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The first time that the 
entire NYT Science 
section is devoted to a 
single story!

Higgs discovery!
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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.
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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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mass. The “cancellation” of massless bosons to give
a massive boson, as anticipated by Anderson and
developed in the 1964 papers, is the famous Higgs
mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10

Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
accepted.

At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are

www.physicstoday.org December 2013 Physics Today    31
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Figure 2. The Mexican-hat potential energy density considered by 
Jeffrey Goldstone in his seminal 1961 paper.2 The energy density is a
function of the real (Re) and imaginary (Im) values of a spinless field ϕ.
In the context of the electroweak theory developed later in the decade,
the yellow ball at the top of the hat would represent the symmetric 
solution for the potential, in which the photon, W bosons, and Z boson
are all massless. The blue ball in the trough represents the solution after
symmetry breaking. In that solution the W and Z bosons are massive
and the photon remains massless. The steepness of the trough is related
to the mass of the Higgs boson.

• At this point it is usually claimed 
that spontaneous symmetry 
breaking is obvious, but this is 
not so

• For example in the double well 
quantum mechanics problem, 
there is a degeneracy 
associated with a Z2 symmetry

• But the ground state is a 
superposition that preserves the 
symmetry!
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mechanism; for their contributions to its discovery,
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in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10

Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
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At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are
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• The key difference is that in 
quantum field theory it is much 
more difficult to transition from one 
one degenerate ground state to 
another

• The quantum vacuum is like a 
many-body system in this sense

• As Phillip Anderson emphasized in 
his 1972 article “More is Different”, 
spontaneous symmetry breaking is 
a property of “large” systems

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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“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.” -- Phillip Anderson, 1962

Who invented the BEH mechanism?

“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” -- Peter Higgs, 1964

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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Higgs + BEGHK (1964)

Higgs explains: and if you started with a complex 
scalar field, there will be a neutral massive boson 
left over, and eventually you get a trip to Stockholm

•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

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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LISHEP'13 (Rio de Janeiro)                      David d'Enterria (CERN)�����
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Who discovered the Higgs boson?
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Peter Littlewood and Chandra Varma 
discovered “light” Higgs bosons in     
niobium-selenide superconductors, 1981
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• Could be a mixture from more than one Higgs 
SU(2) doublet, singlets or SU(2) triplets

• Could be a mixture of CP even and CP odd

• 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 leptons precisely 

proportional to their masses
• Could be composite, by itself does not unitarize 

VV scattering

What is the 126 GeV Higgs?

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014



11

• There could be one or more “large” ~10% deviations in Higgs 
couplings versus the SM

• Many of these would then be detectable at LHC
• Typically this implies other smaller deviations -> ILC
• Large deviations typically imply lighter new particles, within reach of 

LHC direct detection or perhaps an ILC 

What Higgs precision do we need?

Note it is the correlations between deviations 
that will reveal the underlying physics

M. Carena et al, arXiv:1205.5842

Higgs Production in the di-photon channel in the MSSM  

.  M.C, Gori, Shah, Wagner 

  for Mh ~ 125 GeV  

Contours of constant  

! 

" gg#h( )Br(h#$$ )
" gg#h( )SM Br(h#$$ )SM

Light staus with large mixing  
   [sizeable µ and tan beta]: 
     ! enhancement of the  
 Higgs to di-photon decay rate   

Charged scalar particles with no color charge can change di-photon rate  
without modification of the gluon production process  

M. Carena, S. Gori, N. Shah, C. Wagner, arXiv:1112.336, +L.T.Wang, arXiv:1205.5842

For a more generic discussion of modified diphoton width by new charged particles,                        
see M. Carena, I. Low and C. Wagner, arXiv:1206.1082 

Higgs Decay into two Photons in the MSSM

X⌧ = A⌧ � µ tan�

we define the quantity

rgg =
Γ(h → gg)MSSM

Γ(h → gg)SM
, (25)

which gives a rough approximation of the relative suppression of σ(gg → h)MSSM. The
bounds on the parameter space (as before obtained with HiggsBounds) are similar to the
ones obtained in the mmod

h scenarios. However, the gluon fusion rate is between 10% and
15% lower than in the SM, as expected from Eq. (23).6

3.4 The light stau scenario

While light stops may lead to a large modification of the gluon fusion rate, with a relative
minor effect on the diphoton rate, it has been shown that light staus, in the presence of large
mixing, may lead to important modifications of the diphoton decay width of the lightest CP-
even Higgs boson, Γ(h → γγ) [10,62]. Large mixing in the stau sector may happen naturally
for large values of tan β, for which the mixing parameter Xτ = Aτ − µ tanβ becomes large.
Similarly to the modifications of the gluon fusion rate in the light stop scenario, one can
use the low energy Higgs theorems [58] to obtain the modifications of the decay rate of the
Higgs boson to photon pairs. The correction to the amplitude of Higgs decays to diphotons
is approximately given by [10, 59]

δAhγγ/ASM
hγγ # −

2 m2
τ

39 m2
τ̃1
m2

τ̃2

(

m2
τ̃1
+m2

τ̃2
−X2

τ

)

, (26)

where ASM
hγγ denotes the diphoton amplitude in the SM.

