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Higgs&discovery&at&LHC:&breakthrough&in&our&understanding&of&SM&&

&

Higgs&discovery&is&part&of&the&LHC&„noGlose“&theorem:&

•  if&no&Higgs&G>&breakdown&of&SM&in&V
L
V
L
&!&V

L
V
L&

•  LHC&sensi3ve&to&either&(although&at&different&3me&scales&and&precision)&

In&spite&of&many&fundamental&open&ques3ons&and&puzzles:&

there&is&no&nextGnoGlose&theorem&(NNLT)&(to&my&knowledge...)&

&

&

&

&

&

&

This&„experimental&explora3on“&has&started&with&LHC&run1/2&

and&we&should&be&prepared&for&breakGthrough&discoveries&&

every&day....&&&&&&&&&&(!Pippa&Wells)&

Christophe Grojean Higgs Physics - Theory Valencia, July 7, 2o144

My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

The HEP landscape after LHC8TeV

Nicely summarized by M. Mangano @Aspen’14:

The Higgs discovery sets a large part of the agenda for 
the theoretical and experimental HEP programs 

over the next couple of decades.
Unless a new major discovery soon (supersymmetry, DM...)!

M.&Mangano&(2014)&
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Since&we&have&LHC&and&will&have&HLGLHC&(most&likely),&&

&

shoudn´t&we&rather&wait&and&see&?&

&

Almost&any&signficant&devia3on&from&the&SM&(„discovery“)&at&LHC&

would&allow&us&much&beder&to&evaluate&where&to&go.&

&

Examples:&

&&
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14/09/2015, TOP2015 Jeremy Andrea, IPHC 14

Some events displays for 
“energetic” events

● Event displays for :

– Single muon (0.53 TeV) and 
MET (0.62TeV), MT=1.1 TeV

– e+e- of mll=2.9 TeV (1.3,1.3 TeV)

DP-2015-039

DP-2015-014

[CMS,&TOP2015&(J.&Andrea)]&

10&more&of&these&un3l&

christmas&2015&

will&likely&make&a&strong&

case&for&

e
+
e
G
&collisions&at&2.9&TeV&
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SUSY Excesses (2) 
•  2 leptons (on/off-Z)+jets+MET 
•  Neither excess confirmed by other experiment 

45'

1503.03290 1502.06031

Z mass excess: 3.0σ for ee, 1.7σ for µµ Edge excess: 2.6σ 

Tobias'Golling'

SUSY Excesses (2) 
•  2 leptons (on/off-Z)+jets+MET 
•  Neither excess confirmed by other experiment 

45'

1503.03290 1502.06031

Z mass excess: 3.0σ for ee, 1.7σ for µµ Edge excess: 2.6σ 

Tobias'Golling'

Watch&out&–&so&far&&neither&excess&confirmed&by&the&other&experiment&

SUSY Excesses (2) 
•  2 leptons (on/off-Z)+jets+MET 
•  Neither excess confirmed by other experiment 

45'

1503.03290 1502.06031

Z mass excess: 3.0σ for ee, 1.7σ for µµ Edge excess: 2.6σ 

Tobias'Golling'

DiGLeptons&with&jets+MET&

ATLAS:&onGshell&Z&&&&&CMS:&offGshell&Z&&&&
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W’→WZ→JJ 

21'

ATLAS (1506.00962)  

ATLAS excess: 
3.4σ local 
2.5σ global 

CMS (1405.1994) 
CMS: 1.4σ “excess” at �1.9 TeV  
 

Tobias'Golling'

and&what´s&this?&

Di&G&„Fat&Jets“&
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With Pink Glasses 

17'

JHEP 08 (2014) 174 
WR and Heavy Neutrinos

SS leptons + b-jets 

1407.3683 

VV 

WH 

VV 

H→µτ 1504.04605 arxiv:1502.07400 

arXiv:1506.00962 

CMS: PAS EXO14010 

and&what´s&this?&

(and&threre&a&few&more...)&

While&it&is&true&that&5x2σ&is&much&less&than&2x5σ&(Dobrescu),&&

we&do&have&all&reasons&to&be&excited&and&op3mis3c!!!&

...&and&to&prepare&the&next&big&machine(s)&
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ILC&

