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Introduction	and	motivation

Vector	boson	pair	production	provides	many	observables	
for	precision	LHC	phenomenology

ü Study	EW	Symmetry	Breaking	
mechanism

ü Anomalous	gauge	couplings?

On-shell	Production Off-shell	Production

ü Background	for	Higgs	discovery

ü Crucial	to	study	its	properties:	
Couplings,	width
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Facts	on	Higgs off-shell	behaviour
Higgs	produced	in	gluon	fusion,	decays	into	vector	bosons
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Figure 1: Representative Feynman diagrams for the Higgs-mediated signal amplitude gg ! H !
ZZ (a) and the background amplitude gg ! ZZ (b) at LO in pQCD. The decays of the Z-bosons

to leptons are understood.

interesting problem; it can only be fully addressed by studying the NLO QCD corrections

to gg ! ZZ amplitudes with the exact mass dependence.

The remainder of this paper is organized as follows. In Section II, we focus on ZZ production

in gluon fusion. We discuss details of the calculation, including validation of the 1/mt

expansion, and present results applicable to the LHC phenomenology. In Section III, we

present the calculation and discuss phenomenology of the WW production in gluon fusion.

We conclude in Section IV.

II. ZZ PRODUCTION

A. Details of the calculation

Scattering amplitudes for processes gg ! ZZ and gg ! ZZ + g can be written as

AZZ = AH +Ap, (1)

where the first amplitude describes the Higgs-mediated signal process gg ! H ! ZZ or

gg ! H ! ZZ+g and the second amplitude describes the “background” prompt production

gg ! ZZ and gg ! ZZ+g. Although not explicit in these notations, the leptonic decays of

Z-bosons are always included in the calculation and the Z-bosons are not assumed to be on

the mass shell. For background processes, �⇤-mediated amplitudes are also included. Upon

squaring the amplitude in Eq.(1), one obtains three terms

|AZZ |2 = |AH |2 + |Ap|2 + 2Re [A⇤

HAp] , (2)

5
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Facts	on	Higgs	off-shell	behaviour

• Higgs	properties	probed	using	on-shell	Higgs			(mass,	couplings,	CP	state)

• BUT - 10%	events	𝐻	 → 𝑉𝑉 are	above		𝟐𝑴𝑽 threshold	[Kauer,	Passarino ‘12]

• At	high	energies	strong	destructive	interference	(unitarization)
• Independent	of	width,	strong	constraints	on	Higgs	width	[Caola,	Melnikov ‘13]
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Constraints	on	Higgs	width
• Direct	constraints	limited	by	experimental	resolution	≈ 1GeV

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

• Indirect	constraints	studying	off-shell	Higgs production	in	VV
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Constraints	on	Higgs	width
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From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.

• Indirect	constraints	studying	off-shell	Higgs production	in	VV

ATLAS	&	CMS	find	𝜞𝑯 < 𝟐𝟐− 𝟐𝟔MeV	!

Compared	to	SM	prediction	≈ 4MeV

Lorenzo	Tancredi 6



Constraints	are	model	dependent

• Couplings	must	remain	unchanged	at	high	energies!
• Can	be	validated
[Englert,	Spannowsky ‘13;	Englert,	Soreq,	Spannowsky ‘14]

Higgs	signal	𝑔𝑔	 → 𝐻	 → 𝑉𝑉 and	interference with	prompt	ampl.	
scale	differently	at	high	energies

Therefore	it	is	crucial	to	have	NLO	QCD	corrections	separately	for	
signal,	background and	interference	terms!
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Theory	predictions	for	VV	production
• 𝑞𝑞1 channel	completely	known	@	NNLO																																	
[Cascioli et	al	‘13;	Gehrmann et	al	‘14;	Grazzini et	al	‘15;	Grazzini et	al	‘16]

• 𝑔𝑔 channel	(background)	@	NLO	for	on-shell ZZ	and	WW	
[Caola,	Melnikov,	Röntsch,	LT ‘15;	Caola,	Melnikov,	Röntsch,	LT ‘16]
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interesting problem; it can only be fully addressed by studying the NLO QCD corrections

to gg ! ZZ amplitudes with the exact mass dependence.

The remainder of this paper is organized as follows. In Section II, we focus on ZZ production

in gluon fusion. We discuss details of the calculation, including validation of the 1/mt

expansion, and present results applicable to the LHC phenomenology. In Section III, we

present the calculation and discuss phenomenology of the WW production in gluon fusion.

We conclude in Section IV.

