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The Higgs boson  
The new particle discovered at the LHC two years ago appears to be the Higgs boson of the  
Standard Model. Indeed,   its production and decay rates,  its spin and parity,  as well as its  mass, 
are consistent with the Standard Model expectations.  Further studies of these quantities with 
higher precision are important  and will be performed during Run 2.  

Most of these studies involve production of the on-shell Higgs boson.  This is because the on-
shell production is definitely the largest signal and the cleanest one to interpret. However, the 
off-shell production of the Higgs is also interesting. It allows us to constrain the width of the 
Higgs boson, look for the internal structure of loop-induced Higgs boson couplings and constrain 
higher-dimensional operators that may affect Higgs production and decay.
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The Higgs boson width 
In the Standard Model, the width of 126 GeV Higgs boson is extremely small, it is just 
4.2 MeV. It is almost impossible to measure it directly at any collider, with the 
exception of the muon one.  At hadron and electron colliders, one can measure Higgs  
branching to invisible final states in the Bjorken process and then infer the total width 
from there.  At an e+e- and muon collider,  a measurement of the Higgs width with a 
few percent precision can probably be achieved.  
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FIG. 1: E↵ective cross section for µ+µ� ! h versus the collider energy
p
s for the SM Higgs boson production with mh =

126 GeV. A Breit-Wigner line shape with �h = 4.21 MeV is shown (dotted curve). The solid and dashed curves compare the
two beam energy resolutions of cases A and B.
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For � ⌧ �h, the line shape of a Breit-Wigner resonance can be mapped out by scanning over the energy as given in the
first equation. For � � �h on the other hand, the physical line shape is smeared out by the Gaussian distribution of
the beam energy spread, and the signal rate will be determined by the overlap of the Breit-Wigner and the luminosity
distributions, as seen in the second equation above.
Unless stated otherwise, we focus on the SM Higgs boson with the mass and total width as

mh = 126 GeV, �h = 4.21 MeV. (2.3)

For definitiveness in this study, we assume two sets of representative values for the machine parameters [8]

Case A : R = 0.01% (� = 8.9MeV), L = 0.5 fb�1, (2.4)

Case B : R = 0.003% (� = 2.7MeV), L = 1 fb�1. (2.5)

We see that their corresponding beam energy spread � is comparable to the Higgs total width. In Fig. I, we show the
e↵ective cross section versus the µ+µ� collider c.m. energy for the SM Higgs boson production. A pure Breit-Wigner
resonance is shown by the dotted curve. The solid and dashed curves include the convolution of the luminosity
distribution for the two beam energy resolutions and are integrated over

p
ŝ. For simplicity, we have taken the

branching fractions h ! µ+µ� to be the SM value and the final state h ! X to be 100%. The beam energy resolution
manifests its great importance in comparison between the solid and dashed curves in this figure.

III. WIDTH DETERMINATION FOR THE SM HIGGS BOSON

An excellent beam energy resolution for a muon collider would make a direct determination of the Higgs boson
width possible in contrast to the situations in the LHC and ILC. Because of the expected narrow width for a SM Higgs

T. Han, Z. Liu
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The Higgs boson width at the LHC
To measure the width directly, we typically study invariant mass distribution of the resonance 
decay products in the vicinity of a resonance and fit it to the Breit-Wigner formula.  
Unfortunately,  since the invariant mass of the Higgs decay products can be reconstructed with  
(for these purposes) poor resolution,  the LHC is only sensitive to the Higgs width in a few 
GeV range. The current direct limit on the Higgs width by the CMS collaboration is                        
                      .    . The ultimate reach is estimated to be between 1 and 3 GeV.  
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To get into an MeV range for the Higgs width measurement, we need to improve the sensitivity 
of our methods by a factor of a thousand !  Because of that, measuring the Higgs width at the 
LHC with any degree of precision was always considered an utopian endeavor. 

�H < 3.4 GeV
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Can we  tightly constrain the Higgs width at the 
LHC ?
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Unfortunately,  such  a relation makes it  impossible to extract the couplings and the width 
separately, from the measured on-shell cross-sections.   Indeed,  any on-shell cross-section 
is invariant under  a simultaneous re-scaling of the Higgs couplings and the Higgs width

From rates to couplings:  degeneracies  

�i!H!f ⇠
g2i g

2
f

�H

Since the width of the Higgs boson is practically unconstrained,  extraction of the Higgs 
couplings from production/decay rates suffers from significant ambiguity.

H

g

g

�

�

g ! ⇠g, �H ! ⇠4�H ) �H ! �H

Existing direct constraints on the Higgs boson width,  imply that the Higgs boson  is a 
narrow resonance; as such it is mainly produced on-shell.  This feature leads to a peculiar 
relation between production rates, Higgs boson couplings and the Higgs width.

To resolve the ambiguity,  we need to either measure the width of the Higgs boson or the 
Higgs couplings independently of each other.
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Couplings from off-shell production
One can try to measure the couplings of the Higgs boson when it is produced off-shell.  The 
off-shell cross-section is proportional to couplings and is independent of the width, resolving 
the width/couplings ambiguity. 

The immediate problem with this idea 
is that off-shell contribution to Higgs 
boson production is expected to be 
extremely small.  

However,  Kauer and Passarino pointed 
out that a significant enhancement in 
the off-shell Higgs production rate 
exists, making the invariant mass 
distribution very different from the 
expected Breit-Wigner shape.
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Figure 15. MZZ distributions for gg → H → ZZ → !!̄ν!ν̄! for MH = 125GeV. Applied cuts:
pT ! > 20GeV, |η!| < 2.5, 76GeV < M!! < 106GeV, p/T > 10GeV. Other details as in Fig. 4.

gg (→ H) → ZZ → !!̄ν!ν̄!

