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It has been 10 years.
A spectacular discovery!
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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from !owers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible "eld that 

"lls up all space. Even when our universe seems empty, this "eld is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in #$%&, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday & July '(#', they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that "nally con-
"rmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in &(( 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
#$)(s and #$%(s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory con#rmed in 
their lifetime. It took an enormous e$ort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in %&'!, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some (,))) 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located %)) metres 
below ground and can observe !) million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, *+ kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at &&.&&&&& per cent of the speed of light and collide with an energy of approximately ! TeV each 
and , TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a -ying mosquito, but when the energy is packed into 
a single proton, and you get ')) trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In *)%' the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation
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The Standard Model is complete.Simplest answer

- The Higgs boson.
Spin 0 (scalar)

- Higgs field gives masses to electrons, W/Z....

Wednesday, December 18, 13

The Standard Model is very successful.


Many experimental tests. No cracks yet. 

1961-1968
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Beginning of an new era
In particular

Why all the different scales?


Why are there 4 interactions?

Why are they so different?


Why 3 families?

why are they so different?


Why more matter than anti-matter?


Dark matter?


Inflation?


Dark energy? …

GeV
TeV10-18 m

10-15 m

10-34 m 1019  GeV

1026 m 10-41 GeV

10-32 GeV1017 m

quantum gravity

weak scale

large structures

Universe, dark energy

eV10-6 m
dark 

matter

Inflation



This talk:

- Origin of electroweak symmetry breaking.


- What is Dark matter?



We are here. 

Still about 10 times amount of data to come.


Our immediate future



Future Colliders

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Search for dark matter
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for

– 30 –

Looking for new species
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk
of being overly-stringent, we adopt the most demo-
cratic approach of taking the lower envelope of all pub-
lished analyses, including: Arias et al. [39], Witte et
al. [119, 120], and Caputo et al. [121, 122], though we
note that there are some substantive disagreements be-
tween these analyses. Three astrophysical limits also
require DPDM: those based on the heating of the in-
tergalactic medium (IGM) [123], the gas in the Leo T
dwarf [124], and the gas cloud at the galactic centre
G357.8-4.7-55 [125], and again, there are also disagree-
ments between these analyses.

The astrophysical bounds at higher masses are those
based on stellar cooling arguments applied to the Sun,
horizontal branch (HB) stars, and red giant (RG) stars in
Ref. [126], and neutron stars in Ref. [127]. Note that for
the straight part of the solar bound below 10 eV we use

the improved limit from the solar global fit performed
in Ref. [128]. These bounds assume a non-dynamical
generation of the DP mass: the Stueckelberg case. How-
ever, if the DP mass originated via a Higgs mechanism,
the stellar bounds would be much stronger—plateauing
at c ⇠ 10�13 for mX . 100 eV, down to arbitrarily
small masses [98, 129].

Another astrophysical bound was set using gamma
rays from the Crab nebula [130]. The final cosmological
bound is on g ! X happening in the early universe to
the degree that it would generate spectral distortions to
the CMB, which are tightly constrained by COBE and
FIRAS [131]. Several groups have derived these con-
straints in the past [121, 122, 132, 133], with broad, but
not perfect, agreement. The one shown in Fig. 1 is from
Ref. [122]. Lastly, we shade in grey the mass window
6.5 ⇥ 10�15 eV < mX < 2.9 ⇥ 10�11 eV. In fact, if a DP
existed in that range, the field would spin-down stel-
lar mass black holes due to superradiance [134–136].
Data for every bound shown in this figure can be down-

direct detection

axion search

accelerator based dark photon

dark photon: astro + others



Lots of experiments, searches. 
New data to come in the next 
decades.


So, what are we looking for?




Electroweak symmetry 
breaking




Fundamental interactions in the SM

14

⇠ ↵

r

⇠ r

⇠ e�mW·r

r

Electromagnetism:  Coulomb

QCD: confinement

Weak interaction:  Higgs

Well understood with many 
decades of exp study.

Lead to numerous breakthroughs, 
 including the establishing QM and QFT

A very different type of interaction.
With a spin-0 Higgs boson, different from all other particles. 
We have just barely started to study it, much to learn.



“Simple” picture: 

 

 
 

 
5 (26) 

that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  

 

 

Similar to, and motivated by
Landau-Ginzburg theory
 of superconductivity.

However, this simplicity is deceiving. 
Parameters not predicted by theory. Can not be the complete picture.
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The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

What is this energy scale? 
MPlanck = 1019 GeV, …? 

If so, why is so different from 100 GeV?
The so called naturalness problem

How to predict Higgs mass?



The energy scale of new physics
responsible for EWSB

Electroweak scale, 100 GeV.  
mh , mW …

Naturalness of electroweak symmetry breaking

TeV new physics.
Naturalness motivated

Many models, ideas.



How to generate the electroweak 
scale?

- The Higgs mass is not calculable in the Standard 
Model. It is a parameter. 

X

t

+ + …
m2
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m2
h = m2

0 ! 6y2
t

16!2 "2 + . . .

#: mass scale of UV (more fundamental) physics 

M02 : bare mass term

We can use mh2 to calculate other observables.  

However, SM can’t predict mh2 itself. 



How to generate the electroweak 
scale?

- A more fundamental theory to predict Higgs mass

With its own scale M. 

No dependence on arbitrary (unknown) UV scale #, or 
a fudge bare mass term m0.

Then, in this model, 

X

t

+ + …
m2

0
m2

h = m2
0 ! 6y2

t

16!2 "2 + . . .

m2
h = cM2 c: couplings, loops…



Toy model of scale generation
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Scalar ɸ coupling to fermions

Generating scalar potential: 

mass quartic

a, b, c ) *(1), calculable



Coupling to another scalar, similar story
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Producing a viable potential for ɸ
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Difficult to generate: m" . M&

Expectation:  new physics scale close to scalar mass 



Producing a viable potential for ɸ
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Producing a viable potential for ɸ
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Possible to have  m" . M&,+ However, 

fine-tuning

tuning / M!2
NP is bad if m" . MNP



Back to the Higgs mass

- Coupling is about O(0.1-1). 


- Without large cancellation: M ≲ TeV.

New physics near weak scale! 


- In particular: 

Since top quark gives largest contribution to 
Higgs mass, we expect some “top-partner” to be 
around TeV scale.  

m2
h = cM2 c ) (coupling)2

16!2



TeV Supersymmetry (SUSY)
- Supersymmetry, ｜boson〉⇔｜fermion〉


- An extension of spacetime symmetry.


- New states:  “Partners” 


- Mass of superpartners ∼TeV.

spin spin

gluon, g 1   gluino 1/2

W± , Z 1   gaugino 1/2

quark 1/2   squark 0

.... ....

W̃±, Z̃

q̃

g̃

Standard Model particles superpartners

A beautiful quantum field theory! 



Electroweak scale in Supersymmetry

A unique property of supersymmetry:
No #2  dependence. 
Mass parameters evolves slowly, generating large scale 
separation.

Prefer light superpartners mSUSY ⇠ 1 TeV

Because then…
Some people respond “power divergences are 
unphysical” or “when you use the renormalized mass 
in a calculation, there is no problem” or any number 
of other things you’ve probably heard before.

Or maybe we are a little more careful and we say 
something like:

An Observation

h h

t̃

+
h h

t̃

h h

t

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

An Observation

h h

t

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams
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The box diagram is:
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What we have is quadratic sensitivity to physical scales.
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“Learning” from QCD

- Construct a new strong dynamics in which the 
low lying states will be the SM Higgs. 


- Composite Higgs models. Still a natural theory.

100 MeV !±...

GeV More composite resonaces

quark and gluon: q g

K, ", #, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ SM Higgs



Composite Higgs

Many many scenarios, models in this class. 

Little, fat, twin, holographic .... Higgs


- Similar scenarios: Randall-Sundrum, UED...

Theories with Higgs + resonances.

100 GeV W, Z, Higgs

TeV More composite resonaces

New constituents? q! g!

