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1. Overview

In Run 2 of the LHC a large portion of the experimental program will be devoted to performing
a detailed examination of the newly-discovered Higgs boson and to probing the boundaries of the
Standard Model (SM). In this vein, precision studies of the mass, couplings and decay modes of the
Higgs boson, together with continued searches for supersymmetry, other signs of New Physics and
dark matter will be paramount. The vast amount of top quarks collected in the run will also allow
its production and decay characteristics to be scrutinized like never before. In order to carry out
this rich physics program it will be essential to understand in great detail another class of processes
that can be loosely termed electroweak: the production of vector bosons (γ , W - or Z-bosons) either
singly, in pairs or at even higher multiplicities, possibly in association with additional hadronic
activity (jets). Such processes provide important, often irreducible, backgrounds to the aforemen-
tioned measurements and searches. These must be understood and checked in great detail in order
to best leverage data from the LHC Run 2. Beyond such pragmatic considerations, these processes
have their own intrinsic interest that spans from precision measurement of SM parameters to di-
rect tests of the nature of the electroweak sector. Pinning-down the parameters of the SM through
measurements of the W -mass and the weak mixing angle has been discussed elsewhere at this con-
ference1. Related topics, such as making improved determinations of parton distribution functions
through precise measurements of electroweak processes, have been touched on by many speakers.
A different direction is represented by attempts to explore whether the electroweak sector, as it is
currently understood, is a complete description of the theory. This encompasses both searches for
anomalous gauge boson couplings and tests of the unitarity-cancellation mechanism in the SM,
which can be probed in both inclusive vector boson production and in vector boson scattering [1].
Recent advances in understanding the relevant theoretical challenges in addressing these questions
will be detailed in this contribution.

The plethora of measurements of electroweak cross-sections at the LHC, both in Run 1 and
in the early results at 13 TeV, have revealed a picture that is very consistent with theoretical pre-
dictions of the SM (Figure 1). This impressive agreement, the result of a great deal of concerted
effort on both the experimental and theoretical sides, raises an interesting conundrum. The more
this agreement persists, the more precision is required on both sides in order to exclude subtle
deviations smaller than current uncertainties. It is therefore important to understand the current
level of theoretical understanding of these processes, their inherent limitations and the prospects
for further improvement. This typically involves not only higher-order calculations in QCD, but
also the calculation of electroweak corrections. The combination of these two effects, together with
their inclusion in fully-fledged event generators, will be a recurrent theme here. In addition, as the
theoretical description becomes more sophisticated, it is important to understand which remain-
ing approximations can be lifted and which of the outstanding uncertainties are most important to
control.

2. Drell-Yan processes

Due to their relatively simple nature, these processes have often been at the forefront of theo-

1See the contribution of M. Schott, “Precision electroweak physics at hadron colliders”.
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Figure 1: Overview of electroweak cross-sections measured by the CMS experiment, compared with theo-
retical predictions available in Spring 2016. Minimally-adapted from the CMS TWiki [2].

retical sophistication. Most recently, they have provided the testing-ground for a variety of meth-
ods for combining the effects of next-to-next-to-leading (NNLO) QCD corrections with a parton
shower. The resulting event generators, SHERPA+BlackHat based on the UN2LOPS method [3],
POWHEG using the MiNLO procedure with DYNNLO [4] and most recently Geneva(+Pythia)
including also NNLL resummation of zero-jettiness [5]2, will be indispensable tools in the years
to come. Since these techniques are relatively new, it is particularly important that a number of
methods have been realized, with slightly different approaches whose merits can be judged directly
against LHC data in the future.

At this level of precision it is mandatory to also include the effect of next-to-leading order
(NLO) electroweak corrections, that are naively of a similar size (since α2

s ∼ α). Besides this
simple argument, there are two distinct kinematic regions that demand a treatment of electroweak

2See the contribution of F. Tackmann, “Drell-Yan production at NNLO+NNLL+PS in Geneva”.
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Figure 2: The dilepton invariant mass distribution in 13 TeV collisions predicted at LO (green), NNLO
QCD [6] (red, including scale variation) and with NLO weak effects [7] (black). The lower panel shows the
difference between the multiplicative (blue) and additive (magenta) combination procedures of NNLO QCD
and NLO weak effects (c.f. Eq. (2.2)).

