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• Present status


• The signal at 125 GeV


• Information from searches for additional Higgses 


• Outcome of the Granada Open Symposium (my 
interpretation) and recent developments


• Conclusions (personal view)
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Experimental situation (in a nutshell): 


•Higgs signal at 125 GeV (h125):                                                       
the discovered particle looks SM-like so far


•No further clear sign of new physics so far


Goals:                                                                                     
Use the information from the properties of the detected Higgs 
signal, from searches for new particles, from electroweak 
precision observables, flavour physics, cosmological and 
astrophysical observations (dark matter, gravitational waves, 
etc.) to explore the mechanism of electroweak symmetry 
breaking and to discriminate between models
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• Identify the underlying dynamics of electroweak symmetry 
breaking; so far only phenomenological description (similar to 
Ginzburg-Landau theory of superconductivity)


• Determine the structure of the Higgs potential


• Discriminate between:                                                                      
— single doublet and extended Higgs sector (new symmetry?)      
— fundamental scalar and compositeness (new interaction?)


• Find out what protects the Higgs mass from physics at high scales


• Unravel the connection to dark matter, to the imbalance between 
matter and anti-matter in the universe, and to the phase of inflation 
in the early universe
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Higgs physics: goals
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Present status seen from the outside

Misconception from people outside of our field: the Standard Model 
of particle physics is now complete after the Higgs discovery; 
nothing exciting to expect from this field anymore


We need to make it clear that the Higgs discovery was the beginning 
of an exciting story rather than the end of one!


We need to be aware of the above criticism in the context of the 
update of our strategy for particle physics: 


• Our future strategy needs to be very convincing and has to be 
communicated very well


• ``We want to have machine XYZ because we deserve it’’               
will not be sufficient in this context!

5
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The signal at 125 GeV (h125)

• Mass


• Spin and CP properties


• Couplings, partial widths, total width, branching ratios, 
production cross sections (total and differential), 
information from off-shell contributions, interference 
effects, …

6
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Higgs couplings: towards high precision

• A coupling is not a physical observable: if one talks about 
measuring Higgs couplings at the % level or better, one needs 
to precisely define what is actually meant by those couplings!


• For the determination of an appropriate coupling parameter at 
this level of accuracy the incorporation of strong and 
electroweak loop corrections is inevitable. This is in general not 
possible in a strictly model-independent way!


• For comparisons of present and future facilities it is crucial to 
clearly spell out under which assumptions these comparisons 
are done

7
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The quest for identifying the underlying physics

„Required“ accuracy 

Higgs physics at ILC K. Desch - Higgs physics at ILC 32 

choose this value as a reference point, then, for tan � = 5 and taking c ' 1, the h0

couplings are approximately given by
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At the lower end of the range, the LHC experiments should see the deviation in the
hbb or h⌧⌧ coupling. However, the heavy MSSM Higgs bosons can easily be as heavy
as a TeV without fine tuning of parameters. In this case, the deviations of the gauge
and up-type fermion couplings are well below the percent level, while those of the
Higgs couplings to b and ⌧ are at the percent level,

ghbb

ghSMbb

=
gh⌧⌧

ghSM⌧⌧

' 1 + 1.7%

✓
1 TeV

mA

◆2

. (14)

In this large-mA region of parameter space, vertex corrections from SUSY particles
are typically also at the percent level.

More general two-Higgs-doublet models follow a similar pattern, with the largest
deviation appearing in the Higgs coupling to fermion(s) that get their mass from the
Higgs doublet with the smaller vev. The decoupling with mA in fact follows the same
quantitative pattern so long as the dimensionless couplings in the Higgs potential are
not larger than O(g2), where g is the weak gauge coupling.

2.2.3 New states to solve the gauge hierarchy problem

Many models of new physics are proposed to solve the gauge hierarchy problem by
removing the quadratic divergences in the loop corrections to the Higgs field mass
term µ2. Supersymmetry and Little Higgs models provide examples. Such models
require new scalar or fermionic particles with masses below a few TeV that cancel the
divergent loop contributions to µ2 from the top quark. For this to work, the couplings
of the new states to the Higgs must be tightly constrained in terms of the top quark
Yukawa coupling. Usually the new states have the same electric and color charge as
the top quark, which implies that they will contribute to the loop-induced hgg and
h�� couplings. The new loop corrections contribute coherently with the Standard
Model loop diagrams.
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For scalar new particles (e.g., the two top squarks in the MSSM), the resulting
e↵ective hgg and h�� couplings are given by
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Here F1, F1/2, and F0 are the loop factors defined in [17] for spin 1, spin 1/2, and spin
0 particles in the loop, and mT is the mass of the new particle(s) that cancels the
top loop divergence. For application to the MSSM, we have set the two top squark
masses equal for simplicity. For fermionic new particles (e.g., the top-partner in Little
Higgs models), the resulting e↵ective couplings are
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For simplicity, we have ignored the mixing between the top and its partner. For
mh = 120–130 GeV, the loop factors are given numerically by F1(mW ) = 8.2–8.5
and F1/2(mt) = �1.4. For mT � mh, the loop factors tend to constant values,
F1/2(mT )! �4/3 and F0(mT )! �1/3.

