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a large fraction of the cross section for events where the 
Higgs decays to vector bosons,
                            pp -> H( -> VV) + X
lies in the high mass tail MVV>2 mV

this tail is independent of the Higgs boson width GH

➡ use it to   

Motivation

bound GH 

study the effective 
gluon-Higgs coupling 
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             JHEP 1404, 060 (2014), PRD89,053011 (2014);

Khachatryan et al. (CMS Collab.), PLB 736, 64 (2014);
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Cacciapaglia et al., 1406.1757;
Azatov et al., 1406.6338.{
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radiation in gluon-fusion Higgs production is large

➡ large k-factors in gg -> H

➡ large cross section for gg -> H + 1 jet
        production xsec in H + 1 jet and H + 0 jet comparable

Motivation
why the extra jet?

Ellis et al., NPB297, 221 (1998)

Dawson, NPB 359, 283 (1991); Djouadi et al., PLB 264,
440 (1991); Graudenz et al., PRL 70, 1372 (1993); ...



the one-loop amplitudes entering ZZ + jet are part of the 
missing higher-order corrections to inclusive loop-mediated Z 
pair production relevant to the Higgs-continuum interference

these corrections are expected to be large -> having them 
under control would allow for a more reliable bound on GH 
from ZZ interference

our results are analytical -> easier to integrate over singular 
regions

virtual corrections are still missing ..  

Motivation



consider an Higgs-mediated process i -> H -> f

Introduction
Bounding the Higgs width using interference effects in ZZ

Caola, Melnikov, PRD88, 054024 (2013); Campbell et al., JHEP 1404, 060 (2014), PRD89,053011 (2014);
Kauer, Passarino, JHEP 1208, 116 (2012)

i fH
gi gf

d�
dq2 ⇠ g2

i g
2
f

(q2�m2
H)2+m2

H�2
H

➡ in the on-shell region
( integrate around q2 ~ mH2)

➡ in the off-shell region
(above the resonance,
q2        mH2)�

{�peak ⇠ g2
i g

2
f

�H

�tail ⇠ g2i g
2
f

�H / �tail

�peak



for pp -> H -> ZZ -> 4l, about 15% of the total cross section
is in the region with m4l > 130 GeV

➡  use current measurements of the pp -> ZZ 
cross section to constrain GH

Introduction
Kauer, Passarino

Bounding the Higgs width at the LHC -

How does it work for the Higgs boson?

• Naive expectation: ΓH / mH ~ 10-5 ; resonance peak so narrow that there is no 

off-shell cross section to measure.

• This is spectacularly wrong for the golden channel.

• About 15% of the total cross

section in the region with

m4ℓ > 130 GeV.
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Kauer, Passarino,1206.4803
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look at Higgs-mediated 
Z pair production 
gg -> H -> ZZ

interference effects with 
the background process 
gg -> ZZ
are large in the high invariant mass region due to 
unitarity requirements for the tt -> ZZ scattering-

Introduction

Bounding the Higgs width at the LHC -

Ingredients

• In order to assess viability of an analysis based on this fact, need precision 

prediction for the 4-lepton final state.

11

(a)+(b): gluon initiated

(signal and background)

(c): dominant background

(d)+(e): “qg interference”, 

same order as (a)*(b)
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Bounding the Higgs width at the LHC -

Importance of interference

• Usual classification into “signal” and “background” contributions neglects the 

effect of interference

• that is particularly important since a Higgs boson is involved.

• Consider high-energy tt→ZZ scattering (diagrams embedded in loops).

• straightforward to examine behavior using longitudinal modes of Z’s

• Inclusion of Higgs diagram essential to cancel bad high energy behaviour.

• An observation of this mechanism at work would be evidence of the Higgs 

boson doing its job.
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this yields large destructive interference between 
gg -> H(->ZZ) -> 4l         and          gg -> ZZ -> 4l

Introduction

Bounding the Higgs width at the LHC -

The result

• Cuts appropriate for CMS analysis of full data-set.

