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What is the Higgs boson 
trying to tell us?                   
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• Condensed matter physics in vacuo
• What kind of Higgs boson?
• Higgs Connections:

• Higgs and supersymmetry
• Higgs and vacuum stability
• The origin of the electroweak scale
• Higgs and dark matter
• Higgs and the genesis of matter
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“More is Different”

• If the laws of subatomic physics have so much symmetry, why is 
the world around us so complex?

• Many-body systems exhibit emergent phenomena not meaningfully 
encoded in the laws that govern their basic constituents

• Step one on the road to complexity is that many-body systems 
break symmetries

-- Phillip Anderson, 1972
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Nambu (1960)
the importance of Spontaneous Symmetry Breaking

Nobel Lecture: Spontaneous symmetry breaking in particle physics:
A case of cross fertilization*

Yoichiro Nambu
University of Chicago, The Enrico Fermi Institute, Chicago, Illinois 60637, USA

!Published 15 July 2009; corrected 24 November 2010"

DOI: 10.1103/RevModPhys.81.1015

I will begin by a short story about my background. I
studied physics at the University of Tokyo. I was at-
tracted to particle physics because of the three famous
names, Nishina, Tomonaga, and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at To-
kyo. I got into particle physics only when I came back to
Tokyo after the war. In hindsight, though, I must say that
my early exposure to condensed matter physics has been
quite beneficial to me.

Particle physics is an outgrowth of nuclear physics
which began in the early 1930s with the discovery of the
neutron by Chadwick, the invention of the cyclotron by
Lawrence, and the “invention” of meson theory by
Yukawa !Nambu, 2007". The appearance of an ever-
increasing array of new particles in the subsequent de-
cades, and the advances in quantum field theory gradu-
ally led to our understanding of the basic laws of nature,
culminating in the present standard model.

When we faced those new particles, our first attempts
were to make sense out of them by finding some regu-
larities in their properties. They invoked the symmetry
principle to classify them. Symmetry in physics leads to a
conservation law. Some conservation laws are exact, like
energy and electric charge, but these attempts were
based on approximate similarities of masses and interac-
tions.

Nevertheless, seeing similarities is a natural and very
useful trait of the human mind. The near equality of
proton and neutron masses and their interactions led to
the concept of isospin SU!2" symmetry !Heisenberg,
1932". On the other hand, one could also go in the op-
posite direction, and elevate symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine
the dynamics as well, a most attractive possibility. Thus
the beautiful properties of electromagnetism was ex-
tended to the SU!2" non-Abelian gauge field !Yang and
Mills, 1954". But strong interactions are short range.
Giving a mass to a gauge field destroys gauge invariance.

Spontaneous symmetry breaking !SSB", which is the
main subject of my talk, is a phenomenon where a sym-

metry in the basic laws of physics appears to be broken.
In fact, it is a very familiar one in our daily life, although
the name SSB is not !the name is due to Baker and
Glashow, 1962". For example, consider a elastic straight
rod standing vertically. It has a rotational symmetry; it
looks the same from any horizontal direction. But if one
applies increasing pressure to squeeze it, it will bend in
some direction, and the symmetry is lost. The bending
can occur in principle in any direction since all directions
are equivalent. But you do not see it unless you repeat
the experiment many times. This is SSB.

The SSB in quantum mechanics occurs typically in a
uniform medium consisting of a large number of ele-
ments. It is a dynamical effect. Symmetry allows some
freedom of action to each of them but the interaction
among them forces them, figuratively speaking, to line
up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
take energy, because the action is not local operator. So
the symmetry appears to be lost. It is still possible to
recover the lost symmetry by a global operation, but it
would amount to a kind of phase transition. Some of the
examples are

Physical system Broken symmetry

Ferromagnets Rotational invariance !with respect
to spin"

Crystals Translational and rotational invariance
!modulo discrete values"

Superconductors Local gauge invariance !particle number"

SSB in a medium then has the following characteristic
properties:

!1" The ground state has a huge degeneracy. A sym-
metry operation takes one ground state to another.

!2" Only one of the ground states and a whole spec-
trum of excited states built on it are realized in a
given situation.

!3" SSB is, in general, lost at sufficiently high
temperatures.

In relativistic quantum field theory, this phenomenon
becomes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of

*The 2008 Nobel Prize for Physics was shared by Yoichiro
Nambu, Makoto Kobayashi, and Toshihide Maskawa. This pa-
per is the text of the address given in conjunction with the
award.

