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Outline of topics:

• Introduction:  
- physics motivation  
- framework 

 

• Summary of previous results:  
- inclusive      spectrum  
-      observable  
 

• New results:  
- evaluation of angular coefficients     , 
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Figure 1: Relative uncertainties in percent of the normalised fiducial cross section measure-
ment. Each plot shows the qT dependence in the indicated ranges of |y|.
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Figure 2: Relative uncertainties in percent of the absolute fiducial cross section measurement.
The 2.6% uncertainty in the luminosity is not included. Each plot shows the qT dependence in
the indicated ranges of |y|.

five bins in |y| and the last plot shows the qT dependence integrated over |y|. In the bottom
panels the ratio of the FEWZ prediction to data is shown. The vertical error bars represent the
statistical uncertainties of data and simulation. The red-hatched bands drawn at the points
represent the systematic uncertainties of the measurement only. The scale uncertainties are
indicated by the grey-shaded areas and the PDF uncertainties by the light-hatched bands. The
scale uncertainties are estimated from the envelope of the following combinations of variations
of the factorisation µF and the renormalisation µR scales: (2µF,2µR), (0.5µF,0.5µR), (2µF,µR),
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Figure 4: Uncertainty from various sources on (1/�) d�/d�⇤⌘ (top) and (1/�) d�/dp``T (bottom) for events with
66 GeV < m`` < 116 GeV and |y`` | < 2.4. Left: electron-pair channel at dressed level. Right: muon-pair channel at
bare level.
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Experimental status (sub %)
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ATLAS, arXiv: 1512.02192 CMS, arXiv: 1504.03511

physics motivation
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First and foremost, a testing ground for precision calculations

NLO QCD: Giele, Glover, Kosower                          
NLO EW: Kuhn, Kulesza, Pozzorini, Schulze             
              Denner, Dittmaier, Kasprzik, Muck             
NLO QCD+EW: (+merging) Kallweit, .. et al.            
NNLO QCD: (antenna) Gehrmann-De Ridder,.. et al. 

                (N-jettiness) Boughezal, .. et al.           - 
+Resummation calculations …  
+Further phenomenological studies …
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pZT 6= 0

- arXiv:hep-ph/9302225 
- arXiv:hep-ph/0507178 
- arXiv:1103.0914 
- arXiv:1511.08692 
- arXiv:1507.02850 
- arXiv:1512.01291

physics motivation



6

i) Direct probe of the gluon PDF:   Malik, Watt         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pZT 6= 0

Primary physics applications:

- arXiv:1304.2424  
 
 
 
 
 

physics motivation
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i) Direct probe of the gluon PDF:   Malik, Watt         

ii) Probe large-x u/d quarks in forward region: - Farry, RG 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pZT 6= 0

Primary physics applications:

- arXiv:1304.2424  
 
- arXiv:1505.01399  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physics motivation
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i) Direct probe of the gluon PDF:   Malik, Watt         

ii) Probe large-x u/d quarks in forward region: - Farry, RG 

iii) Test for intrinsic charm: Boettcher, Ilten, Williams:  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recoil

pZT 6= 0

Primary physics applications:

- arXiv:1304.2424  
 
- arXiv:1505.01399  

- arXiv:1512.06666  
 
 

charm-jet  

physics motivation
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i) Direct probe of the gluon PDF:   Malik, Watt         

ii) Probe large-x u/d quarks in forward region: - Farry, RG 

iii) Test for intrinsic charm: Boettcher, Ilten, Williams  

iv) see also: Boughezal, Guffanti, Petriello, Ubiali       
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recoil

pZT 6= 0

Primary physics applications:

- arXiv:1304.2424  
 
- arXiv:1505.01399  

- arXiv:1512.06666  
 
- arXiv:1705.00343

physics motivation
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Primary physics applications:

-arXiv:1706.04664  
 

⌫l

⌫̄l

physics motivation

Beyond PDFs, also many other applications 

i) Searches for dark matter (jet+MET): Lindert et al.  

