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Motivations (1): luminosity1
∫
L dt

[fb−1] Reference

W±W±jjEWK 20.3 PRL 113, 141803 (2014)

Wγγ 20.3 arXiv:1503.03243 [hep-ex]

H→γγ 20.3 JHEP 09 112 (2014)

ZjjEWK 20.3 JHEP 04, 031 (2014)

t̄tγ 4.6 arXiv:1502.00586 [hep-ex]

t̄tZ 20.3 arXiv:1509.05276 [hep-ex]

t̄tW 20.3 arXiv:1509.05276 [hep-ex]

Zγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

Wγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ts−chan 20.3 ATLAS-CONF-2015-047

ZZ 4.6 JHEP 03, 128 (2013)

20.3 ATLAS-CONF-2013-020

WZ 4.6 EPJC 72, 2173 (2012)

13.0 ATLAS-CONF-2013-021

Wt 2.0 PLB 716, 142-159 (2012)

20.3 arXiv:1510.03752 [hep-ex]

γγ 4.9 JHEP 01, 086 (2013)

WW 4.6 PRD 87, 112001 (2013)

20.3 ATLAS-CONF-2014-033

tt−chan 4.6 PRD 90, 112006 (2014)

20.3 ATLAS-CONF-2014-007

t̄t
4.6 Eur. Phys. J. C 74: 3109 (2014)

20.3 Eur. Phys. J. C 74: 3109 (2014)

0.085 ATLAS-CONF-2015-049

Z 0.035 PRD 85, 072004 (2012)

0.085 ATLAS-CONF-2015-039

W 0.035 PRD 85, 072004 (2012)

0.085 ATLAS-CONF-2015-039

Dijets R=0.4 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV

Jets R=0.4 4.5 arXiv:1410.8857 [hep-ex]0.1 < pT < 2 TeV

pp 8×10−8 Nucl. Phys. B, 486-548 (2014)
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1from ATLAS public results
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Motivations (2): clean experimental signatures2

24µ candidate event, ATLAS-CONF-2011-162.
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Motivations (3): sensitivity to non SM gauge boson
interactions3
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aTGC Limits @95% C.L.
-0.5 0 0.5 1 1.5

Mar 2016

γκ∆ γW [-4.1e-01, 4.6e-01] -14.6 fb 7 TeV

γW [-3.8e-01, 2.9e-01] -15.0 fb 7 TeV

WW [-1.2e-01, 1.7e-01] -120.3 fb 8 TeV

WW [-2.1e-01, 2.2e-01] -14.9 fb 7 TeV

WW [-1.3e-01, 9.5e-02] -119.4 fb 8 TeV

WV [-2.1e-01, 2.2e-01] -14.6 fb 7 TeV

WV [-1.1e-01, 1.4e-01] -15.0 fb 7 TeV

D0 Comb. [-1.6e-01, 2.5e-01] -18.6 fb 1.96 TeV

LEP Comb. [-9.9e-02, 6.6e-02] -10.7 fb 0.20 TeV

γλ γW [-6.5e-02, 6.1e-02] -14.6 fb 7 TeV

γW [-5.0e-02, 3.7e-02] -15.0 fb 7 TeV

WW [-1.9e-02, 1.9e-02] -120.3 fb 8 TeV

WW [-4.8e-02, 4.8e-02] -14.9 fb 7 TeV

WW [-2.4e-02, 2.4e-02] -119.4 fb 8 TeV

WV [-3.9e-02, 4.0e-02] -14.6 fb 7 TeV

WV [-3.8e-02, 3.0e-02] -15.0 fb 7 TeV

D0 Comb. [-3.6e-02, 4.4e-02] -18.6 fb 1.96 TeV

LEP Comb. [-5.9e-02, 1.7e-02] -10.7 fb 0.20 TeV

Channel Limits ∫ dtL s
Central
Fit Value

CMS
ATLAS
D0
LEP

3from https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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Motivations (4): background to other SM searches4
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Motivations (5): SM background to NP searches5
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Theoretical predictions for pp→ VV ′: current status

pp→WW , ZZ , ZW , γγ, Wγ and Zγ

QCD NNLO : qq→VV ′ with decays for some processes

NNLO+NNLL : γγ, WW and ZZ (on-shell Z/W )

NLO+PS : V (′) decays, exclusive observables

EW NLO : qq→VV ′ (in some approximation qq→ 4f )
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NNLO QCD corrections to qq→ VV

2 loop helicity amplitudes: analytic results

1 loop corrections to VV+jet: automated tools
(BlackHat, GoSam, HELAC-NLO, MadGraph5_aMC@NLO, Njet, OpenLoops, RECOLA ...)

double real radiation: automated tools

.and. NNLO subtraction
(antenna, N-jettiness, qT , sector-improved, colourful, Stripper, Born projection)
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NNLO QCD corrections to qq→ VV

2 loop helicity amplitudes: analytic results
C. Anastasiou et al. hep-ph/0201274; T. Gehrmann and L. Tancredi 1112.1531; T. Gehrmann

et al. 1306.6344; F. Caola et al. 1404.5590, 1408.6409, 1503.08759; J. M. Henn et al.

