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H→γγ: interference and mass shift7
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FIG. 4: The shift in the diphoton invariant
mass distribution due to interference with the
continuum background, using the measure of
eqs. (17)-(19), for various assumed values of the
mass resolution Gaussian width σMR.

positive (negative) tail at lower (higher) Mγγ . This is shown in Figure 4, where ∆Mγγ is given

as a function of δ, for various values of the Gaussian mass resolution σMR. Because a Gaussian

mass resolution is assumed here for simplicity, one finds ⟨Mγγ⟩δ, no interference = MH to very

high precision, but ⟨Mγγ⟩δ, total is increasingly smaller as δ is increased. If one takes a value like

δ = 4 GeV as indicative, since this is large enough to include most of the signal events, then from

Figure 4 the shift is about −185 MeV, with not much sensitivity to the assumed mass resolution.

However, even a moderately larger value of δ = 5 GeV would increase the typical shift to about

−240 MeV.

The results so far are based on total cross-sections, but experimental cuts and efficiencies favor

scattering into the central regions of the detectors. In the CM frame, the non-interference part of

the signal is isotropic, but the interference is peaked at large |z| = | cos θCM|, as can be seen from

eqs. (8), (9), (12), (14) and graphed in the left panel of Figure 5. The way this angular distribution

would translate into the effects of a cut on η = − ln[tan(θlab/2)] is shown in the right panel of

Figure 5. Here I show the ratio of acceptances R = (σint
cut/σ

int
total)/(σ

H
cut/σ

H
total) as a function of ηmax,

where “int” refers to the Higgs-continuum interference part from eq. (12) and “H” to the Higgs

contribution without interference from eq. (11), and “cut” means |η| < ηmax for both photons, while

“total” means no cut on η. A simple cut on η does not translate into experimental reality, as the

ATLAS Higgs analysis is sensitive to |η| < 2.37 except for 1.37 < |η| < 1.52, and CMS to |η| < 2.5

except for 1.44 < |η| < 1.57, but with efficiencies that vary over those ranges. Both experiments

also have cuts on the photon pT ’s, but the effect of this cannot be treated well by the present

leading-order analysis. Furthermore, higher order corrections that have been neglected here could

enhance or suppress the interference part relative to the non-interference part. To illustrate the

possible effects of these considerations, Figure 6 depicts the impact on the shift ∆Mγγ of a relative

suppression of the interference part of the cross-section by a factor of r. This shows that the effect

of such a suppression is to decrease the shift in the Mγγ peak by approximately the same factor r.

For r = 0.8, the shift ∆Mγγ found for δ = 4 GeV would be reduced to about 150 MeV, although

larger values are possible if the signal-background fitting procedure effectively corresponds to larger

δ.

[Martin (2012), Dixon and Li; de Florian et al (2013)]

• Real part of signal gg → H → γγ 
and continuum gg → γγ production 
leads to distortion in mγγ shape 

• Peak shift ~ independent on the 
Higgs width, dependent on 
environmental parameters (detector 
resolution) and interference 
strength, ~ gi gf  

• Combined with signal yield               
σ ~ gi2 gf2 / ΓH, can give constraints 
on the Higgs width 

• Largely model-independent 

• Small effect (~50 MeV, see Yanyan 
talk for thorough estimates) 

• Need to minimize systematic 
uncertainties 
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

(

S

mHΓSM
H

+ I

)

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
√

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV



• Mass shift strongly sensitive on selection cuts → can use γγ both as 
signal and as control regions, reduce systematic error w.r.t. e.g. ZZ 

• Largest mass shift at low pt → 2-bin analysis  
• Particularly useful: γγ + 2j samples: opposite effect in GF and VBF, very 

small mass shift 
• Good control region: mjj > 400 GeV,  

standard photon cuts (small shift, 
non negligible rates) 

Using γγ as control sample
[Martin (2012); Dixon and Li; de Florian et al (2013), Coradeschi et al (2015)]

Shift depends on Γ H We can use it to bound its value 

Shift proportional to √ Γ H Maintaining the Higgs signal constant 

Shift shows a strong 
dependance on pTH 

Less model dependent than off-shell measurements 

5 

8 

Contributions have opposite sign 

Shifts towards higher masses 

Higher ptH                Smaller shift 

Shifts towards lower masses 



• Parton shower implementation available, Sherpa+DIRE (Höche et al.)

Available tools and K-factorsFig. 38: Diphoton transverse momentum and invariant mass distributions for pure signal term.

