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The milestone Discovery:

July 4th, 2012:	



mH ≈ 126 GeV	


ATLAS: 5.9σ ; CMS: 5.0σ 	





Half Century’s Discoveries:

•  Hadron spectroscopy: 1960 and on	


•  CP violation: 1964 (Nobel 1980)	


•  DIS for parton model: 1967 (Nobel 1990)	


•  Neutral currents: 1973	


•  charm quark: 1974 (Nobel 1976)	


•  tau lepton: 1975 (Nobel 1995)	


•  bottom quark: 1977	


•  gluon (jets): 1979	


•  W±,Z0: 1983 (Nobel 1984)	


•  top quark: 1995	


•  CKM in B system: 1999 and on (Nobel 2008)	


•  Neutrino oscillations: 1998 and on	


              The Higgs discovery: 	


Most exciting since the charm in 1974!	
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Why Is It Exciting?
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(1) The Higgs boson does NOT have to exist! 	



The fact that a Higgs boson shows up 	


carries important information:	



Linearly realized by a doublet, unlike QCD.	



3 Nambu-Goldstone bosons were all we need	



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	
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or large distances it becomes strongly coupled (infrared slavery),8 presum-
ably leading to the confinement of quarks and gluons. QCD incorporates
the observed global symmetries of the strong interactions, especially the
spontaneously broken global SU(3)⇥ SU(3) (see, e.g., 9).
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Fig. 2. Running of the QCD coupling �s(µ) = gs(µ)2/4⇥. Left: various experimental
determinations extrapolated to µ = MZ using QCD. Right: experimental values plotted
at the µ at which they are measured. The band is the best fit QCD prediction. Plot
courtesy of the Particle Data Group,5 http://pdg.lbl.gov/.

1.2. The Electroweak Theory

The electroweak theory10–12 is based on the SU(2)⇥ U(1) Lagrangianb

LSU(2)�U(1) = Lgauge + L⇥ + Lf + LY uk. (5)

The gauge part is

Lgauge = �1
4
W i

µ�Wµ�i � 1
4
Bµ�Bµ� , (6)

where W i
µ, i = 1, 2, 3 and Bµ are respectively the SU(2) and U(1) gauge

fields, with field strength tensors

Bµ� = ⇥µB� � ⇥�Bµ

W i
µ� = ⇥µW i

� � ⇥�W i
µ � g�ijkW j

µW k
� , (7)

bFor a recent discussion, see the electroweak review in 5.
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where g(g⇥) is the SU(2) (U(1)) gauge coupling and ⇥ijk is the totally
antisymmetric symbol. The SU(2) fields have three and four-point self-
interactions. B is a U(1) field associated with the weak hypercharge Y =
Q� T 3, where Q and T 3 are respectively the electric charge operator and
the third component of weak SU(2). (Their eigenvalues will be denoted by
y, q, and t3, respectively.) It has no self-interactions. The B and W3 fields
will eventually mix to form the photon and Z boson.

The scalar part of the Lagrangian is

L� = (Dµ⌃)†Dµ⌃� V (⌃), (8)

where ⌃ =
⇤

⌃+

⌃0

⌅
is a complex Higgs scalar, which is a doublet under

SU(2) with U(1) charge y� = +1
2 . The gauge covariant derivative is

Dµ⌃ =
⇤

�µ + ig
⇧ i

2
W i

µ +
ig⇥

2
Bµ

⌅
⌃, (9)

where the ⇧ i are the Pauli matrices. The square of the covariant derivative
leads to three and four-point interactions between the gauge and scalar
fields.

V (⌃) is the Higgs potential. The combination of SU(2)⇥U(1) invariance
and renormalizability restricts V to the form

V (⌃) = +µ2⌃†⌃ + ⇤(⌃†⌃)2. (10)

For µ2 < 0 there will be spontaneous symmetry breaking. The ⇤ term de-
scribes a quartic self-interaction between the scalar fields. Vacuum stability
requires ⇤ > 0.

The fermion term is

Lf =
F⇧

m=1

�
q̄0
mLi ⌃Dq0

mL + l̄0mLi ⌃Dl0mL + ū0
mRi ⌃Du0

mR

+ d̄0
mRi ⌃Dd0

mR + ē0
mRi ⌃De0

mR + ⌅̄0
mRi ⌃D⌅0

mR

⇥
.

(11)

In (11) m is the family index, F ⇧ 3 is the number of families, and L(R)
refer to the left (right) chiral projections ⌥L(R) ⌅ (1 ⇤ �5)⌥/2. The left-
handed quarks and leptons

q0
mL =

⇤
u0

m

d0
m

⌅

L

l0mL =
⇤

⌅0
m

e�0
m

⌅

L

(12)

transform as SU(2) doublets, while the right-handed fields u0
mR, d0

mR, e�0
mR,

and ⌅0
mR are singlets. Their U(1) charges are yqL = 1

6 , ylL = � 1
2 , y⇥R = q⇥.
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where ⇤i = ⇤†
i represent four Hermitian fields. In this new basis the Higgs

potential becomes

V (⇤) =
1
2
µ2

⇧
4⌥

i=1

⇤2
i

⌃
+

1
4
�

⇧
4⌥

i=1

⇤2
i

⌃2

, (17)

which is clearly O(4) invariant. Without loss of generality we can choose
the axis in this four-dimensional space so that ⇧0|⇤i|0⌃ = 0, i = 1, 2, 4 and
⇧0|⇤3|0⌃ = ⇥. Thus,

