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The Higgs is unstable, and we observe its decay products in 
the detector. 

Decays of the Higgs at Colliders : Notation
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The Higgs is unstable, and we observe its decay products in 
the detector. 

Partial widths define the rate for each open decay
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The Higgs is unstable, and we observe its decay products in 
the detector. 

+ + + . . .�
tot

=

Summing over all the partial widths yields the total width. 

Decays of the Higgs at Colliders : Notation
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The Higgs is unstable, and we observe its decay products in 
the detector. 

BR(H ! X) =
�
X

�
tot

Finally, the branching ratio defines the relative fraction for a particular 
decay. 

Decays of the Higgs at Colliders : Notation
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Relationship between the total width and couplings

In the narrow width approximation the total Higgs cross section 
can be written as follows, 

�i!H!f = �i!H ⇥BRH!f / �i!H�H!f

�H

Ultimately we want to extract information regarding the Higgs 
coupling to SM particles, i.e. 

�i!H!f /
g2i g

2
f

�H
⇠

g2i g
2
fP

j g
2
j

Measurements in individual channels are thus complicated by a 
dependence on the global Higgs properties, through the width.
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The Higgs Width

The width of the Higgs at 125 GeV is very small ~ 4 MeV 

�SM
H=125
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The Higgs Width

The widths of the other heavy EW particles (W,Z and top) are around 2 GeV

�EW

�SM
H=125
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Why is the Higgs Width so Small?

+ + + . . .�
tot

=

Recall that the width is calculated by summing over the decays
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Why is the Higgs Width so Small?

+ + + . . .�
tot
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Recall that the width is calculated by summing over the decays
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And that the light Higgs decays mostly to bottom quarks 
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Why is the Higgs Width so Small?

+ + + . . .�
tot

=

Recall that the width is calculated by summing over the decays
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And that the light Higgs decays mostly to bottom quarks 

But the bottom is light 
compared to the EW scale, so 
that 

�H ⇠
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m2
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EW
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�EW
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Examples of direct bounds on the width at the LHC 
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Figure 9: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 2e2µ and 4µ channels. Points with error bars represent the data, shaded histograms
represent the backgrounds, and the unshaded histogram the signal expectation for a mass hy-
pothesis of mH = 126 GeV. Signal and ZZ background are normalized to the SM expectation,
Z + X background to the estimation from data. The expected distributions are presented as
stacked histograms. No events are observed with m4` > 800 GeV.

Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are given integrated over the full mass measurement range m4` > 100 GeV and for
7 and 8 TeV data combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 77 ± 10 191 ± 25 119 ± 15 387 ± 31
Z + X background 7.4 ± 1.5 11.5 ± 2.9 3.6 ± 1.5 22.6 ± 3.6
All backgrounds 85 ± 11 202 ± 25 123 ± 15 410 ± 31
mH = 500 GeV 5.2 ± 0.6 12.2 ± 1.4 7.1 ± 0.8 24.5 ± 1.7
mH = 800 GeV 0.7 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 3.1 ± 0.2
Observed 89 247 134 470

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2µ 4µ 4`
ZZ background 1.1 ± 0.1 3.2 ± 0.2 2.5 ± 0.2 6.8 ± 0.3
Z + X background 0.8 ± 0.2 1.3 ± 0.3 0.4 ± 0.2 2.6 ± 0.4
All backgrounds 1.9 ± 0.2 4.6 ± 0.4 2.9 ± 0.2 9.4 ± 0.5
mH = 125 GeV 3.0 ± 0.4 7.9 ± 1.0 6.4 ± 0.7 17.3 ± 1.3
mH = 126 GeV 3.4 ± 0.5 9.0 ± 1.1 7.2 ± 0.8 19.6 ± 1.5
Observed 4 13 8 25

�H < 3.4 GeV ⇠ 820 �SM
H

1312.5353 CMS-PAS-HIG-013-016

�H < 6.9 GeV ⇠ 1650 �SM
H
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Properties of the Off-shell Cross Section
(Kauer, Passarino 12)

(Caola, Melinikov 13) 

(Campbell, Ellis, CW 13) 

In the resonance region the “on-
shell” cross section is dominated 
by the width.