W !, Z !, ...

LHC

New physics at the LHC!



All eyes on these searches

fine-tuning = comparison:

Supersymmetry Composite Higgs

stop top partner, T 

current limit: 

1

16⇡2
m2

T vs m2
h = (125 GeV)2

mT ⇠ 1 TeV



Stealthy top partner. “twin”

- Top partner not colored. Higgs decay through hidden 
world and back. 


- Can lead to Higgs rare decays.

Craig, Katz, Strassler, Sundrum 

Chacko, Goh, Harnik



Relaxion

Draf
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Figure 2.9: Constraints on the relaxion mass m� and relaxion-Higgs mixing angle sin ✓ from the
non-Standard Model decay of the Higgs boson into relaxion pairs, adapted from [35]. Shaded regions
indicate current exclusions from LEP and the LHC. Dashed blue lines indicate the reach of CEPC and
future operation of the LHC in searches for untagged non-Standard Model decays of the Higgs boson,
while the orange dashed line indicates the reach of CEPC in searches for H ! �� ! 4b. The green
dashed line indicates the reach of CEPC’s Z-pole run in searches for e

+
e
�

! Z�.

its evolution to influence the Higgs boson mass. This leads to a variety of signatures that3

may be tested via precision Higgs measurements [35, 36].4

The most promising signature is that of new exotic Higgs boson decays, most notably5

into the relaxion itself. This signature arises in most relaxion models as a generic conse-6

quence of the backreaction of electroweak symmetry breaking onto the relaxion potential.7

The mixing angle between the Higgs boson and relaxion in these scenarios is parametri-8

cally of order9

sin ✓ ⇡
⇤

4
br

vfm2
H

(2.7)

where ⇤br is the confinement scale inducing a potential for the relaxion (identifiable with10

⇤QCD in the most minimal models) and f is the relaxion decay constant. This leads to the11

decay of the Higgs boson into pairs of relaxions �, which in turn decay back into Standard12

Model states via Higgs-relaxion mixing.13

The CEPC can significantly constrain these scenarios through both direct searches for14

processes such as H ! �� ! 4b and indirect limits on exotic Higgs boson decays15

coming from precision Higgs measurements, as shown in Figure 2.9. This exemplifies the16

considerable power of CEPC in identifying natural explanations for the weak scale, even17

in the absence of additional symmetries, by virtue of its broad sensitivity to new particles18

interacting with the Higgs boson.19

2.2.2 Electroweak phase transition20

The discovery of the Higgs boson marks the culmination of a decades-long research pro-21

gram to understand the source of electroweak symmetry breaking (EWSB). We have1

known since the mid-20
th century that this symmetry is not realized in nature and that the2

Cosmological evolution of a light scalar, the relaxion, sets the weak scale 

Signal from relaxin-Higgs mixing, 

and Higgs rare decay,                   and rare Z decayh 0 "" 0 4b



Weak gravity conjecture

- For a U(1) gauge theory,  new physics at scale 
gMPl.  If g<<1, responsible for weak scale? 


- This requires new physics close to weak scale 
couples to the Higgs boson. Craig, Garcia, Koren

Cheung

h→ invisible

1%



Why is Higgs measurement crucial?

- Naturalness is the most pressing question of EWSB.

How should we predict the Higgs mass?


- We may not have the right idea. No confirmation of 
any of the proposed models. 


- Need experiment! 


- Fortunately, with Higgs, we know where to look.


- And, the clue to any possible way to address 
naturalness problem must show up in Higgs coupling 
measurement. 



Higgs coupling at future colliders

- A large step beyond the HL-LHC. 

Can achieve per-mil level measurement.

Determination of the Higgs width.

Draf
t-v

2.1

HIGGS BOSON PHYSICS 327
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CEPC 240 GeV at 5.6 ab-1 wi/wo HL-LHC
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Precision of Higgs coupling measurement (7-parameter Fit)

Figure 11.8: The 7 parameter fit result, and comparison with the HL-LHC [33]. The projections for
the CEPC at 240 GeV with 5.6 ab�1 integrated luminosity are shown. The CEPC results without com-
bination with the HL-LHC input are shown with dashed edges. The LHC projections for an integrated
luminosity of 300 fb�1 are shown in dashed edges.

ment of Z is more than a factor of 10 better. The CEPC can also improve significantly on5

a set of channels which suffers from large background at the LHC, such as b, c, and g.6

Note that this is in comparison with the HL-LHC projection with aggressive assumptions7

about systematics. Such uncertainties are typically under much better control at lepton8

colliders. Within this 7-parameter set, the only coupling which the HL-LHC can give9

a competitive measurement is � , for which the CEPC’s accuracy is limited by statistics.10

This is also the most valuable input that the HL-LHC can give to the Higgs boson coupling11

measurement at the CEPC, which underlines the importance of combining the results of12

these two facilities.13

The direct search for Higgs boson decaying into invisible particles from BSM physics14

is well motivated, in close connection to dark sectors. The CEPC with 5.6 ab�1 can mea-15

sure this to a high accuracy as 95% upper limit 0.30%, as shown in Table 11.4. At the16

same time, the HL-LHC can only manage a much lower accuracy 6–17% [20] and some17

improved analysis may reach 2–3.5% [37].18

As discussed above, one of the greatest advantages of lepton collider Higgs boson19

factory is the capability of determining the Higgs boson coupling model independently.20

The projection of such a determination at the CEPC is shown in Figure 11.9. The ad-1

vantage of the higher integrated luminosity at a circular lepton collider is apparent. The2

CEPC has a clear advantage in the measure of Z . It is also much stronger in µ and3

BRBSM
inv measurements.4

Jorge de Blas 
INFN - University of Padova

KAIST-KAIX Workshop for Future Particle Accelerators 
Daejeon, July 8, 2019

Single Higgs couplings
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Results in κ-framework: Improvement wrt HL-LHC

Improvements w.r.t. HL-LHC

17

Kappa-framework EFT-framework

prel.

M. Cepeda



Mysteries of the electroweak scale.

- What does the rest of the Higgs potential look 
like?   Nature of electroweak phase transition. 


- Is it connected to the matter anti-matter 
asymmetry?

Electroweak phase transition

What we know now

v2 = 2|�|⇤2, and we find m2
H

= �v2, µ = 7m2
H

/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h

Wednesday, August 13, 14

?

See also Jing Shu and Tao Liu’s talk

Tuesday, January 20, 15

Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry

17
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that the BCS ground state (named after John Bardeen, Leon Cooper and Robert Schrieffer, 

Nobel Prize, 1972) has spontaneously broken gauge symmetry. This means that, while the 

underlying Hamiltonian is invariant with respect to the choice of the electromagnetic gauge, the 

BCS ground state is not. This fact cast some doubts on the validity of the original explanation of 

the Meissner effect within the BCS theory, which, though well motivated on physical grounds, 

was not explicitly gauge invariant. Nambu finally put these doubts to rest, after earlier 

important contributions by Philip Anderson (Nobel Prize, 1977) [28] and others had fallen short 

of providing a fully rigorous theory. In the language of particle physics the breaking of a local 

gauge symmetry, when a normal metal becomes superconducting, gives rise to a finite mass for 

the photon field inside the superconductor. The conjugate length scale is nothing but the 

London penetration depth. This example from superconductivity showed that a gauge theory 

could give rise to small length scales if the local symmetry is spontaneously broken and hence to 

short range forces. Note though, that the theory in this case is non-relativistic since it has a 

Fermi surface. In his paper of 1960 Nambu [27] studied a quantum field theory for hypothetical 

fermions with chiral symmetry. This symmetry is global and not of the gauge type. He assumed 

that by giving a vacuum expectation value to a condensate of fields it is spontaneously broken, 

and he could then show that there is a bound state of the fermions, which he interpreted as the 

pion. This result follows from general principles without detailing the interactions. If the 

symmetry is exact, the pion must be massless. By giving the fermions a small mass the 

symmetry is slightly violated and the pion is given a small mass. Note that this development 

came four years before the quark hypothesis.  