CLIC&

CepS+&

SppC&

FCC&ee/hh&

μC&
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p p e+ e- 

discovery&through&

precision&

&

study&known&par3cles&

discovery&through&

&

broadband&+&highest&energies&

too&simple&

also:&

discover&new&par3cles&&

not&visible&in&hadron&collider&

environment&

also:&

impressive&performance&of&&

modern&detectors&allows&for&

remarkable&precision&also&in&pp&

(however&limita3ons&remain)&
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For&e
+
e
G
&collisions&(90G1000&GeV)&there&is&a&very&strong&physics&case&

already&now&(i.e.&without&wai3ng&for&new&LHC&results):&

&

•  Precision&Higgs&physics&beyond&LHC&precision&and&quality&

•  Precision&Top&physics&&

•  Precision&EW&measurements&

•  Complementary&searches&(where&LHC&is&less/not&sensi3ve)&

!  This&programme&jus3fies&3mely&implementa3on&

!  ILC&
&&&&&&&
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polarized&beams!&

(80%/30%)&

!ILC!Layout!

Damping!Rings! Polarised!electron!
source!

E+!source!

Ring!to!Main!Linac!(RTML)!
(including!!
!bunch!compressors)!

e@!Main!Linac!

e+!Main!Linac!

Parameters � Value �

C.M.!!Energy� 500!GeV �

Peak!luminosity� 1.8!x1034!cm@2s@1�

Beam!Rep.!rate� 5!Hz �

Pulse!duraPon � 0.73!ms �

Average!current!� !5.8!mA!(in!pulse) �

E!gradient!in!SCRF!
acc.!cavity�

31.5!MV/m!+/@20%!
Q0!=!1E10�

[A.Seryi]&

P=80%&

P=30G60%&

Power:&~163&MW&
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ILC Operating Scenario
ILC Parameters Joint Working Group, arXiv:1506.07830v1 [hep-ex]

‰ studied impact of running scenarios on

physics output

optimise

‰ Higgs precision measurements

‰ top physics

‰ new physics searches

‰ studied for running time of 20 years

! then possible 1TeV upgrade

‰ energy stages between (250 - 500) GeV

preferred scenario full program

2000 fb-1 at 250GeV

200 fb-1 at 350GeV

4000 fb-1 at 500GeV

actual running scenario will depend on
physics results of LHC and early ILC

Stage ILC500 ILC500 LumiUP

p
s [GeV] 500 350 250 500 350 250

L [fb-1] 500 200 500 3500 - 1500

time [a] 3.7 1.3 3.1 7.5 - 3.1

Integrated Luminosities  [fb]

years
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[ILC&Parameters&Joint&WG&arXiv:1506.07830]&

possible&20&year&running&scenario&
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•  technically&ready&to&be&built&

&

•  site&chosen&(Kitakami,&northern&Japan)&

&

•  interest&from&Japanese&government&to&host&&

&&&&&&ILC&as&interna3onal&project&

&

•  internal&expert&review&at&MEXT&(Japanese&science&ministry)&&

&&&&Physics&–&Cost&–&Interna3onal&Sharing&&

&&&&Final&report:&spring&2016&

&&&&&&&&&&&Behind&the&scenes:&a&lot...&&

&

Any&reason&to&be&op3mis3c:&

•  Japan&very&interested&in&large&interna3onal&lab&&

(poli3cal&top&theme&–&far&beyond&physics)&

•  Strong&statements&in&regional&strategies&(EU,&US,&Asia,&ICFA)&

•  Strong&physics&case&–&even&if&no&addi3onal&LHC&discovery&in&near&future&
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(HL)LHC& ILC&

Mass&

Spin&

CP&

boson&couplings&

fermion&couplings&

new&decays&

self&coupling&

legend:& sufficiently&precise&for&N.P.&sensi3vity/unambigous&

not&precise&enough&for&N.P.&sensi3vity/modelGdependent&

challenging&
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Higgs&in&e+e:&

•  a&

17&

Integrated&luminosity&and&numbers&of&events&
expected&for&ini,al&5&years&running&at&&
each&value&of&Ecm&

Many&studies&performed&using&
full&Geant:based&MC&
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Higgs&in&e+e:&

•  a&

17&

Integrated&luminosity&and&numbers&of&events&
expected&for&ini,al&5&years&running&at&&
each&value&of&Ecm&

Many&studies&performed&using&
full&Geant:based&MC&

Mass&

g
Z&
(m.i.)

