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Introduction: electron-positron (e-e+) colliders

2

Electron, positron: elementary particles, not affected by strong interaction

Clean experimental environment:                                                   
Well-defined initial state, complete knowledge of energy and 
momentum of the collision process                                             
Tuneable energy, polarisation of the electron and positron beams                                                        
Very small backgrounds                                                                           
High-precision physics


Hadron colliders and lepton colliders provide complementary 
information, both needed for the understanding of nature; long 
success story of interplay of hadron and lepton colliders

Higgs Physics, Georg Weiglein, Nikhef Topical Lectures, Amsterdam, 04 / 2016

Physics at the LHC and the ILC (in a nutshell)
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Physics at LHC and ILC in a nutshell

LHC: pp scattering

at <
! 14 TeV

Scattering process of proton

constituents with energy up to

several TeV,

strongly interacting

" huge QCD backgrounds,

low signal–to–backgr. ratios

ILC: e+e! scattering

at <
! 1 TeV

Clean exp. environment:

well-defined initial state,

tunable energy,

beam polarization, GigaZ,

!!, e!, e!e! options, . . .

" rel. small backgrounds

high-precision physics
– p. 2
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Scope of this talk

Physics at an e+e- collider comprises


• high-precision physics involving known particles (h125, t, Z, W, …)  
⇒ High sensitivity to (indirect) effects of new physics 


• direct searches for the production of new particles, 
characterisation of the possible structure of new physics


All parts of this programme contribute to the ``BSM opportunities at 
e+e- colliders’’, which the organisers asked me to talk about. 


I interpret the charge for this talk as ``BSM physics at e+e- colliders 
beyond the property determination of the Higgs signal at 125 GeV 
(h125) at a 250 GeV Higgs factory’’

3
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Invisible Higgs 

Higgs physics at ILC K. Desch - Higgs physics at ILC 16 

The recoil mass technique also allows for unbiased observation 
of any non-SM decay, e.g. H!invisible: 
 
 
 
 
 
 
 
 
 
 
 
 
 
5σ observation for BR(H!inv.) = 2% (at √s=350 GeV/500 fb-1) 
<0.9% exclusion at 95% CL (c.f. <10% at HL-LHC) 
 
note: also applies to „LHC-invisible“ decays, e.g. H!gg, H!qq etc. 
 

Signal(120) 

χ 

χ 

[Schumacher] 

with MH > 150 GeV into the fiducial region MH < 135 GeV due to the finite detector resolution. With
the excellent capabilities of the proposed ILD detectors, these migrations are expected to be very small,
but they should be studied quantitatively in the future.

5.4.3 Invisible or exotic Higgs decays and additional Higgs bosons

A further important application of the recoil method are invisible or exotic decays of the Higgs boson
discovered at the LHC, for instance into Dark Matter particles. SH: do we have a citation here? For the
125 GeV Higgs boson, invisible decays can be constrained to 0.54% at 95% CL when combining 500 fb�1

at
p

s = 500 GeV, 200 fb�1 at
p

s = 350 GeV and 500 fb�1 at
p

s = 250 GeV [433].
Furthermore, the recoil method enables a systematic search for additional Higgs bosons, with a mass

above or below 125 GeV. Such additional Higgs bosons can occur, for instance, in SUSY extensions of
the SM In particular in the NMSSM, Higgs bosons lighter than the one discovered at 125 GeV are by
far not excluded and will be very di�cult to observe at the LHC. Such a Higgs boson, to have remained
undiscovered in particular at LEP, must have a strongly reduced coupling to SM gauge bosons, which
is in agreement with the approximately SM-like coupling to gauge bosons of the Higgs discovered at
125 GeV.

Figure 37: Recoil mass spectra at generator level for various hypothetical masses of additional Higgs
bosons. The further away the mass is from the kinematic limit, the more the peak washes out.

Figure 37 shows recoil peaks as expected for various hypothetical masses of additional Higgs bosons,
which can clearly be identified above the rather flat SM background.

5.4.4 Model-independent WIMP Dark Matter

In case of two completely or nearly invisibly decaying particles with the same (but unknown) mass
recoiling against a visible system, the recoil mass gives access to the unknown mass, since an endpoint
occurs when the particles are produced at rest. An example would be the recoil of two Dark Matter
particles against an initial state radiation photon with su�cient transverse momentum to leave the
beam-pipe and to be detected. In this case, the recoil mass is the center-of-mass energy

p
s0 of the hard

subprocess, which has a minimal value of twice the mass of the invisible particle. This is illustrated in
Figure 38: The left panel shows the di↵erential cross-section as function of the energy of the hardest ISR
photon in WIMP pair production events for three di↵erent WIMP masses. The shift of the endpoint
with the WIMP mass is clearly visible, corresponding to an implicit scan of the production threshold.
The exact shape of the spectrum will allow to determine whether the WIMP pair production proceeds
dominantly via an s- or a p-wave process. The right panel shows the corresponding reconstructed ISR

89

BSM physics at a 250 GeV e+e- collider

Example: dark matter


+ Higgs as mediator 


Example: invisible Higgs decays 


⇒ Unique sensitivity at an e+e- Higgs factory
4

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

Dark matter production at the ILC

49

New physics: dark matter

ILC: model-independent reconstruction of weakly interacting
massive particle (WIMP) ! dark matter candidate

Use WIMP production process where a photon is emitted in
the initial state:

?
χ

χ

+e

-e

γ

" Reconstruct WIMP signal from the recoil mass distribution:
M2

recoil = s# 2
$
sE!

– p. 7

yields complementary                                                                                                             
sensitivity to the LHC 
and to direct detection 
experiments
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In a large variety of models with extended Higgs sectors the 
squared couplings to gauge bosons fulfill a ``sum rule’’:


The SM coupling strength is ``shared’’ between the Higgses of an 
extended Higgs sector, ϰV ≦ 1


The more SM-like the couplings of the state at 125 GeV turn out to 
be, the more suppressed are the couplings of the other Higgses to 
gauge bosons

5

X

i

g2
HiV V

=
�
gSM
HV V

�2

Search for additional (light) Higgs bosons

⇒
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Hint for a light additional Higgs boson?            
CMS excess in the h → 𝛾𝛾 search vs. ATLAS limit

6

65 70 75 80 85 90 95 100 105 110
Mh [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
æ
/æ

S
M

CMS obs. limit
CMS exp. limit
ATLAS obs. limit
ATLAS exp. limit
CMS excess

It is important to search for light additional Higgs 
bosons at the LHC and future facilities!
⇒

CMS-PAS-HIG 17-013,
ATLAS-CONF-2018-025

[T. Stefaniak ’18]

Note: also LEP 
reported a 
small excess at 
approximately 
the same mass 
in the h→bb 
channel
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measured, LEP �(mH)

recoil, ILC �h (mH)

traditional, ILC �h (mH)

LHC limit
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Figure 2: combined limits at 95% CL, 500 fb≠1 @ 250 GeV
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LEP, Φ➞bb, observed limit

ILC, recoil method

ILC, Φ➞bb

HL-LHC: indirect sensitivity

m!/GeV 

HL-LHC

ILC

HL-LHC/ILC: indirect sensit.

