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• Condensed matter physics in vacuo

• Higgs quo vadis? 

• Supersymmetry: aut vincere aut mori

• Naturalness: quem deus vult perdere, dementat prius

• QCD: hic sunt dracones

• Scientia ipsa potentia est
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The first time that the 
entire NYT Science 
section is devoted to a 
single story!
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Higgs discovery
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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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Condensed matter physics in vacuo
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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)
a fundamental self-sourcing scalar field

can cause spontaneous symmetry-breaking in the vacuum
and give gauge bosons mass

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

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013



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

Beautiful Discovery
Boson, J != 1

Fermions = Matter ; Bosons = Forces

• Fundamental Boson: New interaction which is not gauge

• Composite Boson: New underlying dynamics

If New Physics exists at ΛNP
δM2

H ∼
g2

(4π)2
Λ2
NP

log

(

Λ2
NP

M2
H

)

Which symmetry keeps MH away from ΛNP?

• Fermions: Chiral Symmetry

• Gauge Bosons: Gauge Symmetry

• Scalar Bosons: Supersymmetry, Scale/Conformal Symmetry . . . ?

Higgs Physics A. Pich – LHCP 2013 3

Higgs boson:
 not just another particle                        

Talk by Fabio Maltoni at LHCP 2013

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013



Higgs Quo Vadis?                        
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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]

• Does it come from an SU(2) triplet? [no]

Higgs Imposters

Joseph Lykken                                                                                                                            LHCP 2013, Barcelona, May 18, 2013

Talks by Aurelio Juste, Vivek Sharma

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 tune a dilaton imposter or spin 2 imposter to fit data, but ...

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

Talks by Jay Hubisz and Zakaria Chacko

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:
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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 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

is it a non-SM Higgs?

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

Talk by Jure Zupan

Talk by Mariano Quiros

Talk by Stefania Gori
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Higgs connections

• Is there a Higgs portal to dark matter

• What is the origin of the electroweak scale

• Does the Higgs sector trigger UV instabilities

• Electroweak baryogenesis

• How does the Higgs talk to neutrinos 

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

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

Motivates a multi-decade global experimental effort 
on all three “frontiers” of HEP
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A simple start is to fit measured Higgs signal strengths to two parameters 
expressing possible non-SM behavior

the precision Higgs era has begun
Talks by Aurelio Juste and Vivek Sharma

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

Fermion vs Vector Boson Couplings 

36 

•  Consider two independent multiplicative factors: common to all couplings to vector bosons 
(!V) and common to all couplings to fermions (!f). Assume "WZ=1. 

Consistent with the SM prediction 

No assumption on the total Higgs  
width or H!## loop content 

Assume no BSM contribution to the  
total Higgs width or the H!## loop  

68% CL interval 

ATLAS-CONF-2013-034 

Vector Boson Vs Fermion Coupling 

38 

 2-dimensional view: test production modes in various decay channels 

Vector Boson 
Couplings 

Fermion 
Couplings 

Many more statistically limited tests described in CMS-PAS-HIG-13-005 
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MHOU PO EFT

Operators

Φ6 and Φ4D2 ψ2Φ3 X3

OΦ = (Φ†Φ)3
OeΦ = (Φ†Φ)(l̄ Γe eΦ) OG = f ABC GAν

µ GBρ
ν GCµ

ρ
OΦ✷ = (Φ†Φ)✷(Φ†Φ) OuΦ = (Φ†Φ)(q̄ Γu u �Φ) O�G = f ABC �GAν

µ GBρ
ν GCµ

ρ

OΦD = (Φ†Dµ Φ)∗(Φ†Dµ Φ) OdΦ = (Φ†Φ)(q̄ Γd dΦ) OW = ε IJK WIν
µ WJρ

ν WK µ
ρ

O�W = ε IJK �WIν
µ WJρ

ν WK µ
ρ

X2Φ2 ψ2XΦ ψ2Φ2D

OΦG = (Φ†Φ)GA
µν GAµν

OuG = (q̄σ µν λA
2 Γu u �Φ)GA

µν O
(1)
Φl = (Φ†i

↔
Dµ Φ)(l̄γµ l)

OΦ�G = (Φ†Φ)�GA
µν GAµν

OdG = (q̄σ µν λA
2 Γd dΦ)GA

µν O
(3)
Φl = (Φ†i

↔
DI

µ Φ)(l̄γµ τ I l)

