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Yukawa coupling and Majorana mass
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Seesaw
does 
not 
work ! Leptogenesis

(Fukugita, Yanagida ʻ86)

Baryogenesis via neutrino oscillation
(Akhmedov, Rubakov, Smirnov ʼ98,

TA, Shaposhnikov ʼ05)

Takehiko Asaka (Niigata Univ.) 2017/06/28

Explain baryon asymmetry of the universe too!
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Resonant Leptogenesis
(Pilaftsis ʻ97, Pilaftsis, Underwood ʻ05)



Leptogenesis (realistic models)  - C. S. Fong
 

Restrictions from neutrino masses

● CP violation is tied to neutrino mass scale

I (III)

II

Phases from 
kinematic & couplings

Heavier states

[Davidson & Ibarra (hep-ph/0202239)]



Leptogenesis (realistic models)  - C. S. Fong
 

Caveats

● “Heavier states” not much heavier→resonant enhancement

[Pilaftsis (hep-ph/9707235)]

Can go as low as possible i.e. (more later) 

Type I seesaw

Doesn’t apply on those which rely on different physical mechanisms...



Leptogenesis (realistic models)  - C. S. Fong
 

Resonant leptogenesis

● The right-handed neutrinos are quasi-degenerate to enhance 
the CP violation from self energy corrections

● Can be probed at LHC & CLFV

● Quasi-degeneracy                                               due to 

– Approximate family symmetry (ok)

– Soft SUSY breaking terms (ok)

– Approximate lepton number (difficult)

Difficult because mass degeneracy is tied to CP violation!

[Bray, Lee & Pilaftsis (hep-ph/0702294)]

[Pilaftsis (hep-ph/9707235)] [Pilaftsis & Underwood (hep-ph/0309342)]

[Review (hep-ph/1107.5312)]

[Grossman et al. (hep-ph/0307081)]
[D’ Ambrosio et al. (hep-ph/0308031)]



Baryogenesis via neutrino oscillation

� Oscillation of RH neutrinos can be a source of BAU

� Oscillation starts at ࢉ࢙࢕ࢀ ≃ ࡹࢤ	ࡺࡹ	૙ࡹ ૚/૜

� Asymmetries are generated since evolution rates of ܮఈ and 
ఈܮ are different due to CPV

Akhmedov, Rubakov, Smirnov (ʼ98) / TA, Shaposhnikov (ʻ05)

N NL
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Takehiko Asaka (Niigata Univ.) 2017/06/28
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Baryogenesis region

2017/06/28Takehiko Asaka (Niigata Univ.)

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

100 101

|Θ
|2

MN [GeV]

Normal Hierarchy Bound from BAU

TA, Eijima, Ishida, Minogawa, 
Yoshii ʼ17 [to appear]

Drewes, Garbrecht, Gueter, 
Klaric ʼ16  [arXiv:1609.09069]

to avoid strong washout
Canetti, Shaposhnikov ʼ10

[arXiv:1006.0133]
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See also a poster #16 
by Juraj Klaric

Bound from Seesaw
to explain neutrino masses
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ேܯ	2



Sensitivities by future searches

2017/06/28Takehiko Asaka (Niigata Univ.)
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Adams et al ʻ13 [arXiv:1307.7335]

■ LBNE (DUNE)

■ SHiP

■ FCC-ee at Z-pole

FCC-ee
SHiP

LBNE
Anelli et al ʻ13 [arXiv:1504.04956]

Blondel, Graverini, Serra, 
Shaposhnikov
(FCC-ee study team) ʻ14
[arXiv:1411.5230]

displaced vertex of ܰ decay

ܰ decay inside near detector

beam dump exp.
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First-order phase transition

The free energy (as a function of the Higgs vev) decides the 

nature of the phase transition:

first-order PT
second-order PT

crossover

eq



  

What are the challenges?

CP

B

sphaleron

(EW anomaly)

[Kuzmin, Rubakov, Shaposhnikov '85] 
[Cohen, Kaplan, Nelson '93]

diffusion

quantum 

mechanics

statistical 

physics



  

Pre LHC EWBG

Before LHC, the main focus was on supersymmetric 

models.