Example for discovery potential for new light states: 
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

7

[P. Drechsel, G. Moortgat-Pick, G. W. ’20]

Higgs factory at 250 GeV will explore a large untested region!⇒

Indirect HL-LHC 
sensitivity from 
measurements 
of the Higgs at 
125 GeV

Excluded 
from

LEP 
searches

Higgs factory sensitivity:

h ⟶ bb search

Higgs factory 
sensitivity:

Recoil method

✓
ghZZ

gHSMZZ

◆2

Mh/GeV

Could 
probe the 
excesses 
from LEP 
and CMS 
at about 
96 GeV
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Figure 14: Expected sensitivities of the ILC250 to the production of a new scalar S in association with
the Z boson with Z ! e+e�/µ+µ�, based on [690–692]. The considered scenario is L = 2 ab�1 at
p

s = 250 GeV with the standard polarisation mix of the H20 running scenario, where the impact of
the 125 GeV Higgs signal is not shown. Left: S ! bb̄. Shown is the existing limit from LEP [8] and the
projection for the ILC based on a generator-level extrapolation. Right: recoil method. Shown is the
existing limit from OPAL [689] and the projectsions for the ILC based on a generator-level extrapolation
(orange solid) [690] and the results of an ILD full detector simulation study (red solid) and at Pythia
stable particle level (red dotted) [691,692], see text.

production at the ILC or CLIC has been studied for for various types of the 2HDM (or the MSSM, but
with heavy SUSY particles) [120,121,231,413,414,667], where access to the heavy Higgs boson almost
up to the kinematic limit (assuming similar masses of the two Higgs bosons) was demonstrated. In
the MSSM, where the heavy Higgs bosons are nearly mass degenerate, the discovery reach is close to
MA

<
⇠

p
s/2. A statistical accuracy for the mass of the heavy Higgs bosons below the GeV level can be

reached (for
p

s  1 TeV) [120, 121]. Taking a concrete example, for Higgs boson masses at 385 GeV
at

p
s = 800 GeV and Lint = 500 fb�1 a cross section measurements of e+e�

! HA ! bb̄ bb̄ (bb̄ ⌧+⌧�)
better than 7(30)% can be achieved, whereas the widths can be determined up to 20 � 40% [120,121].

Two particular scenarios of the 2HDM were studied in detail in Ref. [231] (see also Refs. [204, 205]),
the 2HDM type I with MA = 902 GeV, and the type II with MA = 742 GeV, assuming MSSM mass
relations. (The 2HDM type III and IV have been analyzed in Refs. [413,414,667].) In both models the
dominant decay modes are e+e�

! HA ! bb̄bb̄ and e+e�
! H+H�

! tb̄t̄b. The achievable accuracy
on the Higgs-boson masses using 2 ab�1 at

p
s = 3 TeV is about 3%, and the width can be determined

with an accuracy of 17 � 31% for the bb̄bb̄ final state and 23 � 27% for the tb̄t̄b final state.
In [797] the production of heavy Higgs bosons has been studied in a real singlet extension of the

SM for CLIC energy of
p

s = 1.4 and 3 TeV. The heavy Higgs boson H decays into gauge bosons,
either in 4`’s or in 2 `s plus missing energy. Studying Di-Higgs production in the 4b final state would
exceed the reach of HL-LHC by two orders of magnitude in the range of mH = 250–1000 GeV [797].
Assuming a mixing between the SM-like Higgs- and the heavy Higgs-boson a measurement of the Higgs
self-coupling allows one to gain access to the nature of the electroweak symmetry breaking in the early
Universe. Such a singlet-extended model can easily be embedded in the NMSSM, constituting a perfect
model for achieving at the same time a strongly first order electroweak phase transition, generating the
observed matter-antimatter asymmetry.

Heavy Higgs bosons can also be detected via interference e↵ects with o↵-shell contributions of a SM-
like light Higgs boson. In [629] the process e+e�

! ⌫⌫̄{h, H} ! ⌫⌫̄ZZ(⇤)/WW (⇤)
! ⌫⌫̄uūdd̄ in a type

40

e+e- collider at 250 GeV with 2 ab-1, recoil method: 
generator-level extrapol. + ILD full detector simulation

8
Higgs factory at 250 GeV will explore a large untested region!⇒

Excluded 
from

LEP 
searches

Generator-

level 

extrapolation

[P. Drechsel, G. Moortgat-Pick, G. W. ’20] [Y. Wang, J. List, M. Berggren ’19]

ILD full 
detector

simulation
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Searches for new particles:                                                                      
A LC with 500 GeV or more will have an improved sensitivity in 
particular in the searches for dark matter and new weakly interacting 
particles, which is complementary to the sensitivity of the HL-LHC.


Electroweak physics:                                                                           
The higher collider energy increases the indirect sensitivity to some 
effects from new physics.

9

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

Dark matter production at the ILC

49

New physics: dark matter

ILC: model-independent reconstruction of weakly interacting
massive particle (WIMP) ! dark matter candidate

Use WIMP production process where a photon is emitted in
the initial state:

?
χ

χ

+e

-e

γ

" Reconstruct WIMP signal from the recoil mass distribution:
M2

recoil = s# 2
$
sE!

