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Particle physics is not validation anymore, rather it 
is exploration of unknown territories *

* Not necessarily a bad thing. Columbus left for his trip just 
because he had no idea of where he was going !!
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This talk:

BSM      Behind the SM
aiming at explaining SM mysteries

Next talk:

BSM      Beyond the SM
question is what could be there, that we can probe
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25

Stop to top + Neutralino:                      [arXiv:1406.4512]



Naturalness

(GeV)
t~

m
2000 4000 6000 8000

(G
eV

)
10
⇥⇤

m

0

2000

4000

6000

8000

S
ig

ni
fic

an
ce

1

10
s

Boosted Top

Compressed

DiscoveryCL

-1

= 100 TeVs

dt = 3000 fbL�
= 20%sys,bkg⌅
= 20%sys,sig⌅

(GeV)
t
~m

2000 4000 6000 8000 10000

(G
eV

)
10
�⇥

m
0

5000

10000

(fb
)

⇤
E

xc
lu

de
d 

-410

-310

-210

-110

1Boosted Top

Compressed

ExclusionsCL

= 100 TeVs
-1dt = 3000 fbL⌅

= 20%sys,bkg⇧
= 20%sys,sig⇧

Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:
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– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
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Stop to top + Neutralino:                      [arXiv:1406.4512]

Gluino to Neutralino + q:                           [arXiv:1606.00947]
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5 �

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T

< 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, tt̄ production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross

28
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Spin-1 CH resonances (or V’):              [arXiv:1502.01701]
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Fig. 89: Comparison of direct and indirect searches in the parameter space of the MCHM. Left: comparison in the
(m⇢, g⇢) plane; Right: comparison in the (m⇢, ⇠) plane. See the text for details.

coupling) and where di-boson searches dominate the exclusion (high masses, low coupling). The triplet
coupling to SM bosons goes as g⇢ and hence di-boson channels are more sensitive for larger values of
g⇢.

From the plots we can infer, as expected, that an increase in the center-of-mass energy of the
collider enhances the mass reach significantly. In fact, only a 100 TeV collider has the capability to
access the multi-TeV region. An increase in luminosity improves the mass reach only slightly but is
considerably more effective in the reach for larger g⇢.

Note that resonances become broad for large g⇢ because their coupling to longitudinal vector
bosons and the Higgs grows which increases the intrinsic width as g2⇢. Broad resonances are harder to
detect and since a narrow resonance has been assumed in our analysis we expect the actual limits to be
even weaker than ours in the large coupling regime. To estimate the region where finite width effects
should start to become relevant we included the fine red dotted curves which depict the boundary to the
region where the widths exceeds 20% of the mass. In the region above the red line the width is even
larger and our bounds are no longer reliable (see ref. [618] for details).

Indirect constraints are depicted as black dashed lines and show the expected 2 � errors on ⇠,
corresponding to twice the error on kV ' 1 � ⇠/2, obtained from single Higgs production. The values
are taken from refs. [628–630]. In the (m⇢, ⇠) plane, the limits simply corresponds to horizontal lines
and translate into straight lines with varying inclination in the (m⇢, g⇢) plane. In particular, the plots
show the LHC reach with 300 fb�1 and 3 ab�1 corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and
the expected reach of the ILC and a leptonic FCC at

p
s = 500 GeV and

p
s = 350 GeV corresponding

to ⇠ > 0.01 and ⇠ > 0.004. Note that CLIC with 2 ab�1 is expected to have a sensitivity comparable to
the leptonic FCC.

In conclusion, the plots demonstrate that direct and indirect searches are complementary and probe
the parameter space of a composite Higgs model from different directions. While direct searches are
more powerful in the low coupling regime, indirect searches win for large couplings.
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CH Top Partners:                                             [arXiv:1409.0100]
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Fig. 104: Left: Exclusion reach for a top partner T of electric charge 2/3; Right: same plot for an X5/3 of charge
5/3. The plots are obtained by assuming that future searches at 100 TeV will be sensitive to the same number of
signal events as the current 8 TeV ones. Namely, excluded signal yields Sexc ' 25 and Sexc ' 10 are assumed for
the T and the X5/3. Signal selection efficiencies are also extracted from 8 TeV results. In the case of the single
production mode, for which no dedicated searches are currently available, the efficiency (es.p.) is taken equal to
the pair production one for simplicity. Further details can be found in ref. [777].