�on

i!X!f

⇠
g2
i

g2
f

�
X

gi gf

1

(s�M2
X) + i�XMX
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Properties of the Off-shell Cross Section
(Kauer, Passarino 12)

(Caola, Melinikov 13) 

(Campbell, Ellis, CW 13) 

Away from the resonance 
region, the “off-shell” cross 
section does not depend on 
the width. 

�off
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Properties of the Off-shell Cross Section
(Kauer, Passarino 12)

(Caola, Melinikov 13) 

(Campbell, Ellis, CW 13) 

gi gf

1

(s�M2
X) + i�XMX

The ratio of these cross sections is

therefore dependent on the width 
and independent of the couplings. ⇣
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Since ΓH / MH=1/30,000 
one might expect off-shell 
corrections to be very 
small. 


However this is not the 
case, there is a sizable 
contribution to the total 
cross section away from 
the peak. 


This arises from the 
proximity of the two Z 
threshold, and is further 
enhanced by the threshold 
at twice the top mass. 

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

10

Off Shell Higgs cross sections.
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Off shell predictions in the SM
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Production of four leptons at the LHC

In order to bound the width 
we are interested in off-shell 
Higgs events. 

However the same final state 
can occur via a loop of 
fermions. 

+ 

2

The Matrix element is thus 
given by the coherent sum. 
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Interference effects in four lepton final states.

��i =
s�m2

H

(s�m2
H)2 +m2

H�2
H

Re (2AHiggsA
⇤
box) +

mH�H

(s�m2
H)2 +m2

H�2
H

Im (2AHiggsA
⇤
box)

The structure of the interference can be examined by writing it 
in the following way 

An odd function about the 
Higgs mass, which therefore 
effectively cancels near the 
resonance. 

A piece proportional to 
the width of the Higgs, 
very small for 125 GeV 
Higgs. 
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Impact on the off-shell cross section, 

As a result of the interference, our previous assumption, 
�off

�on
/ �H

is invalid. The interference modifies the above equation, 
introducing a term which scales as the root of the width. 

�off

�on
/ a�H + b

p
�H

For now we assume that the on-shell cross section is the 
SM, and re-write the off-shell cross section as, 

�gg!4`
off = a

�H

�SM
H

+ b

s✓
�H

�SM
H

◆
+ c

Need the gg=>ZZ box to calculate b and c! 
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The invariant mass distribution. 

Putting it all together 
we confirm that the 
signal only hypothesis, 
is a very poor 
approximation away 
from the peak. 

The unitarizing nature 
of the Higgs is 
apparent from the 
destructive tail. 

Putting it all together : the big picture 
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Interference results, 
FIG. 5: Overall picture at 13 TeV, (colour online).

FIG. 6: Higgs related contributions in the high m4ℓ region, (colour online).

14

The interference shares 
similar features to the 
signal (in particular the 
thresholds), washing 
out many of the 
features associated 
with the top quark. 

We determine that the qg initiated interference terms are fairly small, 
and have the same shape as the continuum, so can be neglected until 
the complete NNLO prediction is available. 

Interference effects

Scales like            i.e.

Scales like            i.e.

s✓
�H

�SM
H

◆

✓
�H

�SM
H

◆
g2t g

2
Z

gtgZ
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Bounding the Higgs width using LHC data : high masses Bounding the width II 

m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy PDF σH

peak σH
off σI

off σH
off σI

off

7 TeV MSTW 0.203 0.025 -0.053 0.017 -0.025
CTEQ 0.192 0.021 -0.047 0.015 -0.021

8 TeV MSTW 0.255 0.034 -0.073 0.025 -0.036
CTEQ 0.243 0.031 -0.065 0.022 -0.031

13 TeV MSTW 0.554 0.108 -0.215 0.085 -0.122
CTEQ 0.530 0.100 -0.199 0.077 -0.111

TABLE V: Best prediction cross sections for pp → H → ZZ → e−e+µ−µ+ in fb, obtained using the running
scale m4ℓ/2 and two sets of parton distributions.

