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The Standard Model

Probing EW and QCD sector of Standard Model over 12 orders of magnitude!

This m
easurem

ent

σ ~ 10-3 pb at  m=1 TeV



QCD@LHC, Zurich - 22nd August 2016Eram Rizvi 3

Drell—Yan cross section falls  
nine decades  from 100 GeV → 1000 GeV 

Off-shell production dominated by ɣ* terms 

Sensitive to high x antiquarks

Drell—Yan & Photon Induced Dilepton Production

Photon induced production of lepton pairs 
up to 1-10% of Drell—Yan contribution 

Sensitive to photon content of proton 

Larger at high Δηll dilepton 
pseudorapidity separation

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)

0.01

0.1

1

10

100

1000

10000

100000

0.2 0.4 0.6 0.8 1 1.2 1.4

d�/Mll [fb/TeV],
p
s = 8TeV

Mll [TeV]

�� - NNPDF

�� - this work

DY

Figure 6: The di↵erential lepton pair production cross section at
p
s = 8 TeV with respect

to the invariant mass of the pair M
ll

, calculated as in Fig. 4.

initiated box contribution also included. Again a similar trend is clear, with the NNPDF set
predicting potentially a completely dominant photon–initiated contribution at higher masses,
within very large uncertainties. However, for the LHC our approach predicts instead that
the standard QCD–initiated is dominant, apart from at the very highest masses. On the
other hand for the FCC this is no longer the case: over the mass range considered the �� and
QCD–initiated contributions are generally expected to be comparable in size. In this case a
very careful treatment of the photon PDF uncertainties will be essential.

It should be emphasised that the predicted cross sections within our approach lie entirely
within the NNPDF uncertainty bands, and are therefore completely consistent with these.
The issue is simply that the NNPDF approach, by omitting the physical constraints on the
photon input described in Section 2.2, allows in principle unphysically large input photon
distributions, the e↵ect of which becomes increasingly dominant at higher x, where the
contribution from the DGLAP q ! q� emission from the quarks becomes smaller. On the
other hand, the NNPDF starting distribution e↵ectively parameterises the contribution from
both the coherent and incoherent input components as in (10), but without any further
constraints, and therefore we fully expect consistency within both approaches, once the PDF
uncertainties have been properly included; it is encouraging to find that this is indeed the
case. Moreover, as further data from the LHC is included in the NNPDF fit, we fully expect
this consistency to continue as the PDF uncertainties decrease.

Indeed, this expectation is supported by the recent ATLAS measurement [19] of high mass
lepton pair production in the 116 < M

ll

< 1500 GeV region at
p
s = 8 TeV, corresponding

to 0.015 . x . 0.2. We show the predicted cross section for this mass region in Fig. 6, and
we can see that for larger M

ll

quite significant photon–initiated contributions are allowed
within the NNPDF uncertainty bands. However, in [19] a Bayesian reweighting exercise is
performed, and it is found that a photon PDF which lies systematically on the lower end of the
NNPDF2.3 uncertainty band is preferred, with greatly reduced uncertainties, see in particular
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mℓℓ |∆ηℓℓ| d2σ
dmℓℓd|∆ηℓℓ| 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 0.00–0.25 4.94× 10−2 0.66 0.56 0.86 0.16 -0.00 -0.00 0.00 -0.00 -0.03 -0.04 0.03 -0.02 -0.02 -0.06 0.01 -0.01 0.02 0.05 0.02 -0.05 -0.05 -0.06 0.03 0.01 0.04 0.00 -0.11 -0.12 -0.18 -0.03 0.06 0.22 -0.21 0.25 0.12 -0.02 -0.14 0.08 0.07

116–150 0.25–0.50 4.68× 10−2 0.68 0.58 0.89 0.18 -0.00 -0.01 -0.00 0.00 -0.03 -0.04 0.03 -0.02 -0.03 -0.06 0.02 -0.01 0.01 0.06 0.03 -0.06 -0.06 -0.06 0.03 0.01 0.06 -0.02 -0.11 -0.12 -0.20 -0.01 0.06 0.20 -0.22 0.26 0.12 -0.06 -0.11 0.11 0.07

116–150 0.50–0.75 4.43× 10−2 0.70 0.58 0.91 0.19 -0.00 -0.00 0.00 -0.01 -0.04 -0.04 0.03 -0.03 -0.03 -0.06 0.01 -0.01 0.01 0.06 0.03 -0.05 -0.05 -0.06 0.03 0.01 0.04 -0.02 -0.10 -0.12 -0.20 -0.02 0.02 0.21 -0.22 0.25 0.15 -0.04 -0.12 0.09 0.07

116–150 0.75–1.00 4.03× 10−2 0.75 0.58 0.94 0.20 -0.00 -0.01 0.00 -0.01 -0.04 -0.04 0.02 -0.03 -0.03 -0.06 0.01 -0.01 0.01 0.07 0.04 -0.05 -0.05 -0.06 0.03 0.02 0.03 -0.03 -0.09 -0.12 -0.21 -0.03 0.05 0.17 -0.24 0.24 0.17 -0.01 -0.12 0.05 0.04

116–150 1.00–1.25 3.63× 10−2 0.78 0.58 0.97 0.21 -0.00 -0.00 0.00 -0.00 -0.04 -0.03 0.02 -0.04 -0.03 -0.06 0.02 -0.03 0.01 0.06 0.03 -0.05 -0.05 -0.06 0.03 0.01 0.04 -0.03 -0.06 -0.11 -0.20 -0.03 0.02 0.17 -0.25 0.27 0.18 -0.02 -0.09 0.03 0.05

116–150 1.25–1.50 3.16× 10−2 0.85 0.61 1.04 0.23 -0.00 -0.01 0.00 -0.00 -0.04 -0.04 0.03 -0.03 -0.03 -0.06 0.02 -0.03 0.00 0.07 0.03 -0.05 -0.05 -0.06 0.03 0.02 0.03 -0.05 -0.08 -0.11 -0.21 -0.02 0.04 0.16 -0.29 0.24 0.23 -0.01 -0.07 -0.03 0.04

116–150 1.50–1.75 2.54× 10−2 0.95 0.68 1.17 0.26 -0.00 -0.01 0.01 -0.00 -0.04 -0.04 0.02 -0.03 -0.03 -0.06 0.01 -0.03 -0.00 0.07 0.04 -0.05 -0.05 -0.06 0.03 0.03 0.03 -0.04 -0.09 -0.09 -0.24 -0.08 0.06 0.18 -0.29 0.29 0.26 0.01 -0.09 -0.06 0.04

116–150 1.75–2.00 2.03× 10−2 1.08 0.72 1.30 0.30 -0.00 -0.00 0.01 -0.00 -0.04 -0.04 0.02 -0.04 -0.03 -0.05 0.02 -0.02 -0.00 0.08 0.02 -0.05 -0.05 -0.04 0.04 0.03 0.03 -0.03 -0.09 -0.10 -0.26 -0.03 0.05 0.19 -0.27 0.31 0.28 0.06 -0.12 -0.10 0.03

116–150 2.00–2.25 1.16× 10−2 1.47 0.89 1.72 0.40 -0.00 -0.00 0.01 -0.00 -0.04 -0.04 0.01 -0.04 -0.03 -0.05 0.02 -0.02 -0.01 0.08 0.04 -0.05 -0.05 -0.04 0.04 0.04 0.03 -0.04 -0.09 -0.07 -0.29 -0.02 0.10 0.17 -0.37 0.34 0.40 0.08 -0.15 -0.14 0.04

116–150 2.25–2.50 3.94× 10−3 2.61 1.29 2.91 0.67 -0.01 0.00 0.01 0.01 -0.06 -0.03 0.01 -0.05 -0.03 -0.04 0.02 -0.06 -0.02 0.08 -0.01 -0.08 -0.08 -0.02 0.05 -0.01 -0.03 -0.07 0.01 -0.04 -0.29 -0.03 0.10 0.25 -0.54 0.49 0.64 0.11 -0.14 -0.21 0.09

