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two strategies of looking for new physics

bump hunting, if possible new particles are in the investigated
energy domain

analysis data driven
if new BSM threshold is higher than the available energy

look for deviations from SM predictions in the tails of
distributions
measure the SM couplings and parameters with the highest
possible precision in order to discover internal inconsistencies
both above cases require the most possible precision in
theoretical predictions

F. Piccinini



Most exciting New Physics hint disappeared (∼350 th-papers)

Search	for	di-photon	resonances

16

CMS	PAS	EXO-16-027Phys. Rev. Lett. 117

Clarification: the small excess 
at 750 GeV remained there 
after reprocessing and final 
calibration (CMS choice to 
reprocess prior to publishing). 

Ev
en

ts
 / 

20
 G

eV

1

10

210

Data
Fit model

 1 s.d.±
 2 s.d.±

EBEE

 (GeV)γγm
400 600 800 100012001400160018002000

st
at

σ
(d

at
a-

fit
)/

-2

0

2

 (13 TeV)-112.9 fbCMS Preliminary

Ev
en

ts
 / 

20
 G

eV
1

10

210

310 Data
Fit model

 1 s.d.±
 2 s.d.±

EBEB

 (GeV)γγm
400 600 800 100012001400160018002000

st
at

σ
(d

at
a-

fit
)/

-2

0

2

 (13 TeV)-112.9 fbCMS Preliminary

2016	analysis:	straight	reload	of	2015	analysis

2016 data: no evidence of strengthening of this bump

2015	data

from T. Camporesi, ICHEP 2016
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Most impressive results of LHC Run 1

measured cross sections in agreement with SM
predictions over 6 orders of magnitude
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the same from CMS

 [p
b]

σ
P

ro
du

ct
io

n 
C

ro
ss

 S
ec

tio
n,

  

3−10

2−10

1−10

1

10

210

310

410

510

CMS PreliminaryJune 2016

All results at: http://cern.ch/go/pNj7
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Theory prediction

for several final states the theory uncertainty is (and will
be even further) the limiting factor
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precision also on distributions: e.g. pl+l−
T

W/Z+1jet
• They provide stringent tests on the SM, as they are measured 
with small errors over a large energy range. Important for 
improving PDFs, and detector calibration as well. 

Total experimental 
uncertainty up to 
200GeV for the PTZ 
is < 1%

exp uncertainty at the % level over a wide range of pT values
F. Piccinini



Starting point: the SM Lagrangian

Lmatter +Lgauge +LHiggs +Lgauge−int.+LYukawa−inter.+LHiggsself−int.
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From SM Lagrangian to collider phenomenology

σexp ≡ 1∫
Ldt

Nobs

A ε
= σtheory

σtheory ≡
∑
a,b

∫ 1

0
dx1dx2fa,H1(x1,µ

2
F ,µ

2
R)fb,H2(x2,µ

2
F ,µ
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R)×

×
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ΛnQCD
Qn

)

Campbell, Huston, Stirling, hep-ph/0611148

PDF’s fitted from data
σ̂ calculated
perturbatively

σ = σ0(1 + αsδ
QCD
1

+ α2
sδ

QCD
2

+ αδEWK
1 + . . .)
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Higher order SM corrections

a powerful per cent level comparison between theoretical
predictions and measurements requires the inclusion of
perturbative higher order corrections
in particular, for observables inclusive on additional radiation,
fixed order calculations are reliable
for 2→ 1 and 2→ 2 scattering processes the QCD NNLO
corrections have been recently calculated, with the help of
new subtraction schemes

for colourless final states
Higgs production
C.C. and N.C. Drell Yan
pp→HW , pp→HZ
pp→ V V ′, V,V ′ = Z,W,γ

for final states involving coloured particles
pp→ tt̄, single-top production
Wj, Zj and Hj production
pp→Hjj in VBF

