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PREDICTIONS @ LHC

➤ Hard subprocess 

➤ PDFs 

➤ Parton shower 

➤ Hadronization + decays 

➤ Underlying event 

➤ Jets, substructure, res.



PREDICTIONS @ LHC

➤ Hard subprocess   (less Higgs) 

➤ PDFs 

➤ Parton shower 

➤ Hadronization + decays 

➤ Underlying event 

➤ Jets, substructure, res.
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THE PRECISION FRONTIER
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parton distribution functions 
(in principle, improvable) 

few % at LHC

hard scattering 
(systematically improvable) 

aim for few % level!
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non-perturbative effects 
(no good understanding) 

~ few %?

NP: intrinsic limitation?

PDF: for central EW production %-
level



1. The NNLO revolution(?) 

2. N3LO differential 

3. off-shell EW corrections 

4. Theory uncertainties 

OUTLINE.

• NNLO comparison 

• Distribution of NNLO results 

• one-loop RV amplitudes in NNLO 

• Photon Isolation 

• TH uncert. in PDFs 

• Scales in ratios



HARD SCATTERING  @  NNLO
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+ )
“double real”
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• 1/ε2, 1/ε 

• single unresolved

• double unresolved  

• single unresolved

• 1/ε4, 1/ε3, 1/ε2, 1/ε



NNLO —- BOTTLE NECKS
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+ )
“double real”

infrared singularities

two-loop amplitudes 
(new class of functions,  

combinatoric & 
algebraic complexity)

IR subtraction 
(involved IR structure,  

numerical stability,  
construction)

one-loop amplitudes 
(evaluation in singular 

& unstable regions)

�7



TWO-LOOP AMPLITUDES

➤ What we can do:  2 → 1  and  2 → 2  (mainly massless, 2 massive legs)  

➤ What we want:  3j,  V+2j,  γγj,  ttH,  EW corrections,  … 

1. Progress in 5-parton amplitudes  [from LC 5-point gluon (all plus)] 
• LC 5-point gluon (one minus) [Badger, Brønnum-Hansen, Hartanto, Peraro ’18] 
• LC 5-point gluon (all helicities) [Abreu, Dormans, Febres Cordero, Ita, Page ’18] 
• all masters (planar & non-planar) [Chicherin, Gehrmann, Henn, Wasser, Zhang, Zoia ’18]


• LC 5-point parton (all helicities) [Abreu, Dormans, Febres Cordero, Ita, Page, Sotnikov '19] 
• full 5-point gluon (all plus) [Badgera, Chicherinb, Gehrmannc, Heinrichb, M. Hennb, Peraroc, Wasserd, Zhangb, Zoia, '19] 

2. Understanding of elliptic integrals 

3. numerical approaches: tt [Chen, Czakon, Poncelet ’17], pySecDec (HH, H+j) [Borowka, Heinrich, Jahn, Jones, Kerner, Schlenk ’19]

* more painful with masses & scales
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FIG. 1: Integral topologies for massless five-particle
scattering at two loops.

pi are massless external momenta. We also introduce
the parity-odd invariant ϵ5 as

ϵ5 = tr
[
γ5/p1/p2/p3/p4

]
. (1)

We denote the loop momenta for the double-pentagon
family by k1 and k2, defined as shown in Fig. 1c.
The inverse propagators are

D1 = k21 , D2 = (−p1 + k1)2 ,

D3 = (−p1 − p2 + k1)2 , D4 = k22 ,

D5 = (p4 + p5 + k2)2 , D6 = (p5 + k2)2 ,

D7 = (k1 − k2)2 , D8 = (p3 + k1 − k2)2 ,

D9 = (p5 + k1)2 , D10 = (−p1 + k2)2 ,

D11 = (−p1 − p2 + k2)2 ,

(2)

where D9, D10 and D11 are irreducible scalar products
(ISPs).

LEADING SINGULARITIES AND UNIFORM
TRANSCENDENTAL WEIGHT INTEGRALS

The integrals of the double-pentagon family, shown in
Fig. 1c, can be related through integration-by-parts re-
lations [34–36] to a basis of 108 master integrals. Out of
these, 9 are in the so-called top sector, namely they have
all 8 possible propagators. Our goal is therefore to find
108 linearly independent UT integrals.
The integrals of the sub-topologies are already known,

because they are either sub-topologies of the penta-
box [9, 29] and of the hexa-box [30] families, or they
correspond to sectors with less than five external mo-
menta [37, 38]. In order to complete the UT basis, we
begin by searching for four-dimensional d log integrals,
which are closely related to UT integrals [24].
An ℓ-loop four-dimensional d log integral is an integral

whose four-dimensional integrand Ω can be cast in the
form

Ω =
∑

I=(i1,...,i4ℓ)

cI d logRi1 ∧ . . . ∧ d logRi4ℓ , (3)

where the Q-valued constants cI are the leading singu-
larities of Ω.

In order to perform the loop integration in D = 4− 2ϵ
dimensions, where ϵ is the dimensional regulator, it is
necessary to clarify how the integrand is to be defined
away from four dimensions. For example, one may sim-
ply “upgrade” the loop momenta from 4-dimensional to
D-dimensional (abbreviated as 4d and Dd) ones. We
call this the “näıve upgrade” of a 4d integrand. While
this method is quite powerful in finding a UT basis,
and indeed it has already found many successful appli-
cations [23, 39], the freedom involved in the upgrade can
become important, especially for integrals with many
kinematic scales. We first review the four-dimensional
analysis, and then provide a method of fixing the free-
dom, while maintaining the advantages of the canonical
differential equations method.
In this Letter, we use two techniques to find 4d d log

integrals.
(1) The algorithm [25], which can decide if a given

rational integrand can be cast in d log form (3). Starting
from a generic ansatz for the numerator, this algorithm
can classify all possible 4d d log integrals in a given family.
(2) Using computational algebraic geometry, we con-

sider a generic ansatz for the numerator Neven =∑
α cαmα of the parity-even, or Nodd =

∑
α cαmα/ϵ5 of

the parity-odd d log integrals. Each cα is a polynomial in
sij , and mα is a monomial in the scalar products. By re-
quiring the 4d leading singularities of the ansatz to match
a given list of rational numbers, we can use the module
lift techniques [40] in computational algebraic geometry
to calculate all cα and to obtain a 4d d log basis. This
method usually needs only a very simple ansatz, and the
module lift can then be performed through the computer
algebra system Singular [41].
One interesting phenomenon is that, for the double-

pentagon family, the näıve upgrade of a 4d d log integral
is in general not UT. Let us take the 4d d log integrals
presented in Ref. [42] as examples. The sum of the first
and the fifth d log integral numerators for the double-
pentagon diagram in Ref. [42], which we denote by B1 +
B5, does not yield a UT integral after the näıve upgrade.
This can be assessed from the explicit computation of the
differential equation.
The obstruction of the näıve upgrade implies that, in

order to obtain UT integrals, we have to consider terms
in the integrands which vanish as D = 4. These terms
can be conveniently constructed from Gram determinants
involving the loop momenta k1 and k2,

