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Stephane Lavignac

More precisely, we would appreciate very much 
if you could give the talk on the physics 
potential of future machines from a theorist's 
perspective (including but not necessarily 
restricted to their potential in sheding light on 
the Higgs sector: a broader perspective would 
be interesting). There will also be an 
experimental talk on ILC and other machine 
prospects just before this theoretical talk.



Seminar at July 4th 

• How does it observed?  
• What should we do next? 

July 13th, 2011 IPMU seminar 5 

July 4, 2012



Higgsdependence Day
July 4, 2012



CERN official statements
Higgs-like boson

a Higgs boson

Kinematic discriminant built to describe the kinematics  of 
production and decay of different JP state of a "Higgs"  
 

0+ vs 0- 

CLs=0.16% 

More JP hypotheses have been tested in a similar way ! 

Spin/Parity Hypothesis Tests 
Spin/parity hypothesis tests:  H → ZZ → 4l channel    

hZµZ
µhave seen

�†�ZµZ
µbut a gauge boson

hhhiZµZ
µonly way

we have discovered a particle
that has a value in vacuum

hZµ⌫Z
µ⌫

hZµ⌫Z̃
µ⌫

hµ⌫Z
µ⇢Z⌫

⇢



Minimal

• It looks very much like the 
Standard Model Higgs boson

• We’ve known the energy scale 
to probe since 1933

• now a UV complete theory of 
strong, weak, EM forces 
possibly valid up to even MPl

• cosmology also looks minimal 
single-field inflation (Planck)

• the year of elementary scalars!!!

Planck

Where do we go next?



Is particle physics over?



Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Five evidences
for physics beyond SM
• Since 1998, it became clear that there are 

at least five missing pieces in the SM

• non-baryonic dark matter

• neutrino mass

• dark energy

• apparently acausal density fluctuations

• baryon asymmetry

We don’t really know their energy scales...
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This Plot is Not the Point

(But it is interesting, and a good way to compare how to different categories of searches are doing with 
respect to a certain class of interaction types.)
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Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.

– 26 –

Exciting!

γ from dSph

direct detection

e+

LHC



mass of dark matter
• upper limit comes from 

search for using 
gravitational microlensing

• lower limit comes from 
uncertainty principle

• 10-31 GeV to 1050 GeV
• we narrowed it down to 

within 81 orders of 
magnitude

• a big progress in 80 years 
since Zwicky
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Baryon
Asymmetry
• with success of inflation, it can’t be the initial 

condition of the Universe
• Kobayashi and Maskawa phase                       

can only explain ηb≈αW5 J≈10–27

• new sources of CPV are needed
• we also need to see how anti-matter can turn 

into matter

quark sector: LHCb, SuperKEKB, rare kaon decays
lepton sector: CPV in neutrinos, 0νββ, LFV
both sectors: proton decay

Planck



Three frontiers of research in particle physics form 
an interlocking framework that addresses 
fundamental questions about the laws of nature  
and the cosmos.

Power of Expedition

U
ni

fie
d

T
he

or
ie

s

10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)

LHC
dark matter

quark flavor
lepton flavor

neutrino
proton deay

baryon asymmetry

EDM



devil’s advocate

• All evidences for physics BSM have come 
from non-accelerator experiments

• we don’t know the next important energy 
scale in nature

• colliders probe only a very limited range of 
energy scale

• they are very expensive, too!



Is energy frontier dead?



Next energy scale

to be replaced
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gluino mass [GeV]
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Nima’s anguish

mH=125 GeV seems almost maliciously designed 
to prolong the agony of BSM theorists….



Is naturalness dead?



Electron mass is natural
by doubling #particles

• Electron creates a force 
to repel itself

• quantum mechanics and 
anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm

19

e–

e+

g

e–

g

e–

e–

e+

g

e–

Dme ⇠ me
a
4p

log(mere)

Dmec2 ⇠ e2

re
⇠ GeV

10�17cm
re



Higgs mass is natural
by doubling #particles?

