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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 TeVB mass

VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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The Standard Model

Probing EW and QCD sector of Standard Model over 12 orders of magnitude!
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Status: July 2018
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Run 1,2
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Theory
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Data 3.2 � 79.8 fb�1

Standard Model Total Production Cross Section Measurements



UCL Seminar − 26th October 2018Eram Rizvi

Eur. Phys. J. C (2018) 78 :675 Page 5 of 19 675

−3 −2 −1 0 1 2 3

measσ) / meas O−
fit

(O

)2
Z

(Msα
)2

Z
(M(5)

hadα∆
tm

b
0R
c
0R
bA
cA

0,b
FBA

0,c
FBA

(Tevt.)lept
effΘ2sin

)
FB

(Qlept
effΘ2sin

(SLD)lA
(LEP)lA

0,l
FBA
lep
0R

0
hadσ

ZΓ
ZM

WΓ
WM
HM

1.3
-0.2
0.5
-0.7
0.0
0.6
0.0
2.4
0.8
0.1
-0.7
-2.1
0.1
-0.9
-1.0
-1.5
-0.2
0.3
0.1
-1.5
0.0

3− 2− 1− 0 1 2 3

tot
σ O) / −

indirect
(O

)2
Z

(Msα
)2

Z
(M(5)

hadα∆
tm
b
0R
c
0R

0,b
FBA

0,c
FBA

bA
cA

(Tevt.)lept
effΘ2sin

)
FB

(Qlept
effΘ2sin

(SLD)lA
(LEP)lA

0,l
FBA
lep
0R

0
hadσ

ZΓ
ZM

WΓ
WM
HM

Global EW fit
Indirect determination
Measurement

Fig. 3 Left: comparison of the fit results with the input measurements
in units of the experimental uncertainties. Right: comparison of the fit
results and the input measurements with the indirect determinations in
units of the total uncertainties. Analog results for the indirect determina-

tions illustrate the impact of their uncertainties on the total uncertainties.
The indirect determination of an observable corresponds to a fit without
using the constraint from the corresponding input measurement
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Fig. 4 Comparison of the constraints on MH obtained indirectly from
individual observables with the fit result and the direct LHC measure-
ment. For the indirect determinations among the four observables pro-
viding the strongest MH constraints (namely sin2θℓ

eff , MW , A0,b
FB and

Aℓ) only the one indicated in a given row of the plot is included in the
fit. The results shown are not fully independent

Figure 4 displays the indirect determination of the Higgs
boson mass from fits in which among the four observables
providing the strongest MH constraints (namely sin2θℓ

eff ,
MW , A0,b

FB and Aℓ) only the one indicated in a given row

of the plot is included. The results are compared to the direct
MH measurement as well as to the result of a fit including all
data except the direct MH measurement. This latter fit gives
the indirect determination

MH = 90+21
−18 GeV, (1)

which is in agreement with the direct measurement within 1.7
standard deviations. The value is lower by 3 GeV than in our
previous result (93+25

−21 GeV) [23] due to the lower value of
mt used here. The reduced uncertainty of +21

−18 GeV compared
to +25

−21 GeV previously, is due to the smaller uncertainty in

mt . When assuming perfect knowledge of mt , #α
(5)
had(M

2
Z )

and αS(M2
Z ), the uncertainty is reduced by +4.5

−3.5, +5
−4 and

±2 GeV, respectively. The predictions of MH using Aℓ, A0,b
FB

and MW (LEP and Tevatron) concur with earlier findings [9].
The predictions derived from the ATLAS MW and Tevatron
sin2θℓ

eff measurements are in agreement with the direct MH
measurement.

123

4

Electroweak Precision Observables - sin2θeff

sin2θW is a fundamental SM parameter of the SM 
Specifies the mixing between EM and weak fields 
Relates the Z and W couplings gZ and gW (and their masses)

sin2 ✓W = 1� g2W
g2Z

= 1� m2
W

m2
Z

Higher order EW corrections modify this 
to an effective mixing angle  
dependent on fermion flavour f

sin2 ✓fe↵ = (1� m2
W

m2
Z

) · (1 +�r)

At leading order

EW scheme dependent  
corrections incorporated into  
Δr → Δr(mH , mtop , …)

With known mh EW sector of SM is over-constrained 
• mZ = 91.1876 GeV 
• Gµ = 1.16637 x 10-5 GeV-2  
• αQED(0) = 1/137.035 
• …. several others ….

GFitter 2018

Global EW fit of all precision data

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6131-3
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 2

sin2θW and the Standard Model

• Direct measurements of sin2θW and mW can indirectly 
predict each other 

• Precise measurements of both enable strict tests for the 
internal consistency of the SM as a probe of new physics 

• The continuing lack of experimental evidence for new 
physics at the TeV scale continually increases the value of 
precision SM measurements 

• sin2θW is a parameter of the SM representing the mixing of 
the EM and weak fields 

• Within the SM, it relates the W- and Z-boson coupling 
constants gW,Z, and therefore mW,Z 

• Radiative corrections modify this relation, yielding the 
fermion-flavor dependent effective weak mixing angle, 
sin2θfeff

sin2θW = 1 - g2W/g2Z = 1 - m2W/m2Z

EW Corr.

sin2θfeff = (1 - m2W/m2Z)*(1+Δrf)

Final Precision on sin2θeff

Electroweak Precision Observables - sin2θeff

GFitter 2014

sin2θeff precision ± 50x10-5 equivalent to ± 25 MeV in mW

Measurement of one observable can predict the other  
mW ⇔  sin2θW  

m2
W =

⇡↵(0)p
2Gµ sin

2 ✓W

1

1��r

mW and  sin2θeff  allows self-consistency check of SM 
New physics hidden in the higher order corrections ?? 
Valuable test in absence of direct BSM signals

First LHC results on sin2θeff 
CMS(7TeV):    ± 320 x10-5 
ATLAS(7TeV): ± 120 x10-5

LEP:        ± 29 x10-5 

SLD:        ± 26 x10-5 

CDF+D0: ± 35 x10-5

sin2 ✓fe↵ = (1� m2
W

m2
Z

) · (1 +�r)

EW scheme dependent  
corrections incorporated into  
Δr → Δr(mH , mtop , new physics)

In context of EFT extension to SM 
EW oblique parameters S, T, U, Y, W 
incorporate new BSM dim-6 operators  
in self-energy terms

https://link.springer.com/article/10.1140/epjc/s10052-014-3046-5
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Electroweak Precision Observables - mW

New ATLAS measurement of mW reaches ±19 MeV precision

ATLAS approaches precision of combined  LEP + Tevatron measurement 
Theory prediction from EW fit has uncertainty ±8 MeV

 arXiv:1701.07240

https://arxiv.org/abs/1701.07240
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382 The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 – 454
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0.23 0.232 0.234

sin2θ
lept
eff

m
H

[G
eV

]

χ2/d.o.f.: 11.8 / 5

A
0,l
fb 0.23099 ± 0.00053

Al(Pτ ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆α = 0.02758 ± 0.00035∆α
m = 178.0 ± 4.3 GeV

Fig. 7.6. Comparison of the effective electroweak mixing angle sin2 !lept
eff derived from measurements depending on lepton couplings only (top) and

also quark couplings (bottom). Also shown is the SM prediction for sin2 !lept
eff as a function of mH. The additional uncertainty of the SM prediction

is parametric and dominated by the uncertainties in !"(5)
had(m2

Z) and mt , shown as the bands. The total width of the band is the linear sum of these
effects.

7.3.5. Discussion
The unexpectedly large shifts and differences observed in the various analyses for asymmetry parameters, effective

coupling constants, #f and sin2 !lept
eff all show the consequences of the same effect. It is most clearly visible in the

effective couplings and sin2 !lept
eff averages and stems from the measurements of A0

LR and A0,b
FB .

The results as shown in Fig. 7.4 suggest that the effective couplings for b-quarks cause the main effect; both gVb
and gAb deviate from the SM expectation at the level of two standard deviations. In terms of the left- and right-handed
couplings gLb and gRb, which are much better aligned with the axes of the error ellipse, only gRb shows a noticeable
deviation from the expectation. The value of gLb, which is essentially equivalent to R0

b ∝ g2
Rb +g2

Lb due to the smallness
of gRb, shows no discrepancy. The data therefore invite an economical explanation in terms of a possible deviation of
the right-handed b-quark coupling alone, even at Born level (see Eq. (1.7)), from the SM prediction. This would affect
Ab and A0,b

FB , which both depend only on the ratio gRb/gLb, more strongly than R0
b .

From the experimental point of view, no systematic effect potentially explaining such shifts in the measurement
of A0,b

FB has been identified. While the QCD corrections are significant, their uncertainties are small compared to
the total errors and are taken into account, see Section 5.7.2. Within the SM, flavour specific electroweak radiative
corrections as listed above and their uncertainties are much too small to explain the difference in the extracted sin2 !lept

eff
values. All known uncertainties are investigated and are taken into account in the analyses. The same holds for the
A0

LR measurement, where the most important source of systematic uncertainty, namely the determination of the beam
polarisation, is small and well-controlled.

Thus the shift is either a sign for new physics which invalidates the simple relations between the effective parameters
assumed in this chapter, or a fluctuation in one or more of the input measurements. In the following we assume
that measurement fluctuations are responsible. Furthermore, we largely continue to assume a Gaussian model for
the experimental errors, despite the fact that this results in a value for sin2 !lept

eff , with small errors, which is in poor
agreement with both A0

LR and A0,b
FB . As a direct consequence, the $2/dof in all analyses including these measurements

Previous generation of sin2θW measurements LEP/SLD  
Several different observables and asymmetries used 

Al = polarisation L/R asymmetry at SLD 
AFB = forward/backward asymmetry in Z→bb 

Long-standing 3.2σ discrepancy between LEP and SLD

0,b

Physics Reports 427 (2006) 257–454

Electroweak Precision Observables - sin2θeff

https://www.sciencedirect.com/science/article/abs/pii/S0370157305005119
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Drell—Yan Measurement at ATLAS

Q (GeV)
10 210 310

σ

-910
-810
-710
-610
-510
-410
-310
-210
-110
1

10
210
310
410
510
610

 = 13 TeVs Total NLO Cross Section

Z Contribution
 Contribution*γ

 Interference (Modulus)*γZ/

Q (GeV)

JHEP08(2016)009

mℓℓ |yℓℓ| d2σ
dmℓℓd|yℓℓ| δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–150 0.0–0.2 4.10× 10−2 0.81 0.62 1.02 0.20 0.00 0.02 0.00 -0.03 0.01 0.06 0.07 -0.05 -0.07 -0.01 0.02 0.02 0.01 0.15 -0.15 -0.02 -0.02 -0.08 0.09 -0.19 -0.08 0.05 -0.14 0.09 -0.21 0.13 -0.19 0.09 -0.15 0.04 0.01 0.25 -0.03 -0.02 0.03

116–150 0.2–0.4 4.04× 10−2 0.82 0.63 1.03 0.21 0.00 0.01 0.01 -0.02 0.01 0.06 0.08 -0.05 -0.05 0.00 0.02 0.04 0.02 0.14 -0.16 -0.01 -0.01 -0.10 0.07 -0.20 -0.08 0.06 -0.19 0.05 -0.20 0.10 -0.19 0.10 -0.16 0.01 -0.02 0.24 -0.02 -0.06 0.03

116–150 0.4–0.6 4.01× 10−2 0.83 0.62 1.04 0.21 0.01 0.01 0.02 -0.02 -0.01 0.06 0.07 -0.05 -0.05 -0.00 0.02 0.03 0.03 0.13 -0.17 -0.03 -0.03 -0.08 0.09 -0.17 -0.07 0.06 -0.19 0.03 -0.18 0.13 -0.19 0.14 -0.12 -0.01 -0.01 0.26 -0.01 -0.06 0.04

116–150 0.6–0.8 4.04× 10−2 0.83 0.59 1.02 0.21 0.01 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.06 -0.01 0.02 0.01 0.01 0.13 -0.16 -0.03 -0.03 -0.04 0.09 -0.16 -0.09 0.05 -0.18 0.06 -0.18 0.05 -0.15 0.08 -0.19 0.01 0.05 0.23 0.01 -0.05 0.04

116–150 0.8–1.0 3.97× 10−2 0.84 0.59 1.03 0.22 0.02 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.05 -0.01 0.01 0.01 0.03 0.11 -0.14 -0.04 -0.04 -0.06 0.04 -0.17 -0.06 0.09 -0.19 -0.01 -0.16 0.06 -0.12 0.15 -0.18 -0.00 0.06 0.25 0.03 0.02 0.03

116–150 1.0–1.2 3.95× 10−2 0.84 0.56 1.01 0.22 0.02 0.00 0.04 -0.01 -0.03 0.06 0.07 -0.04 -0.03 0.01 -0.01 0.01 0.03 0.09 -0.12 -0.04 -0.04 -0.05 0.05 -0.12 -0.04 0.06 -0.19 -0.05 -0.10 0.05 -0.13 0.12 -0.20 -0.04 0.07 0.27 0.00 -0.06 0.04

116–150 1.2–1.4 3.84× 10−2 0.84 0.58 1.02 0.23 0.02 -0.00 0.03 -0.01 -0.03 0.05 0.07 -0.04 -0.02 0.01 -0.02 0.01 0.02 0.07 -0.11 -0.05 -0.05 -0.03 0.01 -0.12 -0.05 0.05 -0.19 -0.09 -0.06 -0.00 -0.13 0.18 -0.15 -0.02 0.08 0.29 0.01 -0.09 0.06

116–150 1.4–1.6 3.48× 10−2 0.89 0.58 1.06 0.24 0.02 -0.01 0.02 -0.01 -0.01 0.06 0.07 -0.04 -0.01 0.01 -0.04 0.02 0.03 0.04 -0.11 -0.05 -0.05 -0.04 -0.02 -0.10 0.01 0.08 -0.17 -0.14 -0.08 -0.03 -0.14 0.07 -0.13 -0.08 0.00 0.31 -0.03 -0.15 0.08

116–150 1.6–1.8 2.92× 10−2 1.00 0.64 1.18 0.28 0.02 -0.00 0.01 -0.01 -0.01 0.06 0.08 -0.04 -0.01 0.00 -0.04 0.01 0.03 0.04 -0.11 -0.05 -0.05 -0.01 -0.04 -0.10 -0.00 0.07 -0.19 -0.22 -0.06 -0.02 -0.09 0.11 -0.13 -0.04 -0.00 0.35 -0.04 -0.12 0.10

116–150 1.8–2.0 2.29× 10−2 1.14 0.70 1.33 0.31 0.02 -0.01 0.01 -0.01 -0.01 0.07 0.09 -0.05 -0.01 0.01 -0.06 0.01 0.03 0.02 -0.12 -0.07 -0.07 -0.05 -0.04 -0.06 -0.01 0.07 -0.21 -0.28 -0.07 -0.09 -0.09 0.12 -0.13 -0.07 -0.04 0.34 -0.05 -0.14 0.11

116–150 2.0–2.2 1.54× 10−2 1.40 0.88 1.65 0.40 0.02 0.00 0.00 -0.00 -0.02 0.06 0.09 -0.07 -0.02 -0.01 -0.05 0.00 0.01 0.07 -0.12 -0.07 -0.07 0.03 -0.03 -0.04 -0.01 0.07 -0.31 -0.15 0.01 -0.15 -0.02 0.25 -0.15 0.18 0.12 0.45 -0.24 -0.01 0.17

116–150 2.2–2.4 7.31× 10−3 2.33 1.46 2.75 0.72 0.03 -0.00 -0.03 0.03 -0.01 0.05 0.13 -0.08 0.01 0.02 -0.08 0.02 0.01 0.04 -0.15 -0.07 -0.07 0.03 -0.07 -0.12 -0.00 0.10 -0.48 -0.27 0.13 -0.14 -0.00 0.18 -0.34 0.26 0.26 0.74 -0.46 0.13 0.33

150–200 0.0–0.2 1.04× 10−2 1.41 1.31 1.93 0.32 -0.00 0.04 0.00 -0.06 0.01 0.07 0.10 -0.07 -0.12 -0.00 0.12 0.06 0.04 0.31 -0.30 -0.02 -0.02 -0.22 0.29 -0.43 -0.22 0.03 -0.26 0.32 -0.42 0.37 -0.50 0.11 -0.27 -0.06 -0.08 0.42 -0.00 -0.03 0.07

150–200 0.2–0.4 1.04× 10−2 1.41 1.28 1.91 0.33 -0.00 0.04 0.01 -0.05 0.00 0.07 0.10 -0.06 -0.13 -0.00 0.11 0.05 0.03 0.30 -0.30 -0.01 -0.01 -0.19 0.27 -0.42 -0.21 0.05 -0.26 0.32 -0.42 0.36 -0.46 0.15 -0.26 -0.03 -0.05 0.42 0.01 -0.05 0.07

150–200 0.4–0.6 1.03× 10−2 1.42 1.22 1.87 0.32 -0.00 0.04 0.03 -0.05 0.00 0.07 0.10 -0.06 -0.12 -0.01 0.10 0.05 0.02 0.29 -0.29 -0.03 -0.03 -0.17 0.26 -0.40 -0.19 0.05 -0.23 0.29 -0.38 0.33 -0.45 0.13 -0.28 -0.03 -0.01 0.42 0.01 -0.03 0.07

150–200 0.6–0.8 1.05× 10−2 1.39 1.11 1.78 0.32 0.01 0.03 0.02 -0.04 -0.02 0.06 0.09 -0.06 -0.09 -0.01 0.08 0.05 0.04 0.25 -0.25 -0.04 -0.04 -0.16 0.23 -0.33 -0.19 0.04 -0.30 0.23 -0.29 0.33 -0.38 0.13 -0.29 -0.05 0.01 0.40 0.00 -0.03 0.07

150–200 0.8–1.0 1.02× 10−2 1.42 1.02 1.75 0.33 0.01 0.02 0.03 -0.04 -0.02 0.07 0.08 -0.06 -0.10 -0.01 0.07 0.03 0.02 0.22 -0.24 -0.05 -0.05 -0.15 0.19 -0.29 -0.16 0.06 -0.20 0.20 -0.26 0.25 -0.39 0.10 -0.23 -0.11 0.01 0.41 -0.02 -0.01 0.08

150–200 1.0–1.2 9.68× 10−3 1.44 0.94 1.72 0.32 0.02 0.01 0.02 -0.03 -0.03 0.07 0.08 -0.05 -0.07 0.01 0.05 0.03 0.03 0.16 -0.20 -0.05 -0.05 -0.10 0.15 -0.23 -0.16 0.04 -0.26 0.14 -0.19 0.19 -0.34 0.14 -0.19 -0.10 0.04 0.44 -0.08 -0.09 0.12

150–200 1.2–1.4 9.12× 10−3 1.47 0.80 1.67 0.31 0.03 0.01 0.02 -0.03 -0.03 0.06 0.07 -0.06 -0.07 -0.02 0.02 0.01 0.02 0.13 -0.18 -0.08 -0.08 -0.05 0.10 -0.20 -0.12 0.05 -0.19 0.07 -0.19 0.14 -0.27 0.09 -0.20 -0.03 0.05 0.38 -0.04 -0.15 0.10

150–200 1.4–1.6 7.79× 10−3 1.59 0.78 1.77 0.32 0.03 0.01 0.01 -0.02 -0.02 0.07 0.06 -0.06 -0.05 -0.02 -0.01 0.01 0.03 0.10 -0.18 -0.09 -0.09 -0.06 0.06 -0.13 -0.10 0.04 -0.21 -0.03 -0.17 0.09 -0.21 0.09 -0.17 -0.11 0.00 0.41 -0.04 -0.18 0.14

150–200 1.6–1.8 6.64× 10−3 1.73 0.75 1.88 0.33 0.03 -0.00 0.01 -0.01 -0.03 0.07 0.07 -0.07 -0.04 -0.00 -0.02 0.02 0.03 0.07 -0.17 -0.05 -0.05 -0.07 0.01 -0.06 -0.10 0.06 -0.24 -0.12 -0.05 0.03 -0.20 0.07 -0.16 -0.04 -0.04 0.39 -0.05 -0.21 0.15

150–200 1.8–2.0 4.83× 10−3 2.03 0.75 2.16 0.38 0.03 -0.00 0.01 -0.02 -0.03 0.08 0.07 -0.07 -0.04 -0.01 -0.04 0.01 0.01 0.08 -0.17 -0.09 -0.09 0.00 -0.02 -0.03 -0.08 0.10 -0.21 -0.15 -0.10 -0.02 -0.14 0.17 -0.12 0.05 0.01 0.37 -0.12 -0.12 0.14

150–200 2.0–2.2 3.35× 10−3 2.42 0.88 2.57 0.46 0.03 -0.00 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.05 -0.03 -0.04 0.00 -0.01 0.07 -0.15 -0.10 -0.10 0.03 -0.03 0.05 -0.09 0.10 -0.22 -0.18 -0.07 -0.02 -0.09 0.16 -0.18 0.10 0.06 0.41 -0.32 0.11 0.17

150–200 2.2–2.4 1.63× 10−3 3.91 1.45 4.17 0.81 0.02 -0.01 -0.05 -0.00 -0.02 0.08 0.11 -0.11 -0.01 0.00 -0.07 0.06 0.02 0.06 -0.14 -0.10 -0.10 0.02 -0.02 0.03 -0.12 0.23 -0.42 -0.31 0.09 -0.15 -0.08 0.15 -0.35 0.20 0.06 0.68 -0.39 0.21 0.38

200–300 0.0–0.2 2.42× 10−3 2.20 2.14 3.07 0.55 -0.00 0.07 0.02 -0.08 0.02 0.08 0.14 -0.08 -0.20 0.00 0.19 0.09 0.07 0.48 -0.45 0.00 0.00 -0.31 0.49 -0.73 -0.31 0.08 -0.39 0.61 -0.69 0.62 -0.76 0.23 -0.45 -0.02 -0.03 0.67 0.03 -0.12 0.12

200–300 0.2–0.4 2.39× 10−3 2.21 2.06 3.03 0.56 -0.00 0.06 0.02 -0.08 0.01 0.08 0.14 -0.09 -0.19 -0.01 0.18 0.08 0.07 0.47 -0.44 -0.01 -0.01 -0.30 0.47 -0.71 -0.31 0.06 -0.37 0.57 -0.65 0.62 -0.75 0.18 -0.45 -0.06 -0.05 0.65 0.00 -0.09 0.11

200–300 0.4–0.6 2.43× 10−3 2.18 1.93 2.91 0.56 0.01 0.05 0.01 -0.08 -0.02 0.09 0.13 -0.09 -0.17 -0.01 0.14 0.05 0.06 0.37 -0.40 -0.06 -0.06 -0.26 0.42 -0.63 -0.30 0.06 -0.38 0.54 -0.55 0.57 -0.74 0.21 -0.33 -0.13 -0.07 0.68 -0.05 -0.08 0.15

200–300 0.6–0.8 2.48× 10−3 2.12 1.67 2.70 0.52 0.02 0.04 0.01 -0.06 -0.01 0.08 0.12 -0.09 -0.15 0.01 0.12 0.06 0.06 0.34 -0.35 -0.07 -0.07 -0.23 0.34 -0.51 -0.29 0.04 -0.35 0.42 -0.46 0.44 -0.64 0.15 -0.31 -0.16 -0.07 0.61 -0.02 -0.15 0.15

200–300 0.8–1.0 2.29× 10−3 2.19 1.51 2.65 0.49 0.02 0.04 0.02 -0.05 -0.02 0.07 0.10 -0.09 -0.14 -0.00 0.08 0.04 0.07 0.31 -0.33 -0.07 -0.07 -0.18 0.28 -0.47 -0.23 0.07 -0.34 0.32 -0.44 0.38 -0.52 0.16 -0.32 -0.12 -0.02 0.56 -0.03 -0.23 0.15

200–300 1.0–1.2 2.16× 10−3 2.20 1.29 2.55 0.46 0.02 0.02 0.02 -0.05 -0.02 0.08 0.09 -0.08 -0.13 -0.02 0.04 0.04 0.03 0.23 -0.28 -0.10 -0.10 -0.12 0.19 -0.32 -0.21 0.06 -0.29 0.26 -0.34 0.29 -0.44 0.08 -0.24 -0.13 -0.04 0.56 -0.06 -0.30 0.20

200–300 1.2–1.4 1.88× 10−3 2.32 1.14 2.59 0.45 0.03 0.01 0.02 -0.04 -0.02 0.08 0.08 -0.07 -0.08 -0.00 0.01 0.04 0.04 0.17 -0.26 -0.08 -0.08 -0.12 0.13 -0.23 -0.18 0.07 -0.24 0.11 -0.25 0.27 -0.39 0.09 -0.15 -0.18 -0.05 0.53 -0.11 -0.30 0.20

200–300 1.4–1.6 1.66× 10−3 2.41 0.95 2.59 0.44 0.04 0.01 0.01 -0.02 -0.03 0.08 0.08 -0.08 -0.08 -0.02 -0.00 0.04 0.02 0.16 -0.22 -0.08 -0.08 -0.04 0.07 -0.15 -0.15 0.08 -0.22 0.03 -0.16 0.12 -0.24 0.12 -0.25 -0.04 0.02 0.46 -0.08 -0.26 0.18

200–300 1.6–1.8 1.34× 10−3 2.71 0.90 2.85 0.47 0.04 0.01 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.08 -0.05 -0.04 0.03 0.02 0.11 -0.20 -0.10 -0.10 -0.02 0.02 -0.07 -0.15 0.09 -0.19 -0.05 -0.14 0.01 -0.21 0.13 -0.15 -0.04 -0.06 0.42 -0.12 -0.30 0.18

200–300 1.8–2.0 1.00× 10−3 3.13 0.94 3.27 0.52 0.04 -0.00 0.01 -0.01 -0.01 0.10 0.08 -0.09 -0.05 -0.05 -0.07 0.01 0.01 0.05 -0.17 -0.08 -0.08 0.00 -0.03 0.01 -0.14 0.08 -0.17 -0.20 -0.13 0.02 -0.11 0.08 -0.21 -0.03 -0.12 0.42 -0.20 -0.29 0.20

200–300 2.0–2.2 6.04× 10−4 3.97 1.09 4.12 0.62 0.03 -0.01 -0.00 -0.02 -0.00 0.10 0.09 -0.08 -0.04 -0.04 -0.10 -0.00 0.01 0.09 -0.20 -0.08 -0.08 0.02 -0.06 0.03 -0.15 0.13 -0.17 -0.18 -0.06 -0.12 -0.06 0.24 -0.30 0.06 -0.07 0.43 -0.43 0.07 0.21

200–300 2.2–2.4 2.43× 10−4 6.94 1.70 7.15 1.18 0.02 0.01 -0.01 -0.03 0.02 0.09 0.12 -0.12 -0.07 -0.09 -0.07 0.04 0.05 0.04 -0.23 -0.12 -0.12 0.06 -0.04 0.07 -0.14 0.32 -0.20 -0.30 -0.06 -0.21 0.03 0.38 -0.46 0.26 -0.15 0.59 -0.33 0.17 0.35

300–500 0.0–0.4 3.55× 10−4 2.97 2.54 3.90 0.92 0.02 0.03 -0.01 -0.08 -0.01 0.12 0.15 -0.12 -0.19 0.03 0.16 0.09 0.01 0.42 -0.47 -0.09 -0.09 -0.29 0.49 -0.78 -0.41 0.04 -0.52 0.74 -0.67 0.75 -0.98 0.23 -0.41 -0.18 -0.15 0.89 -0.09 -0.14 0.23

300–500 0.4–0.8 3.36× 10−4 2.96 2.10 3.62 0.76 0.04 0.03 0.01 -0.07 -0.02 0.11 0.12 -0.11 -0.18 0.00 0.11 0.07 0.02 0.36 -0.41 -0.14 -0.14 -0.16 0.35 -0.63 -0.31 0.07 -0.41 0.57 -0.64 0.57 -0.74 0.23 -0.40 -0.08 -0.05 0.71 0.03 -0.43 0.18

300–500 0.8–1.2 3.16× 10−4 2.90 1.49 3.26 0.58 0.06 0.02 0.02 -0.04 -0.03 0.09 0.08 -0.10 -0.14 -0.03 0.03 0.05 0.03 0.22 -0.32 -0.13 -0.13 -0.08 0.22 -0.36 -0.23 0.10 -0.32 0.24 -0.40 0.34 -0.51 0.16 -0.19 -0.16 -0.13 0.54 0.02 -0.52 0.19

300–500 1.2–1.6 2.45× 10−4 3.12 1.15 3.33 0.51 0.06 -0.01 -0.00 -0.01 -0.03 0.10 0.05 -0.11 -0.08 -0.02 -0.03 0.05 0.02 0.13 -0.20 -0.11 -0.11 -0.04 0.04 -0.08 -0.20 0.05 -0.32 0.04 -0.10 0.11 -0.24 0.11 -0.20 -0.12 -0.06 0.55 -0.12 -0.49 0.27

300–500 1.6–2.0 1.31× 10−4 4.29 1.24 4.46 0.59 0.07 0.00 -0.01 -0.01 -0.03 0.10 0.05 -0.11 -0.10 -0.06 -0.10 0.04 -0.01 0.09 -0.23 -0.13 -0.13 0.05 -0.03 0.03 -0.14 0.11 -0.17 -0.17 -0.10 -0.02 -0.02 0.19 -0.18 0.04 -0.23 0.35 0.11 -0.81 0.20

300–500 2.0–2.4 3.81× 10−5 7.99 1.78 8.18 1.10 0.05 -0.00 -0.02 -0.03 0.01 0.12 0.09 -0.14 -0.11 -0.08 -0.11 0.03 0.01 0.13 -0.32 -0.14 -0.14 0.06 -0.10 0.07 -0.03 0.09 -0.24 -0.12 0.17 -0.20 0.35 0.33 -0.82 0.23 -0.45 0.52 -0.25 0.00 0.24

500–1500 0.0–0.4 1.47× 10−5 6.15 1.89 6.43 0.99 0.12 -0.04 -0.02 -0.02 -0.05 0.17 0.08 -0.16 -0.16 0.02 -0.02 0.06 -0.07 0.20 -0.28 -0.23 -0.23 0.04 0.14 -0.34 -0.33 0.01 -0.47 0.44 -0.51 0.41 -0.65 0.18 -0.37 -0.06 -0.16 0.55 0.04 -0.45 0.16