116–150 2.50–2.75 6.18× 10−4 7.05 2.70 7.54 1.78 -0.01 0.00 0.01 0.02 -0.04 -0.03 -0.01 -0.04 -0.04 -0.06 0.02 -0.06 -0.01 0.12 -0.04 -0.06 -0.06 -0.00 0.04 0.07 0.04 -0.16 0.09 0.04 -0.32 -0.06 0.24 0.28 -0.88 1.07 1.20 0.10 -0.47 -0.37 0.24

150–200 0.00–0.25 1.09× 10−2 1.16 0.76 1.39 0.21 -0.01 -0.00 -0.01 0.00 -0.05 -0.03 0.04 -0.03 -0.03 -0.08 0.03 -0.02 0.02 0.05 0.02 -0.07 -0.07 -0.05 0.05 -0.02 0.07 -0.07 -0.01 -0.17 -0.17 0.02 0.06 0.21 -0.40 0.27 0.30 0.00 -0.16 0.14 0.12

150–200 0.25–0.50 1.04× 10−2 1.21 0.80 1.45 0.23 -0.01 0.00 -0.01 -0.01 -0.05 -0.03 0.04 -0.03 -0.03 -0.07 0.02 -0.02 0.02 0.05 0.01 -0.07 -0.07 -0.07 0.05 -0.00 0.04 -0.06 -0.01 -0.17 -0.18 -0.00 0.06 0.23 -0.39 0.31 0.34 0.03 -0.15 0.15 0.10

150–200 0.50–0.75 9.54× 10−3 1.28 0.85 1.54 0.25 -0.01 -0.00 -0.01 -0.01 -0.06 -0.03 0.04 -0.04 -0.04 -0.07 0.02 -0.03 0.02 0.05 0.01 -0.07 -0.07 -0.06 0.04 0.02 0.04 -0.11 0.01 -0.18 -0.17 -0.01 0.03 0.22 -0.43 0.32 0.42 0.03 -0.14 0.11 0.10

150–200 0.75–1.00 9.15× 10−3 1.32 0.89 1.59 0.26 -0.01 0.00 -0.01 -0.01 -0.06 -0.03 0.04 -0.04 -0.03 -0.08 0.02 -0.02 0.02 0.06 0.00 -0.07 -0.07 -0.06 0.05 0.01 0.02 -0.08 0.03 -0.17 -0.18 -0.05 0.06 0.24 -0.45 0.38 0.43 0.04 -0.11 0.11 0.10

150–200 1.00–1.25 8.03× 10−3 1.41 0.99 1.72 0.28 -0.01 -0.00 0.00 -0.00 -0.06 -0.03 0.03 -0.04 -0.03 -0.08 0.02 -0.03 0.02 0.07 -0.00 -0.06 -0.06 -0.06 0.05 0.01 0.01 -0.10 0.06 -0.17 -0.23 -0.05 0.08 0.24 -0.50 0.44 0.48 0.04 -0.12 0.09 0.10

150–200 1.25–1.50 7.02× 10−3 1.53 1.09 1.88 0.32 -0.01 -0.00 0.00 -0.00 -0.06 -0.04 0.03 -0.04 -0.04 -0.08 0.02 -0.04 0.01 0.07 0.01 -0.08 -0.08 -0.05 0.04 0.03 0.03 -0.12 0.07 -0.18 -0.24 -0.05 0.08 0.18 -0.56 0.47 0.58 0.05 -0.11 0.04 0.09

150–200 1.50–1.75 6.06× 10−3 1.68 1.22 2.07 0.37 -0.01 -0.01 0.01 0.00 -0.06 -0.04 0.03 -0.05 -0.03 -0.08 0.02 -0.04 0.00 0.08 0.00 -0.07 -0.07 -0.05 0.05 0.03 -0.01 -0.14 0.10 -0.17 -0.24 -0.08 0.08 0.21 -0.59 0.54 0.67 0.07 -0.12 -0.02 0.09

150–200 1.75–2.00 4.94× 10−3 1.91 1.42 2.38 0.45 -0.01 -0.00 0.01 -0.00 -0.08 -0.03 0.02 -0.06 -0.03 -0.08 0.01 -0.06 -0.01 0.09 0.00 -0.07 -0.07 -0.06 0.05 0.03 -0.04 -0.17 0.11 -0.16 -0.26 -0.12 0.05 0.23 -0.69 0.61 0.82 0.05 -0.14 -0.08 0.11

150–200 2.00–2.25 3.77× 10−3 2.26 1.63 2.78 0.58 -0.01 0.00 0.02 -0.00 -0.08 -0.03 0.02 -0.06 -0.04 -0.07 0.03 -0.06 -0.01 0.11 0.01 -0.09 -0.09 -0.04 0.04 0.06 -0.04 -0.19 0.13 -0.16 -0.32 -0.08 0.08 0.19 -0.75 0.72 0.94 0.09 -0.15 -0.10 0.10

150–200 2.25–2.50 2.92× 10−3 2.60 1.74 3.13 0.73 -0.02 -0.01 -0.01 -0.00 -0.08 -0.05 0.02 -0.06 -0.02 -0.06 0.02 -0.06 -0.04 0.10 0.03 -0.07 -0.07 -0.03 0.03 0.04 -0.03 -0.13 0.06 -0.09 -0.28 -0.13 0.02 0.17 -0.81 0.72 1.02 0.07 -0.18 -0.18 0.12

150–200 2.50–2.75 1.98× 10−3 3.16 1.81 3.64 0.92 -0.02 -0.01 -0.01 -0.00 -0.07 -0.04 0.02 -0.06 -0.02 -0.06 0.01 -0.05 -0.05 0.09 0.04 -0.09 -0.09 -0.03 0.05 0.04 -0.04 -0.12 0.01 -0.04 -0.27 -0.12 0.01 0.14 -0.83 0.68 1.00 0.08 -0.18 -0.18 0.11

150–200 3.00–3.00 8.36× 10−4 5.13 2.68 5.79 1.59 -0.02 -0.03 -0.02 0.01 -0.07 -0.05 0.02 -0.07 -0.01 -0.05 0.01 -0.05 -0.06 0.11 0.03 -0.09 -0.09 -0.02 0.02 0.08 0.02 -0.02 -0.06 0.03 -0.33 -0.23 0.09 0.20 -1.02 1.02 1.38 0.08 -0.38 -0.41 0.23

200–300 0.00–0.25 2.19× 10−3 1.84 0.97 2.08 0.32 -0.00 -0.00 -0.00 0.01 -0.05 -0.04 0.05 -0.03 -0.03 -0.09 0.02 -0.01 0.03 0.06 -0.00 -0.08 -0.08 -0.07 0.05 -0.03 0.06 -0.09 -0.01 -0.18 -0.19 0.02 0.09 0.28 -0.41 0.35 0.42 0.01 -0.24 0.26 0.15

200–300 0.25–0.50 2.11× 10−3 1.90 1.02 2.16 0.34 -0.01 -0.00 -0.01 -0.01 -0.06 -0.04 0.04 -0.04 -0.04 -0.09 0.01 -0.02 0.03 0.05 0.02 -0.07 -0.07 -0.07 0.04 -0.01 0.04 -0.10 0.01 -0.19 -0.21 0.04 0.07 0.29 -0.47 0.32 0.48 -0.01 -0.24 0.28 0.15

200–300 0.50–0.75 1.99× 10−3 1.98 1.11 2.27 0.35 -0.01 -0.00 -0.00 -0.00 -0.06 -0.04 0.04 -0.04 -0.04 -0.09 0.01 -0.02 0.03 0.06 0.01 -0.08 -0.08 -0.09 0.04 -0.00 0.03 -0.11 0.04 -0.19 -0.23 0.03 0.07 0.29 -0.52 0.39 0.54 -0.01 -0.23 0.27 0.16

