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Introduction: Higgs coupling determination at the LHC

3

Higgs coupling determination at the LHC

Problem: no absolute measurement of total production cross
section (no recoil method like LEP, ILC: e+e− → ZH,
Z → e+e−, µ+µ−)

Production × decay at the LHC yields combinations of Higgs
couplings (Γprod,decay ∼ g2prod,decay):

σ(H)× BR(H → a+ b) ∼
ΓprodΓdecay

Γtot
,

Large uncertainty on dominant decay for light Higgs: H → bb̄

⇒Without further assumtions, total Higgs width cannot
be determined

⇒ LHC can directly determine only ratios of couplings,
e.g. g2Hττ/g

2
HWW

Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 49
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⇒

For a 125 GeV Higgs boson the branching ratios into              
BR(H → ZZ*), BR(H → WW*) are far below threshold                     
⇒ Strong phase-space suppression, steep rise with MH       
Sensitive dependence on MH, off-shell effects are important 

Mh = 125GeV

SM Higgs 
branching 
fractions:

[LHC Higgs XS WG ’14]

Reason for importance of off-shell effects (and high sensitivity to 
Higgs mass value) for BR(H → ZZ*), BR(H → WW*):  

Additional source of information: off-shell effects
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Total Higgs width: recent analyses from CMS and ATLAS
• Exploit different dependence of on-peak and off-peak 

contributions on the total width in Higgs decays to ZZ(∗) 

• CMS quote an upper bound of 𝛤/𝛤SM < 5.4 at 95% C.L., where 
8.0 was expected, ATLAS: 𝛤/𝛤SM < 5.7 at 95% C.L., 8.5 expect.

• Problem: equality of on-shell and far off-shell couplings 
assumed; relation can be severely affected by new physics 
contributions, in particular via threshold effects (note: effects of 
this kind may be needed to give rise to a Higgs-boson width 
that differs from the SM one by the currently probed amount)

5

[C. Englert, M. Spannowsky ’14]

[CMS Collaboration ’14] [ATLAS Collaboration ’14]

⇒ SM consistency test rather than model-independent bound
Destructive interference between Higgs- and gauge-boson contributions 
(unitarity cancellations) ⇒ difficult to reach 𝛤/𝛤SM ≈ 1 even for high statistics
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Impact of off-shell Higgs contributions on Linear 
Collider physics

Linear Collider (LC): absolute measurements                            
of ZH cross section and Higgs branching                            
ratios possible

Model-independent determination of the                              
total Higgs width 

6

The case for an ILC in view of recent LHC results, Georg Weiglein, Partikeldagarna 2013, Lund, 10 / 2013

Total width

43
2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)� �
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Total width and coupling extraction 
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To extract couplings from BRs, we need the total width: 

To determine the total width, we need at least one pair of partial width and BR: 

g2
HXX � �(H � XX) = �H · BR(H � XX)

Combining 250 GeV (250 fb-1) + 500 GeV (500 fb-1) measurements�

∆ΓH/ΓH ≃ 5%

⇒

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41
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Recoil method: impact of off-shell effects

7

4 Phenomenological implications of off-shell contributions

In this section we want to investigate the consequences of the off-shell Higgs contributions
for the Z recoil method and the extraction of HV V couplings. Moreover we comment on
their role for unitarity cancellations in gauge boson scattering and their possible impact on
constraining higher-dimensional operators, which can for instance be induced in composite
Higgs scenarios. The connection to the Higgs width is analysed in the subsequent sections.