– p. 7

BSM physics at higher or lower collider energies



MasterCode: Global fit in the MSSM with 11 parameters
[E. Bagnaschi et al ’18, 19]

Best fit region and implications for collider and dark matter searches:

⇒ Dark matter constraint and (g-2)μ favour light ew particles, compressed spectra

Best fit points

68% / 95% 
C.L. contours

Compressed 
spectrum

42
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Figure 23. Higgs and sparticle spectrum for the pMSSM11 with and without the (g�2)µ constraint applied
(upper and lower panels, respectively). The values at the best-fit points are indicated by blue lines, the
68% CL ranges by orange bands, and the 95% CL ranges by yellow bands.
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Figure 6. Two-dimensional projections of the global likelihood function for the pMSSM11 in the
(m�̃±

1
, m�̃0

1
) planes (upper panels) and the (MA, tan �) planes (lower panels), including the (g � 2)µ

constraint (left panels) and dropping it (right panels).

ingly, when this constraint is not applied a priori
(green lines), whilst a very small SUSY contri-
bution to (g � 2)µ is preferred, a wide range of
values of (g � 2)µ are found to be allowed at the
��

2⇠ 2 level and the experimental value can be
accommodated at the 1.5-� level. Although the
other data certainly do not favour a large SUSY
contribution to (g � 2)µ, neither do they exclude
it.

4.2. Sparticle Masses

Squarks and gluinos
The profile likelihood functions for squarks and
gluinos are shown in Fig. 8. The left panel is
for mq̃, where we see that when the 13-TeV
LHC data and (g � 2)µ constraint are included
(solid blue line), there is a monotonic decrease
in �

2 as mq̃ increases, with mq̃ & 1.9 TeV at
the 95% CL (horizontal dotted line). This con-
straint is much stronger than that obtained with
8-TeV data alone (dashed blue and green lines):

40

10
0

10
1

10
2

10
3

m�̃0
1
[GeV]

10
�50

10
�48

10
�46

10
�44

10
�42

10
�40

10
�38

�
S
I

p
[c

m
2
]

PANDAX-II

X
E
N

O
N

1T
LUX

XEN
O

N
nT

XEN
O

N
1T

LZ

CRESST-II

CDMSlite

CDEX-1

pMSSM11 w/ LHC13 : best fit, 1�, 2�, 3�
pMSSM11 w/o LHC13 : best fit, 1�, 2�, 3�

Figure 22. Two-dimensional projections of the global likelihood function for the pMSSM11 in the (mq̃, mg̃)
and (mq̃, m�̃0

1
) planes (upper panels) and the (mg̃, m�̃0

1
) and (m�̃0

1
, �

SI

p ) planes (lower panels). The plots
compare the regions of the pMSSM11 parameter space favoured at the 68% (red lines), 95% (blue lines)
and 99.7% CL (green lines) in a global fit including the LHC 13-TeV data and recent results from the
Xenon-based direct detection experiments LUX, XENON1T, and PandaX-II [3, 4, 6] (solid lines), and
omitting them (dashed lines).

10

Where are the new particles?                          
Example: global SUSY fit
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Example: scalar muon production at the ILC
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Figure 75: Simulated measurements of the e+e�
! µ̃Rµ̃R cross-section [556] at various

p
s near the

production threshold. [Fig from Diberder report, Fig. 5 left?]

nature of the SM extension. Figure 75 shows a series of simulated cross-section mesurements of µ̃R pair
production for di↵erent center-of-mass energies near the production threshold. In this case a precision
on the µ̃R mass of about 200 MeV is obtained. This is a conversative case, since a scenario with large
SUSY background from chargino production is present was employed. In background free cases, 100
or better can be reached with same integrated luminosities can be reached. The optimal number of
scan points and their location will depend on the actual SUSY sepctrum. Beyond what will possibly
be known from LHC data, a survey run of the ILC at the highest possible center-of-mass energy will
provide the necessary information to decide on the strategy for additional threshold scans at lower
energies.

Furthermore, the unique CP-quantum number of the neutralinos that is given by the Majorana phase
can be determined via the analyses of the threshold behaviour of three di↵erent associated production
cross sections, see sect.??.

The variable collision energy can also be exploited to disentangle several new states with the same
decay signature and di↵erent masses. For instance in the ⌧̃ sector, mesuring the cross-section for mixed
production e+e�

! ⌧̃1⌧̃2 gives access to the ⌧̃ mixing angle. However at center-of-mass energies above
the ⌧̃2 pair production threshold, the mixed process is buried beneath the pair production background.
Therefore dedicated data-taking between the two thresholds enables a clean measurement of the mixed
production and thus allows to access the mixing angle.

5.8 Beam polarization

As introduced in Sect. 4.1.4, the availability of beam polarisation provides a significant enhancement of
the physics potential of an e+e� collider. In this section, we will discuss a few concrete examples from
Higgs, top and electroweak physics.

später in applications: The smallness of the electron/positron mass has also impact on the use of
transversely-polarized beams that can easily be obtained via the implementation of spin rotators before
and after the interaction regions: the polarization of both beams is required, otherwise practically all
e↵ects at leading order from transverse polarization vanish for me ! 0 (suppression by me/

p
s).

This option has substantial applications in determining CP–violating e↵ects, distinctions of mod-

138

Determination of mass and spin of the new particle⇒
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Direct searches for new particles at CLIC

12
445 March 2018 CERN Academic Training Lectures on CLIC

Direct searches

• Direct observation of new 
particles coupling to γ*/Z/W
→ precision measurement of 
new particle masses and couplings

• The sensitivity often extends up to 
the kinematic limit
(e.g. M ≤ √s / 2 for pair production)

• Very rare processes accessible 
due to low backgrounds (no QCD)
→ CLIC especially suitable 
for electroweak states

• Polarised electron beam and threshold 
scans might be useful to 
constrain the underlying theory

[P. Roloff ’18]
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455 March 2018 CERN Academic Training Lectures on CLIC

Direct observation of sparticles
Example: Phenomenological MSSM with 11 parameters

arXiv:1710.11091

CLIC 3 TeV

CLIC 1.5 TeV

Comparison with SUSY fit

13

[P. Roloff ’18]
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Higgs pair production and Higgs self-coupling λ

Higgs pair production: LC energies of 500 GeV or higher needed

14
275 March 2018 CERN Academic Training Lectures on CLIC

Double Higgs production
e+e− → ZHH:
• Cross section maximum ≈ 600 GeV, but
very small number of events (σ ≤ 0.2 fb)

e+e− → HHv
e
v

e
:

• Allows simultaneous extraction of triple Higgs 
coupling, λ, and quartic HHWW coupling
• Benefits from high-energy operation

Projected precisions:
• Δ(λ) = 16% for CLIC from total cross section
assuming 3 ab−1 at 3 TeV
(→ Δ(λ) ≈ 10% from differential distributions)

Eur. Phys. J. C 77, 475 (2017)

Phys. Rev. D 88, 055024 (2013)

[P. Roloff ’18]



BSM opportunities at e+e- colliders, Georg Weiglein, LCWS2021, 03 / 2021

Recent discussion regarding Higgs self-coupling

Does one really need an e+e- Linear Collider with at least 
500 GeV to precisely measure the Higgs self-coupling? 