V (⇤) ⌅ V (v) =
1
2
µ2⇥2 +

1
4
�⇥4, (18)

which must be minimized with respect to ⇥. Two important cases are illus-
trated in Figure 3. For µ2 > 0 the minimum occurs at ⇥ = 0. That is, the
vacuum is empty space and SU(2)⇥U(1) is unbroken at the minimum. On
the other hand, for µ2 < 0 the ⇥ = 0 symmetric point is unstable, and the
minimum occurs at some nonzero value of ⇥ which breaks the SU(2)⇥U(1)
symmetry. The point is found by requiring

V �(⇥) = ⇥(µ2 + �⇥2) = 0, (19)

which has the solution ⇥ =
�
�µ2/�

⇥1/2 at the minimum. (The solution for
�⇥ can also be transformed into this standard form by an appropriate O(4)
transformation.) The dividing point µ2 = 0 cannot be treated classically. It
is necessary to consider the one loop corrections to the potential, in which
case it is found that the symmetry is again spontaneously broken.25

⇥

���

V (⇥)

Fig. 3. The Higgs potential V (�) for µ2 > 0 (dashed line) and µ2 < 0 (solid line).

We are interested in the case µ2 < 0, for which the Higgs doublet is re-

placed, in first approximation, by its classical value ⇤ ⌅ 1⇥
2

⇤
0
⇥

⌅
⇤ v. The
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generators L1, L2, and L3�Y are spontaneously broken (e.g., L1v ⇧= 0). On
the other hand, the vacuum carries no electric charge (Qv = (L3+Y )v = 0),
so the U(1)Q of electromagnetism is not broken. Thus, the electroweak
SU(2) ⇥ U(1) group is spontaneously broken to the U(1)Q subgroup,
SU(2)⇥ U(1)Y ⌅ U(1)Q.

To quantize around the classical vacuum, write ⇧ = v +⇧⇥, where ⇧⇥ are
quantum fields with zero vacuum expectation value. To display the physical
particle content it is useful to rewrite the four Hermitian components of ⇧⇥

in terms of a new set of variables using the Kibble transformation:26

⇧ =
1⌃
2
ei

P
�iLi

�
0

⇥ + H

⇥
. (20)

H is a Hermitian field which will turn out to be the physical Higgs scalar. If
we had been dealing with a spontaneously broken global symmetry the three
Hermitian fields ⇤i would be the massless pseudoscalar Nambu-Goldstone
bosons27–30 that are necessarily associated with broken symmetry genera-
tors. However, in a gauge theory they disappear from the physical spectrum.
To see this it is useful to go to the unitary gauge

⇧⌅ ⇧⇥ = e�i
P

�iLi

⇧ =
1⌃
2

�
0

⇥ + H

⇥
, (21)

in which the Goldstone bosons disappear. In this gauge, the scalar covariant
kinetic energy term takes the simple form

(Dµ⇧)†Dµ⇧ =
1
2
(0 ⇥)

⇤
g

2
⌅ iW i

µ +
g⇥

2
Bµ

⌅2 �
0
⇥

⇥
+ H terms

⌅ M2
W W+µW�

µ +
M2

Z

2
ZµZµ + H terms, (22)

where the kinetic energy and gauge interaction terms of the physical H par-
ticle have been omitted. Thus, spontaneous symmetry breaking generates
mass terms for the W and Z gauge bosons

W± =
1⌃
2
(W 1 ⇤ iW 2)

Z = � sin �W B + cos �W W 3. (23)

The photon field

A = cos �W B + sin �W W 3 (24)

remains massless. The masses are

MW =
g⇥

2
(25)
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and

MZ =
⇤

g2 + g⇥2
⇤

2
=

MW

cos ⇥W
, (26)

where the weak angle is defined by

tan ⇥W ⇤ g⇥

g
⌃ sin2 ⇥W = 1� M2

W

M2
Z

. (27)

One can think of the generation of masses as due to the fact that the W
and Z interact constantly with the condensate of scalar fields and therefore
acquire masses, in analogy with a photon propagating through a plasma.
The Goldstone boson has disappeared from the theory but has reemerged
as the longitudinal degree of freedom of a massive vector particle.

It will be seen below that GF /
⌥

2 ⌅ g2/8M2
W , where GF = 1.16637(5)⇥

10�5 GeV�2 is the Fermi constant determined by the muon lifetime. The
weak scale ⇤ is therefore

⇤ = 2MW /g ⇧ (
⌥

2GF )�1/2 ⇧ 246 GeV. (28)

Similarly, g = e/ sin ⇥W , where e is the electric charge of the positron.
Hence, to lowest order

MW = MZ cos ⇥W ⌅ (⌅�/
⌥

2GF )1/2

sin ⇥W
, (29)

where � ⌅ 1/137.036 is the fine structure constant. Using sin2 ⇥W ⌅ 0.23
from neutral current scattering, one expects MW ⌅ 78 GeV, and MZ ⌅ 89
GeV. (These predictions are increased by ⌅ (2 � 3) GeV by loop correc-
tions.) The W and Z were discovered at CERN by the UA131 and UA232

groups in 1983. Subsequent measurements of their masses and other proper-
ties have been in excellent agreement with the standard model expectations
(including the higher-order corrections).5 The current values are

MW = 80.398± 0.025 GeV, MZ = 91.1876± 0.0021 GeV. (30)

3. The Higgs and Yukawa Interactions

The full Higgs part of L is

L� = (Dµ⇧)†Dµ⇧� V (⇧)

= M2
W Wµ+W�

µ

�
1 +

H

⇤

⇥2

+
1
2
M2

ZZµZµ

�
1 +

H

⇤

⇥2

+
1
2

(⌃µH)2 � V (⇧).

(31)
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The second line includes the W and Z mass terms and also the ZZH2,
W+W�H2 and the induced ZZH and W+W�H interactions, as shown
in Table 2 and Figure 4. The last line includes the canonical Higgs kinetic
energy term and the potential.

