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theory：1964

design：1984

construction：1998

discovery of Higgs boson
2012.7.4



Higgsdependence Day
July 4, 2012



particle with a VEV
This observed particle

has a VEV!

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
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No singularity ⇒ no baryogenesis or gravity background.
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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
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superconductors
Other ways of Shaking:
Hit the supercond. with femotsec. pulse
of Terahz. radiation and probe
the recovery of the gap by another optical pulse.
Watch oscillations as function of time at the Higgs freq.

Higgs Amplitude Mode in BCS Superconductors Nb1-xTixN 
induced by Terahertz Pulse Excitation

Ryusuke Matsunaga et al. (2013)
Other ways of Shaking:
Hit the supercond. with femotsec. pulse
of Terahz. radiation and probe
the recovery of the gap by another optical pulse.
Watch oscillations as function of time at the Higgs freq.

Higgs Amplitude Mode in BCS Superconductors Nb1-xTixN 
induced by Terahertz Pulse Excitation

Ryusuke Matsunaga et al. (2013)
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THz pulse
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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)

Planck

Where do we go next?



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...





cluster of galaxies

Abell 2218
2.1B lyrs







assumption

• a random density 
fluctuations ~O(10–5) 
more-or-less scale 
invariant P(k) ∝	kns–1

• starts acoustic 
oscillation, amplified by 
gravitational attraction

• “knows” about 
everything between 
0<z<1300

δT/T = alm Ylm

(2l+1)clm = Σm alm*alm

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Ωm changes
overall power

dark matter



HSC performance
HSC: riz in 2.5 hours
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COSMOS HST (640 orbits: ~500hrs)

Conducting a major survey for 300 nights! First data release Feb 2017



2D & 3D Dark Matter Map
• Galaxy shape catalog now fixed (Mandelbaum, Miyatake + 17)
• Galaxy shapes + Photoz of gals → 3D mass & galaxy maps
• Strong correlations between DM and galaxy distributions

Dark matter map (2D)
 ~30 sq. degs

Galaxy map (2D)

Dark matter map (3D)

galaxy map (3D)

Oguri et al. arXiv:1705.06792

!15



WIMP Miracle
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

“weak” coupling
“weak” mass scale correct abundance

Miracle2



10 7 Interpretation
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Figure 5: Upper limits on the DM-nucleon cross section, at 90% CL, plotted against DM particle
mass and compared with previously published results. Left: limits for the vector and scalar
operators from the previous CMS analysis [10], together with results from the CoGeNT [60],
SIMPLE [61], COUPP [62], CDMS [63, 64], SuperCDMS [65], XENON100 [66], and LUX [67]
collaborations. The solid and hatched yellow contours show the 68% and 90% CL contours
respectively for a possible signal from CDMS [68]. Right: limits for the axial-vector operator
from the previous CMS analysis [10], together with results from the SIMPLE [61], COUPP [62],
Super-K [69], and IceCube [70] collaborations.

Figure 6: Observed limits on the mediator mass divided by coupling, M/pgcgq, as a function
of the mass of the mediator, M, assuming vector interactions and a dark matter mass of 50 GeV
(blue, filled) and 500 GeV (red, hatched). The width, G, of the mediator is varied between M/3
and M/8p. The dashed lines show contours of constant coupling p

gcgq.

K = sNLO/sLO of 1.4 for d = {2, 3}, 1.3 for d = {4, 5}, and 1.2 for d = 6 [71]. Figure 7 shows 95%
CL limits at LO, compared to published results from ATLAS, LEP, and the Tevatron. Table 7
shows the expected and observed limits at LO and NLO for the ADD model.

Figure 8 shows the expected and observed 95% CL limits on the cross-sections for scalar un-

XENO
N1t

γ from dSph

direct detection

LHC

No signal!

e+



What have we 
learned about Higgs?



Beautiful data

Let there be light

High resolution channel despite the small branching ratio (0.23% @ 125.09 GeV). 
Diphoton events fall in exclusive ttH, VH, VBF and untagged categories, and 
an unbinned combined maximum likelihood fit is applied on mγγ

14
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What is my

production mode?