• The projections for the HL-LHC have significantly improved 
recently. Isn’t that enough?


• During the update of the European Strategy for Particle Physics 
some proponents claimed a high sensitivity to the trilinear Higgs 
coupling from its effects in loop contributions to observables that 
are measured at a 250 GeV Higgs factory (e+e- → Z h125) 

15

Higgs physics, Georg Weiglein, 7th Linear Collider School, Frauenchiemsee, 05 / 2018

The ``holy grail’’: Higgs self-coupling

7
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Decay Channel Branching Ratio Total Yield (3000 fb�1)
bb+ bb 33% 4.1⇥ 104

bb+W+W� 25% 3.1⇥ 104
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Higgs self-coupling λ

Sensitivity of different processes crucially depends on the 
actual value of λ 

16

Measurement of Higgs Self-Coupling
Di-Higgs processes at hadron colliders: 
◦ ;(==) ≈ 0. 0/×;(=)
◦ Important to use differential measurements

Di-Higgs processes at lepton colliders
◦ ZHH or VBF production complementary

Single-Higgs production sensitive 
through loop effects, e.g. for @A = 1:
◦ Hadron colliders: ~3%
◦ Lepton colliders: ~1%

36

[B. Heinemann ’19]
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Figure 13: Prospects for the determination of the Higgs self-coupling � from various proposed colliders
as a function of the value of �/�SM, in terms of (a) �meas/�true (b) �meas/�SM. The error bars illustrate
the expected measurement uncertainties from HL-LHC and ILC.

sensitivity of the cross section to � is assumed to be independent of the coupling value. For � > �SM,
these assumptions are all optimistic, since in reality the other channels have a worse S/B and will
therefore be more strongly a↵ected by the decreasing cross section, and since �(�) is approaching its
minimum. Still, the expectations from HL-LHC become about 40% worse for large values of �. In
contrast, the measurement from ZHH at 500 GeV profits from a rising cross section and an enhanced
sensitivity of the cross section on �, which results on significantly better prospects for the case of
� > �SM. The combination with the 1 TeV analysis leads to very good prospects for this di�cult
measurement for any value of �.

In the case � < �SM the HL-LHC prospects improve due to an increased production cross section,
but no deviation from � = 0 larger than 2 � can be established. On the other hand, the ILC500
prospects become worse in this region. Here the ILC1000 weak boson fusion measurements will be
crucial to yield precise results. Around � ⇠ 0 both colliders show similar precisions. For even smaller
values, �/�SM

<
⇠ �0.5 the ILC determination improves again and yieds substantially better results than

the HL-LHC. Concerning the comparison of HL-LHC and ILC it should be kept in mind that the HL-
LHC analysis assumes that the other Higgs-boson couplings take their SM value without experimental
uncertainty, whereas for the ILC analysis it has been shown that the inclusion of the variation of the
other Higgs-boson couplings within their anticipated uncertainties does not lead to a degradation of the
anticipated precision [641] (assuming SM values for the Higgs-boson couplings).

3.2.9 Testing unitarity

The process of V V scattering is a corner stone in the investigation of the EWSB mechanism. The
scattering of longitudinally polarized gauge bosons corresponds to the scattering of the Goldstone boson
modes, where unitarity must be preserved. Even after the discovery of a Higgs boson at ⇠ 125 GeV
the mechanism of preserving unitarity must be tested. The study of triple and quartic gauge boson
couplings remains an important test, where deviations from the SM could be encountered.

At the ILC the relevant processes are e+e�
! ⌫⌫̄/e+e� WW/ZZ (and similar chains), which would

allow to test gauge-boson scattering at high energies. Detailed ILC studies for
p

s = 1 TeV have
been performed in Ref. [122], employing full six-fermion matrix elements and assuming an integrated
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Higgs self-coupling sensitivity: ILC vs. HL-LHC

17

[J. List et al. ’21]

10-15% precision on λ or better from ILC 
with ZHH (500 GeV) + 𝜈𝜈HH (1 TeV)

⇒
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Single-Higgs processes: λ enters at loop level

18
02/23/12     
 Path towards measuring the Higgs potential                    Elisabeth Petit, CPPM, AMU/CNRS/IN2P3 8

How to measure deviations of λ
3

di-Higgs single-H

exclusive

global

1. di-H, excl.
• Use of σ+HH,             

 • only deformation of κλ

3. single-H, excl.
• single Higgs processes at higher order
• only deformation of κλ                          

2. di-H, glob.
• Use of σ+HH,                                                  
• deformation of κλ + of the single-H couplings
+a, do not consider the effects at higher order 

of κλ to single H production and decays
+b,  these higher order effects are included    

4. single-H, glob.
• single Higgs processes at higher order
• deformation of κλ + of the single Higgs 

couplings

 The Higgs self-coupling can be assessed using di-Higgs production and 
single-Higgs production

 The sensitivity of the various future colliders can be obtained using four 
different methods:

[E. Petit ’19]

Note: this is 
based on the 
assumption 
that there is a 
large shift in λ, 
but no change 
anywhere else!
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Sensitivity to λ: via single-H and di-H production
Di-Higgs: 
◦ HL-LHC: ~50% or better?
◦ Improved by HE-LHC (~15%), 

ILC500 (~27%), CLIC1500 (~36%)
◦ Precisely by CLIC3000 (~9%), 

FCC-hh (~5%),
◦ Robust w.r.t other operators

Single-Higgs:
◦ Global analysis: FCC-ee365 and 

ILC500 sensitive to ~35% when 
combined with HL-LHC
◦ ~21% if FCC-ee has 4 detectors

◦ Exclusive analysis: too sensitive 
to other new physics to draw 
conclusion

37

0 10 20 30 40 50
 [%]3k68% CL bounds on 
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 380CLIC
CEPC

500ILC
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250ILC
365FCC-ee
240FCC-ee

FCC-ee/eh/hh
HE-LHC
HL-LHC

di-H, excl. di-H, glob. single-H, excl. single-H, glob.Higgs@FC WG

May 2019

All future colliders combined with HL-LHC
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49%

34%

48%

25%

50%

50%

-

-

-

-

-

-

n.a.