CP violation

From the chargino sector

Strong first-order electroweak 

phase transition from light stops

CP

eq

NMSSM   [Menon, Morrisey, Wagner ’04]
  [Huber, TK, Prokopec, Schmidt ’06]

U’(1) MSSM     [Kang, Langacker, Li, Liu ’04]

problematic, also 

because of EDMs



  

EWBG in the LHC era

After LHC run II, the focus in EWBG is more on 

minimal models:

Two Higgs doublet model

Singlet extension with a low cutoff

Strong first-order electroweak 

phase transition from extended 

scalar sector

eq

CP violation

from the Higgs sector
CP

CP violation

from the dim-5 top-singlet 

operators

CP

new dof 

low cutoff

in principle testable



  

Composite Higgs models

The Higgs could be a Pseudo-Goldstone boson of a broken global 

symmetry

QCD:

The broken symmetry will determine the light degrees of 

freedom and their quantum numbers

but also

[Kaplan, Georgi '84]



  

Ingredients

Two ingredients of baryogenesis are missing in the 

Standard Model. These are provided in models that 

have an additional singlet in the low energy effective 

description

CP violation

from dimension-five

operators

Strong first-order electroweak 

       phase transition

CP

eq



  

Baryogenesis

strength of the phase transition
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[Espinosa, Gripaios, TK, Riva '11]
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CPV is mostly present during the phase transition and does not 

require sizable mixing the broken phase → nightmare scenario



Dark Matter
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DRAFTSIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS426

Given the wide range of possible dark matter candidates, it is useful to focus the search427

for dark matter by putting it in the context of what is known about our cosmological history428

and the interactions of the Standard Model, by posing questions like: What is the (particle429

physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of430

the abundance of dark matter seen today? How do dark matter particles interact, both431

with one another and with the constituents of familiar matter? And what other observable432

consequences might we expect from this physics, in addition to the existence of dark matter?433

Might existing observations or theoretical puzzles be closely tied to the physics of dark434

matter? These questions have many possible answers — indeed, this is one reason why435
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Particle theories

[Feng-US Cosmic Visions White papers]

10�21eV 1015eV 1067eV

see talks in  

afternoon

Fox (USA)



WIMP
• DM interacts through weak (or weak scale) couplings
• Lee-Weinberg and Unitarity constrain mass range 

• ~1 GeV —~10 TeV
• Usually consider a thermal relic

NATURE PHYSICS DOI: 10.1038/NPHYS4039 PROGRESS ARTICLES
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.

Neutrino coherent
scattering
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.

Received 16 November 2016; accepted 13 January 2017;
published online 2 March 2017
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sub-keV DM

• Very light DM is bosonic
• Heavier than
• More appropriately thought of as semiclassical wave, large n
• Or, absorption of DM, linear coupling to matter

10�22 eV

DRAFT
DM mass:

10-22 eV

Couplings 
E&M 
QCD 
Spin 
Scalar

10�8 Hz

ADMX
HAYSTAC

LC Circuit
DM Radio
ABRACADABRA

CASPEr-ElectricEot-Wash (spin)

Atom Interferometry (spin)

1012 Hz108 Hz104 Hz10�4 Hz 1 Hz

10�18 eV 10�14 eV 10�10 eV 10�6 eV 10�2 eV

CASPEr-WindEot-Wash (scalar)

Atom Interferometry (scalar)

E&M
NMRatom interferometry

torsion balances

IAXO ARIADNE

NMRx-ray

Technique:

Experiment:

FIG. 15: Mass range for ultralight dark matter. Very rough optimal frequency ranges are shown for
each experimental technique discussed in WG2. Names of particular experiments and proposals
discussed in this section are shown below their corresponding technique. The names are color-
coded by the DM coupling being searched for. This is only meant as a cartoon – for details of each
experiment’s sensitivity see the relevant discussion below.