H → ZZ has high resolution and large S/B. An 
event categorization is performed based on the 
different production modes (number of leptons, 
jets, b-jets and MET) and ME based discriminants 
sensitive to signal and background kinematics

5

7 exclusive categories

for the main Higgs production modes

CMS-HIG-16-041
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I hated it!

• Higgs boson is the only spin 0 particle in the 
standard model
• we have never seen one before
• 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 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



no new physics

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



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



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

10–120 to 10–60



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

 25
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I still take it seriously
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mH2 = (125)2=15625 GeV2
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Higgs

End of Falsifiable Physics



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

8

Planck Collaboration: Cosmological parameters
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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.

MOST EMAILED RECOMMENDED FOR YOU

56 articles viewed
recently

sleptogenesis
All Recommendations

Go to Your Recommendations »
What’s This? | Don’t Show

1. LETTER
More to the Story on Arab Blacks

2. North Korea Claims Its Nuclear Arsenal Is
Just a ‘Deterrent’

3. North Korea Expels BBC Journalists Over
Coverage

4. Republicans Return to Congress Facing
Unavoidable Issue: Donald Trump

5. EDITORIAL
Mangia! Signore: Italian Court Spares
Hungry Shoplifter

6. North Korean General, Thought to Be
Executed, Resurfaces

7. Q. and A.: Jeremy Brown on the Cultural
Revolution at the Grass Roots

8. WHITE HOUSE LETTER
Obama Weighs Visiting Hiroshima or
Nagasaki

9. THE UPSHOT
Where Democrats Like Hillary Clinton the
Least (Besides Vermont)

10. Turkish Border Guards Accused of
Attacking Syrian Refugees

HOME PAGE TODAY'S PAPER VIDEO MOST POPULAR

Science
WORLD U.S. N.Y. / REGION BUSINESS TECHNOLOGY SCIENCE HEALTH SPORTS OPINION ARTS STYLE TRAVEL JOBS REAL ESTATE AUTOS

ENVIRONMENT SPACE & COSMOS

FACEBOOK

TWITTER

GOOGLE+

EMAIL

SHARE

PRINT

REPRINTS

 HelphmurayamaU.S. Edition



R-parity violation
compressed spectrum
disappearing tracks
clever analysis

clever analysis 
precision Higgs, flavor
HL-LHC, HE-LHC
ILC, CEPC, FCC…



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)



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)



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 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.
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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.
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Nima’s anguish

mH=125 GeV seems almost maliciously designed
to prolong the agony of BSM theorists….
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not elementary

What is Higgs really?

ILC	
Lumi 1920 fb-1, sqrt(s) = 250 GeV	
Lumi 2670 fb-1, sqrt(s) = 500 GeV

Only one?  (SM) 
has siblings?  (2DHM) 

not elementary?



What do we know 
about dark matter?



Limits on PBH
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], and dynamical heating of ultra-faint
dwarf galaxies (UFD) [31]. The solid line without shade illus-
trates the observational constraints on the past PBH mass spec-
trum [class (b)]: accretion constraints by CMB [36–38]. Here we
do not show the pulsar timing array constraints [43–45] on grav-
itational waves via second order effects [39–42] because they are
indirect and depend on the concrete shape of the scalar power
spectrum. Nevertheless, it is noticeable that their constraints are
so strong that PBHs with M ⇠ 0.75�M�–75�M� are excluded, if
they are generated via superhorizon fluctuations. See [15, 46, 47]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as⌦GW ⇠⇥10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [43–45]put severe constraints on k ⇠

106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 46, 47].

PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-
ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS

FIG. 2. Scatter plot to show constraints on parameters of the ex-
tended mass function given in Eq. (13). Orange dots are excluded
by WD [32]. Blue dots are excluded by HSC [1].

and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [36–38]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 35, 48]. However, in Ref. [49], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [50] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [43–45] set severe constraints on gravita-
tional waves via the second order effects [39–42] for M ⇠

0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 47].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [46]. We will re-
turn to these issues elsewhere [51].