 
 
 
 

-arXiv:1706.04664  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pZT 6= 0

Primary physics applications:

Beyond PDFs, also many other applications 

i) Searches for dark matter (jet+MET): Lindert et al. 

ii) Precision SM measurements (ATLAS MW extraction) 
 
Monte Carlo sample reweighting of: 
•             - spectrum 
• Angular coefficients in Z boson production

-arXiv:1706.04664  
 
-arXiv:1701.07240 

physics motivation

pZT /p
W
T
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$
$
$
$
X.$Chen,$J.$Cruz$Mar)nez,$J.$Currie,$AG,$T.$Gehrmann,$E.W.N.$Glover,$$
$$$$$$$$$$$$$$$$$$$$A.Huss,$$M.$Jacquier,$T.$Morgan,$J.$Niehues,$J.$Pires$

•  Common$infrastructure$for$the$implementa)on$of$NNLO$
correc)ons$using$antenna$subtrac)on$for$:$$

•  +$….$

21$

NNLOJET$

Aude$Gehrmann8De$Ridder$$$Par)cle$Physics$Colloquium,$Karlsruhe,$07.07.2016$

NNLOJET

_ ___ ____ ____ ____________
/ |/ / |/ / / / __ \__ / / __/_ __/
/ / / /__/ /_/ / // / _/ / /
/_/|_/_/|_/____/\____/\___/___/ /_/

X. Chen, J. Cruz-Martinez, J. Currie, A. Gehrmann–De Ridder, T. Gehrmann,
E.W.N. Glover, AH, M. Jaquier, T. Morgan, J. Niehues, J. Pires

Common code base for NNLO corrections using Antenna Subtraction
I pp ! Z/�⇤ ! `+`� + 0, 1 jets
I pp ! H ! �� + 0, 1, 2 jets
I pp ! dijets
I ep ! 2 jets (talk by J. Niehues)
I . . .

I Fully differential parton-level event generator
I Work in progress: Interface to APPLgrid, fastNLO

6/23

pp ! dijets

pp ! H !! �� + 0, 1, 2 jets

pp ! Z/�⇤ ! l+l� + 0, 1 jets

ep ! 2(+1) jets

X. Chen, J. Cruz-Martinez, J. Currie, RG, A. Gehrmann-De Ridder, T. Gehrmann, 
E.W.N. Glover, A. Huss, I. Maier, T. Morgan, J. Niehues, J. Pires, D. Walker 

[IPPP Durham, MPI Munich, Zurich (ETH and UZH), Beijing]  

Processes:

pp ! V ! ll̄ + 0, 1 jets

pp ! H + 0, 1, 2 jets

pp ! dijets

ep ! 1, 2 jets

eē ! 3 jets

...

Common framework for NNLO corrections

• parton level Monte Carlo generator 

• basis: Antenna Subtraction formalism 
 

• In progress: APPLfast-NNLO interface  

Gehrmann-De Ridder, Gehrmann, Glover - arXiv:0505111

PDF fitting with full NNLO calculations
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Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan - arXiv:1605.04295 
JHEP 07(2016)133

Previous results: inclusive     spectrumpZT
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inclusive      spectrum
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Figure 2. The unnormalised Z-boson transverse momentum distribution for the cuts given in
Table 1 and 66 GeV < m`` < 116 GeV. ATLAS data is taken from Ref. [15]. The luminosity error
is not shown. The green bands denote the NLO prediction with scale uncertainty and the blue
bands show the NNLO prediction with scale uncertainty.

Figure 3. The normalised Z-boson transverse momentum distribution for the cuts given in Table 1
and 66 GeV < m`` < 116 GeV. ATLAS data is taken from Ref. [15]. The green bands denote the
NLO prediction with scale uncertainty and the blue bands show the NNLO prediction with scale
uncertainty.

the data by the measured values for the inclusive lepton pair cross section in this fiducial

bin. The cross section for this mass window was measured to be [15],

�exp(66 GeV < m`` < 116 GeV) = 537.10± 0.45% (sys.)± 2.80% (lumi.) pb.