Due to the large tanβ enhancement Xτ is naturally much larger than the stau masses and
hence the corrections are positive and become significant for large values of tan β. As stressed
above, the current central value of the measured diphoton rate of the state discovered at the
LHC is somewhat larger than the expectations for a SM Higgs, which adds motivation for
investigating the phenomenology of a scenario with an enhanced diphoton rate. We therefore
propose a light stau scenario. In the definition of the parameters we distinguish the cases
whether or not τ mass threshold corrections, ∆τ , are incorporated in the computation of the
stau spectrum (this is the case in CPsuperH, but not in the present version of FeynHiggs).
We mark the case where those corrections are included as “(∆τ calculation)”. We define the
parameters of the light stau scenario as follows:

light stau:

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 500 GeV,

6The feature visible in the LHC excluded region for aboutMA = 500 GeV and low values of tanβ is caused
by the fact that HiggsBounds uses only the channel with the highest expected sensitivity for determining
whether a parameter point is excluded. The shape of the excluded region is caused by a boundary to a
different channel that has the highest expected sensitivity for exclusion but whose observed limit turns out
not to provide an exclusion of this parameter region. Features of this kind are expected to be absent in
dedicated combined analyses that allow to simultaneously take into account information from more than one
channel.

18

Thursday, July 11, 2013
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Strong bound 
from EW fit

EWPO constrain Higgs couplings

Talk by Luca Silvestrini 
at LHCP 2013
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Assumption:

Strongly constrains 
simplest composite 
Higgs models
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Higgs connections
• Is there a Higgs portal to dark matter
• Electroweak baryogenesis
• What is the origin of the electroweak scale
• How does the Higgs talk to neutrinos 
• What are the dynamical origins of fermion masses, mixings 

and CP violation
• Extra credit: is the Higgs related to inflation or dark energy 

Motivates a multi-decade global experimental effort 
on all three “frontiers” of HEP

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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• A headline of this long story is that elementary 
particles do not naturally have mass, 

• But they can acquire mass through dynamics
• In stark contrast to spin, the other conserved 

quantum number of Poincare invariance

the dynamical origins of mass
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• ATLAS and CMS seem to have discovered a 
rather weakly self-coupled boson that couples to 
other heavy particles proportionally to their 
masses

• If this holds up, then we do in fact understand 
mass generation for the W and Z bosons

• But for fermions we are just getting started...

ye L̄H eR + h.c. ! ye
vp
2
(ēLeR + ēReL)

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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• What are the dynamical origins of fermion masses, 
mixings, and CP violation?

• What are the scales associated with this dynamics?
• What are the symmetries and symmetry-breakings?
• What is the full Higgs sector and how does it work?
• How are quark and lepton flavor related?
• What other flavor sectors are accessible, e.g.

• superpartners?
• dark matter?

Flavor is the big over-arching challenge of particle 
physics for this half of the 21st century

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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• Look for new sources of flavor-breaking/CPV in the quark sector

• Determine the flavor structure of the neutrino sector

• Determine the full Higgs sector and its flavor implications

• Look for nonconservation of lepton number, baryon number, and 
charged lepton flavor violation

• Find the portals to the dark sector and the dark particle content 

• Any new physics and any new scales could be relevant

Gathering clues from many directions

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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mass. The “cancellation” of massless bosons to give
a massive boson, as anticipated by Anderson and
developed in the 1964 papers, is the famous Higgs
mechanism; for their contributions to its discovery,
Englert and Higgs received this year’s Nobel Prize
in Physics. (For more, see page 10 of this issue.)

As recounted in his 2010 talk “My Life as a
Boson,” Higgs submitted his second paper of 1964
to Physics Letters, which promptly rejected it.10

Shocked at that setback, he revised and expanded
the manuscript, adding the key observation that
when applied to a charged spinless boson, the Higgs
mechanism leaves behind a neutral spinless boson.
That neutral particle—the Higgs boson—has a mass
determined by the shape of the Mexican-hat poten-
tial energy density, but that mass cannot be expressed
in terms of the mass generated for the gauge boson.
Higgs sent the improved revision to a different jour-
nal, Physical Review Letters, and it was promptly 
accepted.