4.1 Z recoil method

As pointed out the Z recoil mass measurement is a key feature of a linear collider, which
allows to access the production process e+e− → ZH only through the decays of the Z boson,
so that the absolute measurement of the cross section is possible. The analysis is primarily
based on the decays Z → e+e−/µ+µ− [33], where by the invariant mass and the energy of
the l+l− system the reconstructed mass m̂Z and the energy EZ of the Z boson are obtained.
Recently also hadronic final states were discussed [47, 48]. The recoil mass mR is computed
according to

m2
R
= s+ m̂2

Z
− 2EZ

√
s (9)

and thus equals the invariant mass of the Higgs boson p2H . According to our discussion
off-shell effects in Higgs boson decays manifest themselves in the differential cross section
dσ/dmR, which we demonstrate in Fig. 8 for the Higgsstrahlung production process. The
figures show the results obtained by Eq. (5), where the invariant mass mV V is replaced by
mR, combined with the sum over the partial decays H → ZZ(∗),WW (∗), bb̄, tt̄, gg, τ+τ− as
provided by the LHC-HXSWG. The increase in the differential cross section at the thresholds
mR = 2mW and mR = 2mZ is clearly visible. Moreover at mR = 2mt additionally the decay
H → tt̄ opens kinematically. In order to quantify the off-shell contributions we use again ∆off

defined in Eq. (7) translated to e+e− → ZH → Z +X with mR instead of mV V and present
the results in Tab. 4.
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Figure 8: dσ/dmR in fb/GeV as a function of mR in GeV for e+e− → ZH → Z + X
defined in Eq. (5) (with mV V replaced by mR) combined with the sum over H → X =
ZZ(∗),WW (∗), bb̄, tt̄, gg, τ+τ− for a fixed polarisation Pol(e+, e−) = (0.3,−0.8) and cms en-
ergies (a-c)

√
s = 250, 350, 500GeV.

13

[S. Liebler, G. Moortgat-Pick, G. W. ’15]

√
s 250GeV 300GeV 350GeV 500GeV 1TeV

∆off 0.02% 0.12% 0.30% 0.91% 1.84%

Table 4: Off-shell contributions for the signal cross section determined via the Z recoil
method.

As expected from the analysis of Fig. 3 and Fig. 4, the off-shell contributions are unim-
portant for the case of

√
s = 250GeV. Because of the presence of the decay mode H → bb̄,

which dominates for mR = 120 − 130GeV, and of the other relevant decay modes for a
SM-like Higgs, the off-shell effects induced by the H → ZZ(∗) and H → WW (∗) modes are
less pronounced than in Fig. 3 and Fig. 4, but still clearly visible in Fig. 8 for

√
s = 350GeV

and
√
s = 500GeV. For

√
s = 500GeV the off-shell contributions amount to about 1% (at√

s = 1TeV they are close to 2%). While these off-shell effects are relatively small, for√
s = 500GeV and above they are nevertheless relevant for analyses aiming at an accuracy

at the percent level. The potential problem caused by the presence of off-shell contributions
is that the cross section that is determined via the recoil method actually contains a non-
negligible amount of off-shell contributions, while it is interpreted as an on-shell cross section.
The impact of the off-shell contributions can be reduced by appropriate cuts, for instance a
cut on the recoil mass mR ∈ [115, 150] GeV. Some care is necessary in this case in order to
determine the appropriate efficiencies. In case of H → ZZ(∗), where another on-shell Z bo-
son is involved in the process, a misidentification of the Z boson out of the Higgsstrahlung
process can occur. Again in the most pessimistic approach an average over the final state
Z bosons is performed, which we included in Fig. 8. We note that this averaging and thus
the misidentification of ZZ pairs lowers the total on-shell cross section by about 1 − 2%
compared to the correct discrimination of all ZZ pairs.

While the effects of the off-shell contributions on the determination of the production
cross section via the Z recoil method have turned out to be relatively small, our analysis
nevertheless adds to the motivation for performing the cross-section determination via the
Z recoil method close to threshold, i.e. at about

√
s = 250− 350GeV, rather than at higher

energies where the off-shell effects become relevant.