200–300 0.75–1.00 1.91× 10−3 2.05 1.16 2.36 0.38 -0.01 -0.00 -0.01 -0.01 -0.07 -0.04 0.04 -0.04 -0.05 -0.09 0.02 -0.02 0.01 0.07 0.02 -0.08 -0.08 -0.08 0.04 0.01 0.05 -0.12 0.06 -0.21 -0.22 0.03 0.04 0.23 -0.60 0.40 0.60 0.02 -0.21 0.21 0.15

200–300 1.00–1.25 1.69× 10−3 2.18 1.31 2.55 0.41 -0.01 -0.00 -0.00 0.00 -0.07 -0.03 0.04 -0.04 -0.04 -0.10 0.01 -0.04 0.02 0.07 0.00 -0.09 -0.09 -0.07 0.04 0.01 0.03 -0.16 0.13 -0.23 -0.23 -0.03 0.10 0.28 -0.63 0.51 0.71 0.11 -0.19 0.20 0.14

200–300 1.25–1.50 1.45× 10−3 2.42 1.58 2.89 0.48 -0.01 -0.00 0.01 -0.00 -0.08 -0.03 0.04 -0.06 -0.03 -0.09 -0.01 -0.04 0.03 0.09 -0.00 -0.09 -0.09 -0.07 0.07 0.01 -0.01 -0.21 0.18 -0.20 -0.26 -0.08 0.08 0.35 -0.76 0.65 0.88 0.09 -0.22 0.13 0.19

200–300 1.50–1.75 1.27× 10−3 2.65 1.77 3.18 0.54 -0.01 -0.00 0.00 0.00 -0.08 -0.03 0.04 -0.05 -0.04 -0.09 0.01 -0.05 0.01 0.10 -0.01 -0.09 -0.09 -0.05 0.05 0.04 -0.02 -0.22 0.24 -0.23 -0.31 -0.05 0.13 0.29 -0.87 0.72 1.02 0.12 -0.15 0.12 0.16

200–300 1.75–2.00 1.06× 10−3 3.02 2.11 3.69 0.67 -0.01 -0.01 0.01 0.01 -0.09 -0.04 0.02 -0.06 -0.05 -0.09 0.01 -0.05 0.00 0.11 0.00 -0.09 -0.09 -0.04 0.05 0.08 -0.03 -0.22 0.24 -0.26 -0.36 -0.13 0.20 0.28 -0.94 0.98 1.26 0.17 -0.16 0.10 0.14

200–300 2.00–2.25 9.16× 10−4 3.34 2.34 4.08 0.78 -0.02 -0.00 0.01 -0.00 -0.10 -0.04 0.02 -0.07 -0.04 -0.09 0.01 -0.07 -0.02 0.11 -0.00 -0.09 -0.09 -0.04 0.06 0.08 -0.06 -0.27 0.30 -0.24 -0.42 -0.14 0.17 0.30 -1.07 1.04 1.39 0.14 -0.17 0.01 0.17

200–300 2.25–2.50 6.50× 10−4 4.17 3.07 5.18 1.09 -0.02 -0.01 0.03 -0.00 -0.12 -0.04 0.01 -0.09 -0.04 -0.07 -0.02 -0.08 -0.03 0.14 -0.01 -0.10 -0.10 -0.03 0.07 0.10 -0.14 -0.34 0.34 -0.15 -0.49 -0.25 0.13 0.36 -1.39 1.38 1.86 0.19 -0.20 -0.06 0.20

200–300 2.50–2.75 5.34× 10−4 4.72 3.32 5.77 1.37 -0.03 -0.03 -0.01 0.01 -0.10 -0.06 0.01 -0.08 -0.03 -0.08 0.01 -0.09 -0.05 0.13 0.01 -0.12 -0.12 -0.02 0.03 0.13 -0.05 -0.24 0.18 -0.16 -0.46 -0.30 0.20 0.13 -1.43 1.50 2.04 0.25 -0.12 -0.08 0.15

200–300 3.00–3.00 3.98× 10−4 5.65 3.76 6.79 1.81 -0.03 -0.03 0.00 0.01 -0.11 -0.06 0.02 -0.10 -0.01 -0.07 -0.02 -0.10 -0.06 0.14 0.03 -0.12 -0.12 -0.02 0.07 0.07 -0.14 -0.29 0.12 -0.08 -0.43 -0.34 0.04 0.22 -1.54 1.65 2.21 0.15 -0.36 -0.30 0.28

300–500 0.00–0.50 2.67× 10−4 2.64 1.11 2.86 0.44 -0.01 -0.01 -0.03 0.01 -0.06 -0.04 0.08 -0.02 -0.02 -0.10 -0.01 0.01 0.05 0.01 -0.02 -0.10 -0.10 -0.07 0.08 -0.09 0.10 -0.03 -0.10 -0.10 -0.15 -0.00 0.03 0.35 -0.39 0.36 0.44 -0.12 -0.28 0.45 0.20

300–500 0.50–1.00 2.52× 10−4 2.76 1.16 2.99 0.45 -0.01 -0.00 -0.03 0.00 -0.06 -0.04 0.07 -0.03 -0.04 -0.10 0.01 0.01 0.06 0.03 0.00 -0.09 -0.09 -0.09 0.06 -0.03 0.07 -0.05 -0.04 -0.17 -0.17 0.03 0.07 0.32 -0.43 0.39 0.53 -0.09 -0.33 0.38 0.20

300–500 1.00–1.50 2.19× 10−4 3.05 1.41 3.36 0.55 -0.01 -0.01 -0.02 0.01 -0.06 -0.04 0.07 -0.04 -0.04 -0.10 0.01 -0.01 0.04 0.05 -0.00 -0.10 -0.10 -0.07 0.06 -0.03 0.04 -0.10 0.03 -0.19 -0.21 -0.02 0.08 0.31 -0.61 0.52 0.75 -0.02 -0.27 0.33 0.19

300–500 1.50–2.00 1.70× 10−4 3.63 1.94 4.12 0.71 -0.02 -0.03 -0.01 -0.01 -0.09 -0.05 0.07 -0.06 -0.03 -0.10 -0.01 -0.03 0.00 0.08 0.02 -0.11 -0.11 -0.06 0.03 0.01 -0.04 -0.24 0.12 -0.18 -0.34 -0.07 0.05 0.33 -0.99 0.68 1.11 -0.01 -0.28 0.26 0.22

300–500 2.00–2.50 1.02× 10−4 5.17 3.12 6.04 1.23 -0.03 -0.02 -0.00 0.01 -0.10 -0.06 0.04 -0.08 -0.03 -0.09 -0.02 -0.05 -0.03 0.12 -0.01 -0.12 -0.12 -0.06 0.05 0.07 -0.11 -0.34 0.26 -0.16 -0.46 -0.22 0.21 0.41 -1.42 1.30 1.87 0.24 -0.24 0.18 0.22

300–500 2.50–3.00 6.29× 10−5 7.23 4.70 8.62 2.13 -0.03 -0.03 0.01 -0.01 -0.12 -0.07 0.02 -0.09 -0.04 -0.09 -0.04 -0.08 -0.07 0.17 0.03 -0.11 -0.11 -0.04 0.03 0.17 -0.15 -0.46 0.38 -0.23 -0.71 -0.36 0.26 0.28 -2.07 1.95 2.81 0.18 -0.33 0.06 0.28

500–1500 0.00–0.50 8.08× 10−6 6.58 1.38 6.72 0.84 -0.03 -0.01 -0.08 -0.01 -0.04 -0.06 0.12 0.01 -0.04 -0.14 0.00 0.10 0.12 -0.03 0.01 -0.13 -0.13 -0.14 0.07 -0.12 0.20 0.11 -0.24 -0.13 -0.06 0.10 0.02 0.33 -0.17 0.32 0.27 -0.22 -0.41 0.59 0.20