1402.7078; G. Papadopoulos et al. 1409.6114; T. Gehrmann et al. 1503.04812; L. Tancredi

and A. von Manteuffel 1503.08835;

1 loop corrections to VV+jet: automated tools
C. Berger et al. 0803.4180; G. Cullen et al. 1111.2034; G. Bevilacqua et al. 1110.1499;

V. Hirshi et al. 1103.0621; J. Alwall et al. 1106.0522, 1405.0301; S. Badger et al. 1209.0100;

F. Cascioli et al. 1111.5206; S. Actis et al. 1211.6316;

.and.
NNLO subtraction D. A. Kosower hep-ph/9710213; A. Gehrmann-De Rid-

der et al. hep-ph/0505111; A. Daleo et al. hep-ph/0612257; J. Currie et al. 1301.4693;

R. Boughezal et al. 1504.02540, 1504.02131; J. Gaunt et al. 1505.04794;

S. Catani and M. Grazzini hep-ph/0703012; C. Anastasiou et al. hep-ph/0311311; T. Binoth and G. Heinrich

hep-ph/0004013; G. Somogyi et al. hep-ph/0502226; V. Del Duca et al. 1501.07226; M. Czakon 1005.0274,

1101.0642; M. Czakon and D. Heymes 1408.2500; M. Cacciari et al. 1506.02660;
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NLO EW corrections to qq→ VV

computationally more involved than NLO QCD:

up to 6 external legs

unstable particles

often computed in OS or DPA approximation for V , V ′

automated tools for NLO EW corrections∗

GoSam, MadGraph5_aMC@NLO, OpenLoops, RECOLA

will play a crucial role for full O(α) corrections with decays

(∗) G. Cullen et al. 1404.7096; J. Alwall et al. 1405.0301; S. Kallweit et al. 1412.5157; S. Actis et al. 1211.6316;
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qq→ VV and anomalous couplings

at the LHC parametrized in terms of phenomenological
Lagrangians
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Figure 1. LO Feynman diagrams for the �νγ production process in hadronic collisions.

Wγ LO matrix element is the appearance of a so called radiation zero, which corresponds
to the existence of some kinematic configurations for which the amplitude vanishes [42, 43].
This can appear in some observables as dip in the rapidity distributions and can provide a
handle to extract information on the anomalous couplings, since the latter partially fill the
dip. It is known that NLO QCD corrections modify the LO results by partially filling the
gap [21]. Fortunately, the sensitivity to the ATGCs can be largely recovered by imposing a
jet veto [23]. Interestingly, an analysis of this kind has been recently made by the CMS col-
laboration [8] by measuring the differential yield as a function of the charge-signed rapidity
difference between a photon candidate and a lepton in Wγ candidates.5 The distributions
measured at the LHC clearly demonstrate the characteristic radiation zero expected for
Wγ production, in agreement with the SM prediction.

The WWγ vertex relevant for the limits on ATGCs enters via the third diagram in
Fig. 1. In our calculation, we included the contribution of ATGCs according to the param-
eterization used at the LHC and in previous measurements at hadron and e+e− colliders.
We introduced the anomalous contributions to the WWγ vertex in terms of the Feynman
rules associated to the following effective Lagrangian [45–49]

LWWγ = −ie

��
W †

µνW
µAν − W †

µAνW
µν
�

+ kγW
†
µWνF

µν +
λγ

M2
W

W †
λµW µ

ν F νλ

�
. (2.2)

In Eq. (2.2) Aµ and W µ are the photon and W− field, respectively, Wµν = ∂µWν − ∂νWµ,
Fµν = ∂µAν−∂νAµ, e is the positron charge and MW represents the W mass. The effective
Lagrangian of Eq. (2.2) satisfies electromagnetic gauge invariance, as well as C and P

invariance. In the SM kγ = 1 and λγ = 0. The effect of ATGCs is expressed in terms
of their deviation from the SM values, leading to the two parameter set (λγ ,Δkγ), with

5A first study of the radiation-amplitude zero in Wγ production using such an observable was made by
the D0 collaboration in proton-antiproton collisions at the Tevatron [44].

– 5 –

easy to include in QCD h.o. predictions

could be consistently included in EW corrections only in EFT
framework (still missing in the literature)
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qq→ ZZ → 4l

Numerical results form:

(NNLO QCD) M. Grazzini et al. Phys. Lett. B 750 (2015) 407, arXiv:1507.06257

(NLO EW) B. Biedermann et al. Phys. Rev. Lett. 116, no. 16, 161803 (2016), arXiv:1601.07787
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qq→ ZZ → 4l at NNLO QCD M. Grazzini et al. 1507.06257
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Figure 1: The four-lepton invariant-mass distribution at NLO and NNLO compared to the CMS

data. In the lower panels the ratio of our theoretical results over the data, and the NNLO result

normalized to the central NLO prediction are presented. The bands correspond to scale variations

as described in the text.

4

qT subtraction

MATRIX+MUNICH+OpenLoops

event selections from:
CMS, Phys. Lett. B 740 (2015) 250 and

Channel σLO (fb) σNLO (fb) σNNLO (fb) σexp (fb)

e+e−e+e−

3.547(1)+2.9%
−3.9% 5.047(1)+2.8%

−2.3% 5.79(2)+3.4%
−2.6%

4.6+0.8
−0.7(stat)+0.4

−0.4(syst.)+0.1
−0.1(lumi.)