F. Piccinini



fully differential NNLO QCD corrections to DY

DYNNLO, FEWZ
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NNLO QCD corr’s to pp→W+W−→ 4 leptons

dσ/dmWW [fb/GeV] µ+e-νµν‾ e(inclusive)@LHC 8 TeV
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Figure 4: Distribution in the invariant mass of the W+W− pair, mW+W− = mµ+e−νµν̄e . No
acceptance cuts are applied. Absolute LO (black, dotted), NLO (red, dashed) and NNLO (blue,
solid) predictions at

√
s = 8 TeV (left) and

√
s = 13 TeV (right) are plotted in the upper frames.

The lower frames display NLO′+gg (green, dot-dashed) and NNLO predictions normalized to NLO.
The bands illustrate the scale dependence of the NLO and NNLO predictions. In the case of ratios,
scale variations are applied only to the numerator, while the NLO prediction in the denominator
corresponds to the central scale.

contributes only at its leading order at O(α2
S) and thus could receive large relative corrections, was

not expected to break this picture due to its overall smallness already in Ref. [46]. That conclusion
is supported by the recent calculation of the NLO corrections to the loop-induced gg channel [37].

In Figures 4–7 we present distributions that characterize the kinematics of the reconstructed
W bosons¶. Absolute predictions at the various perturbative orders are complemented by ratio
plots that illustrate the relative differences with respect to NLO. In order to assess the importance
of genuine NNLO corrections, full NNLO results are compared to NLO′+gg predictions in the
ratio plots.

In Figure 4 we show the distribution in the total invariant mass, mW+W− = mµ+e−νµν̄e . This
observable features the characteristic threshold behaviour around 2mW , with a rather long tail
and a steeply falling cross section in the off-shell region below threshold. Although suppressed by
two orders of magnitude, the Z-boson resonance that originates from topologies of type (b) and
(c) in Figure 1 is clearly visible at mµ+e−νµν̄e = mZ . Radiative QCD effects turn out to be largely
insensitive to the EW dynamics that governs off-shell W -boson decays and dictates the shape of

¶The various kinematic variables are defined in terms of the off-shell W -boson momenta, pW+ = pµ+ + pνµ and
pW− = pe− + pν̄e .
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Figure 10: Distribution in the dilepton invariant mass. W+W− cuts are applied. Absolute
predictions and relative corrections as in Figure 4.

σNLO = 238.3(6) fb and σNNLO = 265(2) fb, on the other hand, are again in agreement with the
4FS results at the 1%− 2% level.

Differential distributions in presence of W+W− fiducial cuts are presented in Figures 8–15. We
first consider, in Figure 8, the distribution in the azimuthal separation of the charged leptons,
∆φll. The NLO′+gg approximation is in good agreement with full NNLO result at small ∆φll,
but in the peak region the difference exceeds 5%, and the NLO′+gg result lies outside the NNLO
uncertainty band. The difference significantly increases in the large ∆φll region, where the cross
section is strongly suppressed though. The uncertainty bands of the NLO and NNLO predictions
do not overlap. This feature is common to all distributions that are considered in the following. It
is primarily caused by the loop-induced gg contribution, which enters only at NNLO and is not
accounted for by the NLO scale variations. Ignoring the gluon-induced component, we observe a
good perturbative convergence, apart from some peculiar phase-space corners.

In Figure 9 we study the cross section as a function of the azimuthal separation ∆φll,νν between
the transverse momentum of the dilepton pair (pT,ll) and the missing transverse momentum (pmiss

T ).
Since ∆φll,νν = π at LO, the (N)NLO calculation is only (N)LO accurate at ∆φll,νν < π. The
NNLO corrections have a dramatic impact on the shape of the distribution: The σNNLO/σNLO

K-factor grows with decreasing ∆φll,νν and reaches up to O(10) in the region ∆φll,νν . 1, where
the cross section is suppressed by more than three orders of magnitude. This huge effect results
from the interplay of the jet veto with the cuts on the pT ’s of the individual leptons and on
pmiss
T . At small ∆φll,νν the transverse momenta pT,ll and pmiss

