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Beyond SM?

• We cannot explain

• neutrino mass (1998)

• dark matter (2003)

• dark energy (1998)

• inflation (2013)

• baryon asymmetry (2013)


• theoretical expectation:

• Higgs is the portal

atoms
dark matter
dark energy
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Higgs boson frozen 

in the Universe
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宇宙のあらゆる場所，あなたの眼の前
にすら，「ヒッグス粒子」が満ちている
　素粒子物理学の標準モデルでは，もう一つ未発見の素粒子
の存在が予言されています。それが「ヒッグス粒子」です。

　標準モデルによると，宇宙空間のあらゆる場所，真空や物
質の内部にさえ，ヒッグス粒子が満ちていると言います＊。
魚が周囲に満ちている水の存在に気づかないであろうよう
に，ヒッグス粒子はあらゆる場所に満ちているため，私たち
はその存在に気づいていないのです。

　ヒッグス粒子は，あらゆる素粒子の「重さ（質量）」を生
みだす源だと考えられています。標準モデルによると，本来，
あらゆる素粒子は質量がゼロだと考えられているのです。質
量とは，「物体の動かしにくさ」（より正確には「加速のしに
くさ」）を意味します。質量の小さな（軽い）ピンポン球は，
小さな力でも，いきおいよく動かすことができます。しかし
質量の大きな（重い）砲丸は，大きな力を加えないと，いき
おいよく投げることはできません。

　ヒッグス粒子が空間に満ちているため，素粒子が動こうと
すると，ヒッグス粒子と衝突してしまうことがあります。こ
れを素粒子の質量，すなわち，動かしにくさの起源だと考え
るわけです。質量が大きい（重い）素粒子ほど，ヒッグス粒
子と頻

ひん
繁
ぱん
にぶつかることになります。

ヒッグス粒子がなかったら，私たちは存在できない
　一方，光子のような質量ゼロの素粒子は，ヒッグス粒子と
衝突しません。光が自然界の最高速度（光速，秒速約 30万
キロメートル）で進めるのは，このためです。

　逆にいえば，光子は真空中を光速以下で進むことはできま
せん。光子は，生まれた瞬間から光速で動きつづける運命な
のだといえます。ヒッグス粒子がなければ，私たちの体をつ
くっている電子などの素粒子も，光速で進んでしまい，その
場に留まっていられなくなります。物体の構造が保たれてい
るのは，真空にヒッグス粒子が満ちているおかげなのです。
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Part 2 素粒子論入門
ヒッグス粒子①

＊： 真空に満ちているのは「ヒッグス場」で，加速器を使ってヒッグス場から
たたき出される（次ページ参照）のが「ヒッグス粒子」と使い分ける方が，
より正確ですが，この記事では「ヒッグス粒子」で統一することにします。
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Just the right amount of Higgs boson for us to exist!

Credit: Newton Japan

Frozen Higgs





Who is he keeping us 
from falling apart?



History of Colliders

lepton vs hadron

1. precision measurements of neutral current                    
(i.e. polarized e+d) predicted mW, mZ


2. UA1/UA2 discovered W/Z particles

3. LEP/SLC nailed the gauge sector


1. precision measurements of W and Z (i.e. LEP + Tevatron) 
predicted mt and mH


2. Tevatron discovered top, LHC discovered a Higgs particle  
3. Higgs factory nails the Higgs & top sector


1. precision measurements at Higgs factory predicts ???
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Higgs factory
LHC



Globatron

Enrico Fermi

ECM=3 TeV p p fixed target experiment



e+e– collider experiment as small as 100 km



Higgs as central theme
• Higgs is at the center of the Standard Model


• the only particle that talks to everybody


• the only particle that doesn’t spin


• the only particle that is condensed in the universe


• the source of all masses of elementary particles


• We don’t know why it is the case for any of the points 
above


• the lowest order coupling to new physics


unbelievably important & special particle!



I hated it!

• Higgs boson is the only spin 0 particle in the standard 
model

• we have never seen one before

• faceless particle!