– 5 –

Figure 2. The unnormalised Z-boson transverse momentum distribution for the cuts given in
Table 1 and 66 GeV < m`` < 116 GeV. ATLAS data is taken from Ref. [15]. The luminosity error
is not shown. The green bands denote the NLO prediction with scale uncertainty and the blue
bands show the NNLO prediction with scale uncertainty.
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Figure 3. The normalised Z-boson transverse momentum distribution for the cuts given in Table 1
and 66 GeV < m`` < 116 GeV. ATLAS data is taken from Ref. [15]. The green bands denote the
NLO prediction with scale uncertainty and the blue bands show the NNLO prediction with scale
uncertainty.

the data by the measured values for the inclusive lepton pair cross section in this fiducial

bin. The cross section for this mass window was measured to be [15],

�exp(66 GeV < m`` < 116 GeV) = 537.10± 0.45% (sys.)± 2.80% (lumi.) pb.

– 5 –

Absolute cross section Normalised cross section

Scale variation:  
Input PDFs:  
EW scheme:

pZT

NNPDF3.0 NNLO ↵s(mZ) = 0.118, mem. 0

µ0 = EZ
T , 1/2 < µF /µR < 2

↵�GF scheme
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inclusive      spectrum

���

���

���

���

���

�� ��� ���

������� � �� � � � � ��� ��� � � ���
�
��
��
��
�
��

��� �����

����

����

����

����

����

����

���

���

����� ���
��� � �� ��� ���� � ���
�� ��� � ��� � ��� ���

������� � �� � � � � ��� ��� � � ���

��
��
� ��

��
��
�
��
� ���

����
����� ����

���

���

���

���

���

�� ��� ���

������� � �� � � � � ��� ��� � � ���

�
��
��
��
�
��

��� �����

����

����

����

����

����

����

����

����

����� ���
��� � �� ��� ���� � ���
�� ��� � ��� � ��� ���

������� � �� � � � � ��� ��� � � ���

��
��
��
�
��
� ��

��
��
��
� ���

����
����� ����

Absolute cross section Normalised cross section

Scale variation:  
Input PDFs:
EW scheme:

pZT

NNPDF3.0 NNLO ↵s(mZ) = 0.118, mem. 0

µ0 = EZ
T , 1/2 < µF /µR < 2

↵�GF scheme

24 Juan Rojo                                                                                                                  LHCP2017, Shanghai, 16/05/2017

PDFs and precision physics at the LHC Run II

Compare recent PDF fits with fiducial W,Z cross-sections at 
13 TeV from ATLAS!

Theory calculations with FEWZ and Horace: NNLO QCD + 
NLO EW. The latter improves agreement with data!

Qualitative agreement between theory and data for most 
cases - now looking forward to differential measurements!

• NNPDF3.0     NNPDF3.1, fit non-perturbative charm  

• NNPDF3.0     NNPDF3.1,           = 1.275     1.51 GeV      

J. Rojo - LHCP Conference

minp.
c

minp.
c = 1.275 GeV

minp.
c = 1.3 GeV

minp.
c = 1.4 GeV

!

!!
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Previous results:     observable�⇤
⌘
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Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan - arXiv:1610.01843 
JHEP 11(2016)094
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Not on lepton energies - Banfi et al. 
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Figure 4: Uncertainty from various sources on (1/�) d�/d�⇤⌘ (top) and (1/�) d�/dp``T (bottom) for events with
66 GeV < m`` < 116 GeV and |y`` | < 2.4. Left: electron-pair channel at dressed level. Right: muon-pair channel at
bare level.
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.    observable�⇤
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NNLO - ‘reliable’ to: 

  NLO - not reliable
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RG, Gehrmann-De Ridder, Gehrmann, Glover, Huss - Ongoing
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^
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Figure 1: Sketch of the Collins-Soper reference frame, in which the angles ✓CS and �CS are defined with respect to
the negatively charged lepton ` (see text). The notations x̂, ŷ and ẑ denote the unit vectors along the corresponding
axes in this reference frame.

of its corresponding coe�cient. The moment of a polynomial P(cos ✓, �) over a specific range of pZ
T, yZ ,

and mZ is defined to be:

hP(cos ✓, �)i =
R

P(cos ✓, �)d�(cos ✓, �)d cos ✓d�
R

d�(cos ✓, �)d cos ✓d�
. (4)

The moment of each harmonic polynomial can thus be expressed as (see Eq. (1)):

h1
2

(1 � 3 cos2 ✓)i = 3
20

(A0 � 2
3

); hsin 2✓ cos �i = 1
5

A1; hsin2 ✓ cos 2�i = 1
10

A2;

hsin ✓ cos �i = 1
4

A3; hcos ✓i = 1
4

A4; hsin2 ✓ sin 2�i = 1
5

A5;

hsin 2✓ sin �i = 1
5

A6; hsin ✓ sin �i = 1
4

A7.