T must be balanced by recoiling QCD
partons. However, at NLO the emitted parton can deliver a sizeable recoil only in the region

19

M. Grazzini et al., arXiv:1605.02716
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tt̄ @NNLO QCD

tt̄ production
(a) (b) (c) (d)
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Figure 2. The pT,t spectrum computed through NNLO in QCD and compared to data from the

DØ Collaboration [5]. The plot on the left shows its absolute normalisation, while the one on the

right the same distribution but normalised to unity. The plots also show the ratio of data to NNLO

QCD as well as the NNLO/NLO and NLO/LO K-factors KNNLO and KNLO. The error of the theory

predictions at NLO and NNLO is derived by adding in quadrature errors from scales and pdf.

estimated to be about 3-4%.

3.3 pT distribution of the top quark

In fig. 2 we show the single inclusive pT spectrum of the top quark in absolute normalisation

(left) and normalised to unity (right). The bins correspond to the ones used in the DØ

analysis [5]: the data is split in six unequal-size bins spanning the interval (0, 500) GeV.

Computed events with pT > 500 GeV have been collected in a separate overflow bin; they are

not shown in fig. 2; their contribution can be found in appendix A table 4.

The DØ data is for the pT of average top/antitop while our calculations are for the pT,t
(or pT,t̄). We have checked that the pT,t and pT,t̄ spectra agree within the MC errors.

The relative MC integration error is estimated to be below 1% for all bins with pT,t ≤
300 GeV. The highest bin in fig. 2, 300 ≤ pT,t ≤ 500 GeV, has MC error that approaches

– 8 –

M. Czakon, P. Fiedler D. Heymes and A. Mitov, arXiv:1601.05375
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N3LO predictions for inclusive Higgs cross section

C. Anastasiou et al., arXiv:1503.06056; arXiv:1602.00695
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also electroweak corrections enter the game, in two ways

(αe.m. ∼ α2
s =⇒ NLO EWK ∼ NNLO QCD)

usually largest effects from QED radiation from external legs
∼ α log

(
Q2

m2

)
EWK effects particularly relevant for observables (partially)
insensitive to QCD corrections, e.g.

Higgs decays to four leptons
transverse mass in the charged DY process

on the NLO side, EW radiative corrections to 2→ 2, 2→ 3
and few 2→ 4 processes are already known
LHC run2 is exploring (with enough statistics) regions of
phase space with scales Q2 >>M2

W =⇒ dominance of
Sudakov logarithms α log2

(
|Q2|
M2

)

F. Piccinini



Photon induced processes

at the same perturbative order of real NLO EW (QED)
corrections contribute diagrams with γ in the initial state

d̄

γ ū

W+

νl

l+

d̄

γ

ū

W+

W−

νl

l+

for neutral systems of charged F.S. particles also contributions
at tree level (e.g. γγ→ µ+µ− or γγ→W+W−)
typically they become relevant for large invariant mass of the
system and forward kinematics, when t−channel
enhancements are possible
Necessary PDF sets which provide the γ PDF
existing sets

MRST2004QED
NNPDF2.3QED, NNPDF3.0QED
CT14QED
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Large uncertainties due to photon PDF’s������������������������������������
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The problem of the γ PDF uncertainty
Very recently it has been realized that the available
parameterizations do not include the information from
coherent emission p→ pγ at low Q2, which is well measured
experimentally through the electric and magnetic proton form
factors

the coherent emission is crucial for the input PDF at low Q2

scale
Manohar, Nason, Salam, Zanderighi, arXiv:1607.04266; Harland-Lang, Khoze and Ryskin, arXiv:1607.04635
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not always dominance of QED. Example: H→ 4l
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Figure 86: (a) Kinematics of the decayHJ → Z∗Z → (ℓ−1 ℓ
+
1 )(ℓ−2 ℓ