Fig. 39: Pure interference term of the diphoton cross–section on the left and total cross–section (signal+ interfer-
ence terms) on the right.

Fig. 40: Interference term assuming different values for the energy smearing resolution.

250

Fig. 38: Diphoton transverse momentum and invariant mass distributions for pure signal term.

Fig. 39: Pure interference term of the diphoton cross–section on the left and total cross–section (signal+ interfer-
ence terms) on the right.

Fig. 40: Interference term assuming different values for the energy smearing resolution.

250

Interference Interference, w. energy smearing

• ATLAS analysis: → see Yanyan’s talk 
• Signal: NNLO. Background/interference: NLO 

• NNLO background: 3-loop, mass effects… 

• Reasonable assumption: KB ∈ [1,KS]. Motivated by NLO K-factor



Interference for BSM resonances
[Djouadi et al; Hespel et al; Dawson, Lewis; Martin (2016)]

are included in the �gg loop). The net result for �H = 30 GeV, shown in the left panel
of Fig. 5, is that the signal strength is reduced by ⇠ 20% compared to the value that
would be found neglecting interference. There would be an analogous, but much smaller,
reduction in the case of a narrow total width �H = 1 GeV, shown in the right of Fig. 5.

Figure 5: The contributions to the line-shapes of a CP–even H ! �� with mass 750 GeV
and total width �H = 30 GeV (left panel) and �H = 1 GeV (right panel), as functions of
m��, showing the line-shape neglecting interference (solid blue lines), the contributions of
interferences in the real and imaginary parts of the gg ! H ! �� amplitude (dashed and
solid lines) and the overall combination including both interferences (green lines). These
plots were calculated assuming su�cient vector-like leptons to give �(gg ! H)⇥BR(H !
��) = 4 fb.

Analogous results for a pseudoscalar state A with mass 750 GeV and in the same
conditions than the previous CP-even H case are shown in Fig. 6. We see that the
interference in the imaginary part is positive in this case, leading to an enhancement of
the total cross section by ⇠ 20% for a wide state with a total width �A = 30 GeV (left
panel). There is an analogous but much smaller enhancement in the narrow width case
with �A = 1 GeV (right panel).

Finally, our results for the gg ! � ! �� mass spectrum in the 2HDM with tan � = 1
are shown in Fig. 7 when the combined e↵ects of the H and A states are considered. We
see that, if only Standard Model fermion loops are included in the gg ! � and � ! ��
couplings (left panel), there is a significant enhancement in the peak, which is shifted
below 750 GeV, accompanied by a (smaller) dip above 750 GeV. However, as in previous
cases with only Standard Model fermion loops, the peak is still much smaller than the
reported signal. On the other hand, there are su�cient vector-like fermions to enhance
the signal to 4 fb as reported by ATLAS and CMS (right panel), the enhancement is
much smaller, namely about 20%.
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gt cg c� �tot �(pp ! Y ! ��) �(pp ! Y ! tt̄)

Scalar

1 1.0 100 32.8 9.4 fb 0.2 pb

1 1.5 55 31.7 6.7 fb 0.4 pb

1 2.0 30 31.4 3.6 fb 0.7 pb

1 2.5 20 31.4 2.5 fb 1.1 pb

Pseudoscalar

1 0.75 65 41.1 9.0 fb 0.2 pb

1 1.0 45 40.3 7.8 fb 0.4 pb

1 1.5 20 39.8 3.6 fb 0.9 pb

1 1.75 10 39.7 1.2 fb 1.2 pb

Table 9. Example of benchmarks points in our simplified model satisfying the currently available
information on the diphoton excess. The couplings of the scalar to tops, gluons and photons are
given along with the scalar width and the narrow width diphoton and tt̄ signal cross sections for a
750 GeV scalar or pseudoscalar resonance.
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Figure 17. Top pair invariant mass distribution for the LHC at 13 TeV in the presence of a 750
GeV resonance coupling to gluons, photons and top quarks. The values of the couplings shown here
satisfy the diphoton excess properties. The lower panels show the ratio of the signal and interference
over the QCD background.

model parameters, we find that in general the impact of the interference becomes rapidly

important once the width over mass ratio of the resonance rises above a few percent.