We now turn to the issue of constraining the Higgs width by measuring the fraction of off-shell
ZZ events, as proposed in Ref. [8]. The scenario we consider is one in which the peak Higgs cross
section is constrained to its Standard Model value while the width is changed. Such a scenario is
realized by a universal rescaling of the coupling of the Higgs boson, gx → ξgSMx and ΓH = ξ4ΓSM

H .
Taking the results for

√
s = 8 TeV using the MSTW PDF set from Table V the number of off-shell

events originating from Higgs contributions is,

σH+I
off (m4ℓ > 130 GeV) = 0.034

(

ΓH

ΓSM
H

)

− 0.073

√

ΓH

ΓSM
H

(40)

σH+I
off (m4ℓ > 300 GeV) = 0.025

(

ΓH

ΓSM
H

)

− 0.036

√

ΓH

ΓSM
H

(41)

In these equations the linear scaling with the Higgs width originates from the genuine off-shell con-
tribution while the interference contribution scales with the square root. The coefficients entering
the equivalent relations at 7 and 13 TeV can be read directly from Table V. With these results
in hand it is straightforward to repeat the analysis of Ref. [8] in order to obtain the number of
off-shell Higgs-related 4-lepton events (N4ℓ

off ) expected in the CMS analysis presented in Ref. [37].
The number of such events expected in the combined 7 and 8 TeV data sample is obtained by sum-
ming the appropriately-weighted cross sections and normalizing to the peak cross section reported
in Ref. [37]. We find,

N4ℓ
off (m4ℓ > 130 GeV) = 2.78

(

ΓH

ΓSM
H

)

− 5.95

√

ΓH

ΓSM
H

(42)

N4ℓ
off (m4ℓ > 300 GeV) = 2.02

(

ΓH

ΓSM
H

)

− 2.91

√

ΓH

ΓSM
H

(43)

Comparing the first of these equations to the equivalent one found in Ref. [8] we see that the
coefficients are both smaller, due to the difference between our choice of dynamic scale and the
approximate suppression factor employed in Ref. [8]. The interference term differs further due to
the use of the gg2VV code in Ref. [8] that employs a pZT cut, as discussed previously. The limit
on the Higgs width is then determined by comparing the background-subtracted number of events
observed with the number of Higgs-related events expected. This is illustrated graphically in Fig. 9.
We obtain the limits,

ΓH < 43.2ΓSM
H at 95% c.l., (m4ℓ > 130 GeV analysis)

ΓH < 25.2ΓSM
H at 95% c.l., (m4ℓ > 300 GeV analysis) (44)
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FIG. 9: Limits on the width of the Higgs boson from a reanalysis of CMS data [37] using the method given
in Ref. [8]. The results of the analysis are shown for a wide off-shell region (left) and for the high-mass
region (right).

These limits are slightly weaker than those reported in Ref. [8] due to the different choice of scale,
as discussed above. Since the current limits are far from the Standard Model value, the analysis is
not affected by the small difference in the interference term which is insignificant for large values
of the rescaling parameter.

5. CONSTRAINING THE HIGGS WIDTH USING THE MATRIX ELEMENT METHOD

The results presented in the previous section highlight the difficulty of measuring the off-shell
Higgs-mediated contributions to four-lepton production at the LHC. It is therefore natural to
investigate the possibility of using advanced techniques to extend the experimental analyses beyond
a cut and count approach. One such technique is the use of kinematic discriminants, which assign
each event a weight associated with a given hypothesis. The variant of this method that we adopt
is the matrix element method (MEM), in which a fixed-order matrix element is used to assign a
probabilistic weight to individual events. In this way all of the theoretical information encoded in
the matrix element is utilized in the analysis. The MEM has been used successfully in the on-shell
region [2, 17, 18] and it is therefore natural to investigate the possibility of using such a kinematic
discriminant in the off-shell region. In this section we will use the matrix element method algorithms
presented in ref. [19] to compute kinematic discriminants in the off-shell region. Although Ref. [19]
presented an extension of the MEM to NLO accuracy, since the gg initiated matrix elements are
currently only available at LO, our analysis will focus on the LO implementation of this algorithm.
We will briefly discuss the potential impact of the MEM@NLO at the end of this section.

The aim of the MEM is to associate a probabilistic weight to each input event (from Monte
Carlo or data), with a weight computed under a given theoretical hypothesis. In the case at hand
we must map an input data event to a partonic configuration in which the 4-lepton system has no
transverse momentum. In order to implement this map an input data event, which may contain
significant recoil, we perform a transverse boost. To ensure that the weight is unique, we integrate
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m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy PDF σH

peak σH
off σI

off σH
off σI

off
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CTEQ 0.243 0.031 -0.065 0.022 -0.031

13 TeV MSTW 0.554 0.108 -0.215 0.085 -0.122
CTEQ 0.530 0.100 -0.199 0.077 -0.111

TABLE V: Best prediction cross sections for pp → H → ZZ → e−e+µ−µ+ in fb, obtained using the running
scale m4ℓ/2 and two sets of parton distributions.