Table 2. Feynman rules for the gauge and Higgs interactions after SSB, taking
combinatoric factors into account. The momenta and quantum numbers flow into
the vertex. Note the dependence on M/⇤ or M2/⇤.

W+
µ W�

⇥ H: 1
2 igµ⇥g2⇤ = 2igµ⇥

M2
W
⇥ W+

µ W�
⇥ H2: 1

2 igµ⇥g2 = 2igµ⇥
M2

W
⇥2

ZµZ⇥H:
igµ�g2⇥

2 cos2 �W
= 2igµ⇥

M2
Z

⇥ ZµZ⇥H2:
igµ�g2

2 cos2 �W
= 2igµ⇥

M2
Z

⇥2

H3: �6i⇥⇤ = �3i
M2

H
⇥ H4: �6i⇥ = �3i

M2
H

⇥2

Hf̄f : �ihf = �i
mf

⇥

W+
µ (p)�⇥(q)W�

⌅ (r) ie Cµ⇥⌅(p, q, r)

W+
µ (p)Z⇥(q)W�

⌅ (r) i e
tan �W

Cµ⇥⌅(p, q, r)

W+
µ W+

⇥ W�
⌅ W�

⇤ i e2

sin2 �W
Qµ⇥⇤⌅

W+
µ Z⇥�⌅W�

⇤ � i e2

tan �W
Qµ⇤⇥⌅

W+
µ Z⇥Z⌅W�

⇤ � i e2

tan2 �W
Qµ⇤⇥⌅

W+
µ �⇥�⌅W�

⇤ � ie2Qµ⇤⇥⌅

Cµ⇥⌅(p, q, r) ⇥ gµ⇥(q � p)⌅ + gµ⌅(p� r)⇥ + g⇥⌅(r � q)µ

Qµ⇥⇤⌅ ⇥ 2gµ⇥g⇤⌅ � gµ⇤g⇥⌅ � gµ⌅g⇥⇤

After symmetry breaking the Higgs potential in unitary gauge becomes

V (⇤) = �µ4

4�
� µ2H2 + �⇥H3 +

�

4
H4. (32)

The first term in the Higgs potential V is a constant, ⇥0|V (⇥)|0⇤ = �µ4/4�.
It reflects the fact that V was defined so that V (0) = 0, and therefore
V < 0 at the minimum. Such a constant term is irrelevant to physics in
the absence of gravity, but will be seen in Section 5 to be one of the most
serious problems of the SM when gravity is incorporated because it acts like
a cosmological constant much larger (and of opposite sign) than is allowed
by observations. The third and fourth terms in V represent the induced
cubic and quartic interactions of the Higgs scalar, shown in Table 2 and
Figure 4.

The second term in V represents a (tree-level) mass

MH =
�
�2µ2 =

⌅
2�⇥, (33)

1. The SM Lagrangian:

36

The Higgs:

Pure gauge sector:
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is necessary to consider the one loop corrections to the potential, in which
case it is found that the symmetry is again spontaneously broken.25

⇥

���

V (⇥)

Fig. 3. The Higgs potential V (�) for µ2 > 0 (dashed line) and µ2 < 0 (solid line).

We are interested in the case µ2 < 0, for which the Higgs doublet is re-

placed, in first approximation, by its classical value ⇤ ⌅ 1⇥
2

⇤
0
⇥

⌅
⇤ v. The

B. Higgs Phenomenology

real scalar field remains, the Higgs boson H , with mass M2
H =−2µ2 = 2λv2

and self-couplings:

H

H

H= −3iM
2
H

v

H

H

H

H

= −3iM
2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms
linear in the gauge bosons W±

µ and Z0
µ, define the coupling of the SM Higgs

boson to the weak gauge fields:

V
µ

V
!

H= 2iM
2
V

v
gµν

V
µ

V
!

H

H

= 2iM
2
V

v2
gµν

We notice that the couplings of the Higgs boson to the gauge fields are
proportional to their mass. Therefore H does not couple to the photon at
tree level. It is important, however, to observe that couplings that are absent
at tree level may be induced at higher order in the gauge couplings by loop
corrections. Particularly relevant to the SM Higgs-boson phenomenology
that will be discussed in Section 3 are the couplings of the SM Higgs boson
to pairs of photons, and to a photon and a Z0

µ weak boson:

H

",Z

"

H

",Z

"

as well as the coupling to pairs of gluons, when the SM Lagrangian is extended
through the QCD Lagrangian to include also the strong interactions:

12

Tuesday, October 2, 2012

The Higgs Mechanism

Haber

“Eaten” Goldstone Boson

!1, !2, !3 !W+, W�, Z0
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(2) The Higgs boson is a new class 	


It carries a vacuum quantum #: JCP = 0++	



so that it couples to ANYTHING 	


(quantum mechanically) 	



It is unlike a SM-singlet (not arbitrary) 	



It is very narrow, Γ/m≈ 3×10-5, thus weakly coupled	


(unlike hadrons in QCD, e.g. σ) 	



It must have a dynamical reason for that.	



Need to understand vacuum properties.	



Need to measure couplings to great precisions.	



Too heavy to be light (for SUSY); 	


too light to be heavy (Composite)!	
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(3) The Higgs boson couples to masses 	


a. Electro-Weak Symmetry Breaking:	



Need to continue on WW scattering	



Consider the massive gauge boson scattering:

W W

WW

(a)

E < mh

h

W

W W

W

(b)

E > mh

M(WLWL → WLWL) ∼







E2
cm/v2 no light Higgs,

m2
h/v2 with a SM Higgs.

Partial-wave unitarity demands

a0 =
1

16π

m2
h or E2

cm

v2
<∼ 1

⇒ mh or Ecm <∼ O(1 TeV).

We thus expect

Higgs or alike: h0, H0, A0, H±...

