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The Higgs Boson & Beyond*
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* Beyond the SM & beyond the LHC era.	
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François Englert and Peter W. Higgs	


"for the theoretical discovery of a mechanism that contributes to 
our understanding of the origin of mass of subatomic particles, 
and which recently was confirmed through the discovery of the 

predicted fundamental particle, by the ATLAS and CMS 
experiments at CERN's Large Hadron Collider"	





4	



The milestone Discovery:

July 4th, 2012:	

 mH ≈ 126 GeV	



ATLAS: 5.9σ ; CMS: 5.0σ 	



Salute To You All !	
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The Higgs mechanism  (1964)	



The Standard Model (1960-1967, 1972)	



B.W.Lee	



Goldstone	
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON 

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS ** 
CERN, Geneva 

Received 7 November 1975 

A discussion is given of the production, decay and observability of the scalar Higgs 
boson H expected in gauge theories of the weak and electromagnetic interactions such as 
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of 
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass 
is similar to that of the pion, the Higgs boson may be visible in the reactions n-p + Hn or 
yp --t Hp near threshold. If its mass is < 300 MeV, the Higgs boson may be present in the 
decays of kaons with a branching ratio 0(10-T), or in the decays of one of the new par- 
ticles: 3.7 + 3.1 + H with a branching ratio 0(10e4). If its mass is <4 GeV, the Higgs 
boson may be visible in the reaction pp --f H + X, H --f n+p-. If the Higgs boson has a mass 
<2m , the decays H -+ e+e- and H + y-r dominate, and the lifetime is 0(6 X 10m4 to 
2 X ib-12) seconds. As thresholds for heavier particles (pions, strange particles, new par- 
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly 
to O(lO-*o) set for a Higgs boson of mass 10 CeV. Decay branching ratios in principle 
enable the quark masses to be determined. 

1. Introduction 

Many people now believe that weak and electromagnetic interactions may be de- 
scribed by a unified, renormalizable, spontaneously broken gauge theory [l]. This 
view has not been discouraged by the advent of neutral currents, or the existence of 
the new narrow resonances [2]. These latter may well be a manifestation of some 
form of “charm”, a new hadronic degree of freedom [3] favoured by constructors 
of weak and electromagnetic interaction models. A comprehensive discussion of the 
phenomenology of conventional charm has been given by Gaillard, Lee and Rosner [4] 
At the time of writing, the discovery of charm has not been confirmed, but gauge 
theorists are not yet discouraged. 

Other particles have been suggested by gauge theorists, including heavy leptons [5], 
Higgs bosons [6] and intermediate vector bosons. Experimental searches for heavy 
leptons M+ coupled to muon neutrinos have ruled out [7] masses below 8 GeV. From 
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The “EHLQ” (80’s)	


We made it !	



Higgs Phenomenology (70’s)	





What We Know


  - it’s neutral, a boson	


  - can be spin-0	


  - cannot be spin-1 (Landau-Yang’s theorem)	



-  Vacuum Q#: EWSB	



fs

⇤
HAµ⌫Aµ⌫

fT

⇤
Tµµ0 g⌫⌫0Aµ⌫Aµ0⌫0

1.  X à γγ :	



2.  X à ZZ, W+W- :	



fA

⇤
A Ṽ µ⌫ Vµ⌫

(v + H)2 g2V µVµ
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-  CP-odd part of gauge 
interaction must be small	



  - can be spin-2 	


    unlikely/disfavored	
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               H à ZZ, WW crucially important!	


(Howard Georgi would not be convinced if only H à γγ seen)	



ar
X

iv
:h

ep
-p

h/
96

08
31

7v
1 

 1
4 

A
ug

 1
99

6

ETHZ-IPP PR-96-02
RAL-96-049

February 1, 2008

How to find a Higgs Boson with a Mass between
155–180 GeV at the LHC

M. Dittmar1, H. Dreiner2

1Institute for Particle Physics (IPP), ETH Zürich,
CH-8093 Zürich, Switzerland

2 Rutherford Laboratory, Chilton, Didcot, OX11 0QX, UK

Abstract

We reconsider the signature of events with two charged leptons and missing energy
as a signal for the detection of the Standard Model Higgs boson in the mass region
M(Higgs)=155–180 GeV. It is shown that a few simple experimental criteria allow to
distinguish events originating from the Higgs boson decaying to H → W+W− from the
non resonant production of W+W−X at the LHC. With this set of cuts, signal to back-
ground ratios of about one to one are obtained, allowing a 5–10 σ detection with about
5 fb−1 of luminosity. This corresponds to less than one year of running at the initial
lower luminosity L = 1033cm−2s−1. This is significantly better than for the hitherto
considered Higgs detection mode H → Z0Z0∗ → 2ℓ+2ℓ−, where in this mass range about
100 fb−1 of integrated luminosity are required for a 5 σ signal.

