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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*):  

Introduction: relevance of off-shell effects for Higgs 
physics
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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)

3

[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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Standard method at a Linear Collider for the 
model-independent determination of the total width

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


Model-independent determination of the                              
total Higgs width 

4

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

Total width
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2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)� �
�

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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LC: constraints on the Higgs width via off-shell effects

5

[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) 

6

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

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

⇒
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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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Figure 13: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV, shown
as a function of the parameters cos(� � ↵) and tan �. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1-� and 2-� uncertainties on the expectation. The vertical axis range is set such
that regions where the light Higgs couplings are enhanced by more than a factor of three from their SM values are
avoided.

also not directly comparable with the recent results published by the CMS Collaboration [8] for similar
reasons.

34

7

[ATLAS Collaboration ’15]

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

Recent ATLAS analysis:


Interference effects of heavy 
Higgs with background and light 
Higgs contribution neglected


[N. Greiner, S. Liebler, G. W. ’15] 
(work in progress)                     
Analysis of gg → e+e-μ+μ-  and 
gg → llνν including signal, 
background and H-h, H-
background interference 
contributions using              
GoSam [G. Cullen et al. ’14]  and 
MadEvent [F. Maltoni, T. Stelzer ’02]

tanβ = 2 
used as 
example 
in the  
plots on 
the next 
slides
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8

[N. Greiner, S. Liebler, G. W. ’15]

Pronounced H signal peak ⇒

cos(β-α) = -0.1



Off-shell effects, interference effects, 2HDM, MSSM and EFT, Georg Weiglein, Higgs Days at Santander 2015, Santander, 09 / 2015

  [GeV]TmVV
100 150 200 250 300 350

 [f
b/

G
eV

]
T

/d
 m

VV
σd

-210

-110

1
All
H^2+ 2*Re(H*Back)
Signal (H^2)
Background

gg → llνν, contributions from both WW and ZZ

9

[N. Greiner, S. Liebler, G. W. ’15]

Higher statistics, worse mass resolution⇒
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[N. Greiner, S. Liebler, G. W. ’15]

Hadronic gg → ZZ cross sections, impact of 
interference contributions

Interferences are small in the region where the ATLAS search was sensitive


Sizable interference effects possible, not necessarily correlated with a 
large width


Larger interference effects possible for higher values of tanβ

⇒

Total width of heavy Higgs H:
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Search for heavy Higgs bosons at the LHC: impact 
of interference effects

11

10.4 Summary and outlook: CP-violating interference in LHC Higgs
searches

effect is most significant in Fig. 10.4(c). Furthermore, the exclusion bounds are slightly
weakened in the high-MH± range.

Figure 10.6.: Parameter regions excluded by HiggsBounds for µ = 1000GeV, �At = ⇡/4
without the interference term (blue) and including the interference term (red)
by modifying the input data for HiggsBounds with ⌘ (see text).

10.4. Summary and outlook: CP-violating interference
in LHC Higgs searches
In this chapter, we have investigated the impact of the phase �At on the cross section
�(b¯b ! ⌧+⌧�) via Higgs exchange, both in the full propagator calculation and in the
approach of Breit-Wigner propagators and have found very good agreement between these
two methods. A complex phase does not only give rise to a CP-violating interference
term, but it also affects for example masses, widths and the mixing structure. The effect
of �At is amplified by a large value of µ, which we evaluated for different combinations of
µ and �At .

In a second step, we disentangled the overall phase effect from the genuine interference
effect. By exploiting the formalism of the Breit-Wigner propagators in the mass basis to
treat each resonance separately, we calculated the difference between the coherent and
incoherent sum of the contributions of three neutral MSSM Higgs bosons. We found
very large, negative interference effects in the Mmod+

h scenario with µ = 1000GeV and

145

[E. Fuchs, G. W. ’15]Exclusion limits from neutral Higgs searches in 
the MSSM with and without interference effects:

CP-violating case,

ɸAt = π / 4

H, A are nearly 
mass degenerate: 
large mixing 
possible in CP-
violating case!


Incoherent sum is 
not sufficient!