Or related new dynamics: πTC, ρTC, VKK, ...

to show up below O(1 TeV)!

Higgs boson could be absent, but:

61

 Exercise 11: Verify this unitarity bound by an
  explicit partial wave analysis.

Tuesday, October 2, 2012
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Muchn more difficult:	


b. Fermion masses & mixing:	



All elementary 	


particle masses.	



	


Neutrino masses	



mν ~ v2/M	



Flavor physics	


Will reveal! 	
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“Naturalness” at 10-3 level?	


   TeV scale new physics.	



 V = -µ2 |ϕ|2 + λ|ϕ|4	



The “large hierarchy”:	



Michael Dine’s cancelation at Planck scale: 	


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.	



m2
h �m2

h0 ⇠ � 3
8⇡2 y2

t ⇤2

(4) The Higgs boson connects to high scale	



ala, QED: me ~ m0e [1 + 3α/4π 1n(Λ/me)]	





 V = -µ2 |ϕ|2 + λ|ϕ|4	



•  In the SM, λ is a free parameter,	


     now measured  λ ≈ 0.13 	



 A weakly coupled new force (the 5th  force):	



•  In SUSY, it is related to the gauge couplings	


tree-level: λSUSY = (gL

2 + gY
2)/8 ≈ 0.3/4  a bit too small	
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λ is small (mH = √2λ v)	


à Top-Yukawa drags the vacuum meta-stable, 	


or new physics below 107-11 GeV.	





(a). Dark Matter	


(5) 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
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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


The existence of a fundamental scalar encourages the 	


consideration of scalar fields in cosmological applications. 	
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So, we want to know LOTS more about the Higgs.	





The Need for a Higgs Factory
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The Z factories: LEP1, SLC:	


      Precision EW; neutrino counting … 	



For any discovery of a new 
elementary particle, 	



we need a factory for it! 	



The B factories: KEKB, PEP2, LHCb	


CKM, rare decays	



The tau-charm factories: CESR, BEPC	


      Properties, rare decays, QCD, spectroscopy …	



Top quark factory: LHC  Mass, couplings etc. 	



The Higgs is NO exemption! 	


Especially when no sign for new physics yet …	
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(1) Current Status	


(A). HL-LHC will be a Higgs factory:	



Jianming Qian (University of Michigan) 2 

Higgs Case for HL-LHC 

HL-LHC is a Higgs factory!  
HL-LHC is at  the intensity frontier  ! 

“Europe’s top priority should be the exploitation of the full potential of 
the LHC, including the high-luminosity upgrade of the machine and 
detectors with a view to collecting ten times more data than in the 
initial design, by around 2030.” 	



Markus Klute

Conclusion

18

HL-LHC provides excellent opportunity for Higgs precision measurements.

Coupling measurements with 2-10% precision.

Sensitivity to invisible or undetectable Higgs decays. Indirect 95%CL BRBSM= [7,11]%, 
direct 95%CL BRinv= [6,17]%

Higgs self-coupling needs further investigation, expected precision of ~30%.

BSM Higgs sector might reveal itself through precision measurements or via a new 
particle already in next LHC run.

Upgrade of ATLAS and CMS essential to reach full potential. 

Model-dependent!	
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(B). ILC as a Higgs factory	
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Figure 2.4.7: Production cross section for the e+e� ! Zh process as a function of the
center of mass energy for mh = 125 GeV, plotted together with those for the WW and ZZ
fusion processes: e+e� ! ⌫⌫H and e+e� ! e+e�H.

experimental uncertainties due to bremsstrahlung. It should be noted that it is the
capability to precisely reconstruct the recoil mass distribution from Z ! µ+µ� that
defines the momentum resolution requirement for an ILC detector.

The reconstructed recoil mass distributions, calculated assuming the Zh is pro-
duced with four-momentum (

p
s, 0), are shown in Fig.2.4.8. In the e+e�X channel

FSR and bremsstrahlung photons are identified and used in the calculation of the
e+e�(n�) recoil mass. Fits to signal and background components are used to extract
mh. Based on this model-independent analysis of Higgs production in the ILD de-
tector, it is shown that mh can be determined with a statistical precision of 40 MeV
(80 MeV) from the µ+µ�X (e+e�X) channel. When the two channels are combined
an uncertainty of 32 MeV is obtained [71,72]. The corresponding model independent
uncertainty on the Higgs production cross section is 2.5 %. Similar results were ob-
tained from SiD [73]. It should be emphasized that these measurements only used
the information from the leptonic decay products of the Z and are independent of
the Higgs decay mode. As such this analysis technique could be applied even if the

42 —DRAFT— Last built: February 18, 2013

Higgs Production at ILC 

250 GeV 500 GeV 

σ(e+e− ! ZH) 303 fb 100 fb 

σ(e+e− ! ννH) 16 fb 150 fb 

Int. Luminosity 250 fb-1 500 fb-1 

# ZH events 76,000� 50,000�

# ννH events 4,000� 75,000�

Z⇤

Z

H

e�

e+

W�

W+

H

e�

e+

⌫

⌫̄

WW fusion 
dominates at high energies�

Higgs-strahlung 
peaks around 250 GeV�
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Higgs 
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Figure 10: Results of the model independent analysis of the Higgs-strahlung process
e+e� ! Zh in which (a) Z ! µ+µ� and (b) Z ! e+e�(n�). The results are shown
for P (e+, e�) = (+30%,�80%) beam polarization.

the Higgs decay mode. As such this analysis technique could be applied even if the
Higgs decayed invisibly and hence allows us to determine the absolute branching ra-
tios including that of invisible Higgs decays. By combining the branching ratio to
ZZ with the production cross section, which involves the same ghZZ coupling, one
can determine the total width and the absolute scale of partial widths with no need
for the theoretical assumptions needed for the LHC case. We will return to this point
later.