II. ZZ PRODUCTION

A. Details of the calculation

Scattering amplitudes for processes gg ! ZZ and gg ! ZZ + g can be written as

AZZ = AH +Ap, (1)

where the first amplitude describes the Higgs-mediated signal process gg ! H ! ZZ or

gg ! H ! ZZ+g and the second amplitude describes the “background” prompt production

gg ! ZZ and gg ! ZZ+g. Although not explicit in these notations, the leptonic decays of

Z-bosons are always included in the calculation and the Z-bosons are not assumed to be on

the mass shell. For background processes, �⇤-mediated amplitudes are also included. Upon

squaring the amplitude in Eq.(1), one obtains three terms

|AZZ |2 = |AH |2 + |Ap|2 + 2Re [A⇤

HAp] , (2)

5

Signal	– Background	interference was	known	only	@	LO					
[Glover,	Bij ‘89;	Matsuura,	Bij ‘91;	Zecher,	Matsuura,	Bji ‘94;	Binoth,	Kauer,	

Mertsch ‘08;	Campbell,	Ellis,	Williams	’11,	‘14]
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What	do	we	need	- Interference	@	NLO
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Figure 2: Representative Feynman diagrams at NLO. Shown are the two-loop and real emission

contributions to the signal amplitude AH ((a) and (b)) and to the background amplitude Ap ((c)-

(f)). The decays of the Z-bosons to leptons are only shown in (f).

that, upon integration over the phase-space of the relevant final states, produce the corre-

sponding contributions to the cross section. We will refer to the three contributions to the

cross sections, shown in Eq.(2), as the signal, the background and the interference, respec-

tively. Note that the interference contribution to the cross section is not sign-definite, in

contrast to contributions of both the signal and background.

We now describe the ingredients that we use to assemble the full scattering amplitude

AZZ . The one-loop LO amplitudes AH and Ap are shown in Fig. 1. The former, with

full dependence on the quark masses that facilitate ggH interaction, has been known for a

long time. The latter amplitudes for both massless and massive quark contributions were

computed in [35–37]; more recent computations are available in the codes gg2VV [38] and

MCFM [5, 39]. We make use of the amplitudes from MCFM in our calculation.

For the NLO QCD computation we need virtual corrections to gg ! ZZ and real contri-

butions gg ! ZZ + g (see examples of contributing diagrams in Fig. 2). To compute the

6
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6

Bottleneck

ü Known	@ 2-loops	in	
massless	limit												
[Caola et	al.	‘15;	von	
Manteuffel,	LT ‘15]

ü Exact	𝑚3 dependence	
still	out-of-reach

ü Numerical	methods?	
(HH	@	NLO)		[Borowka
et	al.	‘16;	Borowka et	al.	
‘16]
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Top-mass	dependence	is	crucial at	
high	energies /	high	𝒑𝑻

Lorenzo	Tancredi 12



Top-mass	dependence	is	crucial at	
high	energies /	high	𝒑𝑻

Attempt Top-mass	expansion	– 𝑠 ≪ 𝑚3
8

Expansion	trivializes	two-loop	amplitudes	!	

×

×

×

×

×

×

𝑚3 → 	∞

Simple	to	implement	for	𝑔𝑔	 → 𝑍𝑍,		less	trivial	for	𝑔𝑔	 → 𝑊𝑊
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Top-mass	dependence	is	crucial at	
high	energies /	high	𝒑𝑻

Possibly	valid	for	partonic energies		s ≲ 4𝑚3
8

Expanding	up	to	(𝑠/𝑚3
8)A we	see

LHC13, µ = m4`/2

d
�
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Figure 4: LO results for signal/background interference at the 13 TeV LHC. Both the full result as

well as massless/massive-only contributions are shown. Solid line: exact result. Dashed line: 1/mt

expansion, including up to 1/m8
t terms. The vertical line marks the top threshold.