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

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

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

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

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

4 Conclusions

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

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

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

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

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

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

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

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

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

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

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

– 18 –

Kauer, Passarino

BW

True Higgs shape
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Higgs decays to ZZ
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Figure 3: MZZ distributions for gg (→ H) → ZZ → !!̄ν!ν̄! for MH = 125GeV. Applied
cuts: pT ! > 20GeV, |η!| < 2.5, 76GeV < M!! < 106GeV, p/T > 10GeV. Other details as
in Fig. 2.
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Figure 4: Representative Feynman graphs for the Higgs signal process (left) and the qq̄-
(center) and gg-initiated (right) continuum background processes.

cesses in Refs. [81–87].15 Due to the enhanced Higgs cross section above the V V threshold,
integrated cross sections can be affected by O(10%) signal-background interference effects,
which are hence also displayed in Figs. 2 and 3.

In the vicinity of the Higgs resonance, finite-width and Higgs-continuum interference
effects are negligible for gg (→ H) → V V if MH # 2MV , as shown in Fig. 5 for gg (→
H) → W−W+ → !ν̄!!̄ν!. For weak boson decays that permit the reconstruction of the
Higgs invariant mass, the experimental procedure focuses on the Higgs resonance region
and for MH # 2MV the enhanced off-shell region is thus typically excluded.

For H → V V channels that do not allow to reconstruct the Higgs invariant mass, the
tail contribution can nevertheless be reduced significantly by means of optimized selection
cuts. In Table 1, we demonstrate this for gg (→ H) → W−W+ → !ν̄!!̄ν!. Here, the

15For studies of the qq̄ and gg continuum background (see Fig. 4, center and right), we refer the reader
to Refs. [88–95] and references therein.
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Kauer, Passarino

Caola, K.M.

Kauer, Passarino

In this case, the off-shell rate  appears to be significant because  decay to two on-shell gauge bosons 
opens up and because the cross-section for producing two longitudinally polarized Z bosons in 
decays of (strongly) off-shell Higgs is large.

For large invariant masses of the Z boson pair, the amplitude  squared becomes independent of 
ZZ invariant mass, enhancing the off-shell production significantly.  Off-shell cross-section is 
large; it is close to ten percent of the resonance cross-section. 

AH⇤!ZLZL ⇠ s

v

One can use this enhancement in the off-shell Higgs production to resolve couplings/width 
degeneracy.   The cleanest final state  is  ZZ (four leptons), so it is natural to look there. 

|AH⇤!ZLZL |2

(s�m2
h)

2
+m2

h�
2
h

! const, s � m2
h
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Higgs decay to ZZ
The off-shell production cross-section does not depend on the Higgs width but does 
depend on the Higgs couplings to initial state particles ( gluons) and final state 
particles (Z bosons). This implies that if we change  both the width of the Higgs and 
its couplings to other particles in such a way that the resonance cross-section does not 
change, the off-shell production cross-section changes proportionally to the Higgs 
width.
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g2H!ggg
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The current direct upper bound on the Higgs width is 
3.4 GeV (CMS) which is 820 times  larger than the 
Standard Model value.  If the width were actually that 
large,  Higgs couplings to gluons and ZZ should be 
different from their SM values to ensure agreement of 
the on-shell cross-section.  However,  once couplings 
are modified,  one should expect a very large number of 
additional off-shell events that exceed by almost a 
factor four  the total number of ZZ events observed by 
the CMS!

Therefore, one can already put meaningful bounds on the Higgs 
width using current data on ZZ final states ! Caola, K.M.

Expect large number of 
events here

N
o↵

⇡ 0.1⇥N
peak

⇥ 820 ⇠ 1600 � N total

4l
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Complication:  signal-background interference
Production of two Z bosons in collisions of two gluons can occur either directly or through the 
Higgs boson.  The two amplitudes interfere destructively (essentially, unitarity cancellations 
in the Standard Model).   The interferenceis negligible at the peak ( narrow resonance) but it is 
significant (-50%) off the peak.

Kauer, Passarino; Ellis, Campbell, Williams

For our purposes, it is important that the scaling of the interference with the width differs
from the scaling of the off-shell cross-section,  since dependence of the interference  on the 
Higgs couplings is weaker. 

�int ⇠ Agg!H⇤!ZZ ⇠ g2 ⇠
p

�H
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Magnitude of various contributions
How large is the total sample of events we have now and how large  are different contributions to 
pp -> ZZ  for realistic selection cuts? 

Consider  CMS  4-lepton events  as an example.  CMS observes 451 ZZ (4l) events in the invariant 
mass range between 100 and 800 GeV; while 432(30) ZZ events were expected.

Most of these events come from quark-antiquark and gluon annihilation to Z-pairs;  the third 
largest contribution is the resonance Higgs production.  Off-shell production of the Higgs and its 
interference with gg -> ZZ production were not even included in early CMS analysis because they 
are small in the Standard Model and because they do not affect properties of the Higgs resonance 
(off-shell effects, no impact on the Higgs properties extracted from peak cross-sections).

Nqq!ZZ ⇡ N
tot

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 m4! > 100 GeV has been removed to extend the range of
the plot.

m4! < 130 GeV m4! > 130 GeV m4! > 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

N
int

⇠ �2⇥ 10�2N
tot

N
o↵

⇠ 10�2N
tot

Campbell, Ellis, Williams
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Constraining  the width
However, if we float the width of the Higgs boson, the number of expected events changes; as 
we have seen,  the off-shell Higgs production cross-section scales as the width  and the 
interference scales as the square root of the width. Considering ZZ invariant mass range  from 
100 GeV to 800 GeV, we  find a new estimate for the number of events

Nexp = 432 + 2.78
�H

�SM
H

� 5.95

s
�H

�SM
H

± 31

|N
nobs

� N̄
exp

| < 62

Requiring  that observed (451) and expected number of events do not differ by more than
two standard deviations, we derive an upper bound on the Higgs boson width

�H < 43 �SM
H = 181 MeV (95%C.L)

The analysis can be improved by focusing on 
the region of higher invariant masses. This is 
because the off-shell Higgs production is 
significant beyond 200 GeV while there is large 
negative interference below 200 GeV; removing 
contribution of that region, improves the 
constraint. For example, selecting events with 4-
lepton invariant mass higher than 300 GeV, we 
find

FIG. 5: Overall picture at 13 TeV, (colour online).