&

BR´s&

(LHC)Ginvisible&

Γ
tot
&

g
t
&

g
HHH

&

g
HHH

&

•  Many&processes&at&different&√s&needed&&&accessible&
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study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.

 [GeV]s
0 1000 2000 3000

 H
X)

 [fb
]

→ - e+ (eσ
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1
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH

10

Figure 2: The recoil mass distribution for e+e� � ZH � µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

�
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.

�
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
�

s = 250 GeVand
�

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at � 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
�

s � 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 �W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(�) = µ2�†� + �(�†�)2 .

5

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

ILC&

CLIC&

CEPC&

FCCGee&
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LHC:&no&known&(to&me)&method&to&extract&absolute&Higgs&BRs&

&

LC:&Recoil&mass&technique&in&e
+
e
G!HZ&allows&us&to&measure&σ

HZ&
indep.&of&HGdecay&
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s = 250 GeVand
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s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
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production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
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for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
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The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

K
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Higgsstrahlung WW-Fusion

~1/sVv ~ ln sVv

  mH
2 = (p − p

initial
)2

Once&σ
HZ
&is&known,&any&signal&strength&measurement&can&be&turned&into&&

absolute&BR´s&measurement:&BR
X
&=&(σ&x&BR

X
)
meas

&/&σ(tot)
meas&

&

unique&to&lepton&colliders&(needs&(E,p)&constraint&from&ini3al&state)&
[Li,&Poeschl]&

Z

H

++

+<

e+

e<

Z X

M2
X =

�
pCM � (pµ+ + pµ�)

�2

ILC 250 GeV

7
S.Watanuki @ LCWS13, H.Li, et. al, arXiv:1202.1439

250 fb�1@250GeV

�mH = 30MeV
(Z—>e+e- combined, scaled from mH=120 GeV)

��ZH/�ZH = 2.6%
key ---> Model-independent measurement of σZH, 

hence HZZ coupling

Y1 = �ZH / g2HZZ

well defined initial states$
recoil mass technique $
tagged Higgs without looking into H decay$
precision mass measurement$
absolute cross section of e+e- —> ZH

HZZ coupling 
The flagship measurement of ILC250
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typically&&

factor&5G10&

improvement&

w.r.t.&HLGLHC&

[LCC&Physics&Group&

&arxiv:1506.05992]&
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Projected Higgs coupling precision (7-parameter fit)

 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
 (CMS-2, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC

-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC
-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ⊕ ILC

%
%
%
%
%
%
%
%
%
%
%

Zκ Wκ bκ gκ γκ µ ,τκ t c,κ

Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, 

A

is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for 

�

show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.
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this&cannot&be&done&

at&LHC&

&

At&ILC:&

only&possible&due&to&

a)  recoil&method&g
HZ&

and&

b)&total&width&

&&&&measurement&&&&
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10
-1 250 GeV,   500 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV,   500 fbILC

-1 250 GeV, 2000 fb⊕ -1 350 GeV, 200 fb⊕ -1 500 GeV, 4000 fbILC

 combination-1 3000 fbHL-LHC ⊕ ILC

Projected precision of Higgs coupling and width (model-independent fit)

%
%
%
%
%
%
%
%
%
%
%

Zκ Wκ bκ gκ γκ τκ cκ tκ µκ totΓ invisΓ (CL95%)

18
%

20
%

Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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Impact&of&BSM&on&Higgs&Sector�

�	
�

Supersymmetry 
(MSSM) 

Composite Higgs 
(MCHM5) 