In addition to the tt̄ process, the interference has been studied when the top pair is

produced in association with a jet. We find that the size and shape of the interference

compared to the background is not significantly modified compared to the 2 ! 2 process

but remains important in the determination of the shape of the invariant mass distribution.
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FIG. 3.1: The digluon invariant mass distribution for pp → gg at leading order, for the case

Γgg = Γtot = 0.0016M . The thinner (red) lines show the fictional result with only the s-channel
resonance diagram gg → X → gg included, while the thicker (blue) lines show the full result

from eqs. (2.4), (2.9), and (2.10)-(2.15) including interferences with the continuum QCD gg → gg

amplitude. The two panels show the same data but with different scales on the axes.
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FIG. 3.2: The digluon invariant mass distribution for pp → gg at leading order, for the cases

Γgg = 0.004M and Γtot = 0.01M (left panel) and Γgg = 0.01M and Γtot = 0.06M (right panel).
The thinner (red) lines show the fictional results with only the s-channel resonance diagram gg →
X → gg included, while the thicker (blue) lines show the full results from eqs. (2.4), (2.9), and
(2.10)-(2.15) including interference with the continuum QCD gg → gg amplitude.

the form:

f(m,mgg) = N

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

(AL +BLm)−nL for (m−m)/σ ≤ −αL,

exp[−(m−m)2/2σ2] for − αL ≤ (m−m)/σ ≤ αH ,

(1−m/mmax)ν(AH +BHm)−nH for (m−m)/σ ≥ αH .

(3.4)
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the form:

f(m,mgg) = N

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

(AL +BLm)−nL for (m−m)/σ ≤ −αL,

exp[−(m−m)2/2σ2] for − αL ≤ (m−m)/σ ≤ αH ,

(1−m/mmax)ν(AH +BHm)−nH for (m−m)/σ ≥ αH .

(3.4)

gluons

• Interference effects likely to play a role for (high mass) resonances 
• Same spirit, but situation can be qualitatively different (top, thresholds…) 
• Cannot just rescale Higgs results



Off-shell Higgs
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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 –

• Despite being a narrow resonance, in the SM the Higgs develops a 
sizable high invariant mass tail (enhanced decay to real longitudinal W/Z) 

• The tail is width independent → direct extraction of off-shell couplings 

• Under assumptions on on/off-shell coupling correlations → strong bounds 
on Higgs width by combining off-shell tail and signal yield

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4ℓ > 100 GeV has been removed to extend the range of
the plot.

m4ℓ < 130 GeV m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross

13

[NK, Passarino (2012); FC, Melnikov (2013); Campbell, Ellis, Williams (2013)]



Relevance for σtot and available tools
At the inclusive level, σoff ~ 10% enhancement of BW result. However 

• Off-shell effects completely killed by m4l cuts for ZZ analysis 

• WW analysis require a mT cut to avoid large off-shell contamination

Status of theoretical predictions 

• Many available tools for LO background and interference: gg2VV, 
MCFM, MadGraph5_aMC@NLO, OpenLoops+Sherpa, GOSAM, JHUGen/
MELA+MCFM… Benchmark results in YR4 

• Signal: NNLO. Benchmark K-factors in the off-shell region in YR4  

• Background/interference: LO/LO+PS (→see Yanyan)/Merged LO+PS 

• After YR4: first exact results for NLO background/interference in the 
intermediate off-shell region m4l < 350 GeV 



Studies for benchmark BSM models

Table 1.12: Cross sections for gg (! {h1, h2}) ! Z(g⇤
)Z(g⇤

) ! ll l0l 0 in pp collisions at
p
s = 13 TeV at loop-induced leading

order in the 1-Higgs-Singlet Extension of the SM (1HSM) with Mh1 = 125 GeV, Mh2 = 400, 600, 900 GeV and mixing angle
sin ✓ = 0.2 or 0.4 as indicated. Results for the heavy Higgs (h2) signal (S) and its interference with the light Higgs (Ih1) and the
continuum background (Ibkg) and the full interference (Ifull) are given. The ratio Ri = (S + Ii)/S illustrates the relative change of
the heavy Higgs signal due to interference with the light Higgs and continuum background amplitude contributions. Cross sections are
given for a single lepton flavour combination. Minimal cuts are applied: Mll > 4 GeV,Ml

0
l
0 > 4 GeV, pTZ > 1 GeV. The integration

error is displayed in brackets.

gg ! h2 ! ZZ ! ll l0l 0

�[fb], pp,
p
s = 13 TeV

min. cuts interference ratio

sin ✓ Mh2 [ GeV] S(h2) Ih1 Ibkg Ifull Rh1 Rbkg Rfull

0.2 400 0.07412(6) 0.00682(6) -0.00171(2) 0.00511(6) 1.092(2) 0.977(1) 1.069(2)