500–1500 0.4–0.8 1.38× 10−5 6.08 1.61 6.29 0.90 0.14 -0.02 0.02 -0.01 -0.04 0.14 0.03 -0.12 -0.16 -0.04 -0.07 0.04 -0.04 0.12 -0.26 -0.20 -0.20 0.10 0.03 -0.21 -0.24 0.09 -0.34 0.22 -0.47 0.29 -0.36 0.15 -0.27 -0.09 -0.14 0.41 0.13 -0.70 0.16

500–1500 0.8–1.2 1.14× 10−5 6.46 1.47 6.62 0.85 0.14 -0.02 0.02 -0.00 -0.02 0.11 0.01 -0.13 -0.13 -0.05 -0.11 0.07 -0.01 0.12 -0.23 -0.18 -0.18 0.09 0.00 -0.08 -0.18 0.08 -0.28 0.07 -0.26 0.11 -0.16 0.11 -0.15 -0.09 -0.05 0.52 -0.07 -0.77 0.25

500–1500 1.2–1.6 8.05× 10−6 7.39 1.44 7.53 0.71 0.13 -0.02 0.02 0.01 -0.02 0.12 -0.00 -0.13 -0.12 -0.05 -0.15 0.11 -0.02 0.09 -0.23 -0.15 -0.15 0.04 -0.10 0.11 -0.14 0.09 -0.17 -0.16 -0.09 -0.05 0.02 0.15 -0.18 -0.20 -0.30 0.33 0.16 -0.94 0.21

500–1500 1.6–2.0 2.21× 10−6 14.30 1.95 14.43 1.04 0.13 -0.01 -0.01 -0.02 -0.00 0.12 0.02 -0.16 -0.20 -0.16 -0.09 0.08 0.06 0.13 -0.38 -0.16 -0.16 0.14 -0.18 0.11 -0.11 0.02 -0.08 -0.04 -0.00 -0.21 0.51 0.43 -0.54 0.22 -0.31 0.56 0.16 -1.00 0.22

500–1500 2.0–2.4 2.87× 10−7 35.70 7.63 36.51 6.94 0.04 0.17 0.06 -0.11 0.12 0.14 0.14 -0.26 -0.28 -0.26 -0.28 0.05 -0.15 0.23 -0.54 -0.16 -0.16 0.53 -0.28 -0.24 0.14 0.19 0.07 -0.15 -0.54 -0.40 1.73 0.83 -1.00 0.61 -0.41 1.63 -0.26 -0.47 0.36

Table 3. The combined Born-level double-differential cross section d2σ
dmℓℓd|yℓℓ| . The measurements are listed together with the statistical (δstat),

systematic (δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ
35
cor) and uncorrelated (δunc)

systematic error sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total
uncertainties.
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mℓℓ
dσ

dmℓℓ
δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–130 2.28× 10−1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05

130–150 1.04× 10−1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07

150–175 4.98× 10−2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09

175–200 2.54× 10−2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12

200–230 1.37× 10−2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15

230–260 7.89× 10−3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18

260–300 4.43× 10−3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19

300–380 1.87× 10−3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20

380–500 6.20× 10−4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25

500–700 1.53× 10−4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66× 10−5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17

1000–1500 2.66× 10−6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2. The combined Born-level single-differential cross section dσ
dmℓℓ

. The measurements are listed together with the statistical (δstat), systematic
(δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ

35
cor) and uncorrelated (δunc) systematic error

sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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The forward-backward asymmetry is defined as the di↵erence in forward and backward events over all122

events:123

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

. (5)

As mentioned earlier, the angular distribution is symmetric when y`` = 0.124

Previous measurements by ATLAS and CMS of the Drell–Yan process include measurements of fiducial125

cross section [6–9], of one dimensional di↵erential cross sections as a function of rapidity [10, 11],126

transverse momentum [11–14], invariant mass [15–17], and double di↵erentially as a function of ivariant127

mass, rapidity and transferse momentum [18–23] as well as of forward-backward asymmetry [3, 24] and128

of Z-boson polarisation coe�cients [25, 26]. These measurements explore various aspects of Z-boson129

production but have not probed full sensitivity as given by equation 2 yet.130

A triple-di↵erential precision measurement, d3�
dm``d|y`` |d cos ✓⇤ is reported that is sensitive to all three terms131

in equation 2 at LO, allowing simultaneous studies of the PDFs and the weak mixing angle and to NLO132

e↵ects via the shape of cos ✓⇤, providing information about the gluon distribution. For convenience we133

use the notation134

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
. (6)

The cross sections are measured in the electron and muon decay channels covering the region |y`` | < 2.4.135

The electron channel analysis is extended to high rapidity in the region 1.2  |y`` |  3.6. The cross136

section measurements are used to determine AFB di↵erentially in m`` and |y`` |. The measured cross137

sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and -1 cos ✓⇤ +1.138

2. ATLAS detector139

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-140

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged141

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers of142

silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage within143

|⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is surrounded144

by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction of particle145

showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead ab-146

sorbers for |⌘ | < 3.2 and copper absorbers in the very forward region. The hadronic sampling calorimeter147

uses plastic scintillator tiles as the active material and steel absorbers in the region |⌘ | < 1.7. In the148

region 1.5 < |⌘ | < 4.9, liquid argon is used as active material, with copper or/and tungsten absorbers.149

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three stations of150

precision chambers allow the accurate measurement of muon track curvature in the region |⌘ | < 2.7. The151

majority of these precision chambers are composed of drift tubes, while cathode-strip chambers provide152

coverage in the inner stations of the forward region for 2.0 < |⌘ | < 2.7. Additional muon chambers153

installed between the inner and middle stations of the forward region and commissioned prior to the 2012154

run improve measurements in the transition region of 1.05 < |⌘ | < 1.35 where the outer stations have155

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).
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interchanged. The function Pq in equation 1 is given by

Pq = e2
l e2

q (1 + cos2 ✓⇤)

+ eleq
2m2

`` (m2
`` � m2

Z )

sin2 ✓W cos2 ✓W
⇥
(m2

`` � m2
Z )2 + �2

Zm2
Z

⇤
⇥
v`vq (1 + cos2 ✓⇤) + 2a`aq cos ✓⇤

⇤

+
m4

``

sin4 ✓W cos4 ✓W
⇥
(m2

`` � m2
Z )2 + �2

Zm2
Z

⇤
⇥
(a2

` + v
2
` )(a2

q + v
2
q )(1 + cos2 ✓⇤) + 8a`v`aqvq cos ✓⇤

⇤
.

(2)

In this relation �Z is the Z boson width, el and eq are the lepton and quark electric charges, I3
q is the third105

component of the weak isospin, v` = � 1
4 + sin2 ✓W, a` = � 1

4 , vq = 1
2 I3

q � eq sin2 ✓W and aq = 1
2 I3

q are the106

vector and axial-vector lepton and quark couplings, respectively.107

The first term in equation 2 corresponds to pure �⇤ exchange in the scattering process, the second corres-108

ponds to the interference of �⇤ and Z exchange, and the last term corresponds to pure Z exchange. Thus109

the DY invariant mass spectrum is characterized by a 1/m2
`` fall o↵ from the virtual photon exchange con-110

tribution, an m``-dependent Breit-Wigner peaking at the mass of the Z boson, and a Z/�⇤ interference111

contribution which changes sign from negative to positive as m`` increases across the mZ threshold.112

The terms which are linear in cos ✓⇤ induce the forward-backward asymmetry. The largest contribution113

comes from the interference term, except at m`` = mZ , where the interference term is zero, and only the114

Z exchange term contributes to the asymmetry. The resulting asymmetry is, however, numerically small115

due to the small value of v`. The net e↵ect is an asymmetry which is negative for m`` < mZ and increases,116

becoming positive for m`` > mZ . The point of zero asymmetry occurs slightly below m`` = mZ .117

The cross section sensitivity to the PDFs, arises primarily from the dependence on y`` (and therefore x1118

and x2) in equation 1. Further sensitivity is gained by analysing the cross section in the m`` dimension,119

since in the Z resonance peak the partons couple through the weak interaction, whereas o↵-peak the120

electric couplings to the �⇤ dominate. Therefore the relative contributions of up-type and down-type121

quarks vary with m``. Finally, the cos ✓⇤ dependence of the cross section provides sensitivity to terms122

containing alaq and vlvqalaq in equation 2. Therefore three di↵erent combinations of couplings to the123

incident quarks contribute to the LO cross section. The magnitude of the asymmetry is proportional to124

the valence quark PDFs and o↵ers direct sensitivity to the corresponding PDF component.125

The cross section can also be decomposed into harmonic polynomials for the lepton decay angle scattering126

amplitudes, and their corresponding coe�cients A0�7 [22]. Higher order QCD corrections to the leading127

order (LO) qq̄ process involve qg + q̄g terms at next-to-leading-order (NLO), and gg terms at next-128

to-next-to-leading-order (NNLO). These higher order terms modify the decay angle dependence of the129

cross section. Therefore measuring the | cos ✓⇤ | distribution provides additional sensitivity to the gluon130

compared to sea quark PDFs and is related to the measurements of the angular coe�cients as a function131

of the Z boson transverse momentum [22, 23].132

Initial state QCD radiation can introduce a non-zero transverse momentum for the final-state lepton pair133

leading to quark directions which may no longer be aligned with the incident proton directions. Hence, in134

this paper, the decay angle is measured in the Collins-Soper (CS) reference frame [26] in which the decay135

angle is measured from an axis symmetric with respect to the two incoming partons. The decay angle in136
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the CS frame (✓⇤) is given by137

cos ✓⇤ =
pz,``

m`` |pz,`` |
p+1 p�

2 � p�
1 p+2q

m2
`` + p2

T,``

, (3)

where p±i = Ei ± pz, i and i = 1 corresponds to the negatively charged lepton and i = 2 is the positively138

charged antilepton. Here, E and pz are the energy and longitudinal z-components of the leptonic four-139

momentum respectively, pz,`` is the dilepton z-component of the momentum, and pT,`` the dilepton140

transverse momentum.141

The incoming quark direction can only be determined probabilistically: for increasing |y`` | the mo-142

mentum fraction of one parton reaches larger x where the valence quark PDFs dominate which typically143

carry more momentum than the antiquarks. Therefore the Z boson is more likely to be boosted in the144

quark direction. Conversely, at small boson rapidity |y`` | ⇠ 0, it becomes impossible to identify the145

direction of the quark since both quarks and antiquarks have nearly equal momenta. This has the e↵ect146

of diluting the sensitivity to sin2 ✓e↵
lept.147

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

s = 8 TeV. The148

measurements are performed in the electron and muon decay channels for |y`` | < 2.4 and are reported149

at the Born level. The electron channel analysis is extended to high rapidity in the region 1.2  |y`` | 150

3.6. The measured cross sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and151

-1 cos ✓⇤ +1. For convenience the notation152

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
(4)

is used. The cross sections are classified as either forward, (cos ✓⇤ � 0) or backward, (cos ✓⇤ < 0), and153

used to define the experimental measurement of AFB di↵erentially in m`` and |y`` |:154

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

. (5)

2. ATLAS detector155

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-156

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged157

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers158

of silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage159

within |⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is sur-160

rounded by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction161

of particle showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses162

lead absorbers for |⌘ | < 3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active163

material and steel absorbers in the region |⌘ | < 1.7. In the region 1.5 < |⌘ | < 3.2, liquid argon is used164

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).
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where p±i = Ei ± pz, i and i = 1 corresponds to the negatively charged lepton and i = 2 is the positively138

charged antilepton. Here, E and pz are the energy and longitudinal z-components of the leptonic four-139
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transverse momentum.141
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quark direction. Conversely, at small boson rapidity |y`` | ⇠ 0, it becomes impossible to identify the145

direction of the quark since both quarks and antiquarks have nearly equal momenta. This has the e↵ect146

of diluting the sensitivity to sin2 ✓e↵
lept.147

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

s = 8 TeV. The148

measurements are performed in the electron and muon decay channels for |y`` | < 2.4 and are reported149

at the Born level. The electron channel analysis is extended to high rapidity in the region 1.2  |y`` | 150

3.6. The measured cross sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and151

-1 cos ✓⇤ +1. For convenience the notation152

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
(4)

is used. The cross sections are classified as either forward, (cos ✓⇤ � 0) or backward, (cos ✓⇤ < 0), and153

used to define the experimental measurement of AFB di↵erentially in m`` and |y`` |:154

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

. (5)

2. ATLAS detector155

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-156

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged157

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers158

of silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage159

within |⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is sur-160

rounded by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction161

of particle showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses162

lead absorbers for |⌘ | < 3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active163

material and steel absorbers in the region |⌘ | < 1.7. In the region 1.5 < |⌘ | < 3.2, liquid argon is used164

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).
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1. Introduction74

In the Drell–Yan process [1, 2] qq̄ ! Z/�⇤ ! `+`� , parity violation in the neutral weak coupling to75

fermions induces a forward-backward asymmetry, AFB, in the decay angle distribution of the outgoing76

lepton (`�) relative to the incoming quark direction as measured in the dilepton rest frame. This decay77

angle depends on the weak mixing angle, sin2 ✓W, which enters in the fermionic vector couplings to the78

Z boson. At leading order in electroweak (EW) theory it is given by sin2 ✓W = 1 � m2
W /m

2
Z , where79

mW and mZ are the W and Z boson masses respectively. Higher order loop corrections modify this80

relation depending on the renormalisation scheme used, and so experimental measurements are often81

given in terms of the e↵ective weak mixing angle, sin2 ✓e↵ [3]. High precision cross section measurements82

sensitive to the asymmetry, and therefore to the e↵ective weak mixing angle, provide a testing ground for83

EW theory and could o↵er insight into physics beyond the Standard Model (SM).84

Previous measurements by ATLAS and CMS of the Drell–Yan (DY) process include measurements of85

fiducial cross sections [4–7], and one dimensional di↵erential cross sections as a function of rapidity [8,86

9], transverse momentum [9–12], invariant mass [13–15]. Double di↵erential cross section measurements87

as a function of invariant mass and either rapidity or transverse momentum [16–21] have also been pub-88

lished, as well as Z-boson polarisation coe�cients [22, 23] and the forward-backward asymmetry [24,89

25]. The direct measurement of AFB and extraction of the e↵ective weak mixing angle in leptonic Z boson90

decays, sin2 ✓e↵
lept, has been performed by ATLAS using 5 fb�1 of pp collision data at

p
s = 7 TeV [24].91

This analysis yielded a result in which the largest contribution to the uncertainty is due to the limited92

knowledge of the parton distribution functions (PDFs) of the proton.93

A complete description of the Drell–Yan cross section to all orders in QCD depends on five kinematic94

variables of the Born-level leptons namely, m`` the invariant mass of the lepton pair; y``, the rapidity of95

the dilepton system; ✓ and �, the lepton decay angles in the rest frame of the two incident quarks; and pT,Z,96

the transverse momentum of the vector boson. In this paper measurements of the triple-di↵erential Drell–97

Yan cross section, d3�
dm``d|y`` |d cos ✓⇤ are reported as a function of m``, y``, and cos ✓⇤, where the lepton98

decay angle is defined in the Collins-Soper (CS) reference frame [26]. These cross section measurements99

are designed to be simultaneously sensitive to sin2 ✓e↵
lept and to the PDFs, therefore allowing a coherent100

determination of both. A simultaneous extraction has the potential to reduce the PDF uncertainty on the101

extracted value of the weak mixing angle.102

At leading order (LO) in perturbative electroweak and quantum chromodynamic (QCD) theory, the Drell–103

Yan triple di↵erential cross section can be written as104

d3�

dm``dy``d cos ✓⇤
=
⇡↵2

3m``s

X

q

Pq

h
fq (x1,Q2) f q̄ (x2,Q2) + (q $ q̄)

i
, (1)

where s is the squared pp centre-of-mass energy; the incoming parton momentum fractions are x1,2 =
m``p

s
e±y`` ; and fq (x1,Q2) are the PDFs for parton flavour q. Here, Q2 is the four-momentum transfer

squared, and is identified with the dilepton centre-of-mass energy, m``, equal to the partonic centre-of-
mass energy. The q $ q̄ term accounts for the case in which the parent protons of the q and q̄ are
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Figure 2: Parton distribution functions produced by the MMHT group [2] at Q2 = 10000 GeV2.

values, there is expected to be an increased sensitivity to AFB.245
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A measurement and extraction of sin2 ✓e↵W from AFB has been performed by ATLAS at the scale246

Q2 = M2
Z using 5 fb�1 of 7 TeV data collected in 2011 [3] with the result sin2 ✓e↵W = 0.2308 ±247

0.0005(stat) ± 0.0006(syst) ± 0.0009(PDF). The PDF uncertainty is the largest contribution to the to-248

tal error. Therefore in the measurement presented here, a triple di↵erential cross-section analysis is249

performed in the variables M``, |y``|, and cos ✓⇤. This allows a simultaneous analysis of the PDFs and250

electroweak parameters using these data. Figure 4 shows the partonic contributions to the cross-section251

as a function of cos ✓⇤. The leading order qq̄ contributions dominate the cross-section as expected, how-252

ever the sub-leading qg and q̄g contributions have a di↵erent shape, and therefore measurements in the253

cos ✓⇤ variable can also provide some PDF information.254
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in Figure 8. The lepton decay angle, cos ✓⇤, can be used to measure PDFs49 through the frames’

dependence on initial quark momentum; the uū and dd̄ give di↵erent contributions as can be seen

in Figure 9. Additionally, the e↵ective weak mixing angle can be simultaneously extracted from

the forward-backward asymmetry alongside the PDFs - an e↵ort that has not been reported in the

literature.
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Figure 3.8: Flavour decomposition of the Neutral Current Drell-Yan production as a function of
boson rapidity at

p
s = 8 TeV via Z boson (left) and photon (right) exchange.

tain the flavor decomposition for the two processes as a function of the rapidity of the produced boson
(figure 3.8). The process mediated by the photon exchange arises dominantly from the annihilation
of uū quarks, where u can be either a valence or a sea-quark. The contribution from dd̄ annihila-
tion is smaller since the coupling of the photon to quarks is proportional to the electric charge (table
2.3, equation 3.9). Measuring the Drell-Yan cross-section in the low and high invariant mass regions
allows to improve the knowledge of the ū distribution obtained from DIS experiments. The region
under the Z-peak provides information about the valence quarks, ū, d̄ and the fraction of strange-to-
down quarks. An example of an analysis using Drell-Yan data to obtain constraints on proton PDFs
can be found in Appendix A.

Measuring the cross-section as a function of cos� � is important for extracting of the forward-
backward asymmetry and weak mixing angle as is explained in the next section. The cross-section
calculated in different cos� � bins, shown in figure 3.9, depends on the sub-processes contributions.

3.3 Forward-Backward asymmetry

Due to the V-A nature of the electroweak interactions the Drell-Yan production cross-section is not
symmetric with respect to the angular distribution � �. Namely, due to the different couplings of left
and right-handed fermions to the weak currents, the directions of the final state leptons are asymmetric
with respect to the initial quark directions.

The asymmetry can be quantified using the relative change of the integrated cross-sections for
forward and backward events:

AFB =
�F ��B

�F +�B
, (3.12)

where �F =
1�
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d�
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FIG. 8: The quark flavour decomposition for the neutral-current Drell–Yan process at
p

s = 8TeV

as a function of boson rapidity45. In these plots the y-axis has been scaled to arbitrary units (AU).
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(figure 3.8). The process mediated by the photon exchange arises dominantly from the annihilation
of uū quarks, where u can be either a valence or a sea-quark. The contribution from dd̄ annihila-
tion is smaller since the coupling of the photon to quarks is proportional to the electric charge (table
2.3, equation 3.9). Measuring the Drell-Yan cross-section in the low and high invariant mass regions
allows to improve the knowledge of the ū distribution obtained from DIS experiments. The region
under the Z-peak provides information about the valence quarks, ū, d̄ and the fraction of strange-to-
down quarks. An example of an analysis using Drell-Yan data to obtain constraints on proton PDFs
can be found in Appendix A.

Measuring the cross-section as a function of cos� � is important for extracting of the forward-
backward asymmetry and weak mixing angle as is explained in the next section. The cross-section
calculated in different cos� � bins, shown in figure 3.9, depends on the sub-processes contributions.

3.3 Forward-Backward asymmetry

Due to the V-A nature of the electroweak interactions the Drell-Yan production cross-section is not
symmetric with respect to the angular distribution � �. Namely, due to the different couplings of left
and right-handed fermions to the weak currents, the directions of the final state leptons are asymmetric
with respect to the initial quark directions.

The asymmetry can be quantified using the relative change of the integrated cross-sections for
forward and backward events:

AFB =
�F ��B

�F +�B
, (3.12)

where �F =
1�

0

d�
d cos� � d cos� � and �B =

0�

�1

d�
d cos� � d cos� �. In terms of the vector and axial vector

FIG. 8: The quark flavour decomposition for the neutral-current Drell–Yan process at
p

s = 8TeV

as a function of boson rapidity45. In these plots the y-axis has been scaled to arbitrary units (AU).

csθcos
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

csθ
dc
osσd

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

310×

dd
uu
ss

b+bcc

dgd+g

ugu+g
)d,c,sg(s,c,d)+g(

N
um

be
r o

f E
ve

nt
s

FIG. 9: The quark flavour decomposition at NLO for the neutral-current Drell–Yan process at
p

s = 8TeV as a function of lepton decay angle using the Herwig MC generator.
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Figure 4: Parton contributions to the cross-section as a function of cos ✓⇤.

The goal of this analysis is to measure neutral current Drell-Yan production, qq̄ ! Z/�⇤ ! `+`�,255

and to compare the measurements to Monte Carlo NNLO with higher order EW predictions of the cross-256

sections and forward-backward asymmetry. A second paper will determine sin2 ✓e↵W and parton distribu-257

tion functions from the measurements details of which will not appear in this note. The analysis outlined258

here uses LHC
p

s = 8 TeV proton-proton collision data collected using the ATLAS detector. In total,259

the integrated luminosity of the data set is approximately 20.1 fb�1. The analysis reported in this note260

is split into three independent measurements of the Drell-Yan cross-section. Specific measurements will261

be referred to as measurements while the global analysis will be referred to as the analysis. The three262

measured channels or phase spaces are:263

• Z Central-Central (ZCC): Measurement of qq̄ ! Z/�⇤ ! e+e� where both electrons are recon-264

structed in the central region (|⌘| < 2.4) with dielectron invariant mass in the range 46 < Mee < 200265

GeV.266

• Z Central-Forward (ZCF): Measurement of qq̄ ! Z/�⇤ ! e+e� where one electron is recon-267

structed in the central region (|⌘| < 2.4) of the ATLAS detector and the other in the forward region268

(2.5 < |⌘| < 4.9) with dielectron invariant mass in the range 66 < Mee < 150 GeV.269

• Z Muon-Muon (ZMM): Measurement of qq̄ ! Z/�⇤ ! µ+µ� where both muons are recon-270

structed in the central region (|⌘| < 2.4) with dimuon invariant mass in the range 46 < Mµµ < 200271

GeV.272

As stated earlier, the analysis is in three dimensions: M``, |y``|, and cos ✓⇤. The three measurements273

are presented in this note along with analysis of the results. The regions in PDF kinematic phase space274

accessible to three analyses can be seen in Figure 5.275

Having introduced the analysis here in Chapter 1, this note next details the data set and Monte276

Carlo samples used in Chapter 2. A chapter on the methodology of the analysis is presented in Chapter277

3. Following are chapters outlining the three measurements: the electron channels, ZCC and ZCF,278

in Chapter 4 and the muon channel, ZMM, in Chapter 5. The steps taken in calculating the three-279

dimensional di↵erential cross-section of interest are shown in Chapter 6. The uncertainties a↵ecting the280

all measurements are discussed and evaluated in Chapter 7. In Chapters 8 and 9, the combination of281

the ZCC and ZMM measurements is detailed and the results presented. In Chapter 10, some theoretical282

predictions are made. Finally, Chapter 11 concludes this note.283

cos θ* 

In different m regions 
y spectrum shape changes 
dramatically for  mll ≠ mZ

Additionally cos θ* spectrum has 
sensitivity to gluon PDF via gq terms

Triple-differential Z/ɣ* Measurement Motivation

sensitive to difference in u-type and d-type 
due to Z vs ɣ* couplings on- and off-shell

y dependence measures x distribution of PDFs

x1,2 =
m``p
s

e

±y

At LHC direction of incoming quark is unknown 
Therefore there is ambiguity in defining θ* 
(not a problem at Tevatron) 
Ambiguity dilutes AFB 
Dilution is reduced at large |y| due to valence quark boost

⇒ greater sensitivity to sin2θeff at larger y 
zero sensitivity at y=0

Sensitivity to uv & dv valence 
quarks at |y| > 1
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Uncertainty 
Source

CC electrons 
x10-5

CF electrons 
x10-5

Muons 
x10-5

Combined 
x10-5

PDF 100 100 90 90
MC statistics 50 20 50 20

Elec energy scale 40 60 — 30
Elec energy res. 40 50 — 20

Muon energy scale — — 50 20

higher order corrs 30 10 30 20
Other source 10 10 20 20

11

JHEP09(2015)049

ATLAS measurement of sin2 θeff   
limited by PDF uncertainty 
Values are in units of 10-5 of sin2 θeff 

Triple-differential Z/ɣ* Measurement MotivationMotivation for the measurement

lept

effθ2sin

0.225 0.23 0.235

PDG Fit

LEP+SLC

  LR
SLD, A

   0,l

   FB
LEP, A

   0,b

   FB
LEP, A

CDF

D0

CMS

ATLAS combined  

µATLAS,   

ATLAS, e CF 

ATLAS, e CC 
ATLAS

  -1 = 7 TeV, 4.8 fb   s

CC electrons CF electrons Muons Combined

Uncertainty source [10−4] [10−4] [10−4] [10−4]

PDF 10 10 9 9

MC statistics 5 2 5 2

Electron energy scale 4 6 – 3

Electron energy resolution 4 5 – 2

Muon energy scale – – 5 2

Higher-order corrections 3 1 3 2

Other sources 1 1 2 2

• ATLAS measurement (JHEP09(2015)049) of sin2 θW
using 4.6 fb−1 of

√
s = 7 TeV data suffered from large

PDF uncertainty.

• Large 20.2 fb−1 sample of well-understood√
s = 8 TeV data.

• Design unfolded measurement to be sensitive to both
PDFs and sin2 θW .