-

-

-

-

-

-

n.a.

💥

Single-Higgs processes: λ enters at loop level
[B. Heinemann ’19]
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Search for additional (heavy) Higgs bosons

20

500 1000 1500 2000
MA [GeV]
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ta
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scenario Mh [GeV]

122
124

125

Figure 1: Constraints on the M
125
h

scenario from Higgs searches at the LHC, in the (MA , tan �)
plane. The green solid lines are predictions for the mass of the lighter CP-even scalar h, the
hatched area is excluded by a mismatch between the properties of h and those of the observed
Higgs boson, and the blue area is excluded by the searches for additional Higgs bosons (the
darker-blue band shows the theoretical uncertainty of the exclusion).

and it opens up to higher values of tan � for increasing MA. The constraints at high values
of tan � arise essentially from the searches for H/A ! ⌧

+
⌧
� at the LHC with 13 TeV center-

of-mass energy [136, 137]. On the other hand, values of tan � lower than about 6 are ruled
out in the M

125
h

scenario by the prediction of a mass below 122.09 GeV for the SM-like scalar.
The hole in the blue area around MA ⇡ 250 GeV and tan � ⇡ 4 corresponds to a region of
the parameter space where H has significant branching fractions to ZZ and hh pairs, but no
individual search is strong enough to yield an exclusion. However, this region is ruled out by
the requirement that the properties of h match those of the observed Higgs boson.

3.5 Scenarios with light superparticles

Light superparticles, in particular charginos and neutralinos – which we collectively denote as
electroweak (EW)-inos – and third-generation sfermions, can substantially influence the Higgs
phenomenology, see e.g. Refs. [15, 181–186]. This may happen through loop contributions to
the Higgs boson couplings to SM particles, as well as, when kinematically possible, through
direct decays of the Higgs bosons into superparticles.

14

HiggsBounds: area excluded by Higgs   
search limits, H, A → 𝛕𝛕

HiggsSignals: 
area is not 
compatible 
with the 
properties of 
the detected 
Higgs signal 
h125

[H. Bahl et al. ’18]

MSSM example: Mh125 benchmark scenario

Allowed region, can be reduced with improved precision of Mh prediction
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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 o!-shell e!ects 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 "̂ the renormalized self-energy of the Higgs propagator, the complex pole is obtained
through the relation M2 "m2

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

H
" imH#H . Therein mH is the physical Higgs mass and #H the total width of

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

p2 "m2
0 + "̂(p2) # (p2 "M2)

!

1 + "̂"(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 #H ,

$H(p2) =
i

p2 "M2
=

i

p2 "m2
H
+ imH#H

. (2)

Away from the pole, i.e. in the far o!-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.
Di!erences with respect to the scheme defined in Refs. [43–45] are expected to be small, in
particular since the constant width #H is close to the width therein [45]. For our subsequent
discussion we fix mH = 125GeV and #SM

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 O!-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# ! !!̄H, 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!

!̄
V (")

V

!

W

W H

(a) (b)

Figure 1: Feynman diagrams for (a) e+e# ! ZH ! ZV V (!); (b) e+e# ! !!̄H ! !!̄V V (!).

Supplementing the ZWA for the production and the decay part of the process with a
Breit-Wigner propagator, the di!erential cross section e+e# ! ZH ! ZV V can be written

3

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

21

[S. Liebler et al. ’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, s!!" = 0.95
mh = 125GeV, mH = 400GeV

200 400 600 800 1000

101

102

103
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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 ! = 1 for di!erent values of (a,b) s!!" := sin(! ! ") = 0.95; (c,d)
s!!" = 0.98 and (e,f) s!!" = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.
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Higgs Physics, Georg Weiglein, Nikhef Topical Lectures, Amsterdam, 04 / 2016

Higgs couplings

68

Higgs couplings

Higgs couplings, tree level:

ghVV = sin(! ! ") gSMHVV, gHVV = cos(! ! ") gSMHVV, V = W±, Z

ghAZ = cos(! ! ")
g!

2 cos #W
, gHAZ = sin(! ! ")

!g!

2 cos #W

" ghVV # gSMHVV, ghVV, gHVV, ghAZ, gHAZ cannot all be small

In decoupling limit, MA $MZ (already realized for MA
>
% 150 GeV):

cos(! ! ")& 0

" h is SM-like, H and A decouple from gauge bosons

" Cannot use WBF channels for production of heavy SUSY

Higgses; no H & ZZ & 4µ decay
Beyond the Standard Model (Higgs), Georg Weiglein, IMFP13, Santander, 05 / 2013 – p. 36
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#
s = 1TeV

Pol(e+, e!) = (0.3,!0.8)
2HDM, s!!" = 0.98
mh = 125GeV, mH = 400GeV

200 400 600 800 1000

101

102

103
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Figure 15: Event rates for 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 ! = 1 for di!erent values of (a,b) s!!" := sin(! ! ") = 0.95; (c,d)
s!!" = 0.98 and (e,f) s!!" = 0.99 and the two mass scenarios (a,c,e) mH = 400GeV and
(b,d,f) mH = 600GeV.
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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
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Physics at the top threshold

The top-quark mass is a crucial input parameter entering 
comparisons between experiment and theory either directly or via 
quantum effects. 


At the LHC top quarks are produced with high statistics. The 
measurement of the top-quark mass, however, is affected by a rather 
large systematic uncertainty in relating the measured quantity (which 
is a ``Monte Carlo mass’’) to a theoretically well-defined top-quark 
mass. Large efforts are currently made at the LHC with the goal to 
improve on this situation.

2222

The Higgs program is already available at 250 GeV.  
Additional physics becomes available at higher energies. 

The threshold for                   is very sharp, allowing a 
measurement of the top quark mass to 40 MeV (limited by 
theory uncertainties). 

e+e� ! tt

 [GeV]s
345 350 355

cr
os

s 
se

ct
io

n 
[p

b]
0

0.2

0.4

0.6

0.8  threshold - 1S mass 174.0 GeVtt
TOPPIK NNLO + ILC350 LS + ISR

/point-1simulated data: 10 fb
 200 MeV±top mass 

ILC

The “1S top mass” is a 
short-distance quantity, 
directly useful as input 
to grand unification, 
weak interactions, 
vacuum stability.