The situation is however different if one considers the interference between signal and back-

ground. Indeed, it is expected on general grounds that top quark contributions to the

interference play a much more important role, because for m4` � 2mZ , the off-shell Higgs

boson decays preferentially to longitudinal Z-bosons. In turn, the longitudinal Z-bosons

have stronger couplings to top quark loops than to massless loops; as a result the contri-

bution of top quark loops is more prominent in the interference than in the background

cross section. These expectations are confirmed in Fig. 4 where we show the interference

contribution to the m4` invariant mass distribution. Although the qualitative behavior of

massless and massive contributions to the full result is similar to the pure background case

– massless/massive contribution decreasing/increasing with m4` – the impact of massive

amplitudes is quite sizable. At the top quark threshold m4` ⇠ 2mt, the two contributions

become comparable. At this value of m4`, the differences between exact and 1/mt-expanded

results start to appear. Still, it follows from Fig. 4, that the error associated with using the

1/mt expansion for the interference is a few percent even at the high end of the expansion

region which, as we will see, is smaller than other sources of uncertainty such as uncalcu-

lated higher order corrections. We therefore conclude that we can use the heavy top quark

mass expansions to study the interference in gg ! ZZ provided that we restrict ourselves

to m4`  2mt.

Since the kinematic features of the virtual corrections are identical to those of leading order

amplitudes, the 1/mt expansion of the two-loop amplitude is expected to be valid for m4` <

10

𝑔𝑔 → 𝐻 → 𝑍𝑍 → 4𝑙
LO Signal/bkg interference

Solid	line:	exact	in	𝑚3
Dashed	line:	expansion	in	1/𝑚3

Vertical	line	→ 	2𝑚3 threshold	
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𝑔𝑔 → 𝐻 → 𝑍𝑍 → 4𝑙
LO Signal/bkg interference

Solid	line:	exact	in	𝑚3
Dashed	line:	expansion	in	1/𝑚3

Vertical	line	→ 	2𝑚3 threshold	
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Restrictions:
𝑚AE ≤ 2𝑚3

𝑝HI	 < 150	GeV



Phenomenology	studies	for	
𝑔𝑔 → 𝐻 → 𝑍𝑍 → 4𝑙

§ Virtual	and	real amplitudes	for	background expanded	to	(𝑠/𝑚3
8)A

§ 𝑔𝑔 → 𝑍𝑍 → 4𝑙@	13	TeV LHC

§ Dynamical	scale	𝜇M = 𝜇O = {QRS
A
; QRS
8
;𝑚AE}	

§ Impose	minimal	cuts:	

- 150	GeV	≤ 𝑚AE ≤ 340	GeV

- 𝑝HI < 150 GeV
- 60	GeV	≤ 𝑚EE ≤ 120	GeV

Expect	large	radiative	corrections
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Phenomenology	studies	for	
𝑔𝑔 → 𝐻 → 𝑍𝑍 → 4𝑙

§ Virtual	and	real amplitudes	for	background expanded	to	(𝑠/𝑚3
8)A

§ 𝑔𝑔 → 𝑍𝑍 → 4𝑙@	13	TeV LHC

§ Dynamical	scale	𝜇M = 𝜇O = {QRS
A
; QRS
8
;𝑚AE}	

§ Impose	minimal	cuts:	

- 150	GeV	≤ 𝑚AE ≤ 340	GeV

- 𝑝HI < 150 GeV
- 60	GeV	≤ 𝑚EE ≤ 120	GeV

Expect	large	radiative	corrections

We	find	a	K-factor of	~1.53
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Different	contributions	in	detailleading and next-to-leading orders in perturbative QCD

�signal
LO = 0.043+0.012

�0.009 fb, �signal
NLO = 0.074+0.008

�0.008 fb

�bkgd
LO = 2.90+0.77

�0.58 fb, �bkgd
NLO = 4.49+0.34

�0.38 fb

�intf
LO = �0.154+0.031

�0.04 fb, �intf
NLO = �0.287+0.031

�0.037 fb

�full
LO = 2.79+0.74

�0.56 fb, �full
NLO = 4.27+0.32

�0.35 fb,

(4)

where the sub- and superscripts indicate the scale variation. The interference is destructive,

as implied by the unitarity arguments, despite the fact that these cross sections refer to the

production of four leptons with invariant masses that are far below the values for which the

unitarity arguments are valid. Negative interference implies that the physical cross section

is smaller than the sum of the signal and background cross sections by about 5%. We also

note that the absolute value of the interference is 3-4 times larger than the signal, but is still

more than an order of magnitude smaller than the irreducible gg background. Consequently,

extracting the signal and observing the effect of the interference in this range of four-lepton

invariant masses will be challenging, assuming the Higgs couplings to vector bosons and

gluons are close to what is expected in the Standard Model.

We observe that the NLO QCD corrections are largest for the signal cross section and

smallest for the background. The corresponding K-factors1 are Ksignal = 1.72 and Kbkgd =

1.55 for the central scale choice. It is interesting to note that the K-factor for the interference,

Kintf = 1.65, is very close to the geometric mean of these results Kintf ⇡
p
KbkgdKsignal, as

was assumed in experimental analyses aimed at constraining the Higgs boson width [7, 9].

