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using ATLAS data



LHC and proton pdfs

2

pdfs hard subprocess 
(calculable in pQCD)

(extraction of precision pdfs requires both precise data, and precise theory calculations)

the LHC has unprecedented kinematic 
coverage

wealth of SM measurements from ATLAS, 
sensitive to proton structure (pdfs)

FACTORISATION THEOREM:

this talk, pdf constraints from ATLAS: 
• W,Z inclusive ( a reminder of ATLASepWZ16 )
• W+Jets ( ATL-PHYS-PUB-2019-016 )
• top quark pairs ( ATL-PHYS-PUB-2018-017 ) 

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4911-9
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-017/
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Why better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements

)
Z

(MSα
0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12

C
ro

ss
 S

ec
tio

n 
(p

b)

28

28.5

29

29.5

30

30.5

31

31.5

Gluon-Fusion Higgs production, LHC 13 TeV

MMHT14
CT14
NNPDF3.0
ABM12
HERAPDF2.0
JR14VF

Gluon-Fusion Higgs production, LHC 13 TeV

Borchemsky et al 2015

HXSWG YR4

ATLAS 2017

HXSWG 2016

Juan Rojo                                                                                                               POETIC8, Regensburg, 19/03/2018

7

Why better PDFs?

High-mass BSM cross-sections

Dominant TH unc for MW measurements at LHC

Higgs coupling measurements

)
Z

(MSα
0.112 0.113 0.114 0.115 0.116 0.117 0.118 0.119 0.12

C
ro

ss
 S

ec
tio

n 
(p

b)

28

28.5

29

29.5

30

30.5

31

31.5

Gluon-Fusion Higgs production, LHC 13 TeV

MMHT14
CT14
NNPDF3.0
ABM12
HERAPDF2.0
JR14VF

Gluon-Fusion Higgs production, LHC 13 TeV

Borchemsky et al 2015

HXSWG YR4

ATLAS 2017

HXSWG 2016

Juan Rojo                                                                                                               POETIC8, Regensburg, 19/03/2018 [GeV]invm
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

 P
DF

 w
.r.

t C
T1

4n
nl

o 
[%

]
δ

250−

200−

150−

100−

50−

0

50

100

150

200

250
PDF4LHC15 68% CL

NNPDF 90% CL

NNPDF 68% CL

HERA 68% CL

MMHT14 68% CL

ABM12 68% CL

JR14 68% CL

CT14nnlo 90% CL

E. Kay & U. Klein using VRAP v0.9W (combined +/-)

large x gluons matter

Empowering	pp	Discoveries	

SUSY,	RPC,	RPV,	LQS..	

External,	reliable	input	(PDFs,	factorisation..)	is	crucial	for	range	extension	+	CI	interpretation			

GLUON	 QUARKS	

Exotic+	Extra	boson	searches	at	high	mass	

ATLAS	
today	

ATLAS, EPJ C78 (2018) 110

MW

Higgs

BSM
… 

large x quarks matter

ATLAS 
today

crucial for SM and BSM physics at hadron colliders

(other questions: validity of factorisation in pp, intrinsic 
charm/beauty in proton, small x dynamics, …)
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proton pdfs – why do they matter?

W± production

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-5475-4


pdf information from HERA

HERA is the single most important 
dataset in any pdf fit; used as baseline

NB, HERA inclusive NC,CC data do not measure 
d, s (or u, c) independently, but only their sum

Gluon from the scaling violations: DGLAP 
equations tell us how the partons evolve

LO expressions

The HERAPDF2.0 is the PDF which comes from QCD fits of the combined HERA
e±p scattering data Phys Rev D93(2016)092002
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ū + c̄ + (1� y2

)(d + s)
�

(6)

� =

X

a,n

Z
dx ↵n

s (µR) ca,n(x, µR, µF ) fa(x, µF )

1

d
2�±NC

dxdQ2 =
2↵⇡2

xQ4

�
Y+F2 ⌥ Y�xF3 � y2FL

�
(1)

F2 ⇠
X

i

e2
i (xqi + xq̄i) (2)

xF3 ⇠
X

i

(xqi � xq̄i) (3)

FL ⇠ ↵s ⇥ g (4)

d
2��CC

dxdQ2 =
G2

F

2⇡

M 2
W

M 2
W + Q2

�
u + c + (1� y2

)(d̄ + s̄)
�

(5)

d
2�+

CC
dxdQ2 =

G2
F

2⇡

M 2
W

M 2
W + Q2

�
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Neutral Current:

Charged Current:

flavour decomposition

LO expressions

quarks pdfs valence quarks gluon via 𝓞(𝛂s)
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• sensitivity to light quarks (u, d, s)
• different quark combinations contribute  

to each process; flavour separation 

(accurate modelling of contribution from second-generation quarks essential for precision physics)

ATLAS inclusive W, Z

plots by S. Glazov, V. Radescu

experimentally very precise; state-of-the-art theory available (NNLO QCD + NLO EW)
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a strange story

6

EPJ C77 (2017) 367

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

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

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

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

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

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

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

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

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

A final estimate of uncertainties is performed with regard to choosing the renormalization and factor-
ization scales in the calculation of the Drell–Yan cross sections. The central fit is performed using the
dilepton and W masses, m`` and mW , as default scale choices. Conventionally both scales are varied by
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NNLO QCD analysis

HERA I+II plus ATLAS (4.6 pb-1) W± |ηl|, Z |yll| 
(3 mll central, 2 mll forward)
NLO (MCFM interfaced to APPLGRID) plus k-factors, NNLO QCD 
(DYNNLO) + NLO EW (MCSANC)

→ ATLASepWZ16 pdf (available on LHAPDF)

{
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A strange conundrum
 In most PDF fits, strangeness suppressed wrt up and down quark sea due to neutrino dimuon data

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

Thorne, DIS2017

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

≈ 0.5 (from neutrino, CMS W+c)

≈ 1.0 (from ATLAS W,Z)
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strange quark

(following HERAPDF ansatz; xFitter framework)

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4911-9
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.012001
https://link.springer.com/article/10.1007/JHEP05(2014)068
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impact on modern global pdfs
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• profiling exercise to study impact of ATLAS inclusive W,Z 

(4.6 pb-1) differential cross sections on global pdf fits

strange pdf

dv

improved valence; enhanced strange, consistent with ATLAS QCD fit

uv

EPJ C77 (2017) 367

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4911-9


(extra negative term for gluon       – )

new ATLAS QCD fits

8

NNLO QCD pdfs using xFitter; theory calculations for 
LHC measurements interfaced to APPLGRID or fastNLO

ATLASepWZ16 Parameterisation 14

xf(x) = A

Regge theory inspired??y
xB

f(1)=0
#

(1� x)C(1 +Dx+ Ex2)eFx

xuv = Auv xBuv (1� x)Cuv (1 + Euvx
2)

xdv = Adv xBdv (1� x)Cdv

xū = Aū x
Bū (1� x)Cū

xd̄ = Ad̄ x
Bd̄ (1� x)Cd̄

xg = Ag xBg (1� x)Cg �A0
gx

B0
g (1� x)

C 0
g

xs̄ = As̄x
Bs̄ (1� x)Cs̄

With constraints:
Aū = Ad̄

Bs̄ = Bd̄ = Bū

which ensure ū = d̄ as x ! 0.
Ag (momentum sum rule)

Auv , Adv (number sum rule)

C 0
g = 25 >> Cg suppresses at

high x

s = s̄

22 parameters - 7 constraints = 15 degrees of freedom

EDS 2019

• Fits are performed using DIS data from HERA and the ATLAS Electroweak boson data 

• The xFitter† package is used, with LHC cross sections reproduced using fastNLO and APPLgrid 

• NNLO corrections included as K-factors

• Parameterisation …

• Additional constraints for the central fit from sum rules, and also                    and                               ,  with         and        free parameters, with                       
and        fixed >>         ( some constraints relaxed for the model uncertainty )

• This yields a 16 parameter central fit using a fixed strong coupling and a starting scale of Q2 = 1.9 GeV2

• NB: Greyed out parameters varied as part of the model dependency systematics, along with allowing some of the central fit contained parameters to vary 
independently 

• First produce update to the epWZ16 fits using the newer methodology as a consistency check using both combined and uncombined data - new fits 
ATLAS epWZ19 C (combined) and ATLAS epWZ19 U (uncombined)

ATLAS epWZ+Wjets QCD fit technicalities 

6

  The XXVII International Workshop on DIS 2019, Torino, Italia

Aū = Ad̄ Bs̄ = Bū = Bd̄ As̄Cs̄
s(x) = s̄(x)

†xFitter program, www.xfitter.org;  S. Alekhin et al. Eur. Phys. J. C 75 (2015) 304, arXiv: 1410.4412 [hep-ph]
M Sutton - The proton PDF including W+jet data at ATLAS

C 0
g
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constraints from: sum rules; 
ubar=dbar as x→0; s=sbar; 