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015

• Apply condensed matter ideas to particle physics
• Now the quantum vacuum is the “medium”
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Goldstone (1961)
the problem of massless bosons

• Spontaneous breaking of continuous symmetries 
implies degenerate vacua

• Implies low energy “Goldstone modes”, massless 
spinless bosons in the ideal limit

• Fine for condensed matter systems, but particle 
physics doesn’t have massless spinless bosons...
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Anderson (1962)
gauge bosons “eat” Goldstone bosons and get mass, 

just like a photon inside a superconductor

It is likely, then, considering the superconducting analog, 
that the way is now open for a degenerate-vacuum theory 
of the Nambu type without any difficulties involving 
either zero-mass Yang-Mills gauge bosons or zero-mass 
Goldstone bosons. These two types of bosons seem 
capable of “canceling each other out” and leaving finite 
mass bosons only.

Nobel Lecture: Spontaneous symmetry breaking in particle physics:
A case of cross fertilization*

Yoichiro Nambu
University of Chicago, The Enrico Fermi Institute, Chicago, Illinois 60637, USA

!Published 15 July 2009; corrected 24 November 2010"

DOI: 10.1103/RevModPhys.81.1015

I will begin by a short story about my background. I
studied physics at the University of Tokyo. I was at-
tracted to particle physics because of the three famous
names, Nishina, Tomonaga, and Yukawa, who were the
founders of particle physics in Japan. But these people
were at different institutions than mine. On the other
hand, condensed matter physics was pretty good at To-
kyo. I got into particle physics only when I came back to
Tokyo after the war. In hindsight, though, I must say that
my early exposure to condensed matter physics has been
quite beneficial to me.

Particle physics is an outgrowth of nuclear physics
which began in the early 1930s with the discovery of the
neutron by Chadwick, the invention of the cyclotron by
Lawrence, and the “invention” of meson theory by
Yukawa !Nambu, 2007". The appearance of an ever-
increasing array of new particles in the subsequent de-
cades, and the advances in quantum field theory gradu-
ally led to our understanding of the basic laws of nature,
culminating in the present standard model.

When we faced those new particles, our first attempts
were to make sense out of them by finding some regu-
larities in their properties. They invoked the symmetry
principle to classify them. Symmetry in physics leads to a
conservation law. Some conservation laws are exact, like
energy and electric charge, but these attempts were
based on approximate similarities of masses and interac-
tions.

Nevertheless, seeing similarities is a natural and very
useful trait of the human mind. The near equality of
proton and neutron masses and their interactions led to
the concept of isospin SU!2" symmetry !Heisenberg,
1932". On the other hand, one could also go in the op-
posite direction, and elevate symmetry to a more elabo-
rate gauged symmetry. Then symmetry will determine
the dynamics as well, a most attractive possibility. Thus
the beautiful properties of electromagnetism was ex-
tended to the SU!2" non-Abelian gauge field !Yang and
Mills, 1954". But strong interactions are short range.
Giving a mass to a gauge field destroys gauge invariance.

Spontaneous symmetry breaking !SSB", which is the
main subject of my talk, is a phenomenon where a sym-

metry in the basic laws of physics appears to be broken.
In fact, it is a very familiar one in our daily life, although
the name SSB is not !the name is due to Baker and
Glashow, 1962". For example, consider a elastic straight
rod standing vertically. It has a rotational symmetry; it
looks the same from any horizontal direction. But if one
applies increasing pressure to squeeze it, it will bend in
some direction, and the symmetry is lost. The bending
can occur in principle in any direction since all directions
are equivalent. But you do not see it unless you repeat
the experiment many times. This is SSB.

The SSB in quantum mechanics occurs typically in a
uniform medium consisting of a large number of ele-
ments. It is a dynamical effect. Symmetry allows some
freedom of action to each of them but the interaction
among them forces them, figuratively speaking, to line
up like a crowd of people looking in the same direction.
Then it is not easy to change the direction wholesale
even if it is allowed by the symmetry and hence does not
take energy, because the action is not local operator. So
the symmetry appears to be lost. It is still possible to
recover the lost symmetry by a global operation, but it
would amount to a kind of phase transition. Some of the
examples are

Physical system Broken symmetry

Ferromagnets Rotational invariance !with respect
to spin"

Crystals Translational and rotational invariance
!modulo discrete values"

Superconductors Local gauge invariance !particle number"

SSB in a medium then has the following characteristic
properties:

!1" The ground state has a huge degeneracy. A sym-
metry operation takes one ground state to another.