At an e+e- collider a ``threshold mass’’ will be 
measured with an unprecedented precision 
of about 50 MeV. It is theoretically well-
defined and can be translated into the top-
quark mass value used in theoretical 
predictions at the same level of accuracy.
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Top couplings: sensitivity to new physics

23
335 March 2018 CERN Academic Training Lectures on CLIC

Top electroweak couplings
• Top quark pairs are produced via Z/γ* in electron-positron collisions
• The general form of the coupling can be described as: arXiv:hep-ph/0601112

CP conserving CPV

• New physics would 
modify the ttV vertex

• CLIC typically 1-2 orders 
of magnitude better than 
HL-LHC

CERN-2016-004 Eur. Phys. J. C 78, 155 (2018)

[P. Roloff ’18]
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Electroweak physics at higher energies (CLIC)

24
385 March 2018 CERN Academic Training Lectures on CLIC

Vector boson fusion

Grojean, You, Wulzer, Zhang

• Generator-level study and 

EFT interpretation

• Contributions of considered operators 

grow quadratically with energy

• Potential high-energy probe of the 

top Yukawa coupling

√s = 3 TeV, L = 3 ab
−1

[P. Roloff ’18]
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Electroweak physics at Z pole and WW threshold

25

Electroweak precision tests at future colliders 6/21

ILC

FCC-ee CEPC

!
s MZ 2MW

ILC/GigaZ 100 fb"1 500 fb"1 (6 pts.) beam pol. (Pe"=0.8, Pe+=0.3)

FCC-ee 230 ab"1 10 ab"1 (2 pts.) 2 detectors

CEPC 45 ab"1 2.6 ab"1 (3 pts.) 2 detectors

[A. Freitas ’21]
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Electroweak precision tests at future colliders 7/21

Anticipated precision for EWPOs:

Current exp. ILC/GigaZ CEPC FCC-ee

MW [MeV] 15 1–2 a,e 1 e 1 e

MZ [MeV] 2.1 – 0.5 e 0.1 e

!Z [MeV] 2.3 1 a 0.5 e 0.1 e

R! = !had
Z /!!

Z [10!3] 25 6 b 2 b 1 b

Rb = !b
Z/!

had
Z [10!5] 66 15 c 4.3 c 6 c

sin2 "!e" [10!5] 16 1 d <1 e 0.5 e

Systematics:
a energy scale
b acceptance
c flavor tagging
d polarization
e beam energy calibration / beam-beam interactions

Electroweak physics at Z pole and WW threshold

26

[A. Freitas ’21]
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Electroweak precision physics: Prediction for MW 
and sin2θeff in SM and MSSM vs. exp. accuracies

27

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

MW and sin2θeff have high sensitivity for model discrimination⇒

MSSM region
SM ``line’’

80.2 80.3 80.4 80.5 80.6
M

W
 [GeV]

0.2300

0.2305

0.2310

0.2315

0.2320

0.2325

0.2330

si
n

2
θ e

ff m
t
 = 170 .. 175 GeV

SM:M
H
 = 125.1 ± 0.7 GeV

MSSM

SM, MSSM
Heinemeyer, Hollik, Weiglein, Zeune et al. ’18

experimental errors 68% CL / collider experiment:

LEP/SLD/Tevatron/LHC: today

ILC/GigaZ

A
FB

 (LEP)

A
LR

 (SLD)
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Further experimental opportunities at a LC facility

• Beam dump experiments


• Fixed-target experiments


• Detectors near the interaction point


• …

28
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Use of ILC Beam for Fixed Target Experiment
There are many possible experiments using the ILC beam other than the colliding experiment

¾Experiments using the main dump

9 Observe particles created in the main beam dump

9 Dark photon, dark lepton, ALP (axion-like particle), 
Higgs-portal particles, ……

9 Positron main dump

• Positron annihilation with atomic electrons

9 Parasitic with the main collision experiment

¾Experiments using Extracted beam

9 Extract the strong ILC beam somewhere for e.g., strong QED experiment 

• This is perhaps difficult (the beam is too strong to ontercept)

9 Or, create and extract a weak beam

• Low bunch intensity but many (>> 1312) bunches

• Ideally, CW

• Missing energy experiment to search for dark photons

• Lots of accelerator issues such as beam creation, to avoid damping in DR, control of very weak beam, etc.

¾Far detector

9 Long-lived particles may be produced at the IP

9 They may be detected by a detector behind 50-200m shield (natural rocks)

9 Need to construct a cavern (near the main beamline, or along the access tunnel)

By Kaoru Yokoya on Tuesday 10PM (Europe)

“N1: Dark Sector, Fixed-Target and Beam Dump Experiments”

LCWS2021 (Mar.15,2021) 18

We would be happy to discuss the further possibilities of the ILC accelerator.

Further experimental opportunities at a LC facility
[S. Michizono ’21]
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8S.Gori

ILC beam-dump setup
high pressure

water vessel

11m 50m/70m

muon shielding

50m

ILC 

e- beam

 Much larger energy: 125 GeV, 250 GeV, 500 GeV, 1.5 TeV electron beams     
compared to past/present e- beam dump experiments:


- E137 @ SLAC: ~20 GeV electron beam (past)

- HPS @ JLAB: ~ (1-6) GeV electron beam (present)


 Very high luminosities: ~4*1021 electrons on target (EOT)/year

   compared to

- E137 @ SLAC: ~2*1020 EOT

- HPS @ JLAB: ~1018 EOT


dark  
particle

long-lived
SM

SMbeam dumps

Kanemura, Moroi, 

Tanabe, 1507.02809

Beam dump experiments at a Linear Collider

30

[S. Gori ’20]
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Dark photon searches via beam dump experiments

31

[S. Gori ’20]

Fabbrichesi et al, 2005.01515 

Future (proposed and approved) experiments

11S.Gori

Complementarity with other experiments

Kanemura et al.,1507.02809

Additional opportunities for the ILC here!
e+e- → A’ γ → γ l+ l- (prompt dark photon)

electron  
beam-dump 
experiment 

(present)

Few references:

- SeaQuest: 

Berlin, SG, Schuster, Toro, 1804.00661

- FCC: Karliner et al., 1503.07209

- SHiP: Alekhin et al., 1504.04855

- FASER: Feng et al., 1708.09389

+ Proposal for the Belle II experiment: 

Gazelle (Evans et al.)

more studies needed!