Section Editors: Aaron Chou, Peter Graham1513

V. DETECTION OF ULTRA-LIGHT (SUB-MILLI-EV) DARK MATTER1514

The axion and hidden photon are well-motivated dark matter candidates with models1515

providing both viable production mechanisms and testable phenomenology. To date, only a1516

tiny fraction of the parameter space for such ultralight dark matter (as discussed in Section1517

III C) has been probed by existing experiments. Excitingly, thanks to significant growth in1518

interest in this area recently, there are now experiments or proposals which cover the entire1519

viable mass range down to 10�22 eV. These experiments are highly complementary in their1520

mass reach as well as coupling type; together they search for all four di↵erent possible types1521

of couplings the dark matter can have (discussed in Section III C). Figure 15 is a rough1522

cartoon of the complementary nature of these experiments, both in mass and coupling. In1523

particular, it now seems likely that a combination of these experiments can reach sensitivity1524

to the QCD axion over a broad range of axion masses.1525

Searches for dark matter in this mass range use techniques which are very di↵erent than1526

those used in traditional particle physics experiments. In this range the dark matter can1527

more usefully be thought of as a field (or wave) oscillating at a frequency equal to its1528

mass. Unlike a traditional particle detector (e.g. WIMP detection experiments) which looks1529

for the energy deposited by a single hard collision, detectors searching for such light dark1530

matter must look for the collective e↵ect of all the dark matter particles in the wave. This is1531

analogous to gravitational wave detectors which search not for individual graviton scattering1532

60
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0 ! `+`�. Left:
Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in m

A

0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 23] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [24]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

B
µ⌫

, H†H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [30, 40], PandaX II [31], PICO-60 [29], and
CRESST II [33]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [34],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Appendix: SIGNAL MODEL DETECTOR
RESPONSE TABLE

In this appendix we describe digital tables which can
be used to construct an accurate signal model for this
analysis given any input recoil spectrum dR/dE arising
from a theoretical model. A visualization of the tables is
shown in Fig. 9, and in section 1 we show a simple exam-
ple Python code of how to use the supplied tables. Cur-
rently we provide these tables only for the high-energy
analysis region.

The signal model for the high-energy analysis region
can be expressed analytically in the form:

dR

dcS1
=

Z
dR

dE
· ✏

S1

(cS1) · ✏
S2

0(E) · p
S1

(cS1|E) dE

(A.1)

=

Z
dR

dE
G(cS1, E) dE (A.2)

where ✏
S1

(cS1) and ✏
S2

0(E) represent analysis cut e�-
ciencies, p

S1

(cS1|E) encodes detector e↵ects, and dR/dE
gives the theoretically predicted nuclear recoil rate from
WIMP scattering. In the second line we emphasis that
all the detector and analysis e↵ects can be encoded in a
single function G(cS1, E). To make a signal prediction
for the bins in our analysis, this expression needs to be
integrated over the appropriate range of cS1 for each bin
(and divided by two to account for the banding structure
in cS2

b

):

R
bini =

1

2

Z
upperi

loweri

dR

dcS1
dcS1 (A.3)

With some simple rearrangement this rate can be written
in terms of an integral over the detector response function
G as follows

R
bini =

1

2

Z
dR

dE

Z
upperi

loweri

G(cS1, E) dcS1 dE (A.4)

=

Z
dR

dE
G0

i(E)dE (A.5)

where in the last line we absorb the factor of 1/2 into
the definition of G0

i. We see here that the signal rate for
each bin can be expressed as an integral over the recoil
spectrum times a detector response function G0

i for that
bin. It is these detector response functions which are
shown in Fig. 9, and which we provide digitally for use
by the community. A low-resolution example is given in
Table II. With these tables it is simple to produce a signal
model for our analysis for any theoretical recoil spectrum.
The functions G0

i are provided for three values of the nui-
sance variable L

e↵

, namely the median value and values
at ±1� in L

e↵

. From these, along with the measured
background rates given in table I, one may construct a
likelihood which accounts for uncertainties in L

e↵

, Alter-
natively simply using the �1� value produces quite an
accurate prediction and is generally conservative.
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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]
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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%),
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Gluino to Neutralino + q:                           [arXiv:1606.00947]
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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, t¯t 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
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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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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 S

exc

' 25 and S
exc

' 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 (e

s.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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Wino DM. (disappearing tracks:)

 [arXiv:1407.7058]

��� ���� �� ��-�

��� ���� � ��-�

�� ���� � ��-�

0 1000 2000 3000 4000 5000 6000

0

1

2

3

4

5

6

Mχ [GeV]

Si
gn
ifi
ca
nc
e

Disappearing Tracks

20% bkg

100% bkg

500% bkg

Fig. 46: Reach of disappearing tracks (left) and monojet (right) searches [348].