We now turn to the issue of constraining the Higgs width by measuring the fraction of off-shell
ZZ events, as proposed in Ref. [8]. The scenario we consider is one in which the peak Higgs cross
section is constrained to its Standard Model value while the width is changed. Such a scenario is
realized by a universal rescaling of the coupling of the Higgs boson, gx → ξgSMx and ΓH = ξ4ΓSM
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In these equations the linear scaling with the Higgs width originates from the genuine off-shell con-
tribution while the interference contribution scales with the square root. The coefficients entering
the equivalent relations at 7 and 13 TeV can be read directly from Table V. With these results
in hand it is straightforward to repeat the analysis of Ref. [8] in order to obtain the number of
off-shell Higgs-related 4-lepton events (N4ℓ

off ) expected in the CMS analysis presented in Ref. [37].
The number of such events expected in the combined 7 and 8 TeV data sample is obtained by sum-
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Comparing the first of these equations to the equivalent one found in Ref. [8] we see that the
coefficients are both smaller, due to the difference between our choice of dynamic scale and the
approximate suppression factor employed in Ref. [8]. The interference term differs further due to
the use of the gg2VV code in Ref. [8] that employs a pZT cut, as discussed previously. The limit
on the Higgs width is then determined by comparing the background-subtracted number of events
observed with the number of Higgs-related events expected. This is illustrated graphically in Fig. 9.
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Performing the analysis in the higher 
invariant mass range produces better 
results (since the background is 
reduced but the mt threshold is 
maintained). At >  300 GeV we find. 

Which is already a factor of 10 better than the inherent resolution of the 
LHC detectors! 
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Theoretical issues….

Currently the 
gg=>ZZ process is 
only known at LO. 

Variation of potential 
K-factors reveal the 
dependence of the 
off-shell cross 
section on potential 
higher order 
corrections. 
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Experimental Results
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Matrix Element Methods
Start with an event 

See Michael’s Talk!
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Matrix Element Methods
Start with an event 

Pass it to the MEM algorithm 

See Michael’s Talk!
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Matrix Element Methods
Start with an event 

Pass it to the MEM algorithm 

Signal 

Background

1

0

Decide whether it looks like signal....

or background

See Michael’s Talk!
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Matrix Element Methods
Start with an event 

Pass it to the MEM algorithm 

Signal 

Background

1

0

Decide whether it looks like signal....

or background

|M|2 =
2

See Michael’s Talk!
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MEMs in Action

MEM’s are powerful tools, we can gain more 
information than simply looking at a one 
dimensional distribution.

The same principles work in the off-shell 
region, and allow us to search for “Higgs 
like” events.
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Figure 3: Scans of the negative log-likelihood, as a function of r = GH/GSM
H for the 4` (a) and

2`2n (b) analyses separately and for the combined result (c). The green and yellow bands corre-
spond respectively to 68% and 95% quantiles of the distribution of the negative log-likelihood
at the corresponding value on the dashed red line in MC pseudo-experiments.

8 6 Analysis of H ! ZZ ! 2`2n
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Figure 1: Distributions of the discriminating variables used in the 4` analysis m4` (a) and Dgg
(b) for all the expected contributions and for the data. The contributions for the SM expectation,
as well as for an hypothesis corresponding to r = 25, are shown including both the gg and the
VBF contributions. Distributions of m4` for Dgg > 0.65 (c) and of Dgg for m4` > 330 GeV (d).
The rightmost bin in (a) and (c) includes all entries beyond m4` > 800 GeV.

using a control sample of events with dileptons of different flavors (e±µ⌥) that pass all other
analysis selections. A more detailed description of the background evaluations can be found in
Ref. [12].

Following this selection, the analysis uses the reconstructed transverse mass (mT) and Emiss
T

distributions as final discriminant variables. The mT variable is defined as follows:

m2
T =

"q
pT,``

2 + m``
2 +

q
Emiss

T
2
+ m``

2

#2

�
"
~pT,`` + ~Emiss

T

#2

(7)

where pT,`` and m`` are the measured transverse momentum and invariant mass of the dilepton
system, respectively.
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• For the continuum gg ! ZZ, following Ref. [37], we assign to the LO background
cross section a K-factor equal to the one used for the signal. To further account for
the limited knowledge on the background cross section at NNLO (and therefore on
the interference), we assign an additional systematic uncertainty of 10% following
Ref. [37] and taking a conservative coverage which takes into account the different
mass range and selections on the specific final state [50]. This contribution affects
the total gg ! ZZ shapes as well, since it leaves the signal contribution unvaried,
but changes the background and correspondingly the interference.

