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Higgs width measurement in a nutshell

• Total Higgs width ΓH is not a fundamental parameter of the theory, but of great phe-

nomenological interest (Higgs mechanism → overall coupling strength)

• Direct Higgs width measurement via resonance shape is limited at LHC by experimental

mass resolution of O(1) GeV (CMS: ΓH < 3 GeV in H → γγ, but note that ΓH,SM ≈ 4 MeV)

• All resonant Higgs cross sections depend on ΓH , therefore ΓH and couplings cannot be

determined at the LHC (on-peak) without theoretical assumptions M. Duhrssen et al. (2004),

LHC Higgs Cross Section WG (2012)

• For broad class of models, assuming upper limit for HWW or HZZ coupling (e.g. SM)

→ upper bound for ΓH (ΓH = O(ΓH,SM )) M. Peskin (2012); B. Dobrescu, J. Lykken (2013)

• Assuming no BSM Higgs decays, and Higgs coupling parameterisations, can fit Higgs

width to data and agreement with SM Higgs width is found J. Ellis, You (2013)

• e+e− → Z(H → all): construct recoil mass and measure HZZ coupling → ΓH can be

determined indirectly, ILC: 6%–11% accuracy T. Han et al. (2013), M. Peskin (2013)

• Direct threshold scan at muon collider: ΓH accuracy 4%–9% T. Han, Z. Liu (2013)

• Model-independent ΓH determination (at LHC?) could confirm SM or could provide evi-

dence for BSM Higgs interactions
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H->VV: large off-shell tail of the cross-section
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Figure 15. MZZ distributions for gg → H → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV. Applied cuts:
pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T > 10GeV. Other details as in Fig. 4.

gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ

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

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

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

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

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

4 Conclusions

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

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

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

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

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

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

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

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

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

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

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

– 18 –

[Kauer, Passarino (2012)]

• Past the VV threshold, 
enhanced decay into 
longitudinal vector bosons 
compensate the rapidly 
falling Higgs propagator	

!

• Small but persisting effect  
-> O(10%) of the peak 
cross-section	


!
• Width-independent effect

• Irrelevant for traditional searches if proper selection cuts are 
applied	


• If looked for, can give complementary information wrt 
traditional searches



Example: bounds on the Higgs width
[Caola, Melnikov (2013)]
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• On the peak, only access to 
coupling x BR	

!

• Off the peak, ΓH independent	

!
• Because of this, constraints 
on ΓH
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• Peak looks SM-like ->

• Off the peak -> 

Bounds of the order ~ 10-20 ΓH,SM can be achieved 

Refined tools available [Kauer (2008,2012); Ellis, Campbell, Williams (2013)]	

Thorough phenomenological studies [Ellis, Campbell, Williams (2013)]



Analysis is doable (and actually done)
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As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated

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 4ℓ 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 → 4ℓ 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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CMS: ΓH < 5.4 ΓH,SM = 22 MeV @ 95CL

ATLAS: ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

With well-defined assumptions (see later)



Off-shell cross-section: work needs to be done
Method based on counting VV events in the 
high invariant-mass tail -> good prediction 

for 4l final state required

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 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

N
int

⇠ �2⇥ 10�2N
tot

N
o↵

⇠ 10�2N
tot

[Campbell, Ellis, Williams (2013)]

Large (~uninteresting) qq contamination	

Delicate signal/background interference effects



Off-shell cross-section: work needs to be done
• qq/gg disentanglement (matrix element method very promising)	

• First results for NNLO VV background are appearing-> thorough 
analysis achievable in the near future	


• gg->VV background only known at LO (major drawback, large K-
factor expected). Delicate S/B interference patterns	


q T

All ingredients recently 
computed

Complicated	

Non-negligible / dominant 

in the off-shell tail

• until we know the exact result, estimates based on soft resummation 
-> thorough analysis for a 125 GeV Higgs should be performed



Off-shell cross-section: the interpretation issue

• Bounds on the width from off-shell cross-section based on 
relating couplings on and off-peak, assuming they do not change	


• in QFT, couplings run	


• for small (ie logarithmic) modification, the effect is negligible	


• big effects can occur if strong modifications of the couplings 
occur, like for instance:	


• higher dimensional HVV operators	


• light d.o.f. running in the loops

In principle, such modifications are problematics for the 
interpretation of off-shell measurements. 	


• To what extent can be constrained by other measurements?	

• What is the impact on off-shell measurements?	

• How to parametrize / quantify these effects?	




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

Basis of HZZ operators [Gainer, Lykken et al (2013)]
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the H → ZZ∗ → 4ℓ 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 → 2ℓ2ν, as demonstrated in Ref. [8],

and H → Zγ → 2ℓγ, 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)]

Modifications	

of the m4l shape

Modification of lepton 	

angular distributions	


What is the constraining power	

for off-shell analysis?