At first, theorists thought that the most suitable
application of spontaneous symmetry breaking to
particle physics was in the arena of the strong inter-
actions. Only in 1967 did Weinberg, and, independ-
ently, Salam, realize that the Higgs mechanism of-
fered an elegant explanation of the weak interactions.
In their model, which is now the electroweak portion
of the standard model, four Higgs fields are related
by a gauge symmetry of the type introduced by
Yang and Mills. Three Goldstone bosons are eaten
to give large masses to the W+, W−, and Z bosons that
mediate the weak interactions. An added bonus, not
foreseen by Higgs and the rest, is that the Higgs
field also gives mass to quarks and leptons, the ele-
mentary fermions that make up matter.

The mass of the Higgs boson left behind is not
predicted, but the interactions of the Higgs with
other elementary particles can be precisely com-
puted as a function of its mass and the masses of the
other particles. Furthermore, the exchange of virtual
Higgs bosons generates an attractive short-range
force. If the Higgs boson is an elementary particle,
as so far appears to be the case, then that force is
every bit as fundamental as the gauge-boson-medi-
ated forces of the standard model. In that case, the
Higgs would be the first fundamental force media-
tor ever detected that is not a gauge boson.

The discovery
The ATLAS and CMS (Compact Muon Solenoid) ex-
periments at the LHC were built to probe the mech-
anisms of electroweak symmetry breaking and the
particle origins of dark matter. Wired up with about
a hundred million readout channels each and made
up of many thousands of tons of material that inter-
acts with the particles emanating from the LHC’s
high-energy proton–proton collisions, the two de-
tectors have already managed to capture and recon-
struct many rare Higgs boson candidate events.11

Since Higgs bosons decay into other particles
after about 100 yoctoseconds (10−22 seconds), the col-
lider searches involve several different decay signa-
tures or channels. Figure 3 illustrates the two most
important channels used by ATLAS and CMS in
their quest for the Higgs. One represents the Higgs

decay process into two virtual Z bosons, each of
which, in turn, decays into an electron–positron or
muon–antimuon pair. The other shows the Higgs
decay into two photons. The image on pages 28 and
29 shows a visualization of the data produced by a
Higgs boson candidate at the LHC; the four decay
products are muons or antimuons—a pair of each—
whose tracks are depicted as red lines.

The experimental results so far suggest that the
particle observed at the LHC is indeed a Higgs
boson, though not necessarily possessing exactly
the properties postulated by the standard model.
The discovery itself is based on large excesses of
Higgs-like events in the two decay channels de-
scribed above, supported by less conclusive but
compatible excesses observed in other channels.
Figure 4 displays CMS data for the four-lepton
channel. The measured mass is about 126 GeV/c2, 
intermediate between the mass of the Z boson and
the mass of the top quark. 

The new particle cannot be a spin-1 particle be-
cause the decay of such an object into two photons is
forbidden by a general result known as the Landau–
Yang theorem. Its wavefunction does not change
sign when operated on by CP (a product of the dis-
crete symmetries of charge conjugation and coordi-
nate inversion, or parity), as the pion wavefunction
does. So the new particle is either unchanged by CP,
as a Higgs boson is, or it could be a CP-violating 
admixture if there exists a new source of matter–
antimatter asymmetry related to the Higgs. The pro-
duction rate of the particle and the degree to which
it decays into different channels appear consistent
with the standard-model predictions for the Higgs
boson, although the experimental uncertainties are

www.physicstoday.org December 2013 Physics Today    31

V ϕ( )

Re ϕ

Im ϕ

Figure 2. The Mexican-hat potential energy density considered by 
Jeffrey Goldstone in his seminal 1961 paper.2 The energy density is a
function of the real (Re) and imaginary (Im) values of a spinless field ϕ.
In the context of the electroweak theory developed later in the decade,
the yellow ball at the top of the hat would represent the symmetric 
solution for the potential, in which the photon, W bosons, and Z boson
are all massless. The blue ball in the trough represents the solution after
symmetry breaking. In that solution the W and Z bosons are massive
and the photon remains massless. The steepness of the trough is related
to the mass of the Higgs boson.