⇒ Large CP-violating interference effects between H, A possible 

mhmod+  scenario,

μ = 1000 GeV
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Higgs-mass predictions: full model (MSSM) vs. 
effective field theory (EFT)

• Contributions of all particles in the loop:                                   
contributions from all sectors of the model


• Diagrammatic / effective potential methods


• Mass effects of all particles taken into account: every possible 
mass pattern can be considered


• Very large higher-order corrections:                                              
tree-level upper bound: 91 GeV ⟶ observed value: 125 GeV


Relative effect of higher-order corrections in Mh2: ≳90%

12

Full model (MSSM):
t̃, b̃, q̃, l̃, �̃±, . . .

radiative corrections

⇒



Off-shell effects, interference effects, 2HDM, MSSM and EFT, Georg Weiglein, Higgs Days at Santander 2015, Santander, 09 / 2015

Full model (MSSM), continued

• Leading one-loop contribution                                                           
⇒ very sensitive dependence on mt


• Numerical examples of dependence on SUSY particle masses from 
different sectors; shift in prediction for Mh:


• Shift of 1.4 GeV from changing μ from +- 200 to +- 1500 GeV


• Shift of 1.7 GeV from changing M2 from +- 200 to +- 1500 GeV


• Shift of 1.7 GeV from changing       from +- 1 TeV to +- 2 TeV                     
2-loop effect!

13
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Dependence on the top-quark mass:                                                
Dependence on the precise numerical value used for the effective 
value of mt in the calculation                                                       
Note: this is different from the parameter dependencies discussed 
above; what is meant here is an effect that occurs for the same 
numerical value of the input parameter (mt = 173.2 GeV); 
parametric uncertainties add on top of this                                            


                                                                                                       
one-loop:  

Full model (MSSM), continued

14

⇒

mmod+

h

scenario with M
A

= 1TeV, tan� = 20

mpole

t

vs. m
t
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t

) = mpole

t

(1 + c
1

↵
s

+ c
2

↵
t

+ . . .)
Shift in Mh by 4.9 GeV! Difference is of 2-loop order

Inclusion of 2-loop corrections:

Shift in Mh by 1.1 GeV! Difference is of 3-loop order

⇒

⇒



Off-shell effects, interference effects, 2HDM, MSSM and EFT, Georg Weiglein, Higgs Days at Santander 2015, Santander, 09 / 2015

• Roughly: 1 GeV change in (effective value of) mt ⇒ 1 GeV change in mh 


• FeynHiggs: Two-loop result in on-shell scheme + (optional) 
reparametrisation in terms of mt (mt)                                                      
TeV scale: both log terms and non-log terms are numerically important!     


• Estimate of remaining theoretical uncertainties from unknown higher-
order corrections: ~ 3 GeV uncertainty, depending on the parameter 
region (uncertainties are relatively large in region of large stop mixing) 


• Full model (MSSM): preferred method for SUSY at the TeV scale


• Improvement: need 3-loop, … contributions; all contributions of O(αtiαsj) 
needed; compensations between different contributions expected 
Partial 3-loop results available [S. Martin ’07] [R. Harlander, P. Kant, L. 
Mihaila, M. Steinhauser ’08]        

15

Full model (MSSM), continued
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If some SUSY particles are heavier, e.g. O(10 TeV): larger log 
contributions ⇒ improvement with resummation of leading logs                                             
Diagrammatic fixed-order contributions up to two-loop order + 
resummation of leading and next-to-leading logs

16

Leading log improvement for heavy SUSY particles

Leading log resummation relevant for MS ≳ 2 TeV⇒

⇒

Interpretation of the Higgs Signal in SUSY, Georg Weiglein, 573. W. und E. Heraeus-Seminar, Bad Honnef, 11 / 2014

Numerical impact of new contributions

59
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Figure 1: Mh as a function of Xt/MS for various values of MS , obtained using the full result
as implemented into FeynHiggs 2.10.0.
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Figure 2: Mh as a function of MS for Xt = 0 (solid) and Xt/MS = 2 (dashed). The full
result (“LL+NLL”) is compared with results containing the logarithmic contributions up to
the 3-loop, . . . 7-loop level and with the fixed-order FD result (“FH295”).
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[T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak, G. W. ’14]

Full result ⟶

Fixed-order result ⟶

Sizable upward shift for       ≳ 2 TeV 
Large impact for confronting CMSSM, etc. with signal at 126 GeV  

mt̃⇒ [O. Buchmueller et al ’14]
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Effective field theory (EFT) approach

What if the SUSY particles (or part of the spectrum) sit at very high 
scales (1014 GeV, MPl, …)? High-scale SUSY, split SUSY, …                    
⇒ very large logs, log terms dominate, need to be resummed ⇒ EFT       


Heavy SUSY particles integrated out                                                                  
Low-scale model is just the SM (1 Higgs doublet), or split-SUSY type 
scenario with 1 doublet, or 2HDM, …                                                           
Large mass gap between different scales required! 