Example: light particles in the loop 5
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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(4ℓ) ≥ 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(4ℓ) 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 → 4ℓ
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 → 4ℓ 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 →

4ℓ, the findings of this sections straightforwardly gener-
alize to ZZ → 2ℓ2ν and WW .

[Englert, Spannowsky (2014)]

DifferenLal'Cross'secLons'
2  Our'results'rely'on'the'Higgs'transverse'momentum'or'jet'

mulLpliciLes'
2  SensiLve'to'new'physics'in'the'content'of'the'producLon'loop''

45'

jetsn
0 1 2  3≥

 [f
b]

fid
σ

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8 data syst. unc.

HX) + MiNLO HJ+PS (H→gg

HX) + PS+OWHEGP (H→gg

Htt + VH  =  VBF + HX

ATLAS  Preliminary
l 4→ ZZ* →H 

-1 L dt = 20.3 fb∫ = 8 TeV: s
 > 30 GeVjet

T
p

data syst. unc.
HX) + MiNLO HJ+PS (H→gg

HX) + PS+OWHEGP (H→gg

Htt + VH  =  VBF + HX

 [GeV]
T,H
p

0 20 40 60 80 100 120 140 160 180 200

 [f
b/

G
eV

]
Tp

 / 
d

fid
σd

0.01

0.02

0.03

0.04

0.05

0.06 data syst. unc.
HX) + MiNLO HJ+PS (H→gg

HX) + PS+OWHEGP (H→gg

HX) + ESHR (H→gg

Htt + VH  =  VBF + HX

ATLAS  Preliminary
l 4→ ZZ* →H 

-1 L dt = 20.3 fb∫ = 8 TeV: s

data syst. unc.
HX) + MiNLO HJ+PS (H→gg

HX) + PS+OWHEGP (H→gg

HX) + ESHR (H→gg

Htt + VH  =  VBF + HX

 [GeV]γγ

T
p

  [
fb

/G
eV

]
Tp

 / 
d

fid
σd

-210

-110

1

  PreliminaryATLAS data syst. unc.

HX) + ESHR (H→gg

 = 1.15)ggFK(

Htt + VH  =  VBF + HX

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

 [GeV]γγ

T
p

0 20 40 60 80 100 120 140 160 180 200da
ta

 / 
pr

ed
ic

tio
n

0

2

4

jetsN

  [
fb

]
fid
σ

0

5

10

15

20

25

30

35   PreliminaryATLAS data syst. unc.
HX) + MiNLO HJ+PS (H→gg

 = 1.54)ggFK(

Htt + VH  =  VBF + HX

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

 > 30 GeVjet
Tp

jetsN
0 1 2 3≥da

ta
 / 

pr
ed

ict
io

n

0

2

4

H! !!

H! 4l
ATLAS2CONF220142044'

To'be'submifed'soon'and'
ATLAS2CONF220132072'

Light d.o.f. can qualitatively 	

change the analysis

• What is the constraining power of 
the Higgs pT distribution on these 
kind of models? (need theoretical 
improvement, full mt dependence)	

!

• Can S/B interference enhancement 
give other constraints? (along the lines 
of [Dixon, Siu (2003)])

Will also affect other observables, 
e.g. Higgs pT distributions 	

[Arnesen, Rothstein and Zupan (2008)]



Other very interesting 	

‘non-traditional’ Higgs analysis:	


Higgs properties from 
interference effects 



H-> γγ interference and the Higgs width
[Martin; Dixon, Li (2013)]
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Knowledge of both on-peak and interference cross-section can 
disentangle coupling and BR -> independent extraction



• Interference loop enhanced (Signal -> 2 loop, Background-> 1 loop)	

!
!

• Loop-enhancement not present in the SM (no ±± cut in the 
massless background amplitude, no cut in the top loop for mH =125 GeV)	


• Can be used to constrain light d.o.f. (-> non vanishing cut) in the Hgg 
coupling?

|Ai!f |2 =
|S|2m2

h

(s�m2
h)

2 + �2
hm

2
h


1 +

2(s�m2
h)

m2
h

Re

✓
B⇤

S

◆
+

2�h

mh
Im

✓
B⇤

S

◆�
+ |B|2

Interference: the imaginary part and loop-enhancement
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Interference: the real part and mass-shift
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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

Create asymmetry in the mγγ distribution	

• asymmetric -> irrelevant for σ	

• however, it leads to mass-shift in the γγ 

channel

[Martin (2012); Dixon and Li; de Florian et al (2013)]
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Independent on ΓH -> in combination 
with on-shell measurements, allows for 
independent width / coupling extraction	




ΔMZZ,γγ: model-independent determination of ΓH
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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

ultimate LHC reach?

