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H->VV and the off-shell cross-section
H->VV: large off-shell tail of the cross-section
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Figure 15. MZZ distributions for gg → H → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV. Applied cuts:
pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T > 10GeV. Other details as in Fig. 4.

gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ

σ [fb], pp,
√
s = 8TeV, MH = 125GeV ZWA interference

MT cut HZWA Hoffshell cont |Hofs+cont|2 R0 R1 R2

none 0.1593(2) 0.2571(2) 1.5631(7) 1.6376(9) 0.6196(7) 0.8997(6) 0.290(5)

MT1 < MH 0.1593(2) 0.1625(2) 0.4197(5) 0.5663(6) 0.980(2) 0.973(2) 0.902(5)

Table 6. Cross sections for gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV without and with
transverse mass cut. Applied cuts: pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T >
10GeV. Other details as in Table 3.

4 Conclusions

In the Higgs search at the LHC, a light Higgs boson is not excluded by experimental data.

In the mass range 115GeV ! MH ! 130GeV, one has ΓH/MH < 10−4 for the SM Higgs

boson. We have shown for inclusive cross sections and cross sections with experimental

selection cuts that the ZWA is in general not adequate and the error estimate O(ΓH/MH)

is not reliable for a light Higgs boson. The inclusion of off-shell contributions is essential

to obtain an accurate Higgs signal normalisation at the 1% precision level. We have traced

this back to the dependence of the decay (and to a lesser degree production) matrix element

on the Higgs virtuality q2. For the H → WW,ZZ decay modes we find that above the

weak-boson pair production threshold the (q2)2 dependence of the decay matrix element

compensates the q2-dependence of the Higgs propagator, which results in a significantly

enhanced off-shell cross section in comparison to the ZWA cross section, when this phase

– 18 –

[Kauer, Passarino (2012)]

• Past the VV threshold, 
enhanced decay into 
longitudinal vector bosons 
compensate the rapidly 
falling Higgs propagator!
!

• Small but persisting effect  
-> O(10%) of the peak 
cross-section!

!
• Width-independent effect

• Irrelevant for traditional searches if proper selection cuts are 
applied!

• If looked for, can give complementary information wrt 
traditional searches

[NK, Passarino (2012)]

• Past the VV threshold: 
enhanced decays in VLVL 
which compensate the rapid 
fall of the Higgs propagator 
(BW fails) 

• Small but persistent effect, 
up to ~ 1 TeV (then washed 
away by PDF) 

• Sensitive to (top) thresholds 
• Width-independent effect 
• Delicate signal / background 

interferences (unitarity)

•Tiny for standard analysis because of selection cuts 
•But, can provide complementary information about the Higgs sector
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Analysis is doable (and actually done)

5

As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated

Observed Median expected
RB

H∗ 0.5 1.0 2.0 0.5 1.0 2.0

cut-based 10.8 12.2 14.9 13.6 15.6 19.9
ME-based discriminant analysis 6.1 7.2 9.9 8.7 10.2 14.0

Table 3: The observed and expected 95% CL upper limits on µoff-shell in the cut-based and the ME-based
discriminant analyses in the 4ℓ channel, within the range of 0.5 < RB

H∗ < 2. The bold numbers correspond
to the limit assuming RB

H∗ = 1. The upper limits are evaluated using the CLs method, with the alternative
hypothesis RB

H∗ = 1 and µoff-shell = 1.
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Figure 6: Scan of the negative log-likelihood, −2 lnΛ, as a function of µoff-shell in the ZZ → 4ℓ channel
in the ME-based discriminant analysis. The black solid (dashed) line represents the observed (expected)
value including all systematic uncertainty, while the red dotted line is for the expected value without
systematic uncertainties. A relative gg→ ZZ background K-factor of RB

H∗=1 is assumed.
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CMS: ΓH < 5.4 ΓH,SM = 22 MeV @ 95CL

ATLAS: ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

With well-defined assumptions (see later)

Example: bounding the Higgs width
Analysis is doable (and actually done)
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ATLAS: ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

With well-defined assumptions (see later)[with well defined assumptions]
4

[FC, Melnikov; Ellis, Campbell, Williams (2013)]