• Many particle theorists have chosen to ignore these 
rather dramatic mysteries of mass in the Standard 
Model, probably because the problems look too hard

• Instead we have 20,000 papers related to ``Higgs 
Naturalness”, a problem of the Standard Model that, 
until recently, looked like it had an obvious solution

• This problem has to do with the one explicit mass 
scale of the Standard Model, a mass-squared 
parameter defining the leading order shape of the 
Mexican Hat

Higgs Naturalness in Crisis

V0 = m2
0|H|2 + 1

2
�|H|4

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014



why do we live on the ragged 
edge of doom?

21

• 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?

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014



SM Higgs and the Planck scale?

22

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(�)

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/

p
8⇡.
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What does this mean?

A hint about physics at 
the Planck scale?
M. Shaposhnikov, C. Wetterich

BUT: What about the 
Higgs naturalness 
problem and resulting
fine-tuning?
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• The SM plus some renormalizable TeV scale additions (like dark matter) 
is all that there is

• Renormalizable theories don’t have naturalness problems, because (at 
the end of the day) they don’t have cutoffs

• Usual counterargument that at least there is a physical cutoff at MPlanck 
is speculative

• The SM hypercharge coupling has a Landau pole at 1027 GeV, but who 
cares?

The Standard Model is (almost) all that there is?                        

Maybe the naturalness argument applied            
to the Higgs is just wrong                                 
(well, it was also wrong for the vacuum energy...)

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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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 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
• Are all mass scales generated from some 

kind of dimensional transmutation? 
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FERMILAB-CONF-05/482-T

Conjecture on the Physical Implications

of the Scale Anomaly

Christopher T. Hill

Fermi National Accelerator Laboratory

P.O. Box 500, Batavia,

Illinois 60510, USA

Invited Talk delivered at the Santa Fe Institute

on the Occasion of the Celebration of the

75th Birthday of Murray Gell-Mann.

July 23, 2005

(Dated: February 1, 2008)

Abstract

Murray Gell-Mann, after co-inventing QCD, recognized the interplay of the scale anomaly, the

renormalization group, and the origin of the strong scale, ΛQCD. I tell a story, then elaborate

this concept, and for the sake of discussion, propose a conjecture that the physical world is scale

invariant in the classical, ! → 0, limit. This principle has implications for the dimensionality of

space-time, the cosmological constant, the weak scale, and Planck scale.

1

• There is something very appealing 
about the idea that all mass is 
quantum phenomenon

• As Chris Hill has pointed out, this 
conjecture has a number of 
dramatic consequences, such as:                

• The Planck scale (i.e. Newton’s gravitational constant) must be generated 
as a quantum effect (~ the “induced gravity” of Adler and Zee)

• Grand unification is wrong
• String theory is (probably) wrong            

can we start to test these ideas in experiments?
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SUSY or other partners?

26

• Supersymmetry is the most robust fix to the Higgs naturalness problem

• It cancels all the quadratic divergences, even when we break SUSY softly to 
get realistic models

• There are other ways to cancel these divergences, involving other kinds of 
partners

• Examples are Lee-Wick theory, and Little Higgs models

• But SUSY models have many other nice features, and give a more complete 
picture, in principle up to the Planck scale

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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• Natural + ~MFV SUSY at the weak scale
• Neutralino dark matter
• A grand desert populated at the high end by a hidden sector for 

dynamical SUSY breaking, some heavy Majorana neutrinos, maybe PQ 
axions, inflatons

• Gauge coupling unification circa 1016 GeV accompanied by GUT or 
stringy unification of matter and gauge forces

• Planck scale stringiness with lots of extra structure to explain flavor etc.

the canonical BSM paradigm

there were lots of good arguments for this picture
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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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NATURAL SUSY, 1984
From Lawrence Hall’s talk at SavasFestSUSY Spectrum, 1984

Text

Over 3 decades of susy:  seismic shifts!

W boson near 
the top of the 
spectrum....

1984 was a 
utopian year 
for SUSY.

Times have 
changed!

Talk by Matt Reece at LHCP 2013

The Naturalness Dogma: caveat emptor                        

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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SUSY agonistesWhy gluinos? 