µ+µ−µ+µ− 5.0+0.6
−0.5(stat)+0.2

−0.2(syst.)+0.2
−0.2(lumi.)

e+e−µ+µ− 6.950(1)+2.9%
−3.9% 9.864(2)+2.8%

−2.3% 11.31(2)+3.2%
−2.5% 11.1+1.0

−0.9(stat)+0.5
−0.5(syst.)+0.3

−0.3(lumi.)

Table 1: Fiducial cross sections and scale uncertainties for ATLAS cuts at LO, NLO, and NNLO
in the three considered leptonic decay channels. The ATLAS data are also shown.

same flavours, the pairing ambiguity is resolved by choosing the pair with the smallest distance
from mZ . This pair is called Z1, the remaining pair is called Z2. The invariant masses of the two
reconstructed lepton pairs are required to fulfill 60 GeV ≤ mll ≤ 120 GeV. We note that in the
case of identical flavours this definition of the fiducial region does not prevent the invariant masses
of the other two possible lepton pairs from becoming arbitrarily small, giving rise to a collinear
γ∗ → l−l+ singularity. To avoid that, we follow CMS and add an additional cut mll > 4 GeV
on all lepton pairs of the same flavours and opposite charges.§ The corresponding fiducial cross
sections and scale uncertainties, computed as above, are reported in Tab. 2. Like for the ATLAS
analysis, the NNLO corrections increase the NLO fiducial cross section by about 15%. The scale
uncertainties are similar to those reported in Tab. 1.

Channel σLO (fb) σNLO (fb) σNNLO (fb)

e+e−e+e− 3.149(1)+3.0%
−4.0% 4.493(1)+2.8%

−2.3% 5.16(1)+3.3%
−2.6%

µ+µ−µ+µ− 2.973(1)+3.1%
−4.1% 4.255(1)+2.8%

−2.3% 4.90(1)+3.4%
−2.6%

e+e−µ+µ− 6.179(1)+3.1%
−4.0% 8.822(1)+2.8%

−2.3% 10.15(2)+3.3%
−2.6%

Table 2: Fiducial cross sections and scale uncertainties for CMS cuts at LO, NLO, and NNLO in
the three considered leptonic decay channels.

CMS does not report the fiducial cross sections corresponding to the above cuts, but only
normalized distributions, to which we compare our results. We start with the invariant-mass
distribution of the four leptons, which is depicted in Fig. 1. The lower panels show the theory/data
comparison, and the NNLO result normalized to the central NLO prediction. We see that the
NNLO corrections have a limited impact in the comparison with the data, which still have large
uncertainties. The NNLO effects on the normalized distribution are relatively small: they are
completely negligible at low invariant masses, and they increase to −5% in the high mass region.
This means that the NNLO corrections make the invariant mass distribution slightly softer. We
have checked that this effect is due to the gluon-fusion contribution, whose relative effect decreases
at high masses, due to the larger values of Bjorken x that are probed. The NLO (NNLO) scale
uncertainties range from about ±2% (±1%) at low mZZ to ±4% (±2%) at high mZZ .

§We thank Alexander Savin for providing us with this information.
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qq→ ZZ → 4l at NLO EW B. Biedermann et al. 1601.07787

3

√
s [TeV] σLO

q̄q [fb] δEW
q̄q [%] δweak

q̄q [%]

7 7.3293(4) −3.4 −3.3

8 8.4704(2) −3.5 −3.4

13 13.8598(3) −3.6 −3.6

14 14.8943(8) −3.6 −3.6

TABLE I: LO cross section σLO
q̄q for pp → µ+µ−e+e− + X

for various LHC energies and corresponding EW (δEW
q̄q ) and

purely weak relative corrections (δweak
q̄q ).

To these basic selection criteria we add cuts on the
invariant masses Mℓ

+
i
ℓ
−

i
of the ℓ+i ℓ

−

i pairs,

40 GeV < Mℓ
+
1 ℓ

−

1
< 120 GeV,

12 GeV < Mℓ
+
2 ℓ

−

2
< 120 GeV, (10)

with ℓ+1 ℓ
−

1 (ℓ+2 ℓ
−

2 ) referring to the ℓ+ℓ− pair that is closer
to (further away from) the nominal mass of the Z boson.
Moreover, we impose a cut on the invariant mass M4ℓ of
the four-lepton system,

M4ℓ > 100 GeV. (11)

Numerical results

In the following we discuss the LO cross section σLO
q̄q for

pp → µ+µ−e+e−+X and the corresponding full EW and
purely weak relative corrections δEW

q̄q = δphotonic+weak
q̄q

and δweak
q̄q , which are normalized to σLO

q̄q . The label q̄q in-
dicates that only quark–antiquark annihilation channels
are taken into account. The relative corrections δEW

q̄q and

δweak
q̄q are rather insensitive to the PDF set and, thus, can

be used to promote QCD-based cross sections to state-
of-the-art predictions via reweighting.