!2" Only one of the ground states and a whole spec-
trum of excited states built on it are realized in a
given situation.

!3" SSB is, in general, lost at sufficiently high
temperatures.

In relativistic quantum field theory, this phenomenon
becomes also possible for the entire space-time, for the
“vacuum” is not void, but has many intrinsic degrees of

*The 2008 Nobel Prize for Physics was shared by Yoichiro
Nambu, Makoto Kobayashi, and Toshihide Maskawa. This pa-
per is the text of the address given in conjunction with the
award.

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY–SEPTEMBER 2009

0034-6861/2008/81!3"/1015!4" , Published by The American Physical Society1015

spin waves

phonons

???

Goldstone modes
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Higgs et al (1964)

The purpose of the present note is to report that...the spin-one 
quanta of some of the gauge fields acquire mass...This phenomenon 
is just the relativistic analog of the plasmon phenomenon to which 
Anderson has drawn attention

the Higgs Mechanism
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• a fundamental scalar field with self-interactions
• can cause spontaneous (global) symmetry-breaking in the vacuum
• and give gauge bosons mass
• while respecting the delicate choreography of gauge symmetry 

with Lorentz invariance
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Weinberg, Salam (1967)
the Electroweak Standard Model

• An SU(2)L x U(1)Y nonabelian gauge theory with 
chiral fermions

• Spontaneously broken to electromagnetism by a 
nonzero vacuum value of a complex doublet 
Higgs field with self-interactions

• Three of the four real Higgs components are 
eaten to give mass to the W+, W-, and Z, leaving 
one neutral Higgs boson and a massless 
photon

• The fermions also get mass from their Yukawa 
couplings to the Higgs field

Joseph Lykken                                                                                                                  Tohoku Forum For Creativity, October 21, 2013



10

• Spin 0 boson
• Neutral CP even component of a complex SU(2) 

doublet with hypercharge +1
• Couples to W and Z bosons proportional to their 

masses
• Couples to quarks and leptons proportional to 

their masses
• Couples to massless photons and gluons through 

radiative corrections involving virtual charged/
colored particles (top quarks, W bosons, ...) 

what makes a Higgs a Higgs?
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The Higgs decays after about 100 
yocktoseconds into various pairs of 
lighter particles

Higgs decays • Lots of 
background

• Neutrinos not 
detected

• Rare but 
“Golden” channel

• Rare but relatively 
clean
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• First job of the experiments was to rule out Higgs imposters
• Is it spin 1? [no] or spin 2? [probably not]
• Is it a pseudoscalar? [no, but could be a CP mixture]
• From an SU(2) triplet? [no, mostly SU(2) doublet]

Higgs Imposters
Custodial Symmetry Test 

40 

Modify the SM Higgs boson couplings to the W and Z bosons by 
introducing two scaling factors 'W and 'Z and perform combinations to 
assess if (WZ = 'W/'Z = 1  for mH = 125.7 GeV   

95% CL interval for (WZ : [0.62,1.19] 
• Can still “tune” a dilaton imposter or spin 2 imposter to fit the data...

Custodial Symmetry Test 

40 

Modify the SM Higgs boson couplings to the W and Z bosons by 
introducing two scaling factors 'W and 'Z and perform combinations to 
assess if (WZ = 'W/'Z = 1  for mH = 125.7 GeV   

95% CL interval for (WZ : [0.62,1.19] 

i.e. decays about 8 times more often to WW* than ZZ*, consistent with 
neutral member of doublet Higgs but not a custodially invariant triplet

Ian Low, JL, Gabe Shaughnessy, arXiv:1207.1093

Higgs (then)

Chris Quigg (FNAL) The Standard Model . . . ICTP-SAIFR · 1–3.4.2013 74 / 180

Custodial Symmetry Test 

35 

•  Probe SU(2)V custodial symmetry by measuring the ratio 'WZ=(W/(Z. 
•  Assume common multiplicative factor to all fermion couplings ((F=(t=(b=(!). 
•  No assumption on the total Higgs width or H""" loop content. 
•  Free parameters: 

Consistent with the SM prediction 

ATLAS-CONF-2013-034 

CMS:

CMS:

ATLAS:

Joseph Lykken                                                                                                         DOE SCGF Annual Research Meeting, July 29, 2013
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• It is now pretty well established that the particle 
of the July 4 discovery is the Higgs boson of 
electroweak symmetry breaking and fermion 
mass generation

• This is not the same thing as asking if it is 
exactly the Higgs boson of the Standard Model

• It could have many non-SM properties and still 
be “The Higgs”

what kind of Higgs boson?
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• Could be a mixture from more than one Higgs 
SU(2) doublet, singlets or triplets

• Could be a mixture of CP even and CP odd
• Could be a composite
• Could have enhanced/suppressed couplings to 

photons or gluons if there are exotic heavy 
charged or colored particles

• Could decay to exotic particles, e.g. dark matter
• May not couple to quarks and lepton precisely 

proportional to their masses

non-standard Higgs?
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How many more Higgs?

• One of the critical targets for 
future LHC running is discovering 
additional varieties of Higgs-like 
bosons

• Finding heavy Higgs bosons with 
non-standard couplings is a major 
long-term challenge for the LHC

• Supersymmetry predicts at least 
five Higgs bosons, differing in their 
mass and other properties
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tan� = v2/v1
v =

p
(v21 + v22)

what does a 126 GeV Higgs mean
for minimal supersymmetry?

• SUSY predicts at least 4 additional Higgs bosons:

• one CP-even H (mixed with h), one CP-odd A

• a pair of heavy charged scalars H+, H-

• two distinct symmetry-breaking vevs: v1, v2

• the light Higgs has important radiative corrections to its mass:

• because of radiative corrections, the light Higgs does not couple to 
other particles precisely proportional to their masses

m

2
h < M

2
Z cos

2
2� +�m

2
h
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SUSY extensions 

At the edge of 
Stability 

SM valid up to MPlanck 

MSSM 

Composite Higgs 
             

what does a 126 GeV Higgs mean
for minimal supersymmetry?

• 126 GeV is suspiciously light for a composite Higgs boson
• but it is suspiciously heavy for minimal SUSY
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• in minimal SUSY a 126 GeV Higgs 
implies large mixing of the two stops, 
the superpartners of the top quark

• because of this see-saw, one of the 
stops may be rather light, even if most 
of the other superpartners are 
relatively heavy ( > TeV )

• if you don’t want large mixing, then 
you need to enlarge the SUSY 
Higgs sector to explain mh=126 GeV

what does a 126 GeV Higgs mean
for minimal supersymmetry?

M. Carena, S. Gori, N. Shah, C. Wagner arXiv:1112.3336
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Higgs connections

• Does the Higgs destabilize the vacuum 
• What is the origin of the electroweak scale
• Is there a Higgs portal to dark matter
• Is the Higgs sector responsible for the                              

genesis of matter in the early universe
• How does the Higgs talk to neutrinos
• Extra credit: is the Higgs related to inflation or dark energy 

Motivates a global experimental effort on all three 
“frontiers” of particle physics: Energy, Intensity, Cosmic

�R �R

�L

H

�L

H
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vacuum stability
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invisible force fields
Michael Faraday’s contemporaries thought he was nuts for suggesting 
the reality of invisible force fields that permeate empty space

magnetic field sourced by the 
Earth permeates nearby space 

Higgs field sourced by itself 
permeates the entire universe
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What turns the Higgs field on?
• The Higgs field is self-sourcing with a quartic self-interaction
• The strength of this interaction has distance-dependent quantum 

corrections from the Higgs coupling to other particles, esp. the top quark
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Higgs boson 

Extra W,Z polarization 

energy stored  
in Higgs field 

value of Higgs field 

symmetric 

broken symmetry 

16⇡2�� = 12�2 � 12y4
t + . . .

�� ⌘ d�

d log[µ]

�

� ! �[µ]

• The Higgs effective potential describes the energetics of turning on the 
Higgs field; the global minimum defines the stable vacuum state



23

SM Higgs effective potential
J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
G. Degrassi, S. Di Vita, J. Elias-Miro, J. Espinosa, G. Giudice, G. Isidori, A. Strumia, arXiv:1205.6497
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•  Depends on the Higgs boson mass and the Higgs self-coupling


•  Quantum corrections depend sensitively on the top quark mass


•  Depends on the distance or energy scale, here represented by an energy 
scale


•  Turning on the Higgs field to large values implies large 
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SM Higgs vacuum instability
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•For large field values we can just scale 
out      and write the RG improved 
effective potential in terms of a        