8 Results

Using the normalization and shape of the signal and background processes, we perform a sta-
tistical analysis of the results using the formalism described in Ref. [51]. Shapes are derived
from either analytical descriptions, or template distributions from MC or data control region,
as in Refs. [7, 12]. The two decay channels are combined in an unbinned maximum-likelihood
fit of the data to a signal-plus-background model, the final likelihood of the fit serving as test
statistic. Systematic uncertainties are included as nuisance parameters and are treated accord-
ing to the frequentist paradigm.

In the 4` analysis, we first perform a one-dimensional fit, using the m4` or Dgg variable only.
The observed exclusion limits at the 95% CL for the two fits are found to be GH  26.3 ⇥ GSM

H
and GH  7.1 ⇥ GSM

H , respectively, in the approach where the observed value of µ is used.
The corresponding expected exclusion limits at the 95% CL for the two fits are found to be
GH  17.0 ⇥ GSM

H and GH  12.7 ⇥ GSM
H , respectively. The 2`2n analysis is first performed

using a counting approach. With the event yields reported in Table 2, the observed (expected)
exclusion limit at the 95% CL from the counting experiment is GH  12.4(16.4)⇥ GSM

H , in the
approach where the observed value of µ is used.

In the final analysis, the 4` kinematic discriminant is combined with m4` in a two-dimensional
fit. The expected improvement in sensitivity with respect to the use of m4` only is about 30%.
The fit is performed using MC templates for the three gg ! ZZ components (signal, back-
ground and interference) and similarly for the VBF components. The shapes of the mT and
Emiss

T distributions for the baseline selection are used for the 2l2n channel. The fit results for r
are shown in Fig. 3, where the scans of the negative log-likelihood are shown as a function of
r. The red lines correspond to the 68% and 95% CL exclusion values. The relevant numerical
results as obtained using the observed value of µ are reported in Table 3. The combination of
the two channels leads to an observed (expected) exclusion of GH  4.2(8.5)⇥ GSM

H at the 95%
confidence level, that is GH  17.4(35.3) MeV.

4` 2`2n Combined
Expected 95% CL limit, r 11.5 10.7 8.5
Observed 95% CL limit, r 6.6 6.4 4.2
Observed 95% CL limit, GH(MeV) 27.4 26.6 17.4
Observed best fit, r 0.5 +2.3

�0.5 0.2 +2.2
�0.2 0.3 +1.5

�0.3
Observed best fit, GH(MeV) 2.0 +9.6

�2.0 0.8 +9.1
�0.8 1.4 +6.1

�1.4

Table 3: Expected and observed 95% CL limits for the 4` and 2`2n analyses and for the combi-
nation. For the observed results, the central fitted values and the 68% CL total uncertainties are
also quoted. All quoted values are obtained using the observed value of µ.

The observed limit is tighter than the expected limit due to a deficit of four-lepton events in
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CMS Analysis 1405.3455 & CMS-PAS-HIG-014-002 

CMS have recently performed the 
analysis discussed here. 

Using the high mass region they find. 

Using MCFM and a MEM kinematic 
discriminant they quote

 ( ~ 30 MeV) 
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22 MeV (33 MeV) at a 95% CL, which is 5.4 (8.0) times the expected value in the SM. The best fit
value and 68% CL interval correspond to GH = 1.8+7.7

�1.8 MeV. The result of the 4` analysis alone
is an observed (expected) limit of GH < 33 MeV (42 MeV) at a 95% CL, which is 8.0 (10.1) times
the SM value, and the result of the analysis combining the 4` on-shell and 2`2n off-shell regions
is GH < 33 MeV (44 MeV) at a 95% CL, which is 8.1 (10.6) times the SM value. The best fit values
and 68% CL intervals are GH = 1.9+11.7

�1.9 MeV and GH = 1.8+12.4
�1.8 MeV for the 4` analysis and for

the analysis combining the 4` on-shell and 2`2n off-shell regions, respectively.
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Figure 5: Scan of the negative log-likelihood, �2D lnL, as a function of GH for the combined
fit of the 4` and 2`2n channels (blue thick lines), for the 4` channel alone in the off-shell and
on-shell regions (dark red lines), and for the 2`2n channel in the off-shell region and 4` channel
in the on-shell region (light red lines). The solid lines represent the observed values, the dotted
lines the expected values.

