 20GeV, |η|<2.5  
mT > 30 GeV 

Jets:  
pT1,2 > 40 GeV  
|η| < 4.5  
b-jet veto  
mjj > 500 GeV + high BDT score

ATLAS
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▪ QCD WZjj control region

Electroweak WZ production @ 13 TeV
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The SM LO prediction from Sherpa for electroweak production without interference e↵ects is

�fid., EW th.
Sherpa = 0.321 ± 0.002 (stat.) ± 0.005 (PDF)+0.027

�0.023 (scale) fb . (4)

A larger cross section of �fid., EW th.
MadGraph = 0.366 ± 0.004 (stat.) fb is predicted at LO by MadGraph. These

predictions are at LO only and include neither e↵ects of interferences nor e↵ects of NLO electroweak
corrections as discussed in Ref. [63] for W±W± j j. Such calculation of higher order electroweak e↵ects
does not exist yet for the W±Z j j final state.
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Figure 1: Post-fit BDT score distributions in the QCD control region (a) and in the signal region (b). Signal and
backgrounds are normalised to the expected number of events after the fit. The uncertainty band around the MC
expectation includes the systematic uncertainties as obtained by the fit.

Events in the SR are also used to di↵erentially measure the W±Z j j production cross section in the VBS
fiducial phase space defined in Section 3. The di↵erential detector-level distributions are corrected for
detector resolution using an iterative Bayesian unfolding method [64], as implemented in the RooUnfold
toolkit [65]. Three iterations were consistently used for the unfolding of each variable. The width of
the bins in each distribution was chosen according to the experimental resolution and to the statistical
significance of the expected number of events in each bin. The fraction of signal MC events reconstructed
in the same bin as generated is always greater than 40% and around 70% on average.

Simulated W±Z j j events are used to obtain for each distribution a response matrix that accounts for bin-
to-bin migration e↵ects between the reconstructed-level and particle-level distributions. The SherpaMC
samples for W Z j j-QCD and W Z j j-EW production are used and summed together to model W±Z j j
production. In order to provide a modelling closer to data and to minimise unfolding uncertainties,
their predicted cross sections are rescaled by the respective signal strengths measured in data from the
maximum-likelihood fit.

Uncertainties on the unfolding due to imperfect description of the data by the MC are evaluated using
a data-driven method [66], where the MC di↵erential distribution is corrected to match the data distri-
bution and the resulting weighted MC distribution at reconstruction level is unfolded with the response
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