Very generally, then, such models predict deviations of the loop-induced Higgs
couplings from top-partners of the decoupling form. Numerically, for a scalar top-
partner,
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and for a fermionic top-partner,
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A “natural” solution to the hierarchy problem that avoids fine tuning of the Higgs
mass parameter thus generically predicts deviations in the hgg and h�� couplings at
the few percent level due solely to loop contributions from the top-partners. These
e↵ective couplings are typically also modified by shifts in the tree-level couplings of
h to tt and WW .

The Littlest Higgs model [18,19] gives a concrete example. In this model, the one-
loop Higgs mass quadratic divergences from top, gauge, and Higgs loops are cancelled
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by loop diagrams involving a new vector-like fermionic top-partner, new W 0 and Z 0

gauge bosons, and a triplet scalar. For a top-partner mass of 1 TeV, the new particles
in the loop together with tree-level coupling modifications combine to give [20]
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where the ranges correspond to varying the gauge- and Higgs-sector model parame-
ters. Note that the Higgs coupling to �� is also a↵ected by the heavy W 0 and triplet
scalars running in the loop. The tree-level Higgs couplings to tt and WW are also
modified by the higher-dimension operators arising from the nonlinear sigma model
structure of the theory.

2.2.4 Composite Higgs

Another approach to solve the hierarchy problem makes the Higgs a composite bound
state of fundamental fermions with a compositeness scale around the TeV scale. Such
models generically predict deviations in the Higgs couplings compared to the SM due
to higher-dimension operators involving the Higgs suppressed by the compositeness
scale. This leads to Higgs couplings to gauge bosons and fermions of order
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where f is the compositeness scale.

As an example, the Minimal Composite Higgs model [21] predicts [22]
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with ⇠ = v2/f2. Here MCHM4 refers to the fermion content of the original model
of Ref. [21], while MCHM5 refers to an alternate fermion embedding [23]. Again,
naturalness favors f ⇠ TeV, leading to
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30

Peskin et al 

⇒ Need very high precision for the couplings

In many BSM models one expects only % level 
deviations from the SM couplings for BSM particles in 
the TeV range. Example of 2HDM-type model in 
decoupling limit: 
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Example: heavy SUSY scenario 

9

[H. Bahl et al. ’19]

Precision at 1% level provides large sensitivity for discriminating 
between different realisations of underlying physics

⇒
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Signal strengths, STXS, ϰ framework and beyond

Interface between experiment and theory:


• Signal strengths: clear interpretation, but involve extrapolations to 
total cross sections, etc. and are affected if predictions for the SM 
cross sections change


• Simplified template cross sections (STXS):


• Fiducial cross sections, pseudo observables, …
10

Introduction

Separating Measurement from Interpretation.

Data Lagrangian
parameters

Simplified
Cross Sections

i, gk

Interpretation

Direct theory dependence

Measurement

Minimize
theory dependence

Goals
Minimize dependence on theory systematics in measurements

I Clearer and systematically improvable treatment at interpretation level
(acceptance corrections and extrapolations to total xsec)

Minimize model dependence in measurements
I Decouples measurements from discussions about specific models

(SM, linear/nonlinear EFT, BSM models)

Measurements stay long-term useful
Allows easy (re)interpretation with different theory inputs/assumptions

I Improved theory predictions/uncertainties
I µi, i, anomalous couplings, EFT coefficients, specific BSM scenarios

Frank Tackmann (DESY) Simplified Template Cross Sections 2017-06-26 2 / 21



Future perspectives, Georg Weiglein, Linear Collider Forum, Hamburg, 11 / 2019

Interpretation: ϰ, EFT frameworks and specific models

Interpretation of the experimental results in terms of Higgs coupling 
properties:


• ϰ framework: ``interim’’ framework used so far, deviations from the 
SM parametrised by ``scale factors’’ ϰi (SM ϰi =1), involve various 
theoretical assumptions (signal corresponds to only one state, no 
overlapping resonances, zero width approximation, no change in 
tensor structure of the couplings, only overall strength, implies 
assumption that the observed state is a CP-even scalar)


• EFT framework: assumes that new physics appears only at a scale 
Λ ≫ Mh, Mt, …


• Specific models: Clear interpretation of the impact of constraints 
and the viable parameter space, light new physics can be probed

11
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ϰ, EFT framework and specific models
• ϰ framework: various theoretical assumptions, see above


• EFT framework: an EFT represents certain classes of models, but 
there are different assumptions on the form of the EFT (SMEFT vs. 
non-SM Higgs sector, assumption that there are no light new 
particles), on the flavour structure and on further symmetries          
Note:                                                                                             
Need to be careful about the range of validity, dim-6 vs. dim-8 
operators, etc.                                                                                   
It is crucial to use a complete basis of operators, results for an 
incomplete basis are physically not meaningful                                
Higher-order contributions need to be properly incorporated        
An EFT analysis is not model-independent                              


Both the ϰ and the EFT framework contain various assumptions 
Analyses using EFTs and specific models are complementary

12
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Comparison of the capabilities of future colliders

In comparisons of future facilities with the HL-LHC in terms of the    
ϰ and EFT frameworks the capabilities of the future facilities for 
testing the assumptions made in those frameworks are not included 
by construction


This means that only a part of the actual improvements is visible in 
the comparisons