Cg’=25; D,E,F only if X2 favours
xuv, xdv, xubar, xdbar, xsbar, xg

16 parameter central fit
Model: mc,b; start scale; Q2 cut off

Parameter: extra D,E,F; relaxed 
assumptions



(extra negative term for gluon       – )

new ATLAS QCD fits

9

NNLO QCD pdfs using xFitter; theory calculations for 
LHC measurements interfaced to APPLGRID or fastNLO

ATLASepWZ16 Parameterisation 14

xf(x) = A

Regge theory inspired??y
xB

f(1)=0
#

(1� x)C(1 +Dx+ Ex2)eFx

xuv = Auv xBuv (1� x)Cuv (1 + Euvx
2)

xdv = Adv xBdv (1� x)Cdv

xū = Aū x
Bū (1� x)Cū

xd̄ = Ad̄ x
Bd̄ (1� x)Cd̄

xg = Ag xBg (1� x)Cg �A0
gx

B0
g (1� x)

C 0
g

xs̄ = As̄x
Bs̄ (1� x)Cs̄

With constraints:
Aū = Ad̄

Bs̄ = Bd̄ = Bū

which ensure ū = d̄ as x ! 0.
Ag (momentum sum rule)

Auv , Adv (number sum rule)

C 0
g = 25 >> Cg suppresses at

high x

s = s̄

22 parameters - 7 constraints = 15 degrees of freedom

EDS 2019

• Fits are performed using DIS data from HERA and the ATLAS Electroweak boson data 

• The xFitter† package is used, with LHC cross sections reproduced using fastNLO and APPLgrid 

• NNLO corrections included as K-factors

• Parameterisation …

• Additional constraints for the central fit from sum rules, and also                    and                               ,  with         and        free parameters, with                       
and        fixed >>         ( some constraints relaxed for the model uncertainty )

• This yields a 16 parameter central fit using a fixed strong coupling and a starting scale of Q2 = 1.9 GeV2

• NB: Greyed out parameters varied as part of the model dependency systematics, along with allowing some of the central fit contained parameters to vary 
independently 

• First produce update to the epWZ16 fits using the newer methodology as a consistency check using both combined and uncombined data - new fits 
ATLAS epWZ19 C (combined) and ATLAS epWZ19 U (uncombined)

ATLAS epWZ+Wjets QCD fit technicalities 

6
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Aū = Ad̄ Bs̄ = Bū = Bd̄ As̄Cs̄
s(x) = s̄(x)

†xFitter program, www.xfitter.org;  S. Alekhin et al. Eur. Phys. J. C 75 (2015) 304, arXiv: 1410.4412 [hep-ph]
M Sutton - The proton PDF including W+jet data at ATLAS
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constraints from: sum rules; 
ubar=dbar as x→0; s=sbar; 

Cg’=25; D,E,F only if X2 favours
xuv, xdv, xubar, xdbar, xsbar, xg

16 parameter central fit
Model: mc,b; start scale; Q2 cut off

Parameter: extra D,E,F; relaxed 
assumptions

start point: ATLASepWZ16, with following changes or improvements:

1. Q2 cut off:  7.5 ⟶ 10 GeV2 ; avoid small x resummation effects (arXiv:1506.06042, 1710.05935)

2. X                                          ; 1 extra free parameter; plus more parameter 
variations as part of systematics

3. W+Jets fits: e and μ channels used uncombined for W,Z inclusive; more simply relates 

original sources of systematic uncertainty to aid full correlation with corresponding sources from W+Jets

not a general recommendation!

• So far ATLAS has produced several fits using inclusive W and Z data† 

• ATLAS epWZ 12 (2010 data, 7 TeV 35 pb-1)

• ATLAS epWZ 16 (2010 data, 7 TeV 4.6 fb-1)

• ATLAS epWZ top 18 - with fully differential top data data to stabilise the gluon - see Francesco’s presentation tomorrow 

• Starting point for the new fit is the inclusive W, ATLAS data used in the the ATLAS epWZ16 fit plus the new W + jets data at 8 TeV from JHEP 05 (2018)  
077

• Some differences and improvements with respect to the ew WZ16 fit to accommodate or exploit the new data … 

• More parameter variations as part of the model systematics, updated parameterisation with additional term in central fit for the ubar distribution with 
respect to  2016 fit …                                                                                                            k                                                                                                                                                                                            
h                                                                                                                                                                                k                                                                                                                                                                                                                                                                                              
k                                                                                                                                                                                                                                                                                              
consistent with recent ATLAS epWZ top18 fit         

• 131 sources of correlated systematic uncertainties in the inclusive data with electron and muon channels combined  

• For the new fit use the electron and muon data before the combination (uncombined) since more simply relates the original sources of the 
systematic uncertainty to aid the full correlation with the common sources from the new W + jets data - 50 sources from the new W + jets data                                           

• Variation of the minimum Q2 selection of 10 GeV2 (rather than 7.5 GeV2) in the HERA DIS data to exclude the low Q2, low-x data which may be more 
adversely affected by higher twist and other effects

Including new data in a new fit …

5M Sutton - The proton PDF including W+jet data at ATLAS
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xū = Aūx
Bū(1� x)Cū(1 +DūxDūx)
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† NB: all fits use the HERA data to constrain the fit at lower Q2

https://arxiv.org/abs/1506.06042
https://arxiv.org/abs/1710.05935


importance of W+Jets

10

jet requirement increases sensitivity 
at higher x and Q2 cf. inclusive  ⇝

gluon contributes already at lowest 
order 

inclusive

≥ 1 jet

⇝

JHEP 05 (2018) 077

ATLAS NNLO QCD analysis:
HERA I+II + ATLAS W,Z + ATLAS W+Jet
differential cross sections @ 8TeV 

ATLASepWZWjet19: ATL-PHYS-PUB-2019-016

NLO (MCFM interfaced to APPLGRID) plus k-factors from NJETTI

https://link.springer.com/article/10.1007/JHEP05(2018)077
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/


ATLAS W+Jet cross sections @ 8 TeV
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W→eν channel; multiple distributions available (ptW, ptleading-jet used in the current fits)
statistical correlations between different spectra not available ⇝ fit only single distributions
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
parameterisation and model uncertainties. The fit using W + jets p

W
T data is displayed with hashed uncertainty

bands, while the fit without is displayed using solid uncertainty bands.

Uncertainties

Fit rs Experimental Model Parameterisation

ATLASepWZ16 1.19 0.07 0.02 +0.02
�0.10

ATLASepWZ19U 1.16 0.05 +0.04
�0.19

+0.17
�0.24

ATLASepWZ19U + p
W
T 0.99 0.04 +0.04

�0.05
+0.02
�0.11

ATLASepWZ19U + p
leading
T 1.04 0.04 +0.05

�0.07
+0.02
�0.13

Table 4: Fitted rs values, evaluated at x = 0.023 and Q
2 = 1.9 GeV2, for each of the investigated fits compared to

the ATLASepWZ16 and ATLASepWZ19U results.

proton beam incident on liquid hydrogen and deuterium target found the proton x(d̄ � ū) distribution
to be positive at high x, peaking at x(d̄ � ū) ⇠ 0.04 at x ⇠ 0.1 [12]. In contrast, the ATLASepWZ16
PDF set gives a slightly negative central value for x(d̄ � ū), with its lowest value at x ⇠ 0.1, though the
uncertainties are large enough that it is compatible with zero within two standard deviations.
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
parameterisation and model uncertainties. The fit using W + jets p

W
T data is displayed with hashed uncertainty

bands, while the fit without is displayed using solid uncertainty bands.

Uncertainties

Fit rs Experimental Model Parameterisation

ATLASepWZ16 1.19 0.07 0.02 +0.02
�0.10

ATLASepWZ19U 1.16 0.05 +0.04
�0.19

+0.17
�0.24

ATLASepWZ19U + p
W
T 0.99 0.04 +0.04

�0.05
+0.02
�0.11

ATLASepWZ19U + p
leading
T 1.04 0.04 +0.05

�0.07
+0.02
�0.13

Table 4: Fitted rs values, evaluated at x = 0.023 and Q
2 = 1.9 GeV2, for each of the investigated fits compared to

the ATLASepWZ16 and ATLASepWZ19U results.

proton beam incident on liquid hydrogen and deuterium target found the proton x(d̄ � ū) distribution
to be positive at high x, peaking at x(d̄ � ū) ⇠ 0.04 at x ⇠ 0.1 [12]. In contrast, the ATLASepWZ16
PDF set gives a slightly negative central value for x(d̄ � ū), with its lowest value at x ⇠ 0.1, though the
uncertainties are large enough that it is compatible with zero within two standard deviations.
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Figure 1: W
+ + jets and W

� + jets data as a function of p
W
T (a)-(b) and as a function of p

leading
T (c)-(d). The data

are compared to the NLO cross section prediction from MCFM, corrected to NNLO with K-factors, using once the
ATLASepWZ16 PDF set and once the new fit with W + jets data included.
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Figure 5: The Rs distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a function

of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar fit

without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 5: The Rs distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a function

of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar fit

without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 5: The Rs distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a function

of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar fit

without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Uncertainties

Fit Rs Experimental Model Parameterisation

ATLASepWZ16 1.13 0.05 0.02 +0.01
�0.06

ATLASepWZ19U 1.12 0.04 +0.03
�0.13

+0.13
�0.18

ATLASepWZ19U + p
W
T 1.00 0.04 +0.04

�0.05
+0.02
�0.09

ATLASepWZ19U + p
leading
T 1.05 0.04 +0.05

�0.07
+0.02
�0.11

Table 5: Fitted Rs values, evaluated at x = 0.023 and Q
2 = 1.9 GeV2, for each of the investigated fits compared to

the ATLASepWZ16 and ATLASepWZ19U results.
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Figure 6: Summary plots of rs (a) and Rs (b) evaluated at x = 0.023 and Q
2 = 1.9GeV2, for the AT-

LASepWZWjet19 PDF set in comparison to global PDFs [2–5], and the ATLASepWZ16, ATLASepWZ19U
and ATLASepWZ19C sets. The experimental, model and parameterisation uncertainty bands are plotted separately
for the ATLASepWZWjet19 results. All uncertainty bands are at 68% confidence level. A similar plot at Q

2 = M
2
Z

is given in Appendix C.