It is worth noting that, for the µ+µ�X channel, the width of the recoil mass peak
is dominated by the beam energy spread. In the above study Gaussian beam energy
spreads of 0.28% and 0.18% are assumed for the incoming electron and positron
beams respectively. For ILD the detector response leads to the broadening of the
recoil mass peak from 560 MeV to 650 MeV. The contribution from momentum
resolution is therefore estimated to be 330 MeV. Although the e↵ect of the detector
resolution is not negligible, the dominant contribution to the observed width arises
from the incoming beam energy spread rather than the detector response. This is no
coincidence; the measurement of mh from the µ+µ�X recoil mass distribution was
one of the benchmarks used to determine the momentum resolution requirement for
a detector at the ILC.

If there are additional Higgs fields with vacuum expectation values that contribute
to the masses of the Z, the corresponding Higgs particles will also appear in reactions
e+e� ! Zh0, and their masses can be determined in the same way.

44

Higgs recoil mass 
Reconstruct Zl+l− 
independent of Higgs decay 
sensitive to invisible Higgs decays 

Z⇤

e�
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`+

`�
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gHZZ 

ILC TDR, √s=250 GeV, L=250 fb−1 

m2
recoil = (

�
s � E��)

2 � |�p��|2

Model-independent, 
absolute measurements 
(Z!e+e−,µ+µ− combined): 
√s=250 GeV, L=250 fb-1 

ΔmH ≤ 32 MeV 
σZH ≤ 2.5% 
gHZZ ≤ 1.2% Gauss. width ≈ 650 MeV� =� 560 MeV�!⊕� 330 MeV�

beam energy 
spread�

detector 
resolution�

	��

1.3 Double Higgs production and the Higgs self-coupling 29

Table 1-24. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p

s (GeV) 500 500 500/1000 500/1000 1400 3000R
Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% ? 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7% ? ?

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [71] for an ILC-based photon collider running for 5 years, leading to 80 raw
�� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity of
only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
h⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-25.

Community Planning Study: Snowmass 2013
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ILC marching toward the reality	



2013-08-16 IHEP International Symposium on Higgs Physics “Higgs Physics at the ILC" (T. Tanabe)�

Sefuri�

Kitakami�

Sefuri site in Kyushu region 
•  Saga and Fukuoka Prefectures 

–  Expanded efforts in all Kyushu, and Yamaguchi, 
Okinawa 

•  Kyushu�University and Saga University 
•  Kyushu Economic Federation 

Candidate Sites 

���

Kitakami site in Tohoku region 
•  Iwate and Miyagi Prefectures + all Tohoku area 

–  Local governments officially proposed ILC as a core project for 
the disaster recovery effort. 

•  Tohoku University 
•  Tohoku Economic Federation 

Japanese government approved supplementary 
budget for geological survey for ILC (Dec. 2011) 
(This is in addition to R&D grants.) 

2013-08-16 IHEP International Symposium on Higgs Physics “Higgs Physics at the ILC" (T. Tanabe)�

Efforts toward realizing ILC 

�	�

ILC is a genuine global project: most important key to its realization 
•  Global governance of the project 
•  Global cooperation 
•  Global design, construction, and operation 

Realization of ILC requires both international and domestic efforts. 

Industrial 
Business Academic�

Regional 
Local Government, 

Residents�

Political 
Government 

Agencies 

Require coordination of various sectors!�

General Public 
Tax-payers�

2013-08-16 IHEP International Symposium on Higgs Physics “Higgs Physics at the ILC" (T. Tanabe)�

Possible Timeline 

End 2013  Japanese government announces intent to bid 
 
2013-2015  Inter-governmental negotiations 

    Engineering design for ILC 
    Preparation of ILC laboratory 

 
~2015   Input from LHC 14 TeV, decision to proceed 
 
2015-201  Begin construction (including bidding) 
 
2026-2027  Commissioning 

���
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(2) Future Perspective	


(C). Circular e+e- Higgs factory	



A&specific&implementa_on:&TLEP&
•  A&study&has&been&commissioned&for&

an&80gkm&tunnel&in&the&Geneva&area.&
•  For&TLEP&we&fix&the&radius&

(conserva_vely&9000m)&the&power&
(100MW)&and&try&to&have&beams&as&
flat&at&possible&to&reduce&
beamstrahlung.&&

•  Our&arc&op_cs&design&(work&in&
progress)&conserva_vely&uses&a&cell&
length&of&50m,&which&s_ll&gives&a&
horizontal&emi[ance&of&2nm&at&
120GeV&

•  We&assume&that&we&can&achieve&a&
horizontal&to&ver_cal&emi[ance&ra_o&
of&500g1000&(LEP&was&200)&

LHC&

Possible&TLEP&loca_on& 24&



Patrick Janot 

TLEP%:%Possible%Physics%Programme%
"  Higgs%Factory%mode%at%√s%=%240%GeV:%5+%years%

◆  Higgs%boson%properties,%WW%and%ZZ%production.%
●  Periodic%returns%at%the%Z%peak%for%detector%and%beam%energy%calibration%

"  Top%Threshold%scan%at%√s%~%350%GeV:%5+%years%
◆  Top%quark%mass,%width,%Yukawa%coupling;%top%quark%physics;%more%Higgs%boson%studies.%

●  Periodic%returns%at%the%Z%peak%for%detector%and%beam%energy%calibration%

"  Z%resonance%scan%at%√s%~%91%GeV:%1B2%years%
◆  Get%1012%Z%decays%@%15%kHz/IP.%Repeat%the%LEP1%Physics%Programme%every%15%minutes.%

●  Continuous%transverse%polarization%of%%some%bunches%for%precise%Ebeam%calibration%

"  WW%threshold%scan%at%√s%~%161%GeV:%1B2%years%
◆  Get%108%W%decays;%Measure%the%W%mass;%Precise%W%studies.%

●  Continuous%transverse%polarization%of%some%bunches%and%returns%to%the%Z%peak.%

"  Longitudinally%polarized%beams%at%√s%=%mZ:%1%year%
◆  Get%1011%Z%decays,%and%measure%ALR,%AFB

pol,%etc.%
●  Polarization%wigglers,%spin%rotators%%

"  Luminosity,%Energy,%Polarization%upgrades%
◆  If%justified%by%scientific%arguments%(with%respect%to%the%upgrade%to%VHEBLHC)%

34#

Exciting!	