In view of this fact, it would be useful to avoid even further 
assumptions, such as ϰV < 1 for the ϰ framework


Big qualitative improvement from an e+e- Higgs factory: absolute 
measurement of the HZ cross section, absolute measurements of the 
Higgs branching ratios, nearly model-independent determination of 
the total Higgs width

13
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Higgs width and/or untagged decays

14

Unique feature of lepton-lepton colliders:
◦ Detecting the Higgs boson without seeing 

decay: “recoil method”
◦ Measure ZH cross section with high precision 

without assumptions on decay
◦ Often interpreted as quasi-direct measurement 

of width

=> Will probe width with 1-2% precision

In kappa-framework: 

arXiv:1905.03764

??

e+e- Higgs factories: recoil method
[B. Heinemann ’19]
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Comparison plots for the strategy update

15

Figure 2. Expected relative precision (%) of the k parameters in the kappa-3 scenario described in Section 2. For details, see
Tables 4 and 5.

11/58

[J. de Blas et al. ’19]
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to
the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark
SMEFTND.

The results of this fit are shown in Figure 6 after the full run of each future collider project, and in Table 8. Apart from
the 68% probability bounds for each operator from the global fit, we also present the results assuming only one operator is
generated by the UV dynamics. The difference between both results is indicative of the correlations between the different
operators in the fit. These can, in some cases, be rather large. A full study of such correlations goes beyond the scope of this
report, but it is worth mentioning that some of the largest correlations typically occur between Og , OfW , OfB, OW , OB where
all contribute to the Higgs interactions with neutral vector bosons. Large correlations also connect Og and Oyu . These are
typically constrained along the H ! gg direction with better precision than the one obtained for Oyu from the corresponding
ttH process at the different colliders.

For those operators whose effects are mainly constrained by Higgs observables, e.g. Of and Oy f , the evolution of the
results in the table follows essentially the same pattern as in the discussion of the Higgs coupling results of the SMEFT fit.
Likewise, similar considerations must be taken into account when comparing the results across colliders, in particular regarding
the dependence of the HE-LHC results on the assumptions of the reduction of the theory/systematic uncertainties, which
control most of the improvement with respect to HL-LHC. (See comment on the S20 assumptions in Section 2.) Also regarding
the results at high luminosity/energy upgrades of the LHC, some of the numbers in Table 8, namely those involving a single
operator fit to cf , may look surprising, given that the projections for most Higgs observables at such machines are expected to
be dominated by the theory/systematic uncertainties. These results are marked with a † in the table. For instance, the HL-LHC
result corresponds to a precision in an overall Higgs coupling modification at the level of 0.8%. This is below the dominant
signal theory uncertainties assumed in the HL-LHC S2 hypothesis. As explained in Section 2, this is a consequence of the
assumptions in the treatment of theory/systematic uncertainties in the simplified set of inputs used in this report for the HL-LHC
fits. A rough estimate of the bound that would result from assuming 100% correlated signal theory uncertainties would return,
for the same case, cf /L2 ⇠ 0.42 TeV�2, illustrating the impact of the choice of assumption in the treatment of these theory
systematics. Given the implications of these bounds in terms of constraining BSM scenarios (as will be illustrated below, cf

21/58

Plots of this kind are dangerous since people from outside of our field 
may use them to claim that the improvement from any future facility 
compared to the HL-LHC is unimpressive!
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Projections for HL-LHC and ILC, no additional theory 
assumptions (ILC 250: only 250 fb-1)

16
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Figure 21. Future precision of Higgs couplings using the ultimate HL-LHC measurements alone
and in combination with ILC measurements. In all scenarios, the total width is not constrained by
assumptions on the additional Higgs decay or limited scale factor ranges (e.g. κV ≤ 1). (TS: This
plot can easily be done also for the 8-dim. fit.)

– 42 –

[P. Bechtle et al. ’14]
HiggsSignals

HL-LHC
HL-LHC + ILC 250
HL-LHC
HL-LHC + ILC 250
HL-LHC
HL-LHC + ILC 250
HL-LHC

HL-LHC
HL-LHC + ILC 250

HL-LHC
HL-LHC + ILC 250

ϰi: modification 

of coupling 
compared to SM 
value (ϰiSM = 1)

Already the single 
measurement of 
the HZ cross 
section at ILC 250 
yields a very large  

improvement of 
the LHC 
accuracies!

⇒
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V  1

Prospects for Higgs-coupling determinations at  
HL-LHC and ILC: with theory assumption on ϰV

17
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(a) Assume BR(H → NP) ≡BR(H → inv.).
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(b) Assume κV ≤1.

Figure 19: Prospective model-dependent Higgs coupling determination at the ILC in comparison with
the (optimistic) HL-LHC scenario.

While the κZ scale factor can be probed already quite accurately at the early ILC stage at 250 GeV
due to the dominant Higgs-Strahlungsprocess, the κW determination is less precise, δκW ∼ 4.0%. This
picture changes at the later stages of the ILC with higher center-of-mass energies (denoted as ILC500
and ILC1000) where the W -boson fusion process becomes the dominant production mode. Here, all
scale factors in this parametrization except κγ can be determined to a precision of ! 2.5% using only
ILC measurements. After the luminosity upgrade (denoted ILC1000 (LumiUp)), even the κγ coupling
can be probed with an accuracy of ! 2.5% and the remaining couplings are determined at the ! 1%
level, using ILC measurements only. In the case where κV ≤ 1 is imposed instead of assuming an
invisible Higgs decay, the upper limit on BR(H → NP) inferred from the fit improves significantly at
the ILC from 8.5% to 3.3% at the 95% C.L..