(5)

One thus obtains a representation of the e↵ective angular coe�cients for Z/�⇤ production. These e↵ective
angular coe�cients display in certain cases a dependence on yZ , which arises mostly from the fact that
the interacting quark direction is unknown on an event-by-event basis. As the method of Ref. [3] relies
on integration over the full phase space of the angular distributions, it cannot be applied directly to data,
but is used to compute all the theoretical predictions shown in this paper.

The inclusive fixed-order perturbative QCD predictions for Z-boson production at NLO and NNLO were
obtained with DYNNLO v1.3 [25]. These inclusive calculations are formally accurate to O(↵2

s ). The
Z-boson is produced, however, at non-zero transverse momentum only at O(↵s), and therefore the cal-
culation of the coe�cients as a function of pZ

T is only NLO. Even though the fixed-order calculations
do not provide reliable absolute predictions for the pZ

T spectrum at low values, they can be used for
pZ

T > 2.5 GeV for the angular coe�cients. The results were cross-checked with NNLO predictions from
FEWZ v3.1.b2 [26–28] and agreement between the two programs was found within uncertainties. The

5
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pi(✓,�)

pp ! (Z ! l+l�) +XConsider the process:

Expand multi-diff. cross section in harmonic polynomials

dσ

dpZT dyZ dmZ d cos θ dφ
=

3

16π

dσU+L

dpZ
T dyZ dmZ{

(1 + cos2 θ) +
1

2
A0(1− 3 cos2 θ) +A1 sin 2θ cosφ

+
1

2
A2 sin2 θ cos 2φ+A3 sin θ cosφ+A4 cos θ

+A5 sin2 θ sin 2φ+A6 sin 2θ sinφ+A7 sin θ sinφ

}

Under the assumption that the dilepton pair is produced through the exchange of a

gauge boson, the reconstructed lepton kinematics provide a direct probe of the polarization

of the intermediate gauge boson which in turn provides a test of the gauge boson production

mechanism. This information is encoded in the angular coefficients A0,..,7 which depend

on pZT , yZ ,mZ , and also on the reference frame chosen to define the lepton kinematics θ,φ.

Measurements of this sort have been performed both at the TeVatron at the LHC.

The CDF [6] collaboration performed a measurement of angular coefficients A0,..,4 in pp̄

collisions at a centre-of-mass (CoM) energy of
√
s = 1.96 TeV. More recently, CMS [7]

and ATLAS [8] collaborations have performed a measurement of these coefficients in pp

collisions at
√
s = 8 TeV1. In all cases, the lepton kinematics are defined in the Collins-

Soper reference frame [1] and a invariant mass cut is placed on the dilepton pair around

the Z-boson.

Of the available measurements, the LHC measurements are most precise and most

notably both CMS and ATLAS observe evidence for a non-vanishing difference of the

angular coefficients A0 − A2 for pZT > 10 GeV. These results are extremely interesting,

as they demonstrate for the first time the breaking of the Lam-Tung relation [9, 10],

A0 − A2 = 0. This relation, for non-vanishing pZT , is expected to be violated for the first

time in a fixed-order QCD correction to the underlying Drell-Yan process at O(α2
s), or

equivalently to a Z+jet calculation at O(αs). [Include more detail on spin structure

of these amplitudes?] [Draw on comparison to FL structure function?] When a

comparison of the data to the this leading contribution is performed, significant tension

is observed in the intermediate region of pZT ∈ [20, 100] GeV, where both collaborations

observe the data to exceed the corresponding predictions. This discrepancy is also observed

solely in the A2 distributions, where the data tends to undershoot the predictions.