500–1500 0.50–1.00 8.79× 10−6 6.34 1.33 6.48 0.78 -0.03 -0.01 -0.08 -0.01 -0.05 -0.05 0.10 0.01 -0.05 -0.12 0.01 0.08 0.12 -0.03 0.03 -0.12 -0.12 -0.14 0.06 -0.12 0.21 0.07 -0.22 -0.18 -0.10 0.13 0.06 0.22 -0.25 0.24 0.28 -0.27 -0.31 0.65 0.18

500–1500 1.00–1.50 7.98× 10−6 6.76 1.39 6.90 0.81 -0.02 -0.01 -0.06 -0.02 -0.05 -0.05 0.11 0.00 -0.04 -0.14 -0.02 0.07 0.09 -0.03 -0.01 -0.13 -0.13 -0.09 0.06 -0.12 0.20 0.06 -0.20 -0.18 -0.10 0.05 0.04 0.25 -0.25 0.31 0.42 -0.17 -0.28 0.70 0.16

500–1500 1.50–2.00 7.00× 10−6 7.44 1.46 7.58 0.83 -0.02 -0.01 -0.05 -0.01 -0.04 -0.05 0.12 -0.01 -0.04 -0.12 -0.02 0.04 0.06 -0.00 -0.01 -0.12 -0.12 -0.07 0.08 -0.12 0.18 0.05 -0.17 -0.13 -0.16 0.01 0.01 0.34 -0.37 0.50 0.54 -0.16 -0.44 0.41 0.25

500–1500 2.00–2.50 4.16× 10−6 10.47 2.37 10.74 1.64 -0.02 -0.02 -0.05 0.01 -0.06 -0.06 0.09 -0.03 -0.03 -0.12 0.00 0.00 0.02 0.04 0.01 -0.14 -0.14 -0.03 0.04 -0.04 0.18 -0.01 -0.15 -0.20 -0.23 -0.04 0.08 0.14 -0.70 0.82 1.09 0.03 -0.23 0.51 0.12

500–1500 2.50–3.00 2.50× 10−6 14.59 3.74 15.06 2.55 -0.03 -0.05 -0.04 0.02 -0.07 -0.07 0.09 -0.06 0.00 -0.09 -0.04 -0.02 -0.01 0.08 0.00 -0.13 -0.13 -0.04 0.05 -0.01 0.04 -0.06 -0.16 -0.09 -0.30 -0.30 0.04 0.23 -1.21 1.32 1.89 0.24 -0.19 0.46 0.13

Table 4. The combined Born-level double-differential cross section d2σ
dmℓℓd|∆ηℓℓ| . 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.

–
21

–

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

–

Measure double and single differential cross sections:

Drell-Yan

Photon Induced 
dilepton production

σ

https://arxiv.org/abs/1607.04635
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High Mass Drell-Yan Phase Space

HERA

ATLAS
CMS

LHCb LHCb

M = 100GeV

M = 1TeV

y = ±6 ±60±2 ±2±4 ±4

 y±e8TeV
M = 1,2x

Q = M

Figure 2.3.: x,Q

2 phase space that is obtainable by the LHC and HERA experiments. The
relationship between the detector variables y and M and the PDF variables x and
Q

2 is also shown

2.3 shows the x,Q2 phase space that the LHC (hadron-hadron collsion) and HERA (deep
inelastic scattering) experiments can probe.

The differential equations 2.19 and 2.22 give the total hadronic cross section for energies
in which the process qq̄ ! �⇤ ! l+l� is the only contribution. At energies close to the Z
boson mass the process qq̄ ! Z ! l+l� will be more energetically favourable. The cross
section for the combined Z and �⇤ mediated subprocess is as follows:

�(qq̄ ! Z/�⇤ ! l+l�) =
4⇡↵2

3ŝ

1

N

⇥
Q2

q � 2QqVlVq�1

(ŝ) + (A2

l + V 2

l )(A
2

q + V 2

q )�2

(ŝ)
⇤

(2.23)

Kinematic Range of MeasurementAugust 4, 2016 – 06 : 45 DRAFT 10
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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.235
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Figure 3: Asymmetry AFB as a function of dielectron invariant mass for
p

s = 8 TeV. Shown are the total
distribution and contributions from up and down quark annihilation.

A measurement and extraction of sin2 ✓e↵W from AFB has been performed by ATLAS at the scale236

Q2 = M2
Z using 5 fb�1 of 7 TeV data collected in 2011 [3] with the result sin2 ✓e↵W = 0.2308 ±237

0.0005(stat) ± 0.0006(syst) ± 0.0009(PDF). The PDF uncertainty is the largest contribution to the to-238

tal error. Therefore in the measurement presented here, a triple di↵erential cross-section analysis is239

performed in the variables M``, y``, and cos ✓⇤. This allows a simultaneous analysis of the PDFs and240

electroweak parameters using these data. Figure 4 shows the partonic contributions to the cross section241

as a function of cos ✓⇤. The leading order qq̄ contributions dominate the cross section as expected, how-242

ever the sub-leading qg and q̄g contributions have a di↵erent shape, and therefore measurements in the243

cos ✓⇤ variable can also provide PDF information.244

The goal of this analysis is to measure neutral current Drell-Yan production, qq̄ ! Z/�⇤ ! `+`�,245

and to compare the measurements to Monte Carlo NNLO predictions of the cross-sections and forward-246

backward asymmetry. A second paper will determine sin2 ✓e↵W and parton distribution functions from the247

x range of this 
measurement

Measurement accesses region of  
x > 7×10-3  

116 ≤ Q ≤ 1500 GeV
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ATLAS

Inner detector 
Transition Radiation Tracker:  
particle ID, track finding 
silicon strips: momentum 
silicon pixels: secondary vertex  
solenoidal B-field = 2T for |η|<2.5

Muon system 
Momentum resolution: ~3%  up to 10% at pT = 1 TeV 
Momentum scale precision <0.2% 
trigger system & precision tracking 
toroidal B-field ~ 0.5T 
|η|<2.7

Calorimeters 
coverage |η|<4.9 
electrons, photons,  
jets, missing energy  
energy resolution: <2% 
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The Large Hadron Collider and the ATLAS Experiment 27

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

Day in 2012
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-1Total Delivered: 22.8 fb
-1Total Recorded: 21.3 fb

-1Good for Physics: 20.3 fb

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

Data Analysed

Complete 2012 data set analysed 

∫L dt = 20.3 fb-1  

Centre of mass energy √s = 8 TeV 

Previous measurement (arXiv:1305.4192) used  
5 fb-1 

√s = 7 TeV 
electron channel only 

This analysis increases precision by factor 3! 

m>70 GeV ~6M events
m>116 GeV ~100k events
m>300 GeV ~4k events
m>500 GeV ~500 events

approximate signal samples

http://arxiv.org/abs/arXiv:1305.4192
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High Mass Selection

• Good quality detector status (all sub-systems on) 
• muon trigger fired  (matched to lepton) 
• ≥ 2 good quality muons 
• muon |η| < 2.4  
• muon pT > 30 GeV 
• longitudinal impact parameter |z0| < 10 mm 
• isolated muon ∑pT,i(ΔR=0.2)/pTµ < 0.12 

pT sum of tracks within a cone size ΔR=0.2 is less 
than 12% of muon pT 

• opposite charge 
• one muon has pT > 40 GeV

Muon Selection Electron Selection

Fiducial Cross Section Definition 
• lepton pT > 30 GeV & pT > 40 GeV 
• lepton |η| < 2.5 
• 116 < mll < 1500 GeV 
• Unfolding to Born level lepton kinematics 

(dressed level available as a correction factor)

• Good quality detector status (all sub-systems on) 
• electron trigger fired  (matched to lepton) 
• ≥ 2 good quality “tight” electrons 
• electron |η| < 2.47  excl. 1.37 < |η| < 1.52 
• electron ET > 30 GeV 
• isolated electron ∑ET,i(ΔR=0.4) < 0.022 × ET + 5 GeV 