As stated earlier, the assumptions made in the previous fits are unnecessary at the ILC once the
total cross section measurement of the e−e+ → ZH process is taken into account. Therefore, model-
independent estimates of the Higgs coupling accuracies can be obtained, which are shown in Fig. 20(a)
and (b) for the ILC only and HL-LHC⊕ILC combined measurements, respectively. The values are also
listed in Tab. 12. The estimates obtained for the ILC-only measurements in this model-independent
approach are only slightly weaker than obtained under additional model-assumptions, cf. Fig. 19. A
model-independent 95% C.L. upper limit on BR(H → NP) of ! 5.8% can be obtained at the early
ILC stage (ILC250), which improves to ! 4.1 −4.4% at the later (baseline) ILC stages. The more
precise measurement of the e−e+ → ZH cross section with a luminosity upgrade at 250 GeV pushes
the limit further down, such that we have BR(H → NP) ! 2.2% at the ultimate ILC stage.

38

HiggsSignalsAssumed:

[P. Bechtle et al. ’14]
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Higgs self coupling λ

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

18

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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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?


• Isn’t it sufficient to use the information on single Higgs production 
from an e+e- collider (possibly circular) at lower energies?


• What about FCC-hh?
19
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Higgs self-coupling sensitivity: ILC vs. HL-LHC

20
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Region of interest  
for electroweak  
baryogenesis

• HL-LHC:   
• ~5σ observation of HH 
• ~50% on λ in single-parameter fit 

• e+e-: 
• 500 GeV: 8σ observation of HH 
• 27% on λ in full coupling analysis  
• full, testbeam-gauged simulation 

(note: first ILC fast sim. was ~3 times better!)

• 1 TeV & 3 TeV: ~10%  

• FCC-hh: 
• 5% statistical uncertainty on λ   
• from fast simulation, single-par. fit 
• assuming LHC detector performance despite 

e.g.100x higher neutron fluence 

• plus systematics, theory, pdf, …

These numbers apply ONLY for  

λ = λSM 

no studies of non-SM case (apart fro
m ILC)

hadron collider dependence on λ: 
λ > λSM: cross section drops

most detailed ref: PhD Thesis C.Dürig 
Uni Hamburg, DESY-THESIS-2016-027
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ILC 500 GeV + 1 TeV vvHH combined

combination of e+e- -> ZHH 
and e+e- -> vvHH ensures  
at least 10-15% precision 

for all λ 

[J. List ’19]

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

21
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: it is 
highly artificial 
to assume 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 

3000CLIC
1500CLIC

 380CLIC
CEPC

500ILC
350ILC
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

-7%+11%

36%

27%

5%

10-20%

50%

36%

27%

6%

52%

35%

40%

45%

17%

26%

28%

28%

19%

19%

18%

41%

46%

49%

49%

50%

49%

37%

47%

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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Interpretation of the projections for future facilities
• Report by Higgs@FC Group: charge was to use the inputs as provided 

by the projects, no scrutinisation of optimism vs. realism and of the level 
of sophistication of the inputs


• HL-LHC projections are to a large extent systematics-limited; they 
crucially depend on the level of improvement of the theory uncertainties 
that can be reached


• This is also a reason for the fact that the Higgs coupling projections for 
HE-LHC show only relatively small improvements over HL-LHC


• FCC-hh projections, in particular when taken separately, depend on the 
assumption of a drastic reduction of theory uncertainties 


• FCC-ee requires very significant conceptual progress on theory side                                    

23

ILC and FCC-ee have great potential for high-precision Z, WW, and Higgs physics

Can theory provide the necessary precision?

↪→ Optimists: “Yes. No show-stoppers seen, great progress can be anticipated.”

Sceptics: “Enormous challenge! Conceptual progress difficult to extrapolate.”

Some warnings:

• Produce solid and conservative uncertainty estimates!
• Always combine experimental and theoretical uncertainties!
• Employ different theoretical strategies and exp. analyses as much as possible!

(e.g. for αs, ∆αhad)

The greatest challenges: (+ many more very demanding tasks)

• Z: ⋄ full EW 2-loop calculation for off-shell e+e− → ff̄
+ theoretically sound concept of pseudo-obervables

⋄ massive 3-loop calculations for 1 → 2 decays and µ decay

• WW: ⋄ NNLO threshold EFT calculation for e+e− → WW
• Higgs: ⋄ full EW 2-loop calculation for off-shell e+e− → ZH

⋄ massless 4-/5-loop QCD calculations for 1 → 2 decays

↪→ Certainly takes another generation of bright minds!

Stefan Dittmaier, Precision Electroweak Calculations Symposium on the European Strategy, Granada, May 2019 – 22

[S. Dittmaier ’19]
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Requirements from theory for future facilities

24

Theoretical Uncertainties: production

39

Production at hadron colliders

◦ For HL-LHC uncertainties expected to be 

improved by factor 2 w.r.t. current

◦ HE-LHC: another factor of 2

◦ FCC-hh: well below 1% 

Requires e.g. 