Table I shows σLO
q̄q , δEW

q̄q , and δweak
q̄q for various LHC

energies. The integrated cross sections are, of course,
dominated by resonant Z-boson pair production, i.e. by
partonic CM energies

√
ŝ > 2MZ. Accordingly, the EW

corrections largely resemble the size of the known correc-
tions to on-shell ZZ production [15, 16], which amount to
about ∼ −4.5%. The remaining ∼ 1% can be attributed
to the EW corrections to non-resonant contributions and
the acceptance effects on leptonic Z-boson decays. Al-
though the corrections to Z-boson decays are known to be
small in an inclusive setup (at the level of few per mille),
in the presence of the applied acceptance cuts they are
enhanced to few percent, mainly as a result of the sen-
sitivity to final-state radiation (FSR). In summary, our
results confirm that the NLO EW corrections to the cross
section of Z-pair production (including Z decays and off-
shell effects) are at the 5% level at the LHC and, thus,
have to be taken into account in the confrontation of
data with theory. The major part of the EW corrections
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FIG. 1: Invariant-mass distribution of the µ+µ− system in
pp → µ+µ−e+e− + X including NLO EW corrections (upper
panel), and relative EW and purely weak corrections at NLO
(lower panel).

is due to genuine weak effects, while photonic corrections
remain below the 1% level.

We turn to differential distributions at 13 TeV, fo-
cussing on kinematical variables that are particularly sen-
sitive to the off-shellness of the intermediate Z bosons,
i.e. to distributions that are not accessible by previous
calculations based on on-shell Z bosons. Figure 1 shows
the invariant-mass distribution of the µ+µ− system and
the relative full EW and weak corrections. Note that
the distribution is dominated by resonant e+e− pairs
throughout (Me+e− ∼ MZ). In the vicinity of the Z-
boson resonance (Mµ+µ− ∼ MZ), the weak corrections,
thus, mainly result from the following two contributions
of different origin: First, there is a constant offset of
∼ −5% stemming mainly from weak corrections to the
dominant pp → Z(→e+e−)Z∗ production with a reso-
nance in Mµ+µ− . Second, there are the weak corrections
to the interference of the resonant and non-resonant con-
tributions to the amplitude. These second contributions
are proportional to (M2

µ+µ−
−M2

Z) and thus change sign
at the Z resonance. The pronounced shapes of the EW
and weak corrections in fact largely resemble the struc-
tures known from single-Z production (see, e.g., Fig. 12 of
Ref. [34]), with the large radiative tail for Mµ+µ−

<∼ MZ

originating from FSR. While FSR effects can be repro-
duced by photonic parton showers quite well, the genuine
weak corrections cannot be approximated easily. As in
the case of single-Z production, the weak corrections ex-
hibit a sign change near the resonance (shifted to smaller
Mµ+µ− in Fig. 1 because of the negative offset mentioned
above). Far below the Z-boson resonance the relative
EW corrections do not show large variations. This fact
is interesting in view of the Higgs-boson signal result-

RECOLA

pl
T > 6 GeV, |yl | < 2.5

∆Rll > 0.2, M4l > 100 GeV

40 GeV < M
l+1 l−1

< 120 GeV

12 GeV < M
l+2 l−2

< 120 GeV
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7 7.3293(4) −3.4 −3.3

8 8.4704(2) −3.5 −3.4

13 13.8598(3) −3.6 −3.6

14 14.8943(8) −3.6 −3.6

TABLE I: LO cross section σLO
q̄q for pp → µ+µ−e+e− + X

for various LHC energies and corresponding EW (δEW
q̄q ) and

purely weak relative corrections (δweak
q̄q ).

To these basic selection criteria we add cuts on the
invariant masses Mℓ
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2 ℓ
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with ℓ+1 ℓ
−

1 (ℓ+2 ℓ
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2 ) referring to the ℓ+ℓ− pair that is closer
to (further away from) the nominal mass of the Z boson.
Moreover, we impose a cut on the invariant mass M4ℓ of
the four-lepton system,

M4ℓ > 100 GeV. (11)

Numerical results

In the following we discuss the LO cross section σLO
q̄q for

pp → µ+µ−e+e−+X and the corresponding full EW and
purely weak relative corrections δEW

q̄q = δphotonic+weak
q̄q

and δweak
q̄q , which are normalized to σLO

q̄q . The label q̄q in-
dicates that only quark–antiquark annihilation channels
are taken into account. The relative corrections δEW

q̄q and

δweak
q̄q are rather insensitive to the PDF set and, thus, can

be used to promote QCD-based cross sections to state-
of-the-art predictions via reweighting.

Table I shows σLO
q̄q , δEW

q̄q , and δweak
q̄q for various LHC

energies. The integrated cross sections are, of course,
dominated by resonant Z-boson pair production, i.e. by
partonic CM energies

√
ŝ > 2MZ. Accordingly, the EW

corrections largely resemble the size of the known correc-
tions to on-shell ZZ production [15, 16], which amount to
about ∼ −4.5%. The remaining ∼ 1% can be attributed
to the EW corrections to non-resonant contributions and
the acceptance effects on leptonic Z-boson decays. Al-
though the corrections to Z-boson decays are known to be
small in an inclusive setup (at the level of few per mille),
in the presence of the applied acceptance cuts they are
enhanced to few percent, mainly as a result of the sen-
sitivity to final-state radiation (FSR). In summary, our
results confirm that the NLO EW corrections to the cross
section of Z-pair production (including Z decays and off-
shell effects) are at the 5% level at the LHC and, thus,
have to be taken into account in the confrontation of
data with theory. The major part of the EW corrections
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FIG. 1: Invariant-mass distribution of the µ+µ− system in
pp → µ+µ−e+e− + X including NLO EW corrections (upper
panel), and relative EW and purely weak corrections at NLO
(lower panel).

is due to genuine weak effects, while photonic corrections
remain below the 1% level.