Impact of heavy particles only via boundary conditions + threshold 
corrections at high scale                                                                                       
High-scale SUSY: renormalisation-group (RG) running + Higgs-mass 
computation involve only SM contributions                                             
High-scale SUSY: SUSYHD, FlexibleSUSY, …                                         
Several thresholds: Gabe’s talk, FlexibleSUSY (under development), …      

17

⇒
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Full model (MSSM) vs. EFT

At very high scales the EFT approach is superior, at low scales the 
full model approach is superior


Questions:


• What is the range of validity of both approaches (how far down 
does the EFT approach provide a good description, how far up 
the full model one)?


• Where is the transition where one should switch from one to the 
other?


• What are the theoretical uncertainties from unknown higher-
order corrections?

18
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Claim by SUSYHD authors

Predictions of high-scale SUSY model valid down to ~1 TeV, theoretical 
uncertainty in prediction of SM-like Higgs at 125 GeV: ~1 GeV                        
(``the theoretical uncertainty is within 1 GeV in most of the relevant 
parameter space’’)

19

[J. Pardo Vega, G. Villadoro ’15]         
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Figure 1: Breakdown of the uncertainties for a 125 GeV Higgs mass as a function of the (degenerate) superparticle
masses m

SUSY

. The Higgs mass has been kept fixed at 125 GeV by varying either the stop mixing (with fixed
tan� = 20 for m

SUSY

< 20 TeV, left panel of the plot) or tan� (with vanishing stop mixing for m
SUSY

> 20 TeV,
right panel of the plot. Note that for m

SUSY

< 2 TeV (the gray region) the 125 GeV value for the Higgs mass cannot
be reproduced anymore but is within the theoretical uncertainties. The black “total” line is the linear sum of the
theoretical uncertainties from SM, SUSY and EFT corrections (in dashed lines). The dotted line �exp

mt
corresponds

to the 2� experimental uncertainty on the top mass.

2. SUSY uncertainties : from missing higher order corrections in the matching with the SUSY
theory at the high scale;

3. EFT uncertainties : from missing higher order corrections from higher dimensional operators
in the SM EFT and other EW suppressed corrections O(v2/m2

SUSY).

Fig. 1 summarizes the importance of the individual sources of uncertainty as a function of the
SUSY scale. For definiteness we took the superpartners to be degenerate with mass mSUSY, the
Higgs mass has been kept fixed at 125 GeV by varying either the stop mixing (with fixed tan � = 20
for mSUSY < 20 TeV) or tan � (with vanishing stop mixing for mSUSY > 20 TeV). We will now
discuss these uncertainties individually.

SM uncertainties

As described in the previous section, in our computation we employed full SM three-loop RGE
and two-loop matching conditions at the EW scale to relate the pole masses mh and mt and the
gauge couplings to the MS running couplings at the high scale. We also included the 3-loop O(↵3

s)
corrections to the top mass matching. This is expected to be the leading higher-order correction
and the missing 3-loop matching and 4-loop running corrections are not expected to give larger

7
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EFT approach: expansion in mt/MS 

In obtaining the EFT results, an expansion in mt/MS has been carried out 
to leading order  


An expansion of this kind has also been carried out for the full-model 
(diagrammatic) result 

20

In comparing with the EFT results of refs. [8–11], it should be noted that the
threshold correction in eq. (43) were omitted. This is relevant, since mt(MS) [or the
related quantity ht(MS), see eq. (11)] appears in the threshold correction to the quartic
Higgs self-coupling λ(MS) [eqs. (9) and (10)]. In refs. [8–11], mt(MS) is re-expressed in
terms of mt(mt) by using eq. (45) rather than eq. (43). As a result, a two-loop non-
logarithmic term proportional to Xt is missed in the computation of mh. Such a term is
of the same order as the two-loop threshold correction to the quartic Higgs self-coupling,
which were also neglected in refs. [8–11]. However, in this work we do not neglect the
latter. Hence, it would be incorrect to use eq. (45) in the evaluation of mt(MS). In
section 5 we will apply mt(µ) with different choices of µ for the Xt–independent and
Xt–dependent contributions to m2

h, which will prove useful for absorbing numerically
large two-loop contributions into an effective one-loop result. In the spirit of EFT, we
will argue that for µ = MS, one should use the results of eq. (43) while for µ < MS, one
should use eq. (45).