• Higgs also repels itself

• Double #particles again   
⇒ superpartners

• only log sensitivity to UV

• Standard Model made 
consistent up to higher 
energies
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Higgs mass vs SUSY
• Higgs is heavier than 

MSSM prediction

⇒Dirac NMSSM?

W = �HuHdS +MSS̄

m2
S̄ ! 1

semi-soft SUSY breaking

Lu, HM, Ruderman, Tobioka
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Is Higgs alone?

• Many models that try to 
explain mh=125GeV 
require additional Higgs 
bosons

• precision measurements 
reveal their existence

• e.g. “Dirac NMSSM”
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SUSY not found

• Maybe SUSY hidden in the data
• break SUSY with boundary conditions in 

5D
• @tree level, all SUSY particles degenerate 

at α/R similar to UED

• even sfermions and gauginos degenerate

• SUSY as light as 1TeV still OK

24

HM, Nomura, Shirai, Tobioka
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uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars

• cosmologists got antsy
• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

1% tuning



patience
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It took 10 years for CDF to discover the top quark.

LHC14, HL-LHC



higher energies?
• HL-LHC boosts reach

• We believe we should keep 
aiming at higher energies

• 100 TeV pp would be great!

• problem: no argument for a 
particular energy scale yet 

• we always had idea recently

• SppS, LEP: W & Z

• Tevatron: top

• LHC: Higgs

we should start with the energy scale we know: Higgs



Is precision Higgs study 
worthwhile?



Higgs boson

need to find everything
under the lamp post

learn where
to go next



argument

• Higgs is absolutely important
• HL-LHC the highest priority
• ILC has evolutionary program on Higgs
• 250GeV: ZH, branching fractions
• 500GeV: W-fusion, ttH, self-coupling
• 1TeV: better ttH, self-coupling

• at the same time, hope for new physics
• the same approach as LEP with Z & W
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Higgs particle

disorder　　　　 ⇒ 　　　　order

4 quadrillion degrees



nuclei
electrons

atoms

Who is Higgs?
Is it alone?

Any siblings?
Why frozen?



Spin

• Higgs boson is the only spin 0 particle in the 
standard model
• it is faceless
• one of its kind, no context
• but does the most important job

• looks very artificial
• we still don’t know dynamics behind the 

Higgs condensate
• Higgsless theories: now dead



Theoretical Foundation
for Scalar Bosons?

Supersymmetry
• Higgs just one of many scalar bosons
• SUSY loops make mh

2 negative
composite
• spins cancel among constituents
• condensate by a strong attractive force, 

holography
Extra dimension
• Higgs spinning in extra dimensions
• new forces from particles running in extra D

not “naturalness” arguments



Higgs as a portal

• having discovered the Higgs?

• Higgs boson may connect the Standard 
Model to other “sectors”

36

hidden
sector

Higgs
sector

SU(3)CxSU(2)LxU(1)Y

quarks
leptons

L = OhiddenH
†H



Need many probes
for full understanding



History of Colliders
1. precision measurements of neutral current 

(i.e. polarized e+d) predicted mW, mZ

2. UA1/UA2 discovered W/Z particles
3. LEP nailed the gauge sector
1. precision measurements of W and Z (i.e. 

LEP + Tevatron) predicted mH

2. LHC discovered a Higgs particle 
3. LC nails the Higgs sector?
1. precision measurements at LC predict ???



dream case
for experiments

can measure them all!



production mechanisms

Volume 1: Physics 2.4. Higgs measurements at ILC at 250 GeV
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Figure 2.4.8: Higgs recoil mass distribution in the Higgs-strahlung process e+e� !
Zh, with (a) Z ! µ+µ� and (b) Z ! e+e�(n�). The results are shown for
P (e+, e�) = (+30%, �80%) beam polarization. These distributions give the Higgs
boson mass with no assumptions required concerning the Higgs decay modes.
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Figure 2.4.6: Feynman diagrams for the three major Higgs production processes at
the ILC: e+e� ! Zh (left), e+e� ! ⌫⌫H (center), and e+e� ! e+e�H (right).

measurements of the properties of the Standard-Model-like Higgs boson candidate
found at the LHC.