The x(d̄ � ū) distribution as function of x at Q
2 = 1.9GeV2 for di�erent variations of the aforementioned

ATLASepWZ19 fits are shown in Fig. 7 and the values at a fixed x = 0.1 are reported in Table 6.

The total uncertainty is significantly decreased by use of the W + jets data. The distributions when using
di�erent W + jets spectra are consistent with each other, with an overall positive x(d̄ � ū) distribution.
The p

W
T spectrum gives the tightest constraints.

In Fig. 8 the extracted values of x(d̄ � ū) at x = 0.1 and Q
2 = 1.9GeV2 are shown in comparison to the

results of the latest global PDF sets, all of which use E866 data. While the central value of the new PDF
set, ATLASepWZWjet19, is lower than that of global PDF analyses, it is consistent with these within a
larger uncertainty.

15

Change in model assumption p
W
T p

leading
T

Nominal �2/NDF 1354 / 1140 1365 / 1152
mb = 4.25GeV 1352 / 1140 1364 / 1152
mb = 4.75GeV 1356 / 1140 1367 / 1152

Q
2
min = 7.5GeV2 1413 / 1180 1426 / 1192

Q
2
min = 12.5GeV2 1283 / 1091 1296 / 1103

Q
2
0 = 1.6GeV2 and mc = 1.37GeV 1359 / 1140 1369 / 1152

Q
2
0 = 2.0GeV2 and mc = 1.49GeV 1353 / 1140 1366 / 1152

↵s (mZ ) = 0.116 1352 / 1140 1366 / 1152
↵s (mZ ) = 0.120 1357 / 1140 1366 / 1152

Table 3: Total �2/NDF for each model and theoretical variation used, for each of the W + jets spectra separately.

total uncertainty for all parton flavours.

Note that the ATLASepWZ19U fit uses the electron and muon decay channels in the W and Z data
separately, a di�erent Q

2 cuto� and a slightly di�erent parameterisation compared to the original ATLAS
PDF fit with this data included: ATLASepWZ16. This leads to larger uncertainties in the strange and
down sea distributions where the largest improvement is now observed with respect to the W + jets data.
For more details on the di�erence between ATLASepWZ19U and ATLASepWZ16 see Appendix A.

The PDFs extracted from the fit, using the p
W
T spectrum, with experimental, model and parameterisation un-

certainties plotted as separate bands are given in Fig. 4. This PDF set is named “ATLASepWZWjet19”.

4.3 Strange-quark density

The QCD analysis of the inclusive W and Z measurements by ATLAS which formed the ATLASepWZ16
PDF set led to the observation that strangeness is unsuppressed at low x (. 0.023) for Q

2 = 1.9 GeV2.
Before the first LHC precision W, Z data, it was widely assumed that the strange sea-quark density is
suppressed for all x equally relative to the up and down sea by a factor of 2 at Q

2 = 1.9 GeV2. It is
therefore of particular interest to check the impact of the new W + jets data on the strange-quark density.

The fraction of the strange-quark density in the proton can be characterised by the quantity rs, defined by
the ratio:

rs =
s + s̄

2d̄
(4)

considering the d̄ density as reference, or by the ratio Rs, defined as:

Rs =
s + s̄

ū + d̄
(5)

which uses the sum of ū and d̄ as reference for the strange-sea density.

The Rs distribution plotted as a function of x evaluated at Q
2 = 1.9 GeV2 is shown in Fig. 5. The e�ect of

the W + jets data is most significant in the kinematic region x > 0.02, where the uncertainty is significantly
reduced and the fit results in the Rs distribution falling from near-unity at x ⇠ 0.01 to approximately 0.3
at x = 0.1.

10

consistent with previous ATLAS fits
slightly higher than current global pdfs
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a

function of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar

fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.

16

dbar – ubar

16

dbar – ubar now positive
both experimental and additional uncertainties constrained

with and without W+Jet

Uncertainties

Fit x(d̄ � ū) Experimental Model Parameterisation

ATLASepWZ16 -0.026 0.007 +0.005
�0.003

+0.011
�0.001

ATLASepWZ19U -0.009 0.006 +0.055
�0.008

+0.046
�0.024

ATLASepWZ19U + p
W
T 0.029 0.006 +0.002

�0.003
+0.008
�0.004

ATLASepWZ19U + p
leading
T 0.057 0.005 +0.004

�0.012
+0.010
�0.017

Table 6: Fitted x(d̄ � ū) values, evaluated at x = 0.1 and Q
2 = 1.9 GeV2, for each of the investigated fits compared

to the ATLASepWZ16 and ATLASepWZ19U results.
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Figure 8: Summary plot of x(d̄ � ū) evaluated at x = 0.1 and Q
2 = 1.9GeV2, for the ATLASepWZWjet19 PDF set

in comparison to global PDFs [2–5], and the ATLASepWZ16, ATLASepWZ19U and ATLASepWZ19C sets. The
experimental, model and parameterisation uncertainty bands are plotted separately for the ATLASepWZWjet19
results. All uncertainty bands are at 68% confidence level. A similar plot at Q

2 = M
2
Z is given in Appendix C.

5 Conclusion

This note presented a QCD analysis using ATLAS data of W-boson production in association with at
least one jet. The W + jets data has been measured in pp-collisions at a centre-of-mass energy of 8 TeV
and corresponds to 20.2 fb�1of integrated luminosity. The data was fitted together with the data sets
used for the previous ATLASepWZ16 fit, i.e. the full combined inclusive data set from HERA and
the ATLAS inclusive W and Z production data recorded at a centre-of-mass energy of 7 TeV. For the
presented fit, all significant systematic correlations between data sets were considered. The resulting PDF
set is similar to the ATLASepWZ16 set for the valence, up-quark sea and gluon. The down and strange
sea-quark distributions are higher and lower, respectively, at the same range in x, with significantly smaller
experimental and parameterisation uncertainties. As a result, the rs distribution falls more steeply at high
x, and the x(d̄ � ū) di�erence is positive, in better agreement with the global PDF analyses which use
E866 Drell–Yan data. At low x . 0.023, the fit shows consistency with an unsuppressed strange PDF as
observed in the ATLASepWZ16 PDF set, while displaying a positive x(d̄ � ū) distribution at high x. The
resulting PDF set is called ATLASepWZWjet19.
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consistent with previous 
ATLAS fits 
and more in line with global fits

while still retaining enhanced strange at low x
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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Figure 4: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e)
and gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Experimental, model and parameterisation
uncertainties are plotted as three separate bands.
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ATLASepWZWjet19 pdf: HERA I+II + ATLAS W,Z + ATLAS W+Jet (ptW)
pdf set publicly available, at:  ATL-PHYS-PUB-2019-016

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-016/


ATLAS fits to ttbar differential cross sections
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lj: multiple spectra considered simultaneously, 
taking into account statistical+syst. correlations            

ATLAS NNLO QCD analysis:
HERA I+II + ATLAS W,Z + 

ATLAS ttbar differential cross sections in lepton+jet (lj) 
and di-lepton (ll) final states @ 8TeV

ttbar: directly sensitive 
to gluon pdf

NNLO QCD calc.: PRL 116 (2016), 082003; JHEP04 (2017) 071

lj: NNLO QCD interfaced to fastNLO (arXiv:1704.08551)

ll: NLO (MCFM interfaced to APPLGRID), plus k-factors from 
JHEP04 (2017) 071

(statistial correlations for lj, within and between spectra, 
made available in HEPDATA (1404878); in addition to 
systematic correlations for all lj+ll spectra)