Exciting!	
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Patrick Janot 

TLEP%as%a%MegaBHiggs%Factory%(2)%
"  Example%:%%e+e�%�%ZH%�%l+l� +%anything%%%

◆  Measure%sHZ%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Summary%of%the%possible%measurements%:%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%(TLEP%:%CMS%Full%Simulation%+%some%extrapolations%for%cc,%gg)%

36#

ILCB250% TLEPB240%


HZ% 2.5%% 0.4%%


HZ%*BR(H�bb)% 1.1%% 0.2%%


HZ%*BR(H�cc)% 7.4%% 1.2%%


HZ%*BR(H�gg)% 9.1%% 1.4%%


HZ%*BR(H�WW)% 6.4%% 0.9%%


HZ%*BR(H���)% 4.2%% 0.8%%


HZ%*BR(H�ZZ)% 19%% 3.1%%


HZ%*BR(H�		)% 35%% 3.0%%


HZ%*BR(H���)% 100%% 13%%

�INV%/%�H% %<%1%% <%0.2%%

mH% 40%MeV% 8%MeV%

e+ 

e- 

Z* 

Z 

H 

e+, �+!

e�, ��!gHZZ%

TLEP-240 
1 year 
1 detector  

ILC TDR 
From P. Azzi et al. 
arXiV:1208.1662 

Patrick Janot 

TLEP%as%a%MegaBHiggs%Factory%(1)%

35#

%% ILC(250# TLEPB240% ILC(350# TLEPB350%

Lumi%/%5%yrs% 250#\�1! 10%ab�1! 350#\�1! 2.6%ab�1!

Beam%Polarization% 80%,#30%# –% 80%,30%# –%

#%of%HZ%events% 70,000# 2,000,000%% 65,000# 325,000%

#%of%WW�H%events%% 3,000# 50,000% 20,000# 65,000%

Z%→ ��%%

Z%→ All%%

Unpolarized#cross#sections# PJ and G. Ganis 

Conclusions&&

•  TLEP&is&a&3ging1&package:&
–  It&is&a&powerful&Higgs&factory&
–  It&is&a&highgintensity&EW&parameter&buster&
–  It&offers&the&path&to&a&100TeV&pp&collider&

•  TLEP&is&based&on&solid&technology&and&offers&li[le&
risk,&has&a&price&tag&which&is&expensive&but&not&
out&of&reach,&has&reasonable&consump_on,&offers&
mul_ple&interac_on&points&an&d&might&even&have&
an&upgrade&poten_al.&

45&

TLEP: 10 times more luminosity/IP.	



TLEP: 6 times better accuracy.	



Exciting!	
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(D). A Muon Collider	


Direct width measurement!	



(0.5 – 1 fb-1)	





(3) Beyond the Higgs Factory	


(E). Compact Linear Collider (CLIC)	



Sat
Jul

28
11

:33
:15

CEST
IPJura Mountains

Lake Geneva

Geneva

Legend

CERN existing LHC

CLIC 500 Gev

CLIC 3 TeV

Potential underground siting :

CLIC 1.5 TeV

Fig. 3: Linear Collider footprints near CERN, showing various implementation stages [5], as studied for
example for the CLIC CDR.

system and an active stabilisation system that decouples the magnets from the ground motion. Proto-50

types of both systems have demonstrated performance close to or better than the specifications.51

In addition, a broad technical development programme has successfully addressed many critical com-52

ponents. Among them are those of the main linac, which are most important for the cost, and their53

integration into modules. The drive beam components have largely been addressed in CTF3. Also54

performance-critical components have been developed and tested, e.g. the final doublet magnets, which55

will be located in the detector and need to provide a very high field, and high field-damping ring wig-56

glers, which rapidly reduce the beam emittances. The successful validation of the key technologies and57

of the critical components establish confidence that the CLIC performance goals can be met.58

Detailed site studies show that CLIC can be implemented near CERN, with the central main and drive59

beam complex on CERN property, as shown in Figure 3.60

The current CLIC parameters are the result of a full cost optimisation at 3 TeV, see Chapter 2.1 in [2].61

The technology can be used effectively over a wide range of centre-of-mass energies. The project can be62

built in energy stages, which can re-use the existing equipment for each new stage. At each energy stage63

the centre-of-mass energy can be tuned to lower values within a range of a factor three and with limited64

loss on luminosity performances. Two example scenarios of energy staging are given in [4] with stages65

of 500 GeV, 1.4 (1.5) TeV and 3 TeV, see Table 1 for scenario A and Table 2 for scenario B. For both66

scenarios the first and second stage use only a single drive beam generation complex to feed both linacs,67

while in stage 3 each linac is fed by a separate complex. The choice of energy stages will be reviewed68

based on future physics findings and an optimisation of the energy stages remains to be performed.69

Staging scenario A aims at achieving full design luminosity at 500 GeV collision energy with increased70

beam current. This requires higher RF power and larger aperture in the accelerating structures which71

therefore operate at lower gradient. The re-use of these structures in the second stage limits the achievable72

collision energy to 1.4 TeV. Staging scenario B aims at minimizing the cost of the 500 GeV stage by using73

3
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Table 1: Parameters for the CLIC energy stages of scenario A.