Modeling the SM background
• A major issue for these studies is a proper modeling of the pp-> 4l 

background, especially for the gg -> 4l channel

• So far, several tools to model gg->4l @ LO 
✦ gg2VV, MCFM —> dedicated tools, very efficient  
✦ OpenLoops + Sherpa —> merged gg->4l (+J) samples 
✦ MadGraph5_aMC@NLO —> gg -> 4l (+J) samples, BSM models 
✦ JHUGen+MCFM —> amplitudes for MEM, arbitrary anomalous 

couplings 
✦ Ongoing studies in GoSam

H-> γγ interference and the Higgs width
[Martin; Dixon, Li (2013)]
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disentangle coupling and BR -> independent extraction
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Interference for pp → H → ZZ + jet

off-shell Higgs cross sections for ZZ and ZZ+jet comparable (pTj > 30 GeV)

Campbell, Ellis, Furlan, Röntsch figures taken from 1409.1897

Z bosons treated in zero-width approximation (validated for ZZ final state: excellent for m4l > 300 GeV)

6 / 14

[Campbell, Ellis, Furlan, Rontsch (2014)]

Results for pp->(H) -> ZZ+j

• Signal / background interference pattern similar to 0j case 
• Sizable yield —> jet binned analysis possible
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[Cascioli et al, OpenLoops+Sherpa (2013)]

pp->4l 1-loop squared merged samples
Features of LOOP2 contributions

Cascioli, Höche, Krauss, Maierhöfer, Pozzorini, FS; arXiv: 1309.0500
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Merging effects
• Inclusion of LOOP2 4` + 1j in merging:

harder p? spectrum
• Significant reduction of uncertainties

(wrt resummation scale) in high-p?
region

Non-gluonic initial states
• Inclusion of quark-channels ! harder tail
• Naturally, lower Sudakov suppression

without quark splittings
• Shape distortion

) opposite effects in 0/1 jet bins
6/11

• Pattern as expected 
✦ merged sample has harder spectrum 
✦ quark-induced (1loop2) effects more relevant at high pT 
✦ shifted Sudakov peak when quarks are present 
✦ reduced uncertainty in the high pT region
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Progress towards (N)NLO predictions
• Full NNLO known for pp->VV channel [Gehrmann et al; Cascioli et al (2014)]

• 2-loop amplitudes for massless gg->VV 
known [FC et al; Manteuffel, Tancredi (2014)] 

• Are existing tools efficient enough to 
manage real-emission corrections?

• 2-loop amplitudes for massive gg->VV beyond our reach 
• Approximation: NLO in the 1/mt expansion [Dowling, Melnikov (2015)]4

III. PRODUCTION CROSS-SECTION

We are now in position to present results for the gluon
fusion contribution to the production cross-section pp →
ZZ. As explained previously, we only consider loops of
top quarks and we work to leading order in the 1/mt

expansion. We take the invaraint mass of the Z-boson
pair to be q2 and write the differential cross-section as a
convolution of the partonic production cross-section and
the parton distribution functions

dσpp→ZZ

dq2
=

1
∫

0

dx1dx2dz fg(x1)fg(x2)

× δ

(

z −
τ

x1x2

)

dσgg→ZZ

dq2
(s, q2)|s=q2/z.

(8)

In Eq.(8), we used the following notation: fg(x1,2) are
the gluon parton distribution functions, τ = q2/Shadr

and Shadr is the hadronic center-of-mass energy squared.
We note that dependencies on the renormalization and
factorization scales in Eq.(8) are suppressed. In what
follows, we take the factorization and the renormalization
scales to be equal.