Soon  after  Nambu’s  work, Jeffrey Goldstone [29] pointed out that an alternative way to break 

the symmetry spontaneously is to introduce a scalar field with the quantum numbers of the 

vacuum and to give it a vacuum expectation value. He studied some different cases but the most 
important one was that of a complex massive scalar field 𝜑 =

√
  (𝜑 + 𝑖𝜑 ) with a Lagrangian 

density of the form 

𝐿 =   𝜕   𝜑  𝜕   𝜑 −  𝜇   𝜑  𝜑 −
𝜆
6
  (𝜑  𝜑) , 

where 𝜑 is the complex conjugate of 𝜑,  and the coupling constant 𝜆  is positive. This Lagrangian 

is invariant under a global rotation of the phase of the field φ, 𝜑   ⟶  𝑒   𝜑, ie. a U(1) symmetry 

as in QED, although not a local one. Suppose now that one chooses the square of the mass, 𝜇 , to 
be a negative number. Then  the  potential  looks  like  a  “Mexican  hat”:  
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Nature of EW phase transition

h

Wednesday, August 13, 14

?

What we know from LHC
LHC upgrades won’t go much further

“wiggles” in Higgs potential

Big difference in triple Higgs coupling



Triple Higgs coupling at 100 TeV collider

Talk by  Michele Selvaggi at 2nd FCC physics workshop



But, there should be more

- Large deviation in the Higgs potential means 
there is new physics close to the weak scale. 


- Will leave more signature in Higgs coupling.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .

[1(HH†)]2

"2 0 &Zh ) v2

"2
For example: 



Probing EWSB at higgs factories

A. Long  /  July 28, 2016  /  KITPC Workshop 
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Statement #1:  Parameter space with first order electroweak phase 
transition has large deviation in hZZ, which can be probed by CEPC 
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Good coverage in model space
Huang, Long, LTW, 1608.06619



Higgs portal

- Dark sector

Does not carry SM quantum number.


- Dark sector coupling to the SM 


- More relevant coupling ⇔ lowest dim operator

Lowest dimension OSM = HH†. Higgs portal.

A unique gateway to dark sector. 
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Higgs portal

- Producing dark sector particles through the Higgs 
portal. 


- Higgs rare decays: 

Higgs → invisible at LHC can constrain down to a 
few percent. 

A lot of room for exotic decay:   
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Hadron collider

- The “ultimate” Higgs factories
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100 TeV > 2 billion

33 TeV > 500 million

14 TeV > 150 million

# of Higgses in 3 ab-1

In comparison,  O(million) 
Higgs at ee Higgs factories

Hadron collider good for rare but clean signal

In principle, can be sensitive to BR ≈ 10-7 



Higgs exotic decay at e+e-  colliders

Complementary to hadron collider searches
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Figure 1.24: The sensitivity on the spin-independent WIMP-nucleon cross-section of current and
future direct detection experiments, in comparison with the reaches of the Higgs invisible decay mea-
surements at the LHC and CEPC in the Higgs portal models. The direct detection limits are shown
in solid lines, which include the most recent limits from LUX (2017) [134], PandaX-II (2017) [156],
XENON1T [? ] and future projections for PandaX4T [? ], XENONnT [179], LZ [? ] and a 200 t ⇥ yr

xenon experiment [? ]. For the Higgs portal models, the dark matter is assumed to be either a scalar or
a Majorana fermion with a scalar coupling. The red dotted curves show the limits from CEPC which
corresponds to a invisible Higgs branching ratio of BR(h ! inv) < 0.31% at the 95% CL. The gray
dotted curves correspond to BR(h ! inv) < 24%, the current limit at the LHC [? ], and the black
dotted curves correspond to BR(h ! inv) < 3.5%, the projected reach at HL-LHC from Ref. [?
]. The cyan dashed curve corresponds to the discovery limit set by the coherent-neutrino-scattering
background, adapted from Ref. [? ].

reach in the future. Finally, the cyan dashed curve corresponds to the projected discov-
ery limit from Ref. [? ]. The region below this curve is inaccessible by direct detection
experiments due to the coherent-neutrino-scattering background.

We see in Fig. 1.24 that the sensitivity of the Higgs invisible decay measurements for the
scalar DM and the Majorana fermion DM have different dependences on the mass. This
is due to the following two reasons: first, the Higgs portal interaction of the scalar DM
is a dimension-four operator, while the fermion one is of dimension five, which results in
different mass dependences of the WIMP-nucleon cross-section; second, the Higgs decay
rates are also different for the two cases, with �(h ! SS) / (1 � 4m2

S
/m2

h
)
1/2 and

�(h ! �̄�) / (1�4m2
�
/m2

h
)
3/2 , a result of the s (p)-wave nature of the scalar (fermion).

Nevertheless, for both scenarios, it is clear that the Higgs invisible decay measurements
provides the strongest limit in the mass region below ⇠ 10 GeV. Not only that the direct
detections become less efficient in this region due to the mass threshold, the “neutrino
floor” is also higher in this region, which sets the limit for the reach of direct detections
regardless of the size and length of the experiment. For dark matter masses in the region
10 GeV . mDM < mh/2, the sensitivities of the Higgs invisible decay measurements
are somewhat comparable with the ones from direct detection experiments. In particular,

* = H†HXdmXdm h 0 XdmXdm



Dark Matter



We have solid evidence for dark matter:

Our goal:

Understand the properties of dark matter.



What do we know about dark matter

- Stable. 

If it decays, lifetime much longer than the age of 
universe ≈ 1017 sec. 
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What do we know about dark matter

- Stable. 

If it decays, lifetime much longer than the age of 
universe ≈ 1017 sec. 


- Dark. Does not emit/absorb/reflect light. 

Does not have electric charge.


- Produced in the early universe with the right 
amount.  Right “relic abundance”



What do we know about dark matter
- Seed structures in the universe. 

We begin with 
quantum 

fluctuations in 
early universe

(, e, p, . . .

Cosmic microwave
galaxies…

Gravitational potential

Dark matter needs to be “primordial”, be there in early universe.  
Dark matter



What do we know about dark matter

- “Collisionless”. No long range interaction, except gravity.


- Cold. Non-relativistic: kinetic energy !"#$%%

(, e, p, . . .

galaxies…

Quantum 
fluctuations in 
early universe



Mass of dark matter 

DM needs to seed structures



Mass of dark matter 
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More detailsNGC147 (left) and the Fornax Dwarf (right), two of the

Unknown author - Two Micron All Sky Survey (2MASS)
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More detailsNGC147 (left) and the Fornax Dwarf (right), two of the

Unknown author - Two Micron All Sky Survey (2MASS)

Smallest structure DM seeded: 

Dwarf spheroidal galaxy, size ≈ 1 kpc (3000 lyr)

Dark matter particle wave packet must be smaller,

Lightest ⇔ largest de Broglie wave length  

temperature as the photons. With additional assumptions on the possible phase space distribution,
these bounds could be even stronger. Setting aside these details, we find that fermions well below
the ⇠ keV mass scale are not plausible candidates to be all of the DM.

The warm dark matter bound. — Another general, qualitative statement can be made about
DM candidates with mass below keV. Often referred to as the warm dark matter (WDM) bound,
the idea is that there is a suppression in the matter power spectrum for sufficiently low mass DM,
see the example in Fig. 1. Currently, the strongest bounds are from observations of the Lyman-↵
forest, which is a tracer for the matter power spectrum (see Refs. [15–18] for recent constraints
on WDM). Turning to Fig. 2, the smallest measured scales for the power spectrum correspond to
k ⇠ 10 � 20/Mpc, modes which entered the horizon and started growing at z ⇠ 10

7. At this time,
the photon temperature was T�(1+ z) ⇠ keV. Therefore, if dark matter was in thermal equilibrium
and had similar temperature as the photons, its mass should satisfy mDM & keV – otherwise, it
would be relativistic and lead to damping of the power spectrum. Of course, this is not a hard
boundary and specific models can fit observational data depending on the actual velocity of the
DM in the early universe.