DESY&G&02/10/2015& K.&Desch&G&Future&Colliders&

[LCC&Physics&Group]&
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

ILC&(or&beder)&precision&required&to&discriminate&models&



Invisible&Higgs&
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The&recoil&mass&technique&also&allows&for&unbiased&observa3on&

of&any&nonGSM&decay,&e.g.&H!invisible:&

&

&

&

&

&

&

&

&

&

&

&

&

&

Exclusion&for&BR(H!inv.)&<&0.69%&(95%CL)&

&

also&(qualita3vely)&applies&to&„LHCGinvisible“&decays,&e.g.&H!gg,&H!qq&etc.&

&

χ&

χ&

8

A. Ishikawa @ Snowmass Energy Frontier Workshop, Seattle, June 30 - July 3, 2013

Invisible Higgs decay

e+ + e� ! ZH ! l+l�/qq̄ +Missing

Z—>ll or qq, initial state known$

recoil mass technique $

model independent$

Br(H—>Inv.) < 0.95% @ 95% C.L.
(ILC250 Baseline)

Akimasa%Ishikawa% Invisible$Higgs$decays$at$the$ILC$
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two&choices:&

&

e
+
e
G
&!&ZHH&&

(maximum&of&σ&around&√s&≈&600&GeV)&

&!&ILC500&(~75&events&in&500&Ç
G1
)&

&

e
+
e
G
&!&HHνν&&

(log.&rise&of&σ,&need&at&least&1&TeV)&&

challenges:&

G  huge&number&of&different&final&states&

G  „dilu3on“&due&to&interference&with&&

&nonGHHH&diagrams&(not&sensi3ve&to&λ
HHH

)&

(can&be&mi3gated&by&phase&space&&

&weigh3ng)&

analysis&ongoing&

[Dürig,&EPS&2015]&

Higgs Self-Coupling Measurement at the ILC

‰ precise measurement of SM Higgs potential via Higgs self-coupling

V(⌘H) =
1

2
m2

H⌘
2
H + �v⌘3

H +
1

4
�⌘

4
H

‰ existence of HHH coupling ! direct evidence of vacuum condensation

‰ one must observe double Higgs production

‰ very challenging measurement

! small production cross section, i.e. �(ZHH) ⇡ 0.2fb at 500GeV

! many jets in final state

! interference terms due to irreducible diagrams
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P(e+,e-)=(0.3,-0.8):

P(e+,e-)=(0.6,-0.8):

Claude Fabienne Dürig | Higgs program at the ILC | EPS-HEP Vienna, July 22-29 2015 | 10/13

Higgs Self-Coupling Measurement at the ILC
ILC Parameters Joint Working Group, arXiv:1506.07830v1 [hep-ex]

Existing full simulation analyses
for mH = 125 GeV

@ 500 GeV

‰ ZHH!Z(bb)(bb)

‰ ZHH!Z(bb)(WW)

@ 1 TeV

‰ ⌫⌫HH !⌫⌫(bb)(bb)

‰ ⌫⌫HH !⌫⌫(bb)(WW)

studies are ongoing
potential improvement in analyses

‰ kinematic fitting

‰ jet-clustering

‰ matrix element method

‰ etc...

relative improvement of 20% expected
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before luminosity upgrade precision of

77 % on Higgs self-coupling

after full ILC program precision of

27% can be achieved

possible energy upgrade to 1 TeV could

improve precision to 10% or better
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(HL)LHC& ILC&

Mass&

Width&

EW&(neutral)&couplings&

FCNC&

d&resonances&

rare&decays&

legend:& sufficiently&precise&for&N.P.&sensi3vity/unambiguous&

not&precise&enough&for&N.P.&sensi3vity/modelGdependent&

challenging&
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Top&Quark&mass&from&cross&sec3on&at&d&produc3on&threshold&

&

•  theore3cally&wellGdefined,&recent&progress&NNNLO,&y
t
&dependence&&

•  –&precision&50&MeV&on&m
t&from

&threshold&scan&
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ILC

Figure 7: Top quark pair production threshold, including the luminosity spectrum of the
ILC, and simulated data points, corresponding in total to one year at design luminosity,
from Ref. [33].

The real part of the pole corresponding to the 1S bound state is a precisely de-
fined quantity that can be extracted from the threshold measurements. This mass
parameter can be determined to about 50 MeV in the ILC program. The accuracy
of this measurement is limited by the precision of the theoretical prediction of the
threshold shape, now known at N3LO [31,32]. For the 200 fb�1 data set expected
near 350 GeV [7], the expected statistical errors in a 3-parameter fit to the threshold
shape are 17 MeV for m

t

, 26 MeV for �
t

, and 4.2% for the top quark Yukawa cou-
pling [33,34]. Uncertainties from knowledge of the ILC beam parameters are expected
to be still smaller.