4.2 HV V couplings, unitarity and higher-dimensional operators

Off-shell contributions also play a role for the extraction of HV V couplings at an e+e−

collider. While in the studies carried out so far usually the validity of the ZWA has been
assumed, for precision analyses it will be important to discriminate the on-shell coupling gon

HV V

from off-shell contributions, gHV V (mV V ), through appropriate cuts on the invariant mass of
the decay products. An analysis where this will be relevant is for example the determination
of the HWW coupling from e+e− → νν̄H → νν̄WW at

√
s = 500GeV [35, 49], where both

on- and off-shell Higgs contributions are present. As mentioned in Section 3.1, for accurate
predictions of processes involving the decay of an on-shell Higgs boson into weak bosons and
thus for the determination of gon

HV V
also a precise knowledge of the Higgs mass mH will be

crucial.
Off-shell Higgs induced contributions in the scattering of longitudinal gauge bosons are

known to be of crucial importance for preserving unitarity. The corresponding amplitude
involving contributions from the gauge sector increases with the square of the cms energy
in the high-energy limit. This bad high-energy behaviour is cancelled by Higgs-exchange

14

Relatively small overall effect, grows with increasing c.m. energy
Absolute det. of σtot at low energies not affected by off-shell effects

⇒
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Constraints on the Higgs width via off-shell effects

8

[S. Liebler, G. Moortgat-Pick, G. Weiglein ’15]

Limited sensitivity even with high integrated luminosity
Qualitative behaviour at the LHC is the same!

⇒
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Figure 12: Normalised event rates N(r)/N(1) as a function of r for the process e+e− →
νν̄ + 4jets for

√
s = 1TeV and a fixed polarisation with 95% uncertainty bands for different

integrated luminosities.

to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(15)

and that the observed rate equals the SM rate, i.e. Nobs = N(1). Accordingly, values of r
are excluded in this way if Nobs(r) lies outside of the 95% band of the Poisson distribution
P(Nobs|N(r)). The corresponding exclusion limits for r are also shown in Tab. 6. The inter-
ference term I lowers the sensitivity to r even for quite high statistics as it can be seen from
Fig. 12, where the exclusion limits on r are shown for three values of the integrated luminosity
at

√
s = 1TeV. The minimum of N(r) is in the vicinity of r = 1, so that a measurement of

N(r) in this region has the least sensitivity to r. If N(r) differs sufficiently from the minimum
value, a high-precision measurement of N(r) could result in a two-fold ambiguity in r. The
latter might only be resolved within this method by taking into account different final states.

√
s 350GeV 500GeV

N0 (
!

Ldt = 1 ab−1) 430 1024
R1 0.026 0.006
R2 0.005 0.006

Limit on r (
!

Ldt = 1 ab−1) 9.5 15

Limit on r (
!

Ldt = 1.5 ab−1) 5.4 8.2

Table 7: N0, R1 and R2 as a function of the cms energy for e+e− → µ+µ− + 4 jets with
m4j > 130GeV. The upper limits on r at 95% have been obtained according to our simplistic
Bayesian approach, using the assumptions specified in the text.

For the process e+e− → µ+µ− +4 jets the situation is different, since for this process the
interference term is positive and also no background events of the type NB as specified in
Eq. (14) need to be considered. The corresponding results are shown in Tab. 7. However, for
this process the achievable statistics limits the sensitivity to the Higgs width via this method.

22

Large negative signal - 
background interference
(reason: unitarity cancellations)

to the inclusion of higher order electroweak effects as reported in Section 4.3 however, simple
rescaling of cross sections is obviously wrong. Already in the pure SM the factor κV (mV V )
for mV V > 2mt rescales the top-(bottom-)quark-induced one-loop contributions to H → V V .

In the following we want to quantify the sensitivity of a linear collider to the Higgs width
from off-shell effects, where we restrict ourselves to rather small deviations from the SM having
in mind the above assumptions/problems. We consider again the process e+e− → νν̄+4 jets
simulated with MadGraph 5. We apply the same cuts as described in Section 5. Assuming a
signal strength of µ = 1, the dependence on r can be written in the form

N(r) = N0(1 +R1
√
r +R2r) +NB . (13)

Note, that N0 differs from NwoH by on-shell Higgs events. NB are background events e+e− →
e+e− + 4 jets with undetected leptons and can be taken from Tab. 5. Their dependence on r
is negligible for r < 10. We provide the parameters N0, R1 and R2 in Tab. 6, where N0 are
the number of events for an integrated luminosity of

!