�
0

plus very soft pions, which are not reconstructed at the LHC, with a decay length at rest of ⇠ 6 cm.
Since current detectors do not reconstruct tracks shorter than O(30) cm, the bulk of the produced �±

contributes to missing transverse energy in the same way of �
0

. Still, a fraction of the �± can travel far
enough to leave a track in the detector, and then decay to �

0

plus soft pions within it, thus yielding a
disappearing track signal that has no background within the SM [362].

The current best probe of this model at colliders is indeed given by the ATLAS [346] and CMS
[347] searches for disappearing tracks, which obtained the bound

M� > (260 � 270) GeV. (39)

In ref. [348], the reach of the ATLAS search for disappearing tracks is extrapolated to the HL-
LHC, as well as to the 100 TeV proton collider, for both 3 and 30 ab�1 of integrated luminosity (see
also ref. [80]). The result of this procedure is shown in the left-hand plot of fig. 46. The background to
this search comes from detector effects, and the red bands in the reach, for any given future benchmark,
correspond to a conservative quantification of the uncertainty coming from our extrapolation. In the right-
hand plot we show, for comparison, the expected reach in the “standard” monojet channel. Here the blue
bands represent how the reach is expected to change according to the control that will be achieved over
the systematics. The reach of other channels like vector boson fusion [86,348] and monophoton [348] is
somehow weaker, but it will provide a useful complementarity. Both for disappearing tracks and for the
monojet searches we find a very good agreement with the results of ref. [80], and we refer the reader to
ref. [348] for more details.

While the region interesting for thermal WIMP DM is out of reach at any conceived future LHC
stage, the 100 TeV collider has largely the potential to probe it, and say a final word over the existence
of a pure-Wino (independently of DM). The only channel with the potential to discover thermal DM
Winos is that of disappearing tracks, and it would benefit, at any future collider, from the capability of
reconstructing tracks below the current length of O(30) cm.

Relation with future lepton colliders. Given that � is a full EW multiplet, its contributions to
EWPT are very suppressed, at the level of W, Y ⇠ 10

�7 [335]: this sensitivity target is not touched by
LEP2 [363], and looks out of reach at any proposed future lepton collider (see ref. [364] for the expected
reaches of high energy positron collider and CPEC).
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100 TeV can probe WIMP DM unaccessible to 
current and future Direct Detection

Fig. 60: Mass limits for scalar mediator models (top left panel), pseudo-scalar models (top right panel), vector
models (bottom left panel), and axial models (bottom right panels) at 100 TeV colliders. The neutrino wall af-
fecting the direct detection experiments is green for all plots expluding the pseudo-scalar mediator, where the
projected indirect detection limit using FERMI-LAT and HESS projections data [308] is shown. The relic density
is additionally computed all allowed mediator and DM masses are contained within the relic density lines.

and compare the resulting constraints to the parameter space compatible with WIMP freeze-out. For
concreteness, we consider the case of a spin-1 mediator, which could e.g. be the massive gauge boson
of an additional broken U(1)

0 gauge symmetry. As discussed in [470], it is important that the couplings
of the mediator are chosen in a way that preserves gauge invariance and that perturbative unitarity is not
violated in the parameter regions under consideration. Following [470], we therefore assume that the
WIMP is a Majorana fermion and that the mediator has only vectorial couplings to SM quarks:

L � �gq
X

q

Z 0µ q̄�µq � gDM

2

Z 0µ �̄�µ�5� . (59)

This choice suppresses constraints from electroweak precision observables, searches for dilepton res-
onances and DM direct detection experiments, which would otherwise rule out most of the parameter
space compatible with thermal freeze-out. In other words, we focus on a typical case that the 100 TeV
collider will have to tackle if no DM detection arises in the next decade.
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Crossing neutrino wall:

 [arXiv:1606.00947]
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Fig. 64: Summary of dark photon constraints and prospects (see [483] for references). High-energy colliders
(LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with m

ZD & 10 GeV, while precision QED
observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments probe lower
masses. Dark photons can be detected at high-energy colliders in a significant part of open parameter space in the
exotic decay of the 125 GeV Higgs boson, h ! ZZ

D

! 4`, (blue curves) in Drell-Yan events, pp ! Z
D

!
``, (red curves) and through improved measurements of electroweak precision observables (green/purple dashed
curves). Note that all constraints and prospects assume that the dark photon decays directly to SM particles,
except for the precision measurements of the electron/muon anomalous magnetic moment and the electroweak
observables. Figure taken from [483]. Drell-Yan projections are rescaled from the LHC results of [523, 524], and
we anticipate some further improvement at high masses may be possible.