The expected limit for the two channels combined without including the systematic uncertain-
ties is GH < 28 MeV at a 95% CL. The effect of systematic uncertainties is driven by the 2`2n
channel with larger experimental uncertainties in signal efficiencies and background estima-
tion from control samples in data, while the result in the 4` channel is largely dominated by the
statistical uncertainty.

The statistical compatibility of the observed results with the expectation under the SM hypoth-
esis corresponds to a p-value of 0.24. The statistical coverage of the results obtained in the
likelihood scan has also been tested with the Feldman–Cousins approach [47] for the combined
analysis leading to consistent although slightly tighter constraints. The analysis in the 4` chan-
nel has also been performed in a one-dimensional fit using either m4` or Dgg and consistent
results are found. The expected limit without using the MELA likelihood discriminant Dgg is
40% larger in the 4` channel.

In summary, we have presented constraints on the total Higgs boson width using its relative

CMS gain additional 
discriminating power by 
including the 2l + MET 
channel

�H  5.4 �SM
H

They report

or 
�H  22 MeV

1405.3455 & CMS-PAS-HIG-014-002 
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ATLAS ATLAS-CONF-2014-042, 
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Figure 12: The observed and expected 95% CL upper limits on µoff-shell (a) and ΓH/ΓSM
H (b) and (c), as a

function of RB
H∗ , combining the ZZ → 4ℓ and ZZ → 2ℓ2ν channels. The upper limits are evaluated using

the CLs method including all systematic uncertainties. The alternative hypothesis for the measurement of
µoff-shell in (a) is RB

H∗ = µoff-shell = 1, while results for two choices of alternative hypothesis are provided
for the measurement of ΓH/ΓSM

H : (b) RB
H∗ = 1, ΓH/ΓSM

H = 1 with µon-shell = 1.51 as measured in data and
(c) RB

H∗ = 1, ΓH/ΓSM
H = 1 with µon-shell = 1 as expected in the SM. The two measurements of ΓH/ΓSM

H
in (b) and (c) differ only in the choice of the alternative hypothesis. In particular, µon-shell is treated as
an auxiliary measurement in both cases in the fit and hence takes a value close to the observed value of
µon-shell ∼ 1.5.
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ATLAS have performed a similar analysis, finding 

�H  (4.8� 7.7)�SM
H

where the spread allows for variation in the background K factor. 
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BSM Scenarios
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Model independence

In our initial assumptions we wrote 

(see discussion in Englert, Spannowsky 14’) 

�on /
g2i g

2
f

�H
and �off / g2i g

2
f

Assuming identical couplings on and off-shell, a more 
general statement is, 

�on /
g2i (m

2
H)g2f (m

2
H)

�H
and �off / g2i (s)g

2
f (s)

So our bound on the width, using the ratio of on-shell to 
off-shell cross sections is only valid in theories in which, 

gX(m2
H)

gX(s)
⇠ 1 +� (� << QCD th. err)
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BSM scenarios :
Although not model independent, the off-shell cross section 
bound can still be utilized to gleam insights into potential new 
physics effects. 

BSM effects could manifest themselves through an EFT made from 
6 (and higher) dimension operators. 

In these instances momentum dependent couplings can render the 
width analysis invalid, instead the aim is to use the off-shell cross 
section to bound the coefficients of the various EFT operators 

 (Englert, Spannowsky 14’)

See discussion in the following (and refs therin) for more details 
and prospects.. 