The purpose of this work provide is to provide theoretical predictions for the angular

coefficients A0, A2 (and their difference) for non-vanishing pZT at O(α2
s). This accuracy is

achieved with the calculation of the Z + jet process at O(α2
s) [Include nnlojet citations

and comments]. In doing so, we provide the first QCD correction to the relation A0−A2,

for which only the leading contribution is currently available.

ATLAS W boson mass measurement [11].

[Describe lay-out of paper]

1The ATLAS measurement also includes an extraction of the angular coefficients A5,..,7

– 2 –

A0,..,7

⇥
mZ, pZ

T, y
Z
⇤

Encode QCD dynamics Lepton pair kinematics

pi(✓, �)

 (reference frame dependent)

hpi(✓,�)i =
Z 1

�1
d(cos ✓)

Z 2⇡

0
d�

d�

d(cos ✓)d�
pi(✓,�)
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Figure 19: Distributions of the angular coe�cients A0, A2, A0 � A2 and A1 (from top to bottom) as a function of pZ
T.

The results from the yZ-integrated measurements are compared to the DYNNLO predictions at NLO and at NNLO,
as well as to those from PowhegBox + Pythia8 and PowhegBox + Herwig (left). The di↵erences between the
calculations and the data are also shown (right), with the shaded band around zero representing the total uncertainty
in the measurements. The error bars for the calculations show the total uncertainty for DYNNLO, but only the
statistical uncertainties for PowhegBox.
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Figure 4: The (a) A0 and (b) A2 angular coe�cients in Z-boson events as a function of p``T [42]. The measured
coe�cients are compared to the DYNNLO predictions using the CT10nnlo PDF set. The black vertical bars show
the total experimental uncertainties, and the bands show the uncertainties assigned to the DYNNLO predictions.

W -boson charge W+ W� Combined
Kinematic distribution p`T mT p`T mT p`T mT

�mW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coe�cients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

Table 3: Systematic uncertainties of the QCD modelling on the mW measurement for the di�erent kinematic
distributions and W boson charges. Except for the case of PDFs, the same uncertainties apply to W+ and W�. The
fixed-order PDF uncertainty given for the separate W+ and W� final states corresponds to the quadrature sum of
the CT10nnlo uncertainty variations; the charge-combined uncertainty also contains a 3.8 MeV contribution from
comparing CT10nnlo to CT14 and MMHT2014.
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For the Z+j process:
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Summary and conclusions

In general: 

- Experimentally:       in realm of %-level precision 

- Combined with NNLO predictions (precision pheno.):  
   PDF fits, input for precision measurements (       ), …  

- Can also assess region where fixed-order breaks down: 
  

Angular coefficients: 

- Large negative corrections to       (20%)  
- Improves comparison with data (in contact with exp’s)

pZT

pZT ⇠ 4 GeV

�⇤ ⇠ 0.02

A2

mW
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Inclusive Z cross-section uncertainties
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Impact of input value of           in global fit
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Figure 1: Sketch of the Collins-Soper reference frame, in which the angles ✓CS and �CS are defined with respect to
the negatively charged lepton ` (see text). The notations x̂, ŷ and ẑ denote the unit vectors along the corresponding
axes in this reference frame.

of its corresponding coe�cient. The moment of a polynomial P(cos ✓, �) over a specific range of pZ
T, yZ ,

and mZ is defined to be:

hP(cos ✓, �)i =
R

P(cos ✓, �)d�(cos ✓, �)d cos ✓d�
R

d�(cos ✓, �)d cos ✓d�
. (4)

The moment of each harmonic polynomial can thus be expressed as (see Eq. (1)):

h1
2

(1 � 3 cos2 ✓)i = 3
20

(A0 � 2
3

); hsin 2✓ cos �i = 1
5

A1; hsin2 ✓ cos 2�i = 1
10

A2;

hsin ✓ cos �i = 1
4

A3; hcos ✓i = 1
4

A4; hsin2 ✓ sin 2�i = 1
5

A5;

hsin 2✓ sin �i = 1
5

A6; hsin ✓ sin �i = 1
4

A7.