We turn to differential distributions at 13 TeV, fo-
cussing on kinematical variables that are particularly sen-
sitive to the off-shellness of the intermediate Z bosons,
i.e. to distributions that are not accessible by previous
calculations based on on-shell Z bosons. Figure 1 shows
the invariant-mass distribution of the µ+µ− system and
the relative full EW and weak corrections. Note that
the distribution is dominated by resonant e+e− pairs
throughout (Me+e− ∼ MZ). In the vicinity of the Z-
boson resonance (Mµ+µ− ∼ MZ), the weak corrections,
thus, mainly result from the following two contributions
of different origin: First, there is a constant offset of
∼ −5% stemming mainly from weak corrections to the
dominant pp → Z(→e+e−)Z∗ production with a reso-
nance in Mµ+µ− . Second, there are the weak corrections
to the interference of the resonant and non-resonant con-
tributions to the amplitude. These second contributions
are proportional to (M2

µ+µ−
−M2

Z) and thus change sign
at the Z resonance. The pronounced shapes of the EW
and weak corrections in fact largely resemble the struc-
tures known from single-Z production (see, e.g., Fig. 12 of
Ref. [34]), with the large radiative tail for Mµ+µ−

<∼ MZ

originating from FSR. While FSR effects can be repro-
duced by photonic parton showers quite well, the genuine
weak corrections cannot be approximated easily. As in
the case of single-Z production, the weak corrections ex-
hibit a sign change near the resonance (shifted to smaller
Mµ+µ− in Fig. 1 because of the negative offset mentioned
above). Far below the Z-boson resonance the relative
EW corrections do not show large variations. This fact
is interesting in view of the Higgs-boson signal result-
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qq→ VV at NLO EW, general features
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Figure 1. Integrated LO cross sections (left) and relative EW corrections (right) evaluated with

our default setup for different cuts on the transverse momenta of the final-state bosons.

– 7 –

from A. Bierweiler et al. 1305.5402

small on integrated cross sections

may introduce shape distortions

large in high pT tails (Sudakov logs)
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gluon fusion contributions

LO

2

finite and gauge invariant subset

O(α2
s )

typically sizable

often added to NLO predictions

gg→ ZZ corresponds to ' 60% of NNLO corrections

NLO corrections6 to gg→ ZZ would increase the NNLO
predictions of ' 6% at 8 TeV

6F. Caola et al. 1509.06734
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γγ, W γ and Zγ

isolated photons

Numerical results form:

(NNLO QCD) M. Grazzini et al. JHEP 1507 (2015) 085, arXiv:1504.01330

(NLO+PS QCD with POWHEG+MiNLO ) L. Barze et al. JHEP 1412 (2014) 039, arXiv:1408.5766

(NLO EW+NLO QCD) A. Denner et al. JHEP 1504 (2015) 018, arXiv:1412.7421
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NLO QCD corrections with isolated γ 7

γ

LO
.

⇔

γ

NLO, Real

QED singularities from the integration of real
QCD corrections

no virtual counterpart, ...

7Neglecting the secondary photons coming from hadronic decays
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Isolated photons: theoretical options at QCD NLO

smooth isolation
γ

NLO, Real

S. Frixione hep-ph/9801442

∀R<R0∑

Rj,γ<R
ET ,j < εh pγT

( 1− cosR
1− cosR0

)n

can hardly be implemented in experimental
event selections

fragmentation functions
γ

Dq/g→γ(x, M2
F )

NLO, Real

S. Catani et al. hep-ph/0204023

extracted from data

collinear approximation:
no exclusive parton generation

σ(pγ) =σ
D
γ (pγ ,MF )+

∑

a

∫ 1

0

dz
z

Da→γ(z,MF )σa(
pγ
z
,MF )
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Isolated photons in the literature
Les Houches prescription:
use tight hadronic isolation cuts in experiments and compare with
smooth isolation predictions

NNLO QCD corrections to γγ, Zγ, Wγ computed using smooth
isolation

for NLO QCD predictions with fragmentation functions are also
available

Alternative approach:
fully exclusive generation of radiated particles (q/g/γ) in the POWHEG8
framework without relying on fragmentation functions

γγ@NLO+PS in HERWIG++ L. D’Errico and P. Richardson 1106.3939

W (→ lν)γ@NLO+PS in POWHEG L. Barze et al. 1408.5766

8P. Nason hep-ph/0409146; S. Frixione et al. 0709.2092; S. Alioli et al. 1002.2581;
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W γ at NLO+PS QCD accuracy in POWHEG (1)

FKS

Real ME
for jj → lνj

j = q, g

QED singularity

Wj underlying Born

γ radiated particle

QCD singularity

Wγ underlying Born
q/g radiated particle

(∗)

No-competition method, similar to the one proposed for γγ

∗ MiNLO applied to suppress the singularity of Wj underlying Born for
pj

T → 0 preserving NLO accuracy
K. Hamilton et al. 1206.3572, 1212.4504;
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W γ at NLO+PS QCD accuracy in POWHEG (2)