effects. The first is in the region of resonant W or Z production where, in particular, corrections
due to the emission of real photons have a significant effect on the line-shape. The second case
where electroweak effects become important is in the region of high invariant mass of the vector
boson decay products, ŝ. The calculation included in the Monte Carlo code FEWZ [8] accounts
for corrections through both NNLO QCD and NLO EW and can be used to study the impact of
electroweak effects in both regions. In the high-mass region the one-loop electroweak corrections
display an enhancement due to Sudakov logarithms whose leading term corresponds to a factor
log2(ŝ/M2

V ), where MV is the vector boson mass [9]. Defining the individual QCD and weak
higher-order corrections relative to the LO result by,

rQCD(M) =
dσ (NNLO QCD)/dM

dσLO/dM
, rwk(M) =

dσ (NLO wk)/dM
dσLO/dM

, (2.1)

there are two clear strategies for forming a combined correction. These are,

rQCD×wk = rQCD× rwk and, rQCD+wk = rQCD + rwk−1 . (2.2)

The size of the individual corrections in the high-mass region means that the choice of either of
these procedures for combining NNLO QCD and NLO weak effects gives rise to a significant
ambiguity. The difference between the two combinations is outside typical NNLO QCD scale
uncertainties and reaches the 10% level for very high dilepton invariant masses (Figure 2). While

3
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such an uncertainty may be adequate given the current data set, it will be untenable in the near
future.

A way forward is of course to abandon any approximate combination, instead calculating ex-
actly the class of diagrams that provides a simultaneous enhancement by both couplings. The first
such correction, of order ααs, would correspond to a systematic improvement over combining
NLO calculations at each order. Such a calculation entails the computation of two-loop diagrams
that contain loop propagators corresponding to both strong and weak particles. Although the cor-
responding master integrals are known [10], a full calculation in this approach is not yet possible.
However, results for the mixed QCD-EW corrections have been obtained very recently by using
the pole approximation [11]. Compared to a naive combination of QCD and EW corrections, this
calculation shows small but significant differences, for instance in the transverse mass distribution
of the W -boson. This distribution is pivotal for an extraction of the W -mass and any change in the
shape of the theoretical prediction leads to a systematic shift in the extracted value of MW . The
study of Ref. [11] suggests that the mixed QCD-EW corrections could lead to a change in the mea-
sured value of MW by as much as 10 MeV. Since this is comparable to the precision that may be
achieved in future at the LHC, it is imperative that this effect be included.

An alternative approach to addressing the issue of QCD and EW corrections simultaneously
becoming large can be provided by using a multijet merging procedure in a parton shower [12].3

In this calculation, electroweak and QCD effects are computed for both V + 1 and V + 2 jet final
states, then the results are combined using the usual SHERPA merging of samples. Compared to
a strictly fixed-order approach, the ambiguity associated with the combination of QCD and EW
corrections is greatly reduced, to a much more palatable level (Figure 3).
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Figure 3: The effect of combining NLO QCD and EW corrections on the lead jet transverse momentum
distribution in W (→ `−ν̄)+jet production, in a fixed-order calculation (left) and after merging samples of
V +1,2 jets using the MEPS procedure (right) [12]. The spread in the range of predictions in the right-hand
plot is much reduced compared to that on the left.

One of the significant theoretical breakthroughs in perturbative QCD in the last year has been
the ability to perform NNLO QCD calculations of V+jet processes. An important cross-check
of the calculations is that they have been performed using both antenna subtraction [13, 14] and

3See the contribution of M. Schoenherr, “NLO QCD+EW for V+jets”.
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jettiness subtraction [15, 16, 17]. The NNLO calculations enable a much-improved theoretical de-
scription of, for instance, the transverse momentum distributions of the Z-boson and the associated
jet. The importance of such distributions has been emphasized more than once at this meeting4,
which is due to the fact that experimental measurements can be made with percent-level precision
up to transverse momenta of about 200 GeV. At present some tension with ATLAS Run I data
remains [14], even after normalizing by the inclusive Z-boson cross-section in order to remove
ambiguities associated with the uncertainty in the total luminosity (Figure 4). The combination
of such exquisite data with the sophisticated NNLO predictions, with uncertainties that are only a
little larger, offers the opportunity for future parton distribution function constraints in this channel.
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Figure 4: Comparison of the Z-boson transverse momentum through NNLO QCD with data taken at 8 TeV
by the ATLAS experiment [14].