◦ Improved PDFs

◦ Higher precision calculations 

◦ Improved non-perturbative aspects

◦ …

F. Caola

[B. Heinemann ’19]

Note: this is 
related to the fact 
that FCC-hh is 
assumed to be 
realised only far in 
the future!
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Can one trust the projections for FCC-hh?

• Note: essentially all FCC-hh numbers that were provided as 
input for the Granada symposium assume the whole sequence 
of FCC-ee, FCC-eh, FCC-hh


• The numbers crucially rely on very optimistic estimates for 
future theoretical uncertainties and on the capabilities of 
detectors, for which we don’t know yet how to build them

25
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Granada Open Symposium: Higgs / electroweak

26

[B. Heinemann ’19]

# of “largely” improved H couplings (EFT)
Factor ≥2 Factor ≥5 Factor ≥10 Years from T0

CLIC380 9 6 4 7
FCC-ee240 10 8 3 9
CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
CLIC1500 10 7 7 17
HE-LHC 1 0 0 20
ILC500 10 8 6 22
CLIC3000 11 7 7 28
FCC-ee/eh/hh 12 11 10 >50

22

13 quantities in total

Initial 
run

2nd/3rd
Run ee

ee,eh & hh

NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107

hh
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For compatibility of extended Higgs sectors with exp. results:


• A SM-like Higgs at ~125 GeV


• Properties of the other Higgs bosons (masses, couplings, …) 
have to be such that they are in agreement with the present 
bounds 


Additional Higgs bosons may well be lighter than the SM-like 
Higgs (h125)


If h125 is the lightest state of an extended Higgs sector, a typical 
feature is that the other states are nearly mass-degenerate and 
show ``decoupling’’ behaviour

27

⇒

Information from searches for additional Higgses
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Information from Higgs signal + Higgs searches

28
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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

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

[H. Bahl et al. ’18]

MSSM example: recent Mh125 benchmark scenario

Allowed region, can be reduced with improved precision of Mh prediction
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Which deviations are still possible in the allowed 
region? Example: signal rates into bb

29
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1.005

Sensitivity for discrimination between SM and BSM 
requires precision at % level or better!
⇒

[H. Bahl et al. ’18]

Maximal 
deviation 
below 5%
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HL-LHC projections: search for heavy Higgses      
+ improved precision of h125 signal measurements

30

o࢙��o+ Ϙ̺˺̤ͩ ͘ΧϘ ϫ̺ͩ �ðð� oͮ͞͞ϡ ϡ̺̤ϫΧϘ

500 1000 1500 2000 2500 3000
MA [GeV]

10

20

30

40

50

ta
n

�

14 TeV

with YR18 syst. uncert.

M 125
h scenario

h(125) rates
ATLAS 36.1 fb�1 � CMS 35.9 fb�1

ATLAS 3 ab�1 � CMS 3 ab�1

H/A ! ⌧+⌧� expected exclusion (95% C.L.)

ATLAS 3 ab�1 � CMS 3 ab�1

±1�

±2�

ATLAS 36.1 fb�1 [JHEP 01(2018)055]
CMS 35.9 fb�1 [JHEP 09(2018)007]

Mh 6=(125 ± 3) GeV

ࡦ o࢙��o+ oǩǊǊɻ ɫŒʉƟ ȝƟŒɻʞɫƟȝƟȣʉɻ ʿǩȋȋ ŷƟ ɻƟȣɻǩʉǩʻƟ ʉȴ �� . ߾ h2oࡱ
ࡦ 5ǩɫƟƁʉ ɻƟŒɫƁǞƟɻ Ǉȴɫ ɛɛ! m/�! ⌧+⌧� ŒɫƟ ɻƟȣɻǩʉǩʻƟ ʉȴ �� . ࠂ.߿ h2o
ƌƟɠƟȣƌǩȣǊࢍ ȴȣ tanࡱࢎ�

ࡪŒǞȋ#ࢁ #ƟƁǞʉȋƟࡪ oƟǩȣƟȝƟˈƟɫࡪ �ǩƟŷȋƟɫࡪ üðࡪ īƟǩǊȋƟǩȣࡪ ƀȰȠʂɥࡰ ʂȰ +Dæ£࢙�ß++ࢂࠁ߽࢙ࠅ߾߽߿࢙
üǩȝ ðʉƟǇŒȣǩŒȅ ࢎ5Dðĳࢍ ঀ #ð� oǩǊǊɻ ɠǞˈɻǩƁɻ ঀ ��ßð ࠆ߾߽߿ ঀ ࠄ߿ �ɠɫǩȋ ࠆ߾߽߿ ࠂ߿

[H. Bahl et al. ’19]

Much higher precision of h125 signal measurements needed 
than at HL-LHC in order to probe unexcluded region

⇒

Sensitivity 
from HL-LHC 
signal 
measurements

Projected 
exclusion 
region for H, A 
searchs
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Non-standard decays of heavy Higgses, e.g. 