Gij = G

(
ki, p1, p2, p3, p4
kj , p1, p2, p3, p4

)

, with i, j ∈ {1, 2} . (4)

An integrand whose numerator is proportional to a com-
bination of the different Gij explicitly vanishes in the
D → 4 limit. UT integral criteria based on 4d cuts or 4d
d log constructions can not detect these Gram determi-
nants, and may yield inaccurate answers on whether an
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The renormalized amplitudes can be obtained from their bare counterparts by replacing
in eq. (2.6) the bare QCD coupling ↵0 by the renormalized coupling ↵s in D = 4 � 2✏

dimensions. The two couplings are related by
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which we can use to define the perturbative expansion of the renormalized amplitude,
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process known desired

pp æ 2 jets
N2LOQCD

NLOQCD+NLOEW

pp æ 3 jets NLOQCD N2LOQCD

Table I.2: Precision wish list: jet final states.

3 jets: A rapidly increasing number of results on 5-point two-loop amplitudes can be found in [105,
123,124,289–293].

1.6 Vector boson associated processes
The numerous decay channels for vector bosons and the possible inclusion of full o�-shell correc-
tions versus factorised decays in the narrow width approximation make vector boson processes
complicated to classify. A full range of decays in the narrow width approximation would be a de-
sirable minimum precision. In the meanwhile, for leptonic decays this goal is met for essentially
all processes in the list. In terms of QCD corrections, full o�-shell decays don’t mean a signifi-
cant complication of the respective QCD calculations and are available almost everywhere. This
is no longer true for EW corrections, where leptonic decays increase the complexity of the calcu-
lation, and are thus not availalbe for many high-multiplicity processes (involving more than four
final-state particles) yet. Hadronic decays are even harder to classify because they are formally
part of subleading Born contributions to processes involving jets and possibly further leptoni-
cally decaing vector bosons. Including higher-order corrections in a consisistent way here will
usually require full SM corrections to the complete tower of Born processes, as briefly discussed
in Sec. 1.3. An overview of the status of vector boson associated processes is given in Table I.3,
where leptonic decays are understood if not stated otherwise. Also “ induced processes become
increasingly important in cases where EW corrections are highly relevant. While often included
only at their leading order, first computations involving also full EW corrections to “-induced
channels were recently achieved.

V : Inclusive cross-sections and rapidity distributions in the threshold limit have been
extracted from the pp æ V results [294, 295]. Parton shower matched N2LOQCD
computations using both the MiNLO method [296], SCET resummation [196] and
via the UN2LOPS technique [219]. Completing the inclusive N3LOQCD computa-
tion beyond the threshold limit is an important step for phenomenological studies.
The dominant factorisable corrections at O(–s–) (N(1,1)LOQCD¢EW) are also now
available [297].
The inclusive production cross section for W and Z bosons has been measured
at the LHC using the leptonic decays of the vector bosons. The precision in those
measurements already reached the barrier of the luminosity uncertainty ≥ 2%, which
is not easy to further improve. For example, the most precise measurement of the
W and Z bosons integrated fiducial cross sections is for the

Ô
s = 7 TeV sample

having �‡W /‡W = 1.87% and �‡Z/‡Z = 1.82% uncertainty, with the luminosity
uncertainty (≥ 1.8%) accounting for most of it [298].
While the inclusive integrated cross sections have been already measured and com-
pared fairly well with the present theoretical predictions, this is not the case for
di�erential distributions. A key observable, both for precision studies as well as for

14

LH ’17 wishlist

G({cn, ⃗c n−1}, x) = ∫
1

0

dt
t − cn

G( ⃗c n−1, t) K(x, a) = ∫
x

0

dt

(1 − t2) (1 − at2)

[Remiddi, Tancredi]  

[Adams, Chaubey, Weinzierl]  

[Broedel, Duhr, Dulat, Penante, Tancredi]



ONE-LOOP IN AN NNLO CONTEXT

➤ many automated one-loop providers: 

• Recola, OpenLoops(2), MadLoop, GoSam, NLOX, … 

➤ LH ’17 technical comparison:  pp→ZZ  &  pp→WW 

➤ As Real-Virtual amplitudes in NNLO calculations: 

1. numerical stability — probe unresolved regions 

2. evaluation time (quad precision rescue system?) 

➤ Benchmark study specifically targeted towards this use case? 

    analytical amplitudes from numerical evaluations [De Laurentis, Maître ’19]  
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On-the-fly reduction of open loops Max Zoller
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Figure 4: Stability distributions for a sample 2 ! 3 process.

contrast to OPENLOOPS 1 (OL1) with CUTTOOLS 1.9.5 [5] in qp, where dp-contamination inside
CUTTOOLS prevents more than 16 correct digits. The scalar integrals for OL2 calculations in dp
were evaluated with COLLIER 1.2 [4].

For this process, OL2 in dp yields an improvement of 1�3 orders of magnitude in numerical
accuracy as compared to OL1+COLLIER in dp, which in turn gains many orders of magnitude com-
pared to OL1+CUTTOOLS in dp, especially in the tail, where the latter becomes unreliable. In fact,
the accuracy of OL2 in dp is comparable to OL1+CUTTOOLS in qp, which used to be the bench-
mark in OPENLOOPS 1. The accuracy of OL2 was measured once against the OL2_qp benchmark
and once with the rescaling test, the results of which are in excellent agreement. In OPENLOOPS 2
we use a stability rescue system for dp calculations similar to the one in OPENLOOPS 1, which
is based on the rescaling test in dp and a re-run in qp for phase space points, for which a target
accuracy is not reached.

4. CPU efficiency

In this section we briefly discuss the speed of the on-the-fly algorithm. The upper frame
in Fig. 5 shows the runtime versus the number of one-loop Feynman diagrams for four 2 ! 2 + n
process classes with n = 0, . . . ,3 additional gluons in the final state. We find in good approximation,
that the order of magnitude of the runtime scales linearly with the order of magnitude of the number
of one-loop diagrams. Computing a phase space point in qp takes a factor 20 � 80 longer than in
dp, depending on the process. In high-multiplicity processes, this factor tends to be larger than in
simple 2 ! 2 processes. The lower frame shows the ratio between the OL2 runtime in qp to the
OL1+CUTTOOLS runtime in qp, where we find a gain in speed of a factor 3�5 due to the on-the-fly
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[Buccioni, Lang, Pozzorini, Zhang, Zoller ’17]



SUBTRACTION METHODS

➤ Remarkable progress in the development of methods to perform NNLO computations! 