ET sum of calo energy within a cone size ΔR=0.4 is 
less than 2% of electron ET with ET scaled offset 

• one electron has pT > 40 GeV 
• |Δηee| < 3.5 to suppress multijet background
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MC Samples 

Drell—Yan signal simulated at NLO in matrix element with PS 
cross section is scaled to mass dependent NNLO calculation (FEWZ) 
includes final state photon emission (photos) 
(for cross checks MC@NLO is also used) 
25 — 1000 x data statistics simulated 

Photon Induced cross section available at LO only in pythia 
20 — 6000 x data statistics simulated 

Top production simulated at NLO and renormalised to NNLO+NNLL prediction 
5 x data luminosity 

Diboson production channels simulated at LO with herwig 
 40 — 50,000 x data statistics simulated
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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 dileptons:

diboson background 
up to 2% contribution  
estimated from MC

DY → tau production modes found to be negligible contribution

top background 
up to 9% contribution top background 
estimated from MC 
validated with eµ dilepton selection 
validated with two MC generators

q̄

q

Z

Z



QCD@LHC, Zurich - 22nd August 2016Eram Rizvi 10

Multijet Backgrounds

multijet background 
multijet production dominates cross section at LHC 
Also large W+jets cross section 
contributes to background via:  

- 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 channel 
use matrix method: 

NT / NL → “tight” / “loose” identified electrons  
NR/ NF → “real” / “fake” electrons

muon channel 
use same sign dimuons as proxy for mulitjet b/g

A 
isolated 

opposite sign

C 
non-isolated 
opposite sign

D 
non-isolated 
same sign

B 
isolated 

same sign

dimuon pairs

 

NA

NB

=NC

ND

assume ratio of same sign to opp sign pairs is 
same in isolated and in non-isolated region  
<1% contribution in muon channel

~4% contribution in electron channel
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Figure 3: The invariant mass (m``) distribution after event selection for the electron selection (left) and muon
selection (right), shown for data (solid points) compared to the expectation (stacked histogram). The lower panels
show the ratio of data with its statistical uncertainty to the expectation.

Nxy , with x, y 2 {T, L}, can be written as:

0
BBBBBBBBBBBBB@

NTT
NT L
NLT
NLL

1
CCCCCCCCCCCCCA
=

0
BBBBBBBBBBBBB@

r1r2 r1 f2 f1r2 f1 f2
r1(1 � r2) r1(1 � f2) f1(1 � r2) f1(1 � f2)
(1 � r1)r2 (1 � r1) f2 (1 � f1)r2 (1 � f1) f2

(1 � r1)(1 � r2) (1 � r1)(1 � f2) (1 � f1)(1 � r2) (1 � f1)(1 � f2)

1
CCCCCCCCCCCCCA

0
BBBBBBBBBBBBB@

NRR
NRF
NFR
NFF

1
CCCCCCCCCCCCCA
. (1)

The subscripts R and F refer to prompt electrons and fake electrons (jets) respectively. The subscript T
refers to electrons that pass the nominal selection. The subscript L corresponds to electrons that pass the
loose requirements described above but fail the nominal requirements.

The background originating from pairs of objects with at least one fake electron (NMultijet&W+jets
TT ) in the

total number of pairs, where both objects are reconstructed as signal-like (i.e. contribute to NTT ) is given
by:

NMultijet&W+jets
TT = r1 f2NRF + f1r2NFR + f1 f2NFF . (2)

The number of true paired objects on the right-hand side of equation (2) can be expressed in terms of
measurable quantities (NTT , NT L, NLT , NLL) by inverting the matrix in equation (1). The normalisation
and shape of the background in each variable of interest are automatically derived by using the measurable
quantities as a function of that same variable. The estimated multijet background over the full invariant
mass range is found to be about 3%.

5.2 Multijet and W+jets background estimate in the muon channel

The multijet background remaining after the complete event selection in the muon channel is largely due
to heavy flavour b- and c-quark decays, and is estimated using a data-driven technique in two steps. This
method also accounts for any potential W+jets background, however, the contribution of this compon-
ent is expected to be negligible. First the normalisation of the multijet background in each mµµ bin is
determined, and then the shape in the |yµµ| and in |�⌘µµ| variables is estimated.

10

Depends on: 
 f = fake rate probability (estimated from dijet data) 
r = real electron efficiency (estimated from MC)

dielectron pairs
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Figure 1. Distribution of electron pseudorapidity ηe (upper plots) and transverse energy Ee
T (lower

plots) for invariant masses mee > 116 GeV (left plots), and mee > 300 GeV (right plots), shown
for data (solid points) and expectation (stacked histogram) after the complete selection. The lower
panels show the ratio of data with its statistical uncertainty to the expectation.

requirements, with respect to the entire sample of “loose” electron candidates. The loose

candidates satisfy only a subset of the nominal electron identification criteria. To reject

prompt-electron contributions from W decays or the DY process, events are vetoed in the

following cases: if the missing transverse momentum [74] is larger than 25 GeV, if they

contain two identified electrons satisfying strict criteria or if they contain two electrons

satisfying less strict criteria but with an invariant mass between 71 GeV and 111 GeV. A

weighted average of the fake rates obtained from the jet samples is then calculated.

In addition to the fake rate, the probability r1 (r2) that a prompt electron in this loose

selection satisfies the nominal electron identification and leading (subleading) isolation

requirements is used in evaluating this background. This probability is taken from the MC

simulation as a function of ET and η. Potential differences between data and simulated

samples in lepton identification and isolation efficiencies are accounted for by applying scale

factors [72] to the simulation, which are generally close to unity.

A system of equations is used to solve for the unknown contribution to the background

from events with one or more fake electrons in the sample triggered with the default analysis

trigger. The relation between the number of true paired objects Nab, with Ea
T > Eb

T and

– 8 –

Electron Channel Control Plots

Simulation provides good description of electron data to better than 5%

m > 116 GeV m > 300 GeV 

ηe

pT,e

ηe

pT,e
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Figure 2. Distribution of muon pseudorapidity ηµ (upper plots) and transverse momentum pµT
(lower plots) for invariant masses mµµ > 116 GeV (left plots), and mµµ > 300 GeV (right plots),
shown for data (solid points) and expectation (stacked histogram) after the complete selection. The
lower panels show the ratio of data with its statistical uncertainty to the expectation.
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Muon Channel Control Plots

Simulation provides good description of muon data to better than 5%

m > 116 GeV m > 300 GeV 

ηµ

pT,µ

ηµ

pT,µ

⇒ can use MC simulation to unfold for detector resolution to Born level kinematics
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(m,b) =
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P
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i,stat

µimi(1�
P

j
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) + (�
i,unc

mi)2
+

X
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b2
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µi = measurement
mi = averaged value 
ɣij = correlated sys uncertainty on point i from error source j
bj = systematic error source strength 
       nuisance parameter left free in fit but constrained  
       no extra degrees of freedom due to additional constraint

bin-to-bin correlated error sources j = 35 including 
• lepton trigger, ID, isolation efficiencies 
• lepton scale and resolution uncertainties 
• background contributions 
• etc….

i data points
j systematic error sources

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

Electron & Muon Cross Sections and Combination

J
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P
0
8
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2
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6
)
0
0
9

charge requirements. The two variables are largely uncorrelated for the multijet back-

ground. In each control region the contamination from signal, top-quark, and diboson

background is subtracted using simulation. The yield of multijet events in the signal re-

gion is predicted using the constraint that the yield ratio of opposite-charge to same-charge

muon pairs is identical in the isolated and non-isolated regions. A comparison of the iso-

lation distribution for muons in events with either same-charge and opposite-charge muon

pairs shows a small linear deviation of up to 10% when extrapolated into the isolated sig-

nal region. This is found to be independent of mµµ, and is corrected for. For the region

mµµ > 500 GeV there are insufficient same-charge isolated muon pairs to give a reliable

estimate. Therefore, the background yield in the region mµµ < 500 GeV is fitted to two

alternative functional forms and extrapolated to larger mµµ where the averaged prediction

is taken as the estimate of the background yield. The |yµµ| and |∆ηµµ| dependence of the

background in each mµµ region is obtained from a multijet-enriched data control region in

which pairs of same-charge and opposite-charge muons satisfy
∑

pT(∆R = 0.2)/pµT > 0.1.

