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differential cross section 

 

in proton-proton collisions at √s=8 TeV 
 

		
d3σ

dylldmlldcos(θCS* )

By Richard Keeler, on behalf of the  ATLAS Collaboration 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

A 
T 
L 
A 
S 
Canada 

Published: JHEP 12 (2017) 059 1 



 

Drell-Yan 
 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

A 
T 
L 
A 
S 
Canada 

Fundamental interpretation: quark—antiquark annihilation  

		
qq→ Z /γ * → l+l−

l = e,µ 	in	this	measurement

Lepton pairs produced in 
hadron-hadron collisions. 

Phys. Rev. Lett. 25 (1970) 316. 
Ann. Phys. 66 (1971) 578 
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Motivation 

•  A triple-differential cross section measurement 
is sensitive to both: 
–  The weak mixing angle through measurement of the 

forward-backward asymmetry. 

   

–  Cosθ* is the cosine of the decay angle in the Collins-Soper frame. 
 
–  The parton distribution functions through measurement of 

the invariant mass of the leptons and their rapidity. 
 

		
y = 12ln

E + pZ
E − pZ

⎛

⎝⎜
⎞

⎠⎟
	where	z	is	the	beam	axis.

AFB =

d

3�(cos ✓⇤ > 0)� d

3�(cos ✓⇤ < 0)

d

3�(cos ✓⇤ > 0) + d

3�(cos ✓⇤ < 0)
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Motivation Motivation for the measurement

lept
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PDG Fit
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  LR
SLD, A

   0,l

   FB
LEP, A

   0,b

   FB
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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 .
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Collins-Soper Frame 

•  The decay angle is defined in the Collins-Soper Frame.  
•  Phys. Rev. D 16 (1977) 2219 

•  Well defined using laboratory quantities. 
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cosθCS* =
pz,ℓℓ

m
ℓℓ
|pz,ℓℓ |

p1
+p2

− − p1
−p2

+

m
ℓℓ
2 + pT,ℓℓ

2

pi
± = Ei ± pz ,i 	where	l− 	is	i=1
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LO prediction 
d

3
�

dm``dy``d cos ✓
⇤ =

⇡↵

2

3m``s

X

q

Pq

⇥
fq(x1, Q

2
)fq̄(x2, Q

2
) + (q $ q̄)

⇤
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•  The parton distribution functions (PDF), f(x,Q2) describe the 
momentum fraction of the partons in the colliding protons  (symmetric 
under quark—anti-quark exchange). 

–  Asymmetry is rapidity dependent 
 

•  The momentum transfer is given by the invariant mass of the lepton 
pair: Q2=mll

2 

		
x± =

Mll

s
e± y
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Pq is LO EW  
propagator 
 
Di-muon rapidity left 

 
Invariant mass right 
 
Z peak is clearly visible 
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Drell-Yan Measurement 

Signal Monte Carlo 
Powheg with CT10 PDF and mass-dependent NNLO/NLO k-factors calculated 
with FEWZ and pT

ll-dependent polarization coefficients corrections calculated 
using DYNNLO. 
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Central 
•  Measurement: |ηl|<2.4 and pT>20 GeV electrons and muons 
•  Total number bins: 
504 bins each for e and µ 

Extended forward electrons 
•  Measurement:  

•  one central electron |ηe|<2.4 and pe
T>25 GeV 

•  And one forward electron 2.5<|ηe|<4.9 and pe
T>20 GeV 

•  Total number of bins: 150 

ATLAS DRAFT

scattering can be computed at two loop accuracy (NNLO). The uncertainty due to missing higher orders128

can be estimated the usual way, using renormalisation and factorisation scale variations, and for the total129

cross section it is estimated to be below 0.5%1.130

The uncertainty of the theoretical predictions increases because of the fiducial cuts applied to the data.131

For example, bins at the edges of the acceptance of the CC measurement, y > 2.0 and | cos ✓⇤ | > 0.7,132

are sampled only for events with Z recoiling to a jet. Thus for inclusive NNLO calculation they are133

computed at only NLO order, leading to increased uncertainties due to missing higher order (up to 5%134

and more). The accuracy can be recovered, in principle, by employing recent NNLO calculation for the135

Z+jet process. This, however, requires additional studies and is more complicated for bins which are only136

partially forbidden at inclusive LO and need development of the merging procedure.137

A di�erent strategy is thus employed in this analysis. The cross-section data are fitted directly only138

in the well-contained at LO fiducial phase space region where the scale uncertainties are small. This139

region is defined by Mll > 66 GeV and | cos yll | < 0.4 cuts for the CC selection. For this region both140

leptons are reconstructed with highest accuracy and the cross sections are know to about 0.5% per-bin141

accuracy (excluding uncertainty on the luminosity). The rest of the data are first converted to di�erential142

forward-backward asymmetry:143

AFB(cos ✓⇤, yll,Mll) =
�(cos ✓⇤, yll,Mll) � �(� cos ✓⇤, yll,Mll)
�(cos ✓⇤, yll,Mll) + �(� cos ✓⇤, yll,Mll