ATL-PHYS-PUB-2018-017

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.082003
https://link.springer.com/article/10.1007/JHEP04(2017)071
https://arxiv.org/abs/1704.08551
https://link.springer.com/article/10.1007/JHEP04(2017)071
https://www.hepdata.net/record/ins1404878
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-017/
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Figure 12: (a) The tt̄ lepton+jets yt data compared to the predictions of the final ATLASepWZtop18 fit. (b) The
tt̄ lepton+jets ytt data compared to the predictions of the final ATLASepWZtop18 fit. Note that these two rapidity
spectra are not included in the fit. The data are shown with statistical uncertainties and with all sources of uncertainty
added in quadrature. The predictions are shown before (full-line) and after (dashed-line) shifts in the correlated
systematic uncertainties.
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Figure 13: (a) The dilepton tt̄ mtt data compared to the predictions of the final ATLASepWZtop18 fit. Note that
this mass spectrum is not included in the fit. (b) The dilepton tt̄ ytt data compared to the predictions of the final
ATLASepWZtop18 fit. The data are shown with statistical uncertainties and with all sources of uncertainty added
in quadrature. The predictions are shown by the full-line ATLASepWZtop18.
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Figure 11: (a) The tt̄ lepton+jets p
t
T data compared to the predictions of the final ATLASepWZtop18 fit. (b)

The tt̄ lepton+jets mtt data compared to the predictions of the final ATLASepWZtop18 fit. The data are shown
with statistical uncertainties and with all sources of uncertainty added in quadrature. The predictions are shown
before(full-line) and after (dashed-line) shifts in the correlated systematic uncertainties.

e�ect on the shape of the extracted PDFs, but the �2 of the fit is sensitive to it (preferring the default
value). The tt̄ data are also sensitive to the value of ↵s (MZ ), and this a�ects the shape of the gluon PDF, so
this is allowed to vary by ±0.002 [34]. This is not considered as an additional model uncertainty, instead
of this separate PDF sets at the ↵s (MZ ) values 0.116, 0.118, 0.120 are supplied. A two-dimensional
consideration of the variation of mt and ↵s (MZ ) is beyond the scope of the current note. Similarly scale
variations are not considered, the scale choices for the tt̄ distributions are taken from reference [35].
Fig. 11 shows the lepton+jets p

t
T and mtt data and Fig. 12 shows the lepton+jets yt and ytt data, compared to

the predictions of the ATLASepWZtop18 fit. Note that the latter two rapidity spectra are not included in the
fit. Fig. 13 shows the dilepton ytt and mtt spectra compared to the predictions of the ATLASepWZtop18
fit. Note that the latter mtt spectrum is not included in the fit. The predictions are shown both before
(full-line) and after (dashed-line) the shifts which account for the correlated systematic uncertainties of
the lepton+jets data are applied. The description of the lepton+jets ytt spectrum shows a di�erent trend
than that of the corresponding dilepton spectrum. However, when compared to the uncertainty band for
which all systematic uncertainties are added in quadrature the lepton+jets rapidity spectra are visually
well described. This again highlights the important role of correlated systematic uncertainties.

9 Conclusions

An NNLO pQCD analysis is performed of the di�erential ATLAS W, Z/�⇤ boson cross sections at 7 TeV,
the tt̄ distributions p

t
T , mtt in the lepton+jets channel and ytt in the dilepton channel at 8 TeV, together

with the HERA e
±

p data, to produce a new PDF set ATLASepWZtop18. The fits use the information on
statistical correlations within and between the tt̄ spectra in the lepton+jets channel and the full information

17

ATLAS ttbar cross sections in lepton+jet (lj) and di-lepton (ll) final states

yttmttpTt

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4366-4
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.092003
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ATLAS fits with individual ttbar spectra
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Figure 2: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
mtt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson plus the tt̄ lepton+jets p

t
T

data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the
fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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Figure 3: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
ytt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets yt
data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the
fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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Figure 2: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
mtt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson plus the tt̄ lepton+jets p

t
T

data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the
fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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Figure 3: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
ytt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets yt
data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the
fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.

8

impact of including bin-to-bin statistical correlations is small (included here throughout)

mtt, pTt prefer harder gluon ytt, yt prefer softer gluon; BUT poor X2 for lj
more flexible parameterisation not found to help

(ll: mtt vs ytt yield same trends in gluon shape as lj, but can both be well fitted     )

lj mtt pTt ytt yt

partial 𝞦2/NDP 3.4/7 7.9/8 19.7/5 18.3/5

ll mtt ytt

partial 𝞦2/NDP 2.6/6 4.5/5

yttmtt

⇝
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simultaneous fits to more than one lj spectrum

(𝞦2 poor for any fits with lj ytt or yt; cannot be resolved by decorrelating two-point systematics)

lj pTt+mtt full syst. corrs. two-point decorr. PS only decorr.

partial 𝞦2/NDP 45.0/15 11.5/15 14.1/15
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 parton shower decorrel.

ATLAS
Preliminary X2 poor for lj mtt+pTt; 
though good fits for each spectrum 
individually, and with compatible 
trends for gluon pdf

fit quality sensitive to treatment 
of two-point systematics (those 

evaluated from difference between two MCs), 

especially parton shower model

impact on fit quality only; NO significant impact on extracted pdfs
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ATLASepWZ16 and ATLASepWZtop18 grids publicly
available.

(ATLASepWZWjet19 also public).
EDS 2019
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impact on fit is a harder gluon 
with significant additional 
constraint at high x

ATLAS fits to ttbar lj and ll spectra

final choice of ttbar spectra:
mtt+pTt (lj) + ytt (ll) 

ATLAS ttbar lj pTt+mtt ll ytt

partial 𝞦2/NDP 16.0/15 5.4/5

(PS decorrelated between lj spectra)
NO tension with HERA and ATLAS inclusive W,Z
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pdfs publicly available on LHAPDF

ATLASepWZtop18 pdf: HERA I+II + ATLAS W,Z + ATLAS ttbar ( mtt + pTt (lj) + ytt (ll) )
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https://lhapdf.hepforge.org/pdfsets
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ATLAS has extensive and growing portfolio of pdf-sensitive measurements

only a tiny subset presented here; 
others include LM/HM DY; W+c; QCD jets; many more top measurements; Z+Jets; direct 𝝲; 
…   including measurements at different CM energies, and ratio measurements with 
partially cancelling systematics, which can provide significant pdf constraints

pdfs presented in this talk provide new constraints for x ≳ 0.05 

ATLASepWZWjet19 pdfs, supports unsuppressed strange at small x ~ 0.02, 
consistent with previous ATLAS results; dbar-ubar positive, consistent with results from neutrino 
scattering experiments

ATLASepWZtop18 pdfs, additional constraints on gluon at large x
lj+ll channels; multiple spectra included, with full statistical correlations provided (lj); 

still much to come from ATLAS from both Run 1 and Run 2 SM analyses
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ATLAS SM measurements
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… providing insight into pQCD, proton structure (pdfs), non-pert. effects, and other SM parameters

extraordinary 
agreement 

between 
measurements 

and SM 
predictions

status: 
July 2019



EPJ C77 (2017) 367

4.6 fb-1; extraordinary total experimental precision (< 1% uncertainty)
light quark pdf constraints; enhanced from provision of both W,Z with full syst. correlations

ATLAS incl. W,Z differential cross sections: W± |ηl|, Z |yll| (3 mll central, 2 mll forward)
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ultimate precision W,Z differential cross sections
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4911-9


Phys Rev Lett 109 (2012) 012001 

ATLAS inclusive W, Z

• impact of unsuppressed strange on W,Z inclusive cross sections

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.012001
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impact on modern global pdfs
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Figure 25: Ratio Rs(x) = (s(x) + s̄(x))/(ū(x) + d̄(x)) as a function of Bjorken-x at a scale of Q2 = 1.9 GeV2 for the
original MMHT14 and CT14 PDF sets (left) and for the MMHT14 and CT14 sets when profiled with the new W, Z
di↵erential cross-section data (right).
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Figure 26: Distribution of xū (left), xd̄ (middle) and xs (right) PDFs as a function of Bjorken-x at a scale of Q2 =
1.9 GeV2 for the MMHT14 PDF set before and after profiling.

seen to be significantly reduced and the central values, at x ' 0.023, increased towards unity, supporting
the hypothesis of an unsuppressed strange-quark density at low x.