(Azatov, Grojean, Paul, Salvioni 14’)

(Cacciapaglia, Deandrea, La Rochelle, Flamment 14’)

(Ghezzi, Passarino, Uccriati 14’)

(…..)
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Recent developments and Future directions
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ZZ+jet (Campbell, Ellis, Furlan, Ronstch 14’)
2

FIG. 1: Zero- and one-jet gluon fusion Higgs production with H → ZZ → 4l decay as a function of the four-
lepton invariant mass m4l (lower two curves), together with the leading order backgrounds pp → ZZ → 4l
and pp → ZZ(→ 4l) + jet (upper two curves). The results are for the LHC at

√
s = 8 TeV, and a jet cut

of pT > 30 GeV. The Z-bosons are taken to decay leptonically, with a cut mll > 20 GeV imposed on their
decay products. All results are produced using MCFM [23].

production radiates copiously, the cross section for a Higgs boson produced in association with a
jet is expected to be large [12]. Indeed, as can be seen in Fig. 1, the production cross section for
an off-shell Higgs with four-lepton invariant mass m4l > 300 GeV in the exclusive one-jet bin is
comparable to that in the zero-jet bin, for a typical jet cut pT,j > 30 GeV. On the other hand, for
m4l > 300 GeV, the cross section for the leading order (LO) exclusive pp → ZZ + jet production
is a factor of 1.5 smaller than that for inclusive pp → ZZ. It is thus clear that in the tail, the ratio
of Higgs signal to leading order background is better in the one-jet bin than in the zero-jet bin.
An examination of the gluon-Higgs coupling, or a constraint on the Higgs width, from the one-jet
bin can therefore be competitive with one from the zero-jet bin. So far the ATLAS collaboration
has provided jet-binned differential distributions of the Higgs boson only in the γγ channel [13].
In due course data will also become available in the ZZ channel. Anticipating this development,
in this paper we will study off-resonant Higgs boson effects in the ZZ+jet channel.

For a calculation extending into the high mass tail, the dependence on the top mass must be
retained. The leading-order amplitudes contain one loop, and have been calculated in Ref. [12]. The
next-to-leading order (NLO) corrections, which involve two-loop amplitudes, are very challenging
and have not yet been calculated. Note that, in the case where the heavy top limit is applicable, the
relevant amplitudes have been known to NLO for some time [14–17], and next-to-next-to-leading
order (NNLO) results in the dominant gg channel have been calculated recently [18, 19].

From the outset it was clear that an accurate description of the high mass region requires that
interference with non-Higgs mediated diagrams be taken into account [3, 20–22]. Indeed, the main
role of the Higgs boson is to cancel the bad high-energy behavior that results from the presence of
longitudinal polarizations of W - and Z-bosons. Thus the existence of this cancellation guarantees
that interference will be important in the high mass region. We must therefore also calculate
non-Higgs mediated ZZ + jet production through a quark loop.

The relevant parton processes for the production of a pair of Z-bosons in association with a jet
are given in Table I and representative Feynman diagrams are shown in Figs. 2 and 3. The lowest
order at which this occurs is through the partonic reaction

B(c)
1 : q + q̄ → ZZ + g , (1)

There is a slight improvement in the signal to background in the 
one-jet bin, therefore a dedicated analysis in this channel may 
help improve the analysis. 
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ZZ@NNLO 

Clearly theory errors are serious obstacle to further improvements in 
off-shell measurements.                               (c.f.) 
The interference is known only at LO, to go 
to NLO, requires the two-loop gg=>ZZ 
process (inc. top loops) and the ZZ+jet 
process. 

A further necessary improvement is the calculation of the qqb 
background at NNLO. 

Recently, there has been significant progress in these directions 
(Caola, Henn, Melnikov, Smirnov, Smirnov 14’) 

(Henn, Melnikov, Smirnov 14’) 

(Gehrmann, Grazzini, Kallweit, Maierhöfer, Manteuffel, 
Pozzorini, Rathlev, Tancredi 14’)
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Other channels 

Theoretically under better control


Less sensitive to model dependencies, 
better from a BSM point of view.


Lower rate, but could be studied with the 
larger Run II data set. 

VBF provides a very promising channel to use since, 

(Englert, Spannowsky 14’)

8

For this purpose, we focus on interactions

L ⊃
∑

V=Z,W+

ce,V gV mV V
†
µV

µh+
co,V
m2

V

Ṽ µνVµνA (13)

and define the physical Higgs boson as a linear combina-
tion of CP even and odd states,

X = cosα h+ sinαA . (14)