3. Diboson production

At the LHCP conference in 2015, theoretical predictions for diboson production were already
very advanced, with significant breakthroughs in recent years allowing the computation of many
of these processes in NNLO QCD. In the intervening year yet more progress has been made, with

4See the contributions of G. Salam, “Theory overview of QCD physics at hadron colliders” and R. Boughezal,
“Developments in QCD high order calculations”.
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Process LHCP 2015 status New developments Comments
γγ NNLO QCD [18] NNLO(+) QCD [19] independent calculation;

improved treatment of
gg contribution

V γ NNLO QCD [20] includes off-shell effects,
NLO EW (Wγ) [21] NLO EW (Zγ) [22] radiation from leptons

in decay
WW NNLO QCD [23] NNLO QCD [24] single-resonant diagrams,

NLO EW (approx.) beyond NNLO QCD [25] same-flavor lepton ZZ
NLO EW [26] contributions; higher-order

gg loops, exact EW
WZ NLO QCD NNLO QCD [27] off-shell effects,

NLO EW (on-shell) single-resonant diagrams
ZZ NNLO QCD [28] beyond NNLO QCD [29] higher-order gg loops,

NLO EW (approx.) NLO EW [30] exact EW

Table 1: Summary of the status of theoretical calculations of diboson production at the time of LHCP 2015
and the developments since then.

NNLO QCD and NLO EW corrections now computed for all processes. In addition, various refine-
ments – removing previous approximations that had been used – have been implemented, together
with first results for a class of important contributions that enters in N3LO QCD. The situation is
summarized in Table 1.

Many of the new diboson NNLO calculations in the last year have been performed using a
general framework called MATRIX [27, 24]5. In some cases the new calculations have extended
the applicability of previous results, for instance by including off-shell effects in the vector boson
decays and accounting for the contribution of single-resonant diagrams. This can have important
consequences, for instance on the acceptance (the ratio of the fiducial to inclusive cross-section)
predicted by theory. In the case of WW production, the acceptance decreases by approximately
3% when moving from NLO to NNLO, for typical LHC analyses at both 8 and 13 TeV [24]. The
missing diboson process, WZ production, was also completed this year [27] and agrees well with
LHC data taken at a variety of energies (Figure 5).

Full NLO electroweak corrections have also recently been presented for the cases of Zγ , WW
and ZZ production. In each case important phenomenological consequences of the results of these
calculations have been observed. As a first example, consider ATLAS data taken in the Zγ channel
during Run 1 of the LHC [31] (Figure 6, left), which shows that there is ample data for photon
transverse momenta up to about 200 GeV. Comparing with the calculation of NLO EW effects up
to this momentum scale (Figure 6, upper right), it is clear that they are rather mild (as large as
−10%) in Run 1 [22]. However this will no longer be the case in Run 2, where cross-sections and
data samples will be much larger and higher transverse momenta will be probed. An additional
observation is that, in some cases – for instance after application of a jet veto, as in the example

5See the contribution of S. Kallweit, “NNLO di-boson production”.
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Figure 5: A NNLO calculation of WZ production, compared with experimental measurements performed
by ATLAS and CMS at various LHC operating energies [27].

at hand – the NLO EW corrections can become the leading effect, larger than the effect of NLO
QCD. A final example underscores once again the importance of a calculation that extends beyond
the on-shell case, to full off-shell accuracy (Figure 6, lower right). In this case such a calculation
of the ZZ cross-section shows that the behaviour of the EW corrections is very different (opposite
in sign) between the on-shell (M4` ∼ 2MZ) and Higgs search (M4` ∼MH) regions [30].

One of the interesting aspects of the theoretical predictions for gauge boson pair production
at NNLO is the sensitivity to gg initial states in the neutral channels, i.e. gg→W+W−, ZZ or γγ .
Such contributions enter through diagrams containing a closed loop of quarks, as shown in Fig-
ure 7. Since the SM contains no tree-level coupling of the form ggV1V2 it is clear that, despite
representing one-loop contributions, these diagrams are finite. The resulting impact on the total
cross-section is small, dwarfed by initial states containing quarks, but is important at the level of
the corrections that enter at NNLO. In fact these represent the most important NNLO effect in the
case of ZZ production [28]. Given this importance at NNLO it is worthwhile to consider whether
this contribution, which is included for the first time and therefore suffers all the foibles of a leading
order calculation, could be computed at the next order of perturbation theory.