OΦW = (Φ†Φ)WI
µν WIµν

OeW = (l̄σ µν Γe eτ I Φ)WI
µν OΦe = (Φ†i

↔
Dµ Φ)(ēγµ e)

OΦ�W = (Φ†Φ) �WI
µν WIµν

OuW = (q̄σ µν Γu uτ I �Φ)WI
µν O

(1)
Φq = (Φ†i

↔
Dµ Φ)(q̄γµ q)

OΦB = (Φ†Φ)Bµν Bµν
OdW = (q̄σ µν Γd dτ I Φ)WI

µν O
(3)
Φq = (Φ†i

↔
DI

µ Φ)(q̄γµ τ I q)

OΦ�B = (Φ†Φ)�Bµν Bµν
OeB = (l̄σ µν Γe eΦ)Bµν OΦu = (Φ†i

↔
Dµ Φ)(ūγµ u)

OΦWB = (Φ†τ I Φ)WI
µν Bµν

OuB = (q̄σ µν Γu u �Φ)Bµν OΦd = (Φ†i
↔
Dµ Φ)(d̄γµ d)

OΦ�WB = (Φ†τ I Φ) �WI
µν Bµν

OdB = (q̄σ µν Γd dΦ)Bµν OΦud = i(�Φ†Dµ Φ)(ūγµ Γud d)

MHOU PO EFT

IN A COMPLETE ANALYSIS ALL 59 INDEPENDENT OPERATORS
OF Grzadkowski:2010es), INCLUDING 25 FOUR-FERMION OPERATORS,
HAVE TO BE CONSIDERED IN ADDITION TO THE SELECTED 34

OPERATORS

In weakly interacting theories the dimension-6 operators
involving field strengths can only result from loops, while the
others also result from tree diagrams (Arzt:1994gp). The operators
involving dual field strengths tensors or complex Wilson
coefficients violate CP.

Talk by Giampiero Passarino

Talk by Jose Ramon Espinosa

precision Higgs studies: model-independent approach
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• 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?

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

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

Talks by Stefania Gori, Carlos Wagner

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

Xτ = Aτ − µ tanβ

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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How many more Higgs?

• Finding heavier/lighter Higgs bosons is a 
major long-term challenge for the LHC

• These searches are just as important 
and promising as measuring the 
properties of the Higgs that we have in 
hand!

• To what extent can we “close the 
wedge” of heavy Higgs undetectable at 
LHC?

• How to make sure that we don’t miss 
light exotics?

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013
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!"#

Direct Searches for 2nd Higgs Doublet 
Two Higgs Doublets  h, A, H, H+- 

!
Leading Topologies with Unsuppressed  
       Production Cross Sections  
            Near Alignment Limit  
 
  
!
 
 
 
 
 
 
 
 
 
 
        SM Higgs Channels  
          Non-Standard Channels  
   
       
     

 Checkmark = Constant in Alignment Limit  
          Dash = Vanishes in Alignment Limit  

 
        SM Higgs Search Channels  
          Non-Standard Channels  
     

!
      Consider Spectrum:  
 
   2 mh <  mA ~ mH ~ mH+-  <  2 mt   
 
             
        ( splittings < O(mW) ) 
 
!
 

Talk by Scott Thomas
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Figure 4: The decay branching ratios of the heavier MSSM Higgs bosons A (left), H (center) and
H± (right) as a function of their masses for tanβ = 2.5. The program HDECAY [65] has been used
with modifications so that the radiative corrections lead to Mh = 126 GeV.

gauge bosons in the case of the H state) not too suppressed, many interesting channels

appear. The branching fractions for the H/A/H± decays are shown in Fig. 4 as functions

of their masses at tan β = 2.5. They have been obtained using the program HDECAY

[65] assuming large MS values that lead to a fixed Mh = 126 GeV value. The pattern

does not significantly depend on other SUSY parameters, provided that Higgs decays into

supersymmetric particles are kinematically closed as it will be implicitly assumed in the

following8, where the main features of the decays are summarised in a few points.

– Sufficiently above the tt̄ threshold for the neutral and the tb threshold for the charged

Higgs bosons, the decay channels H/A → tt̄ and H+ → tb̄ become by far dominant for

tan β <∼ 3 and do not leave space for any other decay mode. Note that these decays have

also significant branching fractions below the respective kinematical thresholds [66]. It is

especially true for the charged Higgs state for which BR(H+→ tb̄)>∼1% forMH± ≈130 GeV.