31

H → χ̃χ̃

Figure 6: Left: Decay width of the lighter CP-even scalar into photons as a function of MA and
tan � in the M

125
h

(�̃) scenario, normalized to the corresponding width of a SM Higgs boson of
the same mass. Right: same as the left plot for the branching ratio of the decay h ! ��. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Figure 7: Branching ratio for the decays of the heavier CP-even scalar H (left) or the CP-odd
scalar A (right) into EW-ino pairs, as a function of MA and tan � in the M

125
h

(�̃) scenario. A
sum is taken over all the kinematically allowed combinations of particles in the final state. In
each plot, the boundaries of the blue and the hatched exclusion regions of Fig. 5 are also shown
as a dashed and a dotted black line, respectively.
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Decays of heavy Higgs bosons H, A into charginos and neutralinos:

Branching 
ratios of more 
than 80% 
possible!

Dedicated searches for heavy Higgs decays into 
SUSY particles could probe the ``LHC wedge’’ region
⇒

[H. Bahl et al. ’18]
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CPV benchmark scenario

32
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Figure 12: Constraints on the M
125
h1

(CPV) scenario from Higgs searches at the LHC, in the
(MH± , tan �) plane. The green solid lines are predictions for the mass of the lightest neutral
scalar h1, the hatched area is excluded by a mismatch between the properties of h1 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).

Figure 13: The same exclusion boundaries as in Fig. 12 above are overlaid with contours of the
relative interference factor ⌘(bb̄ ! h2,3 ! ⌧

+
⌧
�) defined in Eq. (2).

32

[H. Bahl et al. ’18]

Destructive  
interference 
weakens the 
search limit

Exp. analyses should take into account possible CPV effects⇒
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Additional Higgs bosons could also be light:     
CMS excess in h ⟶ 𝛾𝛾 search vs. ATLAS limit

33
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It is crucial 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]



Future perspectives, Georg Weiglein, Linear Collider Forum, Hamburg, 11 / 2019

20 40 60 80 100 120 140 160
 / GeVSM

3−10

2−10

1−10

1
(Z

H
)

SM
σ

) /b
 b

 
→

 B
R

(S
×

(Z
S)

95
σ

b Z b → ZS → -e+in e
Search for extra light scalar S
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ILC250, generator-level

Sensitivity of an e+e- collider at 250 GeV with 2 ab-1 to a 
new light Higgs (generator-level extrapolation)

34
Higgs factory at 250 GeV will explore a large untested region!⇒

Excluded 
from

LEP 
searches

Higgs factory 
sensitivity: 

h ⟶ bb 

search

Could 
probe the 
``CMS 
bump’’ at 
95 GeV

[P. Drechsel, G. Moortgat-Pick, G. W. ’18]
[J. List ’19]
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 ZS→ -e+Search for extra light scalar S in e

OPAL, Eur.Phys.J. C27 (2003) 311-329

ILC250, generator-level extrapolation

ILC250, ILD preliminary

ILC250, Pythia stable particle level

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

35
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. ’18] [Y. Wang, J. List, M. Berggren ’19]

ILD full 
detector

simulation
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Outcome of the Open Symposium (my interpretation)

• Strong preference for an e+e- Higgs factory as the next big 
project; location and shape to be determined (but: importance 
of extendibility to about 500 GeV was emphasised)


• The full package of FCC-ee, FCC-eh and FCC-hh looks well in 
the comparison tables, but this has to be weighted against a 
timescale of more than 70 years and enormous costs.       
There was strong opposition against this sequence of projects.    
x


• Go for a higher-energy proton machine directly                              
Do not spend another 30 years on development of 16T 
magnets, which at the end might turn out to be unaffordable 
Rather use existing magnet technology, cost-optimised; 
could reach about 50 TeV with 100 km tunnel

36

[K. Jakobs, G. Taylor, …]Some arguments:
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• Our field would not survive the long gap between FCC-ee 
and FCC-hh 


• An e+e- Higgs factory could provide crucial guidance for the 
future hadron machine. However, this does not work if one 
has to decide about the size of a circular tunnel as the first 
step.

37

[L. Evans, …]

Outcome of the Open Symposium (my interpretation)
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Request from the ESG for further national input

38

CERN/ESG/05  1 
 

 

Towards an update of the European Strategy for Particle Physics 
 
With a view to update the European Strategy for Particle Physics, the Briefing Book compiled 
by the Physics Preparatory Group (PPG), based on the submitted inputs and the discussions 
during the Open Symposium in Granada, provides a summary of the present landscape in the 
field. It summarises the scientific aspirations, opportunities, as well as technical challenges. 
Revolving around future major colliders in Europe, at this stage, five scenarios are defined to 
initiate the discussions within the European Strategy Group (ESG).  
 

 
 
All elements related to the CLIC and FCC proposals are discussed in their respective CDRs. As 
examples, the last two scenarios assume that an e+e- collider is built outside Europe. The LE-
to-HE-FCC-h/e/A scenario moves from initially lower-field magnets in the window of 6-10T 
(e.g. adiabatically) to higher-field magnets, potentially HTS magnets. In the LHeC+FCC-h/e/A 
scenario, the time gap between the end of HL-LHC and the realisation of FCC-h/e/A with high-
field magnets is used for the LHeC programme, potentially even starting in parallel with the 
HL-LHC. (Note that the indicative timelines in the table above do not necessarily match exactly 
the ones presented in Figure 1, attached for convenience at the end of the document, which 
were extracted from the submitted inputs.) 
 