B Ultralight bosonic dark matter

We will refer to the entire span of candidates below ⇠ keV as ultralight bosonic dark matter.
The very low mass end of DM candidates is usually quoted as around mDM ⇡ 10

�22 eV. First of
all, what happens when DM is this light? It behaves as a coherent field. Let’s look at the number
of DM particles within a volume given by the de Broglie wavelength:

�dB =
2⇡

mDMv
⇡ 0.4 kpc

✓
10

�22eV
mDM

◆
(6)

N =
⇢DM

mDM
(�dB)

3
⇡ 10

94

✓
10

�22eV
mDM

◆4

= 75

✓
10eV
mDM

◆4

(7)

Here we used v ⇠ 10
�3, as in the Milky Way, and ⇢DM = 0.4 GeV/cm3 as the average DM density

near the Sun. N is the occupation number, and when N � 1, then we expect that we can describe
the DM as a classical field. In the solar neighborhood, we can describe the DM as a scalar field �:

� = �0 cos(k · x � !kt) ⇡ �0 cos(k · x � m�t) (8)

where |k| ' 10
�3m�. The magnitude and direction of the vector k is random and fluctuates over

length scales ⇠ 1/|k|v0, where v0 ⇠ 10
�3 is the DM velocity dispersion. Ignoring the gradient

energy of the field, the local energy density is

E ⇡
1

2
�̇2

+ V (�) =
1

2
�̇2

+
1

2
m2

�
�2

=
1

2
m2

�
�2

0 . (9)

We have also dropped any quartic terms in V (�). Therefore, the local field value is �0 =
p

2⇢DM/m�.

9

“Fuzzy dark matter”

DM needs to seed structures
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Smallest structure DM seeded: 

Dwarf spheroidal galaxy, size ≈ 1 kpc (3000 lyr)

Dark matter particle wave packet must be smaller,

Lightest ⇔ largest de Broglie wave length  

temperature as the photons. With additional assumptions on the possible phase space distribution,
these bounds could be even stronger. Setting aside these details, we find that fermions well below
the ⇠ keV mass scale are not plausible candidates to be all of the DM.

The warm dark matter bound. — Another general, qualitative statement can be made about
DM candidates with mass below keV. Often referred to as the warm dark matter (WDM) bound,
the idea is that there is a suppression in the matter power spectrum for sufficiently low mass DM,
see the example in Fig. 1. Currently, the strongest bounds are from observations of the Lyman-↵
forest, which is a tracer for the matter power spectrum (see Refs. [15–18] for recent constraints
on WDM). Turning to Fig. 2, the smallest measured scales for the power spectrum correspond to
k ⇠ 10 � 20/Mpc, modes which entered the horizon and started growing at z ⇠ 10

7. At this time,
the photon temperature was T�(1+ z) ⇠ keV. Therefore, if dark matter was in thermal equilibrium
and had similar temperature as the photons, its mass should satisfy mDM & keV – otherwise, it
would be relativistic and lead to damping of the power spectrum. Of course, this is not a hard
boundary and specific models can fit observational data depending on the actual velocity of the
DM in the early universe.

B Ultralight bosonic dark matter

We will refer to the entire span of candidates below ⇠ keV as ultralight bosonic dark matter.
The very low mass end of DM candidates is usually quoted as around mDM ⇡ 10

�22 eV. First of
all, what happens when DM is this light? It behaves as a coherent field. Let’s look at the number
of DM particles within a volume given by the de Broglie wavelength:
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�3, as in the Milky Way, and ⇢DM = 0.4 GeV/cm3 as the average DM density

near the Sun. N is the occupation number, and when N � 1, then we expect that we can describe
the DM as a classical field. In the solar neighborhood, we can describe the DM as a scalar field �:
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10-22 eV

“Fuzzy dark matter”

DM needs to seed structures



Mass of dark matter 
10-22 eV

Upper bound?  Large primordial blackholes 
(PBH) formed in early universe. 
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [116], OGLE [119],
Kepler [122], HSC [123] and Caustic [125] (see 3.1.1). Black curves represent constraints by the
millilensing [132] (3.1.2) and the femtolensing [138] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [141]
(3.2.1) and neutron stars (NSs) [142] (3.2.2) as well as the wide binaries (WBs) [151] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [152] (3.2.6), the ultra-faint dwarfs (UFDs) [153], and Eridanus II [153] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [166] and the case of the accretion disk [171] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [173,180] (3.3.2).

42

Very heavy BH accrete matter, 
too much ionizing radiation, 
CMB constraints MPBH < 10s MӅ  

Blackhole lighter than 10-17 MӅ�

will evaporate in the age of 
universe, not dark. 

Other searches… 

Upper bound?  Large primordial blackholes 
(PBH) formed in early universe. 
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Figure 11: Upper limit on fPBH = ⌦PBH/⌦DM for various PBH mass (assuming monochro-
matic mass function). Blue curves represent lensing constraints by EROS [116], OGLE [119],
Kepler [122], HSC [123] and Caustic [125] (see 3.1.1). Black curves represent constraints by the
millilensing [132] (3.1.2) and the femtolensing [138] (3.1.3). Orange curves represent dynamical
constraints obtained by requiring that existent compact objects such as white dwarfs (WDs) [141]
(3.2.1) and neutron stars (NSs) [142] (3.2.2) as well as the wide binaries (WBs) [151] (3.2.3) are
not disrupted by PBHs. Green curves represent constraints by the dynamical friction (DF) on
PBHs [152] (3.2.6), the ultra-faint dwarfs (UFDs) [153], and Eridanus II [153] (3.2.5). Red curves
represent constraints by the accretion onto the PBHs such as CMB for the case of the spherical
accretion [166] and the case of the accretion disk [171] with two opposite situations where the
sound speed of the baryonic matter is greater (labeled by CMB) or smaller (labeld by CMB-II)
than the relative baryon-dark matter velocity (3.3.1), radio, and X-rays [173,180] (3.3.2).
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Very heavy BH accrete matter, 
too much ionizing radiation, 
CMB constraints MPBH < 10s MӅ  

Blackhole lighter than 10-17 MӅ�

will evaporate in the age of 
universe, not dark. 

Other searches… 

10s MӅ  



Mass of dark matter 
10-22 eV 10s MӅ  

> 80 order of magnitudes! 

What else can we say?



Mass of dark matter 
10-22 eV 10s MӅ  

Fermionic dark matter 

...
p = 0

pmax

pmax ' mDM ( vesc

Since dark matter forms local bound 
structures such as galaxies

vesc :  escape velocity

DM abundance 0 mDM > 10s eV

Either boson

 or fermion

102 eV

Pauli exclusion principle
Bosonic DM 



Mass of dark matter 
10-22 eV 10s MӅ  

Bosonic DM 

102eV

(, e, p, . . .

galaxies…

keV
Not “Warm” → 

Warm dark matter limit: 

Dark matter needs to be cold (non-relativistic) 
for the smallest structure it can seed. 


For dark matter particle (in thermal equilibrium)


mDM > keV (103 eV)



Mass of dark matter 
10-22 eV 10s MӅ  

Bosonic DM 

102eV keV
Not “Warm” → 

Going further.

How do we guide our searches? We need theories (stories).  

A theory should give 

1) The property of dark matter: spin, mass, couplings, etc.

2) How is dark matter produced in the early universe? 

A good theory should be

1) A detailed and reasonable (without too many miracles) story. 

2) Have a good chance to be tested. 

Vast number of models, only a few good theories. 



Mass of dark matter 
10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP



Mass of dark matter 
10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

A lamppost. 

A tiny window in the full mass range. 


A good lamppost. 



WIMP (weakly interacting massive 
particle)

DM

DM

SM

Dark matter in thermal equilibrium with the known (Standard 
Model) particles in the early universe. 


Interaction rate faster than the expansion of the universe



WIMP (weakly interacting massive 
particle)

DM

DM

SM

Dark matter in thermal equilibrium with the known (Standard 
Model) particles in the early universe. 