21

• Continuum (qq)

background 1-2 orders 

of magnitude larger 

throughout most of 

range.

• Effect of destructive 

interference clear for 

high m4l.

• Difficult to observe 

effect (in the SM) since 

so little rate there.

Campbell et al., JHEP 1404, 060 (2014)

backgound

signal

➡ the qq background 
is 1-2 orders of 
magnitude larger 
than the signal

➡ situation improves 
at higher center 
of mass energies



constraint on the Higgs width: assume that

       but allow for                       , i.e.,

Introduction

Campbell et al., JHEP 1404, 060 (2014)
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similar ideas for interference effects in pp -> ZZ+1 jet

➡ in the tail, the ratio of Higgs signal to LO background 
even (slightly) better than for pp -> ZZ

Introduction



similar ideas for interference effects in pp -> ZZ+1 jet

➡ in the tail, the ratio of Higgs signal to LO background 
even better than for pp -> ZZ!

➡ also in this case the interference between 
pp -> H(->ZZ) + 1 jet     and      pp -> ZZ + 1 jet
in the high energy region is large and needs to be
taken into account

Introduction



Ingredients
order process background signal

g2wgs

g2wg
3
s

qq̄ ! ZZ + g
qg ! ZZ + q

gg ! ZZ + g

FIG. 2: Representative diagrams for the 0 → gqq̄ZZ amplitude.

occurs. At the level of the matrix element squared, the amplitude of process (1) enters at order
g2sg

4
W . The superscript is used to differentiate between different partonic channels that enter at

the same order. For instance there are also the crossed processes with a gluon in the initial state,
such as,

B(b)
1 : q + g → ZZ + q . (2)

The next-to-leading order (NLO) corrections to the processes (1) and (2), including all crossings,
have been presented in Refs. [24–26]. In addition, ingredients for the NLO ZZ+jet process are
part of the NNLO ZZ calculation presented in Ref. [27]. Merging to a parton shower generator
has been considered in Ref. [28].

Focusing on the one-loop corrections to the process (2), we find two classes of contributions
that are separately gauge invariant and finite. One represents box diagrams where the Z bosons
are radiated from a closed loop of fermions,

B(b)
3 : q + g

box−−→ ZZ + q . (3)

and the other corresponds to diagrams in which a Higgs boson is produced through a massive
quark loop and subseqently decays to a pair of Z-bosons,

M(b)
3 : q + g → H(→ ZZ) + q . (4)

The background process B(b)
3 proceeds by a loop of quarks of all flavors, while M(b)

3 receives
significant contributions only for t and b quarks circulating in the loop. Both processes (3) and (4)

4
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4

interfere with the process (2), giving contributions of order g4sg
4
W . However, the interference of (2)

and (3) is known to be small [24]. Similarly, the interference between (2) and the Higgs-mediated
process (4) is also small in the inclusive case [5], as expected by unitarity. We will verify in this
paper that this hierarchy holds in the one-jet exclusive bin as well.

Partonic crossings of processes (3) and (4) give rise to processes q+ q̄
box−−→ ZZ + g and q + q̄ →

H(→ ZZ)+g which interfere with process (1). However, these amplitudes can be trivially obtained
from processes (3) and (4), so there is no need to consider them separately.

At the next order, g6sg
4
W , the squared amplitudes for production of a Z-pair in association with a

jet enter. As well as the square of the qg processes (3) and (4) and their interference, gluon-induced
production is also present at this order, either through Higgs production

M(a)
3 : g + g → H(→ ZZ) + g , (5)

or through loops of quarks in a similar fashion to the process (3),

B(a)
3 : g + g → ZZ + g . (6)

The gluon-induced process B(a)
3 is known to provide contributions to V V + jet production in

the range of 5-10% [28–30]. Since these contributions are indistinguishable from the LO pp → ZZ
+ jet, given by the square of processes (1) and (2), we do not consider them in this work. Likewise,
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The notation for the scalar integrals D0 and C0 is given in Table III. We note that, in contrast
to the case where the Z bosons are off-shell and their decays included, these formulae for the
interference take a very simple form. In particular, there are no denominators of the form 1/p2T ,
where pT is the transverse momentum of one of the Z bosons.