0.2 600 0.01710(2) -0.00369(3) 0.00384(3) 0.00015(4) 0.784(2) 1.225(2) 1.009(3)

0.2 900 0.002219(2) -0.003369(9) 0.003058(8) -0.00031(2) -0.518(4) 2.378(4) 0.860(6)

0.4 600 0.07065(6) -0.01191(6) 0.01465(6) -0.00274(9) 0.831(2) 1.207(2) 1.039(2)

Table 1.13: Cross sections for gg (! {h1, h2}) ! Z(g⇤
)Z(g⇤

) ! ll l0l 0 in pp collisions at
p
s = 13 TeV in the 1HSM with

Mh1 = 125 GeV, Mh2 = 400, 600, 900 GeV and mixing angle sin ✓ = 0.2 or 0.4 as indicated. Results for the heavy Higgs (h2)
signal (S), light Higgs background (h1) and continuum background (gg bkg.) are given. Where more than one contribution is included,
all interferences are taken into account. Other details as in Table 1.12.

gg ! h2 ! ZZ ! ll l0l 0

�[fb], pp,
p
s = 13 TeV

min. cuts

sin ✓ Mh2 [ GeV] S(h2) h1 gg bkg. S + h1 + Ih1 all

0.2 400 0.07412(6) 0.854(2) 21.18(7) 0.934(2) 21.86(7)

0.2 600 0.01710(2) 0.854(2) 21.18(7) 0.867(2) 21.80(7)

0.2 900 0.002219(2) 0.854(2) 21.18(7) 0.852(2) 21.79(7)

0.4 600 0.07065(6) 0.734(2) 21.18(7) 0.793(2) 21.77(7)
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Fig. 7: Invariant mass distributions for gg (! {h1, h2}) ! Z(g⇤
)Z(g⇤

) ! ll l0l 0, other details as in Table 1.13.
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Fig. 20: Differential cross section of the process gg ! ZZ/Z�
⇤
/�

⇤
�
⇤ ! 2`2`

0 (where `, `0 = e, µ, or ⌧ ) as a function of invariant
mass m4` generated with the MCFM+JHUGen framework, including the NNLO in QCD weights calculated with MCFM+HNNLO.
The NNLO and NLO weights (k -factors) as a function of m4` are shown on the top-right plot. The top-left plot shows several scenarios
of H(125) anomalous couplings to two weak vector bosons with enhancement in the off-shell region with the a3, a2, and ⇤1 terms,
as colored histograms, as well as the a1 term (SM), as the solid black histogram, from Eq. (1.5) in decreasing order of enhancement
at high mass. The bottom plot shows distributions in the presence of a hypothetical X(450) resonance with several components either
isolated or combined. In all cases interference (I) of all contributing amplitudes is included.
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Fig. 22: Partonic cross sections d�
X
/dmZZ for gg ! ZZ in arbitrary units as a function of the invariant mass mZZ in GeV for

scenario (a) S2, (b) S3 and (c) S4 (black: X = |H|2; red, dashed: X = |H|2 + 2Re(H · h); blue, dot-dashed: X = |H|2 + 2Re(H ·
h) + 2Re(H ·B); green, dotted: X = |H|2 + 2Re(H · h) + 2Re(H ·B) + 2Re(h ·B)).

mentioned two cases can help to lift the signal cross section by more than a factor of 2 and thus enhance the sensitivity of489

heavy Higgs boson searches.490

3.7.2.4 Interferences at high invariant masses491

So far we focused on the interference effects between the heavy Higgs and the background as well as the heavy Higgs492

and the light Higgs in the vicinity of the heavy Higgs resonance, since the interference between the light Higgs boson and493

the background can be considered constant in this region. However, at high invariant masses of the diboson system the494

interplay between all three contributions h and H and the background B is of relevance, to a certain extent related to the495

unitarization of the cross section. In Figure 22 we plot the differential cross section gg ! ZZ as a function of the invariant496

mass of the diboson system mZZ up to high masses beyond the heavy Higgs resonance. We exemplify the discussion for497

the three scenarios S2, S3 and S4. The differences between the colored curves display the importance of the different498

interference terms. Since the figures are obtained for the partonic cross section and we are interested in the relative effects499
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• Non trivial interference patterns 