LO-competition (C-LO)

× VS

dynamical competition between QED and QCD radiation off quark
lines for Wj Born: both Wjj and Wjγ ME enter the Sudakov form
factor
in case of QCD radiation with Wj Born softer photons are
generated by the Parton Shower

NLO-competition (C-NLO): same as C-LO, with Wγ and Wj at NLO
QCD accuracy
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W γ at NNLO Grazzini 1504.01330 and NLO+PS QCD Barze 1408.5766
Comparison with ATLAS data @7 TeV5

pγ
T > 15 GeV, |ηγ | < 2.37, ΔR�γ > 0.7,

R0 = 0.4, �h = 0.5,
�

Rj,γ<R0
ET,j < �h pγ

T

p�
T > 25 GeV, |η�| < 2.47, pmiss.

T > 35 GeV

Ejet
T > 30 GeV, |ηjet| < 4.4, ΔR(e/µ/γ, jet) > 0.3

[Pb] Njet = 0 Njet ≥ 0
Exp. 1.77±0.04stat

±0.08lumi±0.24syst 2.74±0.05stat
±0.14lumi±0.32syst

MCFM 1.39±0.17 1.96±0.17
C-LO 1.42+0.15

−0.15 2.25+0.24
−0.24

C-NLO 1.69+0.11
−0.22 2.95+0.20

−0.38
NNLO∗ 1.493+0.02

−0.04 2.453+0.10
−0.10

∗M. Grazzini, S. Kallweit, D. Rathlev, arXiv:1504.01330; PLB731 (2014), arXiv:1202.0465

5Phys. Rev. D87 (2013)
Fulvio Piccinini Electroweak processes in POWHEG BOX

cuts from ATLAS Phys. Rev. D87 (2013)

Comparison with ATLAS data @7 TeV5

pγ
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T

p�
T > 25 GeV, |η�| < 2.47, pmiss.

T > 35 GeV

Ejet
T > 30 GeV, |ηjet| < 4.4, ΔR(e/µ/γ, jet) > 0.3

[Pb] Njet = 0 Njet ≥ 0
Exp. 1.77±0.04stat

±0.08lumi±0.24syst 2.74±0.05stat
±0.14lumi±0.32syst

MCFM 1.39±0.17 1.96±0.17
C-LO 1.42+0.15
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−0.24

C-NLO 1.69+0.11
−0.22 2.95+0.20

−0.38
NNLO∗ 1.493+0.02

−0.04 2.453+0.10
−0.10

∗M. Grazzini, S. Kallweit, D. Rathlev, arXiv:1504.01330; PLB731 (2014), arXiv:1202.0465

5Phys. Rev. D87 (2013)
Fulvio Piccinini Electroweak processes in POWHEG BOX
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Figure 8: Photon transverse momentum distribution in the inclusive (left) and exclusive case
(right) at NLO (red, dashed) and NNLO (green, solid) compared to ATLAS data. The lower panel
shows the data/theory ratio. In the upper panel, only experimental uncertainties are shown. The
lower panel also shows theoretical uncertainty estimates from scale variations.

tainties are large, the agreement between data and theory is clearly improved when including the
NNLO corrections, in particular if no veto on jets is applied.

Figure 9 shows the Wγ cross section differential in the transverse mass of the ℓνℓγ system,
normalized by the total fiducial cross section at the respective order. The transverse mass is
defined here as

�

mℓνγ
T

�2

=

�

�

m2
ℓγ +

�

�p γ
T + p ℓ

T

�

�

2
+ Emiss

T

�2

−
�

�

�
p γ

T + p ℓ
T + Emiss

T

�

�

�

2

. (6)

The calculation is done with the hard photon transverse-momentum cut pγ
T > 40 GeV. The

corresponding fiducial cross sections at LO, NLO, and NNLO are reported in Table 8. The impact
of QCD radiative corrections is 242–260% and 26% at NLO and NNLO, respectively. In Figure 9,
due to the normalization, the large overall corrections mostly cancel out, in particular at high
transverse mass, and we observe only a slightly improved agreement with data when going from
NLO to NNLO.

The increased relative impact of NLO and NNLO corrections when a harder pγ
T cut (pγT >

40 GeV) is applied can, in analogy to the Zγ case (see Section 3.3), be better understood by
studying the transverse-mass distributions with the soft and hard pγ

T cut in more detail. The
corresponding plots with a finer binning are shown in Figure 10. When pγ

T > 15 GeV, for Born
kinematics the transverse mass has a lower bound at about mℓνγ

T � 75 GeV, i.e. below the W →
ℓνℓγ peak. When the photon transverse-momentum cut is increased to 40 GeV, the lower bound
increases to mℓνγ

T � 100 GeV, and the W → ℓνℓγ peak is only populated by real emissions starting
from the NLO, leading to large corrections in the region where the cross section is sizeable, and
thus explaining the effect on the fiducial cross section.
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W γ at NLO EW A. Denner et al. 1412.7421

fragmentation functions + democratic clusteringa

Rj,γ > 0.5, z = Eγ
Eγ+Ej

, z > 0.9, ∆Rl,γ > 0.7

pl
T > 25 GeV, Emiss

T > 25 GeV, pγT > 15 GeV

|yl | < 2.5, |yγ | < 2.5, M lν
T > 40 GeV

veto: discard event if pj
T > 100 GeV

pp → l+νl γ + X
√

s/TeV 7 8 14

σLO/ fb 846.53(4) 940.30(4) 1447.99(4)