FIG. 6: Higgs related contributions in the high m4! region, (colour online).

14

�H < 25.2 �SM
H < 105 MeV(95%C.L.)

Campbell, Ellis, Williams

Caola, K.M.; Campbell, Ellis, Williams

Caola, K.M.; Campbell, Ellis, Williams
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Further improvements in the analysis
In principle, one can imagine further steps to improve the analyses by accounting for the shape 
of 4l invariant mass distribution and the angular distributions of leptons. 

Indeed, as one can see from the plots below, shapes  of the invariant mass distribution 
(gg ->ZZ only) change for different values of the width.  This is particular clear at small(ish) 
invariant masses where interference is large; at higher invariant masses,  the invariant mass 
distribution develops a bump whose position is not sensitive to the width.

Angular distributions of leptons may be helpful to select events with longitudinally-polarized
Z’s -- these are the Higgs-related  events  in the off-shell tail of 4l-invariant mass distribution.   
The qq -> ZZ background should have higher fraction of transversely  polarized Z-bosons, so 
focusing on longitudinal polarization may help to effectively reduce qq->ZZ background 
(MELA cut in CMS).
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Using kinematic discriminants to constrain the width
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FIG. 11: Discriminants for the MEM (in which the discriminant is defined through Eq. 46) for various
samples of events. The qq (blue) curve corresponds to the POWHEG + PYTHIA sample. The remaining
curves represent four choices of the Higgs rescaling parameter ξ, corresponding to ξ4 = 1, 5, 10 and 40.

consists of those arising from the qq, gg continuum and Higgs-mediated contributions,

〈Nexp(ξ)〉 = 〈Nqq〉+ 〈NC
gg〉+ 〈NH+I(ξ)〉 (47)

We wish to normalize the samples according to the number of expected qq events, i.e. we define,

〈Nexp(ξ)〉 = 〈Nqq〉

(

1 +
σC
gg

σqq
+

σH+I
gg (ξ)

σqq

)

. (48)

In Eq. (48) the best prediction for σqq is obtained from a NLO calculation and we generate it
using POWHEG. For σC

gg the current state of the art is the LO calculation presented in this paper.

However the part of σH+I
gg that represents Higgs diagrams squared (i.e. σH

gg) is known to NNLO
and the higher order corrections are large. For this reason we rescale the results of this paper for
σH+I
gg by a NLO K-factor of 1.76. This is derived in the effective theory, under the CMS cuts with

m4! > 100 GeV. This approach treats the higher-order corrections to the Higgs-squared diagram
and the Higgs-continuum interference equally. However, as we have seen in the previous section,
for the current LHC sensitivity the limits on the width do not depend strongly on the effect of the
interference.

In our analysis we will use a fixed qq expectation 〈Nqq〉 = 400. As a systematic uncer-
tainty on our method we will consider the variation of σC

gg and σH
gg over the scale choices µ =

{m4!/4,m4!/2,m4!}. The number of Higgs-mediated events in the off-shell region, m4l > 130 GeV,
can then be parametrized by,

〈NH
exp〉 =







2.96
2.25
1.71







(

ΓH

ΓSM
H

)

−







6.27
4.80
3.64







√

ΓH

ΓSM
H

. (49)

21

DS = log


PH

Pgg + Pqq

�
Pi ⇠ |Mi|2

By selecting events with Ds>1, one can 
improve bounds on the width by a factor 
1.6, compared to an analysis with  300 GeV 
cut on ZZ invariant mass. Campbell et al 
find that 

�H < 15.7�SM
H (95%C.L.)

can be reached. Further improvements 
should be possible by fitting Ds distribution, 
rather than simply cutting on it. 

Campbell, Ellis, Williams

A standard way to pick up differences in the kinematics of interesting  (signal) and 
uninteresting  (background) events is to use kinematic discriminants.   Kinematic discriminants 
are functions of matrix elements of signals and backgrounds that become large for events 
where signal is large and background is small; this allows us to find relevant places in multi-
particle phase-space to look at, to optimize signal/background separation. A discriminant for 
this problem was suggested by Campbell, Ellis and Williams.  Events with large width develop 
a feature at large values of the CEW discriminant.
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The Higgs width constraint:  CMS

CMS collaboration has presented results of the actual width measurement  using 
off-shell ZZ production.  The measurement includes both ZZ and WW channels.

6

Table 1: Expected and observed numbers of events in the 4` and 2`2n channels in gg-enriched
regions, defined by m4` � 330 GeV and Dgg > 0.65 (4`), and by mT> 350 GeV and Emiss

T >
100 GeV (2`2n). The numbers of expected events are given separately for the gg and VBF pro-
cesses, and for a SM Higgs boson (GH = GSM

H ) and a Higgs boson width of GH = 10 ⇥ GSM
H . The

unphysical expected contributions for the signal and background components are also reported
separately, for the gg and VBF processes. For both processes, the sum of the signal and back-
ground components differs from the total due to the negative interferences. The parameters
are set to µ = µggH = µVBF = 1.

4` 2`2n

(a) total gg (GH = GSM
H ) 1.8±0.3 9.6±1.5

gg signal component (GH = GSM
H ) 1.3±0.2 4.7±0.6

gg background component 2.3±0.4 10.8±1.7
(b) total gg (GH = 10 ⇥ GSM

H ) 9.9±1.2 39.8±5.2
(c) total VBF (GH = GSM

H ) 0.23±0.01 0.90±0.05
VBF signal component (GH = GSM

H ) 0.11±0.01 0.32±0.02
VBF background component 0.35±0.02 1.22±0.07

(d) total VBF (GH = 10 ⇥ GSM
H ) 0.77±0.04 2.40±0.14

(e) qq background 9.3±0.7 47.6±4.0
(f) other backgrounds 0.05±0.02 35.1±4.2

(a+c+e+f) total expected (GH = GSM
H ) 11.4±0.8 93.2±6.0

(b+d+e+f) total expected (GH = 10 ⇥ GSM
H ) 20.1±1.4 124.9±7.8

observed 11 91

between the low- and high-mass regions.