It is conventional to parametrize the partonic cross-
section as

q2
dσgg→ZZ

dq2
(s, q2)|s=q2/z = σ0zG(z, q2), (9)

where

σ0 =
g4Aq

2

210πm4
t

(

αs(µ)

π

)2
√

1−
4m2

Z

q2
, (10)

and G(z, q2) can be written as series in the strong cou-
pling constant. To present it, we introduce a parameter
r defined as r = q2/(4m2

Z). We find

G(z, q2) =

[

∆0δ(1− z) + as
(

∆V δ(1− z)+

6∆0

(

2D1(z) + ln
q2

µ2
D0(z)

)

+∆H

)

]

,

(11)

where Di(z) =
[

ln(1− z)i/(1− z)
]

+
are the different

plus-distribution functions and

∆0 =
73

270
−

2r

15
+

34r2

135
. (12)

We note that ∆0 has a strong dependence on q2. The
leading growth caused by the O(r2) ∼ q4/m4

Z term in
Eq.(12) is the consequence of the fact that pairs of lon-
gitudinal bosons can be produced. It is this growth that
should, eventually, get tamed by the destructive interfer-
ence of gg → ZZ and gg → H∗ → ZZ amplitudes.

Figure 2: Main plot: NLO K-factor for gg → ZZ produc-
tion through the top quark loop as a function of the invariant
mass of the Z-boson pair q, in GeV. Inset: NLO K-factor for
gg → H as a function of the Higgs boson mass q, in GeV.
Bands correspond to variations of the renormalization and
factorization scales in the interval q/4 ≤ µ ≤ q. The dashed
line shows the K-factors computed for the renormalization
and factorization scales set to µ = q/2. We used the program
MCFM [27] to compute the K-factor for the Higgs boson pro-
duction.

The virtual corrections combined with finite parts of soft
emissions read

∆V =
2473− 8661r + 5798r2

2430

+
(73− 36r + 68r2)π2

270
+

11(7 + 6r + 2r2)

135
ln

q2

m2
t
.

(13)

The contributions of hard emissions, not proportional to
the leading order cross-section read

∆H =
6∆0

z

(

(ω(z)− zκ(z)) ln

(

q2(1− z)2

µ2

)

−ω(z)2
ln(z)

(1− z)

)

+ (1− z)

[

r(11κ(z)− 46z)

15z

−
r2(187κ(z)− 302z)

135z
−

(803κ(z)− 598z)

540z

]

,

(14)

where ω(z) = 1− z + z2 and κ(z) = 1 + z2.

IV. NUMERICAL RESULTS

We have implemented the above formulas in a numerical
Fortran program that allows us to compute QCD correc-
tions to the top quark loop contribution to the gluon
fusion process pp → ZZ as a function of the invariant
mass of the Z-bosons, q2. We employ NNPDF3.0 parton
distribution functions [26] and use leading order parton
distributions to compute the production cross-section at
leading (one-loop) approximation and next-to-leading or-
der parton distirbutions to calculate it in the two-loop

gg->VV K-factor

gg-> H K-factor

• Signal and background K-factors 
very similar 

• Confirm naive expectations based 
on soft-gluon arguments
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Beyond the SM: heavy/light Higgs interference
section is dominated by the continuum for M4l < 2Mtop. The box contribution however

drops more rapidly with increasing M4l than the Higgs mediated one. Unitarity requires

the interference between these two components to be negative and while it is essentially

negligible below the top threshold it becomes more relevant for larger masses and exceeds

50% of the incoherent sum of the two contributions in the one TeV range.
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Figure 2. gg ! h,H ! ZZ ! 4e at the LHC with a center of mass energy of 13 TeV. Upper
part:four lepton invariant mass distribution for Mh = 125 GeV, MH = 400 GeV and s↵ = 0.2.
The red line is the full result (�). The violet histograms (�h) shows the SM prediction with Higgs
couplings scaled by cos↵. The blue line (�H) gives the result when the light Higgs diagrams are
neglected while the H ! hh contribution to �H is retained. The black histogram (�NI) refers to
the sum of the violet and blue lines and corresponds to neglecting the interference e↵ects. Lower
part: the ratio ���NI

�NI
.
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Figure 14. Invariant WW mass distributions for gg (→ {h1, h2}) → W−W+ → ℓν̄ℓ̄′ν′ in pp
collisions at

√
s = 8 TeV in the 1-Higgs-Singlet Extension of the SM with Mh1 = 125 GeV,

Mh2 = 900 GeV and mixing angle θ = π/15. Other details as in figure 2.
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Figure 15. Invariant WW mass distributions for gg (→ {h1, h2}) → W−W+ → ℓν̄ℓ̄′ν′ in pp
collisions in the 1-Higgs-Singlet Extension of the SM with mixing angle θ = π/8. Other details as
in figure 14.
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[Maina (2015)]