Submitted to Physical Review D



3.  X not to µ+µ-, e+e-, but τ+τ- seen!	


  - Non-universal leptonic couplings 	


    unlike the gauge couplings	



4.  Xtt needed for gluon fusion 	


     X à bb seen (vaguely)	


  - Non-universal quark couplings	



It couples to mass, it is a new class.	


It IS a Higgs!	



(1 + H/v) mf  ̄f f

−	


−	
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                    The SM (like) ? 	


Need further quantitative verification:	



Higgs mechanism is now real!
• Discovered 126 GeV boson consistent 

with the SM Higgs. 
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 If no more than a few% deviations, 	


I’d DEFINE it the SM Higgs! 	





What (else) We Know

mH ≈ 126 GeV !	



In the SM, the EWSB is parameterized as	


V (|�|) = �µ2�†� + �(�†�)2

) µ2H2 + �vH3 +
�

4
H4

Consequently,	



v = (
p

2GF )�1/2 ⇡ 246 GeV

m2
H = 2µ2 = 2�v2 ) µ ⇡ 89 GeV, � ⇡ 1

8
.

Completion of the SM:	


A perturbative, renormalizable	


theory, valid up to a scale of 	



              TeV ? …, MPl ?	



You are here	
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New Era: �
Under the Higgs lamp post


The “Observation” papers: 	


Now 3600 cites each!	



Vast scope of topics, from	


interpretations, explorations in & beyond the SM;	


applications in astronomy, cosmology, CC; strings/branes, 	


to “Philosophical Perspectives ….”	
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 A Reminder

The Higgs mechanism ≠ a Higgs boson !	


From theoretical point of view, 	


3 Nambu-Goldstone bosons were all we need!	


A non-linear realization of the gauge symmetry:	



U = exp{i!i⌧ i/v}, DµU = @µU + igW i
µ
⌧ i

2

U � ig0UBµ
⌧3

2

L =
v2

2
[DµU†DµU ]! v2

4
(
X

i

g2W 2
i + g02B2)

The theory is valid to a unitarity bound ~ 2 TeV	


The existence of a light, weakly coupled Higgs 	



boson carries important message for 	


our understanding & theoretical formulation 	



in & beyond the SM. 	
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1. V = -µ2 |ϕ|2 + λ|ϕ|4	



•  In the SM, λ is a free parameter,	


     now measured at collider energies  λ ≈ 0.13 	



•  In composite/strong dynamics, 	


    harder to make λ  big enough.	


(due to the loop suppression by design) 	



It represents a weakly coupled 
new force (a fifth force):	



•  In SUSY, it is related to the gauge couplings	


 tree-level: λ = (gL

2 + gY
2)/8 ≈ 0.3/4 ß a bit too small	



What It tells us


Already possess challenge to BSM theories.	
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  at High energies


For MH = 126 GeV, rather light: 	



Bezrukov et al., 	


arXiv:1205.2893.	



                    λ is NOT asymptotically free. 	


It blows up at a high-energy scale (the Landau pole), 	


unless it starts from small (or zero à triviality).	
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Top-Yukawa drags the vacuum 
meta-stable, 	


or new physics below 107-11 GeV.	



Degrassi et al., arXiv:1205.6497	


Djouadi et al., arXiv:1207.0980	



126	



The SM can be a consistent 	


perturbative theory up to Mpl !	


allowing MN, MGUT, …	



 λ 	
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“… scalar particles are the only kind of free particles whose mass term 
does not break either an internal or a gauge symmetry.” Ken Wilson, 1970 	



2. V = -µ2 |ϕ|2 + λ|ϕ|4	



The “large hierarchy”:	



           Cancelation in perspective:	


mH

2 = 36,127,890,984,789,307,394,520,932,878,928,933,023 	


            −36,127,890,984,789,307,394,520,932,878,928,917,398 	


        = (125 GeV)2 ! ?	



the only dimensional parameter allowed by SM symmetry.	
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Unbelievable! 	


4 mm2 / 20 cm2 ~ 10-3 fine-tune.	



“Naturalness” à TeV scale new physics.	