The sea-quark distributions, xū, xd̄ and xs̄, before and after profiling with the MMHT14 set, are shown
in Figure 26. The strange-quark distribution is significantly increased and the uncertainties are reduced.
This in turn leads to a significant reduction of the light sea, xū + xd̄, at low x, resulting from the tight
constraint on the sum 4ū + d̄ + s̄ from the precise measurement of the proton structure function F2 at
HERA. Some reduction of the uncertainty is also observed for the valence-quark distributions, xuv and
xdv, as is illustrated in Figure 27 for the CT14 and MMHT14 sets.
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• profiling exercise to study impact of ATLAS W, Z  (4.6 pb-1) differential cross sections on 
proton pdfs from global fitters

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-017-4911-9


ATLAS W and Z cross section ratios @ 13 TeV
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W+/W–: 
sensitive to valence quarks at low x

W/Z:                                   
constrains strange quark density

sensitivity to pdf differences; W/Z ratio consistent with enhanced strange

cross section ratio measurements: partial cancellation of systematics

PLB 759 (2016) 601

https://www.sciencedirect.com/science/article/pii/S0370269316302763?via%3Dihub


ATLAS QCD fit technical details
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which is defined similarly to Eq. (16) and accounts for the various sources of correlated and uncorrelated
uncertainties. The definition of �2

i with scaled uncertainties is given by Eq. (17) and discussed there.
This particular form is of higher importance in this context, as the relative uncertainties of the HERA data
points can be large in parts of the phase space. The use of this form of �2

i leads to a logarithmic term,
introduced in Ref. [125], arising from the likelihood transition to �2. The contribution to the �2 from
the last two sums related to the nuisance parameter constraints and the logarithmic term is referred to as
“correlated + Log penalty” later.

The optimal functional form for the parameterization of each parton distribution is found through a para-
meter scan requiring �2 saturation [126, 127]. The general form is of the type AixBi(1� x)Ci Pi(x) for each
parton flavour i. The scan starts with the contribution of the factors Pi(x) = (1 + Dix + Eix2)eFi x set to
unity by fixing the parameters Di = Ei = Fi = 0 for all parton flavours. The parameter Ag is constrained
by the momentum sum rule relating the sum of the quark and gluon momentum distribution integrals,
while the parameters Auv and Adv are fixed by the up and down valence-quark number sum rules. The
assumption that ū = d̄ as x ! 0 implies that Aū = Ad̄ and Bū = Bd̄. The procedure thus starts with ten
free parameters and, subsequently, additional parameters are introduced one at a time.8 A parameteriza-
tion with 15 variables is found to be su�cient to saturate the �2 value after minimization, i.e. no further
significant �2 reduction is observed when adding further parameters. The final parameterization used to
describe the parton distributions at Q2 = Q2

0 is:

xuv(x) = Auv xBuv (1 � x)Cuv (1 + Euv x2) ,
xdv(x) = Adv xBdv (1 � x)Cdv ,

xū(x) = AūxBū(1 � x)Cū ,

xd̄(x) = Ad̄ xBd̄ (1 � x)Cd̄ ,

xg(x) = AgxBg(1 � x)Cg � A0gx
B0g(1 � x)C0g ,

xs̄(x) = As̄xBs̄(1 � x)Cs̄ , (22)

where Aū = Ad̄ and Bs̄ = Bd̄ = Bū. Given the enhanced sensitivity to the strange-quark distribution
through the ATLAS data, As̄ and Cs̄ appear as free parameters, assuming s = s̄. The experimental data
uncertainties are propagated to the extracted QCD fit parameters using the asymmetric Hessian method
based on the iterative procedure of Ref. [128], which provides an estimate of the corresponding PDF
uncertainties.

7.2 Fit results

The �2 values characterizing the NNLO QCD fit to the ATLAS Drell–Yan and HERA DIS data are
listed in Table 18. The fit describes both the HERA and the ATLAS data well. Most of the correlated
systematic uncertainties are shifted by less than one standard deviation and none are shifted by more than
twice their original size in the fit. The overall normalization is shifted by less than half of the luminosity
uncertainty of 1.8%. The only significant departure from a partial �2/n.d.f. ⇠ 1 is seen for the low-mass
Z/�⇤ ! `` data. Here the K-factors are large, and the theoretical uncertainties, such as the FEWZ-
DYNNLO di↵erence, are sizable. As described below, this part of the data has little influence on the
extracted PDFs.

8 An exception is the introduction of a negative term in the gluon parameterization, �A0gx
B0g (1� x)C0g , for which two parameters,

A0g and B0g, are introduced simultaneously. As in Ref. [32], the parameter C0g is fixed to a large value, chosen to be C0g = 25 �
Cg to suppress the contribution at large x.
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• So far ATLAS has produced several fits using inclusive W and Z data† 

• ATLAS epWZ 12 (2010 data, 7 TeV 35 pb-1)

• ATLAS epWZ 16 (2010 data, 7 TeV 4.6 fb-1)

• ATLAS epWZ top 18 - with fully differential top data data to stabilise the gluon - see Francesco’s presentation tomorrow 

• Starting point for the new fit is the inclusive W, ATLAS data used in the the ATLAS epWZ16 fit plus the new W + jets data at 8 TeV from JHEP 05 (2018)  
077

• Some differences and improvements with respect to the ew WZ16 fit to accommodate or exploit the new data … 

• More parameter variations as part of the model systematics, updated parameterisation with additional term in central fit for the ubar distribution with 
respect to  2016 fit …                                                                                                            k                                                                                                                                                                                            
h                                                                                                                                                                                k                                                                                                                                                                                                                                                                                              
k                                                                                                                                                                                                                                                                                              
consistent with recent ATLAS epWZ top18 fit         

• 131 sources of correlated systematic uncertainties in the inclusive data with electron and muon channels combined  

• For the new fit use the electron and muon data before the combination (uncombined) since more simply relates the original sources of the 
systematic uncertainty to aid the full correlation with the common sources from the new W + jets data - 50 sources from the new W + jets data                                           

• Variation of the minimum Q2 selection of 10 GeV2 (rather than 7.5 GeV2) in the HERA DIS data to exclude the low Q2, low-x data which may be more 
adversely affected by higher twist and other effects

Including new data in a new fit …

5M Sutton - The proton PDF including W+jet data at ATLAS

  The XXVII International Workshop on DIS 2019, Torino, Italia

xū = Aūx
Bū(1� x)Cū(1 +DūxDūx)

<latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit><latexit sha1_base64="Bitkp/9zG2+EI1hwOUFPWzzv0Pg="></latexit>

† NB: all fits use the HERA data to constrain the fit at lower Q2

with constraints:

which is defined similarly to Eq. (16) and accounts for the various sources of correlated and uncorrelated
uncertainties. The definition of �2

i with scaled uncertainties is given by Eq. (17) and discussed there.
This particular form is of higher importance in this context, as the relative uncertainties of the HERA data
points can be large in parts of the phase space. The use of this form of �2

i leads to a logarithmic term,
introduced in Ref. [125], arising from the likelihood transition to �2. The contribution to the �2 from
the last two sums related to the nuisance parameter constraints and the logarithmic term is referred to as
“correlated + Log penalty” later.

The optimal functional form for the parameterization of each parton distribution is found through a para-
meter scan requiring �2 saturation [126, 127]. The general form is of the type AixBi(1� x)Ci Pi(x) for each
parton flavour i. The scan starts with the contribution of the factors Pi(x) = (1 + Dix + Eix2)eFi x set to
unity by fixing the parameters Di = Ei = Fi = 0 for all parton flavours. The parameter Ag is constrained
by the momentum sum rule relating the sum of the quark and gluon momentum distribution integrals,
while the parameters Auv and Adv are fixed by the up and down valence-quark number sum rules. The
assumption that ū = d̄ as x ! 0 implies that Aū = Ad̄ and Bū = Bd̄. The procedure thus starts with ten
free parameters and, subsequently, additional parameters are introduced one at a time.8 A parameteriza-
tion with 15 variables is found to be su�cient to saturate the �2 value after minimization, i.e. no further
significant �2 reduction is observed when adding further parameters. The final parameterization used to
describe the parton distributions at Q2 = Q2

0 is:

xuv(x) = Auv xBuv (1 � x)Cuv (1 + Euv x2) ,
xdv(x) = Adv xBdv (1 � x)Cdv ,

xū(x) = AūxBū(1 � x)Cū ,

xd̄(x) = Ad̄ xBd̄ (1 � x)Cd̄ ,

xg(x) = AgxBg(1 � x)Cg � A0gx
B0g(1 � x)C0g ,

xs̄(x) = As̄xBs̄(1 � x)Cs̄ , (22)

where Aū = Ad̄ and Bs̄ = Bd̄ = Bū. Given the enhanced sensitivity to the strange-quark distribution
through the ATLAS data, As̄ and Cs̄ appear as free parameters, assuming s = s̄. The experimental data
uncertainties are propagated to the extracted QCD fit parameters using the asymmetric Hessian method
based on the iterative procedure of Ref. [128], which provides an estimate of the corresponding PDF
uncertainties.

7.2 Fit results

The �2 values characterizing the NNLO QCD fit to the ATLAS Drell–Yan and HERA DIS data are
listed in Table 18. The fit describes both the HERA and the ATLAS data well. Most of the correlated
systematic uncertainties are shifted by less than one standard deviation and none are shifted by more than
twice their original size in the fit. The overall normalization is shifted by less than half of the luminosity
uncertainty of 1.8%. The only significant departure from a partial �2/n.d.f. ⇠ 1 is seen for the low-mass
Z/�⇤ ! `` data. Here the K-factors are large, and the theoretical uncertainties, such as the FEWZ-
DYNNLO di↵erence, are sizable. As described below, this part of the data has little influence on the
extracted PDFs.