• Signal/background interference 

• Light/heavy interference



Beyond LO
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Fig. 11: Inclusive (left) and exclusive (right) jet cross sections with and without multijet merging and with (mH = 125 GeV) and
without (mH ! 1) including a Higgs boson, including multijet merging or merely relying on the parton shower to simulate all QCD
emissions.
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Fig. 12: Differential cross section in dependence of the transverse momentum of the leading jet (left) and the cross section after
application of a jet veto in dependence on the transverse momentum cut on jets (right).

of about 10% or so from multijet merging. At the same time, in the linear plot of the jet-vetoed cross section the rate227

difference due to the inclusion of the Higgs boson becomes visible. As expected, these differences manifest themselves228

in the usual kinematic regions stemming from spin effects in the decay of the W bosons, illustrated in Figure 13. Clearly,229

the presence of a Higgs boson pushes the leptons closer in phase space. Since the overall rate is dominated by the 0-jet230

bin, the differences between merged and LO samples are again relatively small, of the order of 10% or below.231

To summarise: the application of multijet merging to loop–induced processes gg ! V V (⇤) leads to visibly harder jet232

spectra and significantly larger jet multiplicities, irrespective of whether this process is mediated by a Higgs boson or not.233

It is clearly the overall scale of the process and the fact that the initial states are identical that is responsible here. The234

effect on jet-vetoed cross sections in the 0-jet bin is small, 10% or below, since these cross sections essentially appear235

after integration over the jet-cross section up to the veto scale. Clearly, though, this would be different when asking for236

exactly one jet and vetoing further jets. The impact of the merging is small on the lepton correlations in the regions, that237

are important for the definition of signal and background regions.238

Results as expected 

• Harder pt spectrum 

• More jet activity

PS merging: gg→(H)→WW [OpenLoops+Sherpa]

NLO for the background, m4l ~ 2 mV
[FC, Melnikov, Röntsch, Tancredi (2015)]
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Figure 2: Up, left: cumulative cross section for gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC as a function of the lower cut on four-lepton invariant mass. Up, right: distribution of the

invariant mass of the four leptons in the reaction gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC. Lower panes show ratios of the LO (yellow) and NLO (blue) distributions evaluated at three

different scales to the LO distribution evaluated at µ = 2mZ . Low: same as above for the 13 TeV

LHC.

the emitted gluons, including the vanishingly small ones. Calculation of one-loop amplitudes

for gg ! ZZg process becomes unstable if the gluon in the final state becomes soft or

collinear to the collision axis. We deal with these instabilities by switching to quadruple

precision where appropriate. To obtain the gg ! ZZ cross section through NLO QCD,

we combine elastic and inelastic contributions using the qt-subtraction [47] and, as a cross-

check, the FKS subtraction [56] methods. The results that we present in the next Section

are obtained by combining computations performed using the two subtraction schemes.

11

No surprises 

• K-factor ~ Higgs 

• K-factor rather flat



The NLO K-factor: YR4 suggestions
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Fig. 27: Left: NLO K-factor for gg ! 4l background, massless quark contribution. Right: K-factor for gg ! H ! 4l signal. NLO
with full mass dependence, NNLO in the HEFT approximation. See text for details.

Fig. 28: Comparison of different ways of treating quark mass effects at higher orders. Left: assume identical correction to massive and
massless contributions. Right: assume zero corrections for massive contributions. See text for details.

non negligible NNLO K�factor, and it is not unreasonable to expect a similar K�factor also for the background [108].620

One may then apply the signal NNLO K�factor to the background as well, and take the difference between NNLO and621

NLO as a conservative estimate of perturbative uncertainties.622

In the high invariant mass region m4l > 2mt, it is not possible at this stage to provide a full NNLO (NLO) theoretical623

prediction for the signal (background), since exact heavy quark mass effects at NLO are unknown. In the following, we624

investigate signal and background K�factors in this region making different assumptions for missing top quark contri-625

butions. First, we compare in Fig. 27 results for signal – with full top and bottom mass dependence through NLO –626

and background neglecting top quark contributions, as described in the previous sections and in [35]. For reference, we627

also show the effect of NNLO QCD corrections (computed with NNLO PDFs and ↵s, and in the heavy-top approxima-628

tion). This figure shows that signal and background K-factors are similar throughout the whole invariant mass spectrum629

considered here.630

To quantify the effect of the missing top quark contribution in the background, we study two extreme approaches.631