The 1S top quark mass is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 10MeV [35]. The
error in converting an on-shell top quark mass to the MS mass is more than an order
of magnitude greater. Further, the mass usually quoted from Tevatron and LHC
data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the High-Luminosity
LHC, it is estimated that the MS top quark mass can be extracted to an accuracy of

15

lots&of&theory&progress!&

[Hoang&et&al&2014]&

[Bach&et&al&2014]&

[Beneke&et&al&2015]&

[Marquard&et&al&2015]&
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Summary

Top electroweak couplings!Top mass at threshold!

Statistical uncertainty of top mass 
around 30 MeV !
(CLIC ~ 20% larger than ILC due to 
different luminosity spectrum). 
!
!
!
Total uncertainty below 100 MeV in 
reach, expected to be dominated by 
theory systematics. 

Lo
g 

sc
al

e

[Pöschl&et&al]&

+10%

+20%

+20% +30%+10%-10%-20%

-10%

-20%

ILC Precision

LHC Precision

ΔgL/gL

ΔgR/gR

SM

Figure 9: The heavy dots display the shifts in the left- and right-handed top quark cou-
plings to the Z boson predicted in a variety of models with composite Higgs bosons, from
Ref. [41]. The ellipses show the 68% confidence regions for these couplings expected from
the LHC [36,43] and the ILC [42].

violating interactions of the top quark [44,45], which provide the driving force in one
class of models of the cosmic matter-antimatter asymmetry.

4 New Particles

In addition to searches for new particles and forces through the precision study
of the Higgs boson and the top quark, the ILC will carry out direct searches for new
particles outside the Standard Model. The LHC has already carried out a broad
program of searches for new particles, setting upper limits on masses higher than
1 TeV in the best cases. Still, it is possible that new particles are being produced
at the LHC and yet are not visible to the experiments there. Such particles do not
appear only in artificial examples but even in some of the best-motivated scenarios
for new physics. We will review some specific models of this type below. At the ILC,
we can use the advantages of e+e� collisions to discover or definitively exclude these
particles.

A new capability that the ILC will make available is the ability to polarize the
colliding electron and positron beams. We have already discussed the use of beam po-
larization in studies of the Higgs boson and the top quark. For studies of an unknown

18

[Richard&et&al]&
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Top quark electroweak couplings at the ILC

!

• The process e+e- → tt involves only ttZ0 and tt� primary vertices !

• A way to describe the current at the ttX vertex: 

• See details in:

/�

where: 
V = Vector coupling 
A = Axial coupling 
X = Z,�

arxiv.org/abs/hep-ph/0601112

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z

0,

Generally speaking, an e

+
e

� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e

+
e

� ! tt goes directly through the ttZ

0 and tt�

vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX
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(1)
with k

2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �

µ

with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads
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Eqs. 1 and 2 are related via
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Within the Standard Model the F

i

have the following values:
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w

and c

w

being the sine and the cosine of the Weinberg angle ✓
W

. The coupling
F

�

2V is related via F

�

2V = Q

t

(g�2)/2 to the anomalous magnetic moment (g�2) with
Q

t

being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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Non CP violating top quark couplings

Top&quark&neutral&EW&couplings&in&effec3ve&operator&approach&
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Top quark electroweak couplings at the ILC

!

• The process e+e- → tt involves only ttZ0 and tt� primary vertices !

• A way to describe the current at the ttX vertex: 

• See details in:

/�

where: 
V = Vector coupling 
A = Axial coupling 
X = Z,�

arxiv.org/abs/hep-ph/0601112

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z

0,

Generally speaking, an e

+
e

� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e

+
e

� ! tt goes directly through the ttZ

0 and tt�

vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses
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of the t and t quark. Further �
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with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory
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Within the Standard Model the F

i

have the following values:
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◆
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1A =
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4s
w

c

w

, (4)

with s

w

and c

w

being the sine and the cosine of the Weinberg angle ✓
W

. The coupling
F

�

2V is related via F

�

2V = Q

t

(g�2)/2 to the anomalous magnetic moment (g�2) with
Q

t

being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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(HL)LHC& ILC&