The precision Higgs program will start at
p

s = 250GeV with the Higgs-strahlung
process, e+e� ! Zh (Fig. 2.4.6 (left)).The production cross section for this process
is plotted in Fig. 2.4.7 as a function of

p
s together with that for the weak boson

fusion processes (Figs. 2.4.6-(center and right)). We can see that the Higgs-strahlung
process attains its maximum at around

p
s = 250GeV and dominates the fusion

processes there. The cross section for the fusion processes increases with the energy
and takes over that of the Higgs-strahlung process above

p
s >⇠ 400 GeV.

The production cross section of the Higgs-strahlung process at
p

s ' 250 GeV is
substantial for the low mass Standard-Model-like Higgs boson. Its discovery would
require only a few fb�1 of integrated luminosity. With 250 fb�1, about 8.⇥104 Higgs
boson events can be collected. Note that, here and in the rest of our discussion, we
take advantage of the ILC’s positron polarization to increase the Higgs production
rate over that expected for unpolarized beams.

The precise determination of the properties of the Higgs boson is one of the main
goals of the ILC. Only after this study is completed can we settle the question of
whether the new resonance is the Standard Model Higgs boson, a Higgs boson of a
more general theory, or a particle of a di↵erent origin. Particular important for this
question are the values of the Higgs boson mass, mh, and the Higgs production cross
sections and branching ratios.

In this section and the following ones, we will present the measurement accu-
racies for the Higgs boson properties expected from the ILC experiments. These
measurement accuracies are estimated from full simulation studies with the ILD and
SiD detectors described in the Detector Volume of this report. Because these full-
simulation studies are complex and were begun long before the LHC discovery, the
analyses assumed a Higgs boson of mass 120 GeV. In this section and the next two
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Figure 2.6.19: Production cross sections for the Higgs-strahlung, e+e� ! Zh, the
WW fusion, e+e� ! ⌫⌫H, and ZZ fusion processes as a function of the center of
mass energy for mh = 125GeV and beam polarization (Pe� , Pe+) = (�0.8, +0.2).

1000 GeV will provide a higher statistics sample of Higgs bosons, as discussed above.
We thus expect about 100 events for the h ! µ+µ� mode. Since the cross sections
for the e+e� ! W+W� ! µ+⌫µµ�⌫µ and e+e� ! ZZ ! µ+µ�ff backgrounds
will decrease, while the signal cross section will increase at higher energies, we would
expect a meaningful measurement of the muon Yukawa coupling. An earlier fast
simulation result showed that a 5 � signal peak would be observed with a 1 ab�1

sample for mh = 120 GeV [122,123]. More recent full simulations by SiD and ILD
showed that indeed we would be able to measure � ⇥ BR(h ! µ+µ�) to 32% for
mh = 125GeV even with the full beam-induced backgrounds. Together with the
tau Yukawa coupling from the h ! ⌧+⌧� branching ratio, this measurement will
provide an insight into the physics of lepton mass generation. With the charm
Yukawa coupling from the h ! cc branching fraction, this also will allow us to probe
the mass generation mechanism for the second generation matter fermions.

The new high-statistics sample of Higgs boson allows branching ratio measure-
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Milk every drop
out of h(125)Volume 1: Physics 2.8. Conclusion
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Figure 2.8.20: Estimate of the sensitivity of the ILC experiments to Higgs boson
couplings in a model-independent analysis. The plot shows the 1 � confidence
intervals as they emerge from the fit described in the text. Deviation of the central
values from zero indicates a bias, which can be corrected for. The upper limit on
the WW and ZZ couplings arises from the constraints (2.3.31). The bar for the
invisible channel gives the 1 � upper limit on the branching ratio. The four sets of
errors for each Higgs coupling represent the results for LHC (300 fb�1, 1 detector),
the threshold ILC Higgs program at 250 GeV, the full ILC program up to 500 GeV,
and the extension of the ILC program to 1 TeV. The methodology leading to this
figure is explained in [65].
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dark matter?