12 Nov 2013 J. Thompson, Cornell 3 

 Naturalness 
 As you know (see yesterday’s 

talks), gluinos are a key player in 
the naturalness story 

 Constrained to 1-2 TeV in natural 
SUSY scenarios 

 High production cross section 
 Sensitivity to highest masses 
 Most dramatic signatures 

 Heavy SUSY parentslots of 
(missing) energy in the detector 

 Searches for the heaviest 
particles gain the most from 
increases in CM energy 
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 Naturalness 
 As you know (see yesterday’s 

talks), gluinos are a key player in 
the naturalness story 

 Constrained to 1-2 TeV in natural 
SUSY scenarios 

 High production cross section 
 Sensitivity to highest masses 
 Most dramatic signatures 

 Heavy SUSY parentslots of 
(missing) energy in the detector 

 Searches for the heaviest 
particles gain the most from 
increases in CM energy 
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• If you really believe in a strong naturalness argument, then we should have 
seen gluinos and stops already at the LHC
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SUSY agonistes

• Of course it is possible that we just missed the superpartners in the last LHC 
runs at 7 and 8 TeV, and they will show up quickly in the new run at 13 TeV

• Stranger things have happened: both the LEP and Tevatron collider 
experiments just missed discovering the Higgs boson

Limits in the              topology 

12 Nov 2013 J. Thompson, Cornell 16 

 All lepton multiplicities are relevant 
 Limits up to 1400 GeV for light LSP 

INTERPRETATION: BDT ANALYSIS tχ0  

Set limits using results from BDT signal regions 

13 

  [GeV]t~ m
100 200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

 u
pp

er
 li

m
it 

[p
b]

σ

-310

-210

-110

1

10

210

unpolarized top
BDT analysis

0
1
χ∼ t → t~*, t~ t~ →pp )theory

σ1±Observed (
)σ1±Expected (

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS                                      

W

 = 
m

1
0

χ∼

 - mt~m

t

 = 
m

1
0

χ∼

 - mt~m

Results probe m( t ) 	 650 GeV for m(χ0) 	 225 GeV 
Sensitive to the �M < mtop and mstop  < mtop regions 

t̃t̃⇤ ! tt̄�̃0�̃0

t̃t̃⇤ ! tt̄�̃0�̃0 ! bb̄W+W��̃0�̃0

t̃t̃⇤ ! bb̄�̃±�̃± ! bb̄W+W��̃0�̃0

7

1" 1"

  ̃  ̃ 

 ̃ 

November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 

t      

 t

 χ1
0

SUS-13-011 

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
31



32

m [GeV]
500 1000 1500 2000

 (p
b)

σ

-310

-210

-110

1

10

210

310

410

m [GeV]
500 1000 1500 2000

 (p
b)

σ

-310

-210

-110

1

10

210

310

410
, 14 TeVg~g~

, 8 TeVg~g~

* , 14 TeV1b~1b~*, 1t
~
1t

~

*, 8 TeV1b~1b~*, 1t
~
1t

~

, 14 TeV0
2
χ∼±

1
χ∼

, 8 TeV0
2
χ∼±

1
χ∼

What to expect at 13TeV 

11/12/13 LPC 2013 12 

1350GeV gluinos: x30 
1000GeV gluinos: x20  
  750GeV squarks: x9 
  350GeV X+-X0:     x3 
           top pairs:     x4 

increase in cross section 

Reach new territory with  
1-6/fb of 13TeV luminosity  

Signal grow much faster than SM bkg 
-> will need data driven techniques. 

Frank Wurthwein
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uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars

• cosmologists got antsy
• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

uneasiness in 
cosmology

• Before COBE, upper limit 
on CMB anisotropy kept 
getting better and better

• Before 1998, the universe 
appeared younger than 
oldest stars

• cosmologists got antsy
• “crisis in standard 

cosmology”
• it turned out a little “fine-

tuned”
• low quadrupole
• dark energy

“Big Bang not yet dead
but in decline”

Nature 377, 14 (1995)

“Bang! A Big Theory May Be Shot”
A new study of the stars could rewrite 
the history of the universe
Times, Jan 14 (1991)

– 73 –

Fig. 16.— The binned three-year angular power spectrum (in black) from l = 2 − 1000, where it provides a
cosmic variance limited measurement of the first acoustic peak, a robust measurement of the second peak,
and clear evidence for rise to the third peak. The points are plotted with noise errors only (see text). Note
that these errors decrease linearly with continued observing time. The red curve is the best-fit ΛCDM model,
fit to WMAP data only (Spergel et al. 2006), and the band is the binned 1σ cosmic variance error. The red
diamonds show the model points when binned in the same way as the data.

Talk by Hitoshi Murayama at Lepton-Photon 2013

worse than 1% tuning

Moderate tuning doesn’t mean your theory is wrong
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• Just in case, many theorists are busy making arguments for why it 
was obvious all along that superpartners should not be within reach 
of the LHC

• 10 TeV, 100 TeV, even 1 PeV are becoming popular mass scales for 
superpartners

• As on Red Mountain, moving to higher ground is very expensive...

moving SUSY to higher ground?
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• putting squark masses at 100 TeV, whatever the motivation, is a 
good playground for the idea that flavor-violating effects may be 
intrinsically O(1), but with a big mass suppression

• in such a regime it is also easier to make dynamical models of SM 
fermion mass hierarchies, without getting sunk by large FCNCs

• even a VLHC cannot probe this scale directly, so you will have to get 
clues from rare processes:

the scales of flavor?