+
2 ) in the rest frame of the Higgs boson. The

anglesθ1,2 denote the polar angles of the leptonsℓ−1,2 in the rest frame of the virtualZ∗ and realZ bosons; (b)

Higgs production in gluon collisions and subsequentγγ andZ∗Z decays, also in the Higgs rest frame. If the gluons

are replaced by electroweak gauge bosons,φ = φ1 − φ2 (mod2π) ∈ [0, 2π) corresponds to the azimuthal angle

between the two initialq V andq′V ′ emission planes [476].

11.3.2 Higgs Decay into Virtual/RealZ Bosons

Denoting the polar angles of the leptonsℓ−1,2 in the rest frame of the virtualZ∗ and realZ bosons byθ1,2
(see Fig. 86(a)), the forward-backward symmetric differential decay distributions of the polar angles for
pure-spin/parity unpolarized boson statesHJ decaying intoZ∗

λZλ′ final states can be expressed in terms
of four independent helicity amplitudes [435]:

1

Γ

dΓ

d cos θ1d cos θ2
= N−1

[
sin2 θ1 sin2 θ2 |T00|2 +

1

2
(1 + cos2 θ1)(1 + cos2 θ2)[|T11|2 + |T1,−1|2]

+ (1 + cos2 θ1) sin2 θ2 |T10|2 + sin2 θ1(1 + cos2 θ2) |T01|2
]

(177)

for fixedM2
∗ and suppressing the quartic terms involving theP -violating parameters,η1,2, which are very

small∼ 0.15 for leptonicZ decays, see also Ref. [501]. The distribution is normalizedto unity by the
coefficientN . Other helicity amplitudes are related by parity and Bose symmetry of the state:Tλλ′ =
nHT−λ,−λ′ andTλλ′ [Z,Z∗] = (−1)JTλ′λ[Z∗,Z], respectively, the normality given bynH = P (−1)J .
The amplitudeT00 vanishes specifically for negative-parity states. The corresponding azimuthal distri-
bution of theZ-decay planes can be expressed by helicity amplitudes as

1

Γ

dΓ

dφ
=

1

2π

[
1 + nH |ζ1| cos 2φ

]
with |ζ1| = |T11|2/

[
2
∑
|Tλλ′ |2

]
(178)

suppressing the smallP -violating η1,2-dependent parts again. (The full expressions of the polar and
azimuthal distributions, (177) and (178), can be found in Ref. [435].) The sign of theφ modulation is
uniquely determined by the normality of the Higgs state. Thecharacteristic behavior of the azimuthal
angle between the twoZ decay planes is illustrated in Figure 87(a) for spin-zero ofpositive (SM) and
negative parity. Distributions of positive and negative parity decays are mutually anti-cyclic. This will
also be observed in jet-jet correlations of electroweak-boson and gluon fusion [441,443–446,476,502].

The spin averaged distribution applies to all configurations in which the orientation of theZ∗Z
event axis in the rest frame is summed over so that the decay state is effectively unpolarized.

The functional form of the angular correlations among theZ decay products is not specific to
the spin of the decaying boson forJ ≥ 2. These spins cannot be discriminated anymore by such
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Figure 87: (a) Oscillations of the azimuthal angle between the twoZ decay planes for spin = 0 with positive parity

in the SM compared with negative parity; (b) Threshold behavior of the decay widthHJ → Z∗Z for the SM and

spin-2 (ci = 0 exceptc2 = 1/M2
H, ci defined in Table 55) even normality bosons, with a Higgs bosonmass of

125 GeV.

generic analyses. However, angular correlations supplemented by threshold suppression can resolve the
ambiguities. After solving for the caseJ = 2 specifically, the analysis is quite general and transparentfor
J > 2 since the tensor structure of these decay amplitudes leads to a characteristic signature of the spin.
The(J + 2)-tensor structure enforces the amplitudeT for J > 2 to rise at least∼ βJ−2 and the decay
width correspondingly with∼ β2J−3. In the absence of the(1 + cos θ21) sin2 θ2 andsin2 θ1(1 + cos2 θ2)
polar-angle correlations, the pronounced difference of the threshold behavior is exemplified for the spin
= 0 SM and spin = 2 even normality bosons with identical4ℓ angular correlations in Figure 87(b).