Signal, top-quark and diboson contamination in this control region is subtracted using MC

simulation. The resulting |yµµ| and |∆ηµµ| spectra in each mµµ region are normalised to

the yield obtained in the first step. For mµµ > 500 GeV the |yµµ| or |∆ηµµ| shape is taken

from the region 300 < mµµ < 500 GeV. Overall the total multijet background varies from

1% to 0.1% over the complete invariant mass range.

6 Cross-section measurement

The Drell-Yan cross section, including the irreducible contribution from the PI process,

is measured differentially in 12 bins of mℓℓ from 116GeV to 1500GeV, as well as double-

differentially in five bins of mℓℓ as a function of |yℓℓ| and |∆ηℓℓ|. The results are presented

in the fiducial region of the measurement, in which the leading (subleading) lepton has

a pℓT > 40GeV (pℓT > 30GeV) and both leptons are within |ηℓ| < 2.5. The kinematic

variables are defined by the leptons before FSR, i.e. the results are given at the Born-

level in QED. Results at the “dressed” level, where leptons after FSR are recombined with

radiated photons within a cone of ∆R = 0.1, are obtained by multiplying the Born-level

results with the dressed correction factors kdressed, provided in tables 6–11 in the appendix.

These correction factors are obtained from the Powheg and Pythia 8 MC samples for

the DY and PI processes, respectively.

The double-differential cross section as a function of invariant mass and rapidity is

calculated as
d2σ

dmℓℓ d|yℓℓ|
=

Ndata −Nbkg

CDY Lint

1

∆mℓℓ 2∆|yℓℓ|
, (6.1)

where Ndata is the number of candidate events observed in a given bin of mℓℓ and |yℓℓ| of
width ∆mℓℓ and ∆|yℓℓ| respectively. The total background in that bin is denoted as Nbkg

and Lint is the integrated luminosity. The factor of two in the denominator accounts for

the modulus in the rapidity bin width. The double-differential cross section as a function

of mass and |∆ηℓℓ| and the single-differential measurement as a function of invariant mass

are defined accordingly.

– 12 –

CDY unfolds detector resolution effects (from DY+PI signal MC) 
Bin purities typically ≥ 85% (and ≥ 75% everywhere) 
CDY includes small extrapolations to reach common fiducial phase space:

← bin widths

• muon: |η| < 2.4 → |η| < 2.5 
• electron: |η| < 2.47  excl. 1.37 < |η| < 1.52  → |η| < 2.5 
• electron: |Δηee| < 3.5 → |Δηee| < ∞ (for dmd|y| cross section only)

Cross Section

Combination
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Combination of Electron & Muon Channels

Cross sections are measured with 1% precision 
at low m (each channel) 

Measurement accuracy systematically limited for 
m < 400 GeV 

Bin-to-bin correlated systematics can be further 
constrained by combining channels 

For larger m combination reduces √N statistical 
error 

Stat error dominates at large m reaching ~20%

χ2/ndf = 14.2 / 12 = 1.19

Excellent agreement between channels  
over full range

all nuisance parameters < 1 standard deviation
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Figure 6. Comparison of the electron (red points), muon (blue points) and combined (black
points) single-differential fiducial Born-level cross sections as a function of invariant mass mℓℓ. The
error bars represent the statistical uncertainty. The inner shaded band represents the systematic
uncertainty on the combined cross sections, and the outer shaded band represents the total mea-
surement uncertainty (excluding the luminosity uncertainty). The central panel shows the ratio of
each measurement channel to the combined data, and the lower panel shows the pull of the electron
(red) and muon (blue) channel measurements with respect to the combined data.
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Combination of Electron & Muon Channels

No large pulls between the measurement channels 
combination χ2/ndf = 53.1 / 48 = 1.11

116 GeV < m < 150 GeV 150 GeV < m < 200 GeV 200 GeV < m < 300 GeV

300 GeV < m < 500 GeV 500 GeV < m < 1500 GeV

JHEP08(2016)009
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Combination of Electron & Muon Channels

combination χ2/ndf = 59.3 / 47 = 1.26

116 GeV < m < 150 GeV 150 GeV < m < 200 GeV 200 GeV < m < 300 GeV

500 GeV < m < 1500 GeV300 GeV < m < 500 GeV

JHEP08(2016)009

Combination
Channel

0
.9 1

1
.1

|ll
η

∆|

0
0

.5
1

1
.5

2
2

.5

Pull

-2 0 2

 [pb/GeV]
|

ll
η∆d|

ll
md

σ2d

0

1
0

2
0

3
0

4
0

5
0

-3
1
0

×

w
/o

 lu
m

in
o
sity u

n
ce

r.

C
o

m
b

in
a
tio

n

E
le

c
tro

n
 c

h
a
n

n
e
l

M
u

o
n

 c
h

a
n

n
e
l

S
ta

t. u
n

c
e
rta

in
ty

S
y
s
t. u

n
c
e
rta

in
ty

T
o

ta
l u

n
c
e
rta

in
ty

A
T
L
A
S

-1
 =

 8
 T

e
V

, 2
0
.3

 fb
s

 <
 1

5
0
 G

e
V

ll
m

1
1
6
 G

e
V

 <
 

Combination
Channel

0
.9 1

1
.1

|ll
η

∆|

0
0

.5
1

1
.5

2
2

.5
3

Pull

-2 0 2

 [pb/GeV]
|

ll
η∆d|

ll
md

σ2d

0 2 4 6 8

1
0

1
2

-3
1
0

×

w
/o

 lu
m

in
o
sity u

n
ce

r.

C
o

m
b

in
a
tio

n

E
le

c
tro

n
 c

h
a
n

n
e
l

M
u

o
n

 c
h

a
n

n
e
l

S
ta

t. u
n

c
e
rta

in
ty

S
y
s
t. u

n
c
e
rta

in
ty

T
o

ta
l u

n
c
e
rta

in
ty

A
T
L
A
S

-1
 =

 8
 T

e
V

, 2
0
.3

 fb
s

 <
 2

0
0
 G

e
V

ll
m

1
5
0
 G

e
V

 <
 

Combination
Channel

0
.9 1

1
.1

|ll
η

∆|

0
0

.5
1

1
.5

2
2

.5
3

Pull

-2 0 2

 [pb/GeV]
|

ll
η∆d|

ll
md

σ2d

0

0
.5 1

1
.5 2

2
.5

-3
1
0

×

w
/o

 lu
m

in
o
sity u

n
ce

r.

C
o

m
b

in
a
tio

n

E
le

c
tro

n
 c

h
a
n

n
e
l

M
u

o
n

 c
h

a
n

n
e
l

S
ta

t. u
n

c
e
rta

in
ty

S
y
s
t. u

n
c
e
rta

in
ty

T
o

ta
l u

n
c
e
rta

in
ty

A
T
L
A
S

-1
 =

 8
 T

e
V

, 2
0
.3

 fb
s

 <
 3

0
0
 G

e
V

ll
m

2
0
0
 G

e
V

 <
 

Combination
Channel

0
.9 1

1
.1

|ll
η

∆|

0
0

.5
1

1
.5

2
2

.5
3

Pull

-2 0 2

 [pb/GeV]
|

ll
η∆d|

ll
md

σ2d

0

0
.0

5

0
.1

0
.1

5

0
.2

0
.2

5

0
.3

-3
1
0

×

w
/o

 lu
m

in
o
sity u

n
ce

r.