•Then                  at large field values 
implies that the Standard Model 
vacuum is unstable

•This possibility has been studied since 
the 1970s, but now we can finally put 
in the correct numbers

V(�) = V0(�) + V1(�) ' �e↵ �4

�4

�e↵

�e↵ < 0

D. Politzer, S. Wolfram, Phys. Lett. 82B, 1979

J. Casas, J. Espinosa, M. Quiros, hep-ph/9409458
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
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SM Higgs quartic self-coupling

25

D. Buttazzo et al, arXiv:1307.3536

SM 3-loop running with 2-loop matching
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You are 
here 

Energy 

Higgs field strength 

Higgs potential 
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You are 
here 

Energy 

Higgs field strength 

Higgs potential 

Catastrophic “runaway” 
instabiility 
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J. Elias-Miro, J. Espinosa, G. Giudice, G. Isidori, A. Riotto, A. Strumia, arXiv:1112.3022

If you take this SM 
prediction seriously, in 
about 10100 years a fatal 
bubble will form through 
an unlucky quantum 
fluctuation
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why do we live on the ragged 
edge of doom?

32

• Maybe one or both of these is just a coincidence at the few % level
• But dismissing striking features of the data as coincidence has 

historically not been a winning strategy in science...

or does supersymmetry save 
us?
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SM Higgs and the Planck scale?

33

D. Buttazzo et al, arXiv:1307.3536
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
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4|�|/yt

and sign(�)
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8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
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What does this mean?

A hint about Planckian 
fixed points? Weinberg’s
asymptotic safety?
M. Shaposhnikov, C. Wetterich, 
arXiv:0912.0208

BUT: What about the 
Higgs naturalness 
problem and resulting
fine-tuning?
See Andy Cohen’s talk
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what is the origin of the electroweak scale?
• One feature of the Standard Model that should bother you is why the 

Higgs mass-squared parameter is set by hand to be negative (tachyonic)

• Going back to Coleman and E. Weinberg, one possibility is that EWSB is 
in fact generated by a radiative instability

• Then the electroweak scale may be generated by dimensional 
transmutation, like the QCD scale, but with weak couplings
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m2
0(mt) = �(132.7 GeV)2V0(�) =

1
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m2

0�2 +
1
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��4
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radiative EWSB?

• then in at high energy scales we could start with               , as in the MSSM  

• or we could imagine starting with classical scale invariance: m2
0 = 0

m2
0 > 0

Radiative EWSB doesn’t work for the pure SM

So either you believe that Nature inputs 
tachyonic masses, or you need new physics to 
generate EWSB radiatively 

From the EW scale to the Planck scale
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For the measured masses both ⇤ and its ⇥-function vanish around MPl!!?

(This would be the main message bla bla quantum gravity bla bla)
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
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and sign(�)
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8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
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W. Bardeen
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SM + a complex singlet scalar

• The simplest addition to the SM that has interesting consequences for the 
Higgs sector is a single complex SM-singlet scalar, with a direct 
dimension-four coupling to the Higgs 

V0(H,S) = m2
0|H|2 +

1
2

�|H|4 + �sh|H|2|S|2 + m2
s |S|2 +

1
2

�s|S|4

• The complex scalar in general carries a charges with respect to 
symmetries that may or may not be spontaneously broken
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SM + a complex singlet scalar

• There are many families of scenarios, depending for example on
• Does the singlet scalar get a vev?

• The generic effect of this coupling is to increase the Higgs vacuum 
stability at high energies, since at 1-loop it makes a positive 
contribution to 

V0(H,S) = m2
0|H|2 +

1
2

�|H|4 + �sh|H|2|S|2 + m2
s |S|2 +

1
2

�s|S|4

��

�� = �SM
� + 4�2

sh
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SM + a complex scalar with vev

• Even better, if                  the vev of the singlet can generate the 
negative mass-square that we need for EWSB

• Thus we can attempt a scenario in which                               at some 
scale, and we generate the symmetry breaking radiatively a la 
Coleman-Weinberg, which then causes EWSB

• In such a  simple extension of the SM all mass scales are generated 
via dimensional transmutation. Much more elegant than the SM!