Alternatively the measurement of the polar angular distribution of theZ∗Z axis in the production
processgg → HJ → Z∗Z can be exploited to analyze spin states of any valueJ . This method can also
be applied inγγ decays which, since technically simpler, will be describedin detail later.

11.3.3 Standard Model

The SM Higgs boson withJP = 0+ predicts by angular momentum conservation only two non-
vanishingH → Z∗Z decay helicity amplitudes,T00 = (M2

H −M2
∗ −M2

Z)/(2M∗MZ) andT11 = −1.
The angular distributions can therefore be cast into the transparent form [435,477]:

1

ΓH

dΓH

d cos θ1 cos θ2
=

9

16

1

γ4 + 2

[
γ4 sin2 θ1 sin2 θ2 +

1

2
(1 + cos2 θ1)(1 + cos2 θ2)

]
(179)

1

ΓH

dΓH

dφ
=

1

2π

[
1 +

1

2

1

γ4 + 2
cos 2φ

]
(180)

whereγ2 = (M2
H−M2

∗−M2
Z)/(2M∗MZ). These angular distributions will come with theZ∗Z threshold

rise [435,477]

dΓ[H→ Z∗Z]

dM2∗
⇒ β ∼

√
(MH −MZ)2 −M2∗ /MH for M∗ ⇒MH −MZ (181)

The observation of the angular distributions associated with the helicity amplitudes,T00, T11 and of the
threshold rise∼ β are necessary conditions for the zero-spin character of theSM Higgs boson. They
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Figure 5. The same as Fig. 4 for the φ angle distribution in the decay channels H → 2e2µ (upper
plot) and H → 4µ (lower plot) at MH = 125 GeV.

underestimates the contribution of NLO EW corrections for φ close to 0
◦ and 360

◦ , while
it provides an overestimate around 180

◦ . Actually, it can be noticed that the φ angle
distribution receives a non-negligible contribution from fixed-order non-logarithmic terms
and that, more importantly, is particularly sensitive to pure weak corrections, which set the
correct overall size and shape of the radiative corrections. On the other hand, the effect of
QED exponentiation is moderate, varying between a few per mille to about 1%.

For completeness, we show in Fig. 6 results for the invariant mass of the e+e− pair
and the φ angle distribution (for the process H → 2e2µ) under the more realistic exper-
imental condition of calorimetric or recombined electrons and positrons. In this case, we
replace the three-momentum of the e± with the effective momentum p = pe± +pγ for each
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Figure 6. Relative contribution of the QED/electroweak corrections to the e+e− invariant mass
(upper plot) and the φ angle distribution (lower plot) for recombined electrons and positrons.
Predictions for the decay H → 2e2µ at MH = 125 GeV in the Higgs rest frame. The theoretical
approximations corresponding to the different lines are explained in the text.

photon satisfying the condition ∆Re±γ =
(

∆η2e±γ + ∆φ2e±γ

)1/2
≤ 0.1, as typically done

by LHC experiments, where ∆φe±γ is the lepton-photon separation angle in the transverse
plane. As can be seen from Fig. 6 in comparison to Fig. 4 and Fig. 5, the contribution
of the radiative corrections is largely reduced, as expected, when switching from bare to
recombined electrons/positrons. For the e+e− invariant mass, the corrections are reduced
by about a factor of three, almost independently of the considered theoretical approxima-
tion, and preserve their shape. However, non-negligible corrections still remain under the
calorimetric condition, of about +15% in the left tail of the invariant mass and of the order
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S. Boselli et al, arXiv:1503.07394
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MW direct measurement: crucial for a SM stress-test