A remark on the regularization scheme is in order here. In effective field theory,
the running top-quark mass at scales below MS is the SM running coupling [eq. (45)],
which is calculated in dimensional regularization. This is matched onto the running
top-quark mass as computed in the full supersymmetric theory. One could argue that
the appropriate regularization scheme for the latter should be dimensional reduction
(DRED) [20], which is usually applied in loop calculations in supersymmetry.5 The
result of such a change would be to modify slightly the two-loop non-logarithmic contri-
bution to mh that is proportional to powers of Xt. Of course, the physical Higgs mass is
independent of scheme. One is free to re-express eqs. (31) and (32) [which depend on the
on-shell parameters Mt, MS, Xt] in terms of parameters defined in any other scheme.
In this paper, we find MS–renormalization via DREG to be the most convenient scheme
for the comparison of the diagrammatic and EFT results for mh.

5 Comparing the EFT and diagrammatic results

In order to directly compare the two-loop diagrammatic and EFT results, we must
convert from on-shell to MS parameters. Inserting eqs. (41) and (44) into eqs. (33) and
(34), one finds
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Comparing eq. (47) with eq. (24) shows that the logarithmic contributions of the
diagrammatic result expressed in terms of the MS parameters mt, MS, Xt agree with

5In order to obtain the corresponding DRED result, one simply has to replace the term 4αs/3π in
the denominator of eq. (3) by 5αs/3π.
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[M. Carena, H. Haber, S. Heinemeyer, W. Hollik, C. Wagner, G. W. ’00]         

Nice analytical expressions, display qualitative features of the results,  
but numerically differ very significantly from the full result   
⇒
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EFT approach vs. full model

Besides claiming that their own result had a theoretical uncertainty 
of only ~1 GeV, the authors of  SUSYHD also pointed out that their 
result shows a very significant discrepancy with the predictions of 
FeynHiggs 

The comparison with FeynHiggs involves several additional 
complications, e.g. transition of the DRbar scheme to the on-shell 
scheme, treatment of higher-order contributions to running Yukawa 
coupling, …


For that reason I will discuss this issue of full model vs. EFT 
approach on the next slides just within the DRbar scheme, i.e. 
without resorting to results in the on-shell scheme (will get back to 
FeynHiggs result afterwards)

21
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Comparison of full model and EFT result produced 
with the same code

22
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MSSM FlexibleSUSY: full model calculation based on Pietro’s 2-loop 
corrections in the DRbar scheme

High-scale FlexibleSUSY: EFT approach (work in progress)

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

High-scale 
FlexibleSUSY

MSSM 
FlexibleSUSY

SUSYHD

SUSYHD 
estimate of 
theoretical 
uncertainty

High-scale FlexibleSUSY reproduces SUSYHD result very well                
Sizable difference to full-model result (MSSM FlexibleSUSY), outside of 
estimate of theoretical uncertainty from SUSYHD

⇒

[E. Bagnaschi, G. Giudice, P. Slavich, A. Strumia ’14]         
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Comparison of full model and EFT result produced 
with the same code
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MSSM FlexibleSUSY: full model calculation based on Pietro’s 2-loop 
corrections in the DRbar scheme

High-scale FlexibleSUSY: EFT approach (work in progress)

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

High-scale 
FlexibleSUSY

MSSM 
FlexibleSUSY

SUSYHD

SUSYHD 
estimate of 
theoretical 
uncertainty

High-scale FlexibleSUSY reproduces SUSYHD result very well                
Sizable difference to full-model result (MSSM FlexibleSUSY), outside of 
estimate of theoretical uncertainty from SUSYHD

⇒
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with the same code
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MSSM FlexibleSUSY: full model calculation based on Pietro’s 2-loop 
corrections in the DRbar scheme

High-scale FlexibleSUSY: EFT approach (work in progress)

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

High-scale 
FlexibleSUSY

MSSM 
FlexibleSUSY

SUSYHD

SUSYHD 
estimate of 
theoretical 
uncertainty

High-scale FlexibleSUSY reproduces SUSYHD result very well                
Sizable difference to full-model result (MSSM FlexibleSUSY), outside of 
estimate of theoretical uncertainty from SUSYHD

⇒
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Different options for doing the full model calculation 
in the DRbar scheme

Differences are of higher order, much larger than uncertainty estimated in SUSYHD
25

Option 1: Higgs mass computation at scale                                                      
Option 2: First run parameters down to scale Q = mt, compute Higgs mass there 

FlexibleSUSY

Q =
p
mt̃1mt̃2

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

⇒
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What about other results?