3. AMPLITUDES FOR ZZ + jet PRODUCTION

We turn now to the amplitudes for ZZ + jet production. The partonic amplitudes are given
in Eqs. (2-6) and Table I and are depicted in Figs. 2 and 3. The large-energy behavior of the

background loop amplitudes B(a)
3 and B(b)

3 is unitarized by the Higgs amplitudes M(a)
3 and M(b)

3

respectively. In contrast, the amplitude B(b)
1 is insensitive to the unitarizing effects of the Higgs

boson.

3.1. Amplitude for gq → H(→ ZZ)q

We begin by looking at the Higgs mediated process (4). This was first computed in Ref. [12] for
an on-shell Higgs. Modifying this result slightly to allow the Higgs to be off-shell, the amplitude is

M(b),α
3 = −i

g2s
16π2

gW
4mW

1

2
(tA)32 gs

1

s23
ū(p3)γ

µu(p2)

(

gαµ − pµ1 (p
α
2 + pα3 )

p1 · (p2 + p3)

)

F (s23, sH) (21)

where the loop function F (s23, sH) is given by

F (s23, sH) = −8m2
q

[

2− (sH − s23 − 4m2
q)C

145
0 +

2s23
sH − s23

(

B123
0 −B23

0

)

]

, (22)

in terms of the scalar integrals defined in Table III. Note that the loop function above is related
to the gg → H loop function M(sH) given in Eq. (8) by

F (0, sH) = −M(sH). (23)

Including the decay H → Z(p4)Z(p5), the amplitude is

M(b),αρσ
3 = N

(

gs(t
A)32

F (s23, sH)

sH −M2
H

)

1

s23
ū(p3)γ

µu(p2)

(

gαµ − pµ1 (p
α
2 + pα3 )

p1 · (p2 + p3)

)

gρσ, (24)

and squaring this we find the signal contribution

Sgqq̄ ≡ −M(b),αρσ
3

(

M(b)
3;αρ′σ′

)∗
P ρ′

Zρ(k4)P
σ′

Zσ(k5)

=
V

2
g2s |N |2 1

s23

(

p1 · p22 + p1 · p23
)

p1 · p223
|F (s23, s123)|2

(s123 −M2
H)2

[

8 +

(

s123 − 2m2
Z

m2
Z

)2]

. (25)

The negative sign in the first line comes from the sum over the gluon polarization. Recall that N
is our canonical overall factor given in Eq. (11).
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ū(p3)γ

µu(p2)

(

gαµ − pµ1 (p
α
2 + pα3 )

p1 · (p2 + p3)

)

gρσ, (24)

and squaring this we find the signal contribution

Sgqq̄ ≡ −M(b),αρσ
3

(

M(b)
3;αρ′σ′

)∗
P ρ′

Zρ(k4)P
σ′

Zσ(k5)

=
V

2
g2s |N |2 1

s23

(

p1 · p22 + p1 · p23
)

p1 · p223
|F (s23, s123)|2

(s123 −M2
H)2

[

8 +

(

s123 − 2m2
Z

m2
Z

)2]

. (25)

The negative sign in the first line comes from the sum over the gluon polarization. Recall that N
is our canonical overall factor given in Eq. (11).

10

The notation for the scalar integrals D0 and C0 is given in Table III. We note that, in contrast
to the case where the Z bosons are off-shell and their decays included, these formulae for the
interference take a very simple form. In particular, there are no denominators of the form 1/p2T ,
where pT is the transverse momentum of one of the Z bosons.

3. AMPLITUDES FOR ZZ + jet PRODUCTION

We turn now to the amplitudes for ZZ + jet production. The partonic amplitudes are given
in Eqs. (2-6) and Table I and are depicted in Figs. 2 and 3. The large-energy behavior of the

background loop amplitudes B(a)
3 and B(b)

3 is unitarized by the Higgs amplitudes M(a)
3 and M(b)

3

respectively. In contrast, the amplitude B(b)
1 is insensitive to the unitarizing effects of the Higgs

boson.