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

SUSY Contributions to µ → e Conversion

contributions from dipoles, boxes, Z penguins, and photon penguins

dipoles are dominant for large tanβ
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! usually negligible in
mini-split SUSY
typically dominant

! log enhanced
for light Higgsinos
typically dominant

! log enhanced for light
Winos; typically dominant
for low tan β

Wolfgang Altmannshofer (Fermilab) Low Energy Probes of PeV Scale Sfermions KITP, July 11, 2013 22 / 26
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Flavored EDMs
in the flavor blind case, EDMs

are proportional to 1st gen. fermion masses
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ũR ũL
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flavor effects strongly enhance EDMs
(see e.g. Hisano, Nagai, Paradisi ’08)
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1-loop EDMs and chromo EDMs grow linearly with the µ term
quark chromo EDMs are enhanced by a large log
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the scales of flavor?

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

• Heavy flavor probes up to 50 TeV (LHCb and Belle II)

• EDMs can probe up to 100 to 1000 TeV

• Kaons probe up to 1000 TeV

• Mu2e can probe 100 to 1000 TeV

W. Altmannshofer, R. Harnik, J. Zupan, arXiv:1308.3653
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• color-triplet scalars that live in the Higgs 5-plet induce 
dimension five proton decay in SUSY SU(5)

• seemed to rule out the minimal scenario, since the 
proton lifetime was

• but with squark masses lifted to ~100 TeV, there is an 
extra suppression

• predicts that LBNE                                                      
will see proton decay

minimal SUSY SU(5) revived

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

LBNE 34kt

J. Hisano et al, arXiv:1304.3651
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• the WIMP miracle is starting to look like the WIMP fairytale

• theorists may soon have to stop saying “it’s a 100 GeV neutralino, stupid”

• good news: already DAMA, CoGeNT, etc have inspired the theory 
community to start taking a much broader view of the dark sector

WIMPs getting wimpier 

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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• SUSY LSP, extra dimensions LKP, Little Higgs LTP

• axions

• sterile neutrinos

• WIMPzillas

• other nonthermal relics from decays of moduli, or Q-balls, or ...

• asymmetric dark matter

• self-interacting dark matter, partially interacting dark matter, dissipative DM

dark matter bestiary 

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

• Z boson (not looking good)

• Higgs boson direct coupling to dark sector scalar or fermion

• Exotic light force carriers

possible portals to the dark sector:
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• Why should the dark sector be any simpler than the visible sector?

• The visible sector has 5 stable massive particles (6 if you count the neutron), 
and a bunch of long and short range force carriers

• baryonic matter abundance is not a thermal relic abundance

• leave out seemingly small details, e.g. neutrinos, and you get the whole 
picture wrong

is dark matter like visible matter?  

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014

my guess:  
• dark matter has several stable components

• some of them have mass and abundance linked to those of baryons, as per 
asymmetric dark matter

• some of them have significant interactions among themselves



• pQCD for the masses
• parton distributions (need to) grow up
• QCD hydrodynamics
• The revenge of quarkonia?

Just when you thought QCD was becoming 
tame, LHC data reminds us that QCD is full 
of surprises and new/old challenges

QCD: hic sunt dracones                        
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pQCD for the masses                        

Increasing power of 
public automated 
tools for SM and BSM

Matteo Cacciari - LPTHE LHCP 2013 - Barcelona - May 2013

NLO tools

23

NLO (automated) matched exclusive events

1-loop reduction methods

on-shelltensor 
reduction

generalised 
unitarity OPP

CutTools SamuraiCollier

OpenLoops BlackHat MadLoop GoSamHelac-1LoopNgluon Rocket

+Helac:
Helac-NLO

+MadGraph

+Powheg:
PowHel

+MC@NLO:
aMC@NLO

+Sherpa +Sherpa

+MCFM

Recola

This slide is still work in progress.
 Apologies for missing references, missing 

items, possibly wrong links.