Dark matter number density predicted by thermal eq: NEQ



WIMP (weakly interacting massive 
particle)

DM

DM

SM

As universe expands, dark matter become rare. The DM-SM 
interaction rate can’t keep up. DM drops out thermal eq. 


Dark matter density become fixed, “Freeze-out”



A simple picture of interaction

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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Dark matter

Particle SM particle

Mediator

C Thermal freezeout and the WIMP miracle

The first and minimal modification we can make to the above arguments is considering a species
that is non-relativistic at the time of freezeout. Using Eqs. 15-16, the behavior of the equilibrium
number density when T ⌧ m� is given by

neq

� ⇡ g
⇣

m�T

2⇡

⌘3/2
e�m�/T . (30)

The exponential suppression allows us to obtain Yfo ⌧ 1, whereas we saw above that Yfo ⇠ O(1) is
much too large.

Following the approach above, we can do a quick and dirty calculation to obtain the “miraculous”
thermal relic WIMP annihilation cross section. The details of solving these equations are reviewed
quite extensively elsewhere in this school or in reviews and books, and we will feel good about
getting at the same answer (to an order of magnitude) with not much work.

We first evaluate the condition for freezeout, by comparing the rate of annihilation per DM
particle with the Hubble expansion:

� = neq

� h�vi = H (31)

where again h�vi is the thermally averaged cross section times velocity. With this, we can write
the comoving abundance at freezeout

Yfo =
neq

�

s
=

H

sh�vi
'

p
g⇤

g⇤,S

1

h�viTfoMpl
. (32)

Yfo ⌧ 1 is possible for freezeout of a nonrelativistic species, as long as the the annihilation cross
section h�vi is sufficiently large. A larger h�vi means that interactions of the DM persist for a
somewhat longer time, which leads to a further decrease in neq

� .
Since the number density (and hence annihilation rate) drops exponentially below T ⇡ m�, we

know that Tfo should be somewhat below m�, but not too far below. For the estimate here, let’s
take Tfo ' m�/10. Again using Eq. 23, we find that the full DM relic abundance is obtained when
the annihilation cross section is given by:

h�vi '

p
g⇤

g⇤,S

10

eV ⇥ Mpl
'

1

109 GeV2 , (33)

where we estimated the result with typical values for g⇤, g⇤,S . This is a minimum annihilation cross
section needed for a thermal DM candidate, in order to avoid an overabundance. It also presents
an interesting target for indirect searches for dark matter, where the often-used benchmark is [43]

h�vi ⇡ 2 ⇥ 10
�26

cm
3/s, (34)

and we have written the result in the relevant units for those searches.
We have now established that freezeout of a non-relativistic species is a viable way to get the

observed relic abundance. As long as m� & 1 � 10 keV, we also expect that it is possible to satisfy
the warm dark matter bounds discussed in Section I A.
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To get the correct relic abundance: 



Two limits

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):
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where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
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O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by
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Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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mDM > mV, )v ) g4
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m2DM

Limit on coupling: g < 4! ⇒ MDM < 100s TeV 

g: coupling

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP



Two limits

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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Simple WIMP model

Standard 
Model

W±, Z, h
Dark Matter

Mediated by a known interaction:


The weak interaction in the Standard Model


Mediator mass: 102  GeV



Why is WIMP a good theory? 

DM

DM

SM

Reasonable: 

Early universe (hot) is in thermal equilibrium.

Don’t need to know too much detail beyond 
(before) that. 


Can be linked to other motivations for 
electroweak scale new physics. 


Present in many models: SUSY, extra 
dimension…

Testable: 

With a sizable coupling to the known (SM) 
particle, WIMP can be searched in labs.  



Looking around the lamppost 

DM

DM

SM

Direct detection:

CDMS


CoGeNT

COUPP

CRESST

DAMA

XENON


Lux

.....Collider searches:


LHC, ...

Indirect detection:

AMS2, PAMELA, Fermi-LAT


Cosmology



Direct detection

Looking for new species

CF1 Snowmass report 2



At colliders
Signal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14

5/26/2021 CMS-PAS-SUS-19-012_Figure_023.png (3151×2262)

cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-19-012/CMS-PAS-SUS-19-012_Figure_023.png 1/1



Still a lot to be doneLooking for new species

CF1 Snowmass report 2
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Simplest case yet to be probed



Beyond WIMP

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP
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Neighborhood



Beyond the simple WIMPs

Standard 
Model

more
dark particles 

W±, Z, h
dark interaction:
dark gauge boson, 

...

portal:
dark photon,
hidden valley

...

Dark Matter

multiple species, non-thermal
different candidate: axion, v’...

Collider 
searches

Beam dump Direct
detection

Indirect
detection

Connection 
with 

early universe

New signals.  DM may not be the first dark sector discovery.

new mediator

….



Dark photon

SM dark

photon:  !(4 photon':  !(, 4

dark photon: a quantum superposition of 5 and 5’ 

!(dark4 = !(, 4 + + !(4

+F#,F, #,

Mediates an interaction with strength   / +



Roles of dark photon

As mediator for thermal freeze out. (Discussed earlier)
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FIG. 6. An illustration of the resulting abundance from freezeout of relativistic particle (Section II B),
freezeout of a nonrelativistic particle (Section II C), and freeze-in (Section II D 1). The line labelled neq

assumes the number density for a particle in thermal equilibrium and with zero chemical potential.

where the entropy in the photon plus positron/electron bath is s�(T = MeV�
) =

11
2

2⇡
2

45 T 3. This
result has an additional factor of 43/22 compared to the one we obtained for neutrinos; however,
this compensated by the fact that g⇤,S(Tfo) is larger when Tfo > MeV, so that the largest possible
value of Y� is that of the abundance for neutrinos. The relic abundance is then given by

⌦�h2
' 0.12 ⇥

g

g⇤,S(Tfo)

⇣ m�

2 eV

⌘
. (29)

Earlier, we determined that a viable thermal dark matter candidate should have mass m� & 1�10

keV. However, if freezeout occurs when the DM is relativistic, then we obtain ⌦�h2
= 0.12 only

when m� ' 1 � 10 eV. Here it is assumed that g⇤,S(Tfo) ⇠ O(10) and g ⇠ 2. Larger m� would lead
to an excess of matter density and would result in

P
i
⌦i > 1, known as overclosure. Alternatively,

one can increase g⇤,S(Tfo). From the result above, we see that for m� > keV, we would need
g⇤,S(Tfo) & 1000 – many more degrees of freedom than is present in the Standard Model!5 The
lesson from this exercise is that freezeout of a relativistic species can give a cold dark matter
candidate – but only in nonstandard cosmologies. Otherwise, the relic number density is simply
too high.

5
In fact, this is the assumption in most searches for warm dark matter, meaning the resulting bounds are quite

conservative.
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Freeze-in 

? Exercise: Suppose that the annihilation rate had a temperature dependence h�vi =

h�vi0 T/m� (p-wave cross section). Estimate the value of h�vi0 required to the saturate
the observed DM relic density. What is the predicted annihilation rate for indirect detection
searches in the Milky Way, compared to s-wave annihilation cross section above?

1 Implications for DM models

Next, let us ponder on the implications of Eq. 33 for model-building and the resulting restrictions
on DM mass range. We will take as an illustrative example annihilation that occurs through an
s-channel mediator with mass mV (remaining for the moment agnostic as to the identity of V ):

�̄

�

V

f̄

f

where the vector V has coupling g� with the DM and coupling gf with the final state fermions. We
will neglect the mass of the final state fermions, as before. In the non-relativistic limit, the cross
section for this process is given by

� =

Z
d⌦cm

|pf |

16⇡2E3
cm|v1 � v2|

|M|
2

=

Z
d⌦cm

1

|v1 � v2|

|M|
2

32⇡2s
(35)

where ⌦cm are center of mass scattering angles, the center of mass energy is s = E2
cm = 4m2

� +

O(m�T )+ ..., and we used that |pf | ⇡ Ecm/2 in the limit of massless fermions f . Using this result,
we can approximate the thermally averaged h�vi for annihilation by

h�vi '
|M|

2

32⇡m2
�

. (36)

Assuming Dirac fermion DM, a single flavor/color of the fermion, and a vector mediator, the spin-
averaged matrix element squared of the process is given by

|M|
2

⇡ g2
�g2

f

32m4
�

(s � m2
V

)2
(37)

in the nonrelativistic limit.