8 An exception is the introduction of a negative term in the gluon parameterization, �A0gx
B0g (1� x)C0g , for which two parameters,

A0g and B0g, are introduced simultaneously. As in Ref. [32], the parameter C0g is fixed to a large value, chosen to be C0g = 25 �
Cg to suppress the contribution at large x.
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which is defined similarly to Eq. (16) and accounts for the various sources of correlated and uncorrelated
uncertainties. The definition of �2

i with scaled uncertainties is given by Eq. (17) and discussed there.
This particular form is of higher importance in this context, as the relative uncertainties of the HERA data
points can be large in parts of the phase space. The use of this form of �2

i leads to a logarithmic term,
introduced in Ref. [125], arising from the likelihood transition to �2. The contribution to the �2 from
the last two sums related to the nuisance parameter constraints and the logarithmic term is referred to as
“correlated + Log penalty” later.

The optimal functional form for the parameterization of each parton distribution is found through a para-
meter scan requiring �2 saturation [126, 127]. The general form is of the type AixBi(1� x)Ci Pi(x) for each
parton flavour i. The scan starts with the contribution of the factors Pi(x) = (1 + Dix + Eix2)eFi x set to
unity by fixing the parameters Di = Ei = Fi = 0 for all parton flavours. The parameter Ag is constrained
by the momentum sum rule relating the sum of the quark and gluon momentum distribution integrals,
while the parameters Auv and Adv are fixed by the up and down valence-quark number sum rules. The
assumption that ū = d̄ as x ! 0 implies that Aū = Ad̄ and Bū = Bd̄. The procedure thus starts with ten
free parameters and, subsequently, additional parameters are introduced one at a time.8 A parameteriza-
tion with 15 variables is found to be su�cient to saturate the �2 value after minimization, i.e. no further
significant �2 reduction is observed when adding further parameters. The final parameterization used to
describe the parton distributions at Q2 = Q2

0 is:
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where Aū = Ad̄ and Bs̄ = Bd̄ = Bū. Given the enhanced sensitivity to the strange-quark distribution
through the ATLAS data, As̄ and Cs̄ appear as free parameters, assuming s = s̄. The experimental data
uncertainties are propagated to the extracted QCD fit parameters using the asymmetric Hessian method
based on the iterative procedure of Ref. [128], which provides an estimate of the corresponding PDF
uncertainties.

7.2 Fit results

The �2 values characterizing the NNLO QCD fit to the ATLAS Drell–Yan and HERA DIS data are
listed in Table 18. The fit describes both the HERA and the ATLAS data well. Most of the correlated
systematic uncertainties are shifted by less than one standard deviation and none are shifted by more than
twice their original size in the fit. The overall normalization is shifted by less than half of the luminosity
uncertainty of 1.8%. The only significant departure from a partial �2/n.d.f. ⇠ 1 is seen for the low-mass
Z/�⇤ ! `` data. Here the K-factors are large, and the theoretical uncertainties, such as the FEWZ-
DYNNLO di↵erence, are sizable. As described below, this part of the data has little influence on the
extracted PDFs.

8 An exception is the introduction of a negative term in the gluon parameterization, �A0gx
B0g (1� x)C0g , for which two parameters,

A0g and B0g, are introduced simultaneously. As in Ref. [32], the parameter C0g is fixed to a large value, chosen to be C0g = 25 �
Cg to suppress the contribution at large x.
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xd̄(x) = Ad̄ xBd̄ (1 � x)Cd̄ ,

xg(x) = AgxBg(1 � x)Cg � A0gx
B0g(1 � x)C0g ,

xs̄(x) = As̄xBs̄(1 � x)Cs̄ , (22)
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listed in Table 18. The fit describes both the HERA and the ATLAS data well. Most of the correlated
systematic uncertainties are shifted by less than one standard deviation and none are shifted by more than
twice their original size in the fit. The overall normalization is shifted by less than half of the luminosity
uncertainty of 1.8%. The only significant departure from a partial �2/n.d.f. ⇠ 1 is seen for the low-mass
Z/�⇤ ! `` data. Here the K-factors are large, and the theoretical uncertainties, such as the FEWZ-
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uncertainties are propagated to the extracted QCD fit parameters using the asymmetric Hessian method
based on the iterative procedure of Ref. [128], which provides an estimate of the corresponding PDF
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The �2 values characterizing the NNLO QCD fit to the ATLAS Drell–Yan and HERA DIS data are
listed in Table 18. The fit describes both the HERA and the ATLAS data well. Most of the correlated
systematic uncertainties are shifted by less than one standard deviation and none are shifted by more than
twice their original size in the fit. The overall normalization is shifted by less than half of the luminosity
uncertainty of 1.8%. The only significant departure from a partial �2/n.d.f. ⇠ 1 is seen for the low-mass
Z/�⇤ ! `` data. Here the K-factors are large, and the theoretical uncertainties, such as the FEWZ-
DYNNLO di↵erence, are sizable. As described below, this part of the data has little influence on the
extracted PDFs.

8 An exception is the introduction of a negative term in the gluon parameterization, �A0gx
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(momentum sum) (number sum)

16 free parameters

NNLO QCD fit;
xFitter framework;

QCDNUM for DGLAP 
evolution;

RT-VFN for HQs;
start scale: Q0

2=1.9GeV2

mc=1.43 GeV, mb=4.5 GeV
𝛂s(MZ)=0.118
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• Fits are performed using DIS data from HERA and the ATLAS Electroweak boson data 

• The xFitter† package is used, with LHC cross sections reproduced using fastNLO and APPLgrid 

• NNLO corrections included as K-factors

• Parameterisation …

• Additional constraints for the central fit from sum rules, and also                    and                               ,  with         and        free parameters, with                       
and        fixed >>         ( some constraints relaxed for the model uncertainty )

• This yields a 16 parameter central fit using a fixed strong coupling and a starting scale of Q2 = 1.9 GeV2

• NB: Greyed out parameters varied as part of the model dependency systematics, along with allowing some of the central fit contained parameters to vary 
independently 

• First produce update to the epWZ16 fits using the newer methodology as a consistency check using both combined and uncombined data - new fits 
ATLAS epWZ19 C (combined) and ATLAS epWZ19 U (uncombined)

ATLAS epWZ+Wjets QCD fit technicalities 

6

  The XXVII International Workshop on DIS 2019, Torino, Italia

Aū = Ad̄ Bs̄ = Bū = Bd̄ As̄Cs̄
s(x) = s̄(x)

†xFitter program, www.xfitter.org;  S. Alekhin et al. Eur. Phys. J. C 75 (2015) 304, arXiv: 1410.4412 [hep-ph]
M Sutton - The proton PDF including W+jet data at ATLAS
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• greyed out parameters used as part of parameterization uncertainty systematics; 
plus other assumptions relaxed

• model variations: mc, mb, Q20, Q2min, 𝛂s(MZ)
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shape was also removed by setting A
0
g = 0. Furthermore, relaxations on previous constraints were tested,

namely the low-x constraints that Aū = Ad̄ and Bū = Bd̄ = Bs̄. The resulting �2 with each variation
in the parameterisation, in comparison to the nominal fit, is given in Table 2. There were no additional
parameters which gave a fit improving the �2 by more than two units consistently across both the p

W
T and

p
leading
T spectra.

Although these additional variations did not significantly improve the �2, they provided fits of similar
quality. Thus, the maximum di�erence between these variations and the central fit is used as a para-
meterisation uncertainty at each x and Q

2 value. This uncertainty is highly asymmetric, and is not
symmetrised in any subsequent plot.

Change in parameterisation p
W
T p

leading
T

Nominal �2/NDF 1354 / 1138 1365 / 1150
A
0
g = 0 1409 / 1140 1428 / 1152

Aū , Ad̄ 1352 / 1137 1363 / 1149
Bū , Bd̄ 1352 / 1137 1362 / 1149
Bs̄ , Bd̄ 1353 / 1137 1363 / 1149
Dū = 0 1357 / 1139 1373 / 1151

Dd̄ 1354 / 1137 1364 / 1149
Ds̄ 1353 / 1137 1359 / 1149
Duv

1354 / 1137 1365 / 1149
Ddv

1354 / 1137 1364 / 1149
Dg 1353 / 1137 - / 1149
Eū 1354 / 1137 1363 / 1149
Ed̄ 1354 / 1137 1365 / 1149
Es̄ 1354 / 1137 1362 / 1149
Eg 1352 / 1137 1365 / 1149
Fuv

1351 / 1137 1363 / 1149
Fdv

1354 / 1137 1365 / 1149

Table 2: Total �2/NDF for each parameterisation variation used, for each of the W + jets spectra. Where entries are
missing, the fit either did not converge, or a negative (unphysical) was strongly favoured, including the Ei and Fi

parameters not featured.