EW boson decays to jets or charged lepton pairs, heavy lepton pairs can decay into fully reconstructible
final-states with four jets and two high-pT leptons that scale like p`

T
⇠ mT /2:

T 0T±
! ``0 + WZ/Wh ! ``0 + 4j / 2j + 2b , (112)

T+T�
! ``0 + ZZ/Zh/hh ! ``0 + 4j / 2j + 2b / 4b . (113)

Assuming a nominal detector acceptance and efficiency of A = 0.75, at 100 TeV and after 10 fb�1, a
5� discovery can be achieved for mT ⇡ 1.4 � 1.6 TeV [772]. Taking instead A = 1.0, The right panel
of Fig. 103 shows the discovery potential of the combined charged current and neutral current processes.
After 3 ab�1, there is 5 (2)� discovery (sensitivity) up to mT ⇡ 6 (8) TeV.

5.2.2 Fermionic Top Partners in Composite Higgs Models

An 100 TeV collider can probe models with a terrific amount of Electro-Weak fine tuning. Even if none of
these models had to be discovered, the result will be extremely informative as it will strongly disfavour (or
exclude) a Natural origin of the Electro-Weak scale, pushing us towards the investigation of alternatives.
We illustrate this point by estimating the reach, in terms of exclusions, for vector-like coloured fermions
with a sizeable coupling to third-generation quarks, the so-called “top partners”. Top partners are a
common prediction of composite Higgs models in which the partial compositeness paradigm is assumed
for the generation of fermion masses (see, e.g., refs. [621,622] for a review). In these models, their mass
M is directly related to the amount of fine-tuning � according to the approximate formula

� ⇠

✓
M

500 GeV

◆2

. (114)

Top partners are coloured, thus they are unmistakably produced in pair by QCD interactions. They
are also endowed with a sizeable coupling to third generation quarks and SM vector bosons or Higgs.
The latter coupling is responsible for their decay, but also for their single production in association with
a forward jet and a third generation quark. Exclusion contours are displayed in Fig. 104, in the plane
defined by the top partner mass and its single production coupling. Top partners of electric charge 2/3
(and BR(Wb) = 0.5, which is typical for a SM singlet) and 5/3 are shown, respectively, in the left and
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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Figure 1. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region is excluded at 95%C.L. by the experimental data for the signal
strengths of h1 = hLHC. The blue region is unphysical.
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All the equations in this section are valid in a generic NMSSM. Specific versions of it may
limit the range of the physical parameters mh1,2,3 ,mH± and ↵, �, � but cannot a↵ect any of
these equations.

3 Singlet decoupled

From Eqs. (2.10)-(2.12) and (2.6), sincemh1
is known,mh3

,mH+ and the angle � are functions
of (tan �,�,�t). From our point of view the main motivation for considering the NMSSM
is in the possibility to account for the mass of hLHC with not too big values of the stop
masses. For this reason we take �t = 75 GeV, which can be obtained, e.g., for an average
stop mass of about 700 GeV. In turn, as it will be seen momentarily, the consistency of Eqs.
(2.10)-(2.12) requires not too small values of the coupling �. It turns out in fact that for
any value of �t . 85 GeV, the dependence on �t itself can be neglected, so that mh3

,mH±

and � are determined by tan � and � only. For the same reason it is legitimate to neglect
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

�
tre

e = 3

�
tree = 10

�
tr
ee =

1

MSSM: not that interesting 

0.6

0.7 0.8
100

2 4 6 8 10
0

20

40

60

80

100

120

tan b

m
h 3
HG
eV
L

0.6 0.7 0.8 0.9 1 1.1 1.2 1.4 1.6
1.8

200

300

400

2 4 6 8 10
150

200

250

300

350

400

450

500

tan b

m
h 3
HG
eV
L

Figure 2. Singlet decoupled. Isolines of � (solid) and mH± (dashed). Left: hLHC > h3. Right:
hLHC < h3. The orange region would be excluded at 95%C.L. by the experimental data for the
signal strengths of h1 = hLHC with SM central values and projected errors at the LHC14 as discussed
in the text. The blue region is unphysical.

the one loop corrections to the 11 and 12 entries of the mass matrix, Eq. (2.5), as long as
(µAt)/hm2

t̃
i . 1, which is again motivated by naturalness.