[NK, O’Brien (2015)]

[Vryonidou,  
MadGraph5_aMC@NLO]

• Singlet extensions of the 
SM / 2HDM models 

• Large shape distortion 
from interferences

9



Off-shell studies in VBF
• Very different ‘theory systematic’ w.r.t. gluon fusion (no ggH 

vertex) 
• Starts at tree-level -> radiative corrections under control             

(but beware of QCD features [Cacciari et al (2015)])

Diagrams for pp → jet+jet+e-e+μ-μ+ 
Off-shell behaviour for 
VBF, subject of much 
theoretical study.

Jet cuts

!

CMS lepton cuts

!

!

!

Additional VBF cuts

12

• Available tools: 
✦ MCFM 
✦ VBFNLO 
✦ PHANTOM 
✦ JHUGen+MCFM 
✦ MadGraph5_aMC@NLO

• Statistically limited, but doable

10



Off-shell studies in VBFMost useful channel is W+W- vs W+W+

In the first instance, we work in the effective coupling framework, 
where standard couplings are rescaled by !V.


At√s=8TeV, SM prediction displays a dependence on !V


!

ATLAS on-shell signal-strength 

ATLAS W+W+ measurement 

Bound is             

Current notional width bound

16

W+W-On-shell W+W+ Off-shell

• Most promising channels: W+W- vs W+W+

Most useful channel is W+W- vs W+W+

In the first instance, we work in the effective coupling framework, 
where standard couplings are rescaled by !V.


At√s=8TeV, SM prediction displays a dependence on !V


!

ATLAS on-shell signal-strength 

ATLAS W+W+ measurement 

Bound is             

Current notional width bound

16

W+W-On-shell W+W+ Off-shell

• ATLAS W+W+: 

• Can be translated into kV < 7.8 
• In the width formulation, ΓH < 60.8 ΓH,SM 

• Less constraining than gg->VV, but theoretical more clean

[Campbell, Ellis (2015)]
11



Interference effects  
in H->γγ and the  
Higgs mass-shift
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H-> γγ interference and the Higgs width
[Martin; Dixon, Li (2013)]
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FIG. 1: The distribution of diphoton invariant masses from the real interference term in eq. (12), as a
function of Mγγ =

√
ŝ, from eq. (10), before including experimental resolution effects. The right panel is a

close-up of the left panel, showing the maximum and minimum near Mγγ = MH ± ΓH/2.
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FIG. 2: The distribution of diphoton in-
variant masses from the real interference,
as in Figure 1, but now smeared by vari-
ous Gaussian mass resolutions with widths
σMR.

2.4 GeV. This has the effect of reducing the peak and dip in the interference, and moving their

points of maximal deviations from 0 much farther from MH .

To obtain the size of the shift in the Higgs peak diphoton distribution, one can now combine the

interference contribution with the non-interference contribution from eqs. (10) and (11). The results

are shown in Figure 3 for the case of a Gaussian mass resolution σMR = 1.7 GeV. The distribution

obtained including the interference effect is shifted slightly to the left of the distribution obtained

neglecting the interference. In order to quantify the magnitude of the shift, it will be necessary

to specify the precise method used to fit the signal; this is again beyond the scope of the present

Create asymmetry in the mγγ distribution!
• asymmetric -> irrelevant for σ!
• however, it leads to mass-shift in the γγ 

channel

[Martin (2012); Dixon and Li; de Florian et al (2013)]
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Independent on ΓH -> in combination 
with on-shell measurements, allows for 
independent width / coupling extraction!