2

5 fb-1 

√s = 7 TeV

Previous ATLAS measurement of sin2 θW 

https://link.springer.com/article/10.1007/JHEP09(2015)049
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Run-I Measurements from ATLAS

JHEP08(2016)009

mℓℓ |yℓℓ| d2σ
dmℓℓd|yℓℓ| δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–150 0.0–0.2 4.10× 10−2 0.81 0.62 1.02 0.20 0.00 0.02 0.00 -0.03 0.01 0.06 0.07 -0.05 -0.07 -0.01 0.02 0.02 0.01 0.15 -0.15 -0.02 -0.02 -0.08 0.09 -0.19 -0.08 0.05 -0.14 0.09 -0.21 0.13 -0.19 0.09 -0.15 0.04 0.01 0.25 -0.03 -0.02 0.03

116–150 0.2–0.4 4.04× 10−2 0.82 0.63 1.03 0.21 0.00 0.01 0.01 -0.02 0.01 0.06 0.08 -0.05 -0.05 0.00 0.02 0.04 0.02 0.14 -0.16 -0.01 -0.01 -0.10 0.07 -0.20 -0.08 0.06 -0.19 0.05 -0.20 0.10 -0.19 0.10 -0.16 0.01 -0.02 0.24 -0.02 -0.06 0.03

116–150 0.4–0.6 4.01× 10−2 0.83 0.62 1.04 0.21 0.01 0.01 0.02 -0.02 -0.01 0.06 0.07 -0.05 -0.05 -0.00 0.02 0.03 0.03 0.13 -0.17 -0.03 -0.03 -0.08 0.09 -0.17 -0.07 0.06 -0.19 0.03 -0.18 0.13 -0.19 0.14 -0.12 -0.01 -0.01 0.26 -0.01 -0.06 0.04

116–150 0.6–0.8 4.04× 10−2 0.83 0.59 1.02 0.21 0.01 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.06 -0.01 0.02 0.01 0.01 0.13 -0.16 -0.03 -0.03 -0.04 0.09 -0.16 -0.09 0.05 -0.18 0.06 -0.18 0.05 -0.15 0.08 -0.19 0.01 0.05 0.23 0.01 -0.05 0.04

116–150 0.8–1.0 3.97× 10−2 0.84 0.59 1.03 0.22 0.02 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.05 -0.01 0.01 0.01 0.03 0.11 -0.14 -0.04 -0.04 -0.06 0.04 -0.17 -0.06 0.09 -0.19 -0.01 -0.16 0.06 -0.12 0.15 -0.18 -0.00 0.06 0.25 0.03 0.02 0.03

116–150 1.0–1.2 3.95× 10−2 0.84 0.56 1.01 0.22 0.02 0.00 0.04 -0.01 -0.03 0.06 0.07 -0.04 -0.03 0.01 -0.01 0.01 0.03 0.09 -0.12 -0.04 -0.04 -0.05 0.05 -0.12 -0.04 0.06 -0.19 -0.05 -0.10 0.05 -0.13 0.12 -0.20 -0.04 0.07 0.27 0.00 -0.06 0.04

116–150 1.2–1.4 3.84× 10−2 0.84 0.58 1.02 0.23 0.02 -0.00 0.03 -0.01 -0.03 0.05 0.07 -0.04 -0.02 0.01 -0.02 0.01 0.02 0.07 -0.11 -0.05 -0.05 -0.03 0.01 -0.12 -0.05 0.05 -0.19 -0.09 -0.06 -0.00 -0.13 0.18 -0.15 -0.02 0.08 0.29 0.01 -0.09 0.06

116–150 1.4–1.6 3.48× 10−2 0.89 0.58 1.06 0.24 0.02 -0.01 0.02 -0.01 -0.01 0.06 0.07 -0.04 -0.01 0.01 -0.04 0.02 0.03 0.04 -0.11 -0.05 -0.05 -0.04 -0.02 -0.10 0.01 0.08 -0.17 -0.14 -0.08 -0.03 -0.14 0.07 -0.13 -0.08 0.00 0.31 -0.03 -0.15 0.08

116–150 1.6–1.8 2.92× 10−2 1.00 0.64 1.18 0.28 0.02 -0.00 0.01 -0.01 -0.01 0.06 0.08 -0.04 -0.01 0.00 -0.04 0.01 0.03 0.04 -0.11 -0.05 -0.05 -0.01 -0.04 -0.10 -0.00 0.07 -0.19 -0.22 -0.06 -0.02 -0.09 0.11 -0.13 -0.04 -0.00 0.35 -0.04 -0.12 0.10

116–150 1.8–2.0 2.29× 10−2 1.14 0.70 1.33 0.31 0.02 -0.01 0.01 -0.01 -0.01 0.07 0.09 -0.05 -0.01 0.01 -0.06 0.01 0.03 0.02 -0.12 -0.07 -0.07 -0.05 -0.04 -0.06 -0.01 0.07 -0.21 -0.28 -0.07 -0.09 -0.09 0.12 -0.13 -0.07 -0.04 0.34 -0.05 -0.14 0.11

116–150 2.0–2.2 1.54× 10−2 1.40 0.88 1.65 0.40 0.02 0.00 0.00 -0.00 -0.02 0.06 0.09 -0.07 -0.02 -0.01 -0.05 0.00 0.01 0.07 -0.12 -0.07 -0.07 0.03 -0.03 -0.04 -0.01 0.07 -0.31 -0.15 0.01 -0.15 -0.02 0.25 -0.15 0.18 0.12 0.45 -0.24 -0.01 0.17

116–150 2.2–2.4 7.31× 10−3 2.33 1.46 2.75 0.72 0.03 -0.00 -0.03 0.03 -0.01 0.05 0.13 -0.08 0.01 0.02 -0.08 0.02 0.01 0.04 -0.15 -0.07 -0.07 0.03 -0.07 -0.12 -0.00 0.10 -0.48 -0.27 0.13 -0.14 -0.00 0.18 -0.34 0.26 0.26 0.74 -0.46 0.13 0.33

150–200 0.0–0.2 1.04× 10−2 1.41 1.31 1.93 0.32 -0.00 0.04 0.00 -0.06 0.01 0.07 0.10 -0.07 -0.12 -0.00 0.12 0.06 0.04 0.31 -0.30 -0.02 -0.02 -0.22 0.29 -0.43 -0.22 0.03 -0.26 0.32 -0.42 0.37 -0.50 0.11 -0.27 -0.06 -0.08 0.42 -0.00 -0.03 0.07

150–200 0.2–0.4 1.04× 10−2 1.41 1.28 1.91 0.33 -0.00 0.04 0.01 -0.05 0.00 0.07 0.10 -0.06 -0.13 -0.00 0.11 0.05 0.03 0.30 -0.30 -0.01 -0.01 -0.19 0.27 -0.42 -0.21 0.05 -0.26 0.32 -0.42 0.36 -0.46 0.15 -0.26 -0.03 -0.05 0.42 0.01 -0.05 0.07

150–200 0.4–0.6 1.03× 10−2 1.42 1.22 1.87 0.32 -0.00 0.04 0.03 -0.05 0.00 0.07 0.10 -0.06 -0.12 -0.01 0.10 0.05 0.02 0.29 -0.29 -0.03 -0.03 -0.17 0.26 -0.40 -0.19 0.05 -0.23 0.29 -0.38 0.33 -0.45 0.13 -0.28 -0.03 -0.01 0.42 0.01 -0.03 0.07

150–200 0.6–0.8 1.05× 10−2 1.39 1.11 1.78 0.32 0.01 0.03 0.02 -0.04 -0.02 0.06 0.09 -0.06 -0.09 -0.01 0.08 0.05 0.04 0.25 -0.25 -0.04 -0.04 -0.16 0.23 -0.33 -0.19 0.04 -0.30 0.23 -0.29 0.33 -0.38 0.13 -0.29 -0.05 0.01 0.40 0.00 -0.03 0.07

150–200 0.8–1.0 1.02× 10−2 1.42 1.02 1.75 0.33 0.01 0.02 0.03 -0.04 -0.02 0.07 0.08 -0.06 -0.10 -0.01 0.07 0.03 0.02 0.22 -0.24 -0.05 -0.05 -0.15 0.19 -0.29 -0.16 0.06 -0.20 0.20 -0.26 0.25 -0.39 0.10 -0.23 -0.11 0.01 0.41 -0.02 -0.01 0.08

150–200 1.0–1.2 9.68× 10−3 1.44 0.94 1.72 0.32 0.02 0.01 0.02 -0.03 -0.03 0.07 0.08 -0.05 -0.07 0.01 0.05 0.03 0.03 0.16 -0.20 -0.05 -0.05 -0.10 0.15 -0.23 -0.16 0.04 -0.26 0.14 -0.19 0.19 -0.34 0.14 -0.19 -0.10 0.04 0.44 -0.08 -0.09 0.12

150–200 1.2–1.4 9.12× 10−3 1.47 0.80 1.67 0.31 0.03 0.01 0.02 -0.03 -0.03 0.06 0.07 -0.06 -0.07 -0.02 0.02 0.01 0.02 0.13 -0.18 -0.08 -0.08 -0.05 0.10 -0.20 -0.12 0.05 -0.19 0.07 -0.19 0.14 -0.27 0.09 -0.20 -0.03 0.05 0.38 -0.04 -0.15 0.10

150–200 1.4–1.6 7.79× 10−3 1.59 0.78 1.77 0.32 0.03 0.01 0.01 -0.02 -0.02 0.07 0.06 -0.06 -0.05 -0.02 -0.01 0.01 0.03 0.10 -0.18 -0.09 -0.09 -0.06 0.06 -0.13 -0.10 0.04 -0.21 -0.03 -0.17 0.09 -0.21 0.09 -0.17 -0.11 0.00 0.41 -0.04 -0.18 0.14

150–200 1.6–1.8 6.64× 10−3 1.73 0.75 1.88 0.33 0.03 -0.00 0.01 -0.01 -0.03 0.07 0.07 -0.07 -0.04 -0.00 -0.02 0.02 0.03 0.07 -0.17 -0.05 -0.05 -0.07 0.01 -0.06 -0.10 0.06 -0.24 -0.12 -0.05 0.03 -0.20 0.07 -0.16 -0.04 -0.04 0.39 -0.05 -0.21 0.15

150–200 1.8–2.0 4.83× 10−3 2.03 0.75 2.16 0.38 0.03 -0.00 0.01 -0.02 -0.03 0.08 0.07 -0.07 -0.04 -0.01 -0.04 0.01 0.01 0.08 -0.17 -0.09 -0.09 0.00 -0.02 -0.03 -0.08 0.10 -0.21 -0.15 -0.10 -0.02 -0.14 0.17 -0.12 0.05 0.01 0.37 -0.12 -0.12 0.14

150–200 2.0–2.2 3.35× 10−3 2.42 0.88 2.57 0.46 0.03 -0.00 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.05 -0.03 -0.04 0.00 -0.01 0.07 -0.15 -0.10 -0.10 0.03 -0.03 0.05 -0.09 0.10 -0.22 -0.18 -0.07 -0.02 -0.09 0.16 -0.18 0.10 0.06 0.41 -0.32 0.11 0.17

150–200 2.2–2.4 1.63× 10−3 3.91 1.45 4.17 0.81 0.02 -0.01 -0.05 -0.00 -0.02 0.08 0.11 -0.11 -0.01 0.00 -0.07 0.06 0.02 0.06 -0.14 -0.10 -0.10 0.02 -0.02 0.03 -0.12 0.23 -0.42 -0.31 0.09 -0.15 -0.08 0.15 -0.35 0.20 0.06 0.68 -0.39 0.21 0.38

200–300 0.0–0.2 2.42× 10−3 2.20 2.14 3.07 0.55 -0.00 0.07 0.02 -0.08 0.02 0.08 0.14 -0.08 -0.20 0.00 0.19 0.09 0.07 0.48 -0.45 0.00 0.00 -0.31 0.49 -0.73 -0.31 0.08 -0.39 0.61 -0.69 0.62 -0.76 0.23 -0.45 -0.02 -0.03 0.67 0.03 -0.12 0.12

200–300 0.2–0.4 2.39× 10−3 2.21 2.06 3.03 0.56 -0.00 0.06 0.02 -0.08 0.01 0.08 0.14 -0.09 -0.19 -0.01 0.18 0.08 0.07 0.47 -0.44 -0.01 -0.01 -0.30 0.47 -0.71 -0.31 0.06 -0.37 0.57 -0.65 0.62 -0.75 0.18 -0.45 -0.06 -0.05 0.65 0.00 -0.09 0.11

200–300 0.4–0.6 2.43× 10−3 2.18 1.93 2.91 0.56 0.01 0.05 0.01 -0.08 -0.02 0.09 0.13 -0.09 -0.17 -0.01 0.14 0.05 0.06 0.37 -0.40 -0.06 -0.06 -0.26 0.42 -0.63 -0.30 0.06 -0.38 0.54 -0.55 0.57 -0.74 0.21 -0.33 -0.13 -0.07 0.68 -0.05 -0.08 0.15

200–300 0.6–0.8 2.48× 10−3 2.12 1.67 2.70 0.52 0.02 0.04 0.01 -0.06 -0.01 0.08 0.12 -0.09 -0.15 0.01 0.12 0.06 0.06 0.34 -0.35 -0.07 -0.07 -0.23 0.34 -0.51 -0.29 0.04 -0.35 0.42 -0.46 0.44 -0.64 0.15 -0.31 -0.16 -0.07 0.61 -0.02 -0.15 0.15

200–300 0.8–1.0 2.29× 10−3 2.19 1.51 2.65 0.49 0.02 0.04 0.02 -0.05 -0.02 0.07 0.10 -0.09 -0.14 -0.00 0.08 0.04 0.07 0.31 -0.33 -0.07 -0.07 -0.18 0.28 -0.47 -0.23 0.07 -0.34 0.32 -0.44 0.38 -0.52 0.16 -0.32 -0.12 -0.02 0.56 -0.03 -0.23 0.15

200–300 1.0–1.2 2.16× 10−3 2.20 1.29 2.55 0.46 0.02 0.02 0.02 -0.05 -0.02 0.08 0.09 -0.08 -0.13 -0.02 0.04 0.04 0.03 0.23 -0.28 -0.10 -0.10 -0.12 0.19 -0.32 -0.21 0.06 -0.29 0.26 -0.34 0.29 -0.44 0.08 -0.24 -0.13 -0.04 0.56 -0.06 -0.30 0.20

200–300 1.2–1.4 1.88× 10−3 2.32 1.14 2.59 0.45 0.03 0.01 0.02 -0.04 -0.02 0.08 0.08 -0.07 -0.08 -0.00 0.01 0.04 0.04 0.17 -0.26 -0.08 -0.08 -0.12 0.13 -0.23 -0.18 0.07 -0.24 0.11 -0.25 0.27 -0.39 0.09 -0.15 -0.18 -0.05 0.53 -0.11 -0.30 0.20

200–300 1.4–1.6 1.66× 10−3 2.41 0.95 2.59 0.44 0.04 0.01 0.01 -0.02 -0.03 0.08 0.08 -0.08 -0.08 -0.02 -0.00 0.04 0.02 0.16 -0.22 -0.08 -0.08 -0.04 0.07 -0.15 -0.15 0.08 -0.22 0.03 -0.16 0.12 -0.24 0.12 -0.25 -0.04 0.02 0.46 -0.08 -0.26 0.18

200–300 1.6–1.8 1.34× 10−3 2.71 0.90 2.85 0.47 0.04 0.01 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.08 -0.05 -0.04 0.03 0.02 0.11 -0.20 -0.10 -0.10 -0.02 0.02 -0.07 -0.15 0.09 -0.19 -0.05 -0.14 0.01 -0.21 0.13 -0.15 -0.04 -0.06 0.42 -0.12 -0.30 0.18

200–300 1.8–2.0 1.00× 10−3 3.13 0.94 3.27 0.52 0.04 -0.00 0.01 -0.01 -0.01 0.10 0.08 -0.09 -0.05 -0.05 -0.07 0.01 0.01 0.05 -0.17 -0.08 -0.08 0.00 -0.03 0.01 -0.14 0.08 -0.17 -0.20 -0.13 0.02 -0.11 0.08 -0.21 -0.03 -0.12 0.42 -0.20 -0.29 0.20

200–300 2.0–2.2 6.04× 10−4 3.97 1.09 4.12 0.62 0.03 -0.01 -0.00 -0.02 -0.00 0.10 0.09 -0.08 -0.04 -0.04 -0.10 -0.00 0.01 0.09 -0.20 -0.08 -0.08 0.02 -0.06 0.03 -0.15 0.13 -0.17 -0.18 -0.06 -0.12 -0.06 0.24 -0.30 0.06 -0.07 0.43 -0.43 0.07 0.21

200–300 2.2–2.4 2.43× 10−4 6.94 1.70 7.15 1.18 0.02 0.01 -0.01 -0.03 0.02 0.09 0.12 -0.12 -0.07 -0.09 -0.07 0.04 0.05 0.04 -0.23 -0.12 -0.12 0.06 -0.04 0.07 -0.14 0.32 -0.20 -0.30 -0.06 -0.21 0.03 0.38 -0.46 0.26 -0.15 0.59 -0.33 0.17 0.35

300–500 0.0–0.4 3.55× 10−4 2.97 2.54 3.90 0.92 0.02 0.03 -0.01 -0.08 -0.01 0.12 0.15 -0.12 -0.19 0.03 0.16 0.09 0.01 0.42 -0.47 -0.09 -0.09 -0.29 0.49 -0.78 -0.41 0.04 -0.52 0.74 -0.67 0.75 -0.98 0.23 -0.41 -0.18 -0.15 0.89 -0.09 -0.14 0.23

300–500 0.4–0.8 3.36× 10−4 2.96 2.10 3.62 0.76 0.04 0.03 0.01 -0.07 -0.02 0.11 0.12 -0.11 -0.18 0.00 0.11 0.07 0.02 0.36 -0.41 -0.14 -0.14 -0.16 0.35 -0.63 -0.31 0.07 -0.41 0.57 -0.64 0.57 -0.74 0.23 -0.40 -0.08 -0.05 0.71 0.03 -0.43 0.18

300–500 0.8–1.2 3.16× 10−4 2.90 1.49 3.26 0.58 0.06 0.02 0.02 -0.04 -0.03 0.09 0.08 -0.10 -0.14 -0.03 0.03 0.05 0.03 0.22 -0.32 -0.13 -0.13 -0.08 0.22 -0.36 -0.23 0.10 -0.32 0.24 -0.40 0.34 -0.51 0.16 -0.19 -0.16 -0.13 0.54 0.02 -0.52 0.19

300–500 1.2–1.6 2.45× 10−4 3.12 1.15 3.33 0.51 0.06 -0.01 -0.00 -0.01 -0.03 0.10 0.05 -0.11 -0.08 -0.02 -0.03 0.05 0.02 0.13 -0.20 -0.11 -0.11 -0.04 0.04 -0.08 -0.20 0.05 -0.32 0.04 -0.10 0.11 -0.24 0.11 -0.20 -0.12 -0.06 0.55 -0.12 -0.49 0.27

300–500 1.6–2.0 1.31× 10−4 4.29 1.24 4.46 0.59 0.07 0.00 -0.01 -0.01 -0.03 0.10 0.05 -0.11 -0.10 -0.06 -0.10 0.04 -0.01 0.09 -0.23 -0.13 -0.13 0.05 -0.03 0.03 -0.14 0.11 -0.17 -0.17 -0.10 -0.02 -0.02 0.19 -0.18 0.04 -0.23 0.35 0.11 -0.81 0.20

300–500 2.0–2.4 3.81× 10−5 7.99 1.78 8.18 1.10 0.05 -0.00 -0.02 -0.03 0.01 0.12 0.09 -0.14 -0.11 -0.08 -0.11 0.03 0.01 0.13 -0.32 -0.14 -0.14 0.06 -0.10 0.07 -0.03 0.09 -0.24 -0.12 0.17 -0.20 0.35 0.33 -0.82 0.23 -0.45 0.52 -0.25 0.00 0.24

500–1500 0.0–0.4 1.47× 10−5 6.15 1.89 6.43 0.99 0.12 -0.04 -0.02 -0.02 -0.05 0.17 0.08 -0.16 -0.16 0.02 -0.02 0.06 -0.07 0.20 -0.28 -0.23 -0.23 0.04 0.14 -0.34 -0.33 0.01 -0.47 0.44 -0.51 0.41 -0.65 0.18 -0.37 -0.06 -0.16 0.55 0.04 -0.45 0.16

500–1500 0.4–0.8 1.38× 10−5 6.08 1.61 6.29 0.90 0.14 -0.02 0.02 -0.01 -0.04 0.14 0.03 -0.12 -0.16 -0.04 -0.07 0.04 -0.04 0.12 -0.26 -0.20 -0.20 0.10 0.03 -0.21 -0.24 0.09 -0.34 0.22 -0.47 0.29 -0.36 0.15 -0.27 -0.09 -0.14 0.41 0.13 -0.70 0.16

500–1500 0.8–1.2 1.14× 10−5 6.46 1.47 6.62 0.85 0.14 -0.02 0.02 -0.00 -0.02 0.11 0.01 -0.13 -0.13 -0.05 -0.11 0.07 -0.01 0.12 -0.23 -0.18 -0.18 0.09 0.00 -0.08 -0.18 0.08 -0.28 0.07 -0.26 0.11 -0.16 0.11 -0.15 -0.09 -0.05 0.52 -0.07 -0.77 0.25

500–1500 1.2–1.6 8.05× 10−6 7.39 1.44 7.53 0.71 0.13 -0.02 0.02 0.01 -0.02 0.12 -0.00 -0.13 -0.12 -0.05 -0.15 0.11 -0.02 0.09 -0.23 -0.15 -0.15 0.04 -0.10 0.11 -0.14 0.09 -0.17 -0.16 -0.09 -0.05 0.02 0.15 -0.18 -0.20 -0.30 0.33 0.16 -0.94 0.21

500–1500 1.6–2.0 2.21× 10−6 14.30 1.95 14.43 1.04 0.13 -0.01 -0.01 -0.02 -0.00 0.12 0.02 -0.16 -0.20 -0.16 -0.09 0.08 0.06 0.13 -0.38 -0.16 -0.16 0.14 -0.18 0.11 -0.11 0.02 -0.08 -0.04 -0.00 -0.21 0.51 0.43 -0.54 0.22 -0.31 0.56 0.16 -1.00 0.22

500–1500 2.0–2.4 2.87× 10−7 35.70 7.63 36.51 6.94 0.04 0.17 0.06 -0.11 0.12 0.14 0.14 -0.26 -0.28 -0.26 -0.28 0.05 -0.15 0.23 -0.54 -0.16 -0.16 0.53 -0.28 -0.24 0.14 0.19 0.07 -0.15 -0.54 -0.40 1.73 0.83 -1.00 0.61 -0.41 1.63 -0.26 -0.47 0.36

Table 3. The combined Born-level double-differential cross section d2σ
dmℓℓd|yℓℓ| . The measurements are listed together with the statistical (δstat),

systematic (δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ
35
cor) and uncorrelated (δunc)

systematic error sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total
uncertainties.
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mℓℓ
dσ

dmℓℓ
δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–130 2.28× 10−1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05

130–150 1.04× 10−1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07

150–175 4.98× 10−2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09

175–200 2.54× 10−2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12

200–230 1.37× 10−2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15

230–260 7.89× 10−3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18

260–300 4.43× 10−3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19

300–380 1.87× 10−3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20

380–500 6.20× 10−4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25

500–700 1.53× 10−4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66× 10−5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17

1000–1500 2.66× 10−6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2. The combined Born-level single-differential cross section dσ
dmℓℓ

. The measurements are listed together with the statistical (δstat), systematic
(δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ

35
cor) and uncorrelated (δunc) systematic error

sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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DRAFT

The triple-di↵erential cross sections are measured using 20.3 fb�1 of pp collision data at
p

s = 8 TeV. The126

measurements are performed in the electron and muon decay channels for |y`` | < 2.4 and are reported127

at the Born level. The electron channel analysis is extended to high rapidity in the region 1.2  |y`` | 128

3.6. The measured cross sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and129

-1 cos ✓⇤ +1. For convenience the notation130

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
(4)

is used. The cross sections are classified as either forward, (cos ✓⇤ � 0) or backward, (cos ✓⇤ < 0), and131

used to define the experimental measurement of AFB di↵erentially in m`` and |y`` |:132

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

. (5)

2. ATLAS detector133

The ATLAS detector [28] consists of an inner tracking detector (ID) surrounded by a thin supercon-134

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged135

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers of136

silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage within137

|⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is surrounded138

by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction of particle139

showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead ab-140

sorbers for |⌘ | < 3.2 and copper absorbers in the very forward region. The hadronic sampling calorimeter141

uses plastic scintillator tiles as the active material and steel absorbers in the region |⌘ | < 1.7. In the region142

1.5 < |⌘ | < 3.2, liquid argon is used as active material, with copper or/and tungsten absorbers. A forward143

calorimeter covers the range 3.2 < |⌘ | < 4.9 and also uses liquid argon as the active material and copper144

or tungsten absorbers for the EM and hadronic sections respectively.145

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three stations of146

precision chambers allow the accurate measurement of muon track curvature in the region |⌘ | < 2.7. The147

majority of these precision chambers are composed of drift tubes, while cathode-strip chambers provide148

coverage in the inner stations of the forward region for 2.0 < |⌘ | < 2.7. Additional muon chambers149

installed between the inner and middle stations of the forward region and commissioned prior to the 2012150

run improve measurements in the transition region of 1.05 < |⌘ | < 1.35 where the outer stations have151

no coverage. In this analysis muons are triggered and identified using the muon spectrometer, but are152

measured using the ID. Muon triggering is possible in the range |⌘ | < 2.4, using resistive-plate chambers153

in the central region that also provide a measurement of the coordinate out of the bending plane, and154

thin-gap chambers in the forward region. A three-level trigger system [29] selects events to be recorded155

for o✏ine analysis.156

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).
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On-shell DY 8 TeV 
Neutral current - e & µ channels 

46 < m < 200 GeV 
Extended to high y with FCAL analysis 

arXiv:1710.05167 
Hepdata
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system as some of the drift times within these detectors are larger than the bunch spacing.
The calorimetry of the ATLAS detector is explained in further detail in section 3.5.

The LHC design instantaneous luminosity at 14 TeV is 10

34

cm

�2

s

�1. Running at
7 TeV in 2011 the detector reached an peak luminosity of 3.65⇥ 10

33

cm

�2

s

�1. Running
at 8 TeV in 2012 the peak luminosity was increased to 7.73⇥ 10

33

cm

�2

s

�1. Integrating
the instantaneous luminosity over the runs quantifies the amount of data that has been
collected. The recorded integrated luminosity is 5.6 fb�1 for 2011 and 22.8 fb�1 for 2012.1
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Figure 3.1.: Plot showing integrated luminosity delivered, recorded and then good for physics
analysis by the ATLAS detector as a function of time for 2012 [19].

3.2. The ATLAS Detector

The ATLAS detector is a multiple purpose detector designed to reconstruct an array of
different physics signatures. The structure consists of a series of sub-detectors housed
both in a barrel shape around the beam pipe and in two end caps at either end of the
barrel. The three main sub detectors are the inner detector (ID), which is used to measure
charged particle trajectories, the electromagnetic and hadronic calorimeters, which measure
particle energy deposits and the muon spectrometer, specifically designed to measure muon

1The units fb are femto-barns, where the barn is a common particle physics unit, 1b = 10�28 m2

Complete 2012 data set analysed 

Centre of mass energy √s = 8 TeV  

∫L dt = 20.2 fb-1 
7M di-electron events (CC) 
9M di-muon events (CC) 
1M forward di-electron events (CF)

AFB(m,|y|)

Use d3σ to derive  
ancillary measurements 

for purely visual purposes

http://arxiv.org/abs/arXiv:1710.05167
https://www.hepdata.net/record/ins1630886
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• ≥ 2 isolated muons 
• muon |η| < 2.4  
• muon pT > 20 GeV 

• opposite charge

Muon Selection Central Electron Selection
• ≥ 2 good quality “medium” electrons 
• electron |η| < 2.4  excl. 1.37 < |η| < 1.52 
• electron ET > 20 GeV

Forward Electron Selection

• 1 good quality “tight” central electron 
• electron |η| < 2.47  excl. 1.37 < |η| < 1.52 
• electron ET > 25 GeV 

• 1 good quality “tight” forward electron 
• electron 2.5 < |η| < 4.9  excl. 3.0 < |η| < 3.4 
• electron ET > 20 GeV 

Central-forward topology (CF) 
One electron with |η| < 2.4 

One electron with 2.5 < |η| < 4.9

Introduction

Drell-Yan Process

d

3‡
dM

ll

d |y
Z/“ú |d cos ◊ú : qq̄ æ Z/“ú æ l+l≠, l = e, µ

Dimensions:

M

ll

: Dilepton invariant mass
|y

Z/“ú |: Absolute dilepton rapidity
cos ◊ú: Cosine of the polar angle in Collins-Soper frame

The Analyses:

UVic: Z/“ú æ e

+
e

≠ central-central (ZCC)
QMUL: Z/“ú æ µ+µ≠ central-central (ZMM)
DESY/LAPP: Z/“ú æ e

+
e

≠ central-forward (ZCF)

Physics Goals:

Constrain parton distribution functions of the proton
Measure forward-backward asymmetry
Extract a measurement of the weak mixing angle ◊

W

Central-Central:

15
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Figure 3.4: Configurations of the final-state dielectron pair in the neutral-current Drell-Yan process.

range is limited to |yZ/�� | < 2.4. The forward-forward topology is not measured with ATLAS due to
experimental constrains.

Measuring the Drell-Yan cross-section in the forward rapidity region extends the kinematic (Q2,x)
plane towards lower and higher x as shown in figure 3.5, compare to a measurement at central
rapidities which at

�
s = 8 TeV and a scale of the Z boson mass, Q = MZ , covers x range of

1.03 ·10�3 �1.26 ·10�1. The extended rapidity range |yZ/�� | < 3.6 makes it possible to access lower
and higher x values, which extend down to x = 3.11 ·10�4 and up to x = 4.17 ·10�1.

The directions of the outgoing leptons can be described with respect to the directions of the
incoming quarks. Schematically it is shown in figure 3.6a with � � angle between the momenta of a
lepton and a quark. The angle � � allows to classify events into two categories: forward and backward.
Events where the lepton goes in the same direction as the incoming quark are classified as forward,
while events where the lepton is going opposite to the quark direction are classified as backward. In
the presented measurements the angular variable is defined with respect to the Collins-Soper frame
[32], schematically shown in figure 3.6b. In the Collins-Soper frame the angular variable is defined
by

cos� �
CS =

p��
z

|p��
z |

2(p+
1 p�

2 � p�
1 p+

2 )

M��

�
M2

�� +(p��
T )2

, (3.7)

with p±
i = 1�

2
(Ei ± pZ,i)

In a pp collision it is unknown from which of the two protons the quark (antiquark) originates.
Moreover when the transverse momentum of the dilepton pair is non-zero the longitudinal direction
of the center-of-mass of the qq̄ system is also unknown. Experimentally the quark direction in a qq̄
annihilation process is determined on a statistical basis. While the annihilating antiquark is from
the quark sea, the quark is typically a valence quark. The assumption is that the dilepton system is
boosted in the direction of the incoming valence quark, which on average carries a higher momentum
fraction than the sea quark [36, 37]. The sign of the longitudinal momentum of the dielectron pair
reflects this assumption in the cos� �

CS definition (equation 3.7).

3.2 The differential cross-section

The Drell-Yan cross-section can be studied in multiple dimensions. Information on electroweak and
QCD effects can be extracted by studying the cross-section as a function of the dilepton invariant
mass M��, Z/�� boson rapidity and cos� �, which at leading order, can be written as
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range is limited to |yZ/�� | < 2.4. The forward-forward topology is not measured with ATLAS due to
experimental constrains.

Measuring the Drell-Yan cross-section in the forward rapidity region extends the kinematic (Q2,x)
plane towards lower and higher x as shown in figure 3.5, compare to a measurement at central
rapidities which at

�
s = 8 TeV and a scale of the Z boson mass, Q = MZ , covers x range of

1.03 ·10�3 �1.26 ·10�1. The extended rapidity range |yZ/�� | < 3.6 makes it possible to access lower
and higher x values, which extend down to x = 3.11 ·10�4 and up to x = 4.17 ·10�1.

The directions of the outgoing leptons can be described with respect to the directions of the
incoming quarks. Schematically it is shown in figure 3.6a with � � angle between the momenta of a
lepton and a quark. The angle � � allows to classify events into two categories: forward and backward.
Events where the lepton goes in the same direction as the incoming quark are classified as forward,
while events where the lepton is going opposite to the quark direction are classified as backward. In
the presented measurements the angular variable is defined with respect to the Collins-Soper frame
[32], schematically shown in figure 3.6b. In the Collins-Soper frame the angular variable is defined
by
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with p±
i = 1�

2
(Ei ± pZ,i)

In a pp collision it is unknown from which of the two protons the quark (antiquark) originates.
Moreover when the transverse momentum of the dilepton pair is non-zero the longitudinal direction
of the center-of-mass of the qq̄ system is also unknown. Experimentally the quark direction in a qq̄
annihilation process is determined on a statistical basis. While the annihilating antiquark is from
the quark sea, the quark is typically a valence quark. The assumption is that the dilepton system is
boosted in the direction of the incoming valence quark, which on average carries a higher momentum
fraction than the sea quark [36, 37]. The sign of the longitudinal momentum of the dielectron pair
reflects this assumption in the cos� �

CS definition (equation 3.7).