3.1. Amplitude for gq → H(→ ZZ)q

We begin by looking at the Higgs mediated process (4). This was first computed in Ref. [12] for
an on-shell Higgs. Modifying this result slightly to allow the Higgs to be off-shell, the amplitude is

M(b),α
3 = −i

g2s
16π2

gW
4mW

1

2
(tA)32 gs

1

s23
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Including the decay H → Z(p4)Z(p5), the amplitude is
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A)32
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H
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ū(p3)γ
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(

gαµ − pµ1 (p
α
2 + pα3 )
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M(b)
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)∗
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Zρ(k4)P
σ′
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V

2
g2s |N |2 1

s23

(
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)

p1 · p223
|F (s23, s123)|2

(s123 −M2
H)2

[

8 +

(

s123 − 2m2
Z

m2
Z

)2]

. (25)

The negative sign in the first line comes from the sum over the gluon polarization. Recall that N
is our canonical overall factor given in Eq. (11).
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P ρ′

Zρ(k4)P
σ′

Zσ(k5)

=
V

2
g2s |N |2 1

s23

(
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The negative sign in the first line comes from the sum over the gluon polarization. Recall that N
is our canonical overall factor given in Eq. (11).
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Results for pp -> ZZ + jet

pT,cut [GeV] σgg
H [fb] σqg+qq̄

H [fb] σgg
I [fb] σqg+qq̄

I [fb] σtree
I [fb]

√
s = 8 TeV

30 0.0212 0.00679 -0.0299 -0.00929 0.00230
50 0.0124 0.00522 -0.0173 -0.00706 0.00182
100 0.00467 0.00279 -0.00632 -0.00369 0.00097
200 0.00104 0.00086 -0.00133 -0.00111 0.00026

√
s = 13 TeV

30 0.0887 0.0216 -0.1263 -0.0298 0.00652
50 0.0547 0.0172 -0.0770 -0.0235 0.00528
100 0.022.9 0.0101 -0.0313 -0.0136 0.00298
200 0.00612 0.00377 -0.00798 -0.00497 0.00092

TABLE V: Higgs and interference cross-sections σH and σI by partonic channel, for four choices of pT,cut,
at the

√
s = 8 TeV and

√
s = 13 TeV LHC. All results shown are in the tail region mZZ > 300 GeV.

pT,cut [GeV] σH,peak [fb] σH,tail [fb] σI,tail [fb] σtree
I,tail [fb]

√
s = 8 TeV

30 0.351 0.0280 -0.0391 0.0023
50 0.205 0.0177 -0.0243 0.0018
100 0.0715 0.00750 -0.0100 0.0010
200 0.0129 0.00193 -0.00245 0.00027

√
s = 13 TeV

30 0.909 0.110 -0.156 0.0065
50 0.557 0.0718 -0.100 0.0053
100 0.212 0.0329 -0.0448 0.0030
200 0.045 0.0099 -0.0130 0.0009

TABLE VI: Cross-sections at
√
s = 8 and

√
s = 13 TeV in the peak region (mZZ < 130 GeV) and in the

high mass tail region defined by mZZ > 300 GeV, for σH and σI . Also shown is the tree-level interference
σtree
I .

one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
momentum.

As mentioned in the discussion of Table V, the sum of σH and σI is negative, and the ratio
|σI/σH | does not depend appreciably on pT,cut or

√
s. The value of σtree

I is about 5% of the value
of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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Results for pp -> ZZ + jet
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TABLE V: Higgs and interference cross-sections σH and σI by partonic channel, for four choices of pT,cut,
at the

√
s = 8 TeV and

√
s = 13 TeV LHC. All results shown are in the tail region mZZ > 300 GeV.

pT,cut [GeV] σH,peak [fb] σH,tail [fb] σI,tail [fb] σtree
I,tail [fb]