(5)

One thus obtains a representation of the e↵ective angular coe�cients for Z/�⇤ production. These e↵ective
angular coe�cients display in certain cases a dependence on yZ , which arises mostly from the fact that
the interacting quark direction is unknown on an event-by-event basis. As the method of Ref. [3] relies
on integration over the full phase space of the angular distributions, it cannot be applied directly to data,
but is used to compute all the theoretical predictions shown in this paper.

The inclusive fixed-order perturbative QCD predictions for Z-boson production at NLO and NNLO were
obtained with DYNNLO v1.3 [25]. These inclusive calculations are formally accurate to O(↵2

s ). The
Z-boson is produced, however, at non-zero transverse momentum only at O(↵s), and therefore the cal-
culation of the coe�cients as a function of pZ

T is only NLO. Even though the fixed-order calculations
do not provide reliable absolute predictions for the pZ

T spectrum at low values, they can be used for
pZ

T > 2.5 GeV for the angular coe�cients. The results were cross-checked with NNLO predictions from
FEWZ v3.1.b2 [26–28] and agreement between the two programs was found within uncertainties. The

5

Analysis performed in: 
Collins-Soper frame

Predictions for                                 obtained from:

hpi(✓CS ,�CS)i =
Z 1

�1
d(cos ✓CS)

Z 2⇡

0
d�CS

1

�

d�

d(cos ✓CS)d�CS
pi(✓CS ,�CS)

weighted with harmonic polynomial

Project out A.C.

A0,..,7

⇥
mZ, pZ

T, y
Z
⇤

A2 = h10 sin2 ✓ cos 2�iA0 = 4� h10 cos2 ✓i
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Input parameters for A.C.

PDFs: PDF4LHC NNLO Hessian 30 member set 
Choice of electroweak input parameters:{Mos

Z

, Mos

W

, Gµ

F

}

In this scheme         is a derived parameter:sos,2
w

sos,2
w

= 1� Mos,2
W

Mos,2
Z

⇡ 0.223

Problem for observables proportional to vector coupling (A3,A4)

/ 2

3
gup
V

+
1

3
gdo
V

Cross section for these contributions is

⇡ 0.031C
⇥
s2w = 0.230

⇤

⇡ 0.043C
⇥
s2w = 0.223

⇤

Included the leading one- and two-loop universal corrections 
relating MW-MZ, allows for matching to EW corrections
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Input parameters for A.C.

PDFs: PDF4LHC NNLO Hessian 30 member set 
Choice of electroweak input parameters:{Mos

Z

, Mos

W

, Gµ

F

}

In this scheme         is a derived parameter:sos,2
w

sos,2
w

= 1� Mos,2
W

Mos,2
Z

⇡ 0.223

Problem for observables proportional to vector coupling (A3,A4)

/ 2

3
gup
V

+
1

3
gdo
V

Cross section for these contributions is

⇡ 0.031C
⇥
s2w = 0.230

⇤

⇡ 0.043C
⇥
s2w = 0.223

⇤

Included the leading one- and two-loop universal corrections 
relating MW-MZ, allows for matching to EW corrections
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ATLAS, ‘unregularised’ A.C.
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Figure 28: For the eeCC+µµCC channel in the yZ-integrated configuration, overlays of regularised with unregularised
results are shown for A0 � A2.
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CMS, absolute uncertainties

6 7 Results
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Figure 1: Relative uncertainties in percent of the normalised fiducial cross section measure-
ment. Each plot shows the qT dependence in the indicated ranges of |y|.
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Figure 2: Relative uncertainties in percent of the absolute fiducial cross section measurement.
The 2.6% uncertainty in the luminosity is not included. Each plot shows the qT dependence in
the indicated ranges of |y|.

five bins in |y| and the last plot shows the qT dependence integrated over |y|. In the bottom
panels the ratio of the FEWZ prediction to data is shown. The vertical error bars represent the
statistical uncertainties of data and simulation. The red-hatched bands drawn at the points
represent the systematic uncertainties of the measurement only. The scale uncertainties are
indicated by the grey-shaded areas and the PDF uncertainties by the light-hatched bands. The
scale uncertainties are estimated from the envelope of the following combinations of variations
of the factorisation µF and the renormalisation µR scales: (2µF,2µR), (0.5µF,0.5µR), (2µF,µR),
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