For each scenario a new collider would be operational in Europe in the 2040-2060 era, i.e. as 
short as possible after the HL-LHC or for the scenario including LHeC even before. The 
community needs to provide guidance for this strategy update for the technology it favours 
for the 1st generation collider at CERN, leaving other technology options for the 2nd generation 
open. In general, around 2045 the community will have to consider which technologies are 
available for high-energy and high-luminosity colliders in the 2060-2080 era and plan 
accordingly. No firm technology decision for the 2060-2080 era is required today.  
 
The chosen scenario will have to be reassessed at the time of the next strategy update, 
typically 7 years after the current one, taking into account the global context (e.g. ILC, CEPC, 
EIC, etc). 
 
Given significant investments in Accelerator R&D towards the 1st and 2nd generation 
technologies, as well as adequate investments in a Scientific Diversity Program, at CERN and 
elsewhere, the annual additional structural and/or in-kind financial effort required to realize 
the first three collider scenarios is equivalent to 10-13% of the CERN budget in the period 
from 2025 to about 2045. This assumes that the civil engineering of each scenario is funded 
from outside the regular CERN budget. For the LE-to-HE-FCC-h/e/A scenario the required 
investment is not fully understood at this stage, but initial studies indicate that in the period 
2025-2045 an additional annual budget equivalent to 20% of the CERN budget is needed for 

2060-2080
2nd gen technology

CLIC-all CLIC3000 / other tech
CLIC-FCC FCC-h/e/A (Adv HF magnets) / other tech
FCC-all FCC-h/e/A (Adv HF magnets) / other tech
LE-to-HE-FCC-h/e/A FCC-h/e/A (Adv HF magnets) / other tech
LHeC-FCC-h/e/A HL-LHC  + LHeC LHeC FCC-h/e/A (Adv HF magnets) / other tech

FCC-ee (90-365)
LE-FCC-h/e/A (low-field magnets)

2020-2040

HL-LHC
HL-LHC
HL-LHC
HL-LHC

CLIC380-1500
CLIC380

2040-2060
1st gen technology
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The German particle physics community has provided input to the ESPPU process in its 
document “Statement by the German Particle Physics Community as Input to the Update of the 
European Strategy for Particle Physics” submitted in December 2018. This statement is the 
consensus result of a two-year long series of community workshops.  

The key statements2 addressing present and future large colliders and to CERN formulated in the 
German input document are: 

The physics potential of the experiments at the LHC and its upgrade, the HL-LHC, as well as at 
SuperKEKB must be fully exploited.  

An electron-positron collider, upgradeable to a centre-of-mass energy of at least 500 GeV, should 
be realised, with the highest priority, as the next international high-energy project.  

We strongly support the Japanese initiative to realise, as an international project in Japan, the 
ILC as a "Higgs-Factory" with an initial centre-of-mass energy of about 250 GeV.  

Continuation of the development of accelerator and detector technologies and studies for a next-
generation hadron collider, at the highest possible centre-of-mass energies beyond the LHC, 
should be pursued with high priority. 

CERN must maintain its leading role in particle physics, and further develop its potential. This 
requires the continued close collaboration with national laboratories, institutions and universities. 

In response to the ESG request to provide additional input on the scenarios for CERN-based large 
colliders we further expand on these consensus statements: 

We reaffirm CERNs leading role in particle physics. A long-term perspective for the 
laboratory is vital for the development of our field.  

The successful realization of the HL-LHC and the full exploitation of its physics potential 
should be the highest priority for the mid-term future. 

As next international high-energy project, we consider an electron-positron collider as 
highest priority of our field.  Maximum complementarity with measurements at hadron 
colliders would require the collider to be upgradable to center-of-mass energies of at least 
500 GeV to allow direct measurements of the Higgs self-couplings and to provide a high 
sensitivity to BSM physics.                                                                                                                                               

Currently, different design options for the next electron-positron collider are being 
discussed; one of these machines should be built. The decision for one of these projects 
and its realisation should happen in a globally coordinated context and as an international 
effort. Europe, with CERN as the European laboratory for particle physics, should play a 
leading role in both the decision making process and the realisation of the next electron-
positron collider project.  

We emphasise the vital role of CERN for Particle Physics in Europe and world-wide and 
believe that CERN should prepare to host the next hadron collider at the high-energy 
frontier.  

Europe through CERN and the national laboratories and institutes should pursue the 
development of advanced accelerator and detector technologies with high priority. 

                                                        
2 For brevity, we do not repeat the entire list of statements given in the December 2018 document. 

Response from KET (German Committee for Particle Phys.)
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The German particle physics community has provided input to the ESPPU process in its 
document “Statement by the German Particle Physics Community as Input to the Update of the 
European Strategy for Particle Physics” submitted in December 2018. This statement is the 
consensus result of a two-year long series of community workshops.  

The key statements2 addressing present and future large colliders and to CERN formulated in the 
German input document are: 

The physics potential of the experiments at the LHC and its upgrade, the HL-LHC, as well as at 
SuperKEKB must be fully exploited.  