 [GeV]tm
140 150 160 170 180 190

 [
G

eV
]

W
M

80.25

80.3

80.35

80.4

80.45

80.5
68% and 95% CL contours

 measurementst and m
W

fit w/o M
 measurements

H
 and M

t
, m

W
fit w/o M

 measurementst and m
W

direct M

σ 1± world comb. WM
 0.015 GeV± = 80.385 WM

σ 1± world comb. tm
 = 173.34 GeVtm

 = 0.76 GeVσ
 GeV theo 0.50⊕ = 0.76 σ

 = 125.14 G
eV

HM
 = 50 G

eV

HM
 = 300 G

eV

HM
 = 600 G

eV

HM

Gfitter, EPJC 74 (2014) 3046 80200 80400 80600

Mass of the W Boson

 [MeV]WM March 2012

Measurement  [MeV]WM

CDF-0/I  79±80432 

-I∅D  83±80478 

CDF-II )-1(2.2 fb  19±80387 

-II∅D )-1(1.0 fb  43±80402 

-II∅D )-1 (4.3 fb  26±80369 

Tevatron Run-0/I/II  16±80387 

LEP-2  33±80376 

World Average  15±80385 

TeVatron EWWG, arXiv:1204.0042

A precise (δMW < 10 MeV) MW measurement at LHC Run2
and beyond will be an important goal of the LHC precision
physics pogramme

F. Piccinini



Effects of EW corrections: W and Z production
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mixed QCD - EW corrections

Perturbatively the QCD - EW interference is a two-loop effect

dσ = dσ0

+ dσαs +dσα

+ dσα2
s

+dσααs +dσα2 + . . .

the O(ααs) calculation involves as building blocks
NNLO virtual corrections at O(ααs) (not yet available)

necessary two-loop master integrals
(with m= 0 external particles and MW =MZ) just appeared

R. Bonciani et al., arXiv:1604.08581

NLO EW corrections to ll̄(′)+ jet
NLO QCD corrections to ll̄(′) +γ

double real contributions ll̄(′) +γ+ jet
PDF’s with NNLO accuracy at O(ααs)
(not yet available)

recently calculated:
dominant O(αsα) corrections to DY in pole approximation

Dittmaier, Huss, Schwinn, NPB 885 (2014) 318, NPB 904 (2016) 216
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effects on MW

bare muons dressed leptons

Mfit
W [GeV] ∆MW Mfit

W [GeV] ∆MW

LO 80.385
}
− 90 MeV

80.385
}
− 40 MeV

NLOew 80.295 80.345

NLOs⊕ew 80.374
}
− 14 MeV

80.417
}
− 4 MeV

NNLO 80.360 80.413

Table 1: Values of the W-boson Mass in GeV obtained from the χ2 fit of the MT,ν` distribution
in different theoretical approximations to LO templates and the resulting mass shifts.

we do not attempt to model such effects. We expect the detector effects to affect the different
theory predictions in a similar way and to cancel to a large extent in our estimated mass shift,
which is obtained from a difference of mass values extracted from pseudo-data calculated using
different theory predictions. This assumption is supported by the fact that our estimate of the
effect of the NLO EW corrections is similar to the one obtained in Ref. [50] using a Gaussian
smearing of the four-momenta to simulate detector effects.