“Naturalness” in perspective:	





Tree-level <(80 GeV)2 +  loop-level: >(45 GeV)2	



à Need large tanβ;  mstop & mixing Xt >> mt	



•  In SUSY, mH
2 ≈ MZ

2 cos22β + Δm2
SUSY	



The “Little hierarchy”:	



Barbieri, Giudice, 1988	


Kitano et al, 2005	


Giudice, 2007	


Feng, 2013	
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass
for m

˜t1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken
tan � = 20. The shaded regions highlight the di↵erence between the Suspect and FeynHiggs
results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.

2

Draper, Shih, Meade, Reece, 2011	


Hall, Pinner, Ruderman, 2012	


Carena et al., 2012, 2013	


S. Heinemeyer et al., 2012-2014	
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See Sheinemeyre’s talk …	





•  In composite/strong dynamics:	


    (dual of extra dimension theory)	


The Higgs boson as a pseudo-Goldstone boson:	


	



Both SUSY/Compositeness	


suffer from some degree of 	



“fine-tune”: < 1% .	



à “naturally light”: Need low scale f, MT .	



The “Little hierarchy”:	



Akani-Hamed et al., 2002 	


Contino, Nomura, Pomarol, 2003	


Agashe, Contino, Pomeral, 2005  	


Csaki, Hubitz, 2012	



m2
H ⇠ f2

(4⇡)2
⇠ m2

t M
2
T

f2
.

Pomarol, ICHEP’12	
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Too heavy to be light; too light to be heavy!	
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•  “Natural SUSY”: 	



Relevant to the Higgs	


and the “Most Wanted”: 	



Cohen, Kaplan, Nelson, 1996	


Hall, Pinner, Ruderman, 2012	


Baer, Barger, Huang, Tata, 2012	



1. A “natural” EW theory?


What We Wish to Know�
in the LHC Era


h

strong dynamics

s

H, H±

H̃

125

500

1500

10-100 TeV

3000

t̃1,2, b̃L

g̃

mass (GeV)

A Natural SUSY Spectrum

&

Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

H̃0,±, t̃, b̃, (g̃); S, S̃...

mt̃ > 200� 680 GeV,

m�̃± > 100� 600 GeV (depending on m�0
)

Current LHC bounds:	



•  “Compositeness”:	

              the T’, current ATLAS limit: 	


MT > 480 GeV,  for MA < 100 GeV. 	





2. Extended Higgs sector?

The Higgs boson should have not only relatives:	


	


But also siblings:	



•  Two Higgs Doublet Model (2HDM): 	


   rich phenomenology, Type II SUSY option …	


	


•  Plus a singlet: 	


   NMSSM, solve the µ-problem, relax fine-tune, light DM...	


	


•  Triplet Model: 	


   mν , L-R symmetric theories, Little Higgs …	


   neutrino mass connection via Type II seesaw.	



Haber, 2012	


Branco, Ferreira, Rebelo, 	


Sher, Silva, arXiv:1106.0034;	


Coleppa, Kling, Su, arXiv:1305.0002.	



Ellwanger, Gunion et al., 2012	


S. King et al., 2012	


R. Barbieri et al., 2013, ……	



t̃, b̃, H̃±,0; T 0,

H0
i , A0

j , H±, H±±, . . . .

21	





22	



Example: MSSM Two Higgs-Doublet Model	


               after the discovery:	



5 Higgs bosons:	



Tree-level masses given by	



 Collider bounds:	



TH, Su, Christensen, arXiv:1203.3207 	



 	



“decoupling”	



“non-decoupling”	



Haber et al.	



126	



Arbey et al., 2011, 2012	


Baer et al., 2012	


Heinemeyer et al., 2012	


Carena 2012, 2013, … …	


	





Non-Decoupling Sector: immediate relevance!	


Typically:  mh, MA ~ MZ;   while MH0, MH

± ~ 125 GeV	



 10

 100

 90  100  110  120  130  140

σ
 (

fb
)

MA0 (GeV)

A0h0
H±h0
H+H-

H±A0

tH±

(a) √�s = 8 TeV

 10

 100

 90  100  110  120  130  140

σ
 (

fb
)

MA0 (GeV)

A0h0

H±h0

H+H-

H±A0

tH±

(c) √�s = 14 TeV

Model-independent:  pp à H±A0, H+H-  rate sizeable	


Model-dependent:  pp à H±h, Ah  comparable	



Decoupling Sector MA > 300 GeV: 	


 Search for heavy H0, A0, H± will continue.	