• one of its kind, no context

• but does the most important job


• The theory looks very artificial

• we still don’t know dynamics behind the Higgs 

condensate

• Higgsless theories: now dead



Context for Scalar Bosons?
Supersymmetry

• Higgs just one of many scalar bosons

• SUSY loops make mh2 negative

• superpartners


composite

• spins cancel among constituents

• condensate by a strong attractive force, holography

• top partner, pNGBs, vector-like quarks


Extra dimension

• Higgs spinning in extra dimensions

• new forces from particles running in extra D

• KK particles

a different “naturalness” argument
Higgs boson must know something about them



By A Pomarol

preferred

preferred

Supersymmetry
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LHC

p p

e+ e-

What you can’t 
see at LHC

Huge efforts over last months to prepare for high lumi and pile-up expected in 2012: 
 optimized trigger and offline algorithms (tracking, calo noise treatment, physics objects)  
     mitigate impact of pile-up on CPU, rates, efficiency, identification, resolution  
 in spite of x2 larger CPU/event and event size  we do not request additional computing  
     resources (optimized computing model, increased fraction of fast simulation, etc.) 

The BIG  
challenge  
in 2012:  
PILE-UP 

Z μμ 

Z μμ event from 2012 data with 25 reconstructed vertices 

2012: ~30 events/xing  
at beginning of fill  
with tails up to ~ 40.  

37 

2011: average  
12 events/xing,  
with tails up to ~20 



LHC

LHC vs e+e–

e+e–

More crisp images



e+e–

• simple kinematics


• no loss of the longitudinal 
momentum (modulo photon 
emission)


• can make use of all final states


• not just easily identifiable 
particles (i.e. leptons@LHC)


• capture all information for a 
given event

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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What is Higgs really?

Lumi 1920 fb-1, sqrt(s) = 250 GeV

Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM)

has siblings?  (2DHM)


not elementary?
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A scientist at CERN produced a quarter gram of anti-matter 
without the knowledge of the Director General

falls into wrong hands!

billion trillion 
trillion dollars

(C)2009 Columbia Pictures Industries

anti-matter
suspended



Beginning of Universe
1,000,000,001 1,000,000,001

matter anti-matter



Complete Annihilation

matter anti-matter



Beginning of Universe

matter anti-matter

1,000,000,001 1,000,000,001



When Higgs froze

matter anti-matter

1
Higgs1,000,000,002 1,000,000,000
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How we were saved

matter anti-matter

us
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Did he save us from 
a complete annihilation?

Who is he keeping us 
from falling apart?



baryogengesis + DM

SU(2) x U(1)
SU(2) x U(1)

SU(3)SU(3)

SMdark sector

Bdark=Ldark νR

LSM→BSM

Eleanor Hall, Thomas Konstandin, Robert McGehee, HM, 
Géraldine Servant, Bethany Suter, arXiv:1910.08068, 1911.12342, 2107.03398

Higgs

ndark γ’ – γ mixing
e+e–

π0

31

Why dark matter and baryon differ only by ~5?



Introduction Higgs to invisible

Caterina Doglioni - 2019/05/13 - European Strategy Update

Comparison to direct detectionBSM scalar mediator

Higgs portal, plot for direct searches
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• Limits on BR can be translated to 
limits in the DM-nucleon plane 

arXiv:1708.02245 
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Caveat: EFT validity 
in Higgs-DM 

interaction not 
guaranteed beyond 

HL-LHC

e+e–

HL-LHCChinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
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95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12
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x10 HL-LHC

Higgs → dark sector → SM



Higgs portal
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neutrino & Higgs portal
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Dark Spectroscopy
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top quark
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Figure 7: Top quark pair production threshold, including the luminosity spectrum of the

ILC, and simulated data points, corresponding in total to one year at design luminosity,

from Ref. [33].

The real part of the pole corresponding to the 1S bound state is a precisely de-
fined quantity that can be extracted from the threshold measurements. This mass
parameter can be determined to about 50 MeV in the ILC program. The accuracy
of this measurement is limited by the precision of the theoretical prediction of the
threshold shape, now known at N3LO [31,32]. For the 200 fb�1 data set expected
near 350 GeV [7], the expected statistical errors in a 3-parameter fit to the threshold
shape are 17 MeV for mt, 26 MeV for �t, and 4.2% for the top quark Yukawa cou-
pling [33,34]. Uncertainties from knowledge of the ILC beam parameters are expected
to be still smaller.

The 1S top quark mass is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 10MeV [35]. The
error in converting an on-shell top quark mass to the MS mass is more than an order
of magnitude greater. Further, the mass usually quoted from Tevatron and LHC
data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the High-Luminosity
LHC, it is estimated that the MS top quark mass can be extracted to an accuracy of
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Figure 9: The heavy dots display the shifts in the left- and right-handed top quark cou-

plings to the Z boson predicted in a variety of models with composite Higgs bosons, from

Ref. [41]. The ellipses show the 68% confidence regions for these couplings expected from

the LHC [36,43] and the ILC [42].

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

4 New Particles

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

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