Corrections at the next order (NLO) for the gg-induced components (i.e. entering the full
calculation at N3LO), were first considered for the case of light quark loops in diphoton produc-
tion [32, 33]. A recent independent calculation of the diphoton process at NNLO has taken into
account the leading effect of heavy quark loops and also included the partial N3LO effects for loops
of light quarks [19]. The partial N3LO effects can have as large as a 5-10% effect on the cross sec-
tion at small diphoton invariant masses and they slightly improve the description of 7 TeV data

7
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Figure 6: Illustrations of the impact and importance of NLO electroweak corrections to diboson processes:
(left) an ATLAS analysis of `+`−γ events [31]; (upper right) EW effects in the same channel [22]; (lower
right) EW effects in ZZ production [30].

Figure 7: A one-loop diagram representing the process gg→ V1V2 that enters the NNLO QCD calculation
of V1V2 production.

presented by the CMS experiment [34]. The top quark loops have a smaller effect and sculpt the
shape of the mγγ distribution in the 300− 500 GeV region. However the effects are far too small
to significantly affect the description of the mγγ distribution in the region of 750 GeV, where both
ATLAS and CMS had indicated a slight excess at the beginning of Run 2 of the LHC [35, 36]. In
fact the NNLO calculation provides an excellent ab initio calculation of this distribution that agrees
very well with the fitting form that had been used by ATLAS and CMS, albeit without any attempt
to account for fake rates or efficiencies. A comparison of the ATLAS data and fitting form with the
NNLO prediction is shown in Figure 8.

The effect of NLO corrections to the gg contribution to W+W− and ZZ final states is consider-
ably harder to compute due to the non-zero W and Z boson masses. Nevertheless, such calculations
have been completed in the last year, including the effect of the vector boson decays [29, 25]. In
both cases the calculations have, in the first instance, been limited to loops that do not contain the
top quark (thus neglecting the entire third generation for W+W− production). The effect of the cor-
rections is illustrated in Table 2. The results for ZZ production are shown in the case when no cuts
are applied on the Z decay products. In this case the gg contribution increases by almost a factor
of two at NLO, but the effect on the overall rate is much smaller, about a 5% enhancement. For
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Figure 8: A comparison of diphoton data from the ATLAS experiment and accompanying phenomenologi-
cal fit [35] (left) with a NNLO calculation [19] (right).

Final-state (cuts) σLO
gg σNLO

gg σNNLO σNNLO +∆σNLO
gg

ZZ (no cuts) 0.53 pb 0.95 pb 8.28 pb 8.70 pb
W+W− (fiducial cuts) [37] 9.8 fb 11.8 fb 355 fb 357 fb

Table 2: The effect of NLO corrections to gg contributions in vector boson pair production. The final
column shows the prediction that includes the full NNLO result and the NLO corrections to the gg channel,
with ∆σNLO

gg = σNLO
gg −σLO

gg .

W+W− production the cross-sections are shown after the application of fiducial cuts (taken from
Ref. [37]), which include a veto on additional jet activity. This greatly reduces the effect of the
NLO corrections in this case, resulting in a negligible change in the best theoretical prediction for
the cross-section. Note that, even in the case of ZZ production where the impact of the gg loops is
biggest, the best measurements from Run 1 suffer from approximately 10% uncertainties [38, 39]
and thus are not yet sensitive to such corrections.

4. Off-shell Higgs boson studies

One of the prime modes for making precision measurements of properties of the Higgs boson
is the process gg→ H → ZZ∗→ 4`. This combination of production and decay modes leads to a
substantial cross-section that is under good experimental control. On the theoretical side there has
been renewed interest in a precision calculation of this process in the region where the Higgs boson
is significantly off-shell. This was first motivated by the fact that a significant fraction, up to 15%,
of such events occur in the region m4` > 2mZ [40]. Further interest was provided by the realization
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that, in the SM, the ratio of the off-shell and on-shell rates is approximately proportional to the
width of the Higgs boson [41]. In order to make use of this observation it is clearly imperative to
have precise control of the theoretical prediction. In the off-shell region this means not only the
calculation of the diagrams involving the Higgs boson, but also of the gg→ ZZ→ 4` quark loops
such as the one in Figure 7. These diagrams enter at the same order in perturbation theory and
make a significant contribution. They interfere destructively and, in the case of the top quark loops,
this is essential in order to render the high-energy behavior sensible [42].