This is separately motivated in theories of Neutral Naturalness [532, 533] and more generally in Hidden
Valleys [534–537], of which the dark photon scenario is a particular example.

Fig. 66 illustrates the sensitivity to kinetic mixing achievable if dark photon decays within a 1
or 10m detector volume could be reconstructed at the LHC or a 100 TeV collider (assuming prompt
lepton efficiencies and expected signal-to-background). Different contours indicate different assumptions
made for the exotic Higgs decay branching ratio Br(h ! ZDZD), which can be relatively large even if
kinetic mixing is tiny. The enormous rate of Higgs production at a 100 TeV collider compensates for the
overwhelming fraction of dark photons that escape the detector for very small kinetic mixing, allowing
✏ as small as ⇠ 10

�10 to be probed. This opens a window onto a broad swath of otherwise inaccessible
parameter space, and relies on having available a production mechanism for dark sector states that is
separate to the coupling which controls their decay to SM particles. Searches with sensitivity to the
displaced dilepton final state are already underway at the LHC [538, 539].
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Huge “low-mass” rate allows to produce Dark Sec. part. …

Dark photon:

[arXiv:1412.0018]

Intensity/Accuracy Frontier @ 100 TeV



Energy and Accuracy Frontier @ 100 TeV

Enhanced indirect NP effects in high mass tails

No need of extreme accuracy for indirect NP probe
EWPT @ hadron colliders: (W and Y oblique par.s)          [arXiv:1609.08157]
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linear	e+e-	accelerator	parameters	

Parameter	 250	GeV	
(next	stage)	

500	GeV	 380	GeV	 1.5	TeV	 3	TeV	

Luminosity	L	(1034cm-2sec-1)	 1.5	 1.8	 1.5	 3.7	 5.9	

L	above	99%	of	√s	(1034cm-2sec-1)	 1.3	 1.0	 0.9	 1.4	 2.0	

Accelerator	gradient	(MV/m)	 31.5	 31.5	 72	 72/100	 72/100	

Site	length	(km)	 ~17	 31	 11.4	 29	 50	

Repe;;on	frequency	(Hz)	 10	 5	 50	 50	 50	

Bunch	separa;on	(ns)	 554	 554	 0.5	 0.5	 0.5	

Number	of	bunches	per	train	 1312	 1312	 352	 312	 312	

Beam	size	at	IP	σx/σy	(nm)	 729/7.7	 474/5.9	 150/2.9	 ~60/1.5	 ~40/1	

Beam	size	at	IP	σz	(μm)	 300	 300	 70	 44	 44	

Lucie	Linssen,	June	28th,	2016	 10	

ILC	 CLIC	



circular	e+e-	collider	parameters	

Lucie	Linssen,	June	28th,	2016	 11	

parameter	 Z	 W	 H	(ZH)	 `bar	

√s	[GeV]	 91	 160	 240	 350	

Beam	current	[mA]	 1400	 147	 29	 6.4	

Number	of	bunches	 71000	 7500	 740	 62	

Bunch	intensity		[1011]	 0.4	 0.4	 0.8	 2.1	

Bunch	spacing		[ns]	 2.5	/	5.0	 40	 400	 5000	

SR	energy	loss	/	turn	[GeV]	 0.036	 0.34	 1.71	 7.72	

Total	RF	voltage	[GV]	 0.25	 0.8	 3.0	 9.5	

Long.	damping	;me	[turns]	 1280	 235	 	70	 23	

Bunch	length	with	SR	&	BS	[mm]	 4.1	 2.3	 2.2	 2.9	

Luminosity	/	IP	[1034	cm-2s-1]	 130	 16	 5	 1.4	

FCC-ee	parameters:	

Note	on	CEPC:	

•  	pre-CDR	2015,	54	km	ring	
•  CDR	expected	in	2017,	100	km	ring	è parameters	@	H	(HZ),	W,	Z	under	study	(see	next	slide)	
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parameter	 FCC-hh	 HE-LHC	 HL-LHC	 LHC	