+ȴȝɠŒɫǩɻȴȣ ȴǇ ££�´ ɻʞŷʉɫŒƁʉǩȴȣ ȝƟʉǞȴƌɻ

ɫƟȝŒɫȅŒŷȋƟ ɠɫȴǊɫƟɻɻ ǩȣ ʉǞƟ ƌƟʻƟȋȴɠȝƟȣʉ ȴǇ ȝƟʉǞȴƌɻ ʉȴ ɠƟɫǇȴɫȝ ££�´ ƁȴȝɠʞʉŒʉǩȴȣɻ

ȣȴʉࢍ Œȣ ƟˇǞŒʞɻʉǩʻƟ ȋǩɻʉࢎ
ȋȴƁŒȋ

ɻʞŷʉɫŒƁʉǩȴȣ ŒȣŒȋˈʉǩƁ TT
Ɓȴȋȋǩɻǩȴȣɻ

˨ȣŒȋ࢙ɻʉŒʉƟ
ǽƟʉࢍɻࢎ

�ȣʉƟȣȣŒ !
ȋȴƁŒȋࢍ ŒǇʉƟɫ ɫȴʉȣࢎ

" " "

+ȴ�ȴɫ`ʞȋ " " ! "

qh࢙ðʞŷʉɫࡱ ! " " !
ˈȴȣȋࢍ iࢎ

ðϫϘͮϑϑ̺Ϙ ࡷ
ȣƟɻʉƟƌ ɻȴǇʉ࢖Ɓȴȋȋࡱ " ! "ࡷ " "

N࢙ǽƟʉʉǩȣƟɻɻ ! " " "
≥ࢍ 1 ǽƟʉ ɻȴ ǇŒɫࢎ

{session Thu morning}

‣ Projection-to-Born,  Local Analytic Sectors,  Geometric, …

* more painful with massless particles
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NNLO BENCHMARKS?

➤ Calculations @ NNLO very complex 

➤ Independent methods and/or implementation 

⇒   cross validation! 

➤ Many processes computed by at least two groups 

• perform tuned comparisons 

• validation points for future calculations/methods 

• Drell-Yan, … ?



NNLO BENCHMARKS!

➤ Long-standing tension between NNLO H+jet calculations

p
s 8 TeV 13 TeV 8 TeV

PDF set NNPDF23 nnlo PDF4LHC15 nnlo 30 NNPDF23 nnlo

Central scales µR = µF = mH µR = µF = mH µR = µF = mH

anti-kT jets R = 0.4 R = 0.4 R = 0.5

|⌘j | < 4.4 - |⌘j | < 2.5

p
j
T > 30 GeV p

j
T > 30 GeV p

j
T > 30 GeV

leading photon |⌘�1 | < 2.37 - -

p
�1
T > 0.35mH - -

sub-leading photon |⌘�2 | < 2.37 - -

p
�2
T > 0.25mH - -

Parton channels gg+qg+qq̄(NLO) gg+qg+qq̄(NLO) all channels (NNLO)

�
EFT
H(!��)+�1jet,NNLO

�
EFT
H+�1jet,NNLO

�
EFT
H+�1jet,NNLO

NNLOJET 9.44+0.59
�0.85 fb 16.8+0.9

�1.5 pb 5.81+0.51
�0.62 pb

Results from [18] 9.45+0.58
�0.82 fb - -

Results from [39] - 16.7+1.0
�� pb -

Results from [17] - - 5.5+0.3
�0.4 pb

Table 4. Comparison of NNLOJET results for Higgs-plus-jet cross sections at NNLO with previous
results in the literature [17, 18, 39], with fiducial cuts, parton distributions and parton-level channels
as in the respective studies. The theoretical uncertainty is estimated by varying the central scale
by a factor in the range [1/2, 2]. In [39], the cross section at µR = µF = 2mH scale is not quoted.

compared to NLO, and to be concentrated in low p
j1
T and at central rapidity. The residual

uncertainty on the theory prediction is at the level of about 5%. As already observed for

the H + 1j fraction, the theory prediction falls significantly below the data in absolute

normalization. The shape of the data is well described by the NNLO theory, as can be

seen from the distributions normalized to the fiducial cross section �H (lower panels in

Figure 4).

A similar behaviour is also observed for the transverse momentum sum of all jets HT ,

shown in Figure 5. The shape of the distribution is well-described by NNLO QCD, while

the normalization is discrepant by about the same amount as in the fiducial cross section

�H . The NNLO corrections are more significant in the high HT region at the order of

+20% (compared to NLO).

The CMS experiment has measured the transverse momentum distribution of the lead-

ing jet in Higgs-plus-jet events and the rapidity separation between the Higgs boson and

the leading jet. We compare these measurements to our NNLO EFT⌦M predictions in

Figure 6. The last bin in Figure 6 contains the overflow beyond the right edge for both

experiment data and theory predictions. We see that the NNLO corrections are largest at

low transverse momentum but are generally uniform in rapidity separation. The NNLO

corrections are somewhat larger than for the ATLAS cuts at the order of +11% compared

to NLO and find the NNLO scale uncertainty to be about 6%. The larger NNLO cor-

rections may be related to the fact that CMS uses a larger jet radius than ATLAS. The

absolute normalization of the CMS data is already well described by NNLO QCD, such

that normalization to the total fiducial cross sections does not modify the quantitative

– 10 –

[Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier ’16]

}Sector-imp.
residue subtr.

τN slicing

[Campbell, Ellis, Seth ’19]➤ Finally resolved

FIG. 6. The rapidity distribution of the Higgs boson computed at NLO and NNLO using MCFM, in the
NNLOJET setup. The NNLO coe�cient is calculated using ✏ = 2.5⇥ 10�5 in the boosted definition of T1.
The lower panel shows the ratio of the NNLO and NLO results.

where the error from the Monte Carlo calculation is shown first, and the scale uncertainty is
indicated by the sub- and super-scripts. This is to be compared with the corresponding result from
NNLOJET,

�NNLO(NNLOJET) = 16.73± 0.05+1.00
�1.51 pb . (13)

We see that, since the NNLO corrections are so large, the di↵erence between the total NNLO result
computed with NNLOJET and MCFM is at the 1% level and outside the (combined) 0.5% Monte
Carlo errors. Although this di↵erence does lie well within the residual NNLO scale uncertainty,
the fact that agreement is only at the percent level potentially limits the range and power of the
phenomenology that may be performed with this result. However, we note that the use of the
asymptotic fits for the central result yields excellent agreement,

�NNLO(MCFM, fit) = 16.71± 0.05+1.03
�1.52 pb . (14)

We conclude this section by examining the calculation of a more di↵erential quantity, the
rapidity spectrum of the Higgs boson. We show the NLO and NNLO predictions for this observable
in Fig. 6, where the NNLO coe�cient is calculated using ✏ = 2.5⇥ 10�5 in the boosted definition
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FIG. 4. ⌧ -dependence of NNLO coe�cients for the gg, qg and q̄g partonic channels, in the NNLOJET setup.
The plots on the left show the result when T1 is computed in the hadronic c.o.m. and the ones on the right
indicate the corresponding result when evaluating this quantity in the boosted frame. The (blue) solid lines
correspond to the fit form in Eq. (8), with the dot-dashed lines representing the errors on the asymptotic
value of the fit. The NNLOJET result, including its associated uncertainty, is shown as the band enclosed
by the black dashed lines.