From all this we can represent in Fig. 1 the allowed regions in the plane (tan �,mh3
) and

the isolines of � and mH± both for h3 < hLHC(< h3(= S)) and for hLHC < h3(< h3(= S)),
already considered in Ref. [1]. At the same time the knowledge of � in every point of the same
(tan �,mh3

) plane fixes the couplings of h3 and hLHC, which allows to draw the currently
excluded regions from the measurements of the signal strengths of hLHC. We do not include
any supersymmetric loop e↵ect other than the ones that give rise to Eq. (2.5). As in Ref. [1],
to make the fit of all the data collected so far from ATLAS, CMS and Tevatron, we adapt
the code provided by the authors of Ref. [26]. Negative searches at LHC of h3 ! ⌧̄ ⌧ may
also exclude a further portion of the parameter space for h3 > hLHC. Note, as anticipated,
that in every case � is bound to be above about 0.6. To go to lower values of � would require
considering �t & 85 GeV, i.e. heavier stops. On the other hand in this singlet-decoupled case
lowering � and raising �t makes the NMSSM close to the minimal supersymmetric Standard
Model (MSSM), to which we shall return.
When drawing the currently excluded regions in Fig. 1, we are not considering the pos-

sible decays of hLHC and/or of h3 into invisible particles, such as dark matter, or into any
undetected final state, because of background, like, e.g., a pair of light pseudo-scalars. The
existence of such decays, however, would not alter in any significant way the excluded regions
from the measurements of the signal strengths of hLHC, which would all be modified by a
common factor (1 + �inv/�vis)�1. This is because the inclusion in the fit of the LHC data of
an invisible branching ratio of hLHC, BRinv, leaves essentially unchanged the allowed range
for � at di↵erent tan � values, provided BRinv . 0.2.
The significant constraint set on Fig. 1 by the current measurements of the signal strengths

of hLHC suggests that an improvement of such measurements, as foreseen in the coming stage
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EFT Low-Energy: 

• require accuracy: large lumi, low syst. and th. err

�O/O ⇠ m2
EW/⇤2

�O/O ⇠ E2/⇤2High-Energy:

•benefit from high energy and high accuracy

Ld=6

Physics modifying couplings also affects other EW obs.
SM EFT for complete exploration of EW+EWSB sector

L.E. and H.E. FCC stages offer complementary probes!



Enhanced indirect NP effects in high mass tails

No need of extreme accuracy for indirect NP probe

The EW Plus Higgs Sector
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Enhanced indirect NP effects in high mass tails

No need of extreme accuracy for indirect NP probe

Only CLIC@3TeV can be competitive: 5

LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP ILC 500GeV

luminosity 2⇥ 107 Z 19.7 fb�1 20.3 fb�1 0.3 ab�1 3 ab�1 10 ab�1 109 Z 1012 Z 3 ab�1

NC W⇥104 [�19, 3] [�3, 15] [�5, 22] ±1.5 ±0.8 ±0.04 ±3 ±0.7 ±0.3

Y⇥104 [�17, 4] [�4, 24] [�7, 41] ±2.3 ±1.2 ±0.06 ±4 ±1 ±0.2

CC W⇥104 — ±3.9 ±0.7 ±0.45 ±0.02 — — —

TABLE II. Reach on Wand Y from di↵erent machines with various energies and luminosities. The bounds from neutral DY

are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [42], marginalizing over Ŝ and

T̂. Bounds from Z-peak ILC [52] and TLEP [53] are from Ref. [39]. Bounds from o↵-peak measurements of e+e� ! e+e� at

lepton colliders are extracted from [54].

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [58], we find that charged DY measurements pre-
sented in this paper can surpass direct searches of heavy
vector triplets W 0/Z 0 for 3.5TeV < mW 0 < 4TeV and
gV ⇠ g2 at 8TeV and for 6.5TeV<mW 0 < 10TeV and
gV . 2g2 with a luminosity of 300 fb�1 at the LHC.

Outlook.— In this letter, we have demonstrated that
hadron colliders can be used to perform electroweak pre-
cision tests, and in particular that the LHC is now sur-
passing LEP in sensitivity to the universal parameters W
and Y. Our results are summarized in Table II, where
we also compare to future lepton colliders.

We conclude by noting that the universal parameters
W and Y are just two examples from the class of opera-
tors of the SM EFT whose e↵ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.
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Other example is top couplings from HE ttW/ttZ             [arXiv:1511.03674]


EWPT @ hadron colliders: (W and Y oblique par.s)          [arXiv:1609.08157]

Similar conclusions for Diboson production                                               [arXiv:1712.01310]
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