Among the signal uncertainties, experimental systematic uncertainties are evaluated from ob-
served events for the trigger efficiency (1.5%), and combined object reconstruction, identifica-
tion and isolation efficiencies (3–4% for muons, 5–11% for electrons) [7]. In the 2`2n final state,
the effects of the lepton momentum scale (1–2%) and jet energy scale (1%) are taken into ac-
count and propagated to the evaluation of Emiss

T . The uncertainty in the b-jet veto (1–3%) is
estimated from simulation using correction factors for the b-tagging and b-misidentification
efficiencies as measured from the dijet and tt decay control samples [38].

Theoretical uncertainties in the qq background contribution are within 4–10% depending on
mZZ [7]. The systematic uncertainty in the normalization of the reducible backgrounds is
evaluated following the methods described in Refs. [7, 16]. In the 2`2n channel, for which
these contributions are not negligible at high mass, the estimation from control samples for
the Z+jets and for the sum of the tt, tW and WW contributions leads to uncertainties of 25%
and 15% in the respective background yields. Theoretical uncertainties in the high mass contri-
bution from the gluon-induced processes, which affect both the normalization and the shape,
are especially important in this analysis (in particular for the signal and interference contri-
butions that are scaled by large factors). However, these uncertainties partially cancel when
measuring simultaneously the yield from the same process in the on-shell signal region. The
remaining mZZ-dependent uncertainties in the QCD renormalization and factorization scales
are derived using the K factor variations from Ref. [14], corresponding to a factor of two up
or down from the nominal mZZ/2 values, and amount to 2–4%. For the gg ! ZZ continuum
background production, we assign a 10% additional uncertainty on the K factor, following
Ref. [22] and taking into account the different mass ranges and selections on the specific final

ΓH < 5.4 ΓH,SM = 22 MeV @ 95CL

A very impressive result;  more than two orders of magnitude improvement compared 
to the direct ( on peak) bound of the width. 
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The Higgs width constraint: ATLAS 
A similar measurement was performed by the ATLAS collaboration. Analyses in ZZ and 
WW channels combined.  ATLAS analysis emphasized the dependence of the final 
bound on the width on the (unknown) size of QCD corrections to gg->ZZ background 
process.

ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

Observed Median expected
RB

H∗ 0.5 1.0 2.0 0.5 1.0 2.0

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

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

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

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

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

H∗=1 is assumed.
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Process 220 GeV < m4! < 1000 GeV 400 GeV < m4! < 1000 GeV
gg→ H∗ → ZZ (S) 2.2 ± 0.5 1.1 ± 0.3
gg→ ZZ (B) 30.7 ± 7.0 2.7 ± 0.7
gg→ (H∗ →)ZZ 29.2 ± 6.7 2.3 ± 0.6

gg→ (H∗ →)ZZ (µoff-shell = 10) 40.2 ± 9.2 9.0 ± 2.5
VBF H∗ → ZZ (S) 0.2 ± 0.0 0.1 ± 0.0

VBF ZZ (B) 2.2 ± 0.1 0.7 ± 0.0
VBF (H∗ →)ZZ 2.0 ± 0.1 0.6 ± 0.0

VBF (H∗ →)ZZ (µoff-shell = 10) 3.0 ± 0.2 1.4 ± 0.1
qq̄→ ZZ 168 ± 13 21.3 ± 2.1

Reducible backgrounds 1.4 ± 0.1 0.1 ± 0.0
Total Expected (SM) 200 ± 15 24.3 ± 2.2

Observed 182 18

Table 1: Expected and observed number of events in the ZZ → 4! channel in the full off-peak region
(220 GeV < m4! < 1000 GeV) and the cut-based analysis signal region (400 GeV < m4! < 1000 GeV).
The reducible background includes contributions from the Z+jets and top quark processes. The expected
events for the gg → (H∗ →)ZZ and VBF (H∗ →)ZZ processes, including the Higgs boson signal,
background and interference, are reported for both the SM predictions and µoff-shell = 10. A relative
gg→ ZZ background K-factor of RB

H∗=1 is assumed. The uncertainties in the number of expected events
include the statistical uncertainties from MC samples and systematic uncertainties.

The kinematic discriminant is defined as in Ref. [8]:

ME = log10

(
PH

Pgg + c · Pqq̄

)
, (12)

where c is an empirical constant, chosen to be 0.1, to approximately balance the overall cross-sections
of the qq̄ → ZZ and gg → (H∗ →)ZZ processes. The value of c has a very small effect on the overall
sensitivity.

Figure 2 shows the shape comparisons of the key input variables to the ME-based discriminant: {m4!,
cos θ1, cos θ2 and cos θ∗}, for the full off-peak region (220 GeV < m4! < 1000 GeV). Figure 3 shows the
shape comparisons of the ME-based discriminant for the gg → H∗ → ZZ signal, qq̄ → ZZ background,
gg → (H∗ →)ZZ with SM µoff-shell and gg → (H∗ →)ZZ with µoff-shell = 10, for the full off-peak region
(220 GeV < m4! < 1000 GeV). The gg → H∗ → ZZ signal events have on average larger ME-based
discriminant values, compared to the qq̄ → ZZ background and the gg → ZZ background dominated
gg → (H∗ →)ZZ events. The gg → (H∗ →)ZZ events with µoff-shell = 10 have a double-peak structure.
The peak around -2.5 corresponds to the gg → ZZ background component, while the peak around -0.5
corresponds mainly to the gg → H∗ → ZZ component. Events with ME-based discriminant values
between -4.5 and 0.5 are used in the final analysis.