• mV > m�: In this case, the heavy V state generates a four-fermion interaction with amplitude
g�gf/m2

V
. The annihilation cross section can be estimated as

h�vi '
16⇡↵�↵fm2

�

m4
V

(38)

with ↵� ⌘ g2
�/(4⇡) and ↵f ⌘ g2

f
/(4⇡).
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Weak coupling, dark matter not 
in thermal eq. 

It approaches the correct relic 
abundance. 

mDM = 10 MeV, mV = 30 MeV, + ' 10!4

mDM = 1 MeV, mV = 10!12 eV, + ' 10!6

Examples
Thermal freeze out:
Freeze in: 



Windows into dark sector: portals

- Any known (SM) particle can in principle have small 
couplings to dark matter/dark sector.

Higgs Z

Neutrino

Higgs/Z factories, such as CEPC

Neutrino facilities, fixed target experiments…



Theories of dark matter

Axion, dark photon

10-22 eV 10s MӅ  

Bosonic DM 

102eV keV GeV 100TeV

WIMP

WIMP

Neighborhood

Not single particle-like. 



Dark matter = classical wave

- Huge occupation number within a de Broglie 
wavelength.


Collective motion →classical waves, not a single particle

similar to sound, waves on the ocean or traveling on a 
string…

noccupation ' -DM
MDM

( %3
dB = 1094 ( 10!22eV

MDM )
4

%dB ) kpc ( 10!22eV
MDM ) -DM ' 0.4 GeV/cm3



Classical field in expanding universe

··" + 3H ·" + V, (") = 0

H 6
·a
a

Expansion of universe

“Viscosity”

Hubble: Mass + interactions

V, (") = m2" + 7



Classical field in two limits
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FIG. 4. Reproduced from Ref. [21], the evolution of a scalar field in a radiation dominated universe. The
scalar field has mass ma and the dashed line indicates when H = ma/2, which is approximately when the
field starts oscillating. The lower left panel shows the evolution of the equation of state, where w = �1 at
early times. At late times, the equation of state oscillates rapidly between �1 and 1 but on cosmological
time scales of ⇠ H�1 we can approximate hwi ⇡ 0, which describes cold dark matter. The lower right panel
shows the evolution of the energy density. The orange line is the evolution of the density assuming cold
dark matter for H < ma/2, and we see there are some residual oscillations in the exact energy density as
we transition to the oscillatory phase.

conclusively test. However, if even a tiny coupling is present, there are a variety of interesting
experimental proposals to search for this kind of DM, as we will discuss later (briefly). In addition,
the QCD axion is a specific example of bosonic field dark matter where there are couplings to the
SM, which gives a compelling reason to search for weakly-coupled bosons.

The QCD axion. — In Fig. 3, there is a small but important sliver marked around 10
�5 eV. This

is the “classic” window for the QCD axion to be all of the dark matter, but note that this is not the
only allowed window. The QCD axion is a pseudo-Nambu-Goldstone boson of an approximate U(1)

called a Peccei-Quinn (PQ) symmetry, proposed to solve the strong CP problem. The classic window
corresponds to when the PQ symmetry is unbroken during inflation; applying various astrophysical
constraints and requiring that the axion comprises all of the DM leads to a remaining narrow mass
range. We limit the discussion here, as there are many reviews on axions. An introduction to the
axion as a way to solve the strong CP problem can be found within the same TASI proceedings as
these [22], while an earlier extensive review on particle physics models for axions can be found in
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FIG. 4. Reproduced from Ref. [21], the evolution of a scalar field in a radiation dominated universe. The
scalar field has mass ma and the dashed line indicates when H = ma/2, which is approximately when the
field starts oscillating. The lower left panel shows the evolution of the equation of state, where w = �1 at
early times. At late times, the equation of state oscillates rapidly between �1 and 1 but on cosmological
time scales of ⇠ H�1 we can approximate hwi ⇡ 0, which describes cold dark matter. The lower right panel
shows the evolution of the energy density. The orange line is the evolution of the density assuming cold
dark matter for H < ma/2, and we see there are some residual oscillations in the exact energy density as
we transition to the oscillatory phase.

conclusively test. However, if even a tiny coupling is present, there are a variety of interesting
experimental proposals to search for this kind of DM, as we will discuss later (briefly). In addition,
the QCD axion is a specific example of bosonic field dark matter where there are couplings to the
SM, which gives a compelling reason to search for weakly-coupled bosons.

The QCD axion. — In Fig. 3, there is a small but important sliver marked around 10
�5 eV. This

is the “classic” window for the QCD axion to be all of the dark matter, but note that this is not the
only allowed window. The QCD axion is a pseudo-Nambu-Goldstone boson of an approximate U(1)

called a Peccei-Quinn (PQ) symmetry, proposed to solve the strong CP problem. The classic window
corresponds to when the PQ symmetry is unbroken during inflation; applying various astrophysical
constraints and requiring that the axion comprises all of the DM leads to a remaining narrow mass
range. We limit the discussion here, as there are many reviews on axions. An introduction to the
axion as a way to solve the strong CP problem can be found within the same TASI proceedings as
these [22], while an earlier extensive review on particle physics models for axions can be found in
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Classical field as DM

On large scales, behave same as particle-like matter.


Will similarly cluster, form structure, etc. 

"(t) / 1
a3/2(t) sin(m"t + "0)

- / m2
""2(t) / 1

a3(t)

H < m"
mass more important

··" + 3H ·" + V, (") = 0



Why is axion light?
Potential of a symmetry breaking 

Excitation in 8 direction massless.   “Goldstone” boson. 

Symmetry 8 → 8 + c ⇒ 8 is massless.  

Small mass can then be generated by a small coupling. 

A very common phenomenon: 

1) Standard Model electroweak 
symmetry breaking. Strong interaction. 

2) Condensed matter system:  phonon, 
magnets, BCS… 




Production: misalignment

"(t) = "i

a3/2(t) sin(m"t + "0)

H > m" H < m"

Hubble expansion more important mass more important

"i

- = m2
a"2(t) / "2

i
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Fig. 5. ULA relic density from vacuum realignment in the broken PQ scenario with high scale inflation, HI ⇡ 1014 GeV. ULAs require �i > 1014 GeV in
order to contribute more than a few percent to the DM density. Even with high scale inflation, the contribution of isocurvature backreaction is less than a
percent of the total DM across the entire ULA parameter space. See Fig. 15 for more details on the allowed region at lower mass.

at late times when H ⌧ ma, independent of any assumptions about the background evolution being matter or radiation
dominated.20

The solution for � and ⇢a in the WKB approximation sheds light on the constant-mass assumption we made at the
beginning of this section. The magnitude of non-perturbative effects generally varies with temperature, and so the axion
mass varies with cosmological time, approaching an asymptotic value for T ⌧ TNP. If the asymptotic value of the mass has
been reached before the axion becomes relevant in the energy density and when a < aosc then cosmology will proceed as
if we simply take ma = ma(T = 0) everywhere. Only the quantities evaluated at a = aosc matter. In string models, non-
perturbative effects stabilize moduli and break SUSY at high energies, while ULAs oscillate in the post-BBN Universe, with
TBBN ⌧ TSUSY. In that context, i.e. ULAs from string theory, constant mass is an excellent approximation.