Pythia, Herwig

The NLO revolution 
continues, will be of 
increasing 
importance for LHC
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parton distributions (need to) grow up                        

Matteo Cacciari - LPTHE LHCP 2013 - Barcelona - May 2013

Impact of PDFs uncertainties

4

5% 10% 15%

J. Campbell, ICHEP’12

‣ PDF uncertainties at least comparable to missing higher orders ones

‣ Note that a non-negligible fraction of the PDF+αS uncertainty comes from αS

NNLO QCD tt 245.8 pb 7%
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QCD hydrodynamics                       

Heavy&nuclei&collisions&

LHCP 2013 Begoña'de'la'Cruz'(CIEMAT)' Jets & Vector Bosons in HI Collisions 

� In'heavy'nuclei'collisions'at'high'energies,''''''''
�'quarks'and'gluons'become'free,''''''''''''''''''''
�''

� Lattice'QCD'predicts'a''phase'transition'to'QGP''
''''''�'high'temperatures'
''''''�'energy'density''reached'

2&

�'HighJmomentum'partons'from'early'stages'in'collisions,'traverse'hot'QGP,''''''''''
''''losing'energy'as'they'interact'with'constituents:'
''''�'radiative'processes'(gluons)'
''''�'collisional'processes''

form'a'high'density'colour'deconfined'state'of'strongly'interacting'matter.''

• Heavy ion collisions at LHC produce 
an excited nonequilibrium strongly-
interacting extended state

• It isotropizes extremely rapidly, time 
scale ~ 1 fermi/c

• Shows flow characteristics of 
relativistic hydrodynamics

• Quenches jets and melts quarkonia
• This is the Quark Gluon Plasma!

The Golden Age of Heavy Ion physics is now                      
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from strings to QGP to black holes                      

• At LHC, we see QGP-like features in p-Pb collisions, 
and even in high multiplicity p-p collisions (“the ridge”)!

• An experimental opportunity and a theoretical challenge
• Can we understand the transition from scattering 

described in terms of gluons and QCD strings, to 
relativistic hydrodynamics?

• AdS/CFT duality allows to use perturbed black holes as 
toy models for strongly-coupled out-of-equilibrium 
plasmas: how much can we learn from this about QCD?

4

D. Microscopic models

The usual (min-bias) pp and pA collisions
are described by a number of models which use
pomeron and reggeon exchange. Those terms
originated from certain parameterization of the
elastic and di�ractive scattering amplitudes at
high energy kinematics

⌃
s ⌅

⌃
�t. The micro-

scopic derivation in weak coupling is done via
a (rapidity ordered) BFKL gluon ladders [12].

At strong coupling it is dominated by some
form of a string (surface) exchange. In the
AdS/CFT holographic context the discussion
of elastic and inelastic amplitudes generated
by such surface exchanges were originally ad-
dressed using bosonic variational surfaces [13,
14]. It has also been realized that the holo-
graphic pomeron can be associated with a spin-
2 graviton exchange [15], in pure AdS with su-
persymmetry and conformal symmetry, which
has triggered a rather extensive literature. In
particular, a black-disk model [16].

Following on the semi-classical surface ex-
changes in [13, 14], a quantum bosonic string
(surface) exchange model was suggested re-
cently in Witten� s confining background [17].
We will use its variant as discussed in [1, 2] in
AdS5 with a confining wall where the impor-
tant number of transverse directions is physi-
cally identified. We will refer to this as the SZ
model. Let us preview its physics in some gen-
eral terms and detail it later.

One important idea is that the string which
dominates semiclassically the scattering ampli-
tude has some excitations, in the one-loop ap-
proximation. The quantum action helps to
explain why the pomeron is supercritical and
provides a specific assignment for its intercept
�P(t = 0) � 1. These excitations of the string
modes can be described by a one parameter, an
intrinsic (Unruh) temperature T . This temper-
ature is set by the kinematics of the minimal
bias collisions, but it can also fluctuate describ-
ing less usual events. When this temperature
is small as compared to the so called Hagedorn
temperature T ⇤ TH , the string fluctuations
are small and can be treated as a set of oscilla-
tors, as we schematically show in Fig.1a. This
is the case for the traditional applications men-
tioned above, to the minimum-bias pp collisions
at high energies up to LHC.

FIG. 1: String exchange between two sources
(crosses) separated by the impact parameter b: the
cold string case � < �H (a); the near-critical string
case � � �H (b).

With increasing collision energy the e�ective
temperature grows and for some super-high col-
lision energies (not reached at colliders) it may
approach the Hagedorn temperature T ⇧ TH .
At current energies (LHC) it can also happen,
as fluctuations. We will argue that in this new
regime the string will develop large excitations
in the form of a “string ball” depicted in Fig.1b.