[G. Lee, C. Wagner ’15]  (see Gabe’s talk) vs. CPsuperH [C. Wagner et al.]

26

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS. [53, 54]

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP-even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20% are

obtained for moderate values of t� and values of the heavy CP-even Higgs bosons of the order

of the weak scale. Since the mixing angle controls the coupling of the lightest CP-even Higgs

boson to fermions and gauge bosons, relevant modifications of the Higgs phenomenology are

expected in ths region of parameters. Similarly, the heavy CP-even Higgs boson mass may

be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

Fig. 7 of [G. Lee, 
C. Wagner ’15]

Read off from the 
plot: 


Mh = 126.5 GeV

Mh = 124.3 GeV

CPsuperH: Mh = 129.4 GeV for MS = 2 TeV, Mh = 127.7 GeV for MS = 1 TeV

Difference to EFT result of about 3 GeV⇒
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Fig. 7 of [G. Lee, C. Wagner ’15]: 

Mh = 126.5 GeV for MS = 2 TeV, Mh = 124.3 GeV for MS = 1 TeV


CPsuperH: 

Mh = 129.4 GeV for MS = 2 TeV, Mh = 127.7 GeV for MS = 1 TeV


FeynHiggs: 

MS = 2 TeV: 2-loop, mtpole: Mh = 129.4 GeV; 2-loop, mtrun: Mh = 131.5 GeV;

                   2-loop + resummed logs: Mh = 133.9 GeV

MS = 1 TeV: 2-loop, mtpole: Mh = 128.4 GeV; 2-loop, mtrun: Mh = 129.5 GeV;

                   2-loop + resummed logs: Mh = 130.1 GeV


Good agreement with CPsuperH for 2-loop, mtpole option

Upward shift by 1-2 GeV for mtrun option

Log resummation (not included in CPsuperH) yields upward shift of ~ 2 GeV 
for MS = 2 TeV                                          Note that the overall effect is large!

⇒

What about FeynHiggs?
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What about FeynHiggs?

[E. Bagnaschi, A. 
Voigt, G. W. ’15]         

FeynHiggs (2-loop + resummed logs) vs. FlexibleSUSY (MSSM, 2-loop) vs. 
High-scale FlexibleSUSY vs. SUSYHD:

Full model result yields higher values for Mh than EFT approach⇒
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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


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


• Search for heavy Higgs in 2HDM: interference effects in the region 
probed so far by ATLAS are small; interference effects could enhance 
sensitivity to small signal of additional heavy Higgs


• Comparison of Higgs-mass prediction in full model (MSSM) and EFT:  
SUSYHD prediction confirmed with independent implementation of 
EFT approach (high-scale SUSY) in FlexibleSUSY                                                                                     
There is strong evidence that the theoretical uncertainties at the TeV 
scale have been underestimated in SUSYHD                                     
Full-model results predict significantly higher Higgs-mass values at the 
TeV scale than the EFT approach

29
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Backup

30
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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

31
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Recoil method: impact of off-shell effects

32

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.
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[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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Uncertainty estimates

33

Uncertainty estimates:

FeynHiggs (diagrammatic + log-resum): linear sum of

− missing 3-loop corrections in t/t̃ sector (change of mt def.)

− missing 2-loop corrections in b/̃b sector (∆b resummation)

− missing 2-loop corrections in EW sector (change of renormalizaion scale)

⇒ reliable estimate up to 2− 3 TeV or higher

SusyHD (EFT): linear sum of

− SM unc.: missing corrections from matching at mt and RGE evolution

− MSSM unc.: missing corrections from matching at MS

− EFT unc.: effects not captured by EFT: O
!

v2/M2
S

"

(prefactor 1)

⇒ uncertainty estimate of ∼ 1 GeV

⇒ estimate for the multi-TeV range

⇒ unclear to which low scales it can be extrapolated
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