Fig. 5 shows ⌦ah2 in the broken PQ scenario, for ULAs in the range 10�24 eV  ma  10�12 eV (where aosc < aeq and
ULAs are safe from linear cosmological constraints, see Section 5), with HI = 7.8 ⇥ 1013 GeV (the maximum allowed value
with rT = 0.1) for varying �i = fa✓a,i. The contribution from HI backreaction to ⌦ah2 is less than 10�4 across the entire
range of masses shown: backreaction of isocurvature perturbations can safely be neglected for all ULAs and h�2

i i ⇡ �2
i can be

taken as a completely free parameter. All ULAs require �i > 1014 GeV in order to contribute more than a few percent to the
DM density. Since �i . fa and HI,max < 1014 GeV this implies that ULAs should always be considered in the broken PQ scenario.

The ‘‘anthropic boundary’’ for ULAs in string theory is defined as the minimum mass where ⌦ah2 = 0.12 [105] can be
obtained with fa  1016 GeV [17]. Plugging �i = 1016 GeV into Eq. (61) gives:

ma = 5.3 ⇥ 10�19 eV
✓

fa
1016 GeV

◆�4

(string anthropic boundary), (63)

where I have used zeq = 3400, ⌦ch2 = 0.12, ⌦bh2 = 0.022 and h = 0.67 to fix the radiation density. ULAs heavier than
this require (anthropic) tuning of �i if fa ⇠ 1016 GeV. ULAs lighter than this require larger decay constants, a large number
of individual axions, or some other production mechanism, to contribute a significant amount to the DM density. Since
fa  1016 GeV is by no means a hard prediction of string theory, it is worth considering the limit of the anthropic boundary
for DM-like axionswithma = 10�24 eV. This is visible in Fig. 5, and from the fa scaling of Eq. (63).We find fa  4⇥1017 GeV:
ULA DM is natural for comfortably sub-Planckian values of the decay constant.

4.3.2. The QCD axion
QCD non-perturbative effects switch on at T ⇠ ⇤QCD ⇠ 200 MeV, precisely when the QCD axion with intermediate fa

begins oscillations. The temperature dependence of the axion mass in QCD is given by:

m2
a(T )f 2a = �top.(T ), (64)

20 This applies to fields oscillating in a harmonic potential, V (�) ⇠ �2. Turner [133] proved themore general result for fields oscillating in an anharmonic
potential, V (�) ⇠ �↵ , giving ⇢ / a�6↵/(↵+2) .

Need large initial value

Possible during inflation. 

"i



“The axion” and  ALP

QCD (strong interaction) axion:  the axion

Axion from breaking of a U(1) global symmetry.

Axion mass generated by small non-perturbative effect of strong interaction.  

Motivation: QCD strong CP problem.

The neutron electric dipole moment expected from QCD is wrong by at least 
9 orders of magnitude. 


Axion gives a dynamical solution to this problem.   

Axion like particles: ALPs
Similar light scalar particles. 

The property is not dictated by the strong interaction. More general 
scenarios than the QCD axion.   



Axion coupling to the known particles

ALPS II 
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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Main detection channel relies on axion photon coupling
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Dark photon dark matter
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Figure 7: The relic abundance of longitudinally-polarized dark photon dark matter, ⌦h2, as a function of its mass, m, and the reheating
temperature, TRH, for two values of the inflationary Hubble scale, He. The asymptotic behavior is captured by Eqs. (6.3) and (6.4). The
band illustrates a weak dependence on the inflationary model (for a given He).
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Produced gravitationally during  
inflation and reheating

From topological defects (such as 
cosmic strings) radiation

7

cosmological dilution, nA ⇠ t�1, but the comoving density is
growing, a3nA / t3/2nA / t1/2. The relic abundance of
dark photons today (time t = t0) is given by

⌦Ah
2 =

mA YA(t0) s(t0)

3H2
0M

2
pl/h

2
(23)

where H0 = 100h km/sec/Mpc is the Hubble constant and
Mpl ' 2.43⇥1018 GeV is the reduced Planck mass. Here, we
have also introduced the yield, YA(t) = nA(t)/s(t), where
s = (2⇡2/45)g⇤S(t)T (t)3 is the cosmological entropy den-
sity at time t when the plasma temperature is T (t). Dark pho-
ton radiation becomes negligible at t = t⇤, and afterward the
yield is conserved, Y (t0) = Y (t⇤). Then, using the expres-
sion for nA(t⇤) from Eq. (22), we have

⌦Ah
2 '

�
0.12

� ⇣ mA

10�13 eV

⌘1/2
 p

µ(t⇤)

1014 GeV

!2

(24)

⇥
✓
⇠(t⇤)

16

◆✓
ĒA

H

◆�1✓
H(t⇤)

mA

◆�1/2

,

where we have taken the effective number of relativistic
species to be g⇤ = g⇤S = 106.75.

IV. DISCUSSION AND CONCLUSIONS

We show the relevant parameter space in Fig. 2. Since the
model has four free parameters (v,�, e, Trh), we show only
the two-dimensional slice of parameter space with � = 1.
Our results are insensitive to the postinflationary reheat tem-
perature, Trh, as long as it is high enough for symmetry
restoration; see the discussion in Sec. III A. The value of
the string tension today is given by Eq. (5), which evalu-
ates to µ(t0) ⇡ (⇡/2�)m2

⇢
log[m⇢/mA], and since this is

only logarithmically sensitive to the dark photon mass, we fix
mA = 10�10 eV and show the corresponding value of µ(t0)
on the top of the plot.

Recall from the discussion in the Introduction that the prob-
lem of dark photon dark matter production can be solved by
inflationary quantum fluctuations (gravitational particle pro-
duction) for mA & 10�5 eV [14]; this is indicated by the
blue line in Fig. 2. Additionally, models of particle dark mat-
ter with mass m . 10�21 eV are inconsistent with probes
of cosmological structure, namely Lyman-↵ forest observa-
tions [70]; this is indicated by the orange line in Fig. 2.

Along the diagonal red lines, the relic abundance of longi-
tudinally polarized dark photons matches the measured dark
matter relic abundance, ⌦dmh2 ' 0.12. Larger values of mA

and m⇢ (above the red line) are ruled out, because dark pho-
ton dark matter is overproduced. Regarding the dark photon
production problem that we discussed in the Introduction, it
is clear from these results that dark photon dark matter can
be produced from its own near-global, Abelian Higgs cos-
mic string network for a wide range of dark photon masses.
Models with smaller dark photon masses allow for viable dark
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FIG. 2. The relic abundance of dark photon dark matter, given by
Eq. (24), matches the observed dark matter relic abundance along the
red lines labeled “⌦Ah

2 ' 0.12” for an interesting region of param-
eter space where the dark photon’s mass is sub-eV and the scale of
symmetry breaking is somewhat below the GUT scale. The two red
lines serve to quantify the uncertainty in our calculation associated
with evolution of the string network.

matter production as long as they have correspondingly higher
symmetry breaking scales, represented here by the string ten-
sion and the scalar singlet mass.

The symmetry breaking scale is bounded from above in two
ways. In order to form the string network via a cosmological
phase transition, the symmetry must be restored after inflation.
This imposes a lower bound on the postinflationary reheating
temperature, Trh. For the Abelian-Higgs model we have stud-
ied here, this bound is roughly Trh & v; see the discussion in
Sec. III A. On the other hand, measurements of the cosmic
microwave background constrain the energy scale of infla-
tion [71], which implies an upper bound on the reheating tem-
perature that is at least as strong as Trh . 1016 GeV and pos-
sibly stronger depending on the model of inflation and reheat-
ing. Taken together these constraints imply v . 1016 GeV orp
µ(t0) . v log1/2 ⇠ 1017 GeV. Thus, we conclude that the

parameter space shown in Fig. 2 can still be consistent with
cosmological limits on the symmetry breaking scale.

Gravitational wave radiation provides a more direct test
of the symmetry breaking scale. As we have discussed in
Sec. III B the collapse of string loops produces gravitational
wave radiation, which is expected to survive in the Universe
today as a stochastic gravitational wave background [72]. Pul-
sar timing array (PTA) observations provide stringent con-
straints on the presence of such a gravitational wave radia-
tion in the Universe today. For a network of Nambu-Goto or
Abelian-Higgs cosmic strings, the loops are long lived and

+ from misalignment, coupling to 
axions, … 

Multiple production mechanisms: 

Similar to Hawking radiation, but applied to 
expanding universe.



