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no new physics

“The	2	TeV	line	has	been	reached	for	some	scenarios”	 22	



Why SUSY?
• mathematically interesting
• string theory needs it
• rationale for scalars
• helps stabilize inflaton potential
• gauge coupling unification
• dark matter candidate
• hierarchy (naturalness) problem
• fun for colliders
• baryogenesis?
• cosmological constant? 10–120 to 10–60



Squarks   J=0? 
 
The following data are averaged over all light flavors, presumably u, d, s, c with both 
chiralities.  For flavor-tagged data, see listings for Stop and Sbottom.  Most results 
assume minimal supergravity, an untested hypothesis with only five parameters.  
Alternative interpretation as extra dimensional particles is possible.  See KK particle 
listing. 

 
SQUARK MASS 

 
VALUE (GeV)  DOCUMENT ID TECN  COMMENT 

538±10  OUR FIT    mSUGRA assumptions 
 
532±11  1ABBIENDI 11D CMS  Missing ET with 

mSUGRA assumptions 
541±14  2ADLER 11O  ATLAS Missing ET with 

mSUGRA assumptions 
• • • We do not use the following data for averages, fits, limits, etc • • • 
652±105  3ABBIENDI 11K CMS  extended mSUGRA 
        with 5 more parameters 
 
1ABBIENDI 11D assumes minimal supergravity in the fits to the data of jets and 
missing energies and set A0=0 and tanβ = 3.  See Fig. 5 of the paper for other choices 
of A0 and tanβ.  The result is correlated with the gluino mass M3.  See listing for 
gluino. 
2ADLER 11O uses the same set of assumptions as ABBIENDI 11D, but with tanβ = 5.   
3ABBIENDI 11K extends minimal supergravity by allowing for different scalar masses-
squared for Hu, Hd, 5* and 10 scalars at the GUT scale. 
 
  

 
SQUARK DECAY MODES 

 
MODE  BR(%)  DOCUMENT ID TECN  COMMENT 
j+miss  32±5  ABE 10U  ATLAS 
j l+miss 73±10  ABE 10U  ATLAS lepton universality 
j e+miss 22±8  ABE 10U  ATLAS  
j μ +miss 25±7  ABE 10U  ATLAS  
q χ+  seen  ABE 10U  ATLAS 

The Other Half of the Universe Discovered
July 23, 2011

Geneva, Switzerland



Electron mass is natural 
by doubling #particles

• Electron creates a force 
to repel itself

• 10–4 fine-tuning?
• quantum mechanics and 

anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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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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Naturalness 
works!

• Why is the Universe big?
• Inflation
• horizon problem
• flatness problem
• large entropy

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Planck Collaboration: Cosmological parameters
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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been there before
Search All NYTimes.com

 

315 Physicists Report Failure In Search for
Supersymmetry
By MALCOLM W. BROWNE
Published: January 5, 1993

Three hundred and fifteen physicists worked on the experiment.

Their apparatus included the Tevatron, the world's most powerful
particle accelerator, as well as a $65 million detector weighing as
much as a warship, an advanced new computing system and a host of
other innovative gadgets.

But despite this arsenal of brains and technological brawn assembled
at the Fermilab accelerator laboratory, the participants have failed to
find their quarry, a disagreeable reminder that as science gets harder,
even Herculean efforts do not guarantee success.

In trying to ferret out ever deeper layers of nature's secrets, scientists are being forced to
accept a markedly slower pace of discovery in many fields of research, and the consequent
rising cost of experiments has prompted public and political criticism.

To some, the elaborate trappings and null result of the latest Fermilab experiment seem to
typify both the lofty goals and the staggering difficulties of "Big Science," a term coined in
1961 by Dr. Alvin M. Weinberg of Oak Ridge National Laboratory. Some regard such
failures as proof that high-energy physics, one of the biggest avenues of big science, is fast
approaching a dead end.

Others call the latest experiment a useful, though inconclusive, step toward gauging the
ultimate basis of material existence. The difficulty of science is increasing exponentially as
scientists grope toward ultimates, they point out, and particle physicists believe that
society must accept the smaller increments and higher costs of progress, if progress is to
continue.

The paper reporting results of the latest big experiment appeared Dec. 14 in the
prestigious journal Physical Review Letters. The names of the 315 scientists whose work
contributed to the paper, arranged in alphabetical order, occupied an entire page -- more
than one-fifth the overall length of the report. Following this top-heavy opening, the paper
concluded in essence that the scientists had failed to find what they were looking for.