Furthermore, the theoretical model assumptions made on the masses of c and b quarks, Q
2
0, Q

2
min and ↵S,

as discussed in Section 3, are varied and the impact on the fit result is investigated. These variations are
given in Table 3, along with the resulting �2 for a fit to each W + jets spectrum; the ↵s and the Q

2
0 variations

have the largest impact on the gluon and quark PDFs, respectively. The di�erences between the central
values of each PDF using these variations and the central fit are taken as a model uncertainty; the upward
and downward variations are treated separately, and the model uncertainties are summed in quadrature at
each x and Q

2 to give a total model uncertainty, which can be highly asymmetric. The total uncertainty
is given by the sum in quadrature of the experimental, model and parameterisation uncertainties.

The PDFs extracted from fits to each of the W + jets spectra, together with the inclusive W, Z and HERA
combined data, are shown in comparison to each other and the ATLASepWZ19U fit in Fig. 2. Fits using
each spectrum are consistent with each other for all distributions when model and parameterisation e�ects
are included in the uncertainty. The PDFs obtained from a fit with the p

W
T spectrum exhibit the smallest

9
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4 Results

4.1 Fits to W + jets

The QCD analysis is performed, fitting two W + jets spectra individually, together with the HERA and
ATLAS W , Z inclusive data. A combined fit of the W + jets spectra is not possible, as the spectra
are highly correlated to each other, and information on the statistical correlation between them is not
available. The statistical bin-to-bin correlations are available and used for both spectra; correlations
between neighbouring bins are as high as 0.5. The total �2 per degree of freedom (NDF) for each fit to
the W + jets spectra, along with the partial �2 for each data set, the correlated component of the �2 and
the log penalty, is given in Table 1.

Fit ATLASepWZ19U ATLASepWZ19U + p
W
T ATLASepWZ19U + p

leading
T

Total �2/NDF 1310 / 1104 1354 / 1138 1365 / 1150
HERA partial �2/NDF 1123 / 1016 1132 / 1016 1141 / 1016
HERA correlated �2 48 49 50
HERA log penalty �2 -18 -22 -25
ATLAS W, Z partial �2/NDF 117 / 104 116 / 104 109 / 104
ATLAS W + jets partial �2/NDF - 18 / 34 43 / 46

ATLAS correlated �2 40 62 47
ATLAS log penalty �2 -1 -1 0

Table 1: Total and partial �2 for data sets entering the PDF fit, for each of the W+jets spectra separately, and the
ATLASepWZ19U fit for comparison.

For the p
W
T and p

leading
T W + jet spectra, there is a good overall fit quality. The partial �2 for the HERA data

and the ATLAS W , Z data are similar to those obtained in fits to the HERA+ATLAS W , Z data alone.
This demonstrates that there is no tension between these data sets and the W + jets data.
Fig. 1 displays a comparison of the W + jets data spectra compared to predictions computed at NLO and
corrected to NNLO with the K-factors using the ATLASepWZ16 PDF set and the new fits with the plotted
W + jets data included. For both spectra, the low pT bins are fitted equally well by the ATLASepWZ16 fit
as by the new fit. At high pT the new fit significantly improves the description of the data, especially for
the W

+ + jet data.
As the fit to the p

W
T spectrum gives the lowest �2/NDF and the smallest parameterisation uncertainty (see

Section 4.2), it is chosen as the main fit for the remainder of the note, while the fit to the p
leading
T spectrum

is presented for each result as a cross-check.

4.2 Parameterisation and model choice

A choice in the fitting framework that can a�ect the fit quality is the choice of the parameterisation. The
number of parameters can potentially limit the quality of the fit by not providing enough flexibility to fit the
data. In this case, including additional parameters in Eq. (1) can improve the �2/NDF-values. Therefore,
additional parameters were separately introduced that give flexibility to high-x regions of all distributions.
In each PDF set, additional polynomial parameters (Di, Ei) were used along with an exponential term
e
Fi x — in the nominal case, only Euv

and Dū are non-zero. The additional gluon term a�ecting the low-x

7
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Figure 10: PDFs obtained for the strange sea quark (a) and gluon (b), with the Rs (c) and x(d̄ � ū) (d) distributions,
when fitting to inclusive W , Z data at

p
s =7 TeV. Inner error bands indicate the experimental uncertainty, while

outer error bands the total uncertainty, including parameterisation and model uncertainties.
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Figure 12: PDFs obtained for the strange sea quark (a) and gluon (b), with the Rs (c) and x(d̄ � ū) (d) distributions,
when fitting to inclusive W , Z data at

p
s =7 TeV. The experimental, model and parameterisation uncertainties are

plotted separately.
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Figure 3: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data, compared to a similar fit without W + jets data.
Inner error bands indicate the experimental uncertainty, while outer error bands the total uncertainty, including
parameterisation and model uncertainties. The fit using W + jets p

W
T data is displayed with hashed uncertainty

bands, while the fit without is displayed using solid uncertainty bands.

Uncertainties

Fit rs Experimental Model Parameterisation

ATLASepWZ16 1.19 0.07 0.02 +0.02
�0.10

ATLASepWZ19U 1.16 0.05 +0.04
�0.19

+0.17
�0.24

ATLASepWZ19U + p
W
T 0.99 0.04 +0.04

�0.05
+0.02
�0.11

ATLASepWZ19U + p
leading
T 1.04 0.04 +0.05

�0.07
+0.02
�0.13

Table 4: Fitted rs values, evaluated at x = 0.023 and Q
2 = 1.9 GeV2, for each of the investigated fits compared to

the ATLASepWZ16 and ATLASepWZ19U results.

proton beam incident on liquid hydrogen and deuterium target found the proton x(d̄ � ū) distribution
to be positive at high x, peaking at x(d̄ � ū) ⇠ 0.04 at x ⇠ 0.1 [12]. In contrast, the ATLASepWZ16
PDF set gives a slightly negative central value for x(d̄ � ū), with its lowest value at x ⇠ 0.1, though the
uncertainties are large enough that it is compatible with zero within two standard deviations.
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Figure 2: PDFs obtained for the valence quarks (a)-(b), up and down sea quarks (c)-(d), strange sea quark (e) and
gluon (f), when fitting W + jets, inclusive W, Z and HERA data. Inner error bands indicate the experimental
uncertainty, while outer error bands the total uncertainty, including parameterisation and model uncertainties. The
fit using W + jets p

W
T data is displayed with solid uncertainty bands, and the fit using W + jets p

leading
T data with

hashed uncertainty bands. The lower panel displays the ratio to the central value of the ATLASepWZ19U fit with
the W + jets p

W
T spectrum included.

At low x (x < 0.023), the fit with the W + jets data maintains an unsuppressed strange-quark density
compatible with the ATLASepWZ16 fit. Fitted values of rs and Rs, evaluated at x = 0.023 and Q

2 =

1.9 GeV2, are given in Tables 4 and 5, respectively.

PDFs from both W + jets spectra give values of Rs and rs consistent with the previous ATLASepWZ16 fit,
with the p

W
T spectrum providing the tightest constraints of the two. Summary plots of rs and Rs, evaluated

at x = 0.023 and Q
2 = 1.9 GeV2, in comparison to the latest global PDF sets are given in Fig. 6. The

ATLASepWZWjet19 fit favours lower values of Rs and rs than the ATLASepWZ16 fit, but is consistent
to within a single standard deviation. Tension remains with the global analyses by more than one standard
deviation in all cases.

4.4 d̄ and ū sea quark distributions

An interesting quantity to look at for judging the performance of PDF sets is the di�erence between d̄

and ū PDFs. A measurement by the E866 collaboration of the ratio of Drell-Yan yields from an 800 GeV
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a

function of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar

fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a

function of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar

fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.
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Figure 7: The x(d̄ � ū) distribution, evaluated at Q
2 = 1.9GeV2, determined from (a) fitting the W + jets data as a

function of p
W
T in comparison to p

leading
T , (b) fitting the W + jets data as a function of p

W
T in comparison to the similar

fit without W + jets data, and (c) the obtained ATLASepWZWjet19 fit corresponding to the fit with W + jets data in
the p

W
T spectrum. In (a) and (b), uncertainties in the PDFs are displayed as inner and outer bands for experimental

and total uncertainties, respectively. In (c), the uncertainty bands are displayed split in to the experimental, model
and parameterisation uncertainties.

16

dbar – ubar

39

dbar – ubar now positive
constraints are in both experimental and additional 
uncertainties

with different spectra

uncertainty break-down

with and without W+Jet



x
-310 -210 -110

xd
ba
r

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

x
-310 -210 -110

xs
ba

r

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
 

MMHT2014
CT14
NNPDF31
ATLASepWZ16_EIG
ATLASepWZWjet19_EIG

comparisons with global pdfs

40
x

-310 -210 -110

sR

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 x  
-310 -210 -110

)2
)(x

,Q
d+u

)/(s
 (s

+

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2  
2 = 1.9 GeV2Q

MMHT14
CT14

ATLAS

 x  
-310 -210 -110

)2
)(x

,Q
d+u

)/(s
 (s

+

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2  
2 = 1.9 GeV2Q

MMHT14 profiled
CT14 profiled

ATLAS
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di↵erential cross-section data (right).
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Figure 26: Distribution of xū (left), xd̄ (middle) and xs (right) PDFs as a function of Bjorken-x at a scale of Q2 =
1.9 GeV2 for the MMHT14 PDF set before and after profiling.

seen to be significantly reduced and the central values, at x ' 0.023, increased towards unity, supporting
the hypothesis of an unsuppressed strange-quark density at low x.