5 Analysis in the ZZ → 2! 2ν final state

The analysis in the ZZ → 2!2ν channel follows similar strategies to those used in the invisible Higgs
boson search in the ZH channel [37]. The definitions of the reconstructed physics objects5 are identical,
but some of the kinematic cuts have been optimised for the current analysis, as described below.

5For the ZZ → 2!2ν analysis electrons, muons, jets, missing transverse momentum, and track-based missing transverse
momentum are used.

8

(depending on the assumed K-factor for gg->ZZ background)
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Invisible branching and the Higgs width:  ATLAS
Important information about  the Higgs boson width can be obtained  from experimental 
constraints on the branching ratio of Higgs decays to invisible final states, Br(H -> inv) < 
0.75.  Current constraints  are obtained assuming the Standard Model production cross-
section ratio for pp -> ZH but the re-scaling of couplings violates this assumption.

⇠2 Brinv < 0.75

Brinv = 1� ⇠�2

Within out framework where all couplings and the width change coherently, 
the bound on the width from invisible branching needs to be reconsidered. 

The constraint on the width from invisible branching ratio appear to be  somewhat stronger 
than the direct constraints from the off-shell production that we just discussed.

Azatov

�H  3.1 �H,SM

s
�H

�H,SM
� 1 < 0.75
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General comments 

1) A suggestion that the Higgs boson width can be constrained at the LHC came unexpectedly;
it showed that it is possible to use subtle quantum mechanical effects ( off-shell, interference) 
to get to interesting physics. Hopefully, we will see more examples of that type in the future.

2) CMS/ATLAS measurements prove that it is possible -- in practice -- to constrain the Higgs 
boson width using off-shell production of Z and W  pairs.  The results are very promising 
and appear to constrain the width to be in O(20) MeV range, to be compared with  O(1) GeV 
direct constraint.

2)  It is important to get the logic of the measurement correctly:  by going off-shell, we 
measure couplings.  No width enters the off-shell physics.  We infer the information about the 
width from the off-shell cross-section once couplings are known.

 3) Even with all statistical tricks ( likelihood etc.), at its core,  this is a counting experiment 
that requires understanding of yields rather than shapes.   Proper theoretical predictions for 
signal, background and interferences are therefore very important.
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If we see an enhancement, is  it the width ?
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Enhancement at large ZZ invariant masses
The main idea of the Higgs width measurement method is that excessive events at 
high-invariant mass of Z-boson pairs  are interesting and may be related to Higgs physics. 
Interpretation of such excesses  in terms of   limits on the Higgs boson width is possible,  as 
we have seen, but may require some care since  it forces us to relate couplings measured at 
different invariant masses.  The problem is that in any Quantum field Theory  couplings 
“run”.  A weak, logarithmic running is probably not so important at this point. 

In general, a relation  between on- and off-shell couplings may become less straightforward   
if the HZZ vertex contains anomalous couplings or  the Hgg vertex receives significant  
contributions from light degrees of freedom.  In these cases the couplings change so strong
that it is incorrect to assume that they are equal on- and off-shell.

It was pointed out by various authors that these effects can tame or mimic the coupling/
width enhancement.  Luckily,  it seems that many such effects can be constrained from  
various on-shell measurements, as I will discuss shortly.
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Example: anomalous HZZ coupling
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FIG. 2: The di↵erential cross section as a function of four-lepton invariant mass for 2e2µ events

before event selections. Results are shown for pure O1, O2, O3, O4, and O5 couplings (cf. Eq. (14)),

as well as for the irreducible qq̄ ! ZZ ! 2e2µ background (bg). There is no event selection

applied to the signal events; for the background, a minimal Mll̄ > 1 GeV selection is applied to

avoid infrared divergences. For each signal hypothesis, the normalization has been chosen to be

equal to the entire SM on-peak Higgs boson cross section in this channel. In this figure, the ggX

coupling is taken to be constant with respect to invariant mass.

ant masses are provided in Table III. We note from this table, and from Figs. 2 and 3

above, that �2�5 are significantly larger than �1, the SM o↵-shell cross section, though the

overall scale of cross sections is relatively small, with the exception of �4. While, as noted

above, we cannot translate these observations directly into a sensitivity, largely because of

the importance of interference with the gg ! ZZ continuum background, it is clear that

the o↵-shell cross sections provide a source of information about the tensor XZZ couplings

that is complementary to data obtained on the Higgs boson mass peak. As the large values

of �4 are symptomatic of potential unitarity-violating behavior, in Subsection IVC we will

10

Anomalous HZZ couplings may lead to an increase in the number of events 
in the off-shell tail that, however, is  independent of the ``width’’. 

Gainer, Lykken et al (2013)
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FIG. 8: Distribution of fitted values of fa3, φa3, and fa2 in a large number of generated experiments with a 7D analysis in
the H → ZZ∗ → 4" channel with 300 fb−1 of data collected at the LHC. Left plot: fa3 results from simultaneous fit of fa3 and
φa3 with 300 fb−1 (dotted) and 3000 fb−1 (solid). Right plots: simultaneous fit of fa3 and φa3 with 300 fb−1 with 68% and
95% confidence level contours shown.
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FIG. 9: Simultaneous fit of fa3 and fa2 with 68% and 95% confidence level contours shown. Left plot: 7D fit with 300 fb−1

scenario. Right plot: 3D fit with background and detector effects not considered, see text for details. Negative values of fa3
and fa2 correspond to φa3 = π and φa2 = π, respectively.