In the following, we focus on the former region for PBHs
as all DM. Fig. 2 shows constraints on parameters of the fol-
lowing form of the extended mass function:

d
dM

⌦PBH(M )
⌦c

=N exp


�(log M � log M⇤)2

2�2

�
, (13)

where N is determined so that the integration of Eq. (13)
becomes 1. One can see that the PBH mass spectrum

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [50].

Niikura, Takada, et al
one night on Subaru

observation on Andromeda
reading out every 2 min



• Clumps to form structure

• imagine 

• “Bohr radius”: 

• too small m ⇒ won’t “fit” in a galaxy!

• m >10−22 eV “uncertainty principle” bound 
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)

• m >10−21 eV from Lyman-α (Takeshi Kobayashi)

V = GN
Mm

r
rB =

�2

GNMm2

Mass Limits 
“Uncertainty Principle”
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New direction(s)



Miracles
DM

DM

SM

SM

nDM

s
= 4.4⇥ 10�10 GeV

mDM

WIMP miracle! 

h�2!2vi ⇡
↵2

m2

↵ ⇡ 10�2

m ⇡ 300 GeV

SIMP miracle! 

DM

DM

DM

DM

DM
h�3!2v

2i ⇡ ↵3

m5

m ⇡ 300MeV

↵ ⇡ 4⇡ Hochberg, Kuflik, 
Volansky, Wacker
arXiv:1402.5143



SIMPl Miracle
nDM

s
= 4.4⇥ 10�10 GeV

mDM

DM

DM

DM

DM

DM

+HM
arXiv:1411.3727

• Not only the mass 
scale is similar to 
QCD

• dynamics itself can be 
QCD!  Miracle3

• DM = pions

• e.g. SU(3)f

Lchiral =
1

16f2
⇡

Tr@µU†@µU

⇡5(G/H) 6= 0

LWZW =
2Nc

15⇡2f5
⇡

✏µ⌫⇢�Tr(⇡@µ⇡@⌫⇡@⇢⇡@�⇡)
<latexit sha1_base64="PSsJME+yuJTiCZ0VmD+DqwIsKaQ="></latexit><latexit sha1_base64="PSsJME+yuJTiCZ0VmD+DqwIsKaQ="></latexit><latexit sha1_base64="PSsJME+yuJTiCZ0VmD+DqwIsKaQ="></latexit><latexit sha1_base64="PSsJME+yuJTiCZ0VmD+DqwIsKaQ="></latexit>



self interaction
• σ/m ~ cm2/g              

~10–24cm2 / 300MeV

• flattens the cusps in 
NFW profile

• suppresses substructure

• actually desirable for 
dwarf galaxies?

SIDM
Spergel & Steinhardt

(2000)
now complete theory V.H. Robles et al

arXiv:arXiv:1706.07514v1
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Abell 3827



Dark matter in galaxy cluster Abell 3827 5

Table 1. Parameters of the fiducial mass model fitted by Lenstool. Quantities in square brackets are fixed. Errors on other quantities
show 68% statistical confidence limits, marginalising over uncertainty in all other parameters. Stellar mass components are modelled as
Hernquist profiles, with a mass (computed from flux in the F606W band), scale radius and ellipticity (fitted using Galfit; galaxy N4
is contaminated by a nearby star). Dark matter components are modelled as PISPs, with a 1D velocity dispersion, core and cut radii,
ellipticity and skewness. Positions are given in arcseconds relative to (R.A.: 4330.47515, Dec.: �59.945996), except galaxies’ dark matter
components, which are relative to the position of their stars. Angles are anticlockwise from East.

x [00] y [00] Mass [M�] rsc [00] ✏ �✏ [�] s �s [�]�x [00] �y [00] �v [km/s] rcore [00] rcut [00]