10

FIG. 7. ⌧ -dependence of the NNLO coe�cient for the gg, qg + q̄g and four-quark partonic channels using
the setup of BCMPS. The plots on the left-hand side show the results with T1 computed in the hadronic
c.o.m. while those on the right are obtained using the boosted definition. The black dashed lines indicate
the BCMPS result, including the uncertainty, and the bands enclosed by the blue dot-dashed lines show the
error on the asymptotic value obtained from the fitted blue curve.
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➤ Full 2 → 2 @ NNLO calculation:  O(100k) CPUh 

⇒   prohibitive in applications such as  PDF  &  αs  fits! 

➤ Fast interpolation grids:   APPLfast [APPLgrid, fastNLO, NNLOJET ’19]The Interpolation Concept
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DISTRIBUTION OF RESULTS.

➤ Full 2 → 2 @ NNLO calculation:  O(100k) CPUh 

⇒   prohibitive in applications such as  PDF  &  αs  fits! 

➤ Fast interpolation grids:   APPLfast 

➤ nTuples @  NNLO

[APPLgrid, fastNLO, NNLOJET ’19]

[LH ’15, ’17]

– the scale variation is more complex,

– we need to include information about the initial state flavours and momentum fractions.

– the infrared structure of the process is much more complex and therefore the number of
subtractions is much enhanced.

The goal of this study is to ascertain whether using event files for hadronic processes is tractable
from the point of view of the storage space needed to gather enough statistics.

2.2 Storage format
For this experiment we used a ROOT [399] file backend for storage. In the previous study the
layout of the NLO nTuples described in [397]. For this study we have decided to modify the file
layout from a quite specialised layout to a more general one. For a given phase-space point the
form of a weight is given by:

Ê = –n
S pdf(x1, id1, µ) pdf(x2, id2, µ) ◊

1
c0 + c1 log(µ2) + c2 log2(µ2) + . . .

2
, (I.4)

where we have set the factorisation and renormalisation scale to be the same. Keeping track of
both dependence separately is possible but not considered in this study. This omission is not
relevant for the purpose of the study: the contribution that requires the largest storage is the
double real radiation contribution, which has no logarithmic dependence on the scale.

So for each phase-space point we save the final state kinematic and flavour information,
and an array of entries

n, x1, x2, id1, id2, j, cj

corresponding to every coe�cient of a logarithm in the weight in Eq. (I.4).

2.3 Event file sizes
The program NNLOjet [2] we used to estimate the file sizes separates the calculation is several
parts:

– the born cross section (LO),

– the NLO virtual (V) and real (R) parts

– the two-loop contribution (VV)

– the squared one-loop three jet contribution (RV)

– the double real radiation contribution (RR), separated in two parts (RRa, RRb).

Each part is integrated separately and has di�erent characteristics that impact on the storage
size. Table I.6 shows the size of the storage required for each part of the calculation per event.
These numbers were obtained by creating a small event file for each part. We use this estimate
to extrapolate the size of the storage capacity needed for a realistic scenario.

Table I.6 shows the size writing out the weights and the momentum configurations in the
order NNLOjet produces them. We can reduce the size of the event file by collecting all weights
that share the same final state phase-space configuration and collect weights corresponding to
the same value of n, x1, x2, id1, id2, j, cj , the factor in size gained and the resulting estimated
storage capacities needed are listed in Table I.7. From this table we can see that the order of
magnitude of the storage space needed for the full process is of the order of 100 TB. This is
somewhat higher than a comfortable size to work with, but not completely unmanageable.

There are optimisations that could be used to further reduce the storage requirements
that we have not considered yet and are left for further studies.

20

For each event store the weight decomposition:

➤ e+e-→ 3j    O(few TB) 

➤ pp→2j       O(100 TB) 

➤ input from different NNLO groups; benchmark using Drell-Yan?

[LH ’15]

[LH ’17 (estimate)]



DISTRIBUTION OF RESULTS.

➤ Full 2 → 2 @ NNLO calculation:  O(100k) CPUh 

⇒   prohibitive in applications such as  PDF  &  αs  fits! 

➤ Fast interpolation grids:   APPLfast 

➤ nTuples @  NNLO 

★ Common interface standard for both? 

★ Study impact on fits:    NNLO[grid]  vs.  NLO[grid] × KNNLO 

[APPLgrid, fastNLO, NNLOJET ’19]

[LH ’15, ’17]



TOP QUARK SPIN CORRELATION AT NNLO

➤ leptons carry spin 
information of the tops 

➤ fiducial: good agreement 

➤ inclusive: some tension
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FIG. 1: NNLO QCD predictions for the fiducial (top) and
inclusive selections (bottom) of the normalized ��`` distri-
bution versus ATLAS data [20]. Uncertainty bands are from
7-point scale variation.

III. RESULTS

In this work we calculate two di↵erential distributions,
namely, the two leptons’ angular di↵erence in the trans-
verse plane ��`` and their rapidity di↵erence |�⌘``|.

We have two selection criteria for each distribution.
The first one, called inclusive, does not assume any se-
lection cuts. The second one, called fiducial, is based on
the ATLAS selection cuts [20]: an electron and a muon
of opposite electric charge with pT > 27(25) GeV for the
harder (softer) lepton and |⌘| < 2.5. In addition, we re-
quire at least two jets (at least one of which is a b-flavored
jet) with pT > 25 GeV and |⌘| < 2.5. All jets are defined
with the anti-kT algorithm [64] with R = 0.4.

The normalized fiducial and inclusive ��`` and |�⌘``|
distributions are shown in fig. 1 and fig. 3, respectively.
Each curve is normalized with respect to the correspond-
ing visible cross-section, i.e. the integral under it equals
unity. The ��`` distribution is compared with the pub-
lished ATLAS data [20]; the |�⌘``| one is not since the
corresponding data has not been published yet.