When the one-dimensional fit of D0− is employed the precision of the fa3 measurement gets worse by about 4% with
fa3 = 0.18 (3σ observation at 300 fb−1), 13% with fa3 = 0.06 (3000 fb−1) and 30% with fa3 = 0.02 (30000 fb−1). This
again illustrates our assessment that interference effects are important to include when non-zero CP contribution is
observed but that they are not the primary drivers of the discovery of CP violation in HV V interactions with available
statistics.
In Fig. 10, a similar study is presented for the measurement of either fa2 or fΛ1. In all cases, either a 7D fit is

performed, or a 1D fit (with D0+
h

or DΛ1), or a 2D fit (with additional interference discriminant Dint optimal for each

interference case). We find that 1D fits recover the precision of a 7D fit in both of these cases. In Fig. 9 (right), we
also illustrate the 3D analysis with the discriminants D0− , D0+

h

, DCP . We find that the three listed discriminants are

sufficient to recover precision of the 7D fit with tested statistics. In this study we allow negative values of fa2 and fa3
to incorporate the phase information φa2,3 = 0 or π as fa2 × cos(φa2) and fa3 × cos(φa3). The 2D fit with D0− , D0+

h

is also close in precision to the 7D fit and is not sensitive to φa3.
We also note that similar techniques can be applied to the decays H → WW → 2$2ν, as demonstrated in Ref. [8],

and H → Zγ → 2$γ, as demonstrated in Appendix A. However, only partial polarization information is available in
those channels. Moreover, any decay mode can be studied at a lepton collider. However, since a typical lepton collider
has the advantage in associated production mode, only such mode is presented in this study.

Anderson et al. (2013)]

Strong modification  of the m4l shape

Modification of lepton  angular distributions -> 
good control with 300 fb-1

O3 = � 1

2v
HZµ⌫Z̃

µ⌫ , O4 =
2

v
HZµ@

2Zµ
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Example: additional Higgs bosons

A possible physics illustration of the operator analysis is provided by a model with two 
Higgs bosons;  the role of the second (heavier) Higgs boson is to restore violations 
of unitarity that occur if couplings of the discovered Higgs boson to top quarks
and Z-bosons are changed. Logan et al (2014)

h H

M = MSM

✓
1 +���

p2 �m2
h

p2 �M2
H

◆

The amplitude becomes equal to the SM one for invariant masses higher than masses of both
Higgs bosons, so the enhancement is gone.   While this example  shows that  it is possible to hide 
the Higgs width enhancement  from  the  off-shell measurements,  it is done at the expense of 
introducing even more exciting physics that is detectable in the high-energy tail!
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Example: light colored singlets  in the loop
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ # 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4") ≥ 330 GeV]a

70 GeV " 1.0 " 5 −2%

170 GeV " 1.0 " 4.7 +80%

170 GeV " 1.0 " 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh # 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4#) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ # 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ' 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ' ΓSM

h with-
out modifying the high invariant mass regime of pp → 4#
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4# channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4#, the findings of this sections straightforwardly gener-
alize to ZZ → 2#2ν and WW .
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changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.
Consider φ, a scalar 3 under SU(3)C , coupled to the

Higgs sector via portal interactions (see, e.g., Ref. [31])

Lφ = |Dµφ|2 − m̃2
φ|φ|2 − λ|φ|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field φ induces a contribution to single-Higgs
production due to the interaction λv|φ|2h, as shown in
Fig. 6. The physical mass m2

φ = m̃2
φ + λv2 is essentially

a free parameter m2
φ > 0.

The new contribution gives an additional and poten-
tially large constructive or destructive contribution to
gg → h, depending on the sign and size of λ [32]. To
enforce SM-like signal strengths µ # 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have Γh > ΓSM

h .
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg → ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [33] but
has also been discussed in non-supersymmetric models
[31, 32]; effectively we have achieved a decorrelation of
gggh(mh) and gggh(m(ZZ) > mh), and the measurement
can no longer be interpreted as a Higgs width constraint.
To qualitatively understand why the scalars are sup-

pressed at large invariant masses, let us consider the ratio
of the off-shell gg → h subamplitudes for scalars and tops
(assuming mφ = mt = ytv/

√
2,λ = yt for simplicity):

yt
Mφ

Mt
=

1 + 2m2
tC0(s,mt)

(s− 4m2
t )C0(s,mt)− 2

, (6)

where C0(s,m2
t ) denotes the characteristic scalar three-

point function following the Passarino-Veltman reduc-
tion [34]. The φ-induced amplitude is suppressed ∼ s−1,

mφ µ (h peak) Γh/Γ
SM
h σ/σSM [m(4") ≥ 330 GeV]a

70 GeV " 1.0 " 5 −2%

170 GeV " 1.0 " 4.7 +80%

170 GeV " 1.0 " 1.7 +6%
aWe impose the cut set used by CMS [18] without the Mela

cut [35].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, Γh/Γ

SM
h and high invariant mass cross

section σ for the CMS selection cuts.

leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around mh # 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of Γh.
There is an interesting possibility when we consider

larger φ masses and larger couplings λ. For invariant
masses s2 ≥ 4m2

φ we can have a sizeable constructive
interference of the φ diagrams with the top loops and as a
result the cross section for large m(4#) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of ggghgZZh to keep
µ # 1, Tab. I. Similar effects show up for light spectra
mφ

<∼ 2mt, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although Γh/ΓSM

h ' 1, outside the current
CMS exclusion.
In total, it is well possible to achieve Γh ' ΓSM

h with-
out modifying the high invariant mass regime of pp → 4#
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 18].
Even though Eq. (5) is a toy model to demonstrate

the limitations of total Higgs width measurements in
the gg → 4# channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [33, 37] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
difficult [38] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [39]. Quite naturally, details quickly
become highly model-dependent. By fixing mφ we can
map Γh = 4.2×ΓSM

h onto λ and obtain σ/σSM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of Γh following [18] become
stringent.
Even though we have limited our discussion to ZZ →

4#, the findings of this sections straightforwardly gener-
alize to ZZ → 2#2ν and WW .

Englert, Spannowsky (2014)
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Light particles in HGG vertex  induce  power-
like running of the coupling constants and, 
therefore, can change the relation between on- 
and off-shell couplings.  However, one can 
check for them in a different way.

For example, light particles coupled to the Higgs boson 
and charged under SU(3)-color can be detected by 
studying  the Higgs pT distribution (probably, need 
theoretical improvement,  full mt dependence) . 
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Future prospects
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Weak boson fusion 
It is possible to apply a similar analysis to other production channels of the Higgs boson, most notably
to the production of the Higgs boson in weak boson fusion.  