Ldt = 500 fb−1 at the given energy.
As expected the interference term, reflected in R1, is large and negative and thus lowers the
sensitivity around r ∼ 1. For smaller

√
s on the other hand VBF is of less importance and

the interference term is therefore reduced in its relative size. To claim a possible exclusion of
large values of r, we perform a simplistic Bayesian approach: The probability P (N(r)|Nobs)
with N(r) being the expected number of events and Nobs the observed number of events
is related to P(Nobs|N(r)) through a prior π(N(r)), which we suppose to be constant as a
function of small r. Suppose the events to be distributed according to a Poisson distribution

P(Nobs|N(r)) =
e−N(r)(N(r))Nobs

Nobs!
(14)

and the observed rate equals the SM rate, i.e. Nobs = N(1), then we can exclude values of r,
where Nobs is not within the 95% uncertainty band of the Poisson distribution P(Nobs|N(r)).
The corresponding exclusions are added to Tab. 6. The interference term I lowers the sen-
sitivity to r for large

√
s even for quite high statistics as it can be seen from Fig. 12. The

minimum of N(r) is in the vicinity of one, thus either erasing the sensitivity to r completely
or providing an ambiguity of two possible values for r if statistics is high enough. The latter
might only be resolved by taking into account different final states.

√
s 350GeV 500GeV 1TeV

N0 (
!

Ldt = 500 fb−1) 263 1775 8420
R1 −0.017 −0.010 −0.098
R2 0.026 0.019 0.048

Limit on r (
!

Ldt = 500 fb−1) 7.0 3.8 2.8

Limit on r (
!

Ldt = 1 ab−1) 5.1 3.1 2.5

Table 6: N0, R1 and R2 as a function of the cms energy for e+e− → νν̄ + 4 jets with
m4j > 130GeV and pT,4j > 75GeV. Upper limits on r at 95% according to our simplistic
Bayesian approach.

In contrast for the process e+e− → µ+µ− + 4 jets the interference term is positive and
no background events NB need to be considered. Tab. 7 shows the corresponding result.

20

r = 𝛤/𝛤SM

Same theoretical assumptions 
as in LHC analyses
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2 Relation of the Higgs mass and width to the complex pole

of the propagator

Before we start our discussion of off-shell effects in H → V V (∗) in the subsequent section,
we shortly elaborate on the relation between the mass and total width of the Higgs boson
and the complex pole of the propagator. Denoting with m0 the tree-level Higgs mass and
with Σ̂ the renormalized self-energy of the Higgs propagator, the complex pole is obtained
through the relation M2 −m2

0 + Σ̂(M2) = 0, where the complex pole can be written in the
form M2 = m2

H
− imHΓH . Therein mH is the physical Higgs mass and ΓH the total width of

the Higgs boson. Expanding the inverse propagator around the complex pole yields

p2 −m2
0 + Σ̂(p2) ≃ (p2 −M2)

!

1 + Σ̂′(M2)
"

(1)

in the vicinity of the complex pole. Accordingly, the Higgs propagator in the vicinity of the
complex pole can be expressed in the well-known form of a Breit-Wigner propagator with
constant width ΓH ,

∆H(p2) =
i

p2 −M2
=

i

p2 −m2
H
+ imHΓH

. (2)

Away from the pole, i.e. in the far off-shell region with p2 ≫ m2
H
, the Higgs width is not of

relevance. For the specific processes that are considered in this paper our choice is equivalent
to the complex-mass scheme [41, 42], which is known to provide gauge-independent results.
Differences with respect to the scheme defined in Refs. [43–45] are expected to be small, in
particular since the constant width ΓH is close to the width therein [45]. For our subsequent
discussion we fix mH = 125GeV and ΓSM

H
= 4.07 · 10−3 GeV, the latter in accordance with

the prescription of the LHC Higgs cross section working group (LHC-HXSWG) [9–11].