TH, Li, Christensen, arXiv:1206.5816 	
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(a). Dark Matter	


3. The Higgs portals to Cosmos?


ksH
†H S�S,

k�

�
H†H �̄�.

Missing energy at LHC	

Direct detection	

 Indirect detection	



 is the only bi-linear SM gauge singlet.	


Bad: May lead to hierarchy problem with high-scale physics; 	


Good: May readily serve as a portal to the dark sector:	



H†H

24	





TH, Z.Liu, A.Natarajan, arXiv:1303.3040 	


SUSY Higgs funnel soon covered by direct searches:	



Cahill-Rowley, Rizzo, Hewett et al. arXiv:1305.6921	


Fowlie, Roszkowsky et al., arXiv:1306.1567 	



 	



Z,h funnel	

 H,A	



Inv. decays	
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(c). Higgs as an inflaton?	


(d). Higgs field & Dark Energy?	



(b). Baryon – anti-baryon Asymmetry	


For MH = 126 GeV,	


EW baryogenesis needs light sparticles:	


       mstop ≈ 150 GeV, 	


plus a light neutralino, singlets …	



Other potential consequences


Carena et al., 2011;	


Chung et al., 2011.	



Bezrukov, 2008;	


Nakayama, 2011.	



The existence of a fundamental scalar encourages the 	


consideration of scalar fields in cosmological applications. 	
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Particle mass	


hierarchy:	



4. Flavor & Masses
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The fermion mass/mixing is a muchn bigger puzzle!	



TH, Liu, arXiv:1303.3040	


Carena et al., arXiv:1305.5761. 	



Top-quark rare decays sensitive to BSM Higgs physics: 	


t à b H±,  b H W±*,  c H, … 	



What controls the mixing structure:	


“Minimal Flavor Violation” for BSM?	



The b rare decays are pushing the limits:	



Eilam, Hewett, Soni, 1991; Mele et al., 1998; 	


Atwood, Soni, 1997, 2001; W.S. Hou et al., arXiv:1304.8037 
… 	



b à s γ,  Bs à µ+ µ-  	

 BR(Bs) ~ tan6β / M4
A 	



Most recent LHCb+CMS: 	


arXiv:1411.4413 	



B ( B 0
s � µ + µ − ) =

�
2 . 8 + 0 . 7

− 0 . 6

�
× 1 0 − 9 a n d

B ( B 0 � µ + µ − ) =
�
3 . 9 + 1 . 6

− 1 . 4

�
× 1 0 − 1 0 ,T h e fi t f o r t h e r a t i o s o f t h e b r a n c

S B 0
s

S M = 0 . 7 6 + 0 . 2 0
− 0 . 1 8 a n d S B 0

S M = 3 . 7 + 1 . 6
− 1 . 4 .

l i k e l i h o o d s c a n s a r e s h o w n i n t h e E x t e
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The Higgs as pivot for “seesaw”:	


Type I seesaw: M = MN, right-handed (sterile) NR

i	



Fileviez-Perez et al., 2008.	


Chaudhuri, Grimus, 
Mukhopadyaya, arXiv:1305.5761	


Chun et al., arXiv:1305.0329	



H à NN,  N  à Hν, …	



m⌫ ⇠ 
hH0i2

M

Type II seesaw: M = MH++ , a Higgs triplet Φ3	



Type III seesaw: M = MT, a fermionic triplet T3:	



H++ à l+i l+j	



T+ à H l+i , T0 à W± l	



Yanagida; Ramond et al.; Mohapatra …	
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FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with Φ1 = Φ2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v∆,

the minimal width or the maximal decay length occur near the cross-over between WW -dominant and ℓℓ-

dominant regions near 10−4 GeV. As seen in Fig. 15, the proper decay length can be as large as cτ >∼ 10 µm.

Mohapatra, Senjanovic,  …	



H++ à l+i l+j	



Senjanovic et al., arXiv:0904.2309.	



Watch out: H0 à µτ  (l+i l-j)  for BSM  flavor physics!	