Recent analysis by Ellis and Campbell suggests that the most promising channel to look for off-shell 
events is the equal sign W-boson  production because of the tiny background. The Higgs boson in this 
case appears in the t-channel.

Run 2: 2015–2017 ∼ 100 fb−1

Run 3: 2019–2021 ∼ 300 fb−1

Table 1. Assumed schedule and luminosity of the LHC for the next 7 years.

Figure 2. Representative Feynman diagrams, where V denotes a W or Z boson.

2 Basic rates for VBF processes

We first want to establish which of the VBF modes will be accessible in Run 2 and Run 3 of

the LHC. The size of the expected data samples is shown in Table 1. For this exploratory

study we will use tree-graph calculations for which representative diagrams are shown in

Figure 2.

The VBF diagrams in which we are primarily interested are shown in (a) and (b) of the

figure and contribute to the amplitude at O(α3). There are also mixed QCD-electroweak

diagrams that lead to the same final state that occur at O(α2αs), shown in diagrams (c) and

(d). These amplitudes have all been calculated and included in the parton-level integrator,

MCFM [19]. These tree level amplitudes have previously been calculated in the program

PHANTOM [20, 21] and are also available in MadGraph [22].

– 4 –

Figure 3. The upper and lower bounds on κV obtained from W+W+ events, as a function of the
cut on the transverse mass, mWW

T . The bounds are obtained as described in the text. Limits from
100 fb−1 of data are shown as dashed (blue) lines and those from 300 fb−1 are indicated by solid
(red) lines.

The upper bounds obtained from the other processes are,

κV < (1.47, 1.72, 1.66, 1.83, 1.75) , (3.17)

for, respectively, the processes (W−W+,W−W−,W+Z,W−Z,ZZ). Figure 3 also shows

the corresponding bounds expected with 300 fb−1 of data, where a similar pattern is ob-

served. The best lower limit comes again from the W+W+ process and corresponds to

saturating the 10-event minimum, which is now reached with mcut = 620 GeV, and we find,

0.55 < κV < 1.34 . (3.18)

With a bigger data set (300 fb−1) we can also obtain lower bounds from the W−W+

process. The sensitivity is indicated in Figure 4 and we find,

0.39 < κV < 1.38 , W−W+ (mWW
T > 380 GeV) . (3.19)

The optimum for the W−W+ channel displays a real trade-off as mcut is increased, between

decreasing statistics and increasing sensitivity. Upper limits on κV from the other processes

are weaker.

We now turn to the matter of the sensitivity of the VBF cross sections to the Higgs

boson width, under the same assumptions as discussed previously, c.f. Section 3.1. The

best upper limits on κV are obtained from the W+W+ process. Converting these into an

expected bound on the width from this channel we obtain,

ΓH < 4.4× ΓSM
H (100 fb−1 data) ,

ΓH < 3.2 × ΓSM
H (300 fb−1 data) . (3.20)

– 12 –

l+l+⌫⌫ : N
o↵

= 38.8� 18.32

V + 8.34

V

l�l�⌫̄⌫̄ : N
o↵

= 11.5� 4.12

V + 1.84

V

Limits expected from future LHC runs

Number of events with 100 inverse fb
for realistic selection cuts

Results from Run I constrain the width to be 
smaller than 60 times its Standard Model 
values ( O(1) event observed by ATLAS)

Standard VBF cuts are applied; 4-lepton invariant (or 
transverse) mass is required to be smaller than 300 GeV.

Friday, February 27, 15



Backgrounds determine the ultimate reach
The ultimate reach of this method to constrain the width is determined by how well the number of ZZ 
events at high invariant mass can be predicted in the Standard Model.  This requires NNLO 
computations for qq->ZZ, two-loop NLO QCD computations for gg -> ZZ and the signal-background 
interference.  Electroweak corrections may be also sizable, at high invariant mass.

Two-loop computations are not easy. However,  recently there appeared to be a breakthrough with two 
groups completing the necessary scalar integrals.  These results where already used to construct the  
NNLO QCD predictions for ZZ production cross-section (Grazzini et al.).  It was found that the 
corrections are at the level of 12 to 14 percent depending on the center-of-mass energy with the 
residual scale dependence at the level of three percent.
 
Further down the road are computations of NLO QCD corrections to gg -> ZZ  and to the interference.  
When everything is completed, the quality of the Standard Model prediction for the off-shell ZZ 
production will be extremely high.  A residual theoretical uncertainty for pp -> ZZ at the level of just a 
few percent can probably be reached within a year or two.
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Signal-background interference and the width 
measurement  in  γγ channel
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Signal-background interference in  H-> γγ channel
Martin; Dixon, Li (2013)
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Consider  full pp->γγ process; the amplitude is the sum of the “signal’ and the background. 
The interference of the signal and background amplitudes contain two distinct terms: the 
term that is asymmetric across the resonant peak and the term that is proportional to the width.

The asymmetric term usually averages to zero when cross-sections are considered. The term 
proportional to the width is usually very small. However,  the  width suppressed term 
is multiplied by the background amplitude and if the background amplitude 
is large, the width suppression can be overcome. 

In case of the Higgs production, the background amplitude is one-loop and the signal 
amplitude is two-loop which, potentially,  makes the interference term significant.

Dicus
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The interference contribution to the cross-section is small

Naively, the interference is loop enhanced (S -> 2 loop, B-> 1 loop)

In reality: interference starts at two-loop (no imaginary part for ±±  background amplitude at 
one-loop).  As a consequence, small effect (~ few percent) in the SM.
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How large are the interference effects for the Higgs boson production in the Standard Model?

Dicus
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Features of the interference
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FIG. 1: The distribution of diphoton invariant masses from the real interference term in eq. (12), as a
function of Mγγ =

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

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

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

points of maximal deviations from 0 much farther from MH .