X& &&&&&&&&&&&&&&&&&&&?& &&&&&&&&&&&&&&&&&&?&

Y& &&&&&&&&&&&&&&&&&&&?& &&&&&&&&&&&&&&&&&&?&

Z& &&&&&&&&&&&&&&&&&&&?& &&&&&&&&&&&&&&&&&&?&

...& &&&&&&&&&&&&&&&&&&&?& &&&&&&&&&&&&&&&&&&?&

legend:& discovery&

3σ&effect&

no&discovery&

there&is&ample&complementarity&

between&LHC&and&ILC&in&discovery&reach&

&

we&simply&don´t&know&which&NP&&

Nature&has&chosen&
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Figure 11: Impact of electroweak searches (as listed in Table 1) (a) on the �̃0
2–�̃0

1 plane and (b) on the �̃±1 –�̃0
1 plane.

The 95% CL observed exclusion limit from Ref. [53] is for a simplified model that assumes pure-wino �̃±1 + �̃
0
2

production, followed by the decays �̃±1 �̃
0
2 ! W⇤�̃0

1Z⇤�̃0
1. The colour scale is as described in Figure 3.

mixing, leading to a larger �m�, and a shorter �̃±1 lifetime, hence the Disappearing Track analysis loses
sensitivity. The Figure 11(a) row in which m(�̃0

1) ⇠ 50 GeV has lower sensitivity for the Disappearing
Track analysis. This region is dominated by models for which the relic density is controlled by the Z and
h boson funnels, so has bino-like LSPs with a Higgsino admixture. Such models do not typically feature
long-lived charginos.

For m(�̃0
2) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV, direct production of �̃0
2 (and/or �̃±1 ) states provides sens-

itivity via the 2-leptons, 3-leptons and 4-leptons analyses. The sensitive region for these multi-lepton
analyses is similar to that shown from the simplified model of Ref. [53]. Nevertheless there remain many
viable pMSSM points within the region excluded in the simplified-model scenario. For example, many
points in the Z and h boson funnel regions (m(�̃0

1) ⇠ 50 GeV) have little sensitivity in the multi-lepton
analyses as the �̃0

2 is predominantly Higgsino-like, leading to a lower production cross-section.

The equivalent plot for the projection onto the plane of the lightest chargino and the LSP is shown in
Figure 11(b), again showing the fraction excluded by the electroweak ATLAS searches. In this figure
the Disappearing Track analysis has sensitivity to models with wino-like LSPs which lie close to the
leading diagonal where m(�̃±1 ) is only a little larger than m(�̃0

1). Models with Higgsino-like LSPs also
lie close to that diagonal, but have larger mass splittings and so little sensitivity from the Disappearing
Track analysis. Away from that diagonal only bino-dominated LSPs are found. Here the best sensitivity
is from the multi-lepton electroweak search analyses (2-leptons, 3-leptons and 4-leptons), particularly
for m(�̃±1 ) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV. The region with sensitivity to the multi-lepton searches
again shows some similarity with the simplified-model limit from Ref. [53], but again no region is totally
excluded.

28

ATLAS,&pMSSM&scan&arxiv:1508.06608&
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DM: Effective Operator Approach

LHC sensitivity: Mediator mass up to Λ~1.5 TeV for large DM mass 
ILC sensitivity: Mediator mass up to Λ~3 TeV for DM mass up to ~√s/2

Chaus, List et al.Chaus, List et al.
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•  TwoGbeam&accelera3on&scheme&