δNCS
EW,qq/% −3.15 −3.14 −3.15

δCS
EW,qq/% −1.95 −1.94 −1.95

δEW,qγ/% 1.04 1.10 1.30

δveto
EW,qγ/% 0.74 0.76 0.84

δQCD/% 122.33(4) 128.30(5) 153.61(3)

δveto
QCD/% 112.47(4) 117.15(5) 135.97(9)

Table 1: Integrated cross sections and relative corrections for different LHC energies. The EW cor-
rections to the quark–antiquark annihilation channels are provided with (CS) and without (NCS)
lepton–photon recombination. EW corrections from the photon-induced channels and QCD cor-
rections are shown with a jet veto (veto) as well as without a jet veto. The numbers in parentheses
denote the integration error in the last digit. This error is negligible for the relative corrections at
the given accuracy.

About two thirds of the relative QCD corrections are due to gluon-induced channels. The EW
corrections to the quark–antiquark channels are about −2% and −3% for the CS and the NCS
case, respectively. The photon-induced corrections contribute between 0.7% and 1.3% with and
without a jet veto. Summing up, the total EW corrections to the integrated cross section are small
and not significant for the most-recent experimental cross-section measurements. However, larger
corrections show up in differential distributions, as demonstrated in the next section.

3.4 Results on transverse-momentum and transverse-mass distributions

In the following we present the distributions including EW and QCD corrections for various ob-
servables in separate plots. For each distribution we also show the relative EW corrections of the
qq̄ and qγ channels as well as the QCD corrections with and without a jet veto.

In Fig. 9 we show results for transverse-momentum distributions. Focusing on the pT,γ distri-
bution of the photon (within cuts) with the highest transverse momentum we can see (Fig. 9, left,
bottom) that the QCD corrections without a jet veto reach 650% for large transverse momenta
(scaled down by a factor 10 in Fig. 9). This is due to the fact that new production channels occur
(q g → l ν γ q) at NLO QCD causing large corrections (550% for large pT,γ). However, these large
corrections come from events with hard jets, meaning that they should better be considered as part
of W + jet rather than W + γ production. For this reason we also present results for the case of
a jet veto, where all events with jets with pT,jet > 100GeV are discarded. In this case the QCD
corrections become small for large pT,γ , since the jet veto suppresses the contribution of the real
QCD corrections and especially of the gluon-induced channels.

Owing to the so-called EW Sudakov logarithms the EW corrections (Fig. 9, left, top) contribute
with large negative corrections in the high-pT range, though one order of magnitude smaller than
the QCD corrections. The CS and the NCS cases hardly differ in the pT distribution of the
hardest photon, since the recombination of another photon collinearly emitted off the lepton only
marginally effects the pT of the hard photon. The photon-induced corrections are positive and
become surprisingly large for large transverse momenta, reaching the same order of magnitude
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a E. W. N. Glover and A. G. Morgan
Z. Phys. C62 (1994) 311, Phys. Lett. B334 (1994) 208
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Figure 9: Distributions in the transverse momentum pT of the photon (left) and the charged lepton
(right), including EW (top) and QCD corrections (bottom). For all corrections absolute (upper
box) and relative corrections (lower boxes) are shown.
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diboson production in VBF: pp→ VVjj

Theoretical predictions
QCD at NLO+PS (MadGraph5_aMC@NLO, POWHEG)

T. Melia et al. 1102.4846, 1107.5051; P. Nason and G. Zanderighi 1311.1365;
B. Jäger and G. Zanderighi 1108.0864, 1301.1695; B. Jager et al. 1312.3252;

EW contributions at LO only

moderate NLO QCD corrections with small scale uncertainties

See the talk by M. Rauch at sm@lhc2015 in Florence9 for bibliography
and numerical results

9

https://indico.cern.ch/event/351610/contributions/826566/attachments/695536/955021/Rauch_SMLHC.pdf
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QCD EW
NNLO NNLO+NNLL NLO+PS NLO

ZZ Grazzini 1507.06257 Grazzini 1507.02565 (OS) Nason 1311.1365 (POWHEG) Biedermann 1601.07787 (RECOLA)

Cascioli 1405.2219 (OS) Melia 1107.5051 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)

approx (LoopSim, VBFNLO) Baglio 1307.4331 (OS)

Campanario 1504.05588 Bierweiler 1305.5402 (DPA)

ZW Grazzini 1604.08576 Nason 1311.1365 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)

approx (LoopSim, VBFNLO) Melia 1107.5051 (POWHEG) Baglio 1307.4331 (OS)

Campanario 1209.4595 Bierweiler 1305.5402 (DPA)

WW Gehrmann 1408.5243 (OS) Grazzini 1507.02565 (OS) Nason 1311.1365 (POWHEG) Billoni 1310.1564 (DPA)

approx (LoopSim, VBFNLO) Melia 1107.5051 (POWHEG) Gieseke 1401.3964 (DPA, HERWIG++)