V0(H,S) = m2
0|H|2 +

1
2

�|H|4 + �sh|H|2|S|2 + m2
s |S|2 +

1
2

�s|S|4

m0 = 0, ms = 0

�sh < 0

BUT: what about the Higgs naturalness problem?
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Higgs portal to Dark Matter

• If it is stable, the extra scalar could be WIMP dark matter, or could 
couple to lighter “dark” fermions or scalars, or even heavier “dark” 
gauge bosons, that are WIMP dark matter

• This is the scenario of a dark sector with a Higgs portal...

V0(H,S) = m2
0|H|2 +

1
2

�|H|4 + �sh|H|2|S|2 + m2
s |S|2 +

1
2

�s|S|4

S. Kanemura, S. Matsumoto, T. Nabeshima, N. Okada, 
arXiv:1005.5651
and many more...

h?
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LHCP 2013 -  Barcelona 12-18 May 2013 Fabio Maltoni

THE HOTTEST NEWS IN TOP PHYSICS

• A new force has been discovered, the first 
ever seen* not related to a gauge 
symmetry.

• Its mediator looks a lot like the SM scalar

*fundamental, ie with elementary mediators.

2
Tuesday 14 May 2013

Higgs boson = force carrier                        

Talk by Fabio Maltoni at LHCP 2013

H

tL

tR

tL

tR
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How does dark matter interact with baryonic matter?
�FEM

µ� Fµ�
d ) �FEM

µ� F̃µ�
d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

Z

via gravity 
we know

via the Standard Model 
weak interactions?

via the Higgs boson?

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�
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G2

fµ
2

2⇥
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h

Joseph Lykken                                                                                                         DOE SCGF Annual Research Meeting, July 29, 2013



42

5

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)
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CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.

We acknowledge support from NSF, DOE, SNF, UZH,
Volkswagen Foundation, FCT, Région des Pays de la
Loire, STCSM, NSFC, DFG, Stichting FOM, Weizmann
Institute of Science, and the friends of Weizmann Insti-
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tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
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assuming here that DM is 
not Majorana fermions
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FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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if via 125 GeV Higgs

Excluded by 
direct DM 
searches

weak interactions are 
not weak enough!

if via Z-boson

discovery or exclusion in the 
next few years!

Direct dark matter detection via the Higgs portal?

slide adapted from Neal Weiner
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assuming here that DM is 
not Majorana fermions
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FIG. 1. Scalar Higgs-portal parameter space allowed by WMAP
(between the solid red curves), XENON100 and BRinv = 10% for
mh=125 GeV. Shown also are the prospects for XENON upgrades.

the case of scalar DM with a mass of 5–10 GeV consid-
ered, for instance, in Ref. [8]. On the other hand, heavier
dark matter, particularly for MDM >∼ 80 GeV, is allowed

by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the
XENON100 upgrade. The exception is a small resonant
region around 62 GeV, where the Higgs–DM coupling is
extremely small.

In the case of vector Higgs-portal DM, the results are
shown in Fig. 2 and are quite similar to the scalar case.
WMAP requires the Higgs–DM coupling to be almost
twice as large as that in the scalar case. This is because
only opposite polarization states can annihilate through
the Higgs channel, which reduces the annihilation cross
section by a factor of 3. The resulting direct detection
rates are therefore somewhat higher in the vector case.
Note that for DM masses below mh/2, only very small
values λhV V <O(10−2) are allowed if BRinv<10%.

Similarly, the fermion Higgs-portal results are shown
in Fig. 3. We find no parameter regions satisfying the
constraints, most notably the XENON100 bound, and
this scenario is thus ruled out for λhff/Λ >∼ 10−3.

This can also be seen from Fig. 4, which displays pre-
dictions for the spin–independent DM–nucleon cross sec-
tion σSI (based on the lattice fN) subject to the WMAP
and BRinv < 10% bounds. The upper band corresponds
to the fermion Higgs-portal DM and is excluded by
XENON100. On the other hand, scalar and vector DM
are both allowed for a wide range of masses. Apart from
a very small region around 1

2
mh, this parameter space

will be probed by XENON100–upgrade and XENON1T.
The typical value for the scalar σSI is a few times 10−9

pb, whereas σSI for vectors is larger by a factor of 3 which
accounts for the number of degrees of freedom.
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FIG. 2. Same as Fig. 1 for vector DM particles.
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FIG. 3. Same as in Fig.1 for fermion DM; λhff/Λ is in GeV−1.