The particle accelerator used in the hunt for whimsically-named squarks and gluinos,
hypothetical particles postulated by the popular but unproved theory of "supersymmetry,"
was the Fermilab Tevatron at Batavia, Ill. A conspicuous example of big science, this giant
instrument was completed in 1983 as a $130 million upgrade of an existing accelerator.

The Tevatron whirls counter-rotating bunches of protons and antiprotons around a ring
four miles in circumference, smashing protons and antiprotons together at a combined
energy of 1.8 trillion electron-volts.

But accelerating particles is useless unless the results of their collisions can be observed
and studied, and to do this, scientists associated with Fermilab built a gigantic accessory
for the Tevatron: the C.D.F., for "Collider-Detector at Fermilab," which itself cost more
than $65 million.

The 315 scientists taking part in the "C.D.F. Collaboration" use this detector in somewhat
the way a builder might use a succession of sieves to separate sand of varying degrees of
coarseness. Instead of sand particles, however, the detector is rigged to record the passage
of various kinds of elementary particles created by the collisions of protons and
antiprotons.
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R-parity violation
compressed spectrum
disappearing tracks
clever analysis

clever analysis 
precision Higgs, flavor
HL-LHC
HE-LHC



Better Late Than Never

Even mSUSY~10 TeV ameliorates fine-tuning
from 10–36 to 10–4



been there before

• CMB anisotropy

• universe younger than 
oldest stars?

• cosmologists got antsy

• 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 !CDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1! cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

1% tuning



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.

3

Five empirical 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...



Ceshire cat
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another axis
Energy

LHC

low-energy 
colliders

beam dump 
fixed target

astrophysics 
cosm

ology

H

dark 
sector / 

baryo
genesis

Coupling

EFT



dark baryon 
asymmetric dark matter

Hitoshi Murayama (Berkeley, Kavli IPMU)

+Nell Hall (Berkeley), Thomas Konstandin 

(DESY), Robert McGehee (Berkeley)

arXiv:1910.08068, 1911.12342, 2107.03398
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Cosmic Coincidence

• atoms 5%

• dark matter 28%

• why so close?
68%

27%

5%



Sakharov Conditions
• Standard Model may have all three ingredients


• Baryon number violation


• Electroweak anomaly (sphaleron effect)


• CP violation


• Kobayashi–Maskawa phase


• Departure from equilibrium


• First-order phase transition of Higgs


• Experimentally testable?

J ∝ det[Mu
† Mu, Md

† Md]/TEW
12 ~ 10–20≪10–10

requires mh < 75 GeV



Mikko Laine (Bern)

for mh=125GeV, it is crossover
No phase transition in the Minimal Standard Model

⟨H⟩=0 from gauge invariance (Elitzur)
⟨H†H⟩ is not an order parameter



Scenario 
Cohen, Kaplan, Nelson

• First-order phase transition

• Different reflection 

probabilities for tL, tR

• asymmetry in top quark

• Left-handed top quark 

asymmetry partially converted 
to lepton asymmetry via 
anomaly


• Remaining top quark 
asymmetry becomes baryon 
asymmetry


• need varying CP phase inside 
the bubble wall (G. Servant)


• fixed KM phase doesn’t help

• need CPV in Higgs sector

v!0

v=0

v!0

v=0
tLtRv!0

v=0

tL<tL, tR>tR
tL+tR=tL+tR

– –
– –

tLtRv!0

v=0

tL<tL, tR>tR
tL+tR>tL+tR

– –
– –

tLtR L

tL



Electric Dipole Moment
• baryon asymmetry limited by 

the sphaleron rate                     
𝚪 ~ 20 𝛂W5 T ~ 10–6 T


• Can’t lose much more to obtain 
10–9


• need 


• new physics for 1st order PT 
at the Higgs scale v=250 GeV


• CP violation×efficiency ≥10–3

de ≤ 1.1×10–29 e cm

ARTICLE
https://doi.org/10.1038/s41586-018-0599-8

Improved limit on the electric dipole 
moment of the electron
ACME Collaboration*