– Below the tt̄ threshold, the H boson can still decay into gauge bosons H → WW and

ZZ with rather substantial rates as the HV V couplings are not completely suppressed.

– In the window 2Mh <∼ MH <∼ 2mt, the dominant decay mode for tan β <∼ 3 turns

out to be the very interesting channel H → hh channel. As discussed earlier, the Hhh

self–couplings given in eq. (2.15) is significant at low tan β values.

– If allowed kinematically, i.e. for MA>∼ Mh +MZ GeV, the CP–odd Higgs boson can

also decay into hZ final states with a significant rate below the tt̄ threshold as the AZh

coupling (that is the same as the HV V coupling) is substantial. Nevertheless, the A → ττ

channel is still important as it has a branching fraction above ≈ 5% up to MA ≈ 2mt.

– In the case of the charged Higgs state, there is also the channel H+ → Wh which is

8In fact, even in this low tanβ case, the tt̄ decays for sufficiently large masses are so dominant that

they do not lead to any significant quantitative change if SUSY particles are light. In addition, being not

enhanced by tan β, the ∆b correction has no impact in this low tanβ regime.
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case of Heavy SUSY: A. Djouadi and J. Quevillon, arXiv:1304.1787

Heavy Higgs searches
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Talk by Scott Thomas

Heavy Higgs searches

• LHC analyses already slice and dice 
the data a hundred different ways

• But it may be the 101st way that 
reveals a signal

• Need dedicated searches
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Figure 4: Upper row: The MA–tanβ plane in the mmod+
h (left) and the mmod−

h scenario
(right). The exclusion regions are shown as in Fig. 3, while the color coding in the allowed
region indicates the average total branching ratio of H and A into charginos and neutralinos.
In the lower row M2 = 2000 GeV is used, and the color coding for the branching ratios of H
and A into charginos and neutralinos is as in the upper row. The regions excluded by the
LHC searches are shown in light red in these plots. For comparison, the excluded regions
for the case M2 = 200 GeV (as given in the plots in the upper row) is overlaid (solid red).

in the whole allowed parameter space of the scenario, with the exception of a small region
with rather small MA. The branching ratios for the decays of H and A into charginos and
neutralinos reach values in excess of 70% for small and moderate values of tan β.

The impact of the corresponding reduction of the branching ratios of H,A into τ+τ−

and bb̄ on the excluded region can be read off from the plots in the lower row of Fig. 4.
In those plots we have set M2 = 2000 GeV, which suppresses the decays of H and A into
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Talk by Carlos Wagner

Heavy Higgs searches

In SUSY, Higgs decays to 
EWinos may have large BF

Figure 1: The MA–tanβ (left) andMH±–tanβ (right) planes in the (updated)mmax
h scenario,

with excluded regions from direct Higgs searches at LEP (blue), and the LHC (solid red);
the dotted (lighter) red region is excluded by LHC searches for a SM-like Higgs boson. The
two green shades correspond to the parameters for which Mh = 125.5± 2 (3) GeV, see text.

The two green colors in Fig. 1 indicate where Mh = 125.5 ± 2 (3) GeV. As discussed
above, the ±3 GeV region should represent a reasonable combination of the current experi-
mental and theoretical uncertainties. The fact that the LHC exclusion region from the SM
Higgs searches does not exactly “touch” the green band is a consequence of taking into ac-
count the theoretical uncertainties in the prediction for the Higgs boson mass in determining
the excluded regions. The incorporation of the theoretical uncertainties is also responsible
for the fact that in Fig. 1 there is no excluded region from the SM Higgs searches at the LHC
for tanβ values above the green region. It may be useful to regard the green region as that
favored by the LHC observation, even though other parameter regions exist that are not
formally excluded (according to the prescription adopted in HiggsBounds [51]). The effects
of the theory uncertainty of ±3 GeV used in the evaluation of the experimental bounds are
displayed in Fig. 2, where we neglect this theory uncertainty. It can be observed that large
parts of the MA–tan β plane (left) and of the MH±–tan β plane (right) would then be ex-
cluded in the mmax

h scenario from the LHC searches for a SM-like Higgs boson. The resulting
excluded region is shown in light red. In particular, for tanβ values above the green band
the predicted Mh value turns out to be too high.