ILC 
beam dump

ILC collider

ILC beam dump
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Search for axion-like particles with LC beam dump
2

ldec

Beam dump
Muon shield

lshldump

μ rdet
Decay volume Detector

z
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FIG. 1. An experimental setup consisting of four parts: the main beam dump, a muon shield, a decay volume, and a detector.

dump, the electromagnetic shower produces electrons,

positrons, and photons. Then, we consider processes:

new scalar particle emissions by the electron inter-

actions with the oxygen nucleus in the beam dump,

and axion-like particle emissions by the photons. In

addition, we consider new scalar particle emissions

by muon interactions with a lead nuclei in the muon

shield. The muons are mainly produced in the muon

pair production by a real photon
2
. Many muons pass

through the beam dump due to their strong penetrating

power, and interact with a lead nuclei in the muon shield.

III. EXAMPLES OF DETECTABLE NEW
PHYSICS

First, we consider axion-like particles (ALPs) de-

scribed by the following e↵ective Lagrangian:

�L = �
1

4
ga��aFµ⌫ F̃

µ⌫
+

1

2
(@µa)

2
�

1

2
m2

aa
2, (1)

where a is the ALP, Fµ⌫
is a strength of the photon field,

and F̃µ⌫
= ✏µ⌫�⇢F�⇢/2. In our evaluation, it is assumed

that a coupling ga�� and a ALP mass ma are independent

parameters. ALP is produced by a photon in the beam

dump, as shown in Fig. 1. After passing through the

muon shield, ALP decays in the decay volume and emits

two photons, which reach the detector and are observed

as a signal.

We estimate the number of signals with the following

equation:

Nsignal = NEOT

Z Ebeam

ma

dk

Z ⇡

0

d✓a

Z ldec

0

dz

⇥ NavoX0

A
dl�
dk

· d��a

d✓a
· dPdec

dz
·⇥(rdet � r?), (2)

2
The decay of pions coming from the photonuclear reactions also

produces muons. We guess the muon pair production by a real

photon to have a smaller emission angle and greater angular

acceptance.

where NEOT(= 4⇥ 10
21/year) is the number of electrons

injected into the beam dump, Ebeam(= 125 GeV) is the

electron beam energy, k is the photon energy produced

in the electromagnetic shower, z is the decay position

of the ALP (z = 0 indicates the beginning of the decay

volume, see Fig. 1), Navo is the Avogadro constant, X0 is

the radiation length of water, and A is an e↵ective mass

number of water. The photon track length in the beam

dump is parameterized as [14],

k
dl�
dk

=
0.964u

� ln(1 � u2) + 0.686u2 � 0.5u4
, (3)

where u = k/Ebeam. For the ALP production, we used

the following angular di↵erential cross section [15–18]

based on the improved Weizsacker-Williams approxima-

tion [19–21],

d��a

d✓a
'

↵g2a��k4✓3a
4t2

G2(t), (4)

where G2(t) ' Z2
�
a2t/(1 + a2t)

�2
/ (1 + t/d)

2
, Z is an

e↵ective atomic number of water, a = 112Z�1/3/me,

d = 0.164 GeV
2
, and me is the electron mass. For the

momentum transfer t, we use the following approxima-

tion to avoid cancellation of significant digits in numeri-

cal calculations [17]: t ' k2✓2a + m4
a/(4k2

). For the form

factor G2, we use the combined simple atomic and nu-

clear form factor, which takes into account the screening

e↵ect. The decay probability of ALP as a function of z
is given by

dPdec

dz
=

1

la
e�(ldump+lsh+z)/la . (5)

The decay length is given by la = 64⇡Ea/g2a��m4
a. We

use the following approximation for the axion energy [17]:

Ea ' k � k2✓2a/(2MN ) � m4
a/(8MNk2

), where MN is

an e↵ective target nucleus mass. The function ⇥ is the

Heaviside step function.

To estimate the angular acceptance, we need the typi-

cal deviation of the photon emitted from the axion from

Large improvements over other 
beam dump experiments in the 
small coupling region

⇒

[Y. Sakaki, D. Ueda ’20]

3

the beam axis (r?). We estimate the deviation as

r? ⇠ func

vuut
3X

i=1

r2?,i, r?,i = ✓ili, (6)

where ✓1 = 8 ⇥ 10
�3

GeV/k, ✓2 = ✓a, ✓3 = ma/k,

l1 = l2 = ldump + lsh + ldec, and l3 = ldec �z. ✓1 is the ex-

pected angle of photon in the electromagnetic shower
3
, ✓2

is the ALP production angle, ✓3 is the expected decay an-

gle of photon from the ALP.
4

Moreover, li represents the

distance from the point where the production or decay

labeled 1-3 above occurred to the place where the detec-

tor is located. In our evaluation, we calculated the final

deviation by summing the squares of these deviations as

in the above equation. The uncertainty to this estimate

is represented by func, which is expected to have a value

on the order of O(1). We set func = 1.5 in this calcula-

tion. In this setting, our calculation perfectly reproduces

a result for an electron beam dump experiment (E137

experiment [16]) in a previous study [25]. We will use

results summarized in [25] as a criterion for the other ex-

perimental results in Fig. 2 in the next section, so taking

func in this way allows for a fair comparison of our ILC

calculations with the results of the other experiments.

Next, we consider the following Lagrangian for a scalar

particle coupled to the charged leptons in the standard

model (SM):

�L =
1

2
(@µS)

2
�

1

2
m2

SS2
�

X

`=e,µ,⌧

g`S ¯̀̀ , (7)

where S is a new scalar particle, and g` is a coupling

between S and the SM charged leptons. Then we assume

two models as a benchmark:

g` / m`, (Model A) (8)

gµ 6= 0, ge = g⌧ = 0, (Model B) (9)

As shown in Fig. 1, the scalar particle can be pro-

duced in bremsstrahlung from electron and muon.

The generated scalar particle decays into photons,

electron-positron, and muon pair in the decay volume,

which reach the detector and become a signal. The

decay channel depends on the model and the mass of the

scalar particle. The method of evaluating the number of

these signals is summarized in Appendix.