. (8)

where �(costh, yll,Mll) stands for the cross section value in a given cos ✓⇤ bin.144

The data converted to di�erential AFB is selected using cuts opposite to the cross section selection:145

| cos yll | > 0.4 or M`` < 66 GeV. This way all the data are employed in the fit. The scale uncertainty is146

similar for bins with the opposite-sign cos ✓⇤ (since impact of the kinematic cuts is similar for the forward147

and backward topology) and thus the theory uncertainty is largely reduced.148

The extraction of sin2 ✓W and PDFs is performed using PDF profiling procedure as implemented in xFitter.149

The central prediction is computed using NNLOJet++ at NNLO for inclusive Z production. The PDF150

uncertainties are estimated using MCFM and APPLGRID at NLO. This approximation has been studies151

in ATLAS before (e.g. [1], Uta) and matches the procedure currently employed by the PDF groups (NLO-152

APPLGRID plus NNLO kFactor). The variation of sin2 ✓W is performed using factorized approach, as a153

part of the NLO electroweak correction.154

3 Input data155

Variable Bin boundaries
y`` 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

M``/GeV 46, 66, 80, 91, 102, 116, 150, 200
cos ✓⇤ -1, -0.7, -0.4, 0., 0.4, 0.7 1.0

Table 1: Bin boundaries for the CC analsys

1 For detailed discussions see next sections
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ATLAS DRAFT

Variable Bin boundaries
y`` 1.2, 1.6, 2.0, 2.4, 2.8, 3.6,

M``/GeV 66, 80, 91, 102, 116, 150
cos ✓⇤ -1, -0.7, -0.4, 0., 0.4, 0.7 1.0

Table 2: Bin boundaries for the CF analsys

The analyses uses ATLAS triple di�erential Drell-Yan cross section measurement at
p

s = 8 TeV [2]. The156

measurement is performed in two fiducial volumes: centra-central (CC) in which both leptons, electrons157

or muons are reconstructed in the central region defined by |⌘` | < 2.4 and p

T
` > 20 GeV cuts; and158

central-forward (CF) in which one electron is reconstructed centrally, |⌘` | < 2.4 and P

T
` > 25 GeV, and159

another in the forward calorimeters, |⌘` | > 2.5 and p

T
` > 20 GeV.160

The CC (CF) measurement is performed in 504 (150) bins in y`` , cos ✓⇤ and M`` out of which 450 (115)161

bins contain the measured results, after cut on the maximal expected statistical uncertainty. The bin162

boundaries are given in Table 1 and Table 2. Compared to CC analysis, CF has coarser y`` binning and163

more restricted M`` range while cos ✓⇤ beeing is retained.164

The data correlation model is reported in terms of 331 nuisance parameters which are combined for CC165

and CF phase spaces. The CC sample is obtained after combination of the electron and muon channel after166

which the original systematic error sources are re-diagonalized. The e�ect of the combination (shifts and167

reduction of uncertainties for some of the nuisance parameters) is propagated to the CF measurement. The168

details on the data combination can be found in the original paper [2] and the corresponding supporting169

note.170

The di�erential forward-backward asymmetry AFB(cos ✓⇤, yll,Mll) is computed from the data following171

Eq. 8. The statistical uncertainties are computed following standard error propagation while systematic172

uncertainties are propagated using o�set method. If one of the cross sections is missing, due to the173

maximal uncertainty cut, the asymmetry is marked invalid. In total there are 222 (56) di�erential174

asymmetry measurements for the CC (CF) phase space. A comparison of the di�erential asymmetry to175

the theory can be found in Figure 6.176

4 Theoretical predictions177

4.1 QCD predictions178

NNLOJet++179

MCFM and APPLGrid180

DYTurbo181
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•  Symmetric around zero 
•  Very low background 
•  Electron and muon results are 

consistent 
•  Extended analysis increases rapidity 

but also provides more data at large 
decay angle. 

•  Main systematic uncertainties are: 
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•  Efficiencies <0.5% 
•  Energy scale and 

resolution ~1% 
•  Charge-dependent 

momentum 
reconstruction for 
muons  ~1% 
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•  Forward-backward asymmetry 
becomes pronounced. 

•  Background from top quark and 
multi-jet production become 
significant 

•  Most backgrounds are FB 
symmetric (except W+jets) 

•  Largest systematic 
uncertainties are from 
background subtraction  
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cos ✓⇤CS above the Z-peak
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•  For forward 
electrons, 
energy 
resolution 
becomes an 
important 
systematic 
uncertainty 
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Cross Sections:  
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•  All cross sections are unfolded 
and corrected to the Born level 
so that they can be directly 
compared with theory. 

 
•  Start with 3D cross sections and 

integrate to get 1D and 2D. 
 