The fit results for several NLO approximations and our best NNLO prediction (3.8) are
given in Table 1. To validate our procedure we estimate the mass shift due to the NLO EW
corrections by using the prediction σNLOew = σ0+∆σNLOew as the pseudo-data σth in (3.18). The
χ2 distribution is shown on the left-hand side of Fig. 9 as a function of the mass shift ∆MNLOew

W

for the dressed-lepton and bare-muon cases. From the minima of the distributions one finds a
mass shift of ∆MNLOew

W ≈ −90 MeV for bare muons and ∆MNLOew
W ≈ −40 MeV for dressed

muons. These values are comparable to previous results reported in Ref. [50].4 Alternatively, the
effect of the EW corrections can be estimated by comparing the value of MW obtained from a
fit to the naive product of EW and QCD corrections (3.9) to the result of a fit to the NLO QCD
cross section. The results are consistent with the shift estimated from the NLO EW corrections
alone.

We have also estimated the effect of multi-photon radiation on the MW measurement in
the bare-muon case using the structure-function approach given in Eq. (3.13). As discussed
in detail in Ref. [46] we match the exponentiated LL-FSR corrections evaluated in the α(0)-
scheme to the NLO calculation in the αGµ-scheme, avoiding double-counting. We obtain a mass
shift ∆MFSR

W ≈ 9 MeV relative to the result of the fit to the NLO EW prediction, which is in
qualitative agreement with the result of Ref. [50].

To estimate the impact of the initial–final O(αsα) corrections we consider the mass shift
relative to the full NLO result,

∆MNNLO
W = M

fit,NNLOprod×dec
s⊗ew

W −Mfit,NLOs⊕ew

W (3.19)

4 In Ref. [50] the values ∆MW = 110 MeV (20 MeV) are obtained for the bare-muon (dressed-lepton) case.
These values are obtained using the O(α)-truncation of a LL shower and for lepton-identification criteria appro-
priate for the Tevatron taken from Ref. [85], so they cannot be compared directly to our results. In particular, in
the dressed-lepton case, a looser recombination criterion R`±γ < 0.2 is applied, which is consistent with a smaller
impact of the EW corrections. Note that the role of pseudo-data and templates is reversed in Ref. [50] so that the
mass shift has the opposite sign.
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Fixed order calculations not always reliable

in regions of phase space where large scale differences appear,
e.g.

pT �MV in DY
small x, Q2/s� 1
in regions of phase space where the radiation is tightly
constrained, e.g.

large x, Q2/s→ 1

large logs appear which spoil perturbation theory
solution: resummation, αns log2n (LL), αns log2n−1 (NLL), . . .
an alternative approach is given by SCET formalism

also EWK Sudakov Logs can be automatically resummed in
the SCET formalism

Bauer, Becher, Manohar, . . .

F. Piccinini



qT resummation with DYRES, comparison with LHC data

NNLL resummation with NNLO normalization

(a) (b)

Figure 5: Vector boson production at the LHC with lepton selection cuts. The NLL+NLO (red)
and NNLL+NNLO (blue) normalized qT spectra for Z/γ∗ production are compared with the CMS
data of Ref. [91] (left panel) and the ATLAS data of Ref. [92] (right panel). The scale variation
bands are obtained as described in the text. The inset plot shows the ratio of the data and of the
scale dependent NNLL+NNLO result with respect to the NNLL+NNLO result at central values of
the scales.

see that our NNLL+NNLO calculation describes the W production data within the perturbative
uncertainties. The NNLL+NNLO perturbative uncertainty is about ±8% at the peak, it decreases
to about ±4% at qT ∼ 15 GeV, and it increases again to about ±15% at qT = 50 GeV.

In Sect. 3.1 and in the first part of this Section, we have examined vector boson qT distributions
(without and with the application of acceptance cuts) and we have computed and studied the
effects that are produced by the all-order resummation of large logarithmically-enhanced terms
at small values of qT . Our related calculations are performed at complete NNLL+NNLO (and
NLL+NLO) accuracy. In the following part of this Section, we consider other observables that
are related to the qT distributions but in which fixed values of qT are not directly measured.
These observables are inclusive over qT within certain qT ranges. Since the bulk of the vector
boson cross section is produced at small values of qT , if the observable (indirectly) probes the
detailed shape of the production cross section in the small-qT region, the observable itself can
be very sensitive to high-order radiative corrections and to the qT resummation effects that we
can explicitly compute. This reasoning illustrates and justifies the physical (and quantitative)
relevance of qT resummation for other qT -related observables. In the second part of this Section
we study the quantitative impact of qT resummation on some observables.