3
This is estimated in a Monte Carlo simulation using EGS5 [22]

implemented in PHITS [23].
4

Before the electrons and positrons are injected into the beam

dump, these are swept with magnets to reduce the heat load on

the beam dump window, then have an angle. The size of that

angle is ✓ ⇠ 6 ⇥ 10
�4

[24], and this e↵ect is negligible in the

current experimental setup.
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FIG. 2. The red and black curves show the bounds of sensitivity

for ILC-250 GeV at 95% C.L. with 1- and 20-year statistics. The

shaded regions are constraints for E137 from [25], SN 1987A from

[25, 26], HB stars from [27], and SHiP from [18, 25, 29].

IV. RESULTS

In Fig. 2, the red and black curves show the bounds of

sensitivity for ILC-250 GeV at 95% C.L. with 1- and 20-

year statistics. The shaded regions are constraints from

E137 [16], SN 1987A [26], HB stars [27], and SHiP [28]. It

can be seen that the ILC beam dump experiment has al-

most an order of magnitude higher sensitivity than other

beam dump experiments in the small coupling region.

In addition, the ILC beam dump experiment is highly

complementary to bounds from astrophysics.

For ease of understanding Eq. (2), we discuss the de-

pendence of the parameters on the curves using some ap-

proximations. Let us consider the case of la � lsh, where

the ALP has a longer lifetime, and the decay probability

in Eq. (5) is roughly equal to l�1
a . The parameter de-

pendence of the curves is divided into two cases. Case I:

ma < O(10
�2

) GeV. Then, ✓1 tends to be greater than

✓2 and ✓3, and the minimum value of photon energy is ap-

proximately kmin ⇠ 8⇥10
�3

GeV⇥(ldump+lsh+ldec)/rdet
according to Eq. (6). Case II: ma > O(10

�2
) GeV, where

✓3 tends to be greater than ✓1 and ✓2. Then, the min-

imum value of photon energy is approximately propor-

tional to ma (kmin / ma) according to Eq. (6). Con-

sequently, the number of signals is approximately inte-

grated as

Nsignal ⇠
✓

Ebeam

125 GeV

◆✓
NEOT

4⇥ 1021

◆✓
ga��

2⇥ 10�7 GeV�1

◆4

⇥
⇣rdet
2m

⌘2
✓

ldec
50m

◆✓
ldump + lsh + ldec

121m

◆�2

⇥
(�

ma
10�2 GeV

�4
, (Case I)�

ma
10�2 GeV

�2
, (Case II)

(10)

where we use following approximations: dl�/dk /

Ebeam/k2
, Ea ' k, and dPdec/dz ' 1/la, and ne-
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Conclusions
An e+e- collider will allow the exploration of the observed 
Higgs signal with the highest precision and provide a very high 
sensitivity to direct and indirect effects of new physics


It has a great potential for discovering new physics, in 
particular colour-neutral particles, and for precisely 
determining its nature


Besides running in ``Higgs factory’’ mode at 250 GeV,             
the opportunities for BSM physics profit from running at   
higher energies (top threshold, 500 GeV and beyond) and at 
lower energies (Z pole, WW threshold), as well as from 
exploring non-collider options (LC beam dump experiments, 
etc.) 
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MW prediction in the SM, MSSM, NMSSM, MRSSM

NMSSM:                                          MRSSM:  
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[O. Stål, G. W., L. Zeune ’15] [P. Diessner, G. W. ’19]

Figure 1. Comparison of the MW (Mh) prediction as blue full line on the left (right) depending
on a common SUSY mass scale mSUSY (definition given in the text). The green dashed line on the
left shows the prediction of the SM calculation for MW if MSM

h = MMRSSM
h (mSUSY) is used. The

red dotted line and the shaded area show on the left the experimental central value for MW and its
1 � uncertainty band according to eq. (1.3), while on the right the experimental value for the mass
of the detected Higgs boson is supplemented by a band of ±3 GeV indicating a rough estimate of
theoretical uncertainties from unknown higher-order corrections. All dimensionless superpotential
parameters are chosen as for BMP1 of ref. [7].

tainty, but this dependence rather indicates the level of sensitivity for constraining those

parameters by confronting the MW prediction in the MRSSM with the experimental result

for this high-precision observable.

5 Numerical results

In the following, we show how the prediction forMW in the MRSSM depends on the general

SUSY mass scale of the model. Then, we discuss how the di↵erent SUSY sectors a↵ect the

prediction. The SM input parameters [19] are always set as follows

mt = 173.00 GeV , m̂SM

b (m̂b) = 4.18 GeV , MZ = 91.1887 GeV , �Z = 2.4952 GeV ,

�↵lep = 0.031497686 , �↵(5)

had
= 0.02761 ,↵�1 = 137.035999139 , ↵SM

s (MZ) = 0.1181 ,

GF = 1.1663787⇥ 10�5 GeV�2 ,

where for �↵(5)

had
the result [78] is used.

5.1 General SUSY contributions and decoupling behaviour

We investigate the decoupling behaviour for MW by defining a general SUSY mass scale

mSUSY as follows for the soft breaking parameters of eqs. (2.3) and (2.4) as well as the µd
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Figure 19: The upper left plot shows the masses of the lightest CP-even Higgs boson in the NMSSM
(blue) and the MSSM (red) as a function of M2. The upper right plot shows the prediction for
MNMSSM

W (blue) and for MMSSM
W (red). The lightest three neutralino masses and the neutralino singlet

components are displayed in the lower row. The parameters (given in the text) are chosen such that
the Higgs sectors of the MSSM and the NMSSM are very similar to each other. The parameter region
in both models is allowed by HiggsBounds and predicts the lightest CP-even Higgs (which is SM-like)
close to 125.09 GeV.

MQ̃/Ũ/D̃1,2
= 1500 GeV, MQ̃3

= MŨ3
= MD̃3

= 1000 GeV, At = A! = Ab ! 1964 GeV, mg̃ =
1500 GeV, m̂A = 1200 GeV, ! = 0.62, " = 0.3, A" = "10 GeV, and M2 is varied. All parameter
points are HiggsBounds allowed. Again we get the MSSM prediction by setting the FeynHiggs MH±

input to the value of the charged Higgs mass calculated by NMSSMTools. For this set of parameters

30

NMSSM

MSSM

MRSSM prediction for MW: pronounced dependence on SUSY 
parameters, sizeable deviations from the SM even for large mSUSY 
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