√s	[TeV]	 100	 27	 14	 14	

Dipole	field	[T]	 16	 16	 8.33	 8.33	

Circumference	[km]	 97.75	 26.7	 26.7	 26.7	

Beam	current	[A]	 0.5	 1.12	 1.12	 0.58	

Bunch	intensity		[1011]	 1	 1	(0.2)	 2.2	(0.44)	 2.2		 1.15	

Bunch	spacing		[ns]	 25	 25	(5)	 25	(5)	 25	 25	

Synchr.	rad.	power	/	ring	[kW]	 2400	 101	 7.3	 3.6	

SR	power	/	length	[W/m/ap.]	 28.4	 4.6	 0.33	 0.17	

Long.	emit.	damping	;me	[h]	 0.54	 1.8	 	12.9	 12.9	

Peak	luminosity	[1034	cm-2s-1]	 5	 30	 25	 5	 1	

events/bunch	crossing	 170	 ~1000	(200)	 ~800	(160)	 135	 27	

New	tunnel	 LHC	tunnel	
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«  impact	parameter	resoluBon:	

							e.g.	c/b-tagging,	Higgs	BR																						

�E

E
⇠ 3.5 � 5 %

�r� = 5 � 15/(p[GeV] sin
3
2 ✓) µm

�pT /p
2
T ⇠ 2 ⇥ 10�5 GeV�1

«  momentum	resoluBon:		

	e.g,	ZH	with	Zèμμ,	Smuon	endpoint		

W-Z	
jet	reco	

smuon	
end	point	

(for	high-E	jets,	
light	quarks)	

+	requirements	from	CLIC	experimental	condi;ons	
Lucie	Linssen,	June	28th,	2016	

«  jet	energy	resoluBon:		
							e.g.	W/Z/H	di-jet	mass	separa;on,	ZH	with	Zèqq																	

H	=>	cc	
@	3	TeV	

-	

for	high	pT	tracks	

«  angular	coverage,	very	forward	electron/photon	tagging		



calorimetry	and	PFA	
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Jet	energy	resoluBon	+	background	suppression	for	op;mal	detector	design	
	

=>	=>	fine-grained	calorimetry	+	ParBcle	Flow	Analysis	(PFA)		

Typical	jet	composi;on:	
	60%	charged	par;cles		
	30%	photons	
	10%	neutral	hadrons	

Always	use	the	best	info	you	have:	
	60%	=>	tracker	
	30%	=>	ECAL	
	10%	=>	HCAL	

ê	

What	is	PFA?	

Hardware	+	so{ware	!	
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same	event	before	cuts	on	
beam-induced	background	

e+e-	è	}H	è	WbWbH	è	qqb	τνb	bb	-	-	-	 -	 -	

CLIC	1.4	TeV	

Highly	granular	calorimetry	+	precise	hit	;ming	
ê	

Very	effec;ve	in	suppressing	backgrounds	
for	fully	reconstructed	par;cles	

ê	
General	trend	for	e+e-	and	pp	op;ons	

(e.g.	CMS	endcap	calorimetry	for	HL-LHC)	



HE-LHC	
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Use	the	FCC-hh	magnet	technology	for	a	proton-proton	collider	in	the	LHC	tunnel	

	
•  √s=27	TeV	(=14	TeV	*	16	T		/	8.33	T)	
•  Luminosity	4	Bmes	higher	than	HL-LHC	(1/E2)	
•  Constraint	on	external	diameter	of	magnet	cryostat,	1.2	m,	for	LHC	tunnel	compa;bility	

Key	ingredients:	
•  FCC-hh	magnet	technology	
•  FCC-hh	vacuum	system	
•  HL-LHC	crab	waist	scheme	
•  HL-LHC	electron	lens	
•  HL-LHC/LIU	beam	parameters	(25	ns	bunch	

structure,	5	ns	op;on)	

magnet	transport	
installed	magnet	
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2.7	

3.0	

2.5	

Compared	to	ATLAS	/	CMS,	the	forward	calorimeters	are	moved	far	out	in	order	to	reduce	
radia;on	load	and	increase	granularity.	
à	A	large	shielding	(brown)	needed	to	stop	neutrons	from	escaping	to	cavern	and	muon	syst.	

ATLAS	

CMS	

FCC-hh	

(cavern	length	of	70	m	required)	