Composite Higgs

• effect of compositeness 
appears as higher 
dimension operators

• precision Higgs 
measurements

• window to high-energy 
physics beyond TeV

equations of motion this term can, however, be rewritten as

1

m2
ρ

[
m2

HHα + λH†HHα + yf(FLfR)α
]2

, (12)

corresponding to effects that are all subleading to more direct corrections from the strong

sector.

For completenes we should also list the dimension-6 operators involving only covariant

derivatives and field strengths

O2W = (DµWµν)
i(DρW

ρν)i O2B = (∂µBµν)(∂ρB
ρν) O2g = (DµGµν)

a(DρG
ρν)a

(13)

O3W = εijkW
i
µ

ν
W j

νρW
k ρµ O3g = fabcG

a
µ

νGb
νρG

c ρµ. (14)

As we show in the appendix A, see eq. (117), the three operators in eq. (13) can be generated

at tree level through the exchange of massive vectors transforming respectively as a weak

triplet, as a singlet and as a color octet. Their coefficients are therefore in general of order

1/(gρmρ)2. The two operators in eq. (14) cannot arise at tree level in minimally-coupled

theories. For instance O3W contributes to the magnetic dipole and to the electric quadrupole

of the W . They are thus generally expected with a coefficient ∼ 1/(4πmρ)2.

2.3 The SILH effective Lagrangian

We now basically have all the ingredients to write down the low-energy dimension-6 effective

Lagrangian. We will work under the assumption of a minimally coupled classical Lagrangian

at the scale mρ.

Using the rules described in sect. 2.2, we obtain a low-energy effective action for the

leading dimension-6 operators involving the Higgs field of the form

LSILH =
cH

2f 2
∂µ

(
H†H

)
∂µ

(
H†H

)
+

cT

2f 2

(
H†←→DµH

)(
H†←→D µH

)

−
c6λ

f 2

(
H†H

)3
+

(
cyyf

f 2
H†Hf̄LHfR + h.c.

)

+
icW g

2m2
ρ

(
H†σi←→DµH

)
(DνWµν)

i +
icBg′

2m2
ρ

(
H†←→DµH

)
(∂νBµν)

+
icHW g

16π2f 2
(DµH)†σi(DνH)W i

µν +
icHBg′

16π2f 2
(DµH)†(DνH)Bµν

+
cγg′2

16π2f 2

g2

g2
ρ

H†HBµνB
µν +

cgg2
S

16π2f 2

y2
t

g2
ρ

H†HGa
µνG

aµν . (15)

9Giudice, Grojean, Pomarol, Rattazzi

ILC500 ⇒ 4πf~40 TeV



Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: �H ,�V ,�f

– Tevatron H ! bb̄ with little impact

Future

– LHC extrapolations unclear

– theory extrapolations tricky

– ILC case obvious [500 GeV for now]

– interplay in loop-induced couplings
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Higgs Boson

Tilman Plehn

Weak interaction

Higgs boson

Discovery

Lagrangian

Couplings

Meaning

Couplings now and in the future

Now [Aspen/Moriond 2013]

– focus SM-like [secondary solutions possible]

– six couplings and ratios from data
gb from width
gg vs gt not yet possible
[similar: Ellis etal, Djouadi etal, Strumia etal, Grojean etal]

– poor man’s analyses: �H ,�V ,�f

– Tevatron H ! bb̄ with little impact

Future

– LHC extrapolations unclear

– theory extrapolations tricky

– ILC case obvious [500 GeV for now]

– interplay in loop-induced couplings
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circular vs linear?
power lumi power lumi