The standard model of particle physics accurately describes all particle physics measurements made so far in the 
laboratory. However, it is unable to answer many questions that arise from cosmological observations, such as the nature 
of dark matter and why matter dominates over antimatter throughout the Universe. Theories that contain particles and 
interactions beyond the standard model, such as models that incorporate supersymmetry, may explain these phenomena. 
Such particles appear in the vacuum and interact with common particles to modify their properties. For example, 
the existence of very massive particles whose interactions violate time-reversal symmetry, which could explain the 
cosmological matter–antimatter asymmetry, can give rise to an electric dipole moment along the spin axis of the electron. 
No electric dipole moments of fundamental particles have been observed. However, dipole moments only slightly smaller 
than the current experimental bounds have been predicted to arise from particles more massive than any known to exist. 
Here we present an improved experimental limit on the electric dipole moment of the electron, obtained by measuring the 
electron spin precession in a superposition of quantum states of electrons subjected to a huge intramolecular electric field.  
The sensitivity of our measurement is more than one order of magnitude better than any previous measurement. This 
result implies that a broad class of conjectured particles, if they exist and time-reversal symmetry is maximally violated, 
have masses that greatly exceed what can be measured directly at the Large Hadron Collider.

The electric dipole moment (EDM) of the electron!is an asymmetric 
charge distribution along the particle’s spin. The existence of an EDM 
requires violation of time-reversal symmetry. The standard model of 
particle physics predicts that the electron has such an EDM, de, but with 
a magnitude far below current experimental sensitivities1–3. However, 
theories of physics beyond the standard model generally include new 
particles and interactions that can break time-reversal symmetry. If 
these new particles have masses of 1–100!TeV c!2, theories typically 
predict that de " 10!27–10!30e!cm (1e!cm = 1.6 # 10!21!C!m, where e 
is the electron charge)4–8—a value that is orders of magnitude larger 
than the standard model predictions, which is now accessible by 
experiment1,9. Here we report the result of the ACME!II experiment, 
an improved measurement of de with sensitivity over 10 times better 
than the previous best measurement, ACME!I1,9. This was achieved by 
improving the state preparation, experimental geometry, fluorescence 
collection and control of systematic uncertainties. Our measurement, d
e = (4.3 ± 3.1stat ± 2.6syst) # 10!30e!cm (‘stat’, statistical uncertainty; ‘syst’, 
systematic uncertainty), is consistent with zero and corresponds to an 
upper limit of |de| < 1.1 # 10!29e!cm at 90% confidence. This result 
constrains new time-reversal-symmetry-violating physics for broad 
classes of proposed beyond-standard-model particles with masses in 
the range 3–30!TeV!c!2.

Recent advances in the measurement of de
1,10–12 have relied on using 

the exceptionally high internal effective electric field (Eeff ) of heavy 
polar molecules13–15. This gives rise to an energy shift = ! $ EdU e eff , 
where de = des/(!/2), s is the spin of the electron and ! is the reduced 
Planck constant. The H3%1 electronic state in the thorium monoxide 
(ThO) molecule has16,17 " !E 78 GV cmeff

1 when the molecule is fully 
polarized; this requires only a very modest electric field (E ! 1!V!cm!1) 
applied in the laboratory. ACME!I used ThO to place a limit of 
|de| < 9.4 # 10!29e!cm (90% confidence)1,9, which was recently con-
firmed by an experiment with trapped HfF+ molecular ions12, which 
found |de| < 1.3 # 10!28e!cm.

An EDM measurement with thorium monoxide
As in ACME!I, we performed our measurement in the J = 1, M = ±1 
sublevels of the H3%1 state of ThO, where J is the angular momentum 
and M is its projection along a quantization axis ẑ  (Fig.!1a). In our 
applied electric field =E E ẑz , these states are fully polarized18, such that 
the internuclear axis n̂, which points from the oxygen to the thorium 
nucleus, is either aligned or antialigned with E. The direction of n̂ coin-
cides with the direction of the field Eeff that acts on de. States with 
opposite molecule orientation are described by the quantum number 

= $ = ±EN
~ n̂sgn( ) 1. The direction of Eeff can be reversed either by 
reversing the laboratory field E or by changing the state = ±N

~ 1 used 
in the measurement; each of these approaches allows us to reject a wide 
range of systematic errors19–21.