DARK MATTER PRODUCTION AT COLLIDERS

The next issue to discuss is how to observe directly the
Higgs-portal DM particles at high energy colliders. There
are essentially two ways, depending on the Higgs versus
DM particle masses. If the DM particles are light enough
for the invisible Higgs decay to occur, MDM <∼

1
2
mh, the

Higgs cross sections times the branching ratios for the
visible decays will be altered, providing indirect evidence
for the invisible decay channel. In the case of the LHC,
a detailed analysis of this issue has been performed in
Ref. [7] for instance and we have little to add to it. Nev-
ertheless, if the invisible Higgs branching ratio is smaller
than ≈ 10%, its observation would be extremely difficult
in view of the large QCD uncertainties that affect the
Higgs production cross sections, in particular in the main
production channel, the gluon fusion mechanism gg → h

• For reasonable values of the 
Higgs portal coupling and   
O(100) GeV WIMP mass, 
can also get the “correct” 
WMAP/Planck relic density 
of dark matter 

A. Djouadi, O. Lebedev, Y. Mambrini, 
J. Quevillon, arXiv:1112.3299

Higgs portal Dark Matter relic density
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�[µ]

�s[µ]

�sh[µ]

V0(H,S) =
1

2
�|H|4 + �sh|H|2|S|2 +

1

2
�s|S|4

Altmannshofer, Bardeen, Carena, JL
see also Hambye, Strumia

generating the electroweak scale 
radiatively from the dark matter

•Using the Higgs portal coupling, can make 
many simple viable models of dark matter

• The “dark matter scale” can be generated 
radiatively

• Triggering also EWSB at a nearby scale
•May or may not have an additional radiative 

instability at very high energies 
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Matter 
10,000,000,001 

Antimatter 

10,000,000,000 

Higgs and the Mystery of our Existence                        

• there was a big matter-antimatter 
battle in the early universe

• baryonic matter won, but just barely

η = nB nγ ≈ 6.10
−10



Did the Higgs trigger the genesis of matter?

48

• Some event in the early universe triggered either baryogenesis 
or leptogenesis

• We now know that there was an electroweak phase transition 
corresponding to the Higgs field turning itself on to its EWSB vev

• Even in the SM, this event has all the ingredients to generate a 
matter excess:
• B and L violation (nonperturbatively)
• Nonequilibrium conditions (1st order phase transition)
• CP violation
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Did the Higgs trigger the genesis of matter?
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• Some event in the early universe triggered either baryogenesis 
or leptogenesis

• We now know that there was an electroweak phase transition 
corresponding to the Higgs field turning itself on to its EWSB vev

• Even in the SM, this event has all the ingredients to generate a 
matter excess:
• B and L violation (nonperturbatively)
• Nonequilibrium conditions (1st order phase transition)
• CP violation
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But the SM-generated 
asymmetry is much too 
small
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Kuzmin, Rubakov, Shaposhnikov;
Cohen, Kaplan, Nelson;
Carena, Quiros, Riotto, Vilia, Wagner

Electroweak Baryogenesis

If             generated at Tn 

 

 

 
To preserve the generated baryon asymmetry:                                                                                                          
strong first order phase transition: 
 
 
 
Baryon number violating processes  
out of equilibrium in the broken phase 
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Not all vacuum 
instabilities are bad!

• Sphalerons violate B+L but act only on left-handed fields

• Need CP violation in the symmetric phase to create an initial chiral baryon asymmetry



Testing Electroweak Baryogenesis
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• Successful Electroweak Baryogenesis requires new physics at 
the Terascale:

• New particles that couple strongly to the Higgs 
• New sources of CP violation appearing in the Higgs sector
• Could be a two-stage process involving the dark sector, as 

in models of asymmetric dark matter
• Implies discoveries for the LHC and ILC!
• New sources of CP violation also relevant to EDM searches
• Strong 1st order phase transition -> gravity wave signature
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Higgs connections

• Does the Higgs destabilize the vacuum 
• What is the origin of the electroweak scale
• Is there a Higgs portal to dark matter
• Is the Higgs sector responsible for the                              

genesis of matter in the early universe
• How does the Higgs talk to neutrinos
• Extra credit: is the Higgs related to inflation or dark energy 

Motivates a global experimental effort on all three 
“frontiers” of particle physics: Energy, Intensity, Cosmic

�R �R

�L

H

�L

H
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ILC on the launchpad

• The Higgs discovery marks the dawn of new era
• ILC, fueled by a global program on many fronts, should unlock 

some of the deepest secrets of Nature
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