•  The e and µ results are 

combined using a fit that takes 
into account systematic 
uncertainties using nuisance 
parameters 

•  Powheg-based predictions are 
in good agreement with the data 
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3D LOW MASS 
CENTRAL COMBINED 
 

•  Mass bin  66<mll< 80 
•  Central analysis 
•  For each color: 

–  Solid marker is cosθ <0 
–  Open marker is cosθ >0 
–  Asymmetry is proportional to hashed 

colored area between the open and 
closed markers 

•  Negative asymmetry 
•  Prediction is the modified Powheg 

MC described earlier 
•  PDF uncertainty is included in the 

uncertainty band shown in the ratio 
plots 
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3D Z-PEAK Central 
Combined 

Mass: 
80—91 GeV 
91—102 GeV 

 
Asymmetry 
≅ 0 

 
Cross section 
measurement  
precision at Z 
peak is better 
than 0.5% for  
|yll|<1.4 
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3D HIGH MASS Central Combined 

•  Positive 
asymmetry 

 
•  Overall 

goodness of fit 
for the e-µ 
central 
combinations is 
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Selected Results from Extended 
Rapidity  Electron Analysis 

2.4<|yll|<2.8 
Mass:  66-80,  80-91,  116-150 
 
•  Large asymmetry at low and high 

mass 
 
•  Precise measurement near Z peak 
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Forward—Backward Asymmetry for 
Central Combined 

•  Cancellation of 
uncertainties that are 
symmetric in the decay 
angle 

 
•  Asymmetry increases 

with yll 
 
•  Good agreement with 

Powheg-based 
predictions 
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Forward—Backward Asymmetry for the 
Extended Rapidity Electrons 

Measured asymmetries range from -0.2 to +0.7 
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Conclusions 

•  Unique triple differential measurement by the 
ATLAS Collaboration over 

•  46 < mll <200 Gev 
•  |yll|<3.6 
•  √s=8 TeV 

•  Precision better than 0.5% near the Z peak. 
•  Data is described well by the augmented 

Powheg predictions. 
•  Forward—backward asymmetry is measured 

•  Working on using this data and other 
measurements to extract the weak mixing 
angle 
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Backup Slides 
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Cross Section 

•  Powheg-based 
predictions are in 
good agreement 
with the data 

•  Central Electron 
and muon results 
are consistent with 
each other and 
therefore can be 
combined. 
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LO Electroweak Propagator 

Difference in photon and Z coupling allows for PDF decomposition into u- and d-type quarks. 
Photon—Z contribution is mass dependent. 
 
Rapidity selects x – high x favours valence quarks 
 
Interference and Z terms have cos(θcs

*) terms that generate a forward-backward asymmetry, 
AFB.  

–  Z term AFB  is very small because the small vector coupling to leptons. 
–  Interference term dominates except at mll = mZ. 
–  Negative for  mll < mZ and Positive for  mll > mZ.. 
–  Z term AFB  makes zero crossing at slightly below the Z mass peak. 

•  AFB  is zero at yll=0 [symmetric proton-proton] and gets larger for large dilepton rapidity.  
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Pq = eℓ
2eq

2(1+ cos2θ * )													Photon	exchange
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Parton Distribution Functions and Forward-
Backward Asymmetry 

Anti-quark is from the sea 
Quark is from valence + sea and has a larger 
value of x on average. 
 
The rapidity of the lepton pair is proportional to the 
difference in  x of the quark and anti-quark. 
 
The decay angle is defined as the angle between 
the negative lepton and the quark direction. 
 
At small yll, this results in misidentification of the 
quark angle: “dilution” 
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ß 
Red is all quarks 
Black is correctly 
identified 
 
Example asymmetry 
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Figure 11: Di-electron rapidity distribution for
all events (upper line) and for the events with
correct quark direction (lower line).

Figure 12: Forward-Backward asymmetry sta-
tistical accuracy versus the forward jet rejec-
tion in the events where at least one electron is
in the central region and keeping the efficiency
of the electron in the forward region at 50%.

In the region 2.5 < |h | < 3.2 the calorimeters used are the EMEC and the HEC and for |h | > 3.2 the
forward calorimeter (FCal) is used. Note that we can not reconstruct the electron track in the forward
region (2.5 < |h | < 4.9) as the tracking system of ATLAS is limited to the region |h | < 2.5. In addition,
the forward calorimeters have a coarser granularity than the central ones (a factor 2 in both eta and phi
directions). Figure 13 shows the the ET distribution of electron for events with at least one electron in
the central region.

Figure 13: The electron ET distribution for the
central-forward events, normalized to unity.

Figure 14: Di-electron pT distribution for the
central-central events (C-C) and the central-
forward events (C-F).

Using the forward electrons we gain about 30% in the statistics as shown in figure 14, where we
compare the di-electron pT distribution in the two analysis cases, C-C and C-F. Furthermore the value of
the asymmetry is higher in the C-F events. The expected numbers of the signal and background events
of each process are shown in table 2 in the two analysis regions, C-C and C-F.

Event statistics corresponding to a 100 fb�1 would be required for this analysis to reach a very
high precision on the determination of the weak mixing angle from the forward-backward asymmetry
measurement. Nevertheless the measurement can be also made at low luminosity in order to test the

11
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ATLAS Detector 

•  Inner Detector  tracks to ~ |η|<2.5 
•  Calorimeter clusters |η|<4.9 
•  Muon tracking |η|<2.7 
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