Unfortunately, the calculation of the off-shell rate through gg initial states is complicated by
the fact that it occurs at leading order through a one-loop process. As discussed already, the leading
order nature of this contribution means that it suffers from substantial scale dependence. This
means that, for instance, constraints on the Higgs boson width or generic off-shell couplings are
weakened by significant theoretical uncertainty [43]. As noted above, the calculation of higher-
order corrections, that should include loops of top quarks, is beyond the reach of current technology.
In the absence of such predictions, a reasonable assumption is that the higher-order corrections to
loop diagrams such as the one in Figure 7 should behave like the corrections to the Higgs diagrams
alone (that are, of course, known). This is the basis for a pragmatic estimate of limits on the Higgs
boson width as a function of the unknown NLO K-factor [44].

Although an exact calculation of higher-order corrections involving top quark loops is not yet
available, the last year has seen significant progress towards this goal. From approximations based
on soft gluon resummation [45] to those based on an expansion in inverse powers of the top quark
mass [46, 47] (possibly including further refinements [48]), a consensus is emerging. All of these
calculations suggest that, in the region of interest, the K-factor for these contribution is indeed very
similar to the one for the Higgs diagrams alone. This is shown, for example, in Figure 9, taken from
Ref. [47]. Although the K-factors (shown in the lower panels) are significantly different close to the
2MZ threshold – a fact that appears to be due to the contribution of loops of massless quarks – in the
highest energy bins they are very similar. This leads to a ratio of off-shell to on-shell production
at NLO that is very close to the ratio obtained at LO, except of course with much smaller scale
uncertainty [48].
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Figure 9: The four-lepton invariant mass distribution for gg→ ZZ contributions from the Higgs diagrams
alone (left) and interference with other one-loop contributions (right). Predictions taken from Ref. [47].
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5. Beyond inclusive diboson production

Although the inclusive production of dibosons provides a detailed test of perturbative QCD
and has enabled stringent limits on anomalous triple gauge boson couplings to be placed, as the
LHC collects more data it will become increasingly sensitive to new mechanisms of vector boson
production. These relatively-unexplored channels represent either less inclusive final states or the
production of more than two vector bosons.

In the first case, a class of processes that has attracted theoretical interest for a long time [1] is
vector boson scattering. At a hadron collider such as the LHC, these processes can be pictured as
the emission of a vector boson from each incoming parton, with the bosons subsequently interacting
through the weak coupling and two bosons emerging. This picture corresponds to the Feynman
diagram shown in Figure 10 (a) , with the final state consisting of a pair of bosons and two (mostly
forward) jets. However it should be noted that a full gauge-invariant treatment of this process also
includes diagrams of the form shown in Figure 10 (b). These enter at the same order (O(α3))
but contain no gauge boson self-interactions. In addition there are also contributions that involve
the Higgs boson (Figure 10, (c) and (d)). In the Higgs boson resonance region the contribution of
diagrams of type (c) might normally be accounted for separately, to a very good approximation,
as the vector boson fusion process. Finally, there are also QCD-induced contributions (O(αsα

2))
such as those shown as (e) and (f) of Figure 10. At the very least these diagrams constitute a
non-negligible background. In the case of contributions such as (e), which share the same external
particles as those of (a)–(d), the QCD and electroweak contributions interfere and a strict separation
between the two types of contribution is not meaningful.

It is interesting to note that contribution (d) means that it is possible to retain sensitivity to
Higgs boson couplings even without the presence of an s-channel resonance, for instance in the
case of like-sign W -boson production. In fact this can be exploited to study off-shell Higgs boson
couplings in a similar manner as for inclusive diboson production discussed above. Although the
rate is much smaller in vector boson scattering channels, they are tree-level processes and therefore
theoretically simpler. These channels also have a greater sensitivity at high energies. The like-
sign W channel is particularly promising since the signal suffers from much smaller QCD-induced
backgrounds. For instance, Ref. [49] uses ATLAS evidence for W±W± production [50] to obtain a
weak bound on the width of the Higgs boson.

In the last few years there has been much work on developing tools that provide concrete pre-
dictions for signals of vector boson scattering in extensions of the SM. For instance, the VBFNLO
program provides a full suite of predictions for these processes at NLO, including vector boson
decays, off-shell effects and anomalous couplings [51].6 Other recent work has focussed on exten-
sions that include an additional Higgs singlet or new resonances [52, 53]. An alternative approach
is to introduce an effective field theory (EFT) that contains higher-dimension operators that modify
the interactions that occur in vector boson scattering processes.7 For example, the study in Ref. [54]

6The VBFNLO program was also discussed in the contribution of R. Roth, “Anomalous couplings in WZ production
beyond NLO QCD”.