First, we assume that the K�factor for massive and massless contributions is identical. Given their similarity in the low-632

mass region, we believe this assumptions to be reasonable. This leads to the K-factor shown in Fig. 27 (see also Eq. 1.12)633

634

Kgg!4l =
d�LO

t,b /dm4l + RLO
t,b d��NLO

no�t/dm4l

d�LO
t,b /dm4l

=
d�LO

no�t/dm4l + d��NLO
no�t/dm4l

d�LO
no�t/dm4l

= Kno�t
gg!4l. (1.13)

Second, we use full mass dependence in the LO contribution and only add NLO corrections for massless quarks6
635

K̃gg!4l =
d�LO

t,b /dm4l + d��NLO
no�t/dm4l

d�LO
t,b /dm4l

. (1.14)

A comparison between K Eq. 1.13 and K̃ Eq. 1.14 is shown in Fig. 28. Up to invariant masses m4l ⇠ 500 GeV the two636

results are in good agreement, while they differ significantly at higher mass. The spread of these two results is a way to637

probe the uncertainty due to unknown mass effects.638

6Note that this second approach is rather unrealistic, as it assumes no interference between LO massive amplitudes and NLO massless ones. We
consider it here only as a way to estimate possible top quark effects in a conservative way.

• Large corrections, K-factor is important 
• All information available support KS~KB. Natural scale: m4l/2 
• Large residual scale variation → fine details not so relevant

• Reasonable to expect similar pattern at NNLO 

• One option for KB: use exact (massless) NLO K-factor, with related uncertainty 

• Another option: use KS ~ KB, at NNLO 

• Difference gives an estimate of uncertainties 

• Interference: geometric mean of KS and KB



Post YR4 developments
Recently, first exact results for signal/background/interference at NLO in 
the mild off-shell region m4l < 350 GeV available 
[Cambpell, Czakon, Ellis, Kirschner; FC, Dowling, Melnikov, Röntsch, Tancredi (2016)]
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Figure 6: Four-lepton invariant mass distributions in gg ! ZZ processes at the 13 TeV LHC.

The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.

14

case the K-factor decreases slowly from around 2.2 at small invariant masses to around 1.8 in the far
tail. We note that the K-factor for the Higgs amplitudes alone, and the one for the interference with
the top quark loops, is almost identical. In the high-energy limit this is guaranteed to be the case,
due to the cancellation between these two processes. This behaviour is shown explicitly in Fig. 16.

Figure 15: Left panel: Interference of the Higgs amplitude and quark loops at LO and NLO, with

the scale uncertainty indicated by the dashed histograms. The ratio of the NLO and LO results is

shown in the lower panel. Right panel: The equivalent results for the Higgs amplitude squared.

Figure 16: The ratio of the K-factors for the square of the Higgs diagrams alone (Khiggs) and the one

for the interference (Kinter). The lines are fits to the individual histogram bins that are good to the

level of a few percent and are shown for the central scale (blue) as well as the scale variations (red,

green).

The integrated cross-sections for the interference contributions and the Higgs amplitude squared
are shown in Table 2. Note that, in this table, the total interference differs from the sum of the massive
and massless loops by a small amount that is due to the anomalous contribution. At this level the

– 30 –

• YR4 suggestions confirmed: KS~KB~Kint 

• Kint ~ √Ks Kb badly violated only for m4l < 2mV, where interference 
effects negligible 

• Suggestions that results should hold also in the very high mass 
m4l > 350 GeV region 



An alternative approach: VBF

• No K-factor problem 

• Theory systematics (interpretation issues…) somewhat different 

• Complementary approach w.r.t. ggF

[Campbell, Ellis (2015)]

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
• Smaller rates → less significance. Rough estimate: at the end of 

Run II similar bound to ggF now (but different theory systematics) 

• Dedicated generators available (e.g. VBFNLO, MCFM, 
PHANTOM, JHUGen/MELA, MadGraph5_aMC@NLO…)



Summary
• Interesting developments for interference/off-shell studies 
• Many available results, a lot of theoretical studies 
• gg → VV: lot of progress, but high-mass NLO still unknown. 

Future developments 
• Merge NLO in the intermediate off-shell region with PS → 

generators available to experiments 
• NLO at high mass: recent progress in fully numerical multi-

loop computations suggests this could be done, at least 
with some reasonable approximations

• Not a lot of discussion in the WG about interpretation issues / 
BSM studies beyond benchmark models 

• Proposal: add a new theory convener with more BSM expertise