The scale uncertainty of the leading order cross section is in the range of twenty to thirty

percent; the NLO cross sections are outside the scale uncertainty of the leading order result.

At NLO, the relative scale uncertainty decreases by about a factor of two and becomes close

to ten percent.

We continue with the discussion of differential distributions in the invariant mass of four

leptons, m4`. In Fig. 6 we show separately the distributions for the signal, the background,

the interference and the total yield of four leptons in gluon fusion. The lower panes show the

corresponding K-factors, in dependence of m4`. We note that K-factors for the signal and

1 We define the K-factor as the ratio of NLO corrected cross section at a particular scale to the leading
order cross section at the central scale.
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1. Destructive	interference	~5% of	background
2. Interference is	4	times	larger	than	signal

Use	specialized	cuts	to	enhance	it

3. Scale	uncertainty	~20 − 30%@	LO	→ 𝟏𝟎%@	NLO

4. K-factors:
𝐾\]^E = 1.72	; 			𝐾ab^c = 1.55	; 			𝐾]d3e = 1.65	 ≈ 	 𝐾\]^E𝐾ab^c�
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𝒎𝟒𝒍 distributions

K-factors	flat	except	for	interference near	2𝑚k threshold

Lorenzo	Tancredi 19



K-factor	of	the	interference

Massless	loop	dominates	near	2𝑚k
It	drives	the	k-factor	behaviour

Lorenzo	Tancredi 20



Similar	findings	in	[arXiv:1605.01380]
Campbell,	Czakon,	Ellis,	Kirchner

Lorenzo	Tancredi 21

Set-up:

1. They	consider	only	interference
2. On-shell Z	bosons,	𝑚kk > 2	𝑚k

3. Expansion	two-loop	to	 \
Qm
n

o

4. Real	emission	exact in	𝑚3

5. Padé approximation	to	extend	results	
beyond	2𝑚3 threshold



Similar	findings	in	[arXiv:1605.01380]
Campbell,	Czakon,	Ellis,	Kirchner
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Set-up:

1. They	consider	only	interference
2. On-shell Z	bosons,	𝑚kk > 2	𝑚k

3. Expansion	two-loop	to	 \
Qm
n

o

4. Real	emission	exact in	𝑚3

5. Padé approximation	to	extend	results	
beyond	2𝑚3 threshold

Qualitatively similar	
behaviour of	k-factors
near	the	2𝑚k threshold	!



Phenomenology	studies	for	
𝑔𝑔 → 𝐻 → 𝑊𝑊 → 4𝑙

§ Mass	expansion	non-trivial	→ top	and	bottoms	mix	in	the	loops!
- Neglect	entirely	3rd generation	in	first	approximation

Lorenzo	Tancredi 23

Assess	3rd gen.	importance	@LO

• For	𝑚H,�� < 200 GeV	
comparable	to	massless	!

• Dominating	for	high	𝑚H,�� !

Necessarily	PARTIAL	results

Figure 8: Contributions of the first two generations and the third generation to the interference in

gg ! W+W� at leading order in perturbative QCD.

the Introduction, this omission is due to the complexity of performing a mass expansion

with both top and bottom quarks in the loop. Therefore, our results for gg ! WW are

necessarily incomplete but they, at least, give partial information about radiative effects in

the case of the WW production in gluon fusion.

The amplitudes for gg ! WW production are assembled along the lines described in Sec-

tion II. We consider leptonic decays of the W -bosons, gg ! WW ! ⌫ee
+µ�⌫̄µ, and con-

sistently include the required single-resonance contributions; this allows us to describe the

W -pair production for a broad range of invariant masses both below and above the 2mW -

threshold.

We present results for the
p
s = 13 TeV LHC, using the same parameters, scales and parton

distribution functions as in the previous section. Since we do not use an expansion in 1/mt,

we no longer require the cut p
?j < pmax

?j , and we remove this cut from our analysis. We also

do not impose any cuts on the final state leptons, so that the results shown in this Section

are fully inclusive. We stress, however, that our computation can accommodate any cut on

final state leptons, missing energy and jet.