A number of observations can be made from fig. 1.
The most interesting feature is the di↵erent behavior of
the NNLO/NLO ��`` K-factor between the fiducial and
inclusive cases. With respect to the inclusive case, in
the fiducial case the K-factor is much larger, the NNLO
distribution is in good agreement with data and the scale
uncertainty is much larger. Notably, the NNLO inclusive
prediction does not agree well with data.

Since both the fiducial and inclusive data originate

from the same measurement it is not a priori clear why
the NNLO calculation would agree with only one of them.
In our view the most plausible explanation for this dis-
crepancy lies in the extrapolation of the fiducial measure-
ment to the full phase space.

Such a conclusion should not come as a complete sur-
prise since the extrapolation to full phase space is per-
formed with event generators that have accuracy di↵erent
than the one in the present work. In fact an early indica-
tion about the importance of higher order corrections in
top quark production came from the long standing top
quark pT discrepancy, namely, that NLO-accurate event
generators do not model well the LHC top quark pT dis-
tribution while the NNLO QCD correction significantly
improves the agreement with data.

A. Anatomy of higher order corrections to ��``

In the following we o↵er a detailed analysis quantifying
a number of possible contributions to this observable. We
show that they are too small to a↵ect the behavior of this
observable in the SM.
Is the NNLO correction large? NLO analyses [20] in-

dicate that higher order e↵ects are likely not going to
bridge the 3.2� discrepancy with the ATLAS ��`` data.
Yet we see that the NNLO QCD prediction agrees well
with data in the fiducial region. From this one cannot
directly conclude that the NNLO correction is unusually
large. The reason is that our NNLO prediction uses scales
di↵erent than the ones in most event generators.

For our preferred choice of scales we find that the fidu-
cial NNLO/NLO K-factor is no larger than 5%. This
is perfectly reasonable NNLO correction which, more-
over, is consistent with the NLO scale uncertainty band.
The NLO/LO K-factor is larger by a factor of about 3.
In the inclusive case one observes smaller K-factors and
less scale variation which is reasonable to expect since
the observable is more inclusive. We note that in both
cases the smallness of the LO uncertainty band is due to a
cancellation between the normalization factor and is not
representative of the true uncertainty in the di↵erential
distribution.

We conclude that the behavior of ��`` is consistent
with good perturbative convergence. The NNLO cor-
rection plays an important role: in the fiducial case it
reduces the scale uncertainty by more than a factor of
two and modifies the slope of the theory prediction in a
direction that improves the agreement with data.
Choice of scales. All calculations in this work are per-

formed with three scales: the one in eq. (3) as well as
µF,R = mt and µF,R = mt/2. As can be seen in fig. 2
the result with scale mt/2 behaves similarly to the one
in eq. (3) and is even closer to data. On the other hand,
the calculation with scale mt has larger NNLO/NLO K-
factor and the agreement with data in the fiducial case
is not as good as for the other two scales.

To understand this behavior we recall that the scale
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rapid decay: spin info from tops 
transferred to leptons
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FIDUCIAL VS. INCLUSIVE

➤ When possible, report physical cross sections 

1. infamous WW example [Monni, Zanderighi ’13]  
• jet-veto efficiency overestimated Sudakov suppression  

2. H→4l  acceptances CMS vs. ATLAS 
• isolation prescription  can impact pert. stability 

3. angular coefficients Ai to extrapolate to full lepton acceptance 

➤ study acceptances/extrapolations with state-of-the-art tools?

{Talk by S. Jones}



N3LO —- GOING DIFFERENTIAL 

➤ Inclusive results:  H [Anastasiou et al. ’15] [Mistlberger ’18], H(VBF) [Dreyer, Karlberg '16], HH(VBF) [Dreyer, Karlberg '18] 

➤ Differential results:  yH 
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analytic [Dulat, Mistlberger, Pelloni ’18]
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qT subtraction [Cieri, Chen, Gehrmann, Glover, AH ’18]

• DIS [Currie, Gehrmann, Glover, AH, Niehues, Vogt, Walker], H→bb [Mondini, Schiavi, Williams '19] 

➤ N3LO beam function:  RRV [Melnikov, Rietkerk, Tancredi, Wever '17]  RRR [Melnikov, Rietkerk, Tancredi, Wever ’19]



EW —- GOING OFF-SHELL

➤ now up to  2 → 6:  WWW [Schönherr ’18],  W+W+ scattering [Biedermann, Denner, Pellen '17]  

➤ full NLO VBS(W+W+): W+
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Figure 7: Differential distributions at a centre-of-mass energy
√
s = 13TeV at the LHC

for pp → µ+νµe+νejj: (a) missing transverse momentum (top left), (b) rapidity separation

between the positron and anti-muon (top right), (c) invariant mass of the positron and anti-

muon system (bottom left), (d) invariant mass of the two tagging jets (bottom right). The

upper panels show the sum of all LO and NLO contributions with scale variation. The lower

panels show the relative corrections in per cent.

effects. The latter aspect plays an important role in this computation: the LO amplitude

consists of a purely EW-induced part, which includes VBS, and a QCD-induced part, leading

thus to three different LO contributions at the level of squared amplitudes. These are of

the orders O
(

α6
)

, O
(

αsα5
)

, O
(

α2
sα

4
)

in the strong and electromagnetic couplings. At NLO,

consequently, four types of corrections have been computed at the orders O
(

α7
)

, O
(

αsα6
)

,

O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

, respectively. For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, both NLO

QCD and EW corrections to different underlying Born contributions arise. These cannot be

unambiguously separated as some loop diagrams contribute to both. Hence, at NLO, it is

– 19 –

➤ EW corrections dominant! 

+ PS [Chiesa, Denner, Lang, Pellen '19]
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FIG. 3: Schematic representation of the double-pole approx-
imation for the VBS process. The black blobs represent the
factorized subprocesses while the grey gauge boson represents
a non-factorizable correction.
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FIG. 4: Schematic representation of the EVBA. The white
blob represents the VBS subprocess.

approximation (DPA) [23, 34]. In the DPA two on-shell
W bosons are requested, and the matrix elements are
split into those for production and decay of the reso-
nant W bosons. This is illustrated in Fig. 3 where the
blobs represent the production and decay processes of the
W bosons including the factorizable corrections, while
the explicit neutral gauge boson (Z, �) constitutes a typ-
ical non-factorizable correction in this framework. We
found that the DPA reproduces the full process within
1% and thus provides a su�ciently good approximation
for practical purposes. In the DPA, the factorizable cor-
rections constitute ⇠ 95% of the subtracted virtual cor-
rections and are thus responsible for the large EW correc-
tions. Moreover, the non-factorizable corrections result
exclusively from photon exchange and are compensated
upon adding the corresponding real photonic corrections.