Parameter Symbol Unit

Centre-of-mass energy
 

s GeV 500 1400 3000
Repetition frequency frep Hz 50 50 50
Number of bunches per train nb 354 312 312
Bunch separation �t ns 0.5 0.5 0.5

Accelerating gradient G MV/m 80 80/100 100

Total luminosity L 1034 cm�2s�1 2.3 3.2 5.9
Luminosity above 99% of

 
s L0.01 1034 cm�2s�1 1.4 1.3 2

Main tunnel length km 13.2 27.2 48.3
Charge per bunch N 109 6.8 3.7 3.7
Bunch length �z µm 72 44 44
IP beam size �x/�y nm 200/2.6 ⌃ 60/1.5 ⌃ 40/1
Normalised emittance (end of linac) ⇤x/⇤y nm 2350/20 660/20 660/20
Normalised emittance (IP) ⇤x/⇤y nm 2400/25 — —
Estimated power consumption Pwall MW 272 364 589

Table 2: Parameters for the CLIC energy stages of scenario B.

Parameter Symbol Unit

Centre-of-mass energy
 

s GeV 500 1500 3000
Repetition frequency frep Hz 50 50 50
Number of bunches per train nb 312 312 312
Bunch separation �t ns 0.5 0.5 0.5

Accelerating gradient G MV/m 100 100 100

Total luminosity L 1034 cm�2s�1 1.3 3.7 5.9
Luminosity above 99% of

 
s L0.01 1034 cm�2s�1 0.7 1.4 2

Main tunnel length km 11.4 27.2 48.3
Charge per bunch N 109 3.7 3.7 3.7
Bunch length �z µm 44 44 44
IP beam size �x/�y nm 100/2.6 ⌃ 60/1.5 ⌃ 40/1
Normalised emittance (end of linac) ⇤x/⇤y nm — 660/20 660/20
Normalised emittance ⇤x/⇤y nm 660/25 — —
Estimated power consumption Pwall MW 235 364 589

full-gradient accelerating structures at nominal beam current, resulting in lower instantaneous luminosity.74

The re-use of these structures allows reaching 1.5 TeV collision energy in the second stage.75

Possible operating scenarios for the complete CLIC programme are sketched in Figure 4: the duration of76

each stage is defined by the integrated luminosity targets of 500 fb�1 at 500 GeV, 1.5 ab�1 at 1.4 (1.5)77

TeV and 2 ab�1 at 3 TeV collision energy. The integrated luminosity in the first stage can be obtained for78

scenario B by operating for two more years; this is partly regained in the next stage, so that the overall79

duration of the three-stage programme is comparable for both cases, about 24 years of operation.80

Construction schedules (Figure 5) are essentially driven by civil engineering, infrastructure and machine81
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(F). VHE-LHC (VLHC)	


In TLEP ring: 80 – 100 km. Reach E(pp) = 80 – 100 TeV!	



Top Reasons For The VLHC:

• There are important issues to learn after the LHC/LC.

(in any scenarios, pretty much!)

• It is exciting to think about a physics program at a Very-Large machine.

• while the LHC is to study the “Large Hierarchy”,

VLHC is to explore the “Little Hierarchy”.

• There must be things out there we have never thought about!

Go for the energy frontier!

Theory Overview

in the light of future hadron colliders

Tao Han

Univ. of Wisconsin - Madison

VLHC workshop, Fermilab, Oct. 16, 2003

PHYSICS AT 100-200 TeV

Tao Han, Univ. of Wisconsin-Madison

(1999 VLHC Annual Meeting, June. 28)

I. Brief Introduction:
• Particle Physics and Colliders

II. Physics Expectations at the VLHC:

• Representative SM Physics
• Physics Beyond the SM

III. Physics at the High-Energy Frontier
• Beyond the Naive Expectation

(Bill Foster invited me for dinner,	


later quitted job at FNAL.)	
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Timeline:
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Comments:

CLIC
>1TeV
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LHC
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TLEP VLHCMC

years 
beyond
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Activities, Mentality

(1) International energy frontier	



The discovery of the Higgs boson has tremendously 	


inspired the field to consider future Higgs factories.	



CERN is in a strong position:	


     LHC, HL-LHC; CLIC, TLEP-VHE-LHC etc.	



Japan is in a good position:	


 ILC, etc. (SuerpKEKb/Belle2; Hyper-K) 	



The US is in a difficult position:	


     Crucial participation in LHC, HL-LHC; ILC etc.	



DOE: “We are the leaders, but not the drivers.”	
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The US exploration	


The Community Summer Study (Snowmass) just concluded:	



The P5 has just announced:	


(Particle Physics Project Prioritization Panel)	



5 September 2013 S. Ritz  P5 6 

Charge: Deliverables (4) 

•  “We would find it useful if your report can update the 
discussion of the scientific questions that drive the field…
also crisply articulate the value of basic research and the 
broader impacts of high-energy physics on other 
sciences and on society, including the impacts of training 
of particle and accelerator physicists.” 
–  “…effective communication about the excitement, impact, and 

vitality of high-energy physics…will be critical in making the case 
for the new strategic plan.” 

–  There are two supporting reports (broader science impacts and 
broader technology impacts), currently under construction, which 
will be helpful inputs to P5.  See J. Siegrist presentation. 

•  Preliminary comments by 1 March 2014 
•  Final report by 1 May 2014 

5 September 2013 S. Ritz  P5 3 

Charge: Deliverables (1) 

•  “…develop an updated strategic plan for U.S. high energy 
physics that can be executed over a 10-year timescale, in the 
context of a 20-year global vision for the field.” 