The electron spin, s, is along the spin of the molecular state, S. We 
measure the energy difference between states with M = ±1 (which cor-
respond to S being aligned or antialigned with Eeff; Fig.!1a), which 
contains a term proportional to U. To do so, we prepare an initial coher-
ent superposition of M = ±1 states, which corresponds to the spin S 
being aligned with a fixed direction in the x–y plane (Fig.!2). The 
applied magnetic field, =B B ẑz , and Eeff exert torques on the magnetic 
and electric dipole moments associated with the spin, causing S to pre-
cess in the x–y plane by an angle ! as the molecules travel freely. The 
final value of ! is measured by laser excitation of the molecules, which 
induces fluorescence with a strength that depends on the angle between 
S and the laser polarization. The angle ! is given by

!
µ "

"
! | | +B B N E E

~ ~ ~d
!

( ) (1)z e eff

where | | = | $ |BB ẑz , = $BB
~ ẑsgn( ), = $EE

~ ẑsgn( ), " is the spin preces-
sion time and µ µ=

N
gB , where = ! .

N
g 0 0044  is the g-factor of the 

| = NJH, 1,  state22 and µB is the Bohr magneton. The sign, N E
~ ~, of the 

EDM contribution to the angle is given by the sign of the torque of Eeff 

*A list of participants and their!affiliations appears at the end of the paper.
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couplings

• unify or not, they start out similar

60

40

20
α i

-1
(µ

)

Minimal Supersymmetric Model

µ [GeV]
101810151012109106103

U(1)Y

SU(2)L

SU(3)C

60

40

20

α i
-1

(µ
)

Minimal Standard Model

µ [GeV]
101810151012109106103

U(1)Y

SU(2)L

SU(3)C



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

SU(3)SU(3)

SM 
Ngen=3

dark sector 
Ngen=3

2 Higgs doublets 
with CPV 

1st order PT

heavy leptons 
play role of 
top quark

Bdark=Ldark νR
LSM→BSM

light u, d

n, p, π– γ’ – γ mixing
e+e–

π0



Bdark Ldark
I

Bdark
LSM

BSM

Ldark
II

Bdark LSM

BSM
III

If MN>Tsphaleron

If MN<Tsphaleron

BSM =
36

133
Bdark, LSM = � 97
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Bdark
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baryon  
spectrum
• mu and md free parameters


• If md ≪mu≪ΛQCD, n’ dominates


• If mu ≪md≪ΛQCD, p’ dominates, 
together with π’– for charge 
neutrality


• possibly a resonant 
interaction π’– p’→Δ0→π’– p’


• may solve core/cusp 
problem
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Robert McGehee, HM, Yu-Dai Tsai, in prep

Xiaoyong Chu, Camilo Carcia-Cely, HM,  
Phys.Rev.Lett. 122 (2019) no.7, 071103



some history
• asymmetric dark matter


• S. Nussinov, PLB 165, 55 (1985) “technocosmology”


• R. Kitano, HM, M. Ratz, arXiv:0807.4313, moduli decay


• D.E. Kaplan, M. Luty, K. Zurek, arXiv:0901.4117


• darkogenesis (= “EW baryogenesis” in the dark sector)


• J. Shelton, K. Zurek, arXiv:1008.1997



neutrino portal

• charged current universality: εi2 < 10–3


• μ→e γ constraint: εe εμ < 4×10–5 (GF Mν)


• τ→μ γ constraint: εe εμ < 0.03 (GF Mν)


• If Mν <70 GeV, εi2<10–5 (DELPHI: Z→ν νR, νR→l f f)


• equilibration of asymmetries requires only εi >10–16 or so


• (orders of magnitude estimates so far)

L = y
0
L̄
0
H⌫R + yiL̄iH⌫R
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M⌫ =
p
(y0)2 + (yi)2v
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Fig. 11. Limits at the 95% CL on the mixing matrix el-
ement |U |2 as a function of the !m mass for the various
experiments referenced in the text. The limits shown for
the present analysis correspond to those obtained combin-
ing the short–lived and long–lived !m analysis
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Fig. 12. Upper limits at 95% CL on the parameter
cZ0!!!/" as a function of m!! from the present anal-
ysis. For comparison, previous results from the LEP ex-
periments referenced in the text are also shown. The full
curves (‘weak decay’) correspond to the limits for the
standard SU(2)!U(1) current, allowing only weak decays.
The dashed curves (‘electromagnetic decay’) are the limits
for !! " #!, the dominant decay mode when the #!!!
coupling exists
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(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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ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
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(ττ)(ττ) (jj)(γγ) (γγ)(γγ)
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→
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s)

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
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If the asymmetry originates in the SM side transferred to the dark side

dark neutron dark prtoton
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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.

3

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...



many things 
to look forward to!