Campanario 1309.7293 merged WW + 0j,WW + 1j Baglio 1307.4331 (OS)

(MEPS@NLO) Bierweiler 1208.3147 (OS)

Cascioli 1309.0500 (OpenLoops+Sherpa)

γγ Catani 1110.2375 Cieri 1505.03162 D’Errico 1106.3939 (HERWIG++) Bierweiler 1305.5402

Zγ Grazzini 1504.01330 Denner 1510.08742

Grazzini 1309.7000 Accomando hep-ph/0509234 (PA)

Hollik hep-ph/0402281 (OS)

Wγ Grazzini 1504.01330 Barze 1408.5766 (POWHEG) Denner 1412.7421

Accomando hep-ph/0509234 (PA)

1

Available tools for NLO QCD+PS corrections to pp → VV :10

MadGraph5_aMC@NLO (J. Alwall et al. 1405.0301)
HERWIG7 (J. Bellm et al. 1512.01178): OpenLoops+HERWIG(∗)
SHERPA (T. Gleisberg et al. 0811.4622): GoSam+SHERPA, OpenLoops+SHERPA(∗)

FxFx NLO multi-jet merging (R. Frederix and S. Frixione 1209.6215) available in MadGraph5_aMC@NLO

∗ NLO QCD ME computed with OpenLoops for OS V ;
10smooth isolation for γ
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Summary

theoretical predictions at NNLO QCD accuracy are available
for γγ, ZZ , WW , ZW Wγ, Zγ

vector bosons decays included for ZZ , ZW , Wγ, Zγ

NNLO+NNLL for γγ and ZZ , WW (on shell Z/W )

NLO EW in general computed with approximated treatment
of Z/W decays (few exceptions)

NLO EW corrections to qq→ 4f : automated tools for the
computation of O(α) corrections will play a crucial role
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Backup slides
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Current status: WW example

1980
1990

2000
2010

today

LO

NLO

NLO+NLL

WW+1j@NLO,
merging

NNLO

NNLO+NNLL

QCD

EW

NLL

NLO,
OS

NLO,
DPA

QCD
EW
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Current status: WW example, References
LO: R. W. Brown and K. O. Mikaelian, Phys. Rev. D 19 (1979) 922.
QCD NLO
J. Ohnemus, Phys. Rev. D 44 (1991) 1403; S. Frixione, Nucl. Phys. B 410 (1993) 280; L. J. Dixon et al.,
Nucl. Phys. B 531 (1998) 3; L. J. Dixon et al., Nucl. Phys. B 531 (1998) 3; L. J. Dixon et al., Phys. Rev.
D 60 (1999) 114037.
NLO QCD corrections to gg → WW
D. A. Dicus et al., Phys. Rev. D 36 (1987) 1570; E. W. N. Glover and J. J. van der Bij, Phys. Lett. B 219
(1989) 488; T. Binoth et al., JHEP 0503 (2005) 065; T. Binoth et al., JHEP 0612 (2006) 046;
J. M. Campbell et al., JHEP 1107 (2011) 018.
WW + 1j@NLO QCD
S. Dittmaier et al., Phys. Rev. Lett. 100 (2008) 062003; J. M. Campbell et al., JHEP 0712 (2007) 056;
S. Dittmaier et al., Nucl. Phys. B 826 (2010) 18.
Resummation for pT (WW)
M. Grazzini, JHEP 0601 (2006) 095; Y. Wang et al., Phys. Rev. D 88 (2013) 114017; P. Meade et al.,
Phys. Rev. D 90 (2014) no.11, 114006; S. Dawson et al. Phys. Rev. D 88 (2013) no.5, 054028.
NLO QCD+PS
S. Frixione and B. R. Webber, JHEP 0206 (2002) 029; T. Melia et al., JHEP 1111 (2011) 078
multi-jet meging for WW+jets
F. Cascioli et al., JHEP 1401 (2014) 046; NNLO QCD for On-shell WW T. Gehrmann et al., Phys. Rev.
Lett. 113 (2014) no.21, 212001.
NNLO+NNLL QCD
M. Grazzini et al., JHEP 1508 (2015) 154
gg → WW@NLO QCD: F. Caola et al., Phys. Lett. B 754 (2016) 275
NLO EW in the Sudakov approximation
E. Accomando et al., Nucl. Phys. B 706 (2005) 325; E. Accomando and A. Kaiser, Phys. Rev. D 73 (2006)
093006; J. H. Kuhn et al., JHEP 1106 (2011) 143.
NLO EW for On-shell WW
A. Bierweiler et al., JHEP 1211 (2012) 093; J. Baglio et al., Phys. Rev. D 88 (2013) 113005.
NLO EW for qq → WW → 4f in DPA
M. Billoni et al., JHEP 1312 (2013) 043.
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ATLAS event selection ATLAS-CONF-2013-020

66 GeV<M 1(2)
ll < 116 GeV, pl

T > 7 GeV, |ηl |< 2.7

CMS event selection Phys. Lett. B 740 (2015) 250

pµT > 5 GeV, |ηµ|< 2.4, pe
T > 5 GeV, |ηe|< 2.5

60 GeV<M 1(2)
ll < 120 GeV, pl,1

T > 20 GeV, pl,2
T > 10 GeV
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