√
s = 8 TeV

30 0.351 0.0280 -0.0391 0.0023
50 0.205 0.0177 -0.0243 0.0018
100 0.0715 0.00750 -0.0100 0.0010
200 0.0129 0.00193 -0.00245 0.00027

√
s = 13 TeV

30 0.909 0.110 -0.156 0.0065
50 0.557 0.0718 -0.100 0.0053
100 0.212 0.0329 -0.0448 0.0030
200 0.045 0.0099 -0.0130 0.0009

TABLE VI: Cross-sections at
√
s = 8 and

√
s = 13 TeV in the peak region (mZZ < 130 GeV) and in the

high mass tail region defined by mZZ > 300 GeV, for σH and σI . Also shown is the tree-level interference
σtree
I .

one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
momentum.

As mentioned in the discussion of Table V, the sum of σH and σI is negative, and the ratio
|σI/σH | does not depend appreciably on pT,cut or

√
s. The value of σtree

I is about 5% of the value
of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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Results for pp -> ZZ + jet

pT,cut [GeV] σgg
H [fb] σqg+qq̄

H [fb] σgg
I [fb] σqg+qq̄

I [fb] σtree
I [fb]

√
s = 8 TeV

30 0.0212 0.00679 -0.0299 -0.00929 0.00230
50 0.0124 0.00522 -0.0173 -0.00706 0.00182
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√
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50 0.0547 0.0172 -0.0770 -0.0235 0.00528
100 0.022.9 0.0101 -0.0313 -0.0136 0.00298
200 0.00612 0.00377 -0.00798 -0.00497 0.00092

TABLE V: Higgs and interference cross-sections σH and σI by partonic channel, for four choices of pT,cut,
at the

√
s = 8 TeV and

√
s = 13 TeV LHC. All results shown are in the tail region mZZ > 300 GeV.

pT,cut [GeV] σH,peak [fb] σH,tail [fb] σI,tail [fb] σtree
I,tail [fb]

√
s = 8 TeV

30 0.351 0.0280 -0.0391 0.0023
50 0.205 0.0177 -0.0243 0.0018
100 0.0715 0.00750 -0.0100 0.0010
200 0.0129 0.00193 -0.00245 0.00027

√
s = 13 TeV

30 0.909 0.110 -0.156 0.0065
50 0.557 0.0718 -0.100 0.0053
100 0.212 0.0329 -0.0448 0.0030
200 0.045 0.0099 -0.0130 0.0009

TABLE VI: Cross-sections at
√
s = 8 and

√
s = 13 TeV in the peak region (mZZ < 130 GeV) and in the

high mass tail region defined by mZZ > 300 GeV, for σH and σI . Also shown is the tree-level interference
σtree
I .

one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
momentum.

As mentioned in the discussion of Table V, the sum of σH and σI is negative, and the ratio
|σI/σH | does not depend appreciably on pT,cut or

√
s. The value of σtree

I is about 5% of the value
of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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Results for pp -> ZZ + jet
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√
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√
s = 13 TeV LHC. All results shown are in the tail region mZZ > 300 GeV.
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TABLE VI: Cross-sections at
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√
s = 13 TeV in the peak region (mZZ < 130 GeV) and in the

high mass tail region defined by mZZ > 300 GeV, for σH and σI . Also shown is the tree-level interference
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one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
momentum.

As mentioned in the discussion of Table V, the sum of σH and σI is negative, and the ratio
|σI/σH | does not depend appreciably on pT,cut or

√
s. The value of σtree

I is about 5% of the value
of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
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of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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mH = 126 GeV ΓH = 4.307 MeV mZ = 91.1876 GeV
mt = 173.225 GeV mb = 4.75 GeV sin2 θW = 0.2226459
GF = 1.16639× 10−5 GeV−2 g2W = 0.4264904 e2 = 0.0949563

TABLE IV: Masses, widths and electroweak coupling parameters used in this work.