To further simplify the discussion, we use the EVBA,
depicted schematically in Fig. 4, where two W bosons are
radiated o↵ the quark lines to scatter. In this picture,
most of the energy is transferred to the two back-to-back
jets while the rest of the energy goes into the scattering
of the two W bosons in the central region. The invariant
masses of the radiated W bosons are space-like but of the
order of the W-boson mass to enhance the cross section
[13, 35, 36]. While the EVBA constitutes a crude approx-
imation valid only in the very-high-energy limit [36, 37],
it is su�cient to discuss the origin of the enhanced EW
corrections.

To proceed, we combine the EVBA with the Sudakov
approximation in a similar way as pioneered in Ref. [37]

for VBS in electron–positron annihilation. In the Su-
dakov limit, where all invariants are large, the domi-
nant EW corrections result from double and single loga-
rithms involving ratios of the large invariants and the
vector-boson masses squared [38, 39]. In the EVBA
the large logarithms in the factorizable corrections re-
sult only from the vector-boson-scattering subprocess,
W+W+

! W+W+. To keep things simple, we only con-
sider the double EW logarithms, the collinear single EW
logarithms, and the single logarithms resulting from pa-
rameter renormalization. Following Ref. [39], we obtain

�LL = �LO


1�

↵

4⇡
4Cew

W log2
✓

Q2

M2
W

◆

+
↵

4⇡
2bewW log

✓
Q2

M2
W

◆�
, (11)

where the EW Casimir operator and the �-function co-
e�cient for W bosons read

Cew
W =

2

s2w
, bewW =

19

6s2w
(12)

with the sine of the weak mixing angle sw. Using
hm4`i ⇠ 390GeV as a typical scaleQ for the VBS subpro-
cess leads to an EW correction of about �16%. Applying
this logarithmic approximation di↵erentially to the dis-
tribution in the invariant mass of the four leptons yields
about �15%. These numbers reproduce remarkably well
the full correction of �16% given the fact that they in-
clude only logarithmic corrections resulting from the VBS
subprocess, neglecting even the angular-dependent lead-
ing logarithms.

The resulting EW corrections are by a factor of 3–
4 larger compared to processes like vector-boson pair
production or top-quark pair production for the follow-
ing reasons. First, the EW Casimir operator Cew is
larger for vector bosons than for fermions. This enhances
the double logarithmic corrections by a factor of 1.5 for
WW ! WW with respect to qq̄ ! WW. Second, the
typical scale of the hard scattering process Q is larger for
WW ! WW. For a typical pair-production process the
scale is more or less of the order of the pair production
threshold, i.e. Q ⇠ 250GeV for qq̄ ! WW/ZZ, since
the cross sections drop with 1/ŝ above threshold. For
WW ! WW, on the other hand, the cross section drops
much slower (c.f. Fig. 1) owing to the massive t-channel
vector-boson exchange in these processes [40]. Without
cuts, the cross section would even approach a constant
for high energies. The scale Q = hm4`i ⇠ 390GeV en-
hances the double logarithmic corrections by a factor of
1.9 with respect to a scale Q ⇠ 250GeV. Third, the can-
cellation between single and double logarithms is weaker
for external vector bosons than for external fermions.
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FIG. 3: Schematic representation of the double-pole approx-
imation for the VBS process. The black blobs represent the
factorized subprocesses while the grey gauge boson represents
a non-factorizable correction.

FIG. 4: Schematic representation of the EVBA. The white
blob represents the VBS subprocess.

approximation (DPA) [23, 34]. In the DPA two on-shell
W bosons are requested, and the matrix elements are
split into those for production and decay of the reso-
nant W bosons. This is illustrated in Fig. 3 where the
blobs represent the production and decay processes of the
W bosons including the factorizable corrections, while
the explicit neutral gauge boson (Z, �) constitutes a typ-
ical non-factorizable correction in this framework. We
found that the DPA reproduces the full process within
1% and thus provides a su�ciently good approximation
for practical purposes. In the DPA, the factorizable cor-
rections constitute ⇠ 95% of the subtracted virtual cor-
rections and are thus responsible for the large EW correc-
tions. Moreover, the non-factorizable corrections result
exclusively from photon exchange and are compensated
upon adding the corresponding real photonic corrections.

To further simplify the discussion, we use the EVBA,
depicted schematically in Fig. 4, where two W bosons are
radiated o↵ the quark lines to scatter. In this picture,
most of the energy is transferred to the two back-to-back
jets while the rest of the energy goes into the scattering
of the two W bosons in the central region. The invariant
masses of the radiated W bosons are space-like but of the
order of the W-boson mass to enhance the cross section
[13, 35, 36]. While the EVBA constitutes a crude approx-
imation valid only in the very-high-energy limit [36, 37],
it is su�cient to discuss the origin of the enhanced EW
corrections.

To proceed, we combine the EVBA with the Sudakov
approximation in a similar way as pioneered in Ref. [37]

for VBS in electron–positron annihilation. In the Su-
dakov limit, where all invariants are large, the domi-
nant EW corrections result from double and single loga-
rithms involving ratios of the large invariants and the
vector-boson masses squared [38, 39]. In the EVBA
the large logarithms in the factorizable corrections re-
sult only from the vector-boson-scattering subprocess,
W+W+

! W+W+. To keep things simple, we only con-
sider the double EW logarithms, the collinear single EW
logarithms, and the single logarithms resulting from pa-
rameter renormalization. Following Ref. [39], we obtain
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where the EW Casimir operator and the �-function co-
e�cient for W bosons read

Cew
W =

2

s2w
, bewW =

19

6s2w
(12)

with the sine of the weak mixing angle sw. Using
hm4`i ⇠ 390GeV as a typical scaleQ for the VBS subpro-
cess leads to an EW correction of about �16%. Applying
this logarithmic approximation di↵erentially to the dis-
tribution in the invariant mass of the four leptons yields
about �15%. These numbers reproduce remarkably well
the full correction of �16% given the fact that they in-
clude only logarithmic corrections resulting from the VBS
subprocess, neglecting even the angular-dependent lead-
ing logarithms.