7For further details see the contribution of M. Sekulla, “Effective Field Theory and Unitarity in Vector Boson
Scattering”.
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V, γ V, γ H
V

(a) (b) (c)

H

V

(d) (e) (f)

Figure 10: Categories of Feynman diagrams that enter a full calculation of.vector boson scattering:
(a),(b) vector boson scattering or emission through weak interactions; (c),(d) Higgs boson production or
exchange; (e),(f) vector boson production through strong interactions.

has performed a detailed analysis of the effect of additional terms in the Lagrangian of the form,

LHD = FHD tr
[

H†H− v2

4

]
· tr
[(

DµH
)†
(DµH)

]

LS,0 = FS,0 tr
[(

DµH
)† DνH

]
· tr
[
(DµH)† DνH

]
(5.1)

LS,1 = FS,1 tr
[(

DµH
)† DµH

]
· tr
[
(DνH)† DνH

]

These interactions lead to bad high-energy behavior, as shown in Figure 11 (left) for the exam-
ple of W+W+ j j production at the 14 TeV LHC. The dimension-six operator LHD, which modi-
fies HW+W− and HZZ interactions, only violates unitarity at very high energies, while the other
dimension-eight operators (that give rise to modified quartic couplings) do not give reliable pre-
dictions at all. One solution is provided by a T -matrix unitarization procedure [54] that tames the
growth of the prediction at high energy, as indicated in Figure 11 (right). In the unitarized theory
there are still pronounced deviations from the SM expectation, but the rates fall with energy in
the same way as in the SM. Understanding the validity of the EFT approach represented by the
operators in Eq. (5.1), together with the limitations and uncertainties associated with unitarization
procedures such as the one advocated in Ref. [54], will be crucial when interpreting future LHC
data on vector boson scattering.
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Figure 11: Cross-sections for W+W− j j production with the addition of the additional interactions shown in
Eq. (5.1). Unitarity is violated for the values of the coupling strengths that cross the pink band (left). After
unitarization the high-energy growth is tamed (right).

The production of three or more bosons represents an alternative means of probing anomalous
quartic gauge boson couplings. This is an avenue that is only just beginning to be explored at the
LHC since the rate for such processes is at the level of a few tens of femtobarns, after branching
ratios into experimentally-feasible final states and cuts are applied. For example, the Wγγ process is
one of the most accessible channels and, despite strong evidence, it has so far not been conclusively
observed (with more than 5σ significance) by either ATLAS or CMS [55, 56]. From a theoretical
point of view this process is interesting because it features the well-known effect of a radiation
zero [57]. This effect results in a dip in the distribution of y(γγ)−y(W ), where y(γγ) and y(W ) are
the rapidities of the γγ system and W -boson respectively. At NLO this dip is filled-in, particularly
by qg partonic channels that enter for the first time, leading to huge K-factors in this region. This
is illustrated in Figure 12 and results in an enhancement of the cross-section for this process by a
factor of over three at NLO.

Finally, an important background for studies of top quark production, as well as searches for
new physics, is vector boson production in association with jets. The last year has seen calculations
of W+W−+jet [58] and ZZ+jet [59] production that include both QCD and EW effects to NLO.
These effects are particularly important to account for at high invariant masses, where searches for
new physics or anomalous couplings are typically focussed. In the case of multiple-jet production,
the current frontier of perturbative calculations has been pushed as far as W+W−+3 jet final states
using the combined power of the BlackHat and SHERPA codes [60].

6. Summary

For electroweak processes precision is paramount, both for SM measurements and for probes
of subtle effects of new physics. For final states with percent-level experimental precision, such as
vector boson and Z+jet production, theoretical predictions are under control with similar accuracy.
This has been achieved through higher-order calculations that are accurate to NNLO in QCD and
NLO in electroweak effects, and by the development of new approaches to combining such effects
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Figure 12: The NLO K-factor for W+γγ production, as a function of the rapidity difference between the
γγ system and the W+-boson, for photons in the same (cosθ > 0, solid) or opposite (cosθ < 0, dashed)
hemispheres. Figure taken from Ref. [61].

with a parton shower. With more jets in the final state both experiment and theory are a little
less pinned-down. Nevertheless, with more data to come and many of the theoretical approaches
beginning to be better-understood, prospects for precision probes of the electroweak sector have
never been brighter.
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