3.2 The differential cross-section

The Drell-Yan cross-section can be studied in multiple dimensions. Information on electroweak and
QCD effects can be extracted by studying the cross-section as a function of the dilepton invariant
mass M��, Z/�� boson rapidity and cos� �, which at leading order, can be written as
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Central-central topology (CC) 
Two leptons with |η| < 2.4

Introduction

Drell-Yan Process

d

3‡
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d |y
Z/“ú |d cos ◊ú : qq̄ æ Z/“ú æ l+l≠, l = e, µ

Dimensions:

M

ll

: Dilepton invariant mass
|y

Z/“ú |: Absolute dilepton rapidity
cos ◊ú: Cosine of the polar angle in Collins-Soper frame

The Analyses:

UVic: Z/“ú æ e

+
e

≠ central-central (ZCC)
QMUL: Z/“ú æ µ+µ≠ central-central (ZMM)
DESY/LAPP: Z/“ú æ e

+
e

≠ central-forward (ZCF)

Physics Goals:

Constrain parton distribution functions of the proton
Measure forward-backward asymmetry
Extract a measurement of the weak mixing angle ◊

W
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Figure 3.4: Configurations of the final-state dielectron pair in the neutral-current Drell-Yan process.

range is limited to |yZ/�� | < 2.4. The forward-forward topology is not measured with ATLAS due to
experimental constrains.

Measuring the Drell-Yan cross-section in the forward rapidity region extends the kinematic (Q2,x)
plane towards lower and higher x as shown in figure 3.5, compare to a measurement at central
rapidities which at

�
s = 8 TeV and a scale of the Z boson mass, Q = MZ , covers x range of

1.03 ·10�3 �1.26 ·10�1. The extended rapidity range |yZ/�� | < 3.6 makes it possible to access lower
and higher x values, which extend down to x = 3.11 ·10�4 and up to x = 4.17 ·10�1.

The directions of the outgoing leptons can be described with respect to the directions of the
incoming quarks. Schematically it is shown in figure 3.6a with � � angle between the momenta of a
lepton and a quark. The angle � � allows to classify events into two categories: forward and backward.
Events where the lepton goes in the same direction as the incoming quark are classified as forward,
while events where the lepton is going opposite to the quark direction are classified as backward. In
the presented measurements the angular variable is defined with respect to the Collins-Soper frame
[32], schematically shown in figure 3.6b. In the Collins-Soper frame the angular variable is defined
by

cos� �
CS =

p��
z

|p��
z |

2(p+
1 p�

2 � p�
1 p+

2 )

M��

�
M2

�� +(p��
T )2

, (3.7)

with p±
i = 1�

2
(Ei ± pZ,i)

In a pp collision it is unknown from which of the two protons the quark (antiquark) originates.
Moreover when the transverse momentum of the dilepton pair is non-zero the longitudinal direction
of the center-of-mass of the qq̄ system is also unknown. Experimentally the quark direction in a qq̄
annihilation process is determined on a statistical basis. While the annihilating antiquark is from
the quark sea, the quark is typically a valence quark. The assumption is that the dilepton system is
boosted in the direction of the incoming valence quark, which on average carries a higher momentum
fraction than the sea quark [36, 37]. The sign of the longitudinal momentum of the dielectron pair
reflects this assumption in the cos� �

CS definition (equation 3.7).

3.2 The differential cross-section

The Drell-Yan cross-section can be studied in multiple dimensions. Information on electroweak and
QCD effects can be extracted by studying the cross-section as a function of the dilepton invariant
mass M��, Z/�� boson rapidity and cos� �, which at leading order, can be written as
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Figure 3.4: Configurations of the final-state dielectron pair in the neutral-current Drell-Yan process.

range is limited to |yZ/�� | < 2.4. The forward-forward topology is not measured with ATLAS due to
experimental constrains.

Measuring the Drell-Yan cross-section in the forward rapidity region extends the kinematic (Q2,x)
plane towards lower and higher x as shown in figure 3.5, compare to a measurement at central
rapidities which at

�
s = 8 TeV and a scale of the Z boson mass, Q = MZ , covers x range of

1.03 ·10�3 �1.26 ·10�1. The extended rapidity range |yZ/�� | < 3.6 makes it possible to access lower
and higher x values, which extend down to x = 3.11 ·10�4 and up to x = 4.17 ·10�1.

The directions of the outgoing leptons can be described with respect to the directions of the
incoming quarks. Schematically it is shown in figure 3.6a with � � angle between the momenta of a
lepton and a quark. The angle � � allows to classify events into two categories: forward and backward.
Events where the lepton goes in the same direction as the incoming quark are classified as forward,
while events where the lepton is going opposite to the quark direction are classified as backward. In
the presented measurements the angular variable is defined with respect to the Collins-Soper frame
[32], schematically shown in figure 3.6b. In the Collins-Soper frame the angular variable is defined
by

cos� �
CS =

p��
z

|p��
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�
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�� +(p��
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, (3.7)

with p±
i = 1�

2
(Ei ± pZ,i)

In a pp collision it is unknown from which of the two protons the quark (antiquark) originates.
Moreover when the transverse momentum of the dilepton pair is non-zero the longitudinal direction
of the center-of-mass of the qq̄ system is also unknown. Experimentally the quark direction in a qq̄
annihilation process is determined on a statistical basis. While the annihilating antiquark is from
the quark sea, the quark is typically a valence quark. The assumption is that the dilepton system is
boosted in the direction of the incoming valence quark, which on average carries a higher momentum
fraction than the sea quark [36, 37]. The sign of the longitudinal momentum of the dielectron pair
reflects this assumption in the cos� �

CS definition (equation 3.7).

3.2 The differential cross-section

The Drell-Yan cross-section can be studied in multiple dimensions. Information on electroweak and
QCD effects can be extracted by studying the cross-section as a function of the dilepton invariant
mass M��, Z/�� boson rapidity and cos� �, which at leading order, can be written as
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ATLAS  Z/ɣ* d3σ Cross Section √s = 8 TeV

Identical dataset and almost identical selection as  
ATLAS angular coefficients analysis (see later)

JHEP12(2017)059

https://link.springer.com/article/10.1007/JHEP12(2017)059
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Already good precision achieved for run-II ! 
Need to ensure phase-space corners are well covered e.g. 
boosted Zs access high pT lepton efficiencies 
For run-I lepton pT ~ 200 GeV 
(For run-II we should reach lepton pT ~ 400 GeV)

Performance Considerations

Electron Channel 
Energy scale typically <1% in 
peak region 
dominates error at large |cos θ*| 
→ ~3% 

efficiency error typically <0.5% in 
peak region 
larger at at large cos θ* (even at 
small |y|) → ~2-3% 

Muon Channel 
In peak region at m~mZ  
momentum scale dominates sys 
error → ~0.6%  
compared to 0.8% stat error 

Tracking misalignments <1% 
upto 2% at small cos θ* or  large y 

High Rapidity Electron Channel 
Energy scale / resolution dominates 
error at large |cos θ*| & y  
→ ~5% compared to ~3% stat error

Combination of channels constrains correlated systematic uncertainties

Improved precision for combined central channels
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Electroweak Backgrounds

g

b

t

W�

t

t̄

Wt

diboson (WW)

diboson (ZZ)

tt̄

diboson (WZ)

Several sources of so-called “electroweak” backgrounds yielding isolated leptons pairs:

diboson background 
3-6% contribution  
estimated from MC

DY → tau production modes found to be negligible contribution

top background 
2-10% contribution top (largest at high cos θ*)  
below 5% for high y channel 
background estimated from MC

q̄

q

Z

Z

�

�

l�

l+

photon induced (ɣɣ)
photon induced background 
2-5% contribution (largest at large m) 
background estimated from MC
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DRAFT
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Figure 4: Distributions of invariant mass for all three measurements: the central rapidity electron (top row), the high
rapidity electron channel (middle), and the central rapidity muon (bottom) channels. For the central measurements,
the distributions are plotted for |y`` | < 1.0 (left) and |y`` | > 1.0 (right) while for the high rapidity measurement,
regions |yee | < 2.4 (left) and |yee | > 2.4 (right) are shown. The data (solid markers) and the prediction (stacked
histogram) are shown after event selection. The lower panels in each plot show the ratio of data to prediction. The
error bars represent the data statistical uncertainty while the hatched band represents the systematic uncertainty in
the prediction.
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Triple-differential Z/ɣ* Cross Sections √s = 8 TeV

Electron Channel Muon Channel High Rapidity Electron Channel

multijet background 
multijet production has large cross section at LHC 
contributes to background via:  

- b,c quark leptonic meson decays 
- misidentification of hadron jet as calorimeter electron 

soft leptons produced typically 
contributing processes involve complex hadronisation simulation 
⇒ use data to estimate this background

electron / muon channel at m ~ mZ b/g is <0.1% 
significant off-peak upto to 15% low mee 
less than 5% everywhere in muon channel

Simulation 
describes  
data well
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cosθ* for m < mZ

Simulation describes data well

cosθ* for m > mZ

After b/g subtraction 
asymmetry is much  
larger in CF channel

ATLAS  Z/ɣ* d3σ Cross Section √s = 8 TeV

https://link.springer.com/article/10.1007%2FJHEP12%282017%29059

JHEP12(2017)059

80 < m < 91 GeV

66 < m < 80 GeV

116 < m < 150 GeV

ee channel µµ channel forward channel

https://link.springer.com/article/10.1007%2FJHEP12%282017%29059
https://link.springer.com/article/10.1007/JHEP12(2017)059
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Triple-differential Z/ɣ* Binning

mll = [46, 66, 80, 91, 102, 116, 150, 200] GeV 7 bins

|yll| = [0.0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4] 12 bins

cos θ∗= [-1.0, -0.7, -0.4, 0.0, 0.4, 0.7, 1.0] 6 bins

Total bins = 504

mll = [66, 80, 91, 102, 116, 150] GeV 5 bins

|yll| = [1.2, 1.6, 2.0, 2.4, 2.8, 3.6] 6 bins

cos θ∗= [-1.0, -0.7, -0.4, 0.0, 0.4, 0.7, 1.0] 6 bins

Total bins = 150

Central Rapidity Channel

High Rapidity Channel

Binning choice optimised for  
• control experimental bin migrations 
• statistical precision 
• physics sensitivity

measure in electron + muon channels 
check for consistency of channels 
combine both measurements  
account for 331 correlated systematic errors 
improved result for both statistical & systematic precision

x2 channels
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CC fiducial cross section definition 
• lepton pT > 20 GeV 
• lepton |η| < 2.5 
• 46 < mll < 200 GeV 
• Unfolding to Born level lepton kinematics 

(dressed level available as a correction factor)

CF fiducial cross section definition 
• lepton pT > 25 GeV & lepton |η| < 2.5 
• lepton pT > 20 GeV & lepton 2.5 < |η| < 4.9 
• 66 < mll < 150 GeV 
• Unfolding to Born level lepton kinematics 

(dressed level available as a correction factor)

Cross sections unfolded using iterative Bayesian unfolding

DRAFT

The diboson background increases with invariant mass and reaches about 6% of the expected signal yield397

at large | cos ✓⇤ | in both the central electron and muon channels. In the high rapidity electron channel it398

reaches about 3% at moderate |y`` |.399

The background from Z ! ⌧⌧ is significant only at low m``, where it can reach 7% in the central channels400

and 3% in the high rapidity channel.401

Photon-induced production of dilepton pairs gives a small background contribution of 2% or less in all402

channels. However, for large values of m``, this contribution can reach about 5%.403

6. Cross-section measurement404

As defined in section 4.4, the binning scheme used for the triple-di↵erential measurements consists of405

504 bins for the central rapidity electron and muon channels, and 150 bins in the high rapidity electron406

channel. The Drell–Yan cross section is measured in the central channels within the fiducial region407

defined by p`T > 20 GeV, |⌘` | < 2.4, and 46 < m`` < 200 GeV. In the high rapidity electron channel408

the fiducial region of the measurement is defined by p`T > 25 GeV and |⌘` | < 2.4 for the central electron,409

p`T > 20 GeV and 2.5 < |⌘` | < 4.9 for the forward electron, and 66 < m`` < 150 GeV.410

The cross-section results are first unfolded to the “dressed”-level, defined at the particle-level using411

leptons after FSR recombined with radiated photons within a cone of �R = 0.1. The unfolded data412

are then corrected to the Born-level in QED using a correction factor obtained from the Powheg MC413

sample. This procedure neglects the bin migrations between the dressed- and Born-level kinematics, an414

approximation which was verified to have a negligible impact on the central values and uncertainties of415

the results presented in this paper.416

The triple-di↵erential cross section is calculated as417

d3�

dm`` d|y`` | d cos ✓⇤
�����l,m,n

=Mlmn
i jk ·

Ndata
i jk � Nbkg

i jk

Lint

1
�m`` · 2�|y`` | · �cos ✓⇤

, (4)

where i, j, k are the bin indices for reconstructed final-state kinematics; l,m,n are the bin indices for the418

generator-level kinematics; and Lint is the integrated luminosity of the data set. Quantity Ndata is the419

number of candidate signal events observed in a given bin of width �m`` , �|y`` | , and �cos ✓⇤ , while Nbkg
420

is the number of background events in the same bin. The factor of two in the denominator accounts for the421

modulus in the rapidity bin width. Integrated single- and double-di↵erential cross sections are measured422

by summing over the corresponding indices of equation (4).423

The factorM is the inverted response matrix and takes into account the e�ciency of the signal selection424

and bin migration e↵ects. It gives the probability that a selected event reconstructed in some measurement425

bin was originally generated a given fiducial (generator-level) bin. The factor M is obtained from the426

Drell–Yan signal samples after correcting for di↵erences in the reconstruction, identification, trigger,427

and isolation e�ciencies between data and simulation, as well as for momentum scale and resolution428

mismodelling e↵ects. It also accounts for events originally outside of the fiducial selection that migrate429

into the reconstructed event sample. Finally, M also includes extrapolations over the regions that are430

excluded from the electron selection (1.37 < |⌘e | < 1.52, 3.00 < |⌘e | < 3.35, and 2.70 < |⌘e | < 2.80).431

The quality of the simulation and its ability to describe the data are checked in figures 1–4, comparing432

data and prediction for the y``, cos ✓⇤, and m`` distributions in selected regions of the measured kinematic433
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i,j,k = reco bin indices 
l,m,n = Born bin indices 
M = inverted response matrix 
Δ = bin widths in each variable

Triple-differential Z/ɣ* Unfolding & Combination

Remove influence of ATLAS detector by unfolding 
Use ATLAS detector simulation to quantify event resolution migrations and efficiency losses 
Define the particle-level phase space of the final quoted result

Unfolding
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Combine CC electron & muon channel measurements in averaging procedure 
Minimise difference between two measurements  
Taking correlated uncertainties into account

20

�2
tot

(m,b) =
X

i

[µi �mi(1�
P

j

�i

j

b
j

)]2

�2
i,stat

µimi(1�
P

j

�i

j

b
j

) + (�
i,unc

mi)2
+

X

j

b2
j

µi = measurement
mi = averaged value 
bj = systematic error source strength 
       nuisance parameter left free in fit but constrained  
       no extra degrees of freedom due to additional constraint 
ɣij = correlated sys uncertainty on point i from error source j

bin-to-bin correlated error sources j including 
• lepton trigger, ID, isolation efficiencies 
• lepton scale and resolution uncertainties 
• background contributions 
• etc….

i data points
j systematic error sources

Combination

Triple-differential Z/ɣ* Unfolding & Combination

Method allows cross-calibration of systematics between e and µ channels 
Improves statistical and systematic precision
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Integrated single differential cross section

JHEP08(2016)009

mℓℓ
dσ

dmℓℓ
δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–130 2.28× 10−1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05

130–150 1.04× 10−1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07

150–175 4.98× 10−2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09

175–200 2.54× 10−2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12

200–230 1.37× 10−2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15

230–260 7.89× 10−3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18

260–300 4.43× 10−3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19

300–380 1.87× 10−3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20

380–500 6.20× 10−4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25

500–700 1.53× 10−4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66× 10−5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17

1000–1500 2.66× 10−6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2. The combined Born-level single-differential cross section dσ
dmℓℓ

. The measurements are listed together with the statistical (δstat), systematic
(δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ

35
cor) and uncorrelated (δunc) systematic error

sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.

–
20

–

electron & muon CC channels combined

Prediction from Powheg with CT10 PDFs 
Partial NNLO (QCD) + NLO (EW) k-factors included: 
→ 1-dimensional in mll   

Calculated with FEWZ in Gµ EW scheme 
→ k-factor ~ 1.03 

Powheg has known mismodelling of A0 angular 
polarisation coefficient (goes negative) 
→ reweighted vs pT,Z and yll  

Computed with DYNNLO

electron/muon combination gives 
χ2/ndf = 12.8/7

orange band: data uncertainty (excl. lumi ± 1.9%) 
blue band: MC stat + PDF uncertainty  
(CT10 68% eigenvectors)

Single-differential Z/ɣ* Cross Sections √s = 8 TeV

2d cross sections in back-up

JHEP08(2016)009

mℓℓ |yℓℓ| d2σ
dmℓℓd|yℓℓ| δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–150 0.0–0.2 4.10× 10−2 0.81 0.62 1.02 0.20 0.00 0.02 0.00 -0.03 0.01 0.06 0.07 -0.05 -0.07 -0.01 0.02 0.02 0.01 0.15 -0.15 -0.02 -0.02 -0.08 0.09 -0.19 -0.08 0.05 -0.14 0.09 -0.21 0.13 -0.19 0.09 -0.15 0.04 0.01 0.25 -0.03 -0.02 0.03

116–150 0.2–0.4 4.04× 10−2 0.82 0.63 1.03 0.21 0.00 0.01 0.01 -0.02 0.01 0.06 0.08 -0.05 -0.05 0.00 0.02 0.04 0.02 0.14 -0.16 -0.01 -0.01 -0.10 0.07 -0.20 -0.08 0.06 -0.19 0.05 -0.20 0.10 -0.19 0.10 -0.16 0.01 -0.02 0.24 -0.02 -0.06 0.03

116–150 0.4–0.6 4.01× 10−2 0.83 0.62 1.04 0.21 0.01 0.01 0.02 -0.02 -0.01 0.06 0.07 -0.05 -0.05 -0.00 0.02 0.03 0.03 0.13 -0.17 -0.03 -0.03 -0.08 0.09 -0.17 -0.07 0.06 -0.19 0.03 -0.18 0.13 -0.19 0.14 -0.12 -0.01 -0.01 0.26 -0.01 -0.06 0.04

116–150 0.6–0.8 4.04× 10−2 0.83 0.59 1.02 0.21 0.01 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.06 -0.01 0.02 0.01 0.01 0.13 -0.16 -0.03 -0.03 -0.04 0.09 -0.16 -0.09 0.05 -0.18 0.06 -0.18 0.05 -0.15 0.08 -0.19 0.01 0.05 0.23 0.01 -0.05 0.04

116–150 0.8–1.0 3.97× 10−2 0.84 0.59 1.03 0.22 0.02 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.05 -0.01 0.01 0.01 0.03 0.11 -0.14 -0.04 -0.04 -0.06 0.04 -0.17 -0.06 0.09 -0.19 -0.01 -0.16 0.06 -0.12 0.15 -0.18 -0.00 0.06 0.25 0.03 0.02 0.03

116–150 1.0–1.2 3.95× 10−2 0.84 0.56 1.01 0.22 0.02 0.00 0.04 -0.01 -0.03 0.06 0.07 -0.04 -0.03 0.01 -0.01 0.01 0.03 0.09 -0.12 -0.04 -0.04 -0.05 0.05 -0.12 -0.04 0.06 -0.19 -0.05 -0.10 0.05 -0.13 0.12 -0.20 -0.04 0.07 0.27 0.00 -0.06 0.04

116–150 1.2–1.4 3.84× 10−2 0.84 0.58 1.02 0.23 0.02 -0.00 0.03 -0.01 -0.03 0.05 0.07 -0.04 -0.02 0.01 -0.02 0.01 0.02 0.07 -0.11 -0.05 -0.05 -0.03 0.01 -0.12 -0.05 0.05 -0.19 -0.09 -0.06 -0.00 -0.13 0.18 -0.15 -0.02 0.08 0.29 0.01 -0.09 0.06

116–150 1.4–1.6 3.48× 10−2 0.89 0.58 1.06 0.24 0.02 -0.01 0.02 -0.01 -0.01 0.06 0.07 -0.04 -0.01 0.01 -0.04 0.02 0.03 0.04 -0.11 -0.05 -0.05 -0.04 -0.02 -0.10 0.01 0.08 -0.17 -0.14 -0.08 -0.03 -0.14 0.07 -0.13 -0.08 0.00 0.31 -0.03 -0.15 0.08

116–150 1.6–1.8 2.92× 10−2 1.00 0.64 1.18 0.28 0.02 -0.00 0.01 -0.01 -0.01 0.06 0.08 -0.04 -0.01 0.00 -0.04 0.01 0.03 0.04 -0.11 -0.05 -0.05 -0.01 -0.04 -0.10 -0.00 0.07 -0.19 -0.22 -0.06 -0.02 -0.09 0.11 -0.13 -0.04 -0.00 0.35 -0.04 -0.12 0.10

116–150 1.8–2.0 2.29× 10−2 1.14 0.70 1.33 0.31 0.02 -0.01 0.01 -0.01 -0.01 0.07 0.09 -0.05 -0.01 0.01 -0.06 0.01 0.03 0.02 -0.12 -0.07 -0.07 -0.05 -0.04 -0.06 -0.01 0.07 -0.21 -0.28 -0.07 -0.09 -0.09 0.12 -0.13 -0.07 -0.04 0.34 -0.05 -0.14 0.11

116–150 2.0–2.2 1.54× 10−2 1.40 0.88 1.65 0.40 0.02 0.00 0.00 -0.00 -0.02 0.06 0.09 -0.07 -0.02 -0.01 -0.05 0.00 0.01 0.07 -0.12 -0.07 -0.07 0.03 -0.03 -0.04 -0.01 0.07 -0.31 -0.15 0.01 -0.15 -0.02 0.25 -0.15 0.18 0.12 0.45 -0.24 -0.01 0.17

116–150 2.2–2.4 7.31× 10−3 2.33 1.46 2.75 0.72 0.03 -0.00 -0.03 0.03 -0.01 0.05 0.13 -0.08 0.01 0.02 -0.08 0.02 0.01 0.04 -0.15 -0.07 -0.07 0.03 -0.07 -0.12 -0.00 0.10 -0.48 -0.27 0.13 -0.14 -0.00 0.18 -0.34 0.26 0.26 0.74 -0.46 0.13 0.33

150–200 0.0–0.2 1.04× 10−2 1.41 1.31 1.93 0.32 -0.00 0.04 0.00 -0.06 0.01 0.07 0.10 -0.07 -0.12 -0.00 0.12 0.06 0.04 0.31 -0.30 -0.02 -0.02 -0.22 0.29 -0.43 -0.22 0.03 -0.26 0.32 -0.42 0.37 -0.50 0.11 -0.27 -0.06 -0.08 0.42 -0.00 -0.03 0.07

150–200 0.2–0.4 1.04× 10−2 1.41 1.28 1.91 0.33 -0.00 0.04 0.01 -0.05 0.00 0.07 0.10 -0.06 -0.13 -0.00 0.11 0.05 0.03 0.30 -0.30 -0.01 -0.01 -0.19 0.27 -0.42 -0.21 0.05 -0.26 0.32 -0.42 0.36 -0.46 0.15 -0.26 -0.03 -0.05 0.42 0.01 -0.05 0.07

150–200 0.4–0.6 1.03× 10−2 1.42 1.22 1.87 0.32 -0.00 0.04 0.03 -0.05 0.00 0.07 0.10 -0.06 -0.12 -0.01 0.10 0.05 0.02 0.29 -0.29 -0.03 -0.03 -0.17 0.26 -0.40 -0.19 0.05 -0.23 0.29 -0.38 0.33 -0.45 0.13 -0.28 -0.03 -0.01 0.42 0.01 -0.03 0.07

150–200 0.6–0.8 1.05× 10−2 1.39 1.11 1.78 0.32 0.01 0.03 0.02 -0.04 -0.02 0.06 0.09 -0.06 -0.09 -0.01 0.08 0.05 0.04 0.25 -0.25 -0.04 -0.04 -0.16 0.23 -0.33 -0.19 0.04 -0.30 0.23 -0.29 0.33 -0.38 0.13 -0.29 -0.05 0.01 0.40 0.00 -0.03 0.07

150–200 0.8–1.0 1.02× 10−2 1.42 1.02 1.75 0.33 0.01 0.02 0.03 -0.04 -0.02 0.07 0.08 -0.06 -0.10 -0.01 0.07 0.03 0.02 0.22 -0.24 -0.05 -0.05 -0.15 0.19 -0.29 -0.16 0.06 -0.20 0.20 -0.26 0.25 -0.39 0.10 -0.23 -0.11 0.01 0.41 -0.02 -0.01 0.08

150–200 1.0–1.2 9.68× 10−3 1.44 0.94 1.72 0.32 0.02 0.01 0.02 -0.03 -0.03 0.07 0.08 -0.05 -0.07 0.01 0.05 0.03 0.03 0.16 -0.20 -0.05 -0.05 -0.10 0.15 -0.23 -0.16 0.04 -0.26 0.14 -0.19 0.19 -0.34 0.14 -0.19 -0.10 0.04 0.44 -0.08 -0.09 0.12

150–200 1.2–1.4 9.12× 10−3 1.47 0.80 1.67 0.31 0.03 0.01 0.02 -0.03 -0.03 0.06 0.07 -0.06 -0.07 -0.02 0.02 0.01 0.02 0.13 -0.18 -0.08 -0.08 -0.05 0.10 -0.20 -0.12 0.05 -0.19 0.07 -0.19 0.14 -0.27 0.09 -0.20 -0.03 0.05 0.38 -0.04 -0.15 0.10

150–200 1.4–1.6 7.79× 10−3 1.59 0.78 1.77 0.32 0.03 0.01 0.01 -0.02 -0.02 0.07 0.06 -0.06 -0.05 -0.02 -0.01 0.01 0.03 0.10 -0.18 -0.09 -0.09 -0.06 0.06 -0.13 -0.10 0.04 -0.21 -0.03 -0.17 0.09 -0.21 0.09 -0.17 -0.11 0.00 0.41 -0.04 -0.18 0.14

150–200 1.6–1.8 6.64× 10−3 1.73 0.75 1.88 0.33 0.03 -0.00 0.01 -0.01 -0.03 0.07 0.07 -0.07 -0.04 -0.00 -0.02 0.02 0.03 0.07 -0.17 -0.05 -0.05 -0.07 0.01 -0.06 -0.10 0.06 -0.24 -0.12 -0.05 0.03 -0.20 0.07 -0.16 -0.04 -0.04 0.39 -0.05 -0.21 0.15

150–200 1.8–2.0 4.83× 10−3 2.03 0.75 2.16 0.38 0.03 -0.00 0.01 -0.02 -0.03 0.08 0.07 -0.07 -0.04 -0.01 -0.04 0.01 0.01 0.08 -0.17 -0.09 -0.09 0.00 -0.02 -0.03 -0.08 0.10 -0.21 -0.15 -0.10 -0.02 -0.14 0.17 -0.12 0.05 0.01 0.37 -0.12 -0.12 0.14

150–200 2.0–2.2 3.35× 10−3 2.42 0.88 2.57 0.46 0.03 -0.00 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.05 -0.03 -0.04 0.00 -0.01 0.07 -0.15 -0.10 -0.10 0.03 -0.03 0.05 -0.09 0.10 -0.22 -0.18 -0.07 -0.02 -0.09 0.16 -0.18 0.10 0.06 0.41 -0.32 0.11 0.17

150–200 2.2–2.4 1.63× 10−3 3.91 1.45 4.17 0.81 0.02 -0.01 -0.05 -0.00 -0.02 0.08 0.11 -0.11 -0.01 0.00 -0.07 0.06 0.02 0.06 -0.14 -0.10 -0.10 0.02 -0.02 0.03 -0.12 0.23 -0.42 -0.31 0.09 -0.15 -0.08 0.15 -0.35 0.20 0.06 0.68 -0.39 0.21 0.38

200–300 0.0–0.2 2.42× 10−3 2.20 2.14 3.07 0.55 -0.00 0.07 0.02 -0.08 0.02 0.08 0.14 -0.08 -0.20 0.00 0.19 0.09 0.07 0.48 -0.45 0.00 0.00 -0.31 0.49 -0.73 -0.31 0.08 -0.39 0.61 -0.69 0.62 -0.76 0.23 -0.45 -0.02 -0.03 0.67 0.03 -0.12 0.12

200–300 0.2–0.4 2.39× 10−3 2.21 2.06 3.03 0.56 -0.00 0.06 0.02 -0.08 0.01 0.08 0.14 -0.09 -0.19 -0.01 0.18 0.08 0.07 0.47 -0.44 -0.01 -0.01 -0.30 0.47 -0.71 -0.31 0.06 -0.37 0.57 -0.65 0.62 -0.75 0.18 -0.45 -0.06 -0.05 0.65 0.00 -0.09 0.11

200–300 0.4–0.6 2.43× 10−3 2.18 1.93 2.91 0.56 0.01 0.05 0.01 -0.08 -0.02 0.09 0.13 -0.09 -0.17 -0.01 0.14 0.05 0.06 0.37 -0.40 -0.06 -0.06 -0.26 0.42 -0.63 -0.30 0.06 -0.38 0.54 -0.55 0.57 -0.74 0.21 -0.33 -0.13 -0.07 0.68 -0.05 -0.08 0.15

200–300 0.6–0.8 2.48× 10−3 2.12 1.67 2.70 0.52 0.02 0.04 0.01 -0.06 -0.01 0.08 0.12 -0.09 -0.15 0.01 0.12 0.06 0.06 0.34 -0.35 -0.07 -0.07 -0.23 0.34 -0.51 -0.29 0.04 -0.35 0.42 -0.46 0.44 -0.64 0.15 -0.31 -0.16 -0.07 0.61 -0.02 -0.15 0.15