Interpreting the light CP-even Higgs as the new state at ∼ 125.5 GeV, a new conservative
lower bound on tan β in the MSSM can be obtained from the lowest values on the green
bands in Fig. 1 (see Ref. [8] for details). Similarly, the lowest values of MA and MH± in the
green region (i.e., where the green region touches the excluded region from Higgs searches
at the LHC) give a conservative lower bound on these parameters [8]. In particular, from
the right plot of Fig. 1 it follows that MH± < mt is excluded for MSUSY = 1 TeV (if the
light CP-even Higgs is interpreted as the new state at ∼ 125.5 GeV). Raising MSUSY to
higher values, e.g. to 2000 GeV, one finds that MH± < mt might still be marginally allowed.
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Figure 3: The MA–tanβ plane in the mmod+
h (left) and mmod−

h (right) scenarios. The colors
show exclusion regions from LEP (blue) and the LHC (red), and the favored region Mh =
125.5± 2 (3) GeV (green), see the text for details.

Figure 3 shows the bounds on the MA–tanβ parameter space in the mmod+
h (left) and

mmod−
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.3 As anticipated, there is a large region of parameter space at moderate and large
values of tan β where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tanβ. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the τ+τ− and bb̄ final states are significantly affected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan β, leading to a corresponding reduction of the branching
ratios into τ+τ− and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod−
h (right)

scenarios, where the excluded regions from the Higgs searches at LEP and the LHC are as
before. In the upper row of Fig. 4 the color coding for the allowed region of the parameter
space indicates the average value of the branching ratios for the decay of H and A into
charginos and neutralinos (summed over all contributing final states).4 One can see from
the plots that as a consequence of the relatively low values of µ and M2 in this benchmark
scenario decays of H and A into charginos and neutralinos are kinematically open essentially

3The light red color in Fig. 4 has a different meaning.
4The branching ratios into charginos and neutralinos turn out to be very similar for the heavy CP-even

Higgs boson, H , and the CP-odd Higgs boson, A, in this region of parameter space.
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3.2 The mmod

h
scenario

As explained in the discussion of Fig. 1, the mass of the light CP-even Higgs boson in the
mmax

h scenario is in agreement with the discovery of a Higgs-like state only in a relatively
small strip in the MA–tanβ plane at rather low tan β. This was caused by the fact that the
mmax

h scenario was designed to maximize the value of Mh, so that in the decoupling region
this scenario yieldsMh values that are higher than the observed mass of the signal. Departing
from the parameter configuration that maximizes Mh, one naturally finds scenarios where in
the decoupling region the value of Mh is close to the observed mass of the signal over a wide
region of the parameter space. A convenient way of modifying the mmax

h scenario in this way
is to reduce the amount of mixing in the stop sector, i.e. to reduce |Xt/MSUSY| compared to
the value of ≈ 2 (FD calculation) that gives rise to the largest positive contribution to Mh

from the radiative corrections. This can be done for both signs of Xt.
Accordingly, we propose an “mmod

h scenario” which is a modification of the mmax
h scenario

consisting of a reduction of |Xt/MSUSY|. We define two variants of this scenario, the mmod+
h

and the mmod−
h scenario, which differ by their sign (and absolute value) of Xt/MSUSY. While

the positive sign of the product (µM2) results in general in better agreement with the (g−2)µ
experimental results, the negative sign of the product (µAt) yields in general (assuming
minimal flavor violation) better agreement with the BR(b → sγ) measurements (see Ref. [54]
for a recent analysis of the impact of other rare B decay observables, most notably Bs →
µ+µ−). The parameter settings for these two scenarios are:

mmod+
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = 1.5MSUSY (FD calculation),

XMS
t = 1.6MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (21)

mmod−
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = −1.9MSUSY (FD calculation),

XMS
t = −2.2MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)
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and has widely been used for analyses in the past, we nevertheless regard it as a useful
benchmark scenario also for the future. We therefore include a slightly updated version of
the mmax

h scenario in our list of proposed benchmarks.
We define the parameters of the (updated) mmax

h scenario (with the remaining values as
defined in the previous section) as follows,

mmax
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = 2MSUSY (FD calculation),

XMS
t =

√
6MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (20)