4. RESULTS

The Higgs and interference amplitudes presented in Secs. 2 and 3 have been implemented in the
parton level integrator MCFM, with the scalar integrals calculated using the OneLoop library [36].
In this section we present results for the LHC running at

√
s = 8 TeV and

√
s = 13 TeV. Our

parameters are summarized in Table IV. Since we are particularly interested in the behavior of
the high mass tail, we make use of a dynamic factorization/renormalization scale µ = mZZ/2.
We remind the reader that we consider on-shell Z bosons, and include their decay only through a
branching ratio BR(Z → e+e−) = 3.36386 × 10−2. Thus, we are insensitive to the details of the
lepton kinematics. We demand the presence of a single jet, defined using the anti-kT algorithm
and having a rapidity |ηj | < 3 and a transverse momentum pT,j > pT,cut. We make use of the
MSTW08LO parton distributions throughout [37].

We will refer to the cross-sections that arise from the signal amplitudes M(a)
3 and M(b)

3 as
σgg
H and σqg+qq̄

H respectively, and their sum as σH . Similarly, the cross-sections arising from the

interference of these amplitudes with B(a)
3 and B(b)

3 , respectively, are σgg
I and σqg+qq̄

I ; their sum is

σI . The qq̄-initiated contributions in σqg+qq̄
H and σqg+qq̄

I are at the level of less than one per-mille.

The cross-section arising from the interference of M(b)
3 with the tree-level amplitude B(b)

1 is σtree
I .

The total cross-section σ(ZZj) is the sum of the signal and interference cross-sections. Recall that

we do not consider the square of background amplitudes such as B(a)
3 , as these contribute at NNLO

to the continuum background.
In Table V, we show partonic level cross-sections in the high mass tail defined by mZZ > 300

GeV. Four different values of the jet cut pT,cut are shown at center-of-mass energies
√
s = 8 TeV

and
√
s = 13 TeV. We have confirmed that our results for σgg

H and σgg
I agree with those shown in

Ref. [22]. Comparing these cross-sections with the qg + qq̄-initiated cross-sections (which are not
considered in Ref. [22]), we see that the former are always larger but the latter are still important,
especially at larger values of pT,cut. The relative partonic contributions at a given pT,cut are roughly
the same for Higgs and interference cross-sections: at

√
s = 8 TeV, both σqg+qq̄

H /σH and σqg+qq̄
I /σI

are approximately 25% at pT,cut = 30 GeV and increase to almost 50% at pT,cut = 200 GeV. This
suggests that this effect is due to the larger pT,cut probing a higher region of x, where the quark
pdfs are relatively more important than the gluon pdfs. At

√
s = 13 TeV, the value of x decreases,

leading to smaller values for these ratios for a given pT,cut.
The negative values of the interference cross-sections are required to restore unitarity. These

cross-sections are slightly larger in magnitude than the signal rate, so that their sum is negative.
The ratio of Higgs to interference is roughly constant for different values of

√
s or pT,cut, and in

either partonic channel. In contrast, the tree-level interference σtree
I is positive but fairly small,

although its importance increases with pT,cut, for the reasons discussed above.
In Table VI we show the total signal and interference for the four values of pT,cut and the two

center-of-mass energies. Also shown are the on-peak cross-sections, calculated by allowing the Z
bosons off-shell and defined by mZZ < 130 GeV. The cross-sections at

√
s = 13 TeV are a factor of

4–5 times larger than at
√
s = 8 TeV, with greater increases coming from higher values of pT,cut.

These values indicate that a few events have already been produced in the high mass tail of the
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mH = 126 GeV ΓH = 4.307 MeV mZ = 91.1876 GeV
mt = 173.225 GeV mb = 4.75 GeV sin2 θW = 0.2226459
GF = 1.16639× 10−5 GeV−2 g2W = 0.4264904 e2 = 0.0949563

TABLE IV: Masses, widths and electroweak coupling parameters used in this work.