•  Normal&conduc3ng&cavi3es&

(power:&600&MW@3&TeV)&

•  aim&at&100&MV/m&for&50km/3&TeV&

&&&&&&machine&

&

Significant&R&D&ongoing&

&

Technical&readiness&in&some&years?&

&

Higher&energy&reach&than&ILC&–&&

Alterna3ve&to&ILC&(if&not&built)&

&

If&at&CERN,&unlikely&to&operate&

before&(end&HLGLHC+some&years)&

~2040&&

&

Parameter& Unit& 380&GeV& 3&TeV&

CentreGofGmass&energy& TeV& 0.38& 3&

Total&luminosity& 10
34
cm

G2
s
G1&

1.5& 5.9&

Luminosity&above&99%&of&√s& 10
34
cm

G2
s
G1&

0.9& 2.0&

Repe33on&frequency& Hz& 50& 50&

Number&of&bunches&per&train& 352& 312&

Bunch&separa3on& ns& 0.5& 0.5&

Accelera3on&gradient& MV/m& 72& 100&

[Gianoâ&EPS15]&
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&

•  54&km&ring&

•  CepC:&√s=240&GeV&e+eG&;&L=2x10
34
;&2&IP&

•  possibly&followed&by&SppC:&√s&=&70&TeV&pp&collider;&L=1.2x10
35
;&2&IP&

•  if&more&funding:&100&km&ring&and/or&separate&pipes&for&e+/eG&beams)&

&

preGCDR&published&in&03/15&&

hdp://cepc.ihep.ac.cn/preCDR/volume.html&

CEPC-SPPC Timeline (preliminary) 

11CEPC-SPPC Meeting, May 17-18, 2015W. Chou

20
15

20
20

20
25

20
30

20
35

R&D
Engineering Design

(2016-2020)
Construction
(2021-2027)

Data taking
(2028-2035)

Pre-studies
(2013-2015)

1st Milestone: Pre-CDR (by the end of 2014)

CEPC

20
20

20
30

20
40

R&D
(2014-2030)

Engineering Design
(2030-2035)

Construction
(2035-2042)

Data taking
(2042-2055)

SPPC

2nd Milestone: R&D funding in the government’s new 5-year plan (2016-2020)

240&GeV&energy&reach&&

limits&physics&poten3al:&

&

G  mainly&HZ&programme&

G  no&dh,&HH,&&

G  no&dbar&

G  almost&no&discovery&

&&&&&&poten3al&for&NP&

&&&&&&(only&30&GeV&more&than&LEP2)&
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•  Proposed&as&precursor&to&FCCGhh&study&for&100km/100TeV&pp&collider&

•  Huge&luminosity&at&low&energies&promised&(temp3ng),&mul3ple&IPs&

•  Need&extra&topGup&ring&due&to&low&beam&life3me&30&min&(luminosity)&

•  Limited&√s&(<=&500&GeV)&due&to&SR&–&power&consump3on&500&MW?&

•  Timeline?&If&at&CERN,&probably&not&before&(end&HLGLHC+n&years&~2040?)&

•  Delay&of&FCCGhh&energy&fron3er&machine&



Hadron&Collider:&FCCGhh&
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CERN&launched&interna3onal&&

conceptual&design&study&

for&100&km&ring&in&Geneva&region&

&

pp:&√s&=&100&TeV&L=2.5x10
35
&4&IPs

&

&

Goal:&CDR&in&2017?&Input&to&next&

European&Strategy&update&

&
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Key Parameters FCC-hh

22

Parameter FCC-hh LHC
Energy [TeV] 100 c.m. 14 c.m.

Dipole field [T] 16 8.33

# IP 2 main, +2 4

Luminosity/IPmain [cm-2s-1] 5 - 30 x 1034 1 x 1034

Stored energy/beam [GJ] 8.4 0.39

Synchrotron rad. [W/m/aperture] 28.4 0.17

Bunch spacing [ns] 25 (5) 25

W.&Chou,&EPS15&
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•  Magnets:&

&&&&&&NbTi&(LHC)&will&no&longer&work,&need&new&SC&material&(Nb
3
Sn&or&HTSC...)&

&&&&&&and&new&magnet&design&!&significant&R&D,&takes&3me&

&

•  Stored&beam&energy&&

&&&&&&8&GJ&=&40xLHC&=&2&tons&TNT&=&1&A380&(kin.&energy)&

&&&&&&!&machine&protec3on&

&

•  Synchrotron&radia3on&(sic!)&

&&&&&&28&W/m&=&160xLHC&needs&to&be&efficiently&shielded&from&SC&magnets&

&

Lots&of&R&D&needed,&has&started&within&interna3onal&FCC&study&&



FCCGhh&Cross&Sec3ons&
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Frank Simon (fsimon@mpp.mpg.de)Future Colliders at the Energy Frontier 
Irsee Symposium, June 2015

Proton-Proton Colliders: Guaranteed Physics

• The full range of 
processes known from 
the LHC will be 
accessible at higher 
energies as well - details 
of analysis possibilities 
will strongly depend on 
experimental conditions