At the formal level, our study of other observables implies that we are resumming high-order
logarithmic corrections (in case they are present) that appear in the computation of those ob-
servables. Strictly speaking, this resummation has to be performed on an observable-dependent
basis (see, e.g., Ref. [95]). Therefore, our observable-independent treatment (based on transverse-
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Catani, De Florian, Ferrera, Grazzini, arXiv:1507.06937
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another way for resummation: parton shower

positive features
complementarity with fixed order calculations
soft/collinear regions are automatically treated with Leading
Log resummation
they include a model for the description of the underlying
event, MPI and the hadronization
completely exclusive event generation, very useful for interface
to detector simulation software and extrapolation

problems
the cross section prediction is pure LO (due to the unitarity of
the algorithm)
improvement: matching between fixed order NLO calculation
and parton shower event generators

F. Piccinini



requirements to the matching

avoid double counting
showering the Born events generate events with one additional
parton from the shower. Such events are already accounted for
in the NLO real radiation contribution

ensure smooth distributions in the phase space
since a decade two working algorithm have been developed:

1 MC@NLO (S. Frixione and B. Webber (2002))

2 POWHEG (P. Nason (2004))

comparison MC@NLO - POWHEG
both ensure total cross section at NLO accuracy
MC@NLO exponentiates only the singular part of the real
radiation amplitude
POWHEG modifies the Sudakov form factor by exponentiating
the complete real radiation amplitude
differences between the two codes are beyond NLO accuracy
=⇒ this can be used as an handle to guess the theoretical
uncertainty due to missing higher orders

F. Piccinini



examples and the path to automation

S. Frixione and B. Webber, hep-ph/0204244 P. Nason and G. Ridolfi, hep-ph/0606275

the recent automation on NLO multileg calculations triggered
also the development of interfaces between automatic NLO
matrix elements and parton showers, according to the
MC@NLO or POWHEG methods. E.g.:

MadGraph5_aMC@NLO
MUNICH + Sherpa + OpenLoops
Herwig++Matchbox + OpenLoops/Gosam
Madgraph + POWHEG

QCD@NLOPS acc. in principle automatized for every process
QCD⊕/⊗EWK@NLOPS acc. under development, available
for few selected processes

F. Piccinini



matching Parton Shower with higher orders

recent developments on Higgs production, Drell-Yan and HW
up to NNLO accuracy
Hamilton, Nason, Oleari, Zanderighi, arXiv:1212.4504; Hamilton, Nason, Re, Zanderighi, arXiv:1309.0017

Hamilton, Nason, Zanderighi, arXiv:1501.4637; Karlberg, Re, Zanderighi, arXiv:1407.2940

Höche, Li, Prestel, arXiv:1407.3773; Höche, Li, Prestel, arXiv:1405.3607

Astill, Bizon, Re and Zanderighi, arXiv:1603.01620
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Summary and outlook

run2 of LHC and beyond demand continuous progress in the
precision of theoretical calculations/generators
last few years witnessed very important advancements in

fixed order corrections @NNLO QCD accuracy and mixed
O(αsα) NNLO contributions in a completely differential way
automation of NLO QCD/EWK calculations for every parton
multiplicity in the final states
standardisation of event generators @NLOPS accuracy
development of QCD⊕/⊗EWK @NLOPS accuracy, applied to
selected processes
first studies at NNLOPS QCD accuracy
(not discussed here) advancements in the development of the
SMEFT, where operators with dim > 4 are included in the
Lagrangian for a (almost) model-independent bottom-up
approach to the deviations from the SM predictions

F. Piccinini