ILC250 122MW 7.5E+33 280MW 4.0E+34

TLEP 280MW 5.0E+34 280MW 5.0E+34

ILC500 163MW 1.8E+34 280MW 5.3E+34

TLEP x 2 detectors
ILC x 1.3 (polarization)

My prejudice:
circular no big advantage
no path beyond 350 GeV

no beam polarization at high E



Colored SUSY particles are 
constrained from below by LHC 
 

We need mass splitting between 
the colored sector and the 
uncolored sector 

Typical cMSSM scenario 

Typical GMSB scenario 

Typical AMSB scenario 

S. Heinemeyer 

Sleptons Sleptons 

Sleptons 

Colored 

Colored 
Colored 

ILC 1000 
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New physics
• precision Higgs measurements 

may reveal multi-Higgs nature
• deviation will give us upper 

limit on new physics scale
• access to color-neutral new 

particles?
• once any hint of new physics, 

upgradability is the key

Uncolored



electroweak states
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-
handed (mass degenerate) selectron and smuon production in the m�̃0

1
–m ˜̀ plane. (d) 95% CL exclusion

limits for �̃±1 �̃
⌥
1 pair production in the simplified model with sleptons and sneutrinos with m ˜̀ = m⌫̃ =

(m�̃±1 +m�̃0
1
)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).
The solid band around the expected limit shows the ±1� result where all uncertainties, except those on
the signal cross-sections, are considered. The ±1� lines around the observed limit represent the results
obtained when moving the nominal signal cross-section up or down by the ±1� theoretical uncertainty.
Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the
mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the
7 TeV data [35].
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Figure 9: Observed (a) and expected (b) 95% CLs upper limits of the cross-section obtained from SR-
WWa–c for simplified models with bino-like �̃0

1 and wino-like �̃±1 in the m�̃0
1
–m�̃±1 plane. (c) Observed

and expected 95% CLs upper limits of the cross-section as a function of m�̃±1 for massless �̃0
1 normalised

to the simplified-model cross-section.
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once new particle found
• Use polarized electron beam
• can ignore mZ

2≪s

• eR couples only to Bμ
• eL couples to Bμ+Wμ0

• can determine quantum #s
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a new gauge boson

Volume 1: Physics 3.2. Z 0 physics

Figure 3.2.1: Sensitivity of the ILC to various candidate Z 0 bosons, quoted at
95% conf., with

p
s = 0.5 (1.0) TeV and Lint = 500 (1000) fb�1. The sensitivity of

the LHC-14 via Drell-Yan process pp ! `+`� +X with 100 fb�1 of data are shown
for comparison. For details, see [14].
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Chapter 3. Two-Fermion Processes
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Figure 3.2.3: 95% confidence regions in the plane of the couplings of left- and right-
handed leptons to a Z 0 boson, for the ILC with

p
s = 500 GeV and 1000 fb�1 and

80%/60% electron and positron polarization, for MZ0 = 2 TeV (left panel) and 4
TeV (right panel). For further details, see [16].
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HL-LHC

• h(125) precision study

• look for deviation from SM

• test of unitarity cancellation in WW

• 20–30% boost in discovery reach

• of course hope for new physics!

• we should definitely exploit LHC!



ILC

• h(125) higher precision study

• look for deviation from SM

• evolutionary program 250–1000 GeV

• search for new electroweak particles

• if nothing, we may want GigaZ, MegaW

• we need this, too!



further beyond

• VHE-LHC: best hope to go to higher 
energies

• CLIC: once new particle at LHC beyond 
Higgs, excellent case with definite energy

• µµ: s-channel Higgs production, possibly 
higher energy

• how do we justify the energy?
• meanwhile we develop technology



timeline?

2010

2015

2020

2025

2030

2035

hadron
LHC8

HL-LHC

lepton
ILC

CLIC?

VHE-LHC?

µµ?

2040

LHC14





theorist

experiments



LHCb

ATLAS

theorists

CMS

healthy field!