3 Off-shell contributions in H → ZZ(∗) and H → W±W∓(∗)

Given the two dominant production processes for a Higgs bosonH at a linear collider, e+e− →
ZH and e+e− → νν̄H, we discuss the validity of the zero-width approximation (ZWA) for
the Higgs decays H → WW (∗) and H → ZZ(∗) within this section. The relevant Feynman
diagrams are presented in Fig. 1. Our discussion follows Refs. [12–14], which are specific to
the dominant production process at the LHC, gluon fusion.

e+

e−

Z

V

V (∗)

H

e+

e−

ν̄
V (∗)

V

ν

W

W H

(a) (b)

Figure 1: Feynman diagrams for (a) e+e− → ZH → ZV V (∗); (b) e+e− → νν̄H → νν̄V V (∗).

Supplementing the ZWA for the production and the decay part of the process with a
Breit-Wigner propagator, the differential cross section e+e− → ZH → ZV V can be written

3

Sensitivity to the small signal of an additional heavy 
Higgs boson in a Two-Higgs-Doublet model (2HDM) 

9

[S. Liebler, G. Moortgat-Pick, G. W. ’15]

ILC: Potential sensitivity beyond the kinematic reach of Higgs pair 
production

⇒
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√
s = 1TeV

Pol(e+, e−) = (0.3,−0.8)
2HDM, sβ−α = 0.95
mh = 125GeV, mH = 600GeV

(a) (b)

200 400 600 800 1000

101

102

103
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muūdd̄ [GeV]

E
ve
nt
s
N e+e− → νν̄uūdd̄,
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Figure 15: Event rates for e+e− → e+e−uūdd̄ for
√
s = 1TeV and

!

Ldt = 500 fb−1 after the
cut pT,4j > 75GeV as a function of the invariant mass of the 4 jets muūdd̄ in the context of
a type II 2HDM with tan β = 1 for different values of (a,b) sβ−α := sin(β − α) = 0.95; (c,d)
sβ−α = 0.98 and (e,f) sβ−α = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.

26
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LHC: sensitivity to an additional heavy Higgs boson 
of a Two-Higgs-Doublet model (2HDM) 

Assume: Mh = 125 GeV, MH = 400 GeV, couplings to gauge 
bosons are sin(β-α), cos(β-α) rel. to SM, three scenarios:

Scen. 1: tanβ = 1, sin(β-α) = 0.99, 𝛤H = 3.6 GeV

Scen. 2: tanβ = 1, sin(β-α) = 0.9999, 𝛤H = 10 GeV

Scen. 3: tanβ = 10, sin(β-α) = 0.99, 𝛤H = 10 GeV

Analysis of gg → e+e-μ+μ- including signal, background and 
H-h, H-background interference contributions using        
GoSam [G. Cullen et al. ’14]  and MadEvent [F. Maltoni, T. Stelzer ’02]

10
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H signal potentially separable from background for Scen. 1 ⇒
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Partonic gg → ZZ cross sections, impact of 
interference contributions

13

[N. Greiner, S. Liebler, G. W. ’15]

Interference effects of O(10%) for phenomenologically 
interesting cases

See also [N. Kauer, C. O’Brien ’15] [N. Kauer, C. O’Brien, E. Vryonidou ’15]
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Conclusions
• Off-shell effects and interference contributions can be important for 

Higgs physics despite the small width of a SM-like Higgs at 125 
GeV; very precise measurement of Higgs mass needed!

• Constraints on the total width from different dependence of       
on-peak and off-peak contributions in Higgs decays to VV(∗): 
consistency test of the SM rather than model-independent bound

• Large signal-background interference reduces sensitivity of 
constraints on total width

• Absolute determination of total cross section at LC is not affected 
by off-shell contributions

• Interference effects can enhance sensitivity to small signal of 
additional heavy Higgs: O(10%) effects at the LHC, larger at the ILC
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Backup
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Higgs mass measurement: the need for high precision
Measuring the mass of the discovered signal with high 
precision is of interest in its own right

But a high-precision measurement has also direct implications 
for probing Higgs physics

MH: crucial input parameter for Higgs physics

BR(H → ZZ*), BR(H → WW*): highly sensitive to precise 
numerical value of MH 

A change in MH of 0.2 GeV shifts BR(H → ZZ*) by 2.5%! 

Need high-precision determination of MH to exploit the 
sensitivity of BR(H → ZZ*), ... for testing BSM physics
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