This near-Hagedorn regime is well known
in finite-temperature QCD as the Polyakov-
Susskind phenomenon and the coresponding
entropy behavior is schematically shown in
Fig.2. The entropy and energy asymptote in-
finity at T ⇧ TH due to the proliferation of
string states. The free energy and pressure re-
main finite. The rapid rise will be referred to
as the “near-critical” or Hagedorn regime, also
known as an interval with a “soft” equation of
state

T ⇥ TH , p ⇤ ⇥ (5)

For a general review discussing e�ective strings
and their role in the gluodynamics phase tran-
sition at finite and large Nc see e.g. [18].

Since in the prompt collision the pomerons
override the reggeons at large

⌃
s, the colli-

sion is dominated by gluons instead of quarks.
Therefore the pertinent Hagedorn regime is
that of gluodynamics rather than QCD. We re-
call that the critical temperature in gluodynam-
ics is TYM

c ⇥ 270 MeV, which is significantly
higher than the critical temperature in QCD
which is TQCD

c ⇥ 165 MeV. The former is im-
portant at the formation stage while the lat-
ter is important at freeze-out. In the e�ective
string language, the transition in gluodynamics
involves closed strings while that in QCD in-
volves open strings. If we recall that the ratio of

E. Shuryak and I. Zahed arXiv:1301.4470
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a quarkonia polarization crisis?                        

• NRQCD is QCD, in an unambiguous expansion in powers of both    
and the heavy quark velocity v

• However the factorization introduces a number of long distance 
matrix elements that have to be fit to data (like pdfs)...

• And it is assumed that these LDMEs are universal...
• And for charmonium and bottomonium, v is not especially small...

↵s

Introduction Technology Global fit Further tests Polarization Summary

Introduction: CSM vs. NRQCD factorization

Color-singlet model [Berger Jones 81; Baier Rückl 81]
cc pair in physical color-singlet state, e.g. cc[3S[1]

1 ] for J/ψ .
Nonperturbative information in J/ψ wave function at origin.
Leftover IR divergences for P-wave quarkonia ! inconsistent!
Predicted cross section factor 101–102 below Tevatron data.

NRQCD factorization [Bodwin Braaten Lepage 95]
Rigorous effective field theory
Based on factorization of soft and hard scales
(Scale hierarchy: Mv2,Mv ! ΛQCD !M)
Theoretically consistent: no leftover singularities.
NNLO proof of factorization [Nayak Qiu Sterman 05]
Can explain hadroproduction at Tevatron.

Heavy-quarkonium theory in the LHC era Bernd KniehlTalk by Bernd Kniehl
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a quarkonia polarization crisis?                        
“We have been comparing our beautiful data to 
too many bad theories”                                                       
-- Carlos Lourenco at LHCP2014

Comparison with NLO NRQCD: �(nS)

Quarkonium polarization in pp collisions with CMS Carlos Lourenço (CERN) 11 / 15
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Systematic Uncertainties
• Efficiency measurement:

– Vary measured trigger efficiencies by !"#$
• Monte Carlo statistics:

– Impact of finite sample sizes in acceptance calculated using toy 
Monte Carlo experiments

• Background scale factor:
– Compare linear and quadratic interpolation from sidebands into 
% &' signal region

• Frame invariance tests:
– Treat ()* + #)*,- . )*-/ as a systematic uncertainty
– Consistent with statistical fluctuations in almost all cases

• All are generally much smaller than statistical uncertainty
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• �(1S) : large �b feed-down contribution,
but the �b octet MEs are unconstrained
(lack of data on �b yields and polarizations)

• �(3S) : practically always produced directly and
depends only on (constrained) �(nS) octet MEs
� the data-theory comparison is more stringent

• In fact, the �(3S) case is where the data and
theory disagree the most. . .

• NLO NRQCD calculations by J.-X. Wang et al.,
arXiv:1305.0748 [hep-ph]

Comparison with NLO NRQCD: �(2S)

Quarkonium polarization in pp collisions with CMS Carlos Lourenço (CERN) 13 / 15
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• The CMS results disagree with existing NLO NRQCD theoretical calculations

• Calculations by Mathias Butenschoen and Bernd Kniehl; arXiv:1212.2037 [hep-ph]
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Outlook                     
• The Higgs discovery is only the 

beginning of a story that will bridge 
all the frontiers of particle physics

• The challenge of understanding the 
dynamical origins of fermion masses 
and mixings will require probing 
higher scales directly and indirectly

• Dark matter may be a game changer 
in the next few years, but the story 
will be more complicated than just 
picking a winner form the current 
laundry list

• Whether canonical BSM thinking is 
correct or incorrect, we have entered 
a New Age
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Not the End
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