200–300 0.8–1.0 2.29× 10−3 2.19 1.51 2.65 0.49 0.02 0.04 0.02 -0.05 -0.02 0.07 0.10 -0.09 -0.14 -0.00 0.08 0.04 0.07 0.31 -0.33 -0.07 -0.07 -0.18 0.28 -0.47 -0.23 0.07 -0.34 0.32 -0.44 0.38 -0.52 0.16 -0.32 -0.12 -0.02 0.56 -0.03 -0.23 0.15

200–300 1.0–1.2 2.16× 10−3 2.20 1.29 2.55 0.46 0.02 0.02 0.02 -0.05 -0.02 0.08 0.09 -0.08 -0.13 -0.02 0.04 0.04 0.03 0.23 -0.28 -0.10 -0.10 -0.12 0.19 -0.32 -0.21 0.06 -0.29 0.26 -0.34 0.29 -0.44 0.08 -0.24 -0.13 -0.04 0.56 -0.06 -0.30 0.20

200–300 1.2–1.4 1.88× 10−3 2.32 1.14 2.59 0.45 0.03 0.01 0.02 -0.04 -0.02 0.08 0.08 -0.07 -0.08 -0.00 0.01 0.04 0.04 0.17 -0.26 -0.08 -0.08 -0.12 0.13 -0.23 -0.18 0.07 -0.24 0.11 -0.25 0.27 -0.39 0.09 -0.15 -0.18 -0.05 0.53 -0.11 -0.30 0.20

200–300 1.4–1.6 1.66× 10−3 2.41 0.95 2.59 0.44 0.04 0.01 0.01 -0.02 -0.03 0.08 0.08 -0.08 -0.08 -0.02 -0.00 0.04 0.02 0.16 -0.22 -0.08 -0.08 -0.04 0.07 -0.15 -0.15 0.08 -0.22 0.03 -0.16 0.12 -0.24 0.12 -0.25 -0.04 0.02 0.46 -0.08 -0.26 0.18

200–300 1.6–1.8 1.34× 10−3 2.71 0.90 2.85 0.47 0.04 0.01 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.08 -0.05 -0.04 0.03 0.02 0.11 -0.20 -0.10 -0.10 -0.02 0.02 -0.07 -0.15 0.09 -0.19 -0.05 -0.14 0.01 -0.21 0.13 -0.15 -0.04 -0.06 0.42 -0.12 -0.30 0.18

200–300 1.8–2.0 1.00× 10−3 3.13 0.94 3.27 0.52 0.04 -0.00 0.01 -0.01 -0.01 0.10 0.08 -0.09 -0.05 -0.05 -0.07 0.01 0.01 0.05 -0.17 -0.08 -0.08 0.00 -0.03 0.01 -0.14 0.08 -0.17 -0.20 -0.13 0.02 -0.11 0.08 -0.21 -0.03 -0.12 0.42 -0.20 -0.29 0.20

200–300 2.0–2.2 6.04× 10−4 3.97 1.09 4.12 0.62 0.03 -0.01 -0.00 -0.02 -0.00 0.10 0.09 -0.08 -0.04 -0.04 -0.10 -0.00 0.01 0.09 -0.20 -0.08 -0.08 0.02 -0.06 0.03 -0.15 0.13 -0.17 -0.18 -0.06 -0.12 -0.06 0.24 -0.30 0.06 -0.07 0.43 -0.43 0.07 0.21

200–300 2.2–2.4 2.43× 10−4 6.94 1.70 7.15 1.18 0.02 0.01 -0.01 -0.03 0.02 0.09 0.12 -0.12 -0.07 -0.09 -0.07 0.04 0.05 0.04 -0.23 -0.12 -0.12 0.06 -0.04 0.07 -0.14 0.32 -0.20 -0.30 -0.06 -0.21 0.03 0.38 -0.46 0.26 -0.15 0.59 -0.33 0.17 0.35

300–500 0.0–0.4 3.55× 10−4 2.97 2.54 3.90 0.92 0.02 0.03 -0.01 -0.08 -0.01 0.12 0.15 -0.12 -0.19 0.03 0.16 0.09 0.01 0.42 -0.47 -0.09 -0.09 -0.29 0.49 -0.78 -0.41 0.04 -0.52 0.74 -0.67 0.75 -0.98 0.23 -0.41 -0.18 -0.15 0.89 -0.09 -0.14 0.23

300–500 0.4–0.8 3.36× 10−4 2.96 2.10 3.62 0.76 0.04 0.03 0.01 -0.07 -0.02 0.11 0.12 -0.11 -0.18 0.00 0.11 0.07 0.02 0.36 -0.41 -0.14 -0.14 -0.16 0.35 -0.63 -0.31 0.07 -0.41 0.57 -0.64 0.57 -0.74 0.23 -0.40 -0.08 -0.05 0.71 0.03 -0.43 0.18

300–500 0.8–1.2 3.16× 10−4 2.90 1.49 3.26 0.58 0.06 0.02 0.02 -0.04 -0.03 0.09 0.08 -0.10 -0.14 -0.03 0.03 0.05 0.03 0.22 -0.32 -0.13 -0.13 -0.08 0.22 -0.36 -0.23 0.10 -0.32 0.24 -0.40 0.34 -0.51 0.16 -0.19 -0.16 -0.13 0.54 0.02 -0.52 0.19

300–500 1.2–1.6 2.45× 10−4 3.12 1.15 3.33 0.51 0.06 -0.01 -0.00 -0.01 -0.03 0.10 0.05 -0.11 -0.08 -0.02 -0.03 0.05 0.02 0.13 -0.20 -0.11 -0.11 -0.04 0.04 -0.08 -0.20 0.05 -0.32 0.04 -0.10 0.11 -0.24 0.11 -0.20 -0.12 -0.06 0.55 -0.12 -0.49 0.27

300–500 1.6–2.0 1.31× 10−4 4.29 1.24 4.46 0.59 0.07 0.00 -0.01 -0.01 -0.03 0.10 0.05 -0.11 -0.10 -0.06 -0.10 0.04 -0.01 0.09 -0.23 -0.13 -0.13 0.05 -0.03 0.03 -0.14 0.11 -0.17 -0.17 -0.10 -0.02 -0.02 0.19 -0.18 0.04 -0.23 0.35 0.11 -0.81 0.20

300–500 2.0–2.4 3.81× 10−5 7.99 1.78 8.18 1.10 0.05 -0.00 -0.02 -0.03 0.01 0.12 0.09 -0.14 -0.11 -0.08 -0.11 0.03 0.01 0.13 -0.32 -0.14 -0.14 0.06 -0.10 0.07 -0.03 0.09 -0.24 -0.12 0.17 -0.20 0.35 0.33 -0.82 0.23 -0.45 0.52 -0.25 0.00 0.24

500–1500 0.0–0.4 1.47× 10−5 6.15 1.89 6.43 0.99 0.12 -0.04 -0.02 -0.02 -0.05 0.17 0.08 -0.16 -0.16 0.02 -0.02 0.06 -0.07 0.20 -0.28 -0.23 -0.23 0.04 0.14 -0.34 -0.33 0.01 -0.47 0.44 -0.51 0.41 -0.65 0.18 -0.37 -0.06 -0.16 0.55 0.04 -0.45 0.16

500–1500 0.4–0.8 1.38× 10−5 6.08 1.61 6.29 0.90 0.14 -0.02 0.02 -0.01 -0.04 0.14 0.03 -0.12 -0.16 -0.04 -0.07 0.04 -0.04 0.12 -0.26 -0.20 -0.20 0.10 0.03 -0.21 -0.24 0.09 -0.34 0.22 -0.47 0.29 -0.36 0.15 -0.27 -0.09 -0.14 0.41 0.13 -0.70 0.16

500–1500 0.8–1.2 1.14× 10−5 6.46 1.47 6.62 0.85 0.14 -0.02 0.02 -0.00 -0.02 0.11 0.01 -0.13 -0.13 -0.05 -0.11 0.07 -0.01 0.12 -0.23 -0.18 -0.18 0.09 0.00 -0.08 -0.18 0.08 -0.28 0.07 -0.26 0.11 -0.16 0.11 -0.15 -0.09 -0.05 0.52 -0.07 -0.77 0.25

500–1500 1.2–1.6 8.05× 10−6 7.39 1.44 7.53 0.71 0.13 -0.02 0.02 0.01 -0.02 0.12 -0.00 -0.13 -0.12 -0.05 -0.15 0.11 -0.02 0.09 -0.23 -0.15 -0.15 0.04 -0.10 0.11 -0.14 0.09 -0.17 -0.16 -0.09 -0.05 0.02 0.15 -0.18 -0.20 -0.30 0.33 0.16 -0.94 0.21

500–1500 1.6–2.0 2.21× 10−6 14.30 1.95 14.43 1.04 0.13 -0.01 -0.01 -0.02 -0.00 0.12 0.02 -0.16 -0.20 -0.16 -0.09 0.08 0.06 0.13 -0.38 -0.16 -0.16 0.14 -0.18 0.11 -0.11 0.02 -0.08 -0.04 -0.00 -0.21 0.51 0.43 -0.54 0.22 -0.31 0.56 0.16 -1.00 0.22

500–1500 2.0–2.4 2.87× 10−7 35.70 7.63 36.51 6.94 0.04 0.17 0.06 -0.11 0.12 0.14 0.14 -0.26 -0.28 -0.26 -0.28 0.05 -0.15 0.23 -0.54 -0.16 -0.16 0.53 -0.28 -0.24 0.14 0.19 0.07 -0.15 -0.54 -0.40 1.73 0.83 -1.00 0.61 -0.41 1.63 -0.26 -0.47 0.36

Table 3. The combined Born-level double-differential cross section d2σ
dmℓℓd|yℓℓ| . The measurements are listed together with the statistical (δstat),

systematic (δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ
35
cor) and uncorrelated (δunc)

systematic error sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total
uncertainties.
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Figure 8: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each plot.
The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 7: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each plot.
The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.

36

46 < m < 66 GeV 66 < m < 80 GeV 80 < m < 91 GeV

→ |yll| → |yll| → |yll|

Central rapidity electron & muon combined result 
Large forward-backward asymmetry at low mass, decreasing to ~zero at mll ~ mZ

Upper plots: shaded regions highlight equal |cos θ*| 

DRAFT

The forward-backward asymmetry is defined as the di↵erence in forward and backward events over all122

events:123

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

. (5)

As mentioned earlier, the angular distribution is symmetric when y`` = 0.124

Previous measurements by ATLAS and CMS of the Drell–Yan process include measurements of fiducial125

cross section [6–9], of one dimensional di↵erential cross sections as a function of rapidity [10, 11],126

transverse momentum [11–14], invariant mass [15–17], and double di↵erentially as a function of ivariant127

mass, rapidity and transferse momentum [18–23] as well as of forward-backward asymmetry [3, 24] and128

of Z-boson polarisation coe�cients [25, 26]. These measurements explore various aspects of Z-boson129

production but have not probed full sensitivity as given by equation 2 yet.130

A triple-di↵erential precision measurement, d3�
dm``d|y`` |d cos ✓⇤ is reported that is sensitive to all three terms131

in equation 2 at LO, allowing simultaneous studies of the PDFs and the weak mixing angle and to NLO132

e↵ects via the shape of cos ✓⇤, providing information about the gluon distribution. For convenience we133

use the notation134

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
. (6)

The cross sections are measured in the electron and muon decay channels covering the region |y`` | < 2.4.135

The electron channel analysis is extended to high rapidity in the region 1.2  |y`` |  3.6. The cross136

section measurements are used to determine AFB di↵erentially in m`` and |y`` |. The measured cross137

sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and -1 cos ✓⇤ +1.138

2. ATLAS detector139

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-140

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged141

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers of142

silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage within143

|⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is surrounded144

by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction of particle145

showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead ab-146

sorbers for |⌘ | < 3.2 and copper absorbers in the very forward region. The hadronic sampling calorimeter147

uses plastic scintillator tiles as the active material and steel absorbers in the region |⌘ | < 1.7. In the148

region 1.5 < |⌘ | < 4.9, liquid argon is used as active material, with copper or/and tungsten absorbers.149

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three stations of150

precision chambers allow the accurate measurement of muon track curvature in the region |⌘ | < 2.7. The151

majority of these precision chambers are composed of drift tubes, while cathode-strip chambers provide152

coverage in the inner stations of the forward region for 2.0 < |⌘ | < 2.7. Additional muon chambers153

installed between the inner and middle stations of the forward region and commissioned prior to the 2012154

run improve measurements in the transition region of 1.05 < |⌘ | < 1.35 where the outer stations have155

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).

4th April 2017 – 17:33 7



UCL Seminar − 26th October 2018Eram Rizvi 23

Triple-differential Z/ɣ* Cross Sections √s = 8 TeV

91 < m < 102 GeV

electron / muon combination gives χ2/ndf = 489.4 / 451

DRAFT
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Figure 8: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each plot.
The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Data precision reaches ~0.5% for mll ~ mZ 
Good agreement with Powheg based predictions incl. NNLO/NLO k-factor (and A0 polarisation correction) 
Interesting features at high |y| + large |cos θ*| ≈ 1 ….
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Figure 8: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each plot.
The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Triple-differential Z/ɣ* Cross Sections √s = 8 TeV

102 < m < 116 GeV 116 < m < 150 GeV 150 < m < 200 GeV
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Figure 9: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each plot.
The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg including
NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of
prediction to measurement. The inner error bars represent the statistical uncertainty of the data and the solid band
shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity measurement is
excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 10: The combined Born-level fiducial cross sections d3�. The kinematic region shown is labelled in each
plot. The data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) markers and the prediction from Powheg
including NNLO QCD and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows
the ratio of prediction to measurement. The inner error bars represent the statistical uncertainty of the data and
the solid band shows the total experimental uncertainty. The contribution to the uncertainty from the luminosity
measurement is excluded. The crosshatched band represents the statistical and PDF uncertainties in the prediction.
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Triple-differential Z/ɣ* Cross Sections √s = 8 TeV

DRAFT

The forward-backward asymmetry is defined as the di↵erence in forward and backward events over all122

events:123

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

. (5)

As mentioned earlier, the angular distribution is symmetric when y`` = 0.124

Previous measurements by ATLAS and CMS of the Drell–Yan process include measurements of fiducial125

cross section [6–9], of one dimensional di↵erential cross sections as a function of rapidity [10, 11],126

transverse momentum [11–14], invariant mass [15–17], and double di↵erentially as a function of ivariant127

mass, rapidity and transferse momentum [18–23] as well as of forward-backward asymmetry [3, 24] and128

of Z-boson polarisation coe�cients [25, 26]. These measurements explore various aspects of Z-boson129

production but have not probed full sensitivity as given by equation 2 yet.130

A triple-di↵erential precision measurement, d3�
dm``d|y`` |d cos ✓⇤ is reported that is sensitive to all three terms131

in equation 2 at LO, allowing simultaneous studies of the PDFs and the weak mixing angle and to NLO132

e↵ects via the shape of cos ✓⇤, providing information about the gluon distribution. For convenience we133

use the notation134

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
. (6)

The cross sections are measured in the electron and muon decay channels covering the region |y`` | < 2.4.135

The electron channel analysis is extended to high rapidity in the region 1.2  |y`` |  3.6. The cross136

section measurements are used to determine AFB di↵erentially in m`` and |y`` |. The measured cross137

sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and -1 cos ✓⇤ +1.138

2. ATLAS detector139

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-140

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged141

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers of142

silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage within143

|⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is surrounded144

by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction of particle145

showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses lead ab-146

sorbers for |⌘ | < 3.2 and copper absorbers in the very forward region. The hadronic sampling calorimeter147

uses plastic scintillator tiles as the active material and steel absorbers in the region |⌘ | < 1.7. In the148

region 1.5 < |⌘ | < 4.9, liquid argon is used as active material, with copper or/and tungsten absorbers.149

Outside the calorimeters, air-core toroids supply the magnetic field for the MS. There, three stations of150

precision chambers allow the accurate measurement of muon track curvature in the region |⌘ | < 2.7. The151

majority of these precision chambers are composed of drift tubes, while cathode-strip chambers provide152

coverage in the inner stations of the forward region for 2.0 < |⌘ | < 2.7. Additional muon chambers153

installed between the inner and middle stations of the forward region and commissioned prior to the 2012154

run improve measurements in the transition region of 1.05 < |⌘ | < 1.35 where the outer stations have155

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).
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Figure 11: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 12: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 13: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 14: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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Figure 15: The high rapidity electron channel Born-level fiducial cross section d3�. The kinematic region shown is
labelled in each plot. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. In each plot, the lower panel shows the ratio of prediction to
measurement. The inner error bars represent the statistical uncertainty of the data and the solid band shows the total
experimental uncertainty. The contribution from the uncertainty of the luminosity measurement is excluded. The
hatched band represents the statistical and PDF uncertainties in the prediction.
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66 < m < 80 GeV 80 < m < 91 GeV 91 < m < 102 GeV

102 < m < 116 GeV 116 < m < 150 GeV
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Forward-Backward AsymmetryForward-backward asymmetry: Combined Central
FB
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Compute

AFB =
d3σ(cos θ∗ > 0) − d3σ(cos θ∗ < 0)

d3σ(cos θ∗ > 0) + d3σ(cos θ∗ < 0)

• Uncertainties symmetric
in cos θCS , such as scale
and resolution, cancel.

• Asymmetry increases in
yℓℓ due to reduced
dilution, when levels off
and drops for last bins due
to fiducial acceptance.

• Good agreement with the
CT10-based Powheg
prediction.

13

Central rapidity channel 

DRAFT

the CS frame (✓⇤) is given by137

cos ✓⇤ =
pz,``

m`` |pz,`` |
p+1 p�

2 � p�
1 p+2q

m2
`` + p2

T,``

, (3)

where p±i = Ei ± pz, i and i = 1 corresponds to the negatively charged lepton and i = 2 is the positively138

charged antilepton. Here, E and pz are the energy and longitudinal z-components of the leptonic four-139

momentum respectively, pz,`` is the dilepton z-component of the momentum, and pT,`` the dilepton140

transverse momentum.141

The incoming quark direction can only be determined probabilistically: for increasing |y`` | the mo-142

mentum fraction of one parton reaches larger x where the valence quark PDFs dominate which typically143

carry more momentum than the antiquarks. Therefore the Z boson is more likely to be boosted in the144

quark direction. Conversely, at small boson rapidity |y`` | ⇠ 0, it becomes impossible to identify the145

direction of the quark since both quarks and antiquarks have nearly equal momenta. This has the e↵ect146

of diluting the sensitivity to sin2 ✓e↵
lept.147

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

s = 8 TeV. The148

measurements are performed in the electron and muon decay channels for |y`` | < 2.4 and are reported149

at the Born level. The electron channel analysis is extended to high rapidity in the region 1.2  |y`` | 150

3.6. The measured cross sections cover the kinematic range 46 m`` 200 GeV, 0 |y`` | 3.6, and151

-1 cos ✓⇤ +1. For convenience the notation152

d3� ⌘ d3�

dm``d|y`` |d cos ✓⇤
(4)

is used. The cross sections are classified as either forward, (cos ✓⇤ � 0) or backward, (cos ✓⇤ < 0), and153

used to define the experimental measurement of AFB di↵erentially in m`` and |y`` |:154

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

. (5)

2. ATLAS detector155

The ATLAS detector [27] consists of an inner tracking detector (ID) surrounded by a thin supercon-156

ducting solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). Charged157

particles in the pseudorapidity1 range |⌘ | < 2.5 are reconstructed with the ID, which consists of layers158

of silicon pixel and microstrip detectors and a straw-tube transition-radiation tracker having coverage159

within |⌘ | < 2.0. The ID is immersed in a 2 T magnetic field provided by the solenoid. The latter is sur-160

rounded by a hermetic calorimeter that covers |⌘ | < 4.9 and provides three-dimensional reconstruction161

of particle showers. The electromagnetic calorimeter is a liquid-argon sampling calorimeter, which uses162

lead absorbers for |⌘ | < 3.2. The hadronic sampling calorimeter uses plastic scintillator tiles as the active163

material and steel absorbers in the region |⌘ | < 1.7. In the region 1.5 < |⌘ | < 3.2, liquid argon is used164

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).

5th July 2017 – 12:17 6

Note: AFB derived from unfolded 
cross section measurements

Asymmetry increases with |y| 
Due to better determination of initial  
quark direction (less dilution) 

(high |y| access higher x valence PDF)

symmetric uncertainties cancel in AFB 
Scale, resolution, backgrounds
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Forward-backward asymmetry: Central Forward
FB
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• Cancellation of cos θ∗CS symmetric uncertainties is even more
important for CF analysis.

• Measured AFB ranges from -0.2 to +0.5 at the lowest and from
-0.4 to +0.7 at the highest yℓℓ, in agreement with predictions.

14

Forward-Backward Asymmetry — high rapidity

High rapidity channel
For AFB measurements uncorrelated sources dominate: 
data stats are factor 2 larger than MC stat / multijet unc / bg MC stats 
correlated sources ~ factor 10 smaller
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Summary - I

• New d3σ measurement of DY cross section at √s = 8 TeV available 
• on-shell analysis covers phase space 46 < m < 200 GeV 
• Precision of 0.5% attained at m = mZ 
• Data compatible with NNLO pQCD ⊗ NLO EW 
• Data available on HepData with full systematic breakdown

Now extract sin2θeff using this data
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Figure 8: The combined Born-level fiducial cross sections d3�. The kinematic region is given in the legend. The
data are shown as solid (cos ✓⇤ < 0) and open (cos ✓⇤ > 0) symbols and the prediction from Powheg including
NNLO QCD and NLO EW k factors is shown as the solid line. The lower panels shows the ratio of the prediction
to the measurement. The error bars represent the statistical uncertainties of the data, and the shaded band shows the
total experimental uncertainty. The contribution to the uncertainty of the luminosity measurement is excluded. The
cross-hatched band indicates the PDF uncertainty on the predictions.
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Method of using unfolded d3σ cross sections never used before
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Extracting sin2θeff

At LHC / Tevatron largest uncertainty ~ PDFs 
worse at LHC due to pp collisions 
worse at larger √s due to lower x (more dilution)

Typically experiments measure AFB 
→ unfold detector effects / dilution → fit for  sin2θeff  
→ or, perform detector level template fits to AFB 
→ estimate PDF uncertainties on extraction

D0 + CDF combination 2017

18

Table II: Summary of the CDF systematic uncertainties on the muon- and electron-channel combi-

nation for the electroweak-mixing parameter sin2 ✓lepte↵ .

Source sin2 ✓lepte↵

Energy scale and resolution ±0.00002

Backgrounds ±0.00003

QCD scale ±0.00006

NNPDF 3.0 PDF ±0.00016

Tables I and II. The D0 systematic uncertainties are obtained by combining the electron- and

muon-channel values in Refs. [13, 14] using the inverse-squares of the statistical uncertainties

of the measurements as weights. The CDF uncertainties are reproduced line-by-line from

the corresponding table in [10]. D0 avoids a QCD scale uncertainty by incorporating NNLO

e↵ects into the Afb templates, while CDF avoids sensitivity to lepton identification and detector

asymmetry uncertainties through the use of the event-weighting method described in Sec. II.

The PDF uncertainties are treated as 100% correlated. All other systematic uncertainties in

Tables I and II, are uncorrelated for the CDF and D0 combination. There are some correlations

from the common pythia derived backgrounds, but since the overall contribution from the

background is small and the detectors are di↵erent, the backgrounds are treated as uncorrelated.

The total uncorrelated systematic uncertainties for both CDF and D0 are ±0.00007.

The CDF and D0 measurements are combined using the “Best Linear Unbiased Estimate”

(BLUE) method [56]. The method yields a combination value for sin2 ✓lepte↵ is 0.23148±0.00027,

where the uncertainty is the combined statistical uncertainty. The combination weight for the

CDF input is 0.42, and 0.58 for the D0 input, with the combination �2 probability being 2.6%.

Table III summarizes the sources and values of the uncertainty for the combined value of the

sin2 ✓lepte↵ mixing parameter. The combination value for sin2 ✓lepte↵ is

sin2 ✓lepte↵ = 0.23148 ±0.00027 (stat.)

±0.00005 (syst.)

±0.00018 (PDF). (20)

The combined total uncertainty is ±0.00033.

CMS 8 TeV

17

9 Summary

We extract sin2 q
lept
eff from the measurements of the mass and rapidity dependence of AFB in

Drell-Yan ee and µµ events. With larger datasets and new analysis techniques, including pre-
cise lepton momentum calibration, angular event weighting, and additional PDF constraints,
the statistical and systematic uncertainties are significantly reduced compared to our previous
measurement. The combined result from the dielectron and dimuon channels is:

sin2 q
lept
eff = 0.23101 ± 0.00036(stat)± 0.00018(syst)± 0.00016(theory)± 0.00030(pdf) (15)

sin2 q
lept
eff = 0.23101 ± 0.00052. (16)
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Figure 9: Comparison of the measured sin2 q
lept
eff in the muon and electron channels and their

combination with the previous LEP, SLC, Tevatron and LHC measurements. The shaded band
corresponds to the combination of the LEP and SLC measurements.

Comparison of the extracted sin2 q
lept
eff with the previous results from the LEP, SLC, Tevatron

and LHC is shown in Figure 9. The results are consistent with the most precise LEP and SLD
measurements.
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= 0.2308± 0.0005(stat.)± 0.0006(syst.)± 0.0009(PDF) = 0.2308± 0.0012(tot.).

The dominant uncertainty comes from knowledge of the PDFs.494

The result from the muon channel, when converted to the asymmetry parameter Aµ,495

yields496

Aµ = 0.153± 0.007(stat.)± 0.009(syst.) = 0.153± 0.012(tot.),

which is in good agreement with the best previous measurements.497
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sin2θw variations correlated across m spectrum 
PDF variations anti-correlated about m=91

14

9 Uncertainties in the PDFs

The observed AFB values depend on the size of the dilution effect, as well as on the relative
contributions from u and d valence quarks to the total dilepton production cross section. The
uncertainties in the PDFs translate into sizable changes in the observed AFB values. However,
changes in PDFs affect the AFB(m``, y``) distribution in a different way than changes in sin2 q`eff.

Changes in PDFs produce large changes in AFB, when the absolute values of AFB are large, i.e.,
at large and small dilepton mass values. In contrast, the effect of changes in sin2 q`eff are largest
near the Z boson peak, and are significantly smaller at high and low masses. Because of this
behavior, which is illustrated in Fig. 5, we apply a Bayesian c2 reweighting method to constrain
the PDFs [47–49], and thereby reduce their uncertainties in the extracted value of sin2 q`eff.
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Figure 5: Distribution in AFB as a function of dilepton mass, integrated over rapidity (left), and
in six rapidity bins (right) for sin2 q`eff = 0.23120 in POWHEG. The solid lines in the bottom panel
correspond to six changes at sin2 q`eff around the central value, corresponding to: ±0.00040,
±0.00080, and ±0.00120. The dashed lines refer to the AFB predictions for 100 NNPDF3.0 repli-
cas. The shaded bands illustrate the standard deviation in the NNPDF3.0 replicas.

As a baseline, we use the NLO NNPDF3.0 PDFs. In the Bayesian c2 reweighting method,
PDF replicas that offer good descriptions of the observed AFB distribution are assigned large
weights, and those that poorly describe the AFB are given small weights. Each weight factor is
based on the best-fit c2

min,i value obtained by fitting the AFB (m``,y``) distribution with a given
PDF replica i:

wi =
e�

c2
min,i

2

1
N ÂN

i=1 e�
c2

min,i
2

, (13)

where N is the number of replicas in a set of PDFs. The final result is then calculated as a
weighted average over the replicas: sin2 q`eff = ÂN

i=1 wisi/N, where si is the best-fit sin2 q`eff
value obtained for the ith replica.

Figure 6 shows a scatter plot of the c2
min vs. the best-fit sin2 q`eff value for the 100 NNPDF3.0

replicas for the µµ and ee samples, and for the combined dimuon and dielectron results. All
sources of statistical and experimental systematic uncertainties are included in a 72⇥72 covari-

CMS

These correlations can be exploited  
Use data to constrain PDFs → reduce uncertainty 

For NNPDF incompatible replicas rejected by data

Extracting sin2θeff — PDF Profiling

Other PDF sets: uncertainties given as eigenvector variations 
Introduce nuisance parameters for each PDF eigenvector 
Fit data + PDF nuisance parameters to constrain PDFs 

Variation of AFB from PDF replicas and sin2θw 

Approximation to performing full PDF fit to data
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Figure 14: Ratio of uv , dv and total sea ⌃ PDFs for the MMHT14, NNPDF31, and profiled using NNPDF31
pseudo-data MMHT14 PDF set to the MMHT14 PDF set central value.

PDF used as theory
Pseudo data CT14 MMHT14 NNPDF3.1

CT14 — 3.7(-9.4) -0.6 (-6.8)
MMHT14 6.7 (13.0) — -3.0 (+11.1)
NNPDF3.1 13.6 (8.9) 5.7(2.1) —

Table 10: Bias in sin2 ✓W value in units of 10�5 in pseudo-data studies when predictions based on PDF used as
“pseudo-data” are fitted by predictions using another PDF (“PDF used as theory”). Fits use asymmetry data only.
The values outside (inside) brackets correspond to fits when PDF uncertainties are included (excluded) from the fit.
All other data and theory uncertainties are included.