An electron-positron collider, upgradeable to a centre-of-mass energy of at least 500 GeV, should 
be realised, with the highest priority, as the next international high-energy project.  

We strongly support the Japanese initiative to realise, as an international project in Japan, the 
ILC as a "Higgs-Factory" with an initial centre-of-mass energy of about 250 GeV.  

Continuation of the development of accelerator and detector technologies and studies for a next-
generation hadron collider, at the highest possible centre-of-mass energies beyond the LHC, 
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CERN must maintain its leading role in particle physics, and further develop its potential. This 
requires the continued close collaboration with national laboratories, institutions and universities. 

In response to the ESG request to provide additional input on the scenarios for CERN-based large 
colliders we further expand on these consensus statements: 

We reaffirm CERNs leading role in particle physics. A long-term perspective for the 
laboratory is vital for the development of our field.  

The successful realization of the HL-LHC and the full exploitation of its physics potential 
should be the highest priority for the mid-term future. 

As next international high-energy project, we consider an electron-positron collider as 
highest priority of our field.  Maximum complementarity with measurements at hadron 
colliders would require the collider to be upgradable to center-of-mass energies of at least 
500 GeV to allow direct measurements of the Higgs self-couplings and to provide a high 
sensitivity to BSM physics.                                                                                                                                               

Currently, different design options for the next electron-positron collider are being 
discussed; one of these machines should be built. The decision for one of these projects 
and its realisation should happen in a globally coordinated context and as an international 
effort. Europe, with CERN as the European laboratory for particle physics, should play a 
leading role in both the decision making process and the realisation of the next electron-
positron collider project.  

We emphasise the vital role of CERN for Particle Physics in Europe and world-wide and 
believe that CERN should prepare to host the next hadron collider at the high-energy 
frontier.  

Europe through CERN and the national laboratories and institutes should pursue the 
development of advanced accelerator and detector technologies with high priority. 

                                                        
2 For brevity, we do not repeat the entire list of statements given in the December 2018 document. 

Response from KET (German Committee for Particle Phys.)
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A note on political circumstances

This talk is meant to be about science, not politics. Nevertheless, on 
the next two slides I will try to fold in also the aspect of what might 
actually be politically doable. This is of course just my personal view:


We cannot sell a new big project of our field with arguments like


• The biggest and most long-term project is the best for CERN since 
it secures its future for a long time


• We want to have the FCC-ee because it provides us a justification 
to build a 100 km long tunnel and it gives us time to develop high-
field magnets for FCC-hh


The case for the project that we put forward has to be rock-solid in 
its own right!
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I do not think that such a case can be made for FCC-ee: if we 
request a 100 km long tunnel for a 350 GeV e+e- machine, people will 
tell us that this is not justified since we could get essentially the 
same physics with just a 10 km long tunnel!


Bottom line (personal view): if we want to go for FCC, we should go 
for FCC-hh directly!
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Conclusions (personal view)

• We should not take it for granted that there will be another big 
collider project, neither at CERN nor elsewhere


• Some people seem to think that the next big CERN project 
should be the ET


• What we put forward as the outcome of this strategy process 
has to be very convincing for other scientists, the general public 
and politicians. Otherwise the future of our field is at risk.


• We need a coherent world-wide programme (see statements by 
the other areas at the Granada Open Symposium) and, as a 
crucial part of it, a forefront collider project at CERN
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Backup
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Higgs mass measurement: the need for high precision
Measuring the mass of the discovered signal with high 
precision is of interest in its own right


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


MH (H = h125): 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*), ... to test BSM physics
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      properties: more difficult than spin, observed state can 
be any admixture of      -even and      -odd components  

46
Implications of the Higgs signal for BSM physics, Georg Weiglein, Planck 2014, Paris, 05 / 2014

CP properties

5

CP properties

CP-properties: more difficult situation, observed state can be
any admixture of CP-even and CP-odd components

Observables mainly used for investigaton of CP-properties
(H → ZZ∗,WW ∗ and H production in weak boson fusion)
involve HV V coupling

General structure of HV V coupling (from Lorentz invariance):

a1(q1, q2)g
µν + a2(q1, q2)

[

(q1q2) g
µν − qµ1 q

ν
2

]

+ a3(q1, q2)ϵ
µνρσq1ρq2σ

SM, pure CP-even state: a1 = 1, a2 = 0, a3 = 0,

Pure CP-odd state: a1 = 0, a2 = 0, a3 = 1

However, in many BSM models a3 would be loop-induced and
heavily suppressed ⇒ Realistic models often predict a3 ≪ a1

– p. 20

However: in many models (example: SUSY, 2HDM, ...) a3 is 
loop-induced and heavily suppressed

CP
CPCP

CP properties
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CP properties
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Observables involving the HVV coupling provide only 
limited sensitivity to effects of a CP-odd component, even 
a rather large CP-admixture would not lead to detectable 
effects in the angular distributions of H → ZZ* → 4 l, etc. 
because of the smallness of a3  

Hypothesis of a pure CP-odd state is experimentally 
disfavoured


However, there are only very weak bounds so far on an 
admixture of CP-even and CP-odd components 

Channels involving only Higgs couplings to fermions could 
provide much higher sensitivity 

⇒