We fix the signal strength for different angles α by chang-
ing Γh accordingly and focus in the following on the two
angles

cos θ1 =
p(e+) · pX
√

p2(e+)p2
X

∣

∣

∣

∣

Z→e+e−
, (15)

cos θ∗ =
p(Z → e+e−) · b

√

p2(Z → e+e−)b2

∣

∣

∣

∣

X

, (16)

where . . . |R refers to the rest frame R in which the angle
is defined. pµ(X) = pµ(e+) + pµ(e−) + pµ(µ+) + pµ(µ−)
coincides in the on-shell region with the Higgs boson’s
rest frame, and b is an arbitrary three-vector along the
positive beam direction. As defined, cos θ∗ correlates the
production mechanism with the resonance’s decay prod-
ucts by projecting onto the beam-component of the 4-
lepton system. While cos θ∗ is known to be flat, cos θ1 is
sensitive to the CP properties of the Higgs boson when
produced in the on-shell region, see Figs. 8 and Ref. [49].
As can be seen, on top of a cross section increase due to
the higher dimensional operator structure [19], there is
complementary information in the spin/CP observables.5

V. OFF-SHELL MEASUREMENTS IN WEAK

BOSON FUSION

The potentially unknown loop contributions that can
decorrelate the on-shell and off-shell region in gluon fu-
sion are not present in weak boson fusion, assuming in-
deed a CP even SM-like Higgs boson. In these chan-
nels, the method of Ref. [11] becomes largely model-
independent except for a potential asymmetric deviation
of the WWh and ZZh couplings. This directly links to
the T parameter and a deviation at tree level is expected
to be small.
Furthermore, the weak boson fusion topology allows

us to suppress gluon fusion contributions using forward
tagging jets in opposite detector hemispheres with large
invariant mass and rapidity gap [50]. By imposing an
additional central jet veto [51], the gluon fusion events
are almost entirely removed from the sample [52] and the

5Not included in Fig. 8 is the WBF contribution that can give rise
to an additional ∼ 10% effect. We have checked the angular distri-
butions with a modified version of Vbfnlo and find no significant
impact on the quoted results.
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FIG. 9: Weak boson fusion analysis of the off-shell measure-
ment of Ref. [11]. We apply hard weak boson fusion cuts to
suppress a pollution from gluon fusion and include the statis-
tical error based on a measurement with 600/fb. For details
see text.

impact on a correlation of the on- and off-shell regions
will be unaffected by unknown physics beyond the SM as
a consequence.
In Fig. 9, we show the result of such an analysis at

NLO QCD [24, 53] (we choose a common rescaling of
gZZh and gWWh to achieve µ ≃ 1 in the on-peak region).
The selection cuts are identical to CMS’ choice for the
Z reconstruction and lepton selection. We lower the 4ℓ
mass cut to m(4ℓ) ≥ 130 GeV to increase the statistics as
much as possible. In addition, we employ typical WBF
cuts [50, 51, 53] as outlined above

pT (j) > 20 GeV, ∆R(jj) ≥ 0.6, |yj | < 4.5,

∆y(jj) ≥ 4.5, yj1 × yj2 < 0, m(jj) ≥ 800 GeV , (17)

and a jet veto

|yvetoj | < 2.5, pvetoT (j) > 50 GeV, ∆y(jvetoj) > 0.3 .
(18)

The leptons need to be well separated from the jets
∆R(ℓj) ≥ 0.6 and need to fall inside the tagging jets’
rapidity gap. We furthermore reject events with m(4ℓ) >
2 TeV to avoid picking up sensitivity from the region of
phase space where the off-shell modification probes the
unitarity-violating regime.
Obviously, when performed in the WBF channel (our

reasoning also applies to the WW channel), we observe a
similar behaviour [12], however, at a much smaller cross
section σ(WBF) ≃ 0.04 fb at 14 TeV (already summed
over light lepton flavours ℓ = e, µ) [24]. Nonetheless such
a measurement can be used to obtain a fairly model-
independent measurement of the total Higgs width fol-
lowing [11] at large integrated luminosity, especially when
statistically independent information frommultiple WBF
channels is combined.
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Conclusions  

The off-shell Higgs boson has gone from being a nuisance, to 
the forefront of Higgs studies at the LHC. 


The off-shell cross section can be used constrain the 
couplings, without a dependence on the width. 


Or, conversely bounding the off-shell cross section can be 
used to bound the width. 


Current bounds ~ 5 x SM, are dominated by theory errors 
related to the overall normalization (LO). 


By increasing the precision of the predictions, and 
investigating other channels, further improvements in Run II 
can be expected…..