TH, Marfatia,  PRL (2001)	


Harnik, Kopp, Zupan, 2013	
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Yukawa coupling	



EWSB	



Color/charged 
particles in loops:	



5. Couplings & Width

Higgs boson couplings encode its properties: 	
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In a pessimistic scenario, the LHC does not see a new 
particle associated with the Higgs sector, then the effects 
of a heavy state on Higgs coupling gi at the scale M:	


                                                 ≈ a few % for M ≈ 1 TeV	

�i ⇥

gi

gSM
� 1 ⇤ O(v2/M2)

Higgs coupling deviations:  	


     Δ:         VVH       bbH,ττH        ggH,γγH       HHH	


Composite     (3-9)%       (1 TeV/f )2                                  100%	


H0, A0                               6% (500 GeV/MA)2	



T’                                                         -10% (1 TeV/MT)2	



Precision Higgs Physics	



LHC 14 TeV, 3ab-1:  8%           15%             few%               50%	



(tree-level)	



(loop)	



 If not observed, I’d DEFINE it THE SM Higgs! 	
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Nature News, July ’14	

LHC Leads the Way (2015-2030)	



T a b l e 1 - 1 . P r o p o s e d r u n n i n g p e r i o d s a n d i n t e g r a t e d l u m i n o s i t i e s a t e a c h o f t h e c e n t e r - o f - m a s s e n e r g i e s
f o r e a c h f a c i l i t y .

F a c i l i t y H L - L H C I L C I L C ( L u m i U p ) C L I C T L E P ( 4 I P s ) H E - L H C V L H C
�
s ( G e V ) 1 4 , 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 2 5 0 / 5 0 0 / 1 0 0 0 3 5 0 / 1 4 0 0 / 3 0 0 0 2 4 0 / 3 5 0 3 3 , 0 0 0 1 0 0 , 0 0 0�
L d t ( f b − 1 ) 3 0 0 0 / e x p t 2 5 0 + 5 0 0 + 1 0 0 0 1 1 5 0 + 1 6 0 0 + 2 5 0 0 5 0 0 + 1 5 0 0 + 2 0 0 0 1 0 , 0 0 0 + 2 6 0 0 3 0 0 0 3 0 0 0

�
d t ( 1 0 7 s ) 6 3 + 3 + 3

( I L C 3 + 3 + 3 )

+ 3 + 3 + 3
3 . 1 + 4 + 3 . 3 5 + 5 6 6

ILC as Higgs Factory & beyond 	



FCC?	


CEPC/SppC?	



Snowmass 1310.8361	



e+e-&Z,240-350GeV	



Beyong the LHC Era: FCC
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     ILC: Ecm = 250 (500) GeV,  250 (500) fb-1	



•  Model-independent measurement: 	


     ΓH ~ 6%,    ΔmH ~ 30 MeV	


      (HL-LHC: assume SM, ΓH~ 5-8%,  ΔmH ~ 50 MeV)	


•  TLEP 106 Higgs@10x4 L: ΓH ~ 1%, ΔmH ~ 5 MeV.	



Higgs-Factory: Mega (106) Higgs Physics	
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

TLEP Report: 1308.6176	



ILC Report: 1308.6176	



~ 200 fb	
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Also see, Peskin, arXiv:1312.4974	


including ILC luminosity upgrade.	



TH, Z.Liu, J.Sayre, arXiv:1311.7155	



ILC250+ LHC
+ILC500+ HL_LHC

+ILC1000+ HL_LHC

Model-Dependent Fitting A HMDAL
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Higgs Total Width & Invisibale BR:	



ΓH ~ 3%	



BRinv < 1%	
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- 

Snowmass QCD Working Group: 1310.5189 

λt : 1% 

λ :  8% 

Higgs Production @ SPPC 	
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Higgs Self-couplings:	


� L = − 1

2
m 2

H H 2 − g H H H

3 !
H 3 − g H H H H

4 !
H 4 ,

g H H H = 6 � v =
3 m 2

H

v
, g H H H H = 6 � =

3 m 2
H

v 2
. Triple coupling sensitivity:	



Test the shape of the 	


Higgs potential, and 	


perhaps the fate of the 	


EW-phase transition!	
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TLEP Report: 1308.6176	



Snowmass 1310.8361	
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            Summary:   	


-  The Higgs boson is a new class, 	


   at a pivotal point of energy,   	


   intensity, cosmic frontiers.	


                	



An exciting journey ahead! 	



              “Naturally speaking”: 	


-  It should not be a lonely solitary particle; has an 
“interactive friend circle”:               	


“relatives”:	


“siblings”:    	



Higgs	



H̃0,±, t̃, b̃, (g̃); S, S̃...

H0, A0, H±, H±±, S...

t, W±, Z

-  Precision Higgs physics:	


     LHC lights the way: g~10%; λHHH ~ 50%; Brinv.~ 20%	



     Higgs factory/FCC: g~1%; λHHH < 10%; Brinv. ~ 2%; Γtot < 6%	
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Merry Christmas 	


and a Happy New Year	