[Dixon and Li (2013)]

�mH ⇡ �100 MeV ⇥
q
�H/�H,SM

Comparing mass 
determination in the γγ 

with control mass (e.g. ZZ)

Theory in pretty 	

good shape	


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

• How well can ATLAS/CMS measure the mass-shift? 	

(both in the near future and in the long term)	


• What can we say about non-standard Higgs? [Dixon et al]



H-> J/Ψ interference and the Hcc coupling
[Bodwin, Petriello et al (2013)]

Interference of two ‘signal’ amplitudes for 	

H -> quarkonium and photon can constrain the Hcc coupling

Direct component	

• depends on Hcc coupling	

• small

Fragmentation component	

• does not depend on Hcc coupling	

• large

Large (negative) interference leads to enhancement of the small	

direct amplitude -> access to Hcc

Which kind of constraints on Hcc at the (high-lumi) LHC?



Matrix element method (MEM)

(kinematic discriminant used by MCFM authors)

D = log

(

PH

Pgg + Pqq̄

)

Pqq̄ : qq̄ induced continuum background

Pgg : gg induced contributions

(incl. Higgs signal, cont. bkg. & interf.)

PH : gg induced Higgs amplitude squared

CMS analysis

improvements on phenomenological studies:

• include 2ℓ2ν final states

• include VBF channel (contributes ∼ 7% on peak, and O(10%) above 2MZ )

• include known QCD and EW corrections F. Caola, T. Kasprzik, G. Passarino, M. Zaro et al.

• slightly different kinematic discriminant (PH → Pgg), backgrounds fully considered

ATLAS analysis
improvements:

• similar to CMS, thorough consideration of systematic uncertainties

• provide results as function of the unknown gg → ZZ background K-factor,

variation: [0.5, 2]× signal K-factor

• off-shell signal strength in [5.6, 9.0] ([6.6, 10.7] expected)
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Model builder’s considerations, BSM searches

Constraining higher dimensional operators with the off-shell Higgs

Limitations of model-independence

Disentangling New Physics with the off-shell Higgs boson

EFT studies including the off-shell Higgs boson

J. Gainer, J. Lykken, K. Matchev, S. Mrenna, M. Park (2014); C. Englert, M. Spannowsky (2014);

M. Ghezzi, G. Passarino, S. Uccirati (2014); G. Cacciapaglia, A. Deandrea, G. Drieu La Rochelle,

J. Flament (2014); A. Azatov, C. Grojean, A. Paul, E. Salvioni (2014); A. Biekoetter, A. Knochel, M.

Kraemer, D. Liu, F. Riva (2014)
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EFT analysis of on- and off-shell H → ZZ → 4ℓ data
A. Azatov, C. Grojean, A. Paul, E. Salvioni (2014)

(see also G. Cacciapaglia, A. Deandrea, G. Drieu La Rochelle, J. Flament (2014))
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σ ∼ |ct + cg |2: on-shell degeneracy ct + cg = const is broken by far-off-shell data

Constraints in (ct, cg) plane (68%, 95% and 99% probability contours): (not MEM improved!)

LHC 8 TeV CMS data LHC 14 TeV 3 ab−1 data
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Summary
• ggF and VBF off-shell H → ZZ,WW data at (HL-)LHC and (I)LC (→ S. Liebler) fa-

cilitates novel, complementary approach to constrain Higgs properties (width, coupling

strength and structure)

• complementary method (by S.P. Martin): gg → H → γγ signal background interfer-

ometry (Higgs mass peak shift depending on ΓH )

• also: Hcc̄ constraint via signal-signal interferometry after HL-LHC (G.T. Bodwin, F.

Petriello, S. Stoynev, M. Velasco)

• Higgs width constraints: limited model independence in ggF (but ∼O(1) ΓH,SM

bounds after LHC Run 1); largely model independent in VBF as well as gg → H → γγ

interferometry (but needs HL-LHC, (I)LC for ∼O(1) ΓH,SM bounds)

• further exploration of feasible off-shell/interference-enabled constraints in SM, via

EFT or specific BSM at LHC Run1,2,3,HL and ILC; further discussion of model depen-

dence issues and value added compared to on-shell Higgs measurements

• theoretical tools: full NLO calculation for gg → (H →) γγ (L. Dixon, Y. Li); but only

LO calculations (with finite t, b mass effects) for gg → (H →) 4 leptons interference

and continuum background contributions plus event generators (also for qg?), large

K-factor expected (soft-collinear approx.), but full NLO calculation is pushing current

technology (bottleneck: heavy quark loop), easier: soft-resummation-improved predic-

tions; further discussion of available tools, included higher order corrections, estimation

of residual uncertainties and future calculational progress

• analysis techniques: improvements via MEM, optimal kinematic discriminants (sen-

sitivity?)
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