4. RESULTS
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√
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3 and B(b)
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I and σqg+qq̄
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H and σqg+qq̄
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leading to smaller values for these ratios for a given pT,cut.
The negative values of the interference cross-sections are required to restore unitarity. These

cross-sections are slightly larger in magnitude than the signal rate, so that their sum is negative.
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s or pT,cut, and in

either partonic channel. In contrast, the tree-level interference σtree
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although its importance increases with pT,cut, for the reasons discussed above.
In Table VI we show the total signal and interference for the four values of pT,cut and the two

center-of-mass energies. Also shown are the on-peak cross-sections, calculated by allowing the Z
bosons off-shell and defined by mZZ < 130 GeV. The cross-sections at
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s = 13 TeV are a factor of

4–5 times larger than at
√
s = 8 TeV, with greater increases coming from higher values of pT,cut.

These values indicate that a few events have already been produced in the high mass tail of the
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pT,cut [GeV] σgg
H [fb] σqg+qq̄

H [fb] σgg
I [fb] σqg+qq̄

I [fb] σtree
I [fb]

√
s = 8 TeV

30 0.0212 0.00679 -0.0299 -0.00929 0.00230
50 0.0124 0.00522 -0.0173 -0.00706 0.00182
100 0.00467 0.00279 -0.00632 -0.00369 0.00097
200 0.00104 0.00086 -0.00133 -0.00111 0.00026

√
s = 13 TeV

30 0.0887 0.0216 -0.1263 -0.0298 0.00652
50 0.0547 0.0172 -0.0770 -0.0235 0.00528
100 0.022.9 0.0101 -0.0313 -0.0136 0.00298
200 0.00612 0.00377 -0.00798 -0.00497 0.00092

TABLE V: Higgs and interference cross-sections σH and σI by partonic channel, for four choices of pT,cut,
at the

√
s = 8 TeV and

√
s = 13 TeV LHC. All results shown are in the tail region mZZ > 300 GeV.

pT,cut [GeV] σH,peak [fb] σH,tail [fb] σI,tail [fb] σtree
I,tail [fb]

√
s = 8 TeV

30 0.351 0.0280 -0.0391 0.0023
50 0.205 0.0177 -0.0243 0.0018
100 0.0715 0.00750 -0.0100 0.0010
200 0.0129 0.00193 -0.00245 0.00027

√
s = 13 TeV

30 0.909 0.110 -0.156 0.0065
50 0.557 0.0718 -0.100 0.0053
100 0.212 0.0329 -0.0448 0.0030
200 0.045 0.0099 -0.0130 0.0009

TABLE VI: Cross-sections at
√
s = 8 and

√
s = 13 TeV in the peak region (mZZ < 130 GeV) and in the

high mass tail region defined by mZZ > 300 GeV, for σH and σI . Also shown is the tree-level interference
σtree
I .

one-jet exclusive bin during run I, and about 100 high mass events are expected with 300 fb−1 at
the higher energy.

We note that the high mass tail becomes more important relative to the peak cross-section as
pT,cut increases. This is because the on-peak cross section is more concentrated at small transverse
momentum.

As mentioned in the discussion of Table V, the sum of σH and σI is negative, and the ratio
|σI/σH | does not depend appreciably on pT,cut or

√
s. The value of σtree

I is about 5% of the value
of σI with pT,cut = 30 GeV, and around 10% with pT,cut = 30 GeV. However this contribution will
be partially cancelled by the unitarizing effect of the interference between the tree-level amplitudes
in process (2) and the one-loop box qg process (3), which is neglected in this paper. We therefore
expect the values of σtree

I,tail given in Table VI to provide an upper bound on the size of the subleading
contribution resulting from interference effects involving the tree-level processes.

The dependence of these quantities on the invariant mass of the Z-pair mZZ is shown in Fig. 6
for pT,cut = 30 GeV and

√
s = 8 TeV. We see that the inclusion of the interference term changes

the sign of the Higgs-mediated contribution and its magnitude is significantly reduced, as antici-
pated. Moreover, the effect of the interference is to dramatically alter the shape of the distribution
throughout. This emphasizes the importance of including the interference effects when considering
the high mass tail.