N1 stars [�0.06] [0.04] [1.00⇥ 1011] [0.53] [0.12] [61]
dark matter �0.29+0.25

�0.14 �0.71+0.30
�0.16 149+8

�12 [0.1] [40] 0.02+0.33
�0.01 151+19

�116 0.21+0.06
�0.22 86+44

�44

N2 stars [5.07] [2.05] [2.46⇥ 1011] [0.79] [0.17] [39]
dark matter �0.23+0.30

�0.16 0.00+0.30
�0.30 182+29

�22 [0.1] [40] 0.42+0.05
�0.22 23+32

�12 0.03+0.11
�0.14 117+41

�80

N3 stars [9.69] [3.98] [2.77⇥ 1011] [0.33] [0.05] [31]
dark matter �0.05+0.25

�0.25 �0.06+0.18
�0.29 213+8

�10 [0.1] [40] 0.49+0.01
�0.16 15+14

�8 �0.02+0.08
�0.11 169+7

�109

N4 stars [9.26] [�1.08] [2.08⇥ 1011] [1.37] [0.39] [127]
dark matter �1.35+0.39

�0.34 0.51+0.35
�0.27 255+8

�10 [0.1] [40] 0.02+0.25
�0.01 136+17

�28 0.08+0.08
�0.09 147+21

�80

N6 stars [18.54] [2.47] [0]
dark matter [0] [0] 38+26

�25 [0.1] [40] [0] [0] [0] [0]

Cluster dm 5.53+1.46
�1.61 2.33+1.97

�1.59 683+139
�75 30.12+9.23

�6.43 [1000] 0.56+0.13
�0.10 63+2

�3 [0] [0]

4.1 Fiducial mass model

The cluster’s large-scale mass distribution is modelled as a
single PIEMD. Based on a comprehensive (but slow) initial
exploration of parameter space, its position is given by a
broad Gaussian prior with � = 200 = 3.66 kpc, centred on
the position of galaxy N2. Flat priors are imposed on its
ellipticity (✏ < 0.75), core size (rcore < 4000) and velocity
dispersion (300 <�v< 1000 km/s). Its cut radius is fixed at
rcut = 100000, well outside the strong lensing region, i.e. away
from any multiple image constraints.

Central galaxies N1–N4 are each modelled as a stellar
component (which was not included in the fiducial model
of M15), plus a dark matter one. Following Giocoli et al.
(2012), the stellar components are modelled with Hernquist
(1990) profiles:

⇢star(r) =
⇢s

(r/rs) (1 + r/rs)
3 , (10)

where the scale radius rs is related to the half mass radius
Re, such that Re = rs/0.551, and the scale density ⇢s =
Mtotal/

�
2⇡r3s

�
. We fix the mass of the stellar component,

and its half-mass radius, using the optical magnitudes and
profiles measured by M15. These parameters are listed in
Table 1.

The four central galaxies’ dark matter components are
now modelled as PISPs. We impose flat priors on their po-
sitions, in 400 ⇥ 400 boxes centred on their luminosity peaks,
plus flat priors on their ellipticity (✏ < 0.5) and velocity
dispersion (vdisp < 600 km/s). We fix rcut = 4000 = 73 kpc
(Limousin et al. 2007a).

Galaxy N6 is much fainter than the others, so we ap-
proximate its total mass distribution as a single PIEMD.
This has a fixed position and ellipticity to match the light
distribution, and only its velocity dispersion is optimised
(with a flat prior vdisp < 500 km/s).

We optimise the free parameters using Lenstool, with
runmode=3. This runmode is used to fully explore the

N2

N3

N4

N1

Contours: total mass (white), dark matter belonging to galaxies (black)
Colours: mass in stars

Figure 3. The best fitting mass distribution in the gravitational
lens Abell 3827, integrated along our line of sight. For reference,
the background colour scale shows the modelled stellar mass den-
sity. Red spots indicate the position of the luminosity peak in
galaxies N1–N4. White isodensity contours show the total lensing
mass of the cluster. The outermost contour corresponds to a pro-
jected density of 2 ⇥ 109 M�/kpc2, and values increase towards
the centre by a factor of 21/3=1.26. Black isodensity contours iso-
late each galaxy’s dark matter component. The outermost con-
tour corresponds to a projected density of 1.26 ⇥ 109 M�/kpc2

and values increase by a factor of 22/3. The visible o↵set between
stars and dark matter in galaxies N1 and N4 are both statistically
significant; the asymmetry in the distribution of N1’s dark matter
is also significant.