Table 10 shows the same study for the asymmetry data. Biases without PDF fit are smaller overall, but336

after profiling of the PDF uncertainties are very similar to the default mixed scenario.337

17th June 2018 – 05:53 22

Example of profiling using d3σ pseudo-data 
Pseudo-data produced with NNPDF set 
Predictions generated using MMHT 
Pseudo-data are profiled using predictions 
Profiled PDFs move towards MMHT

uv compared to MMHT reference dv compared to MMHT reference

Profiling works for uv but fails for dv where  
PDF set has insufficient flexibility 
→ use several PDF sets
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ATLAS uses 2 methods (same data set / similar selections):

ATLAS-CONF-2018-037/

Extracting sin2θeff

Use QCD predictions from NNLOJet 

Use higher order EW corrections 
event weights to vary sin2θeff 

Perform PDF profiled fit to d3σ data 

Use QCD predictions from DYTurbo 

Use higher order EW corrections 
event weights to vary sin2θeff 

Perform PDF profiled fit to data 

common NLO EW 
corrections

Both analyses were blinded to value of sin2θeff

Compare sensitivities and results

Ai - Angular coefficient analysis  
methodology used here arXiv:1606.00689

Triple Differential cross section analysis 
Fit to unfolded d3σ cross sections  
differential in m,|y|, cosθ*

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
http://arxiv.org/abs/1606.00689
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Extracting sin2θeff  —  d3σ
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NNLO |yll| Triple Differential [Central Region]

91<mll<102 GeV

NNLOJET √s‾ = 8 TeV
±0.7 < cos(θ) < ±1.0
±0.4 < cos(θ) < ±0.7
±0 < cos(θ) < ±0.4

2 θ NNLOJET

Comparisons to NNLOjet - collaboration with IPPP (Nigel Glover & Duncan Walker) 
Provide fiducial NNLO QCD predictions for varying sin2θW  
Full set of NNLO predictions = ~3-4 days grid time 
Applfast interface under development (for PDF uncertainties) 
QCD scale uncertainties µR & µF ~0.5% … 

…but larger dependence observed in some kinematic regions…

LHC EW Working Group: 
https://indico.cern.ch/event/707971/

  Parton level event generator at NN(N)LO       
QCD using antenna subtraction  

  Processes available:        
pp → H, H+J,  
Z, Z+J,  
W±, W±J,  
VH,  
dijets  
ep → 1,2J  
e+e− → 3J ... 

NNPDF 3.1 NNLO 
Gµ EW scheme: mW, mZ, Gµ input params

https://indico.cern.ch/event/707971/
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Extracting sin2θeff  —  d3σ

Slides from Duncan Walker
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2 θ NNLOJET

Region corresponds to  
Z recoiling against jet

⇒ Use differential AFB in “forbidden region” 
Scale uncertainty cancels in AFB  
All data points can be used in fit

scale choice µ2 = m2 + p2T,ll 
Equivalent to m2 at LO 
Apt choice for recoil jet topology

Observe large theory stat & scale errors 
in “forbidden region” predictions
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ATLAS-CONF-2018-037/

|AFB| increases with y 
AFB negative m<mZ  
Smallest for cos θ* ~ 0

Triple differential AFB(m,|y|, cos θ*) 
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Figure 9: Triple-di↵erential distributions of the forward-backward asymmetry, AFB, shown as extracted from the
published data of Ref. [8], and as obtained for the predictions from the inclusive NNLOJET calculations [74, 75]
using the MMHT14 PDF set for sin2 ✓W = 0.23148. Each plot shows AFB as a function of |y`` | for three bins
in cos ✓ for the data and for the predictions. The first four plots correspond to four bins in increasing dilepton mass
for the combination of the eeCC and µµCC channels, covering together the mass range, 66 < m`` < 116 GeV. The
bottom two plots correspond to the eeCF channel and to two bins in mass around the Z pole mass. The uncertainties
shown correspond to the total statistical and systematic uncertainty from the published measurements for the data
and to the statistical uncertainties only for the predictions.
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using the MMHT14 PDF set for sin2 ✓W = 0.23148. Each plot shows AFB as a function of |y`` | for three bins
in cos ✓ for the data and for the predictions. The first four plots correspond to four bins in increasing dilepton mass
for the combination of the eeCC and µµCC channels, covering together the mass range, 66 < m`` < 116 GeV. The
bottom two plots correspond to the eeCF channel and to two bins in mass around the Z pole mass. The uncertainties
shown correspond to the total statistical and systematic uncertainty from the published measurements for the data
and to the statistical uncertainties only for the predictions.
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shown correspond to the total statistical and systematic uncertainty from the published measurements for the data
and to the statistical uncertainties only for the predictions.
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Extracting sin2θeff  —  d3σ

Use predictions of differential AFB(m,|y|, cos θ*) from NNLOjet 
i.e. defined in slices of equal |cosθ*| 

Apply identical event reweighting to vary sin2θeff 
for NLO EW effects in Improved Born Approximation (IBA)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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Angular Coefficients

Full 5d cross section decomposed into  
9 polynomials & 9 coefficients Ai(m,y,pT) 
Description is complete to all orders in QCD 
 - only in full phase space of decay leptons

ATLAS uses 2 methods (same data set / similar selections): 
• Perform fit to unfolded AFB from d3σ cross sections differential in m,|y|, cosθ* 
• Ai - Angular coefficient analysis (methodology used here arXiv:1606.00689)

A3 and A4 related to sin2θeff  
(A3 contributes for  
pT,Z > 100 GeV)

AFB =
8

3
A4

in full phase space

1. Introduction

The angular distributions of charged lepton pairs produced in hadron–hadron collisions via the Drell–Yan
neutral current process provide a portal to precise measurements of the production dynamics through
spin correlation e↵ects between the initial-state partons and the final-state leptons mediated by a spin-
1 intermediate state, predominantly the Z boson. In the Z-boson rest frame, a plane spanned by the
directions of the incoming protons can be defined, e.g. using the Collins–Soper (CS) reference frame [1].
The lepton polar and azimuthal angular variables, denoted by cos ✓ and � in the following formalism, are
defined in this reference frame. 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 perturbative quantum
chromodynamics (QCD). The theoretical formalism is elaborated in Refs. [2–5].

The full five-dimensional di↵erential cross-section describing the kinematics 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 trans-
verse momentum (pZ

T), rapidity (yZ), and invariant mass (mZ). 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 dimensionless
angular coe�cients A0�7(pZ

T, y
Z ,mZ), which represent ratios of helicity cross-sections with respect to the

unpolarised one, �U+L, as explained in detail in Appendix A:

d�
dpZ

T dyZ dmZ d cos ✓ d�
=

3
16⇡

d�U+L

dpZ
T dyZ dmZ

⇢

(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 pZ

T, yZ , and mZ is entirely contained in the Ai coe�cients and �U+L. There-
fore, all hadronic dynamics from the production mechanism are described implicitly within the structure
of the Ai coe�cients, and are factorised from the decay kinematics in the Z-boson rest frame. This allows
the measurement precision to be essentially insensitive to all uncertainties in QCD, quantum electro-
dynamics (QED), and electroweak (EW) e↵ects related to Z-boson production and decay. In particular,
EW corrections that couple the initial-state quarks to the final-state leptons have a negligible impact (be-
low 0.05%) at the Z-boson pole. This has been shown for the LEP precision measurements [6, 7], when
calculating the interference between initial-state and final-state QED radiation.

When integrating over cos ✓ or �, the information about the A1 and A6 coe�cients is lost, so both angles
must be explicitly used to extract the full set of eight coe�cients. Integrating Eq. (1) over cos ✓ yields:

d�
dpZ

T dyZ dmZ d�
=

1
2⇡

d�U+L

dpZ
T dyZ dmZ

(

1 +
1
4

A2 cos 2� +
3⇡
16

A3 cos � +
1
2

A5 sin 2� +
3⇡
16

A7 sin �
)

, (2)

2

factorised  
production dynamics 

from decay kinematics

ATLAS-CONF-2018-037/

Extracting sin2θeff  —  Angular Coefficients

CF 
m:- {80, 100} GeV 
|y|:- {1.6, 2.5, 3.6}

Using y and m binned data allows PDFs to be profiled Bin data in m, |y| 

CC (x2 channels):  
m:- {70, 80, 100, 125} GeV 
|y|:- {0.0, 0.8, 1.6, 2.5}

http://arxiv.org/abs/1606.00689
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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unfolded

folded

Analysis method uses folded MC templates in full phase-space

Perform likelihood fits to folded templates on m & |y| bins 
Use event-wise reweighting to vary sin2θeff in templates 
Like performing analytic interpolation:  

- known harmonic polynomials fitted to data 
- reduces PDF sensitivity

Detector  
simulation

known harmonic  
polynomials

ATLAS-CONF-2018-037/

Extracting sin2θeff  —  Angular Coefficients
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Figure 2: Predicted variation of A4 as a function of sin2 ✓`e↵ , integrated over y`` , pZ
T and over the range

80 < m`` < 100 GeV, where sin2 ✓`e↵ is varied as described in the text. The orange squares show the prediction
using the e↵ective Born approximation with sin2 ✓W = 0.23152, while the blue triangles show the prediction from
the improved Born approximation.

or predictions, are explained in Ref. [30, 48]. The exact quantitative impact of EW corrections on any
observable depends strongly on the input parameters and EW scheme of the tool used to predict the
observable. This impact can be compared to that of a di↵erent approach, called the e↵ective Born ap-
proximation, where instead of applying form factor corrections to the couplings, the measured values
of sin2 ✓`e↵ and of ↵ at the Z pole are used. The analysis presented in this note uses simulated events in
the context of a LO EW calculation, corresponding to a specific value of sin2 ✓W di↵erent from the on-
mass-shell one, thereby accounting approximately for the EW corrections, as in the case of the e↵ective
Born approximation.

Figure 1 (right) shows this impact in the case of A4 for predictions from the Powheg-Box event gen-
erator [44–47], using sin2 ✓W = 0.23113 (this event generator is the one used for the measurement, as
described in Section 4.2). These predictions are compared to those obtained using the same generated
sample, reweighted as explained above to IBA predictions. These IBA predictions are shown in the two
cases where the calculations include, or not, the EW box diagrams, which break the polynomial decom-
position of Eq. 1.

Since the expected total uncertainty on the measurement of A4 in this analysis is ⇠ 0.001 in the region
around the Z pole, it is clear that these corrections must be assessed, both in terms of their impact on the
measurement of A4 and on the predictions of how A4 varies as a function of sin2 ✓`e↵ . Variations of sin2 ✓`e↵
are implemented as a small flavour-independent shift, �v, in the couplings of Eq. 3, thereby leaving all
the SM input parameters and the EW form factor corrections unchanged. Other possible variations, either
by directly varying sin2 ✓`e↵ or indirectly by varying input parameters such as Gµ or mt , result in the
same functional behaviour for the IBA to within 2 10�5, provided one recomputes the form factors for
each variation if required. Figure 2 shows how the value of A4 in the Z-pole region varies di↵erently as a
function of sin2 ✓`e↵ when using the e↵ective Born approximation, with sin2 ✓W = 0.23152 [49], compared

7

Use linear interpolation model to extract sin2θeff 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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Extracting sin2θeff  —  Angular Coefficients
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Figure 8: For 19 out of 20 measurement bins over the three analysis channels, distribution of the pulls of each
measurement of sin2 ✓`e↵ with respect to a reference chosen to be the most sensitive measurement, namely that from
the eeCF channel in the measurement bin 2.5 < |y`` | < 3.6. The results are shown separately for the four di↵erent
PDF sets considered in this note.

70 < m`` < 80 GeV 80 < m`` < 100 GeV 100 < m`` < 125 GeV

|y`` | 0 � 0.8 0.8 � 1.6 1.6 � 2.5 0 � 0.8 0.8 � 1.6 1.6 � 2.5 0 � 0.8 0.8 � 1.6 1.6 � 2.5

�A4 0.012 0.067 0.065 �0.003 �0.001 �0.006 0.011 0.013 �0.086

Uncertainties Uncertainties Uncertainties

Total 0.034 0.039 0.078 0.003 0.003 0.007 0.017 0.019 0.045
Stat. 0.030 0.034 0.067 0.003 0.003 0.006 0.015 0.016 0.038
Syst. 0.017 0.021 0.040 0.001 0.001 0.003 0.008 0.010 0.024

PDF (meas.) 0.001 0.003 0.005 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001
Leptons 0.005 0.010 0.016 < 0.001 < 0.001 < 0.001 0.002 0.007 0.012

Background 0.001 0.002 0.005 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.004
MC stat. 0.016 0.018 0.036 0.001 0.001 0.003 0.008 0.008 0.020

Table 9: Di↵erences in the measured A4 values, �A4 = A4(eeCC )�A4(µµCC ), between the central-central electron
and muon channels in all analysis bins, along with their breakdown of uncertainties. The uncertainty from the
modelling of pZ

T is only applied to the eeCF channel and is not relevant here.

Tested di↵erence eeCC � µµCC eeCC � eeCF µµCC � eeCF eeCF � (eeCC + µµCC )

� sin2 ✓`e↵ 44 �7 �51 �32

Uncertainties

Total 72 70 64 57
Stat. 62 56 50 42
Syst. 37 41 40 38

Table 10: Di↵erences in the measured values of sin2 ✓`e↵ , � sin2 ✓`e↵ , between the various channels, along with their
global breakdown of uncertainties. The values are shown in units of 10�5.
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Figure 8: For 19 out of 20 measurement bins over the three analysis channels, distribution of the pulls of each
measurement of sin2 ✓`e↵ with respect to a reference chosen to be the most sensitive measurement, namely that from
the eeCF channel in the measurement bin 2.5 < |y`` | < 3.6. The results are shown separately for the four di↵erent
PDF sets considered in this note.

70 < m`` < 80 GeV 80 < m`` < 100 GeV 100 < m`` < 125 GeV

|y`` | 0 � 0.8 0.8 � 1.6 1.6 � 2.5 0 � 0.8 0.8 � 1.6 1.6 � 2.5 0 � 0.8 0.8 � 1.6 1.6 � 2.5

�A4 0.012 0.067 0.065 �0.003 �0.001 �0.006 0.011 0.013 �0.086

Uncertainties Uncertainties Uncertainties

Total 0.034 0.039 0.078 0.003 0.003 0.007 0.017 0.019 0.045
Stat. 0.030 0.034 0.067 0.003 0.003 0.006 0.015 0.016 0.038
Syst. 0.017 0.021 0.040 0.001 0.001 0.003 0.008 0.010 0.024

PDF (meas.) 0.001 0.003 0.005 < 0.001 < 0.001 < 0.001 0.001 0.001 0.001
Leptons 0.005 0.010 0.016 < 0.001 < 0.001 < 0.001 0.002 0.007 0.012

Background 0.001 0.002 0.005 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.004
MC stat. 0.016 0.018 0.036 0.001 0.001 0.003 0.008 0.008 0.020

Table 9: Di↵erences in the measured A4 values, �A4 = A4(eeCC )�A4(µµCC ), between the central-central electron
and muon channels in all analysis bins, along with their breakdown of uncertainties. The uncertainty from the
modelling of pZ

T is only applied to the eeCF channel and is not relevant here.

Tested di↵erence eeCC � µµCC eeCC � eeCF µµCC � eeCF eeCF � (eeCC + µµCC )

� sin2 ✓`e↵ 44 �7 �51 �32

Uncertainties

Total 72 70 64 57
Stat. 62 56 50 42
Syst. 37 41 40 38

Table 10: Di↵erences in the measured values of sin2 ✓`e↵ , � sin2 ✓`e↵ , between the various channels, along with their
global breakdown of uncertainties. The values are shown in units of 10�5.
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the eeCF channel in the measurement bin 2.5 < |y`` | < 3.6. The results are shown separately for the four di↵erent
PDF sets considered in this note.
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Table 9: Di↵erences in the measured A4 values, �A4 = A4(eeCC )�A4(µµCC ), between the central-central electron
and muon channels in all analysis bins, along with their breakdown of uncertainties. The uncertainty from the
modelling of pZ

T is only applied to the eeCF channel and is not relevant here.

Tested di↵erence eeCC � µµCC eeCC � eeCF µµCC � eeCF eeCF � (eeCC + µµCC )

� sin2 ✓`e↵ 44 �7 �51 �32

Uncertainties

Total 72 70 64 57
Stat. 62 56 50 42
Syst. 37 41 40 38

Table 10: Di↵erences in the measured values of sin2 ✓`e↵ , � sin2 ✓`e↵ , between the various channels, along with their
global breakdown of uncertainties. The values are shown in units of 10�5.
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Consistency checks: pull of sin2θeff for different data sub-sets

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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70 < m`` < 80 GeV 80 < m`` < 100 GeV 100 < m`` < 125 GeV

|y`` | 0 � 0.8 0.8 � 1.6 1.6 � 2.5 0 � 0.8 0.8 � 1.6 1.6 � 2.5 2.5 � 3.6 0 � 0.8 0.8 � 1.6 1.6 � 2.5

Central value �0.0681 �0.2684 �0.5087 0.0195 0.0448 0.0923 0.1445 0.0975 0.3311 0.6722

Uncertainties Uncertainties Uncertainties

Total 0.0176 0.0199 0.0391 0.0015 0.0016 0.0026 0.0046 0.0086 0.0099 0.0234
Stat. 0.0149 0.0160 0.0324 0.0013 0.0013 0.0021 0.0037 0.0073 0.0079 0.0188
Syst. 0.0093 0.0119 0.0220 0.0008 0.0008 0.0014 0.0027 0.0045 0.0062 0.0139

PDF (meas.) 0.0004 0.0044 0.0046 0.0001 0.0002 0.0004 0.0008 0.0009 0.0015 0.0050
pZ

T modelling 0.0028 0.0031 0.0058 0.0003 0.0003 0.0004 0.0007 0.0014 0.0015 0.0033

Leptons 0.0044 0.0063 0.0095 0.0004 0.0003 0.0005 0.0010 0.0019 0.0040 0.0071
Background < 0.0001 0.0008 0.0040 < 0.0001 0.0001 < 0.0001 0.0001 0.0006 0.0015 0.0023

MC stat. 0.0083 0.0089 0.0180 0.0007 0.0007 0.0012 0.0023 0.0038 0.0042 0.0102

Table 11: Results for the A4 measurements in each bin, together with the detailed breakdown of their uncertainties.

Channel eeCC µµCC eeCF eeCC + µµCC eeCC + µµCC + eeCF

Central value 0.23148 0.23123 0.23166 0.23119 0.23140

Uncertainties

Total 68 59 43 49 36
Stat. 48 40 29 31 21
Syst. 48 44 32 38 29

Uncertainties in measurements

PDF (meas.) 8 9 7 6 4
pZ

T modelling 0 0 7 0 5

Lepton scale 4 4 4 4 3
Lepton resolution 6 1 2 2 1
Lepton e�ciency 11 3 3 2 4

Electron charge misidentification 2 0 1 1 < 1
Muon sagitta bias 0 5 0 1 2

Background 1 2 1 1 2
MC. stat. 25 22 18 16 12

Uncertainties in predictions

PDF (predictions) 37 35 22 33 24
QCD scales 6 8 9 5 6

EW corrections 3 3 3 3 3

Table 12: Results for extracted values of sin2 ✓`e↵ with the detailed breakdown of their uncertainties, based on the
MMHT14 PDF set predictions and related uncertainties. The results are shown for each analysis channel separately,
for the combination of the eeCC and µµCC channels, with the last column showing the full combination result. The
uncertainty values are given in units of 10�5. The uncertainties are broken down separately for those arising from
the A4 measurements and from the predictions. The PDF uncertainties are treated as uncorrelated between the
A4 measurements and the predictions (see text).

The fits are performed for the four di↵erent PDF sets discussed throughout this note, CT10, CT14,
MMHT14, and NNPDF31. Table 13 shows the comparison between the di↵erent PDF sets for the full
combination. The total range in sin2 ✓`e↵ observed for these four PDF sets is 28 10�5 and it comes pre-
dominantly from the CT10 set, which, as already noted, fits best the complete set of ATLAS precision
Drell-Yan data at

p
s = 7 TeV. This range of values is consistent with the uncertainty band arising from

the uncertainties in the chosen MMHT14 PDF set and is not considered as an additional uncertainty in

30

Uncertainties on sin2θeff  x 10-5 

Extracted value / uncertainties of sin2θeff  from d3σ agrees with angular analysis 
Better precision from CF channel than CC (higher sensitivity / less dilution) 
Dominated by PDF uncertainty 
Sizeable uncertainty from data statistics

ATLAS-CONF-2018-037/

Extracting sin2θeff  —  Angular Coefficients

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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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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ATLAS sin2θeff   √s = 8 TeV

ATLAS reaches precision of single LEP/SLD experiments 
and combined CDF/D0 precision
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the results quoted below. The combined result is measured to be:
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ties in the MMHT14 PDF set, and the third to all other systematic uncertainties a↵ecting the measurement
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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 /m
2
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

eff
lθ2sin

0.23 0.231 0.232
 0.00036±0.23140 ATLAS: 8 TeV

 0.00043±0.23166 CFATLAS: ee

 0.00049±0.23119 
CC

µµ+CCATLAS: ee

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole
ATLAS Preliminary

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
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x 10-5

ATLAS-CONF-2018-037/

Preliminary result 
Released at ICHEP 2018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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Triple Differential cross-section method: 
 - Use NNLO Z+j predictions in “forbidden region” ? 
 - use mixed method:  

fit AFB(m,|y|,|cosθ*|) for  |cosθ*| < 0.4 & m< 66 GeV 
fit d3σ for m> 66 GeV & |cosθ*| < 0.4 
(we already did this and find PDF uncertainty is reduced!) 

 - using full d3σ in fit yields smallest PDF uncertainty 
 - perform complete NNLO QCD fit (not PDF profiling)

Summary - II

ATLAS determination of sin2θeff  is nearing completion  
Timescale -  aim for final publication spring 2019 
More detailed validation of DYTurbo vs NNLOjet

Project is actively pursued in LPCC Electroweak Working Group: ATLAS / CMS / LHCb / Theory

Angular coefficients method: 
 - adjust to d3σ experimental selection 
 - evaluate statistical uncertainty with bootstraps 
 - a few experimental checks to complete (SFs etc) 
 - PDF profiling tests 
 - PDF reweighting tests 
 - include A3 ?

cross sections have larger 
PDF sensitivity allowing 
in-situ PDF constraints

angular coefficients reduce 
PDF sensitivity through 
known harmonic polynomials

Much to be gained from LHC combination  
 - LHCb has higher y acceptance (but lower luminosity) 
 - CMS measurement has no ‘forward’ acceptance but complementary central channel

Now have 150 fb-1 of data at √s=13 TeV → factor 15 higher statistical sample (incl factor 2 from cross section) 
…but larger √s means lower x → worse dilution
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Backup
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Integrated double-differential cross section

JHEP08(2016)009

mℓℓ |yℓℓ| d2σ
dmℓℓd|yℓℓ| δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–150 0.0–0.2 4.10× 10−2 0.81 0.62 1.02 0.20 0.00 0.02 0.00 -0.03 0.01 0.06 0.07 -0.05 -0.07 -0.01 0.02 0.02 0.01 0.15 -0.15 -0.02 -0.02 -0.08 0.09 -0.19 -0.08 0.05 -0.14 0.09 -0.21 0.13 -0.19 0.09 -0.15 0.04 0.01 0.25 -0.03 -0.02 0.03

116–150 0.2–0.4 4.04× 10−2 0.82 0.63 1.03 0.21 0.00 0.01 0.01 -0.02 0.01 0.06 0.08 -0.05 -0.05 0.00 0.02 0.04 0.02 0.14 -0.16 -0.01 -0.01 -0.10 0.07 -0.20 -0.08 0.06 -0.19 0.05 -0.20 0.10 -0.19 0.10 -0.16 0.01 -0.02 0.24 -0.02 -0.06 0.03

116–150 0.4–0.6 4.01× 10−2 0.83 0.62 1.04 0.21 0.01 0.01 0.02 -0.02 -0.01 0.06 0.07 -0.05 -0.05 -0.00 0.02 0.03 0.03 0.13 -0.17 -0.03 -0.03 -0.08 0.09 -0.17 -0.07 0.06 -0.19 0.03 -0.18 0.13 -0.19 0.14 -0.12 -0.01 -0.01 0.26 -0.01 -0.06 0.04

116–150 0.6–0.8 4.04× 10−2 0.83 0.59 1.02 0.21 0.01 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.06 -0.01 0.02 0.01 0.01 0.13 -0.16 -0.03 -0.03 -0.04 0.09 -0.16 -0.09 0.05 -0.18 0.06 -0.18 0.05 -0.15 0.08 -0.19 0.01 0.05 0.23 0.01 -0.05 0.04

116–150 0.8–1.0 3.97× 10−2 0.84 0.59 1.03 0.22 0.02 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.05 -0.01 0.01 0.01 0.03 0.11 -0.14 -0.04 -0.04 -0.06 0.04 -0.17 -0.06 0.09 -0.19 -0.01 -0.16 0.06 -0.12 0.15 -0.18 -0.00 0.06 0.25 0.03 0.02 0.03

116–150 1.0–1.2 3.95× 10−2 0.84 0.56 1.01 0.22 0.02 0.00 0.04 -0.01 -0.03 0.06 0.07 -0.04 -0.03 0.01 -0.01 0.01 0.03 0.09 -0.12 -0.04 -0.04 -0.05 0.05 -0.12 -0.04 0.06 -0.19 -0.05 -0.10 0.05 -0.13 0.12 -0.20 -0.04 0.07 0.27 0.00 -0.06 0.04

116–150 1.2–1.4 3.84× 10−2 0.84 0.58 1.02 0.23 0.02 -0.00 0.03 -0.01 -0.03 0.05 0.07 -0.04 -0.02 0.01 -0.02 0.01 0.02 0.07 -0.11 -0.05 -0.05 -0.03 0.01 -0.12 -0.05 0.05 -0.19 -0.09 -0.06 -0.00 -0.13 0.18 -0.15 -0.02 0.08 0.29 0.01 -0.09 0.06

116–150 1.4–1.6 3.48× 10−2 0.89 0.58 1.06 0.24 0.02 -0.01 0.02 -0.01 -0.01 0.06 0.07 -0.04 -0.01 0.01 -0.04 0.02 0.03 0.04 -0.11 -0.05 -0.05 -0.04 -0.02 -0.10 0.01 0.08 -0.17 -0.14 -0.08 -0.03 -0.14 0.07 -0.13 -0.08 0.00 0.31 -0.03 -0.15 0.08

116–150 1.6–1.8 2.92× 10−2 1.00 0.64 1.18 0.28 0.02 -0.00 0.01 -0.01 -0.01 0.06 0.08 -0.04 -0.01 0.00 -0.04 0.01 0.03 0.04 -0.11 -0.05 -0.05 -0.01 -0.04 -0.10 -0.00 0.07 -0.19 -0.22 -0.06 -0.02 -0.09 0.11 -0.13 -0.04 -0.00 0.35 -0.04 -0.12 0.10

116–150 1.8–2.0 2.29× 10−2 1.14 0.70 1.33 0.31 0.02 -0.01 0.01 -0.01 -0.01 0.07 0.09 -0.05 -0.01 0.01 -0.06 0.01 0.03 0.02 -0.12 -0.07 -0.07 -0.05 -0.04 -0.06 -0.01 0.07 -0.21 -0.28 -0.07 -0.09 -0.09 0.12 -0.13 -0.07 -0.04 0.34 -0.05 -0.14 0.11

116–150 2.0–2.2 1.54× 10−2 1.40 0.88 1.65 0.40 0.02 0.00 0.00 -0.00 -0.02 0.06 0.09 -0.07 -0.02 -0.01 -0.05 0.00 0.01 0.07 -0.12 -0.07 -0.07 0.03 -0.03 -0.04 -0.01 0.07 -0.31 -0.15 0.01 -0.15 -0.02 0.25 -0.15 0.18 0.12 0.45 -0.24 -0.01 0.17

116–150 2.2–2.4 7.31× 10−3 2.33 1.46 2.75 0.72 0.03 -0.00 -0.03 0.03 -0.01 0.05 0.13 -0.08 0.01 0.02 -0.08 0.02 0.01 0.04 -0.15 -0.07 -0.07 0.03 -0.07 -0.12 -0.00 0.10 -0.48 -0.27 0.13 -0.14 -0.00 0.18 -0.34 0.26 0.26 0.74 -0.46 0.13 0.33

150–200 0.0–0.2 1.04× 10−2 1.41 1.31 1.93 0.32 -0.00 0.04 0.00 -0.06 0.01 0.07 0.10 -0.07 -0.12 -0.00 0.12 0.06 0.04 0.31 -0.30 -0.02 -0.02 -0.22 0.29 -0.43 -0.22 0.03 -0.26 0.32 -0.42 0.37 -0.50 0.11 -0.27 -0.06 -0.08 0.42 -0.00 -0.03 0.07

150–200 0.2–0.4 1.04× 10−2 1.41 1.28 1.91 0.33 -0.00 0.04 0.01 -0.05 0.00 0.07 0.10 -0.06 -0.13 -0.00 0.11 0.05 0.03 0.30 -0.30 -0.01 -0.01 -0.19 0.27 -0.42 -0.21 0.05 -0.26 0.32 -0.42 0.36 -0.46 0.15 -0.26 -0.03 -0.05 0.42 0.01 -0.05 0.07

150–200 0.4–0.6 1.03× 10−2 1.42 1.22 1.87 0.32 -0.00 0.04 0.03 -0.05 0.00 0.07 0.10 -0.06 -0.12 -0.01 0.10 0.05 0.02 0.29 -0.29 -0.03 -0.03 -0.17 0.26 -0.40 -0.19 0.05 -0.23 0.29 -0.38 0.33 -0.45 0.13 -0.28 -0.03 -0.01 0.42 0.01 -0.03 0.07

150–200 0.6–0.8 1.05× 10−2 1.39 1.11 1.78 0.32 0.01 0.03 0.02 -0.04 -0.02 0.06 0.09 -0.06 -0.09 -0.01 0.08 0.05 0.04 0.25 -0.25 -0.04 -0.04 -0.16 0.23 -0.33 -0.19 0.04 -0.30 0.23 -0.29 0.33 -0.38 0.13 -0.29 -0.05 0.01 0.40 0.00 -0.03 0.07

150–200 0.8–1.0 1.02× 10−2 1.42 1.02 1.75 0.33 0.01 0.02 0.03 -0.04 -0.02 0.07 0.08 -0.06 -0.10 -0.01 0.07 0.03 0.02 0.22 -0.24 -0.05 -0.05 -0.15 0.19 -0.29 -0.16 0.06 -0.20 0.20 -0.26 0.25 -0.39 0.10 -0.23 -0.11 0.01 0.41 -0.02 -0.01 0.08