Dark photon searches

10-3 10-2 10-1 1 101 102 103
10-6

10-5

10-4

10-3

10-2

10-1

mZD [GeV]

ϵ
EWPT

Orsay/E137/CHARM/U70

E141

E774

aμ, 5σ

aμ,±2σ favored

ae

BaBar

K
LO
E

A1

P
H
E
N
IX

A
P
E
X

Red: pp→ZD→ℓ+ℓ-
Blue: h→ZZD→4ℓ
Solid: LHC8, 20/fb
Dashed: LHC14, 3000/fb
Dotted: 100 TeV, 3000/fb

EWPT w/ Central Values@ ILC/GigaZ:
as currently measured (purple dotted)
assuming χSM

2 = 0 (green dotted)

HPS

HPS

APEX

DarkLig
ht

Mu
3e

C
M
S
7
D
Y

CMS8
LH
C8
, D
Y

N
A
48

/2

SHiP

Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for
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Heavier dark photon:  Colliders, fixed target experiments
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FIG. 1. Current constraints on the DP’s mass, mX , and kinetic mixing parameter with the SM photon, c. The general colour-
scheme is: cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line
that divides the parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus
of this work are the experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

ion) signals. In other words, a DP could have been ob-
served, but its signal would have been vetoed.

The upper limit of viable dark photon dark mat-
ter (DPDM), shown by a thick white line, is taken
from various references. Although we run the risk
of being overly-stringent, we adopt the most demo-
cratic approach of taking the lower envelope of all pub-
lished analyses, including: Arias et al. [39], Witte et
al. [119, 120], and Caputo et al. [121, 122], though we
note that there are some substantive disagreements be-
tween these analyses. Three astrophysical limits also
require DPDM: those based on the heating of the in-
tergalactic medium (IGM) [123], the gas in the Leo T
dwarf [124], and the gas cloud at the galactic centre
G357.8-4.7-55 [125], and again, there are also disagree-
ments between these analyses.

The astrophysical bounds at higher masses are those
based on stellar cooling arguments applied to the Sun,
horizontal branch (HB) stars, and red giant (RG) stars in
Ref. [126], and neutron stars in Ref. [127]. Note that for
the straight part of the solar bound below 10 eV we use

the improved limit from the solar global fit performed
in Ref. [128]. These bounds assume a non-dynamical
generation of the DP mass: the Stueckelberg case. How-
ever, if the DP mass originated via a Higgs mechanism,
the stellar bounds would be much stronger—plateauing
at c ⇠ 10�13 for mX . 100 eV, down to arbitrarily
small masses [98, 129].

Another astrophysical bound was set using gamma
rays from the Crab nebula [130]. The final cosmological
bound is on g ! X happening in the early universe to
the degree that it would generate spectral distortions to
the CMB, which are tightly constrained by COBE and
FIRAS [131]. Several groups have derived these con-
straints in the past [121, 122, 132, 133], with broad, but
not perfect, agreement. The one shown in Fig. 1 is from
Ref. [122]. Lastly, we shade in grey the mass window
6.5 ⇥ 10�15 eV < mX < 2.9 ⇥ 10�11 eV. In fact, if a DP
existed in that range, the field would spin-down stel-
lar mass black holes due to superradiance [134–136].
Data for every bound shown in this figure can be down-

Dark photon searches

Lighter dark photon:  Terrestrial/table top detectors, astrophysical, …

Many new ideas still emerging.  赵悦的讲座



Are axion/dark photon good theories?

- Quite reasonable:

Based on well known physics (such as Goldstone 
boson and symmetry breaking).

QCD axion can solve strong CP problem.


- Testable:

Simple coupling to the Standard Model. Large 
possible region of coupling strength. 

Many new development for new techniques. 

Pretty good theories. Good guide for experiments. 



Other stories

Figure 4: A potential for the inflection model

Ref. [87] recently proposed a single field model which can produce the primordial power
spectrum with a peak. They consider the inflaton’s potential with a inflection (plateau) point
where the inflaton temporarily slows down during inflationary phase. PBH formation in such an
inflationary scenario with a “plateau” in the scalar potential was discussed in Ref. [88]. Ref. [88]
calculated the spectrum of the adiabatic perturbations for the schematic representation of the
scalar potential which has two breaks and a flat plateau between these breaks#10. The reason
why such a model can produce a peak in the primordial spectrum can be easily understood
as follows. Let us recall the expression of the primordial power spectrum given by (32). This
expression can be rewritten in terms of the slow-roll parameter as

PRc(k) =

✓
8⇡GH2

✏

◆

aH=k

. (40)

From this expression, one can find that when the inflaton temporarily slows down, the slow-roll
parameter ✏ becomes more suppressed and the power spectrum have a peak at the scales which
exit the Hubble horizon during the slow-down phase. However, if the plateau is completely flat
there appears a problem that the inflaton may stay too long at the plateau and the inflationary
phase eternally continues, so-called eternal inflation. To avoid this problem, in Ref. [87], a
“near”-inflection point has been introduced in the inflaton potential. Such kind of models in the
context of PBH formation have also been discussed in Refs. [89–92].

In fact, as pointed out in Ref. [92], the standard slow-roll conditions might be generally
violated near the inflection point. In the standard slow-roll approximation, we approximate
�̇ ' �V�/(3H) where V� := dV/d� and � is an inflaton field, and this means that in the equation
of motion of the inflaton we can neglect the acceleration of the inflaton, �̈, term. However, if
V� becomes too small as around the inflection point, in the equation of motion 3H�̇ term would
become balanced with �̈ term, that is, |�̈| ⇡ |3H�̇|(� |V�|). Thus, the above discussion based on
the slow-roll parameters would be violated. In fact, based on the detailed calculation, in such an
inflection-point inflation, the amplification of the primordial density fluctuations can be realized,
but PRc ' 10�4 at most [87, 92].

#10Ref. [62] also studied PBH formation in several toy models.
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A special feature on the inflaton potential 
gives large fluctuations

⇒ primordial blackhole production

FIG. 6: gravitational production of particles during natural inflation, with ! = 10!3MP l and

f! = 0.6MP l.

To calculate the relic density of stable particles produced gravitationally, we integrated

the background and X-particle mode equations for several di!erent points within the allowed

regions of parameters shown in Fig. 1, as well as for ! = g = 1, which is well outside it. Our

results are summarized in Figs. 4 and 5.

All the curves look similar in form to the mass spectrum for chaotic inflation with a

potential V (") ! m2
!"

2. The value of "Xh2 increases with z = MX/HI for z < 1, then

decreases exponentially for z > 1. The reason for this behavior is discussed in this paper for

the small-z region, and in [24] in the large-z limit.

The numerical results are in qualitative agreement with the result of Eq. (44).

As another example of a single-field model, in Fig. 6, we show the mass spectrum for

natural inflation [23]. In natural inflation the potential is usually chosen to be

V (") = #4
!

1" cos
"

"/
#
2f!

#$

. (45)

Normalizing the parameters to produce the observed temperature fluctuations, a reasonable

choice of parameters is # = 10!3MP l and f! = 0.6MP l. With these choices, HI = 5.1 $

10!7MP l.

As in the hybrid inflation case, in the low-z limit "Xh2 % M2
X . Again, the numerical
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Gravitational effect during inflation and 
reheating can produce (very) heavy 
particles “WIMP-zillars” (1012-15 GeV)



The gaps in our stories

- Still, many orders of magnitudes empty. 
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More gaps
J. Feng

Challenge: can we find good models to fill these gaps? 

Really necessary to guide searches!



Conclusions

- We are in an era with data coming from many 
directions


Colliders, underground detectors, table top experiments, 
astro/cosmo observations…


- We also face a lot of uncertainties

Many open questions. 


EWSB, dark matter, inflation, flavor…


Not clear where the next breakthrough will come from. 


- This is a perfect opportunity to make progress. 



Enjoy this rest of the 
school!