•  “…an assessment of the current and future scientific 
opportunities over the next 20 year period.” 

•  “…a critical examination of the investments…to ensure the 
vitality, scientific productivity, and discovery potential of U.S. 
high energy physics research…” 
–  “…examine current, planned, and proposed U.S. research 

capabilities and assess their role and potential for scientific 
advancement;  

–  assess their uniqueness and relative scientific impact in the 
international context; and  

–  estimate the time and resources (facilities, personnel, R&D and 
capital investments) needed to achieve their goals…technical 
readiness and feasibility…” 

•  “…consider the appropriate balance of small, mid-scale, and 
large experiments and identify, where possible, multiple or 
complementary pathways to address the important scientific 
questions.” 

HEPAP –  September 5, 2013 6 

•  The Snowmass Report will be presented in such a way that it can be 
read at various levels.  An Executive Summary lays out the broad 
topics treated in more detail in a summary chapter.  Each Frontier 
(Intensity, Energy, Cosmic, Theory, Capabilities, Instrumentation, 
Computing, and Communication) has its own chapter containing 
further details.  Reference is made to submissions by each Frontier's 
subgroups, and to contributed White Papers. 
•  Report to be ready November 1. 

•  Provides a detailed resource to P5. 

•  Following talks will present summaries from the Frontiers. 

•  Note that other parts of the world are engaged in a similar 
process  
•  For example: the European Physics Briefing Book  

http://europeanstrategygroup.web.cern.ch/europeanstrategygroup 



Some theory activities:	



Started organizing ourselves 	


to explore, to motivate, 	


to coordinate relevant	


physics issues. 	



This is a new initiative	


 with Nima’s drive:	


 Please join hands and move!  	
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(2) Personal Views	


The Higgs factory is a Must, and will be done. 	



VHE-LHC is the obvious future, and will be carried out. 	



China is a strong record for international collaborations:	


LEP-I,II, BES, SuperK, Belle, AMS, LHC, Daya Bay, …	



	


Needs more and improvement/adjustment. 	
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Since many years ago …	



12/05/06 1 
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中国参与国�前沿研究的良机�� 
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美国威斯康星大学���� 
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Let’s get	


together,	


and roll!	
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Table 1: Preliminary values of the luminosity for TLEP in each of the four planned configurations, taken from
Ref. [8]. Other parameters relevant for the physics potential of TLEP are also listed.

TLEP-Z TLEP-W TLEP-H TLEP-t
p

s (GeV) 90 160 240 350
L (1034cm�2s�1) 56 16 5 1.3

# bunches 4400 600 80 12
RF Gradient (MV/m) 3 3 10 20

Vertical beam size (nm) 270 140 140 100
Total AC Power (MW) 250 250 260 284

Patrick Janot 

Performance*Comparison*(2)**
!  Luminosity*:*Circular*colliders*can*have*several*IP’s*

◆  Note*:*Lumi*upgrade*(×3)*now*envisioned*at*ILC*:*luminosity*is*the*key*at*low*energy*!*

●  Crossing*point*between*circular*and*linear*colliders*~*450*GeV*

Séminaire LPNHE 
Paris, 14 Juin 2013 
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TLEP%:%Instantaneous%lumi%at%each%IP%(for%4%IP’s)%
%%%%%%%%%%%%%%Instantaneous%lumi%summed%over%4%IP’s%Z,%2.1036%

WW,%6.1035%

HZ,%2.1035%

tt%,%5.1034%

Fig. 3: Instantaneous luminosity, in units of 1033cm�2s�1, expected at TLEP (blue line) at each interaction point,
as a function of the centre-of-mass energies, in logarithmic scale. For illustration, the luminosities expected at
linear colliders, ILC (red line) and CLIC (green line), are indicated in the same graph. For TLEP, the luminosity
at each interaction point is determined in the configuration with four interaction points operating simultaneously.
It would increase significantly if less interaction points were considered. The purple line indicates the TLEP
luminosity summed over the four interaction points.

the formula of Ref. [13] will have minor effects on the conclusions of this analysis.
Also displayed in Fig. 3 are the luminosities expected for two linear collider projects, ILC [7] and

CLIC [14], as a function of the centre-of-mass energy. It is remarkable that the luminosity expected at
TLEP is between a factor 5 and three orders of magnitude larger than that expected for a linear collider,
at all centre-of-mass energies from the Z pole to the tt̄ threshold, where precision measurements are to
be made, hence where the accumulated statistics will be a key feature. Upgrades aimed at delivering
luminosities well beyond the values given above are also being investigated – although they cannot be
guaranteed today. Possibilities include beam charge compensation, allowing beamstrahlung effects to
be mitigated, as mentioned in Ref. [8]. Upgrades to higher centre-of-mass energies are discussed in
Section 5.

5

Backups:	
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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 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	


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



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



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



_	

 _	



Agashe et al.; Haber, Carena;  	


TH, Logan, Wang	
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1.  LHC: 	


•               measured at <10% level.	


•                               sensitive to <20% level.	


•  No model-independent measure for	



3.  µ+µ- Higgs factory: 	


•    Direct measurement of       by scanning.	



2.   e+e- Higgs factory: 	


•      model-independent for gZZh at 1.5% level 	


•      Extraction for 	



�obs � g2
in

�final

�tot
�obs/�SM

Br(h� N̄N, ��, ...)

�i, �tot

�tot

�tot � �ZZ/BRZZ

4.  VHE-LHC: opens up 	


      the new energy territory!	
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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”:        	


-  LHC lights the way for the searches.	


-  Higgs factory may reveal their properties from	


  Higgs coupling measurements at 1%-level.	



Higgs	



H̃0,±, t̃, b̃, (g̃); S, S̃...

H0, A0, H±, H±±, S...

t, W±, Z