The resulting EW corrections are by a factor of 3–
4 larger compared to processes like vector-boson pair
production or top-quark pair production for the follow-
ing reasons. First, the EW Casimir operator Cew is
larger for vector bosons than for fermions. This enhances
the double logarithmic corrections by a factor of 1.5 for
WW ! WW with respect to qq̄ ! WW. Second, the
typical scale of the hard scattering process Q is larger for
WW ! WW. For a typical pair-production process the
scale is more or less of the order of the pair production
threshold, i.e. Q ⇠ 250GeV for qq̄ ! WW/ZZ, since
the cross sections drop with 1/ŝ above threshold. For
WW ! WW, on the other hand, the cross section drops
much slower (c.f. Fig. 1) owing to the massive t-channel
vector-boson exchange in these processes [40]. Without
cuts, the cross section would even approach a constant
for high energies. The scale Q = hm4`i ⇠ 390GeV en-
hances the double logarithmic corrections by a factor of
1.9 with respect to a scale Q ⇠ 250GeV. Third, the can-
cellation between single and double logarithms is weaker
for external vector bosons than for external fermions.

Unitarisation of Higg: EWWSB,


4 = # ext. W’s


large SU(2) gauge coupling & casimir




PHOTON ISOLATION

Physik-Institut

hard cone isolation - I

Idea/Concept

– define cone with fixed R

– integrate all hadronic ET within the cone

– set upper limit:

Ehad

T  Emax

T (p�
T ) = "p�

T + E thres

T

r

Ehad
T

R

Emax
T

technical complications

[Les Houches 2009, 2011, 2015 ...]

– direct component 3, fragmentation component 3

– fragmentation functions Di� (i = g, q, q̄) are complicated objects

[M.Gluck et al. 1995; L.Bourhis et al.,hep-ph/9704447]

– Di� : O(↵em) or O(↵em/↵s) ?

– Emax

T ! 0 eliminates fragmentation contribution but is IR unsafe

06/06/2019 photon isolation Page 5

Physik-Institut

smooth cone isolation

Idea/Concept

[S.Frixione,hep-ph/9801442]

– make isolation condition r-dependent:

Ehad

T (r)  Emax

T (p�
T , r) = "p�

T

✓
1 � cos r
1 � cosR

◆n

8r  R

– Emax

T (p�
T , r) �!r!0

0: direct comp. 3, frag. comp. 7

– IR safe

tight isolation parameters

[Les Houches 2013, 2015; S.Catani et al.,1802.02095]

– Problem: smooth profile cannot be implemented in experiment

– mimic experimental isolation with tight isolation parameters

r

Ehad
T

R

"dE
�
T

06/06/2019 photon isolation Page 7

Ehad
T  ✏ p�T

✓
1� cos r

1� cosR

◆n

8r  R
<latexit sha1_base64="u6lpPlyRAe32HavYwYf/o8UmLAE="></latexit>

Ehad
T  ✏ p�T + Ethresh

T
<latexit sha1_base64="86Ra6W+8sId2XQaqxUnRnxBDRq0="></latexit>

HARD CONE SMOOTH CONE

➤ Tight isolation accord (γγ, γ+jet) [LH ’13, ’15]  

    For                 hard vs. smooth    ~ O(few %) 

    looser:  O(10%)

{session Fri afternoon}

• fragmentation 

• used in experiment

• no fragmentation (theory 😀) 

• cannot be used in experiment

✏ . 0.1
<latexit sha1_base64="sMTJXxCy5/KkZD/H/AdppMRYL+0="></latexit>

[Frixione ’98]



PHOTON ISOLATION  CONT.

➤ NNLO:  O(few %) matters! 

➤ Isolation with smaller mismatch 

• get away with looser cuts? 

• soft-drop [Hall, Thaler ’18], … 

➤ connection to Tools & MC? 

➤ fragmentation @ NNLO  &  how to measure them?

{session Fri afternoon}

Physik-Institut

modified versions

discretized smooth cone isolation

hollow cone isolation

hybrid cone isolation

[F.Siegert,1611.07226; X.Chen et al.,1904.01044]

– within hard cone (R) define smaller smooth cone (r2
⌧ R2

), which

eliminates the fragmentation contribution

– outer hard cone describes experimental isolation exactly

– dependence on isolation parameters can be determined correctly, no

uncertainty from tuning of isolation parameters

r

Ehad
T

R

Emax
T

06/06/2019 photon isolation Page 8

HYBRID ISOLATION
[Siegert ’16]
[Chen et al. ’19]

γ + D2i ࢕ �ü��ð ॸ 13 h2o

ࡪǞƟȣ+ࢁ cƟǞɫȝŒȣȣࡪ cȋȴʻƟɫࡪ oɁǇƟɫࡪ �o ࢂࠐࠈࢩ

10
�5

10
�4

10
�3

10
�2

10
�1

10
0

10
1

10
2

10
3

10
4

NNLOJET
p

s = 13 TeVpp ! g + j (Nj � 1)

NNPDF 3.1
µR = µF = pg

T

p j
T > 100GeV

|y j |< 2.37

|yg |< 2.37 excl. [1.37,1.56]

Rg j > 0.8

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

125 200 300 500 20001000

NNLOJET
p

s = 13 TeVpp ! g + j (Nj � 1)

d
s
/d

p T
[f

b
/G

e
V
]

LO

NLO

NNLO

NNLO,NNPDF30

ATLAS

R
a
ti

o
to

N
L

O

pg
T [GeV]

Ǟˈŷɫǩƌ ǩɻȴȋŒʉǩȴȣ

£�´ !ࢍ 1 ࢎ
! +40W ƁȴɫɫƟƁʉǩȴȣɻ
! ±10W ʞȣƁƟɫʉŒǩȣʉǩƟɻ
££�´

! ∼ 5W ƁȴɫɫƟƁʉǩȴȣɻ
! ɵǛŒɛƝ ƊǦɵʂȰɥʂǦȰȠɵ
! " 5W ʞȣƁƟɫʉŒǩȣʉǩƟɻ

! ɠɫƟʻǩȴʞɻ ££�´ ƁŒȋƁʞȋŒʉǩȴȣ
τN ࡪŒȝɠŷƟȋȋ+ࢁ Dȋȋǩɻࡪ īǩȋȋǩŒȝɻ ࢂࠎࠈࢪ
ƌˈȣŒȝǩƁŒȋࢍ ƁȴȣƟ ǩɻȴȋࢎࡱ



THEORY UNCERTAINTIES

➤ increasingly urgent to have more robust uncertainty estimates 

➤ scale ambiguities in jets 

➤ theory uncertainties in PDF fits 

➤ scales in ratios:  

{Talk by J. Huston}

{session on Fri morning}
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➤ increasingly urgent to have more robust uncertainty estimates 

➤ scale ambiguities in jets 

➤ theory uncertainties in PDF fits 

➤ scales in ratios:   

• pT(Z) / pT(W) 
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Wojciech Bizoń et al.: The transverse momentum spectrum of weak gauge bosons at N3LL+NNLO 7
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Fig. 3. Ratios of Z/W+ and W�/W+ normalised di↵eren-
tial distributions at NLL+LO (green), NNLL+NLO (blue) and
N3LL+NNLO (red) at

p
s = 13 TeV. The three lower panels

show three di↵erent prescriptions for the theory uncertainty,
as described in the text.