• Signal-background interference 
creates distortion of the Mγγ spectrum 

• Because of environmental conditions 
(detector resolution) this translates in 
a shift of the Mγγ peak -> mass shift in 
the di-photon channel [Martin (2012)] 

• Interference is proportional to √ΓH -> 
can be used to infer the Higgs total 
width [Dixon, Li (2012)]
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Mass-shift: estimates

• LO shift: ~ 100 MeV                
[Martin; Dixon, Li (2013)] 

• NLO shift: ~ 60 MeV                     
[Dixon, Li; de Florian et al (2013)] 

• Theoretical predictions 
obtained assuming gaussian 
smearing 

•  ATLAS full detector simulation 
seems to yield slightly smaller 
shifts

signal 

90 MeV 

30  
MeV 

Signal 
+all 

Signal 
+gg 

Realistic simulation performed by ATLAS Slightly smaller shifts 
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H-> γγ interference and the Higgs width
[Martin; Dixon, Li (2013)]

Ai!f =
Sm2

h

s�m2
h + imh�h

+B

|Ai!f |2 =
|S|2m2

h

(s�m2
h)

2 + �2
hm

2
h


1 +

2(s�m2
h)

m2
h

Re

✓
B⇤

S

◆
+

2�h

mh
Im

✓
B⇤

S

◆�
+ |B|2

g2i g
2
f

�H

gigf

gigf

Knowledge of both on-peak and interference cross-section can 
disentangle coupling and BR -> independent extraction

14



Control mass
• Interference in the ZZ channel negligible —> no shift 

• m4l could be used as control mass 

• if only di-photon channel is used: reduction in systematics

• first option: discriminate according to pT,H

[Dixon,Li] arXiv:1305.3854 

  
pTH > 30GeV can be 
used as  “control” mass  

Shift depends on ΓH We can use it to bound its value 

Shift proportional to √ΓH Maintaining the Higgs signal constant 

Shift shows a strong 
dependance on pTH 

Less model dependent than off-shell measurements 

9 

[Dixon, Li (2012)]

• interference larger at 
low pT 

• use pT > 30 GeV as 
control region 

• problem: theoretical 
modelling at high pT

15



Control mass
• second option: control mass from γγ + 2 jets [Coradeschi et al (2015)]

 Gluon channel contribution (formally higher order) included 
It’s matrix element was provided by the BlackHat library 

W,Z W,Z H 

H 

γ 

γ 

γ 

γ 

γ 

γ 

γ 

γ 

7 

Analytic amplitudes obtained with the help of FeynArts, FeynCalc  and FormCalc 
Interface with numeric phase-space integration via a custom Fortran code 

Two independent calculations: 

Events generated with SHERPA and COMIX used to compute tree level 
amplitudes, and cross checked with MADGRAPH5 

 Gluon channel contribution (formally higher order) included 
It’s matrix element was provided by the BlackHat library 

W,Z W,Z H 

H 

γ 

γ 

γ 

γ 

γ 

γ 

γ 

γ 

7 

Analytic amplitudes obtained with the help of FeynArts, FeynCalc  and FormCalc 
Interface with numeric phase-space integration via a custom Fortran code 

Two independent calculations: 

Events generated with SHERPA and COMIX used to compute tree level 
amplitudes, and cross checked with MADGRAPH5 

• shift in VBF and GF in opposite directions —> very small net effect 

• good theoretical control 

• careful experimental feasibility studies are required
16



Discussion and  
topics for YR4
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1. Introductory review section 
2. interference and line-shape effects in gg-> VV + {0,1} jets as well as related VBF 

production modes using various dedicated as well as automated tools used by 
theorists and ATLAS & CMS  (coordinated with LH) 

3. theoretical & experimental status of H -> gamma gamma constraints on the Higgs 
width including a prediction of what can ultimately be achieved with LHC data and a 
discussion of available tools 

4. possibly a section on gg -> VV @ NLO progress if the massless quark loop results are 
available in time for YR4 

• Theory YR4 contacts for 2: 
✦ MadGraph5_aMC@NLO —> Eleni Vryonidou 
✦ OpenLoops + Sherpa —> Frank Siegert, Frank Krauss 
✦ GoSam —> Nicolas Greiner 
✦ MCFM —> Ciaran Williams 
✦ JHUGen —> Markus Schulze 
✦ VBFNLO —> Michael Rauch 
✦ PHANTOM —> Ezio Maina 
✦ gg2VV —> NK 

• Theory YR4 contacts for 3: 
✦ Nerina Fidanza (Buenos Aires) 
✦ Ye Li (SLAC)
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