The sea-quark distributions, xū, xd̄ and xs̄, before and after profiling with the MMHT14 set, are shown
in Figure 26. The strange-quark distribution is significantly increased and the uncertainties are reduced.
This in turn leads to a significant reduction of the light sea, xū + xd̄, at low x, resulting from the tight
constraint on the sum 4ū + d̄ + s̄ from the precise measurement of the proton structure function F2 at
HERA. Some reduction of the uncertainty is also observed for the valence-quark distributions, xuv and
xdv, as is illustrated in Figure 27 for the CT14 and MMHT14 sets.
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ATLAS fits with individual ttbar spectra (lj)
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Figure 2: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
mtt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson plus the tt̄ lepton+jets p

t
T

data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the
fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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Figure 3: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
ytt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets yt
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fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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Figure 3: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets
ytt data. (b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ lepton+jets yt
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fits and the full line shows the ratio of the gluon PDF fitted to epWZ + tt̄ data to the gluon PDF fitted to the epWZ
data.
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ATLAS fits with individual ttbar spectra (ll)

Table 5: Total and partial �2 for data sets entering the PDF fit for fits to the dilepton mtt and ytt spectra

dilepton spectrum
mtt ytt

Total �2/NDF 1233.8 / 1061 1233.8 / 1060

Partial �2/NDP HERA 1152 / 1016 1147 / 1016
Partial �2/NDP ATLAS W, Z/�⇤ 79.3 / 55 82.8 / 55
Partial �2/NDP ATLAS tt̄ 2.6 / 6 4.5 / 5
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Figure 7: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton mtt .
(b) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt data. The
ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs for the fits and the
full line shows the ratio of the gluon PDF fitted to epWZ + tt̄data to the gluon PDF fitted to the epWZ data

rapidity data as compared to the lepton+jets rapidity data does not seem to derive from larger uncertainties.
Although the statistical uncertainties of the dilepton data are larger the size of the total uncertainties for
the absolute spectra is broadly comparable. This highlights the important role of correlated systematic
uncertainties.
Fig. 7 shows the gluon spectra before and after each of these dilepton tt̄ spectra are added to the HERA and
ATLAS W, Z/�⇤ boson data. Just as for the lepton+jets spectra the mtt data support a somewhat harder
gluon and the ytt data support a somewhat softer gluon, but in the dilepton case the e�ects are milder and
both fits are good.

8 Fits to the t t̄ dilepton and lepton+jets spectra

In the present section the mtt and p
t
T spectra from lepton+jets and the ytt spectrum from the dilepton

data are fitted together. This fit is called the ATLASepWZtop18 PDF fit. The parton shower model
uncertainty is decorrelated between the two lepton+jets spectra. The two dilepton spectra cannot be fitted
simultaneously because no information on the statistical correlations between these spectra is available.
The ytt spectrum is chosen in order to include a rapidity spectrum in the fit. The �2 for this fit are given in
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ATLAS fits with lj+ll spectra
Table 6: Total and partial �2 for data sets entering the PDF fit for fits to the dilepton ytt spectrum and the lepton+jets
mtt and p

t
T spectra.

lepton+jets p
t
T , mtt

and dilepton ytt spectra
total �2/NDF 1253.8 / 1061

Partial �2/NDP HERA 1149 / 1016
Partial �2/NDP ATLAS W, Z/�⇤ 78.9 / 55
Partial �2/NDP ATLAS lepton+jets p

t
T , mtt 16.0 / 15

Partial �2/NDP ATLAS dilepton ytt 5.4 / 5
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Figure 8: (a) the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt
data and the tt̄ lepton+jets mtt and p

t
T data compared to the fit to HERA and ATLAS W, Z/�⇤ boson data alone. (b)

the gluon spectrum from fitting HERA data and ATLAS W, Z/�⇤ boson data plus the tt̄ dilepton ytt data and the
tt̄ lepton+jets mtt and p

t
T data compared to the fit to HERA and ATLAS W, Z/�⇤ boson data the tt̄ lepton+jets mtt

and p
t
T data. The ratio plots underneath the main distributions show the fractional uncertainties of the gluon PDFs

for the fits. The full lines in these ratio plots show the ratio of the gluon PDF fitted to epWZ + ytt dilepton data +
p
t
T + mtt lepton+jets data to the gluon PDF fitted to the epWZ data for a) and the ratio of the gluon PDF fitted to

epWZ + ytt dilepton data + p
t
T + mtt lepton+jets data to the gluon PDF fitted to the epWZ + p

t
T + mtt lepton+jets

data for b).

Table 6. The partial �2 for the HERA and the ATLAS W, Z/�⇤ boson data are similar to those obtained
in fits to HERA data alone and fits to HERA+ATLAS W, Z/�⇤ boson data respectively, such that there is
no tension between these data sets and the top-quark pair production data. The partial �2/N DP for the
ATLAS tt̄ data are good for both the lepton+jets p

t
T ,mtt data and the dilepton ytt data. Fig. 8 shows the

gluon spectra before and after these three tt̄ spectra are added to the HERA and ATLAS W, Z/�⇤ boson
data. A harder gluon and a significantly reduced high-x uncertainty on the gluon PDF results. Fig. 8 also
shows a comparison of the gluon PDF for the fit using all three tt̄ spectra with the gluon PDF for the fit
using only the two lepton+jets tt̄ spectra. The dilepton ytt data soften the gluon found from the lepton+jets
spectra and contributes to the reduction in uncertainty of the high-x gluon.
However, so far only the uncertainties on the fit due to the uncertainties on the input experimental data
have been considered. There are also uncertainties due to model and parameterisation assumptions made
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ATLAS ttbar differential cross sections (lj)

EPJ C76 (2016) 538

Comparisons with t t̄ lepton+jets spectra ATL-PHYS-PUB-2018-017
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ATLAS ttbar differential cross sections (ll)

Phys Rev D94 (2016) 092003 (ll)

Comparisons with t t̄ dilepton spectra ATL-PHYS-PUB-2018-017
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● The description of the lepton+jets ytt̄ spectrum shows a different trend than
that of the corresponding dilepton spectrum
● However, when compared to the uncertainty band the lepton+jets rapidity

spectra are visually well described
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ATLAS fits to ttbar differential cross sections
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lepton+jets spectra

ptT and yt ptT and yt ptT and mtt ptT and mtt

with statistical without statistical with statistical without statistical

correlations correlations correlations correlations

Total �2/NDF 1264 / 1068 1260 / 1068 1290 / 1070 1287 / 1070

Partial �2/NDP HERA 1148 / 1016 1147 / 1016 1162 / 1016 1162 / 1016

Partial �2/NDP ATLAS W,Z/�⇤
82.7 / 55 83.5 / 55 83.2 / 55 83.1 / 55

Partial �2/NDP ATLAS tt̄ 33 / 13 30 / 13 45 / 15 42 / 15

lepton+jets spectra

ptT and yt ptT and mtt ptT and mtt

decorrelate decorrelate decorrelate

2-point uncertainties 2-point uncertainties parton-shower model uncertainty

Total �2/NDF 1259 / 1068 1247 / 1070 1248 / 1070

Partial �2/NDP HERA 1147 / 1016 1154 / 1016 1153 / 1016

Partial �2/NDP ATLAS W,Z/�⇤
83.9 / 55 81.9 / 55 81.6 / 55

Partial �2/NDP ATLAS tt̄ 27.8 / 13 11.5 / 15 14.1 / 15

fitted values of nuisance 
parameters for fits to 

HERA+ATLAS W,Z 
+ separate ttbar lj spectra
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X2
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with statistical correlations:

without statistical correlations reduces to:



impact of LHC data on modern global pdf fits
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Figure 54: The gluon (left) and quark singlet (right) PDFs in ABMP16 at Q = 100 GeV, comparing the results obtained
with their best-fit ↵s(mZ) = 0.1147 with those with ↵s(mZ) = 0.118 used to compare with the other PDF sets.

       x  
4−10 3−10 2−10 1−10

) [
re

f] 
2

) /
 g

 ( 
x,

 Q
2

g 
( x

, Q

0.9

0.95

1

1.05

1.1

1.15
Global
no Z pt data
No top data
No jet data

2 GeV4=102NNLO, Q

!
 NNPDF3.1 NNLO: includes jet data using NNLO 

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

 The jet pT is always used as central scale choice!

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

 Very small impact on the gluon!

 Moderate improvement of the chi2 !

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

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

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

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

106

NNPDF3.1

effect of  LHC jet+top+ZPt

EPJ C77 (2017), 663

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

measurements shown in this talk are 
yet to be included

much more still to come…

MMHT

EPJ C78 (2018), 248