Besides (as mentioned above) using the current experimental central value for the top quark
mass, the most relevant change in the definition of the mmax

h scenario is an increased value
of the gluino mass, which has been adopted in view of the limits from the direct searches for
SUSY particles at the LHC [14]. It should be noted that slightly higher values of Mh can
be reached if one uses lower values of mg̃ as input. Consequently, slightly more conservative
exclusion bounds on tan β, MA and MH± can be obtained if one uses as input the lowest
possible value for mg̃ that is still allowed in this scenario by the most up-to-date exclusion
bounds from ATLAS and CMS, but with mg̃ ≥ 800 GeV. Similarly, more conservative
exclusion bounds can of course also be obtained by increasing the input value for MSUSY,
for instance by using MSUSY = 2000 GeV and mg̃ = 0.8MSUSY (i.e., the “original” setting
of mg̃ as defined in Ref. [17]), see below. We encourage the experimental collaborations to
take into consideration in their analyses also those extensions of the mmax

h scenario.
In Fig. 1 we show the MA–tanβ plane (left) and the MH±–tan β plane (right) in the

(updated) mmax
h scenario. As explained above, the areas marked as excluded in the plots

have been determined using HiggsBounds 4.0.0-beta [51] (linked to FeynHiggs). The blue
areas in the figure indicate regions that are excluded by LEP Higgs searches, and the red
areas indicate regions that are excluded by LHC searches for a SM Higgs (lighter red) and
for (non-standard) MSSM Higgs bosons (solid red). The solid red region of LHC exclusion in
this plane cuts in from the upper left corner, in the region of large tanβ. The most sensitive
processes here are given by Eq. (1). These processes have an enhanced rate growing with
tanβ. The “cutoff” in the excluded region for MA > 800 GeV (corresponding roughly to
values of tan β above 50) is due to the fact that no experimental limits for MA > 800 GeV
have yet been published.

Furthermore, Fig. 1 shows regions in lighter red (“thin strips” at tanβ values close to
the LEP limit and moderate to large values of MA and MH±), indicating the exclusion of
the light CP-even Higgs boson via SM-Higgs searches at the LHC. In this region the LHC
extends the LEP exclusion bounds for a SM-like Higgs to higher Higgs boson masses.
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(linked to FeynHiggs) using a combined uncertainty on the SM-like Higgs mass of ∆Mh =
3 GeV (∆MH = 3 GeV in the last scenario) when evaluating the limits. While an estimate
of the currently excluded region is given in this way,2 we would like to emphasize that a
main point of this work is to encourage ATLAS and CMS to perform dedicated searches for
MSSM Higgs bosons in these scenarios.

For each benchmark scenario we show the region of parameter space where the mass
of the (neutral CP-even) MSSM Higgs boson that is interpreted as the newly discovered
state is within the range 125.5 ± 3 GeV and 125.5 ± 2 GeV. The ±3 GeV uncertainty is
meant to represent a combination of the present experimental uncertainty of the determined
mass value and of the theoretical uncertainty in the MSSM Higgs mass prediction from
unknown higher-order corrections. Taking into account a parametric uncertainty from the
top quark mass measurements of δmexp

t = 0.9 GeV [50] would result in an even slightly
larger interval of “acceptable” Mh values, while all other features remain the same. The
displayed area with±3 GeV uncertainty should therefore be viewed as being in (conservative)
agreement with a Higgs mass measurement of ∼ 125.5 GeV. In particular, in the case that
the lightest CP-even Higgs is interpreted as the newly discovered state, the couplings of
the h are close to the corresponding SM values (modulo effects from light SUSY particles,
see below). Consequently, those rate measurements from the LHC that agree well with
the SM are then naturally in good agreement also with the MSSM predictions. The area
corresponding to the ±2 GeV uncertainty indicates how the region that is in agreement
with the measured value would shrink as a consequence of reducing the theoretical and
experimental uncertainties to a combined value of 2 GeV.

3.1 The mmax

h
scenario

The mmax
h scenario was originally defined to give conservative exclusion bounds on tan β

in the LEP Higgs searches [15, 17, 18]. The value of Xt was chosen in order to maximize
the lightest CP-even Higgs mass at large values of MA for a given value of tan β (and
all other parameters fixed). Taking into account (besides the latest limits from the Higgs
searches at the Tevatron and the LHC) the observation of a new state at ∼ 125.5 GeV and
interpreting this signal as the light CP-even Higgs, the mmax

h scenario can now be used to
derive conservative lower bounds on MA, MH± and tan β [8].