c� 2014 RAS, MNRAS 000, 1–11

Peter Taylor et al, arXiv:1701.04412

�
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communication

• 3 to 2 annihilation

• excess entropy must 
be transferred to e±, γ

• need communication 
at some level

• leads to experimental 
signal

DM

DM

DM

DM

DM

DM

SM

DM

SMentropy



if totally decoupled

• 3→2 annihilations without heat exchange is 
excluded by structure formation, [de Laix, Scherrer 
and Schaefer, Astrophys. J. 452, 495 (1995)]

Tdm

Tsm

Carlson,	Hall	and	Machacek,		
Astrophys.	J.	398,	43	(1992)	



vector portal

dark QCD
with SIMP

Standard Model
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
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A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
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in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production

photon
dark

photon

✏�
2cW

Bµ⌫F
µ⌫
D



10-1 1 101 102 10310-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
1



Super KEK B & Belle II
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data
taking.

The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e+e� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <
p

4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0/mA0 . 1
which is necessary for the A0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e+e� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /E events at
low-energy e+e� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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Twin Higgs
• some new particles needed 

to cancel the top quark loop 
⇒ 3 of them

• if not charged under “our 
QCD”, no LHC signal

• Z2 copy of SM
• SM + SM’

• accidentally, approx. SU(4) 
symmetry in Higgs potential

• Higgs = PNGB SU(4)/SU(3)

= �m2
H

†
H+ �(H†

H)2
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Standard Model sector twin sector
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FIG. 1. A sample spectrum of twin particles. Here we
use f/v = 1 to demonstrate the Z2 invariance between the
visible and twin sectors for t, h, Z, W ; lighter particles are
subject to Z2-breaking e↵ects without spoiling the solution to
the hierarchy problem. In practice, twin sector masses are of
course raised by a factor of f/v & 3.

They are stable since they are the lightest particle with
a conserved SU(2)f quantum number. (Here and below,
we denote particles in the twin sector with a prime on the
corresponding SM particles, except for the twin mesons,
further defined below.)

MORE DETAILS

A simple example of a twin mass spectrum for our
framework is shown in Fig. 1. The twin particles at the
electroweak scale —W 0, Z 0, t0, h0— have similar masses
to their visible sector counterparts due to the Z2 sym-
metry. In practice, the VEV ratio between the twin and
SM sectors is f/v & 3 and the twin particles are heavier
by the common factor. In the early Universe, they decay
away quickly. The neutrinos also decay, ⌫0l ! l0u0d̄0, l0c0s̄0.
The bottom quark and charged leptons annihilate away
b0b̄0 ! g0g0, l0+l0� ! �0�0, with negligible abundance.
The heavy meson abundances are likewise negligible (see
Ref. [17] for a detailed analysis). The twin photon is also
massive (as can be achieved with the Stückelberg mech-
anism for the U(1)0Y gauge boson). At temperatures of
order the GeV-scale, only four light twin quarks, the twin
gluons, and the massive twin photon are around.
The global SU(2)f invariance dictates mu0 = mc0 ,

md0 = ms0 . We arbitrarily take md0,s0 < mu0,c0 =
md0,s0(1 + �), with mass splitting � . 10%. An ap-
proximate SU(4)f flavor symmetry for the twin QCD
exists in addition to the twin U(1)EM, and is broken

meson M particle content m
2
M / mM
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TABLE I. Decomposition of the meson SU(4)f 15-plet under
SU(2)U ⇥ SU(2)D ⇥ U(1)EM. The third column shows the
linear combination of quark masses that determines the me-
son masses-squared. From top to bottom, the meson masses
go from heaviest to lightest, assuming md0 = ms0 < mu0 =
mc0 = md0,s0(1 +�).

mass2

θ0

D+

D–
η0

π0

s–d

c–u

FIG. 2. A visual representation of the meson spectrum.