150–200 1.0–1.2 9.68× 10−3 1.44 0.94 1.72 0.32 0.02 0.01 0.02 -0.03 -0.03 0.07 0.08 -0.05 -0.07 0.01 0.05 0.03 0.03 0.16 -0.20 -0.05 -0.05 -0.10 0.15 -0.23 -0.16 0.04 -0.26 0.14 -0.19 0.19 -0.34 0.14 -0.19 -0.10 0.04 0.44 -0.08 -0.09 0.12

150–200 1.2–1.4 9.12× 10−3 1.47 0.80 1.67 0.31 0.03 0.01 0.02 -0.03 -0.03 0.06 0.07 -0.06 -0.07 -0.02 0.02 0.01 0.02 0.13 -0.18 -0.08 -0.08 -0.05 0.10 -0.20 -0.12 0.05 -0.19 0.07 -0.19 0.14 -0.27 0.09 -0.20 -0.03 0.05 0.38 -0.04 -0.15 0.10

150–200 1.4–1.6 7.79× 10−3 1.59 0.78 1.77 0.32 0.03 0.01 0.01 -0.02 -0.02 0.07 0.06 -0.06 -0.05 -0.02 -0.01 0.01 0.03 0.10 -0.18 -0.09 -0.09 -0.06 0.06 -0.13 -0.10 0.04 -0.21 -0.03 -0.17 0.09 -0.21 0.09 -0.17 -0.11 0.00 0.41 -0.04 -0.18 0.14

150–200 1.6–1.8 6.64× 10−3 1.73 0.75 1.88 0.33 0.03 -0.00 0.01 -0.01 -0.03 0.07 0.07 -0.07 -0.04 -0.00 -0.02 0.02 0.03 0.07 -0.17 -0.05 -0.05 -0.07 0.01 -0.06 -0.10 0.06 -0.24 -0.12 -0.05 0.03 -0.20 0.07 -0.16 -0.04 -0.04 0.39 -0.05 -0.21 0.15

150–200 1.8–2.0 4.83× 10−3 2.03 0.75 2.16 0.38 0.03 -0.00 0.01 -0.02 -0.03 0.08 0.07 -0.07 -0.04 -0.01 -0.04 0.01 0.01 0.08 -0.17 -0.09 -0.09 0.00 -0.02 -0.03 -0.08 0.10 -0.21 -0.15 -0.10 -0.02 -0.14 0.17 -0.12 0.05 0.01 0.37 -0.12 -0.12 0.14

150–200 2.0–2.2 3.35× 10−3 2.42 0.88 2.57 0.46 0.03 -0.00 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.05 -0.03 -0.04 0.00 -0.01 0.07 -0.15 -0.10 -0.10 0.03 -0.03 0.05 -0.09 0.10 -0.22 -0.18 -0.07 -0.02 -0.09 0.16 -0.18 0.10 0.06 0.41 -0.32 0.11 0.17

150–200 2.2–2.4 1.63× 10−3 3.91 1.45 4.17 0.81 0.02 -0.01 -0.05 -0.00 -0.02 0.08 0.11 -0.11 -0.01 0.00 -0.07 0.06 0.02 0.06 -0.14 -0.10 -0.10 0.02 -0.02 0.03 -0.12 0.23 -0.42 -0.31 0.09 -0.15 -0.08 0.15 -0.35 0.20 0.06 0.68 -0.39 0.21 0.38

200–300 0.0–0.2 2.42× 10−3 2.20 2.14 3.07 0.55 -0.00 0.07 0.02 -0.08 0.02 0.08 0.14 -0.08 -0.20 0.00 0.19 0.09 0.07 0.48 -0.45 0.00 0.00 -0.31 0.49 -0.73 -0.31 0.08 -0.39 0.61 -0.69 0.62 -0.76 0.23 -0.45 -0.02 -0.03 0.67 0.03 -0.12 0.12

200–300 0.2–0.4 2.39× 10−3 2.21 2.06 3.03 0.56 -0.00 0.06 0.02 -0.08 0.01 0.08 0.14 -0.09 -0.19 -0.01 0.18 0.08 0.07 0.47 -0.44 -0.01 -0.01 -0.30 0.47 -0.71 -0.31 0.06 -0.37 0.57 -0.65 0.62 -0.75 0.18 -0.45 -0.06 -0.05 0.65 0.00 -0.09 0.11

200–300 0.4–0.6 2.43× 10−3 2.18 1.93 2.91 0.56 0.01 0.05 0.01 -0.08 -0.02 0.09 0.13 -0.09 -0.17 -0.01 0.14 0.05 0.06 0.37 -0.40 -0.06 -0.06 -0.26 0.42 -0.63 -0.30 0.06 -0.38 0.54 -0.55 0.57 -0.74 0.21 -0.33 -0.13 -0.07 0.68 -0.05 -0.08 0.15

200–300 0.6–0.8 2.48× 10−3 2.12 1.67 2.70 0.52 0.02 0.04 0.01 -0.06 -0.01 0.08 0.12 -0.09 -0.15 0.01 0.12 0.06 0.06 0.34 -0.35 -0.07 -0.07 -0.23 0.34 -0.51 -0.29 0.04 -0.35 0.42 -0.46 0.44 -0.64 0.15 -0.31 -0.16 -0.07 0.61 -0.02 -0.15 0.15

200–300 0.8–1.0 2.29× 10−3 2.19 1.51 2.65 0.49 0.02 0.04 0.02 -0.05 -0.02 0.07 0.10 -0.09 -0.14 -0.00 0.08 0.04 0.07 0.31 -0.33 -0.07 -0.07 -0.18 0.28 -0.47 -0.23 0.07 -0.34 0.32 -0.44 0.38 -0.52 0.16 -0.32 -0.12 -0.02 0.56 -0.03 -0.23 0.15

200–300 1.0–1.2 2.16× 10−3 2.20 1.29 2.55 0.46 0.02 0.02 0.02 -0.05 -0.02 0.08 0.09 -0.08 -0.13 -0.02 0.04 0.04 0.03 0.23 -0.28 -0.10 -0.10 -0.12 0.19 -0.32 -0.21 0.06 -0.29 0.26 -0.34 0.29 -0.44 0.08 -0.24 -0.13 -0.04 0.56 -0.06 -0.30 0.20

200–300 1.2–1.4 1.88× 10−3 2.32 1.14 2.59 0.45 0.03 0.01 0.02 -0.04 -0.02 0.08 0.08 -0.07 -0.08 -0.00 0.01 0.04 0.04 0.17 -0.26 -0.08 -0.08 -0.12 0.13 -0.23 -0.18 0.07 -0.24 0.11 -0.25 0.27 -0.39 0.09 -0.15 -0.18 -0.05 0.53 -0.11 -0.30 0.20

200–300 1.4–1.6 1.66× 10−3 2.41 0.95 2.59 0.44 0.04 0.01 0.01 -0.02 -0.03 0.08 0.08 -0.08 -0.08 -0.02 -0.00 0.04 0.02 0.16 -0.22 -0.08 -0.08 -0.04 0.07 -0.15 -0.15 0.08 -0.22 0.03 -0.16 0.12 -0.24 0.12 -0.25 -0.04 0.02 0.46 -0.08 -0.26 0.18

200–300 1.6–1.8 1.34× 10−3 2.71 0.90 2.85 0.47 0.04 0.01 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.08 -0.05 -0.04 0.03 0.02 0.11 -0.20 -0.10 -0.10 -0.02 0.02 -0.07 -0.15 0.09 -0.19 -0.05 -0.14 0.01 -0.21 0.13 -0.15 -0.04 -0.06 0.42 -0.12 -0.30 0.18

200–300 1.8–2.0 1.00× 10−3 3.13 0.94 3.27 0.52 0.04 -0.00 0.01 -0.01 -0.01 0.10 0.08 -0.09 -0.05 -0.05 -0.07 0.01 0.01 0.05 -0.17 -0.08 -0.08 0.00 -0.03 0.01 -0.14 0.08 -0.17 -0.20 -0.13 0.02 -0.11 0.08 -0.21 -0.03 -0.12 0.42 -0.20 -0.29 0.20

200–300 2.0–2.2 6.04× 10−4 3.97 1.09 4.12 0.62 0.03 -0.01 -0.00 -0.02 -0.00 0.10 0.09 -0.08 -0.04 -0.04 -0.10 -0.00 0.01 0.09 -0.20 -0.08 -0.08 0.02 -0.06 0.03 -0.15 0.13 -0.17 -0.18 -0.06 -0.12 -0.06 0.24 -0.30 0.06 -0.07 0.43 -0.43 0.07 0.21

200–300 2.2–2.4 2.43× 10−4 6.94 1.70 7.15 1.18 0.02 0.01 -0.01 -0.03 0.02 0.09 0.12 -0.12 -0.07 -0.09 -0.07 0.04 0.05 0.04 -0.23 -0.12 -0.12 0.06 -0.04 0.07 -0.14 0.32 -0.20 -0.30 -0.06 -0.21 0.03 0.38 -0.46 0.26 -0.15 0.59 -0.33 0.17 0.35

300–500 0.0–0.4 3.55× 10−4 2.97 2.54 3.90 0.92 0.02 0.03 -0.01 -0.08 -0.01 0.12 0.15 -0.12 -0.19 0.03 0.16 0.09 0.01 0.42 -0.47 -0.09 -0.09 -0.29 0.49 -0.78 -0.41 0.04 -0.52 0.74 -0.67 0.75 -0.98 0.23 -0.41 -0.18 -0.15 0.89 -0.09 -0.14 0.23

300–500 0.4–0.8 3.36× 10−4 2.96 2.10 3.62 0.76 0.04 0.03 0.01 -0.07 -0.02 0.11 0.12 -0.11 -0.18 0.00 0.11 0.07 0.02 0.36 -0.41 -0.14 -0.14 -0.16 0.35 -0.63 -0.31 0.07 -0.41 0.57 -0.64 0.57 -0.74 0.23 -0.40 -0.08 -0.05 0.71 0.03 -0.43 0.18

300–500 0.8–1.2 3.16× 10−4 2.90 1.49 3.26 0.58 0.06 0.02 0.02 -0.04 -0.03 0.09 0.08 -0.10 -0.14 -0.03 0.03 0.05 0.03 0.22 -0.32 -0.13 -0.13 -0.08 0.22 -0.36 -0.23 0.10 -0.32 0.24 -0.40 0.34 -0.51 0.16 -0.19 -0.16 -0.13 0.54 0.02 -0.52 0.19

300–500 1.2–1.6 2.45× 10−4 3.12 1.15 3.33 0.51 0.06 -0.01 -0.00 -0.01 -0.03 0.10 0.05 -0.11 -0.08 -0.02 -0.03 0.05 0.02 0.13 -0.20 -0.11 -0.11 -0.04 0.04 -0.08 -0.20 0.05 -0.32 0.04 -0.10 0.11 -0.24 0.11 -0.20 -0.12 -0.06 0.55 -0.12 -0.49 0.27

300–500 1.6–2.0 1.31× 10−4 4.29 1.24 4.46 0.59 0.07 0.00 -0.01 -0.01 -0.03 0.10 0.05 -0.11 -0.10 -0.06 -0.10 0.04 -0.01 0.09 -0.23 -0.13 -0.13 0.05 -0.03 0.03 -0.14 0.11 -0.17 -0.17 -0.10 -0.02 -0.02 0.19 -0.18 0.04 -0.23 0.35 0.11 -0.81 0.20

300–500 2.0–2.4 3.81× 10−5 7.99 1.78 8.18 1.10 0.05 -0.00 -0.02 -0.03 0.01 0.12 0.09 -0.14 -0.11 -0.08 -0.11 0.03 0.01 0.13 -0.32 -0.14 -0.14 0.06 -0.10 0.07 -0.03 0.09 -0.24 -0.12 0.17 -0.20 0.35 0.33 -0.82 0.23 -0.45 0.52 -0.25 0.00 0.24

500–1500 0.0–0.4 1.47× 10−5 6.15 1.89 6.43 0.99 0.12 -0.04 -0.02 -0.02 -0.05 0.17 0.08 -0.16 -0.16 0.02 -0.02 0.06 -0.07 0.20 -0.28 -0.23 -0.23 0.04 0.14 -0.34 -0.33 0.01 -0.47 0.44 -0.51 0.41 -0.65 0.18 -0.37 -0.06 -0.16 0.55 0.04 -0.45 0.16

500–1500 0.4–0.8 1.38× 10−5 6.08 1.61 6.29 0.90 0.14 -0.02 0.02 -0.01 -0.04 0.14 0.03 -0.12 -0.16 -0.04 -0.07 0.04 -0.04 0.12 -0.26 -0.20 -0.20 0.10 0.03 -0.21 -0.24 0.09 -0.34 0.22 -0.47 0.29 -0.36 0.15 -0.27 -0.09 -0.14 0.41 0.13 -0.70 0.16

500–1500 0.8–1.2 1.14× 10−5 6.46 1.47 6.62 0.85 0.14 -0.02 0.02 -0.00 -0.02 0.11 0.01 -0.13 -0.13 -0.05 -0.11 0.07 -0.01 0.12 -0.23 -0.18 -0.18 0.09 0.00 -0.08 -0.18 0.08 -0.28 0.07 -0.26 0.11 -0.16 0.11 -0.15 -0.09 -0.05 0.52 -0.07 -0.77 0.25

500–1500 1.2–1.6 8.05× 10−6 7.39 1.44 7.53 0.71 0.13 -0.02 0.02 0.01 -0.02 0.12 -0.00 -0.13 -0.12 -0.05 -0.15 0.11 -0.02 0.09 -0.23 -0.15 -0.15 0.04 -0.10 0.11 -0.14 0.09 -0.17 -0.16 -0.09 -0.05 0.02 0.15 -0.18 -0.20 -0.30 0.33 0.16 -0.94 0.21

500–1500 1.6–2.0 2.21× 10−6 14.30 1.95 14.43 1.04 0.13 -0.01 -0.01 -0.02 -0.00 0.12 0.02 -0.16 -0.20 -0.16 -0.09 0.08 0.06 0.13 -0.38 -0.16 -0.16 0.14 -0.18 0.11 -0.11 0.02 -0.08 -0.04 -0.00 -0.21 0.51 0.43 -0.54 0.22 -0.31 0.56 0.16 -1.00 0.22

500–1500 2.0–2.4 2.87× 10−7 35.70 7.63 36.51 6.94 0.04 0.17 0.06 -0.11 0.12 0.14 0.14 -0.26 -0.28 -0.26 -0.28 0.05 -0.15 0.23 -0.54 -0.16 -0.16 0.53 -0.28 -0.24 0.14 0.19 0.07 -0.15 -0.54 -0.40 1.73 0.83 -1.00 0.61 -0.41 1.63 -0.26 -0.47 0.36

Table 3. The combined Born-level double-differential cross section d2σ
dmℓℓd|yℓℓ| . The measurements are listed together with the statistical (δstat),

systematic (δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ
35
cor) and uncorrelated (δunc)

systematic error sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total
uncertainties.
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mℓℓ |yℓℓ| d2σ
dmℓℓd|yℓℓ| δstat δsys δtot δunc δ1cor δ2cor δ3cor δ4cor δ5cor δ6cor δ7cor δ8cor δ9cor δ10cor δ11cor δ12cor δ13cor δ14cor δ15cor δ16cor δ17cor δ18cor δ19cor δ20cor δ21cor δ22cor δ23cor δ24cor δ25cor δ26cor δ27cor δ28cor δ29cor δ30cor δ31cor δ32cor δ33cor δ34cor δ35cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

116–150 0.0–0.2 4.10× 10−2 0.81 0.62 1.02 0.20 0.00 0.02 0.00 -0.03 0.01 0.06 0.07 -0.05 -0.07 -0.01 0.02 0.02 0.01 0.15 -0.15 -0.02 -0.02 -0.08 0.09 -0.19 -0.08 0.05 -0.14 0.09 -0.21 0.13 -0.19 0.09 -0.15 0.04 0.01 0.25 -0.03 -0.02 0.03

116–150 0.2–0.4 4.04× 10−2 0.82 0.63 1.03 0.21 0.00 0.01 0.01 -0.02 0.01 0.06 0.08 -0.05 -0.05 0.00 0.02 0.04 0.02 0.14 -0.16 -0.01 -0.01 -0.10 0.07 -0.20 -0.08 0.06 -0.19 0.05 -0.20 0.10 -0.19 0.10 -0.16 0.01 -0.02 0.24 -0.02 -0.06 0.03

116–150 0.4–0.6 4.01× 10−2 0.83 0.62 1.04 0.21 0.01 0.01 0.02 -0.02 -0.01 0.06 0.07 -0.05 -0.05 -0.00 0.02 0.03 0.03 0.13 -0.17 -0.03 -0.03 -0.08 0.09 -0.17 -0.07 0.06 -0.19 0.03 -0.18 0.13 -0.19 0.14 -0.12 -0.01 -0.01 0.26 -0.01 -0.06 0.04

116–150 0.6–0.8 4.04× 10−2 0.83 0.59 1.02 0.21 0.01 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.06 -0.01 0.02 0.01 0.01 0.13 -0.16 -0.03 -0.03 -0.04 0.09 -0.16 -0.09 0.05 -0.18 0.06 -0.18 0.05 -0.15 0.08 -0.19 0.01 0.05 0.23 0.01 -0.05 0.04

116–150 0.8–1.0 3.97× 10−2 0.84 0.59 1.03 0.22 0.02 0.01 0.03 -0.02 -0.02 0.06 0.07 -0.04 -0.05 -0.01 0.01 0.01 0.03 0.11 -0.14 -0.04 -0.04 -0.06 0.04 -0.17 -0.06 0.09 -0.19 -0.01 -0.16 0.06 -0.12 0.15 -0.18 -0.00 0.06 0.25 0.03 0.02 0.03

116–150 1.0–1.2 3.95× 10−2 0.84 0.56 1.01 0.22 0.02 0.00 0.04 -0.01 -0.03 0.06 0.07 -0.04 -0.03 0.01 -0.01 0.01 0.03 0.09 -0.12 -0.04 -0.04 -0.05 0.05 -0.12 -0.04 0.06 -0.19 -0.05 -0.10 0.05 -0.13 0.12 -0.20 -0.04 0.07 0.27 0.00 -0.06 0.04

116–150 1.2–1.4 3.84× 10−2 0.84 0.58 1.02 0.23 0.02 -0.00 0.03 -0.01 -0.03 0.05 0.07 -0.04 -0.02 0.01 -0.02 0.01 0.02 0.07 -0.11 -0.05 -0.05 -0.03 0.01 -0.12 -0.05 0.05 -0.19 -0.09 -0.06 -0.00 -0.13 0.18 -0.15 -0.02 0.08 0.29 0.01 -0.09 0.06

116–150 1.4–1.6 3.48× 10−2 0.89 0.58 1.06 0.24 0.02 -0.01 0.02 -0.01 -0.01 0.06 0.07 -0.04 -0.01 0.01 -0.04 0.02 0.03 0.04 -0.11 -0.05 -0.05 -0.04 -0.02 -0.10 0.01 0.08 -0.17 -0.14 -0.08 -0.03 -0.14 0.07 -0.13 -0.08 0.00 0.31 -0.03 -0.15 0.08

116–150 1.6–1.8 2.92× 10−2 1.00 0.64 1.18 0.28 0.02 -0.00 0.01 -0.01 -0.01 0.06 0.08 -0.04 -0.01 0.00 -0.04 0.01 0.03 0.04 -0.11 -0.05 -0.05 -0.01 -0.04 -0.10 -0.00 0.07 -0.19 -0.22 -0.06 -0.02 -0.09 0.11 -0.13 -0.04 -0.00 0.35 -0.04 -0.12 0.10

116–150 1.8–2.0 2.29× 10−2 1.14 0.70 1.33 0.31 0.02 -0.01 0.01 -0.01 -0.01 0.07 0.09 -0.05 -0.01 0.01 -0.06 0.01 0.03 0.02 -0.12 -0.07 -0.07 -0.05 -0.04 -0.06 -0.01 0.07 -0.21 -0.28 -0.07 -0.09 -0.09 0.12 -0.13 -0.07 -0.04 0.34 -0.05 -0.14 0.11

116–150 2.0–2.2 1.54× 10−2 1.40 0.88 1.65 0.40 0.02 0.00 0.00 -0.00 -0.02 0.06 0.09 -0.07 -0.02 -0.01 -0.05 0.00 0.01 0.07 -0.12 -0.07 -0.07 0.03 -0.03 -0.04 -0.01 0.07 -0.31 -0.15 0.01 -0.15 -0.02 0.25 -0.15 0.18 0.12 0.45 -0.24 -0.01 0.17

116–150 2.2–2.4 7.31× 10−3 2.33 1.46 2.75 0.72 0.03 -0.00 -0.03 0.03 -0.01 0.05 0.13 -0.08 0.01 0.02 -0.08 0.02 0.01 0.04 -0.15 -0.07 -0.07 0.03 -0.07 -0.12 -0.00 0.10 -0.48 -0.27 0.13 -0.14 -0.00 0.18 -0.34 0.26 0.26 0.74 -0.46 0.13 0.33

150–200 0.0–0.2 1.04× 10−2 1.41 1.31 1.93 0.32 -0.00 0.04 0.00 -0.06 0.01 0.07 0.10 -0.07 -0.12 -0.00 0.12 0.06 0.04 0.31 -0.30 -0.02 -0.02 -0.22 0.29 -0.43 -0.22 0.03 -0.26 0.32 -0.42 0.37 -0.50 0.11 -0.27 -0.06 -0.08 0.42 -0.00 -0.03 0.07

150–200 0.2–0.4 1.04× 10−2 1.41 1.28 1.91 0.33 -0.00 0.04 0.01 -0.05 0.00 0.07 0.10 -0.06 -0.13 -0.00 0.11 0.05 0.03 0.30 -0.30 -0.01 -0.01 -0.19 0.27 -0.42 -0.21 0.05 -0.26 0.32 -0.42 0.36 -0.46 0.15 -0.26 -0.03 -0.05 0.42 0.01 -0.05 0.07

150–200 0.4–0.6 1.03× 10−2 1.42 1.22 1.87 0.32 -0.00 0.04 0.03 -0.05 0.00 0.07 0.10 -0.06 -0.12 -0.01 0.10 0.05 0.02 0.29 -0.29 -0.03 -0.03 -0.17 0.26 -0.40 -0.19 0.05 -0.23 0.29 -0.38 0.33 -0.45 0.13 -0.28 -0.03 -0.01 0.42 0.01 -0.03 0.07

150–200 0.6–0.8 1.05× 10−2 1.39 1.11 1.78 0.32 0.01 0.03 0.02 -0.04 -0.02 0.06 0.09 -0.06 -0.09 -0.01 0.08 0.05 0.04 0.25 -0.25 -0.04 -0.04 -0.16 0.23 -0.33 -0.19 0.04 -0.30 0.23 -0.29 0.33 -0.38 0.13 -0.29 -0.05 0.01 0.40 0.00 -0.03 0.07

150–200 0.8–1.0 1.02× 10−2 1.42 1.02 1.75 0.33 0.01 0.02 0.03 -0.04 -0.02 0.07 0.08 -0.06 -0.10 -0.01 0.07 0.03 0.02 0.22 -0.24 -0.05 -0.05 -0.15 0.19 -0.29 -0.16 0.06 -0.20 0.20 -0.26 0.25 -0.39 0.10 -0.23 -0.11 0.01 0.41 -0.02 -0.01 0.08

150–200 1.0–1.2 9.68× 10−3 1.44 0.94 1.72 0.32 0.02 0.01 0.02 -0.03 -0.03 0.07 0.08 -0.05 -0.07 0.01 0.05 0.03 0.03 0.16 -0.20 -0.05 -0.05 -0.10 0.15 -0.23 -0.16 0.04 -0.26 0.14 -0.19 0.19 -0.34 0.14 -0.19 -0.10 0.04 0.44 -0.08 -0.09 0.12

150–200 1.2–1.4 9.12× 10−3 1.47 0.80 1.67 0.31 0.03 0.01 0.02 -0.03 -0.03 0.06 0.07 -0.06 -0.07 -0.02 0.02 0.01 0.02 0.13 -0.18 -0.08 -0.08 -0.05 0.10 -0.20 -0.12 0.05 -0.19 0.07 -0.19 0.14 -0.27 0.09 -0.20 -0.03 0.05 0.38 -0.04 -0.15 0.10

150–200 1.4–1.6 7.79× 10−3 1.59 0.78 1.77 0.32 0.03 0.01 0.01 -0.02 -0.02 0.07 0.06 -0.06 -0.05 -0.02 -0.01 0.01 0.03 0.10 -0.18 -0.09 -0.09 -0.06 0.06 -0.13 -0.10 0.04 -0.21 -0.03 -0.17 0.09 -0.21 0.09 -0.17 -0.11 0.00 0.41 -0.04 -0.18 0.14

150–200 1.6–1.8 6.64× 10−3 1.73 0.75 1.88 0.33 0.03 -0.00 0.01 -0.01 -0.03 0.07 0.07 -0.07 -0.04 -0.00 -0.02 0.02 0.03 0.07 -0.17 -0.05 -0.05 -0.07 0.01 -0.06 -0.10 0.06 -0.24 -0.12 -0.05 0.03 -0.20 0.07 -0.16 -0.04 -0.04 0.39 -0.05 -0.21 0.15

150–200 1.8–2.0 4.83× 10−3 2.03 0.75 2.16 0.38 0.03 -0.00 0.01 -0.02 -0.03 0.08 0.07 -0.07 -0.04 -0.01 -0.04 0.01 0.01 0.08 -0.17 -0.09 -0.09 0.00 -0.02 -0.03 -0.08 0.10 -0.21 -0.15 -0.10 -0.02 -0.14 0.17 -0.12 0.05 0.01 0.37 -0.12 -0.12 0.14

150–200 2.0–2.2 3.35× 10−3 2.42 0.88 2.57 0.46 0.03 -0.00 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.05 -0.03 -0.04 0.00 -0.01 0.07 -0.15 -0.10 -0.10 0.03 -0.03 0.05 -0.09 0.10 -0.22 -0.18 -0.07 -0.02 -0.09 0.16 -0.18 0.10 0.06 0.41 -0.32 0.11 0.17

150–200 2.2–2.4 1.63× 10−3 3.91 1.45 4.17 0.81 0.02 -0.01 -0.05 -0.00 -0.02 0.08 0.11 -0.11 -0.01 0.00 -0.07 0.06 0.02 0.06 -0.14 -0.10 -0.10 0.02 -0.02 0.03 -0.12 0.23 -0.42 -0.31 0.09 -0.15 -0.08 0.15 -0.35 0.20 0.06 0.68 -0.39 0.21 0.38

200–300 0.0–0.2 2.42× 10−3 2.20 2.14 3.07 0.55 -0.00 0.07 0.02 -0.08 0.02 0.08 0.14 -0.08 -0.20 0.00 0.19 0.09 0.07 0.48 -0.45 0.00 0.00 -0.31 0.49 -0.73 -0.31 0.08 -0.39 0.61 -0.69 0.62 -0.76 0.23 -0.45 -0.02 -0.03 0.67 0.03 -0.12 0.12

200–300 0.2–0.4 2.39× 10−3 2.21 2.06 3.03 0.56 -0.00 0.06 0.02 -0.08 0.01 0.08 0.14 -0.09 -0.19 -0.01 0.18 0.08 0.07 0.47 -0.44 -0.01 -0.01 -0.30 0.47 -0.71 -0.31 0.06 -0.37 0.57 -0.65 0.62 -0.75 0.18 -0.45 -0.06 -0.05 0.65 0.00 -0.09 0.11

200–300 0.4–0.6 2.43× 10−3 2.18 1.93 2.91 0.56 0.01 0.05 0.01 -0.08 -0.02 0.09 0.13 -0.09 -0.17 -0.01 0.14 0.05 0.06 0.37 -0.40 -0.06 -0.06 -0.26 0.42 -0.63 -0.30 0.06 -0.38 0.54 -0.55 0.57 -0.74 0.21 -0.33 -0.13 -0.07 0.68 -0.05 -0.08 0.15

200–300 0.6–0.8 2.48× 10−3 2.12 1.67 2.70 0.52 0.02 0.04 0.01 -0.06 -0.01 0.08 0.12 -0.09 -0.15 0.01 0.12 0.06 0.06 0.34 -0.35 -0.07 -0.07 -0.23 0.34 -0.51 -0.29 0.04 -0.35 0.42 -0.46 0.44 -0.64 0.15 -0.31 -0.16 -0.07 0.61 -0.02 -0.15 0.15

200–300 0.8–1.0 2.29× 10−3 2.19 1.51 2.65 0.49 0.02 0.04 0.02 -0.05 -0.02 0.07 0.10 -0.09 -0.14 -0.00 0.08 0.04 0.07 0.31 -0.33 -0.07 -0.07 -0.18 0.28 -0.47 -0.23 0.07 -0.34 0.32 -0.44 0.38 -0.52 0.16 -0.32 -0.12 -0.02 0.56 -0.03 -0.23 0.15

200–300 1.0–1.2 2.16× 10−3 2.20 1.29 2.55 0.46 0.02 0.02 0.02 -0.05 -0.02 0.08 0.09 -0.08 -0.13 -0.02 0.04 0.04 0.03 0.23 -0.28 -0.10 -0.10 -0.12 0.19 -0.32 -0.21 0.06 -0.29 0.26 -0.34 0.29 -0.44 0.08 -0.24 -0.13 -0.04 0.56 -0.06 -0.30 0.20

200–300 1.2–1.4 1.88× 10−3 2.32 1.14 2.59 0.45 0.03 0.01 0.02 -0.04 -0.02 0.08 0.08 -0.07 -0.08 -0.00 0.01 0.04 0.04 0.17 -0.26 -0.08 -0.08 -0.12 0.13 -0.23 -0.18 0.07 -0.24 0.11 -0.25 0.27 -0.39 0.09 -0.15 -0.18 -0.05 0.53 -0.11 -0.30 0.20

200–300 1.4–1.6 1.66× 10−3 2.41 0.95 2.59 0.44 0.04 0.01 0.01 -0.02 -0.03 0.08 0.08 -0.08 -0.08 -0.02 -0.00 0.04 0.02 0.16 -0.22 -0.08 -0.08 -0.04 0.07 -0.15 -0.15 0.08 -0.22 0.03 -0.16 0.12 -0.24 0.12 -0.25 -0.04 0.02 0.46 -0.08 -0.26 0.18