We begin with the discussion of the interplay between contributions of the third and the first

two generations to the interference at leading order. The results are shown in Fig. 8 where

a comparison is made in dependence of the transverse mass mT,W+W� . The transverse mass

is defined

mT,WW =

q
2E

?,misspT,``(1� cos

˜�) (5)

where p
?,`` is the transverse momentum of the lepton pair, E

?,miss is the missing energy, and ˜�
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Phenomenology	studies	for	
𝑔𝑔 → 𝐻 → 𝑊𝑊 → 4𝑙

§ 𝑔𝑔 → 𝐻 → 𝑊𝑊 → 𝜈�	𝑒�	𝜇��̅��
§ No	kinematic	cuts	imposed	(no	need	to	restrict	𝑝HI here!)

- We	want	to	be	fully	inclusive	→ cuts	can	be	easily	accommodated	!
§ Same	scales	as	for	ZZ

Lorenzo	Tancredi 24

Necessarily	PARTIAL results

At	least	partial	information	on	radiative	effects	in	WW		→ Large	K-factors	1.59

as to treat the results on an equal footing. At
p
s = 13 TeV, the cross sections are

�signal
LO = 48.3+10.4

�8.4 fb, �signal
NLO = 81.0+10.5

�8.2 fb

�bkgd
LO = 49.0+12.8

�9.7 fb, �bkgd
NLO = 74.7+5.5

�6.2 fb

�intf
LO = �2.24+0.44

�0.59 fb, �intf
NLO = �4.15+0.47

�0.54 fb

�full
LO = 95.0+22.6

�17.6 fb, �full
NLO = 151.6+15.4

�13.9 fb.

(6)

Similar to ZZ production studied in the previous section, interference is destructive, al-

though less important, reducing the full cross section by about 2%-3%. In contrast to ZZ

production, we do not remove the kinematic region corresponding to the Higgs peak, result-

ing in a signal cross section that is comparable to the background, and more than an order

of magnitude greater than the interference.

It is well-understood how to construct cuts to either suppress or enhance the relative contri-

bution of the interference2 and we emphasize that, since our computation includes off-shell

effects and decays of the W -bosons, we can implement any such cuts within our numerical

code.

The NLO corrections enhance the signal and background cross sections by Ksignal = 1.68 and

Kbkgd = 1.53 respectively, similar to the K-values found for ZZ production in the previous

section. However, for the interference Kintf = 1.85, which is larger than the corresponding

K-factor in Z-pair production, Kintf = 1.65. While the relationship between the interference

K-factor and the geometric mean
p
KbkgdKsignal is no longer exact, the geometric mean still

provides a decent approximation to Kintf .

We show the mT,WW distributions for the signal, the background, the interference, and

the total yield in Fig. 9, with the K-factors in the lower panes. We note that all LO

distributions approach zero for low mT,WW , leading to extremely large K-factors in this

region. Apart from this, Kbkgd is relatively flat, as is Ksignal for mT,WW < 2mW , after which

the signal is suppressed and the statistics are limited. The K-factor for the interference

again behaves differently, dropping from Kintf ⇡ 2 at mT,WW ⇡ 60 GeV to Kintf ⇡ 1.5 at the

high end of the distribution. A qualitatively similar effect was seen in the m4` distributions

from ZZ production, which again was ascribed to the massless contributions, while the

2 See e.g. Ref. [8] for a description of experimental selection criteria in off-shell studies.
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Different	contributions	in	detail

1. Destructive	interference	~2% of	background
2. Interference	smaller	than	signal,	we	can	see	the	Higgs	peak!
3. Scale	uncertainty	 reduced	of	a	factor	2

4. K-factors:
𝐾\]^E = 1.68	; 			𝐾ab^c = 1.53	; 			𝐾]d3e = 1.85	 ≠ 	 𝐾\]^E𝐾ab^c�
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as to treat the results on an equal footing. At
p
s = 13 TeV, the cross sections are

�signal
LO = 48.3+10.4

�8.4 fb, �signal
NLO = 81.0+10.5

�8.2 fb

�bkgd
LO = 49.0+12.8

�9.7 fb, �bkgd
NLO = 74.7+5.5

�6.2 fb

�intf
LO = �2.24+0.44

�0.59 fb, �intf
NLO = �4.15+0.47

�0.54 fb

�full
LO = 95.0+22.6

�17.6 fb, �full
NLO = 151.6+15.4

�13.9 fb.

(6)

Similar to ZZ production studied in the previous section, interference is destructive, al-

though less important, reducing the full cross section by about 2%-3%. In contrast to ZZ

production, we do not remove the kinematic region corresponding to the Higgs peak, result-

ing in a signal cross section that is comparable to the background, and more than an order

of magnitude greater than the interference.