to SU(2)U ⇥ SU(2)D ⇥ U(1)EM by �. (There is also
a U(1)U�D which does not play a role as it is bro-
ken by SU(2)L anyway.) Two SU(2)’s are broken to
the diagonal subgroup SU(2)f by the twin weak inter-
action SU(2)L, and the remaining global symmetry is
SU(2)f ⇥ U(1)EM.
Twin QCD confines and produces a 15-plet of mesons

M in the adjoint representation of the approximate
SU(4)f symmetry. Table I shows the meson decompo-
sition, as well as the combination of quark masses that
generates the masses-squared of the mesons. The lightest
meson states, which are the pions ⇡, are the SIMP dark
matter.
We note that the global SU(2)f symmetry forbids

Cabbibo–Kobayashi–Maskawa (CKM) mixing among
twin quarks. As a result, twin generation number is con-
served in this setup.
The twin mesons undergo 3 ! 2 annihilations [1, 2]

via the Wess–Zumino–Witten action of the SU(4)f chiral
Lagrangian [18–20]:

L3!2 =
2

5⇡2f5
⇡

✏µ⌫⇢�Tr (⇡@µ⇡@⌫⇡@⇢⇡@�⇡) . (1)

The meson mass splittings are given by ⇠
1
2� . 5% so

that all 15 of them co-annihilate at the freeze-out tem-
perature Tf = m⇡/xf ⇡ m⇡/15, since e��xf/2 = O(1).



lifetimes

• τη~102–1011 sec
• does not modify 3→2 

freezeout
• For τη<106 sec, 

consistent with CMB, 
BBN limits

• τθ≫age of the Universe

q0

�0

�0

�

�

⌘

e�

e+

e�

e+

Figure 1: Sample Feynman diagram for ⌘ ! 2(e+e�).
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Figure 2: Sample Feynman diagram for ⌘ ! µ+µ�.

u0 or c0

W

d0 or s0

W

u0 or c0

�0

d0 or s0 �0 �

�

✓

e�

e+

e�

e+

⇡

Figure 3: Sample Feynman diagram for ✓ ! ⇡ + 2(e+e�).
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ππ→ηη→SM
• If ππ→ηη is still in 

chemical equilibrium 
when η starts to decay, 
we will lose π

• need η lifetime to be 
longer than the 
decoupling of the 
chemical equilibrium

• This shouldn’t happen in 
the halo today either

• can be avoided if 
Δ>vhalo2~10–6
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Twin Higgs
• invisible Higgs decay

• 50% if f/v=1
• now f/v>3
• ILC down to 0.3% 
≈10–3 fine-tuning

• “invisible” Higgs 
may have many low-
mass collimated 
e+e– pairs at LHC

• Belle II covers ~a half 
of the parameter 
space (single γ)

Standard Model sector twin sector
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Direct Detection
• Many new ideas on light 

dark matter detection
• m=MeV–GeV
• v~10–3 c
• Ekin ~ 10–6 m
• Ekin ~ eV–keV
• little radioactivity BG
• much higher number 

density n~0.3GeV/m
• use collective excitations
• e.g.,phonon/roton in 4He
• D± mesons in twin SIMP

Figure 4: Taken from D.G. Henshaw and A.D.B. Woods, Phys. Rev., 121,
1266 (1961).
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PFS subsystems distribution

On	the	TUE	floor

…	in	Prime	focus	unit	
“POpt2”	with	Wide	Field	

Corrector	“WFC”.

Software	system

Calibration	system
Spectrograph	
system	(SpS)

�68



PFS collaboration
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New Views of Saturn's Aurora, Captured by Cassini
A new movie and images showing Saturn's shimmering aurora are helping scientists
understand what drives some of the solar system's most impressive light shows.
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Draco

Sculptor Fornax

Ursa Minor Sextans

PFS pointings for MW satellites
~ HSC imaging data are available for all samples ~
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Conclusion
• null signal at LHC and WIMPs forcing 

theorists to examine
• new solutions to the hierarchy problem
• new candidates for dark matter
• can do both in some models

• New experimental signals
• tradition: go to as high mass as possible
• new trend: low mass but weaker coupling
• ILC, Belle II, SHIP
• new methods for MeV–GeV dark matter

• Don’t give up till we find something new!