Fig. 4. Ratios of Z/W+ and W�/W+ normalised di↵eren-
tial distributions at NNLO (green), NNLL+NLO (blue) and
N3LL+NNLO (red) at

p
s = 13 TeV. For reference, the

Pythia8 prediction in the AZ tune is also shown, and the lower
panels show the ratio of each prediction to the latter.

[Bizoń et al. ’19]
NNLO+N3LL



THEORY UNCERTAINTIES

➤ increasingly urgent to have more robust uncertainty estimates 

➤ scale ambiguities in jets 

➤ theory uncertainties in PDF fits 

➤ scales in ratios:   

• pT(Z) / pT(W)  

• ang. coefficients Ai
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NLO substantial di�erences in correlated vs. uncorrelated
NNLO similar uncertainty estimates

uncorrelated exhibits more realistic behaviour ; default choice

Calculational setup

LHC @ 8 TeV: ATLAS [arXiv:����.�����], CMS [arXiv:����.�����], LHCb

region & accuracy: pT,Z > 10 GeV & O
�
↵3
s

�
(using Z + jet@ NNLO)

PDF & ↵s: PDF4LHC15_nnlo_30 & ↵s(MZ) = 0.118
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Ai defined through ratios:

hf(✓,�)i =

R
d⌦ d�(µnum.

F , µnum.
R ) f(✓,�)R

d⌦ d�(µden.
F , µden.

R )

I correlated: µnum.
F,R = µden.

F,R  � points
I uncorrelated: 1

2  µi
a/µ

j
b  2  �� points

[Gauld et al. ’17]



THEORY UNCERTAINTIES

➤ increasingly urgent to have more robust uncertainty estimates 

➤ scale ambiguities in jets 

➤ theory uncertainties in PDF fits 

➤ scales in ratios:   

• pT(Z) / pT(W)  

• ang. coefficients Ai   

• pT(γ): 13 TeV / 8 TeV

{Talk by J. Huston}

{session on Fri morning}
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THEORY UNCERTAINTIES

➤ increasingly urgent to have more robust uncertainty estimates 

➤ scale ambiguities in jets 

➤ theory uncertainties in PDF fits 

➤ scales in ratios:   

• pT(Z) / pT(W)  

• ang. coefficients Ai   

• pT(γ): 13 TeV / 8 TeV 

➤ nuisance parameters in pT res.

{Talk by J. Huston}

{session on Fri morning}

Z pT Spectrum.
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Level 1: ✓̃i = (0 ± 0.25) ⇥ ci
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⌫
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Frank Tackmann (DESY) pT Resummation for Z and W/Z from SCETlib 2019-04-02 10 / 13

[Tackmann EWWG ’19]



FINAL REMARKS.

➤ Remarkable progress in precision calculations: 

• 2 → 2 @ NNLO,  2 → 1 @ N3LO,  off-shell EW 2 → 6  

➤ still many issues & challenges   ⇒   let’s tackle some here! 

➤ More topics to consider: 

• mixed QCD-EW corrections; how to combine QCD & EW? 

• pT(Z)—in the world of per-cent precision 

➡ mb effects, QED ISR, NP effects, …  

• fixed-order  vs.  resummation  vs.  showers 

• … your ideas!

ENJOY LES HOUCHES!

{EWWG  June 18th}



BACKUP.



PT(Z) @ THE PER-CENT LEVELThe pZT spectrum — in the world of per-cent precision

Bottom-quark e�ects [Bagnaschi, Maltoni, Vicini, Zaro ’��]
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d�mb

dpZ
T

=
d�� FS

b veto
dpZ

T

+
d�� FSmb>0

dpZ
T

} di�erent PS approx.

I shape distortion @ ±0.5% level

I impact onMW extraction
,! �MW < 5 MeV

Small-pT QED ISR e�ects [Cieri, Ferrera, Sborlini ’��]

(LL)QED �1% ! +0.5%

,! uncertainty: 2–3%

(NLL+NLO)QED ⇠ 0.5%

,! uncertainty: ⇠ 1%

PDF and non-perturbative e�ects [Catani, de Florian, Ferrera, Grazzini ’��]

PDF ⇠ ±3% NP . 2% (pZ

T
> 15 GeV), more sizeable for pZ

T
< 3 GeV



ANGULAR COEFFICIENTSAngular coe�cients

hadron plane

x

y

z

lepton plane

p1 p2

k1

��

✓ �

p p ! Z/�⇤ + X ! `�`+ + X

I lepton angular distributions (✓, �)
I probe production dynamics & polarisation
I MW & sin2 ✓w measurement

[Gauld, Gehrmann–De Ridder, Gehrmann, Glover, AH ’��]

Angular coe�cients: Ai(p
Z
T, yZ, m``) Ylm(✓, �), l = 0, 1, 2

d�

d4q d cos ✓ d�
=

3

16⇡

d�
unpol.

d4q

⇢
(1 + cos

2
✓) +

1

2
A0 (1 � 3 cos

2
✓)

+ A1 sin(2✓) cos � +
1

2
A2 sin

2
✓ cos(2�)

+ A3 sin ✓ cos � + A4 cos ✓ + A5 sin
2

✓ sin(2�)

+ A6 sin(2✓) sin � + A7 sin ✓ sin �

�

Ai(q) + �
unpol.

production dynamics

Ylm(✓,�)
lepton kinematics

l = 0 : m = 0

l = 1 : m = ±1, 0

l = 2 : m = ±2, ±1, 0

total: 9



MIXED QCD—EW FOR DRELL-YANProgress towards NNLO QCD–EW corrections

I Pole approximation (around resonance) . . . . . . . . . . . . . . . . . . . . [Dittmaier, AH, Schwinn ’��, ’��]
I Altarelli–Parisi splitting functions . . . . . . . . . . . . . . . . . . . . . . . . [de Florian, Sborlini, Rodrigo ’��]
I �-loop master integrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . [Bonciani, Di Vita, Mastrolia, Schubert ’��]

[von Manteu�el, Schabinger ’��]

I Double-real (production, inclusive) . . . . . . . . . . . . . . . . . . . [Bonciani, Buccioni, Mondini, Vicini ’��]
I QCD–QED (on-shell Z, inclusive) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [de Florian, Der, Fabre ’��]

[de
Florian,Der,Fabre

’��]

I trick: start with NNLO QCD
,! SU(3)colour ! U(1)QED

, W and o�-shell decay%

I O(↵s↵QED) < 1�

I O
�
↵2

QED

�
O
�
10�5

�

I but forMW , shape!