It is well-understood how to construct cuts to either suppress or enhance the relative contri-

bution of the interference2 and we emphasize that, since our computation includes off-shell

effects and decays of the W -bosons, we can implement any such cuts within our numerical

code.

The NLO corrections enhance the signal and background cross sections by Ksignal = 1.68 and

Kbkgd = 1.53 respectively, similar to the K-values found for ZZ production in the previous

section. However, for the interference Kintf = 1.85, which is larger than the corresponding

K-factor in Z-pair production, Kintf = 1.65. While the relationship between the interference

K-factor and the geometric mean
p
KbkgdKsignal is no longer exact, the geometric mean still

provides a decent approximation to Kintf .

We show the mT,WW distributions for the signal, the background, the interference, and

the total yield in Fig. 9, with the K-factors in the lower panes. We note that all LO

distributions approach zero for low mT,WW , leading to extremely large K-factors in this

region. Apart from this, Kbkgd is relatively flat, as is Ksignal for mT,WW < 2mW , after which

the signal is suppressed and the statistics are limited. The K-factor for the interference

again behaves differently, dropping from Kintf ⇡ 2 at mT,WW ⇡ 60 GeV to Kintf ⇡ 1.5 at the

high end of the distribution. A qualitatively similar effect was seen in the m4` distributions

from ZZ production, which again was ascribed to the massless contributions, while the

2 See e.g. Ref. [8] for a description of experimental selection criteria in off-shell studies.
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𝒎𝑻,𝑾𝑾 distributions

Same	K-factor	pattern	@	2𝑚��



Can	we	estimate	impact	of	3rd generation?
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K-factor	interference from	massive	loops	relatively	flat	in	the	ZZ	case

LHC13, µ = m4`/2

d
�
/
d
m

T
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W
[
f
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Figure 10: Transverse mass mT,WW distribution for the interference in gg ! WW at the 13

TeV LHC. The LO result includes contributions from three quark generations. The NLO result is

obtained by summing the exact result for the first two generations with the LO third generation

contribution multiplied by a constant K-factor
p
KbkgdKsignal = 1.6.

massive contribution remained relatively flat (cf. Fig. 7). This observation suggests a way

of estimating the impact of NLO QCD corrections to the interference including all quark

flavors, by adding the NLO results displayed in Fig. 9 to the LO third generation contribution

multiplied by the approximate K-factor
p

KbkgdKsignal = 1.6. This procedure results in an

approximate NLO interference cross section �intf
NLO,approx. = �8.35 fb, to be compared with a

LO result of �intf
LO = �4.86 fb including all quark contributions. The corresponding mT,WW

distribution is shown in Fig. 10. Finally, we reiterate that this approximation to the full NLO

interference can be improved by calculating the massive loops either in a 1/mt expansion or

with the full mass dependence. While the latter is at the limit of our current capabilities,

it is the only way in which mass effects can be unambiguously included in all kinematic

regimes.

IV. CONCLUSION

In this paper, we described the computation of the NLO QCD radiative corrections to the

production of four leptons in gluon fusion, gg ! V V ! 4l, V = Z/�⇤,W and discussed

phenomenological implications for the LHC. Our computation includes both prompt and

Higgs-mediated production mechanisms, off-shell effects and decays of vector bosons and

is fully differential in kinematics variables of final state leptons and jets. Contributions of
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Estimate	effect	of	3rd
generation	by	rescaling	LO	
with	approximate	K-factor

𝐾~ 𝐾\]^E𝐾ab^c� ~1.60

Very	simple-minded
approximation	based	
on	behaviour of	ZZ	
massive	K-factors!

𝒎𝑻,𝑾𝑾 distribution	for	intf.	In	ggWW@	13	TeV



Conclusions

• We	computed	𝑔𝑔 → 𝑍𝑍 and	𝑔𝑔 → 𝑊𝑊 focusing	on	off-shell	Higgs
interference effects

• Account	of	top-mass effects approximatively for	𝑔𝑔 → 𝑍𝑍

• WW	→ only	approx.	3rd gen.	estimate	with	flat	K-factor
• Massless	interference	larger	K-factor	than	sigl.	and	bkgd.
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Window	150	𝐺𝑒𝑉 < 	𝑚AE < 340	𝐺𝑒𝑉 where	we	can	claim	to	have	
full	control	on	mass	effects!

Moderate	K-factor	~	1.6	- 1.7,	flat	except	close		2𝑚k threshold



Thanks	!
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