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

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

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

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

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

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

Martin (2012)

The remaining contribution to the cross-section is  provided by the interference term 
proportional to the real part of the  background amplitude. This contribution  seems to 
be irrelevant for the production cross-section of a narrow resonance (asymmetric across 
the peak).  However, it may lead to other interesting effects.
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The real part of the interference leads to the mass-shift

Martin (2012)

Suppose we define the Higgs boson mass as the  first normalized moment of the invariant mass 
distribution.  In this case, the extraction of the mass is  affected by real part of interference.
The mass shift is independent of the width but it dependents on the environmental parameters 
(energy resolution). One can expect O(100 MeV) shift that is similar to the ultimate precision 
of the Higgs mass measurement at the LHC.
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FIG. 4: The shift in the diphoton invariant
mass distribution due to interference with the
continuum background, using the measure of
eqs. (17)-(19), for various assumed values of the
mass resolution Gaussian width σMR.

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

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

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

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

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

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

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

−240 MeV.

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

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

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

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

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

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

int
total)/(σ

H
cut/σ

H
total) as a function of ηmax,

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

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

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

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

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

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

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

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

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

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

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

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

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

δ.
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Establishing the existence  mass shift

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

To establish the existence of the mass shift, one compares mass measurements in H->γγ 
(affected by the interference) with the “control mass”, e.g. as obtained from H->ZZ (no 
loop enhancement, tiny mass shift). Alternatively,  one may study the Higgs bosons 
‘‘mass’’ in H->γγ  in dependence of the Higgs boson transverse momentum.   

With  300/fb collected luminosity one becomes sensitive to O(100) MeV mass shifts 
caused by the  interference.

3

shift obtained from this fit is stable once we include in-
variant masses ranging out to three times the Gaussian
width.
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FIG. 2. Diphoton invariant mass Mγγ distribution for pure
signal (top panel) and interference term (bottom panel) after
Gaussian smearing.

The top panel of fig. 2 shows the Gaussian-smeared
diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [25] throughout, and set α = 1/137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT,γ > 40/30 GeV, and rapidi-
ties, |ηγ | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆Rγj < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR.

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-
tribution involving the SM tree amplitude for qg → γγq

is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at Mγγ = 125 GeV.
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FIG. 3. Apparent mass shift for the SM Higgs boson versus
the jet veto pT .
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FIG. 4. Apparent mass shift for the SM Higgs boson versus
the lower cut on the Higgs transverse momentum, pT > pT,H .

MASS SHIFT AND WIDTH DEPENDENCE

In fig. 3 we plot the apparent Higgs boson mass shift
versus the jet veto pT cut. The mass shift for inclu-
sive production (large pT,veto) is around 70 MeV at NLO,
significantly smaller than the LO prediction of 120 MeV.
The reduction is mainly due to the large NLO QCD Higgs
production K factor. The K factor for the SM contin-
uum background is also sizable due to the same gluon
incoming states. But the Higgs signal is enhanced addi-
tionally by the virtual correction to the top quark loop,
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

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

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

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

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

c2gγS

mHΓH
+ cgγI =

(

S

mHΓSM
H

+ I

)

µγγ , (6)

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

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

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

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

tion for cgγ is simply cgγ =
√

µγγΓH/ΓSM
H . Fig. 5 plots

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

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

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

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

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

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

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

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

ΔMZZ,γγ: model-independent determination of ΓH

It is possible to use the measured value of the mass shift to constrain the Higgs boson width. 
Indeed σh ~ gi2 gf2 / Γh, σi ~ gi gf.  Therefore, assuming  σh = σhSM (LHC), we conclude that 
the interference should scale as the square root of the width.  The mass difference 
is proportional to the interference and, therefore, also scales as the square root of the width.

�mh=
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⇠ 100 MeV ⇥

s
�h

�h,sm

the LHC reach

[Dixon and Li (2013)]

�mHH = 1.47± 0.67± 0.18 GeV, [ATLAS]

Existing  measurements of the Higgs boson 
mass differences  by ATLAS and CMS are 
not very consistent .  Constraints on the 
Higgs width from these measurements are 
not conclusive at the moment.

�mHH = �0.9± 0.4± 0.2 GeV, [CMS]

Currently,  the off-shell ZZ production offers significantly higher sensitivity to the Higgs 
width than the interferometry in γγ channel.  However, the advantage of  the latter is that 
no large off-shell extrapolation needs to be performed.  For this reason,  measurements 
in  ZZ and γγ are complimentary and both need to be pursued.
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Conclusions
Interesting effects in Higgs physics come from subtle phenomena, such as off-shell production and 
interference of scattering amplitudes.

In the four-lepton channel, large effects are caused by the decay of an ‘’off-shell Higgs’’ to longitudinal Z 
bosons at large invariant masses.   This leads to a plateau of Higgs-induced events.  Measuring the 
number of events at the  high-invariant mass region probes Higgs couplings to gluons and Z bosons and 
is independent of the Higgs width.  The measured value of the Higgs on-shell production cross-section is 
then used to infer the value of the Higgs width.

Already with the current data, one can argue that the Higgs width can not exceed O(15-20) times the SM 
value and significant improvements in this result are very likely.  In fact,  the very recent CMS and 
ATLAS measurements suggest                                    .

Further  advances in constraining the Higgs width using this method will require very precise theoretical 
predictions for ZZ production in proton collisions ( the recent progress with multi-loop computations 
makes this well within reach), detailed studies  of on-shell couplings to Z’s and gluons as well as careful 
exploration  of four-lepton invariant mass shape,  to constrain possible effects of higher dimensional 
operators and light degrees of freedom. 

It is important  to look for the off-shell production in H+jet and H+2 jet channels, study weak boson 
fusion and explore width constraints that follow from di-photon final states.  

 Altogether, this is a rich  research program that  requires strong collaboration between theory and 
experiment and will, hopefully, lead to interesting insights into  Higgs  physics during  the LHC Run II. 

�H < O(7) �SM
H

Campbell, Ellis, Furlan, Rontsch;    Buschman, Goncalves,  Kuttimalai, Schonherr,  Krauss, Plehn
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