C
o

m
b

in
a
tio

n

E
le

c
tro

n
 c

h
a
n

n
e
l

M
u

o
n

 c
h

a
n

n
e
l

S
ta

t. u
n

c
e
rta

in
ty

S
y
s
t. u

n
c
e
rta

in
ty

T
o

ta
l u

n
c
e
rta

in
ty

A
T
L
A
S

-1
 =

 8
 T

e
V

, 2
0
.3

 fb
s

 <
 5

0
0
 G

e
V

ll
m

3
0
0
 G

e
V

 <
 

Combination
Channel

0
.6

0
.8 1

1
.2

1
.4

|ll
η

∆|

0
0

.5
1

1
.5

2
2

.5
3

Pull

-2 0 2

 [pb/GeV]
|

ll
η∆d|

ll
md

σ2d

0 2 4 6 8

1
0

-6
1
0

×

w
/o

 lu
m

in
o
sity u

n
ce

r.

C
o

m
b

in
a
tio

n

E
le

c
tro

n
 c

h
a
n

n
e
l

M
u

o
n

 c
h

a
n

n
e
l

S
ta

t. u
n

c
e
rta

in
ty

S
y
s
t. u

n
c
e
rta

in
ty

T
o

ta
l u

n
c
e
rta

in
ty

A
T
L
A
S

-1
 =

 8
 T

e
V

, 2
0
.3

 fb
s

 <
 1

5
0
0
 G

e
V

ll
m

5
0
0
 G

e
V

 <
 

F
ig
u
re

8
.

C
om

p
arison

of
th
e
electron

(red
p
oints),

m
u
on

(b
lu
e
p
oints)

an
d

com
b
in
ed

(b
lack

p
oints)

fi
d
u
cial

B
orn

-level
cross

section
s,

d
iff
erential

in
invariant

m
ass

m
ℓℓ

an
d
ab

solu
te

d
ilep

ton
p
seu

d
orap

id
ity

sep
aration

|∆
η
ℓℓ |.

T
h
e
error

b
ars

rep
resent

th
e
statistical

u
n
certainty.

T
h
e
in
n
er

sh
ad

ed
b
an

d
rep

resents
th
e
system

atic
u
n
certainty

on
th
e
com

b
in
ed

cross
section

s,
an

d
th
e
ou

ter
sh
ad

ed
b
an

d
rep

resents
th
e
total

m
easu

rem
ent

u
n
certainty

(exclu
d
in
g
th
e
lu
m
in
osity

u
n
certainty).

T
h
e
central

p
an

el
sh
ow

s
th
e
ratio

of
each

m
easu

rem
ent

ch
an

n
el
to

th
e
com

b
in
ed

d
ata,

an
d
th
e
low

er
p
an

el
sh
ow

s
th
e
p
u
ll
of

th
e
electron

(red
)
an

d
m
u
on

(b
lu
e)

ch
an

n
el

m
easu

rem
ents

w
ith

resp
ect

to
th
e
com

b
in
ed

d
ata.

–
25

–



QCD@LHC, Zurich - 22nd August 2016Eram Rizvi 17

Combined Differential Cross Sections

• Theory = NNLO pQCD ⊗ NLO EW + PI 
• pQCD uses MMHT14 NNLO PDF set 
• PI uses NNPDF2.3qed for photon PDF ± 68% of replicas 
• αS = 0.118 ± 0.001 
• scale error = envelope of µF and µR varied by factors of 2

• data precision better than theory uncertainty 
over most of the phase space 
→ measurements can constrain theory 

• theory generally in agreement with data 

• comparisons shown with other NNLO PDF sets 
HERAPDF2.0, CT14,  ABM12,  NNPDF3.0 

• PI predicted to be 15% contribution at large m 

• Where PI contribution is large theory uncertainty 
dominated by PI piece 

• Else PDF uncertainty dominates theory precision



QCD@LHC, Zurich - 22nd August 2016Eram Rizvi 18

At low m theory undershoots data

At low m observe large spread of predictions from different PDFs compared to experimental accuracy 
⇒ large potential to constrain PDFs!

Combined Differential Cross Sections
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Figure 10: The combined single-di↵erential cross section as a function of invariant mass m`` at the Born-level
within the fiducial region with statistical, systematic and total uncertainties, excluding the 1.9% uncertainty on
the luminosity. Data are compared to combined NNLO pQCD and NLO EW calculations using the MMHT2014
PDF, where the uncertainty band displays the combined 68% confidence level (CL) PDF and ↵S variation, the
renormalisation and factorisation scale uncertainties and the PI uncertainty. The two ratio panels show the ratio of
the calculation, both with and without the PI contribution with respect to data (middle panel), as well as the ratio
for calculations using di↵erent PDFs (bottom panel). On the right, the results are shown for a restricted range of
m``.

The �2 minimisation is performed separately for all five PDF sets and for all three distributions shown
in figures 10, 11 and 12. The �2 values after minimisation are given in table 5. They indicate general
compatibility between the data and the theory, mainly due to the fact that the theoretical uncertainties for
all PDF sets except for ABM12 are larger than the ones for MMHT14 shown in the figures. The overall
best agreement with the data is found for the calculations using ABM12, especially when taking into
account their smaller PDF uncertainties.

The impact of this data on existing PDF sets can be inferred using Bayesian reweighting [86], which has
been further developed and validated by the NNPDF collaboration in the context of their MC replicas [87,
88]. Each replica is used together with this data set in the �2 minimisation described above, and a weight
is assigned based on the resulting �2. Replicas not describing the data well get a smaller weight assigned,
and a new PDF is derived by including the weights in the calculation of the central value and the PDF
uncertainty, i.e., without performing a new global PDF fit.

Bayesian reweighting is used for the 100 MC replicas representing the NNPDF2.3qed photon PDF ob-
tained in NNLO fits. The results of the reweighting are shown in figure 13. The solid yellow area
represents the 68% confidence level interval of the NNPDF2.3qed photon PDF at Q2 = 2 GeV2 and at
Q2 = 104 GeV2, which are also displayed in ref. [22]. In addition, the MRST2004qed photon PDF [21]
using two di↵erent quark mass schemes (see section 7) and the recent CT14qed photon PDF [89] are
displayed, which exhibit a di↵erent PDF evolution compared to NNPDF2.3qed as can be seen when com-
paring the two plots at the input scale and at Q2 = 104 GeV2. The shaded area indicates the new PDF
after inclusion of this data by means of Bayesian reweighting, where the �2 minimisations are performed
for the double-di↵erential cross section as a function of m`` and |y``| using the prediction based on the

28

PI contribution (predicted)
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Figure 9. The combined double-differential cross sections as a function of invariant mass mℓℓ

and absolute dilepton rapidity |yℓℓ| (left panel) and as a function of mℓℓ and absolute dilepton
pseudorapidity separation |∆ηℓℓ| (right panel) at the Born-level within the fiducial region with
statistical, systematic and total uncertainties, excluding the 1.9% uncertainty on the luminosity.
Data are compared to combined NNLO pQCD and NLO EW calculations using the MMHT2014
PDF, where the uncertainty band displays the combined 68% confidence level (CL) PDF and αS

variation, the renormalisation and factorisation scale uncertainties and the PI uncertainty.
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Figure 10. The combined single-differential cross section as a function of invariant mass mℓℓ

at the Born-level within the fiducial region with statistical, systematic and total uncertainties,
excluding the 1.9% uncertainty on the luminosity. Data are compared to combined NNLO pQCD
and NLO EW calculations using the MMHT2014 PDF, where the uncertainty band displays the
combined 68% confidence level (CL) PDF and αS variation, the renormalisation and factorisation
scale uncertainties and the PI uncertainty. The two ratio panels show the ratio of the calculation,
both with and without the PI contribution with respect to data (middle panel), as well as the ratio
for calculations using different PDFs (bottom panel). On the right, the results are shown for a
restricted range of mℓℓ.
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Combined Differential Cross Sections