As of yet, no mass distributions are available in the one-jet bin, so an extraction of a bound on the
Higgs width using our results is not possible. As data become available from the higher energy LHC
run, this analysis will become possible. We expect that such a bound will be competitive with the
bound extracted from the zero-jet bin. To see this, we can examine the total cross-section for Higgs-
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⇠
50% for pT,cut = 200 GeV

25% for pT,cut = 30 GeV

⇠ {
➡ an harder cut probes regions of large x, where quark 

PDFs are relatively more important than gluon PDFs



Results for pp -> ZZ + jet

FIG. 6: Higgs and interference distributions σH and σI , and their sum, for the invariant mass of the Z-
pair, mZZ . Also shown are the tree-level interference distributions σtree

I . The results were obtained using
pT,cut = 30 GeV and

√
s = 8 TeV.

mediated events in the high mass region. It is most convenient to use a simple parameterization
that captures the scaling of this cross-section with the width of the Higgs boson [4, 5],

σH+I
off,ZZ+jet(mZZ > 300 GeV) = σH(mZZ > 300 GeV)

(

ΓH

ΓSM
H

)

+ σI(mZZ > 300 GeV)

√

ΓH

ΓSM
H

.

(45)
The result for the 4-lepton final state presented in Ref. [5] was,

σH+I
off,4!−fiducial(m4! > 300 GeV) = 0.025

(

ΓH

ΓSM
H

)

− 0.036

√

ΓH

ΓSM
H

fb, (46)

where the Z bosons were produced off-shell, and fiducial cuts were applied to the leptons originating
from their decay. In order to compare with the methodology of this paper, we repeat the calculation
but keep the Z bosons on-shell and simply apply the appropriate branching ratio into leptons. In
this case the result is,

σH+I
off,ZZ(mZZ > 300 GeV) = 0.0323

(

ΓH

ΓSM
H

)

− 0.0468

√

ΓH

ΓSM
H

fb. (47)

The relative size of the two coefficients in Eqs. (46) and (47) is the same, as might be expected. In
the presence of an additional jet, defined with a pT cut of 30 GeV, the equivalent result is:

σH+I
off,ZZ+jet(mZZ > 300 GeV) = 0.0280

(

ΓH

ΓSM
H

)

− 0.0391

√

ΓH

ΓSM
H

fb, (48)

where the coefficients can be read from Table VI. Thus the prediction for the effect of the Standard
Model Higgs boson on the number of off-shell ZZ+jet events is slightly smaller than the effect on
the number of off-shell ZZ events, inclusive in the number of jets. However the scaling with a
non-SM value of the width is about the same. The equivalent formulae for other values of the jet
cut can be read off from Table VI.
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pT,cut = 30 GeV
p
s = 8 TeV

importance of the interference term:
the Higgs-mediated contribution becomes negative
its shape changes
its magnitude is reduced in the high pT tail



Results for pp -> ZZ + jet
analogous to the ZZ case, the ratio of peak and off-peak 
cross sections at 8 TeV can be used to bound the Higgs width

�H+I
off,ZZ+jet(mZZ > 300 GeV)

�H
peak,ZZ+jet

= 0.02890

✓
�H

�SM
H

◆
� 0.0391

s
�H

�SM
H

in the next run of the LHC, expect about 100 events to be
produced in the high mass tail

➡ alternative extraction of the Higgs width



Conclusions
Higgs width already constrained from interference 
effects in ZZ production

similar analysis in the ZZ + jet channel is viable: in the 
high invariant mass tail,

➡ the Higgs production cross section in the zero and one 
jet bins are comparable

➡  the ratio of the Higgs signal to the LO background is 
larger in the one-jet bin than in the zero-jet bin



Conclusions
we performed a detailed analysis of the high invariant 
mass tail

➡ interference effects between Higgs and QCD ZZ 
production: 
large and negative as required by unitarity

as in the pp -> ZZ case, relate the ratio of peak and
off-peak cross sections to the Higgs decay width relative 
to the Standard Model