200–300 1.6–1.8 1.34× 10−3 2.71 0.90 2.85 0.47 0.04 0.01 0.00 -0.02 -0.02 0.08 0.07 -0.07 -0.08 -0.05 -0.04 0.03 0.02 0.11 -0.20 -0.10 -0.10 -0.02 0.02 -0.07 -0.15 0.09 -0.19 -0.05 -0.14 0.01 -0.21 0.13 -0.15 -0.04 -0.06 0.42 -0.12 -0.30 0.18

200–300 1.8–2.0 1.00× 10−3 3.13 0.94 3.27 0.52 0.04 -0.00 0.01 -0.01 -0.01 0.10 0.08 -0.09 -0.05 -0.05 -0.07 0.01 0.01 0.05 -0.17 -0.08 -0.08 0.00 -0.03 0.01 -0.14 0.08 -0.17 -0.20 -0.13 0.02 -0.11 0.08 -0.21 -0.03 -0.12 0.42 -0.20 -0.29 0.20

200–300 2.0–2.2 6.04× 10−4 3.97 1.09 4.12 0.62 0.03 -0.01 -0.00 -0.02 -0.00 0.10 0.09 -0.08 -0.04 -0.04 -0.10 -0.00 0.01 0.09 -0.20 -0.08 -0.08 0.02 -0.06 0.03 -0.15 0.13 -0.17 -0.18 -0.06 -0.12 -0.06 0.24 -0.30 0.06 -0.07 0.43 -0.43 0.07 0.21

200–300 2.2–2.4 2.43× 10−4 6.94 1.70 7.15 1.18 0.02 0.01 -0.01 -0.03 0.02 0.09 0.12 -0.12 -0.07 -0.09 -0.07 0.04 0.05 0.04 -0.23 -0.12 -0.12 0.06 -0.04 0.07 -0.14 0.32 -0.20 -0.30 -0.06 -0.21 0.03 0.38 -0.46 0.26 -0.15 0.59 -0.33 0.17 0.35

300–500 0.0–0.4 3.55× 10−4 2.97 2.54 3.90 0.92 0.02 0.03 -0.01 -0.08 -0.01 0.12 0.15 -0.12 -0.19 0.03 0.16 0.09 0.01 0.42 -0.47 -0.09 -0.09 -0.29 0.49 -0.78 -0.41 0.04 -0.52 0.74 -0.67 0.75 -0.98 0.23 -0.41 -0.18 -0.15 0.89 -0.09 -0.14 0.23

300–500 0.4–0.8 3.36× 10−4 2.96 2.10 3.62 0.76 0.04 0.03 0.01 -0.07 -0.02 0.11 0.12 -0.11 -0.18 0.00 0.11 0.07 0.02 0.36 -0.41 -0.14 -0.14 -0.16 0.35 -0.63 -0.31 0.07 -0.41 0.57 -0.64 0.57 -0.74 0.23 -0.40 -0.08 -0.05 0.71 0.03 -0.43 0.18

300–500 0.8–1.2 3.16× 10−4 2.90 1.49 3.26 0.58 0.06 0.02 0.02 -0.04 -0.03 0.09 0.08 -0.10 -0.14 -0.03 0.03 0.05 0.03 0.22 -0.32 -0.13 -0.13 -0.08 0.22 -0.36 -0.23 0.10 -0.32 0.24 -0.40 0.34 -0.51 0.16 -0.19 -0.16 -0.13 0.54 0.02 -0.52 0.19

300–500 1.2–1.6 2.45× 10−4 3.12 1.15 3.33 0.51 0.06 -0.01 -0.00 -0.01 -0.03 0.10 0.05 -0.11 -0.08 -0.02 -0.03 0.05 0.02 0.13 -0.20 -0.11 -0.11 -0.04 0.04 -0.08 -0.20 0.05 -0.32 0.04 -0.10 0.11 -0.24 0.11 -0.20 -0.12 -0.06 0.55 -0.12 -0.49 0.27

300–500 1.6–2.0 1.31× 10−4 4.29 1.24 4.46 0.59 0.07 0.00 -0.01 -0.01 -0.03 0.10 0.05 -0.11 -0.10 -0.06 -0.10 0.04 -0.01 0.09 -0.23 -0.13 -0.13 0.05 -0.03 0.03 -0.14 0.11 -0.17 -0.17 -0.10 -0.02 -0.02 0.19 -0.18 0.04 -0.23 0.35 0.11 -0.81 0.20

300–500 2.0–2.4 3.81× 10−5 7.99 1.78 8.18 1.10 0.05 -0.00 -0.02 -0.03 0.01 0.12 0.09 -0.14 -0.11 -0.08 -0.11 0.03 0.01 0.13 -0.32 -0.14 -0.14 0.06 -0.10 0.07 -0.03 0.09 -0.24 -0.12 0.17 -0.20 0.35 0.33 -0.82 0.23 -0.45 0.52 -0.25 0.00 0.24

500–1500 0.0–0.4 1.47× 10−5 6.15 1.89 6.43 0.99 0.12 -0.04 -0.02 -0.02 -0.05 0.17 0.08 -0.16 -0.16 0.02 -0.02 0.06 -0.07 0.20 -0.28 -0.23 -0.23 0.04 0.14 -0.34 -0.33 0.01 -0.47 0.44 -0.51 0.41 -0.65 0.18 -0.37 -0.06 -0.16 0.55 0.04 -0.45 0.16

500–1500 0.4–0.8 1.38× 10−5 6.08 1.61 6.29 0.90 0.14 -0.02 0.02 -0.01 -0.04 0.14 0.03 -0.12 -0.16 -0.04 -0.07 0.04 -0.04 0.12 -0.26 -0.20 -0.20 0.10 0.03 -0.21 -0.24 0.09 -0.34 0.22 -0.47 0.29 -0.36 0.15 -0.27 -0.09 -0.14 0.41 0.13 -0.70 0.16

500–1500 0.8–1.2 1.14× 10−5 6.46 1.47 6.62 0.85 0.14 -0.02 0.02 -0.00 -0.02 0.11 0.01 -0.13 -0.13 -0.05 -0.11 0.07 -0.01 0.12 -0.23 -0.18 -0.18 0.09 0.00 -0.08 -0.18 0.08 -0.28 0.07 -0.26 0.11 -0.16 0.11 -0.15 -0.09 -0.05 0.52 -0.07 -0.77 0.25

500–1500 1.2–1.6 8.05× 10−6 7.39 1.44 7.53 0.71 0.13 -0.02 0.02 0.01 -0.02 0.12 -0.00 -0.13 -0.12 -0.05 -0.15 0.11 -0.02 0.09 -0.23 -0.15 -0.15 0.04 -0.10 0.11 -0.14 0.09 -0.17 -0.16 -0.09 -0.05 0.02 0.15 -0.18 -0.20 -0.30 0.33 0.16 -0.94 0.21

500–1500 1.6–2.0 2.21× 10−6 14.30 1.95 14.43 1.04 0.13 -0.01 -0.01 -0.02 -0.00 0.12 0.02 -0.16 -0.20 -0.16 -0.09 0.08 0.06 0.13 -0.38 -0.16 -0.16 0.14 -0.18 0.11 -0.11 0.02 -0.08 -0.04 -0.00 -0.21 0.51 0.43 -0.54 0.22 -0.31 0.56 0.16 -1.00 0.22

500–1500 2.0–2.4 2.87× 10−7 35.70 7.63 36.51 6.94 0.04 0.17 0.06 -0.11 0.12 0.14 0.14 -0.26 -0.28 -0.26 -0.28 0.05 -0.15 0.23 -0.54 -0.16 -0.16 0.53 -0.28 -0.24 0.14 0.19 0.07 -0.15 -0.54 -0.40 1.73 0.83 -1.00 0.61 -0.41 1.63 -0.26 -0.47 0.36

Table 3. The combined Born-level double-differential cross section d2σ
dmℓℓd|yℓℓ| . The measurements are listed together with the statistical (δstat),

systematic (δsys) and total (δtot) uncertainties. In addition the contributions from the individual correlated (δ1cor-δ
35
cor) and uncorrelated (δunc)

systematic error sources are also provided. The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total
uncertainties.
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Figure 6: The combined Born-level fiducial cross section d2�/dm``d|y`` | in the seven invariant mass bins of the
central measurements. The data are shown as solid markers and the prediction from Powheg including NNLO QCD
and NLO EW K-factors is shown as the solid line. The lower panel shows the ratio of prediction to measurement.
The inner error bars represent the data statistical uncertainty and the solid band shows the total experimental un-
certainty. The contribution to the uncertainty from the luminosity measurement is excluded. The hatched band
represents the statistical and PDF uncertainties in the prediction.

10th October 2017 – 07:48 34

Statistically limited in highest mass bin
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Extracting sin2θeff — PDFs

13 TeV range

In pp Drell-Yan collisions we do not know direction of  
incoming quark → ambiguity in defining cos θ* 

Rely on valence quarks! At high x quarks dominate not anti-quarks 

parton momentum fraction of proton
x1,2 =

mp
s

exp

±y Large |y| → large x 
less dilution

measurement 
region

measurement 
region
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NLO EW Corrections
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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

NNLO QCD predictions determined using LO EW theory 
Close to Z pole: 

QED corrections can be factorised  
from higher order EW correctionsA.4. AMPLITUDES 169
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And the same expression with extracted pole is
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3

2
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1

6RW
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. (A.3.135)

It is instructive to compare the pole parts of Eq. (A.3.130) in the massless approximation
with that of Eq. (A.3.135). They agree modulo an overall sign; that should be the case
if one remembers that the Born amplitude has different sign for down and up final state
fermions.

ē W d

νe u

e W d

ē W u

νe d

e W u

Figure A.7. The WW boxes

Finally, for the dd̄ and ss̄ channels one needs the direct WW box in top-less approxi-
mation: m2

t → 0. It can trivially be derived from Eq. (A.3.130) and does not need to be
additionally presented.
The contributions from the two ZZ boxes are presented in Subsection 3.3.2.

A.4. Amplitudes

A.4.1. Born amplitudes
We begin with the Born amplitude for the process eē → f f̄ described by the two

Feynman diagrams with γ and Z exchange, Fig. 1.1:

AB
γ = eQe eQfγµ ⊗ γµ

−i

Q2

= −i e2
QeQf

Q2
γµ ⊗ γµ

= −i 4πα(0)
QeQf

Q2
γµ ⊗ γµ , (A.4.1)

AB
Z =

e

2sWcW

e

2sWcW
γµ
[

I(3)e (1 + γ5)− 2Qes
2
W

]

⊗ γµ
[

I(3)f (1 + γ5)− 2Qfs
2
W

] −i

Q2 +M2
Z

weak boson box diagrams

Change to A4 using NLO corrections 

Improved Born Approximation absorbs NLO EW effects 
into form factors 

Initial / final state QED/QCD radiative effects are factorised

calculation performed using DIZET library 6.21

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 /m
2
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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Figure A.5. The Zff̄ and γf f̄ vertices. The symbol (Z) in some graphs indicates that
they contribute only to the Z vertex

The diagrams with the virtual Z boson, Eqs. (A.3.67) and (A.3.71), are described by
another common scalar form factor:

FZ (s) = 2s(1 +RZ )
2C0 (−s; 0,MZ, 0) + (2RZ − 3)∆B (−s; 0,MZ)− 2, (A.3.80)

with ∆B (−s; 0,MZ) defined in Eq. (A.2.20). Here we have no ultraviolet pole term since
the poles from the two B-functions in ∆B cancel, and for the finite part we use a notation
omitting the superscript F :

FZ (s) = −5 + (2RZ − 3) lnRZ + 2RZ + 2s (1 +RZ)
2C0 (−s; 0,MZ, 0) . (A.3.81)

Next, one has abelian diagrams with virtual W bosons, Eqs. (A.3.68) and (A.3.72).
Again, there is a common scalar function:

F
Wa

(s) =

[

(2 + rt)(1− rt)
2RW + (2− rt)

2 +
2

RW

]

M2
WC0 (−s;mt,MW , mt)

−
1

2
rtB0 (−s;mt, mt)−

[

(2 + rt) (1− rt)RW − 3 + rt

]

∆B (−s;mt,MW )

+
A0 (mt)

M2
W

−
1

2
rt − 2, (A.3.82)

which is subdivided into pole and finite parts:

F
Wa

(s) = −
3

2
rt

(

1

ε̄
− ln

M2
W

µ2

)

+ F F
Wa

(s) , (A.3.83)

F F
Wa

(s) =

[

(2 + rt)(1− rt)
2RW + (2− rt)

2 +
2

RW

]

M2
WC0 (−s;mt,MW , mt)

NLO EW Corrections
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with individual components where we explicitly show the pole parts:

∆ρbos =

(

−
1

6c2W
−

41

6
+ 7c2W

)(

1

ε̄
− ln

M2
W

µ2

)

+∆ρbos,F , (A.3.42)

∆ρfer =

[

1

6
Nf −

1

6

(

2−
1

c2W

)

Nf −
4

3

s2W
c2W

∑

f

cfQ
2
f

](

1

ε̄
− ln

M2
W

µ2

)

+∆ρfer,F . (A.3.43)

The finite parts are not shown since they are trivially derived from the defining equation
Eq. (2.3.7) replacing the total self-energies with their finite parts. Having all building
blocks made of bosonic self-energies at our disposal, we continue with fermionic self-
energy diagrams.

A.3.2. Fermionic self-energies
Fermionic self-energy diagrams
In the unitary gauge there are only four diagrams contributing to the total self-energy

function of a fermion, see Fig. A.3.

f f
=

f f
f

γ(1)

+
f f

f

Z(2)

+
f f

f ′

W(3)

+
f f

f

H(4)

Figure A.3. Fermion self-energies

In Fig. A.3 and in what follows, f ′ denotes the weak isospin partner of fermion f .
Each self-energy diagram contains a B-boson line and will be denoted as ΣB (/p),

ΣB (/p) = (2π)4 i
g2

16 π2
AB , (A.3.44)

with

/p = pαγα. (A.3.45)

The first three AB -functions in the unitary gauge read

Aγ (−s;mf , 0) = s2W Q2
f

{

i/p

[

2B1 (−s;mf , 0) + 1

]

− 2m2
f

[

2B0 (−s;mf , 0)− 1

]}

,

(A.3.46)

AZ (−s;MZ, mf) = −
1

4c2W

{

i/p
(

σ(2)
f + 2vfafγ5

)
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Figure A.2. The W -boson self-energy

• Electric charge renormalization.

The electric charge renormalization introduces the quantity Πγγ(0) with bosonic and
fermionic components:

(zγ − 1) = Πγγ(0),

Πbos
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+ Πfer,F
γγ (0). (A.3.31)

• Z boson wave-function renormalization.

In the treatment of Z decay one deals with the renormalization of an external Z boson
line, which involves the on-shell derivative:

(zZ − 1) =
1

c2W

∂ ΣZZ(p
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∂ p2

∣

∣

∣

∣

∣
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(A.3.32)

≡
1
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2
Z), (A.3.33)

The bosonic components are:
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It is instructive to compare the pole parts of Eq. (A.3.130) in the massless approximation
with that of Eq. (A.3.135). They agree modulo an overall sign; that should be the case
if one remembers that the Born amplitude has different sign for down and up final state
fermions.
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Figure A.7. The WW boxes

Finally, for the dd̄ and ss̄ channels one needs the direct WW box in top-less approxi-
mation: m2

t → 0. It can trivially be derived from Eq. (A.3.130) and does not need to be
additionally presented.
The contributions from the two ZZ boxes are presented in Subsection 3.3.2.

A.4. Amplitudes

A.4.1. Born amplitudes
We begin with the Born amplitude for the process eē → f f̄ described by the two

Feynman diagrams with γ and Z exchange, Fig. 1.1:

AB
γ = eQe eQfγµ ⊗ γµ

−i

Q2

= −i e2
QeQf

Q2
γµ ⊗ γµ

= −i 4πα(0)
QeQf

Q2
γµ ⊗ γµ , (A.4.1)
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[

I(3)e (1 + γ5)− 2Qes
2
W

]
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] −i

Q2 +M2
Z

Z→ ff corrections fermionic self-energy corrections

boson self-energy corrections W and Z box diagrams



UCL Seminar − 26th October 2018Eram Rizvi 47

 23

EW Corrections

• Existing MC samples used for analysis are missing higher order EW corrections 
• Factorize gauge invariant set of EW corrections from QCD, and interface with existing MC samples via “after-burn” approach 

• Interface to DIZET and KKMC libraries adapted to pp collisions, developed for LEP, to compute EW form factors 
• Exact O(α) + higher order terms 
• Dependent on event kinematics s, t = s*(1-cosθ)/2 

• Insert as event weights in MC sample 
• Weights can also be embedded for effective (LO) EW scheme 

• Difference between this and EW FF is quoted to be ~22*10-5 for Tevatron and CMS (studies ongoing to confirm) 
• Allows us to study EW effects at the per-mil level, and scan sin2θW within a single MC sample 
• Studies to be done cross-checking with PowhegEW generator 
• More detailed info here. Will have dedicated talk in next meeting from Elzbieta!
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Initial comparisons of DYTurbo (NLO+NLL) with Powheg (NLO x [NNLO ⊗ NLO EW] k-factor)
Prediction code needs tuning / optimisation for: 

• integration time & precision for fiducial d3σ  
• large QCD scale µR &  µF  dependence observed in some kinematic regions 
• optimisation of resummation scale µResum  in NLL 

Could indicate improved resummation is needed (move to NNLL?)

Extracting sin2θeff  —  QCD predictions

work in progress      
 

DYTurbo - Stefano Camarda
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New ATLAS method: 
Perform QCD & EW fit to d3σ cross sections differential in m,|y|, cosθ* 
Ai - Angular coefficient analysis (methodology used here arXiv:1606.00689)

Target precision on sin2θeff  about 30 x 10-5 (total uncertainty) : 
• use large 20 fb-1 luminosity data sample at √s=8TeV 
• include FCAL forward electron kinematic region - better sensitivity 
• use unfolded d3σ to gain PDF sensitivity 
• perform simultaneous fit to PDFs and sin2θeff  on same data

Ingredient list: State-of-the-art fiducial QCD predictions ⊗ NLO EW corrections

 NLO ( + NLL ?) 

NNLO ( + NNLL ?)
d3σ measurement is inclusive in pT,Z 
but resummations may be important in some kinematic regions

Method combine best NNLO QCD & NLO EW predictions 
Use xFitter framework to perform χ2 fits 
Use method of PDF profiling to optimise PDF eigenvalues arXiv:1402.6623 
Account for correlated experimental systematics 
Scan for optimum value of sin2θeff  

Toolkits: 
DYTurbo : (NLO + NLL) or (NNLO + NNLL)  resummation for small pT,Z predictions 
MCFM:     NLO 
DYres:  
Powheg:   NLO + PS      
NNLOjet:  ??  

This is very much work-in-progress ! 
Can illustrate status since d3σ cross sections are published

Extracting sin2θeff  —  QCD predictions

http://arxiv.org/abs/1606.00689
https://www.xfitter.org/xFitter/
https://arxiv.org/abs/1402.6623
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Tune resummation calculation on ATLAS 8 TeV Z pT data 

Default settings  
µR = µF = µResum =0.5 mll  
g = 1.0 GeV2 

Initial optimisation prediction 
      µR  = 0.34 × mll 
      µF  = 0.49 × mll 
µResum  = 0.41 × mll 
        g = 1.04 GeV2

• non-perturbative parameter g 
• µR & µF & µResum 

nlo

Alternatively - switch to using AFB in some regions where scale errors are large? 

Extracting sin2θeff  —  QCD predictions

DYTurbo - Stefano Camarda 
xFitter - Sasha Glazov & co

work in progress      
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HL-LHC luminosity forecast 

Ph. Lebrun Benasque Meeting 2015 20 

M. Lamont 

√s=7 TeV 
L ~ 5 fb-1

√s=8 TeV 
L ~ 20 fb-1

√s=13 TeV 
L ~ 120 fb-1

√s=14 TeV ? 
L ~ 300 fb-1

√s=14 TeV ? 
L ~ 3000 fb-1

LHC Schedule to 2035

L = Total amount of data collectedPeak LHC Intensity
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LS = Long Shutdown for repairs and upgrades
Year End

We are here!

Large increases in intensity 
Requires significant changes to LHC magnets 
Higher intensity means faster degradation of experiments

run 1 run 2 run 3

High 
Lumi 

Upgrade

* actual schedule slipped by 1 year 
   e.g. LS3 starts 2023
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Classic problem: how to constrain PDFs 
at high x for BSM searches? 

Measure cross sections at high rapidity 

FCAL forward electrons → PDF 
sensitivity up to x=1 at m=500 GeV

High Mass W/Z/ɣ*

13 TeV range

M = 500 GeV 

FC
AL

x
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High Mass Z/ɣ* Production at √s = 8 TeV

https://arxiv.org/abs/1609.08157

General models of new physics SM Lagrangian extended by dimension 6 operators 
They describe new physics appearing at scale m > √s 

★ new EW vector bosons 
★ new EW fermions 
★EW compositeness… 

Effective field theory (EFT) attempts to encapsulate this 
For DY production 4 propagator form-factors introduced: 

S , T , Y , W 
• Y and W increase with √s 
• S and T do not grow with √s 
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FIG. 1. Fit to CMS [23] and ATLAS [25] dilepton invariant mass distributions measured at 8TeV. Left: comparison
of data and SM prediction. The error bars include the fractional experimental uncertainties, while the thickness of the SM
predictions include uncertainties from PDF and scale variation. The smaller error bars in the ATLAS plot show the systematic
uncertainties. We also show how the central value of the theoretical prediction changes when W varies within its 95% CL range.
Right: 95%CL constraints in the W-Y plane.
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W )

� W
m2

W
, (1)

where q is the four-momentum and s, c, and t are the sine,
cosine, and tangent of the Weinberg angle. All 4 parame-
ters are constrained at the few per-mill level, mainly from
precision data collected at LEP [42].

In view of these strong constraints, one might expect
that no progress is possible at the LHC since DY cross
sections, which are the best probes of Eq. (1), are mea-
sured with at best a few percent accuracy [22–25]. This
expectation is correct for Ŝ and T̂, which only appear on
the pole of the propagator, which is better constrained
at LEP. However, W and Y introduce constant terms in
the propagator, modifying the cross sections by a factor
that grows with energy as q2/m2

W . Neutral DY measure-
ments from the 8 TeV LHC [23, 25] have already achieved
10% accuracy at a center of mass energy q ⇠ 1 TeV,

1

These modified propagators encapsulate all new physics e↵ects

because they are written in the field basis where the vector boson

interactions with fermions are identical to those of the SM, once

expressed in terms of the input parameters ↵
em

, GF , and mZ .

This explains the mismatch with Ref. [8], where a di↵erent basis

is used.

where this enhancement factor is above 100. They could
thus be already sensitive to values of W and Y as small
as 10�3, outside the reach of LEP. Moreover, current
high-energy measurements are statistics-dominated, the
systematic component of the error being as small as 2%.
Big improvements are thus possible at 13 TeV thanks to
higher energy and luminosity.

The electroweak gauge boson propagators are modi-
fied by an e↵ective Lagrangian, L, containing the two
dimension-6 operators from the middle column of Ta-
ble I. These operators generate the W and Y parameters
of Eq. (1). The e↵ects of W and Y on DY are also cap-
tured by L0, which consists of the operators from the right
column of Table I. Here, JL and JY are the SU(2)L and
U(1)Y currents, and g1,2 are the corresponding couplings.
The current bilinears contain quark-lepton contact oper-
ators (a subset of those considered in Ref. [35]) which di-
rectly contribute to the DY amplitude with a term that
grows with the energy, mimicking the e↵ect of the mod-
ified propagators in Eq. (1). The e↵ective Lagrangian
L0 is obtained from L by field redefinitions, after trun-
cating operators that are higher order in W and Y and
with more derivatives. L and L0 are physically inequiv-
alent because of this truncation, however they agree in
the limits of small W and Y and/or low energy.

Current Limits and Future Prospects.— We com-
pute the tree-level neutral (pp ! l+l�) and charged
(pp ! l⌫) DY di↵erential cross sections with the modi-
fied propagators of Eq. (1). The di↵erential distribution
is integrated in dilepton invariant mass (for neutral DY)

Current constraints based on neutral  
current HMDY 8 TeV data 

⇒ Cannot yet compete with LEP

LHC data can help constrain Y & W

https://arxiv.org/abs/1609.08157
https://arxiv.org/abs/1609.08157
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Neutral current 
Cross section enhancement > factor 5 at large mll  
Similar for charged current

Z/ɣ* → ll

High Mass W/Z/ɣ* Inclusive Cross Sections

Charged current 
First measurement off-shell high mT W± production 

Analogous to neutral current Z/ɣ* measurement

sensitive to  PDF flavour  
decomposition at high x 
W+ → u/dbar + c/sbar 
W− → d/ubar + s/cbar
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ɣ*

• At large Q σ(W+) > σ(W−) >= σ(ɣ*) 
by ~ factor 2 

• Run-II total ∫L~120 fb-1  
• Lumi ~ 4-5 times larger than Run-I 
• Factor >2 larger cross section at 13 TeV 
⇒ order of magnitude more data 

High mass DY reaches high x region 

Factor 5 higher x than on-shell Z at 8 TeV 

At M=300-500 can achieve ~ 2% precision 
for |y| < 1

Three measurement regimes: 
mµµ < mZ  − low muon pT / low x partons 
mµµ = mZ  − ultra-high precision 
mµµ > mZ − high muon pT / new physics / high x partons

High Mass W/Z/ɣ* Production at √s = 13 TeV
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FIG. 2. Projected 95% CL exclusions in the W-Y plane. Left: exclusion from neutral (purple) and charged (green) DY
from LHC measurements at various luminosities and energies, compared to LEP bounds (gray). Right: projected reach from
a 100TeV collider (notice the change of scale).

and transverse lepton mass (for charged DY) bins and
compared with the observations using a �2 test. The
value of the cross section in each bin can be written as
� = �SM (1 +

P
p apCp +

P
pq bpqCpCq), C = {W,Y},

and ap, bpq are numbers that vary bin-by-bin. The coef-
ficients ap represent the interference between the SM and
the new physics, which is the leading e↵ect in our case.
The SM cross section, �SM , is computed at NNLO QCD
using FEWZ [29–32, 43, 44]. The NNPDF2.3@NNLO
PDF [45, 46], with ↵s = 0.119, is employed for the cen-
tral value predictions at 8 and 13TeV, and to quantify
PDF uncertainties. We use NNPDF3.0@NNLO [47] for
100TeV projections. The QCD scale and PDF uncertain-
ties are included following Ref. [39]. The photon PDF is
not a significant source of uncertainty, because it was
recently determined with high precision [48].

Run-1 limits on W and Y from neutral DY are ob-
tained using the di↵erential cross section measurements
performed by ATLAS [25] and CMS [23], including the
full correlation matrix of experimental uncertainties. The
left panel of Fig. 1 shows the comparison of the ATLAS
and CMS measurements with our theoretical predictions
for the cross section in each bin in the SM (W = Y = 0)
hypothesis. Theoretical uncertainties from PDF and
scale uncertainty are displayed as a shaded band, while
the black error bars represent experimental uncertain-
ties. Our predictions reproduce observations, under the
SM hypothesis, over the whole invariant mass range. We
also notice that statistical errors are by far dominant at
high mass, the theoretical and systematical uncertain-
ties being one order of magnitude smaller, around 2%.
The right panel of Fig. 1 shows the 95% exclusion con-
tours obtained with ATLAS and CMS data in the W-Y

plane. The constraint from LEP and from other low-
energy measurements [42] is displayed as a grey region
(marginalizing over Ŝ and T̂). Run-1 limits from neutral
DY are already competitive with LEP constraints.
We project neutral/charged DY reach at 13 TeV and

at a future 100 TeV collider. We also project the reach
of 8 TeV for charged DY (di↵erential cross section mea-
surements are presently unavailable at high transverse
mass). In order to estimate experimental uncertainties,
we include fully correlated (�c) and uncorrelated (�uc) un-
certainties. For neutral DY, we use �c = �uc = 2%, com-
mensurate with uncertainties achieved in existing 8 TeV
measurements. For charged DY we use �c = �uc = 5%,
consistent with uncertainty attributed to charged DY
backgrounds to W 0 searches [49–51]. We apply the cuts
p`T > 25 GeV and |⌘`| < 2.5 on leptons, and assume
an identification e�ciency of 65% (80%) for electrons
(muons). For neutral (charged) DY we bin invariant
(transverse) mass as in Ref. [39].
Our 13 TeV results, overlaid with the LEP limit, are

shown in Fig. 2 left, for luminosities of 100, 300, and
3000 fb�1. The projected LHC limits are radically bet-
ter than present constraints. The expected Run-1 limit
on W from charged DY is shown as a dotted green band.
The reach far surpasses LEP, even with Run-1 data. Pro-
jections for 100TeV are shown to the right of Fig. 2 for
luminosities of 3 and 10 ab�1.
In order to delve deeper into our results, Fig. 3 shows

how the limit on W or Y changes if only invariant
mass (for neutral DY, left panel) or transverse mass (for
charged DY, right panel) bins below a certain threshold
⇤cut are included. We learn that our limits mainly rely on
measurements below 1 (2) TeV for

p
s = 8 (13) TeV. The

Stringent constraints on Y & W from LEP 
100 fb-1 of NC data Z/ɣ* → l+l− reaches LEP precision 

20 fb-1 of CC data W → lν surpasses LEP by factor 4!

Discussions with Andrea / Riccardo et al 
Request for unfolded cross sections 
Additional gains in NC channel measuring decay angles 

cos θ* 
yll 
mll 

→ triple differential cross sections

https://arxiv.org/abs/1609.08157

Started analysis of high mass DY cross sections 
in run-II @ √s=13 TeV 

Simultaneous measurement in NC & CC channels

High Mass W/Z/ɣ* Production at √s = 13 TeV

https://arxiv.org/abs/1609.08157