Both double differential measurements well described by predictions over complete phase space  
More detail shown in theory/data ratio…
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Combined Differential Cross Sections
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Figure 11. The ratio of theoretical NNLO pQCD and NLO EW calculations to the combined
double-differential cross section as a function of invariant mass mℓℓ and absolute dilepton rapidity
|yℓℓ| at the Born-level within the fiducial region with statistical, systematic and total uncertainties,
excluding the 1.9% uncertainty on the luminosity. The calculations are shown for the MMHT14
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mℓℓ |yℓℓ| |∆ηℓℓ|
MMHT2014 18.2/12 59.3/48 62.8/47

CT14 16.0/12 51.0/48 61.3/47

NNPDF3.0 20.0/12 57.6/48 62.1/47

HERAPDF2.0 15.1/12 55.5/48 60.8/47

ABM12 14.1/12 57.9/48 53.5/47

Table 5. The χ2/dof values for the compatibility of data and theory after the minimisation
procedure.

even much larger (HERAPDF2.0) than the ones from MMHT14 when scaled to the 68%

CL. The calculations using the various PDFs generally agree with the data, with the one

using NNPDF3.0 showing the least agreement at low mℓℓ. In particular at low mℓℓ, the

differences between the predictions in all three figures are larger than the total uncertainty

of the measurement, indicating the sensitivity of the data to the PDFs, and the potential

to constrain them.

In order to quantitatively assess the compatibility between data and theory, a χ2 min-

imisation procedure as implemented in the xFitter package [85] is used. All correlated and

uncorrelated experimental uncertainties (see tables 2, 3 and 4), the luminosity uncertainty

and the theoretical uncertainties are included in the χ2 function. The correlated theoreti-

cal uncertainties include the uncertainties on the respective PDF, the PI contribution, αS,

and the scale. The PDF uncertainties for all the PDF sets except for the photon PDF are

further decomposed into the full set of eigenvectors, where in the case of NNPDF3.0 the

replica representation is transformed into an eigenvector representation. Uncorrelated the-

oretical uncertainties arising from the statistical precision of the calculations are also taken

into account but are at the level of 0.1% for the calculation of the DY and 0.2% for the

PI cross sections. All correlated uncertainties are included as nuisance parameters. After

minimisation, the central values of the nuisance parameters may be shifted from unity and

their uncertainties may be reduced. A sizeable shift and reduction in uncertainty indicates

that the data can constrain the respective nuisance parameter.

The χ2 minimisation is performed separately for all five PDF sets and for all three

distributions shown in figures 10, 11 and 12. The χ2 values after minimisation are given

in table 5. They indicate general compatibility between the data and the theory, mainly

due to the fact that the theoretical uncertainties for all PDF sets except for ABM12 are

larger than the ones for MMHT14 shown in the figures. The overall best agreement with

the data is found for the calculations using ABM12, especially when taking into account

their smaller PDF uncertainties.

The impact of this data on existing PDF sets can be inferred using Bayesian reweight-

ing [86], which has been further developed and validated by the NNPDF collaboration in

the context of their MC replicas [87, 88]. Each replica is used together with this data set

in the χ2 minimisation described above, and a weight is assigned based on the resulting
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data/theory ratio

PI contribution increases with m and decreasing |yll|  
PDF uncertainties calc’d for each PDF scaled to 68% CL 

ABM uncertainty smaller than MMHT 
CT14 , NNPDF3.0 uncertainty larger than MMHT 
HERAPDF2.0 uncertainty much larger than MMHT 

Compatibility of data to predictions with other PDFs 
tested with χ2 function

All data & theory correlated errors treated as nuisance 
parameters e.g. PDF eigenvectors (incl. for NNPDF) 
Data in agreement with predictions: 

 χ2 probability at worst ~6%
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data/theory ratio

PI contribution increases with m and |Δηll|  

Similar conclusions here: 
At low m spread of PDFs is larger than data accuracy 

PDF uncertainty is dominated by PI piece at large |Δηll|
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Photon PDF

Assess impact of new data on photon PDF → use Bayesian reweighting of NNPDF replicas 
Each replica receives a weight according to χ2 function 
Poorly fitting replicas receive a small weight 
Replicas describing the data well receive a large weight 
New PDF central value is estimated from mean of weighted replicas 
New PDF uncertainty determined from 68% CL 
Original NNPDF uncertainty dramatically reduced in reweighting
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Summary & Conclusions

• New measurement of DY + PI cross section at √s = 8 TeV presented 

• Data covers phase space 116 < m < 1500 GeV 

• First measurement differential in m and |Δηll|  

• Precision of 1% attained at low m 

• Data compatible with NNLO pQCD ⊗ NLO EW + PI predictions 

• Measurements are sensitive to PDFs 

• Constraining power of the data on the photon PDF is demonstrated



QCD@LHC, Zurich - 22nd August 2016Eram Rizvi 24

ATLAS: Electron Performance
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ATLAS: Muon Performance16 The ATLAS collaboration: Measurement of the muon reconstruction performance of the ATLAS detector
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Fig. 12. Ratio of the fitted mean mass, hmµµi, for data and corrected MC from J/ , ⌥ and Z events as a function of the
average transverse momentum in three |⌘| ranges. Both muons are required to be in the same |⌘| range. The J/ and ⌥ data
are shown as a function of the p̄T = 1

2 (pT,1 + pT,2) while for Z data are plotted as a function of p⇤T as defined in Eq. 16. The
error bars represent the statistical uncertainty and the systematic uncertainty on the fit added in quadrature. The bands show
the uncertainty on the MC corrections calculated separately for the three samples.
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Fig. 13. Dimuon invariant mass resolution for CB muons for J/ ! µµ (a), ⌥ ! µµ (b) and Z ! µµ (c) events for data and
for uncorrected and corrected MC as a function of the pseudorapidity of the highest-pT muon. The upper plots show the fitted
resolution parameter for data, uncorrected MC and corrected MC. The lower panels show the data/MC ratio, using uncorrected
and corrected MC. The error bars represent the statistical uncertainty and the systematic uncertainty on the fit added in
quadrature. The bands in the lower panels represent the systematic uncertainty on the correction.

This method has been used in several ATLAS publica-
tions [6, 29].

Final state radiation photons emitted collinearly to
muons can be reconstructed with the LAr calorimeter:
electromagnetic clusters are searched for within a narrow
cone around the axis defined by the muon momentum di-
rection at the interaction point (i.e. the direction which
would be followed by an uncharged particle). The longi-
tudinal segmentation of the LAr calorimeter is exploited
to reduce fake photon clusters produced by muon energy

losses in the calorimeter. This is achieved by using as a dis-
criminant the fraction f1 of the cluster energy deposited
in the first segment of the calorimeter divided by the to-
tal cluster energy. Collinear FSR photon candidates are
required to have E

T

> 1.5 GeV, �Rcluster,µ < 0.15 and
f1 > 0.1. In addition, non-collinear FSR photons are re-
covered using the standard ATLAS photon reconstruction,
selecting isolated photons emitted with �Rcluster,µ > 0.15
and with E

T

> 10 GeV [30].
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Fig. 14. Dimuon invariant mass resolution for CB muons measured from J/ , ⌥ and Z events as a function of the average
transverse momentum in three |⌘| ranges. Both muons are required to be in the same |⌘| range. The J/ and ⌥ data are plotted
as a function of p̄T = 1

2 (pT,1 + pT,2) while for Z data are plotted as a function of p⇤T as defined in Eq. 16. The error bars
represent statistical and systematic errors added in quadrature. The lower panel shows the ratio between data and the corrected
MC, with bands representing the uncertainty on the MC corrections for the three calibration samples.
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Fig. 15. Dimuon invariant mass resolution for muons reconstructed with the ID only, measured from J/ , ⌥ and Z events as
a function of the average transverse momentum in three |⌘| ranges. Other details as in Fig. 14.
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Fig. 16. Dimuon invariant mass resolution for muons reconstructed with the MS only, measured from J/ , ⌥ and Z events as
a function of the average transverse momentum in three |⌘| ranges. Other details as in Fig. 14.
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