23

20 Working group report: QCD
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Figure 1-6. Cross section predictions at proton-proton colliders as a function of center-of-mass operating
energy,

p
s.

can be estimated by,

�DPS
XY ⇡ �X�Y

15 mb
. (1.5)

In this equation the DPS contribution for the final state XY is related to the usual cross sections for
individually producing final states X and Y dividing by an e↵ective DPS cross section. This cross section
appears to be approximately independent of energy up to 8 TeV and is approximately 15 mb (for example,
see Ref. [82] for a recent measurement at 7 TeV). Of course the uncertainty on the e↵ective cross section,
and indeed on the accuracy of Eq. (1.5) itself, is such that this should be considered an order-of-magnitude
estimate only. A particularly simple application of this is the estimation of the fraction of events for a given
final state in which there is an additional DPS contribution containing a pair of b-quarks. This fraction is
clearly given by the ratio, �bb̄/(15 mb). From the figure this fraction ranges from a manageably-small 2%
e↵ect at 8 TeV to a much more significant 20% at 100 TeV. More study would clearly be required in order to
obtain a true estimate of the impact of such events on the physics that could be studied at higher energies,
but these simplified arguments can at least give some idea of the potentially troublesome issues.

As an example of the behavior of less-inclusive cross sections at higher energies, Fig. 1-7 shows predictions
for H + n jets +X cross sections at various values of

p
s and as a function of the minimum jet transverse

momentum. The cross sections are all normalized to the inclusive Higgs production cross section, so that

Community Planning Study: Snowmass 2013

Double Higgs production 
up by x40 at 100 TeV: 
Crucial for a measurement 
of the self-coupling  

New&territory,&

all&we&know:&

&

SM&cross&sec3ons&

at&100&TeV&

&

wrt.&LHC:&

&

W,Z&x7&

H &x15&

HH:&x40&

&

X&(1&TeV)&&x10
3
&

X&(14&TeV)&x∞&



Physics&arguments&for&FCCGhh&
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•  if&new&heavy&par3cle(s)&discovered&at&LHC/HLGLHC&(possibly&beyond&&

CLIC&reach)&they&can&be&produced&with&much&higher&than&at&LHC&

&&&&&&(e.g.&1&TeV&stop:&factor&10
3
,&even&larger&factor&for&higher&masses)&

•  poten3ally&complete&the&spectrum&(if&the&new&par3cle&is&not&alone)&

•  study&V
L
V
L
&!&V

L
V
L
&with&large&sta3s3cs&(ul3mate&EWSB&closure&test)&

•  Higgs&selfGcoupling&(HH&cross&sec3on&40xLHC&–&enough?)&

•  interes3ng&playground&for&novel&ideas&(your&job...)&

•  THE&UNKNOWN...&
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•  We&live&in&very&exci3ng&3mes,&

in&the&middle&of&exploring&uncharted&territory:&LHC&

&

•  Great&prospects&to&get&answers&on&big&ques3ons&and&&

guidance&how&to&ask&even&beder&ques3ons&

&

•  Higgs,&top,&EW&calls&for&a&3mely&precision&study&&

to&explore&new&physics&!&ILC&

•  Time&to&prepare&the&next&big&jump&at&the&energy&fron3er&&

!&FCCGhh&,&CLIC,&SppS?&

&&&&&&LHC&needs&to&tell&us&where&to&jump&
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tually be established will impose a well definite path for going beyond the SM.

We have discussed a number of approaches to confront the naturalness riddle,

including insisting on minimizing the fine tuning (FT) within the present ex-

perimental constraints or accepting FT only up to a large intermediate scale

but still far below MGUT ), like for split SUSY or making the extreme choice

of a total acceptance of FT: as in the anthropic point of view or arguing that

possibly there is no FT with no new threshold up to MPl and invoking some

miracle within the theory of quantum gravity (at the price of giving up Grand

Unification and heavy RH neutrinos below the Planck scale). Clearly we are

experiencing a very puzzling situation but, to some extent, this is good because

big steps forward in fundamental physics have often originated from paradoxes.

We highly hope that the continuation of the LHC experiments will bring new

light on these problems.
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