On the other hand, since the mmax
h scenario has been designed such that the higher-

order corrections maximize the value of Mh, in the decoupling region (MA " MZ) and for
tanβ >∼ 10 this scenario yields Mh values that are significantly higher (above 130 GeV) than
the observed mass of the signal. Compatibility of the predicted values for the mass of the
light CP-even Higgs boson with the mass of the observed signal is therefore achieved only in
a relatively small region of the parameter space, in particular for rather low values of tan β.
However, given that the mmax

h scenario is useful to provide conservative lower bounds on
the parameters determining the MSSM Higgs sector at tree level (MA or MH± and tan β)

2HiggsBounds provides a compilation of cross section limits obtained from Higgs searches at LEP, the
Tevatron and the LHC. For testing whether a particular parameter point of a considered model is excluded,
first the search channel with the highest expected sensitivity for an exclusion is determined, and then the
observed limit is confronted with the model predictions for this single channel only, see Ref. [51] for further
details.
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Gives the lowest value of tan(beta) 
consistent with the measured Higgs mass

3.2 The mmod

h
scenario

As explained in the discussion of Fig. 1, the mass of the light CP-even Higgs boson in the
mmax

h scenario is in agreement with the discovery of a Higgs-like state only in a relatively
small strip in the MA–tanβ plane at rather low tan β. This was caused by the fact that the
mmax

h scenario was designed to maximize the value of Mh, so that in the decoupling region
this scenario yieldsMh values that are higher than the observed mass of the signal. Departing
from the parameter configuration that maximizes Mh, one naturally finds scenarios where in
the decoupling region the value of Mh is close to the observed mass of the signal over a wide
region of the parameter space. A convenient way of modifying the mmax

h scenario in this way
is to reduce the amount of mixing in the stop sector, i.e. to reduce |Xt/MSUSY| compared to
the value of ≈ 2 (FD calculation) that gives rise to the largest positive contribution to Mh

from the radiative corrections. This can be done for both signs of Xt.
Accordingly, we propose an “mmod

h scenario” which is a modification of the mmax
h scenario

consisting of a reduction of |Xt/MSUSY|. We define two variants of this scenario, the mmod+
h

and the mmod−
h scenario, which differ by their sign (and absolute value) of Xt/MSUSY. While

the positive sign of the product (µM2) results in general in better agreement with the (g−2)µ
experimental results, the negative sign of the product (µAt) yields in general (assuming
minimal flavor violation) better agreement with the BR(b → sγ) measurements (see Ref. [54]
for a recent analysis of the impact of other rare B decay observables, most notably Bs →
µ+µ−). The parameter settings for these two scenarios are:

mmod+
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = 1.5MSUSY (FD calculation),

XMS
t = 1.6MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (21)

mmod−
h :

mt = 173.2 GeV,

MSUSY = 1000 GeV,

µ = 200 GeV,

M2 = 200 GeV,

XOS
t = −1.9MSUSY (FD calculation),

XMS
t = −2.2MSUSY (RG calculation),

Ab = Aτ = At,

mg̃ = 1500 GeV,

Ml̃3
= 1000 GeV . (22)
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Moderate values of the stop mixing allow 
for consistency with the Higgs mass value in a

broad region of the mA-tan(beta) plane

M. Carena, S. Heinemeyer, O. Stål, C.E.M. Wagner, G. Weiglein,              
arXiv:1302.7033

Thursday, July 11, 2013

Figure 3: The MA–tanβ plane in the mmod+
h (left) and mmod−

h (right) scenarios. The
colors show exclusion regions from LEP (blue) and the LHC (red), and the favored region
Mh = 125.5± 2 (3) GeV (green), see the text for details.

Figure 3 shows the bounds on the MA–tanβ parameter space in the mmod+
h (left) and

mmod−
h (right) scenarios, using the same choice of colors as in the mmax

h scenario presented
in the previous section, but from here on we show the full LHC exclusion region as solid
red only.3 As anticipated, there is a large region of parameter space at moderate and large
values of tan β where the mass of the light CP-even Higgs boson is in good agreement with
the mass value of the particle recently discovered at the LHC. Accordingly, the green area
indicating the favored region now extends over almost the whole allowed parameter space of
this scenario, with the exception of a small region at low values of tanβ. From Fig. 3 one
can see that once the magnitude of Xt has been changed in order to bring the mass of the
light CP-even Higgs boson into agreement with the observed mass of the signal, the change
of sign of this parameter has a minor impact on the excluded regions.

As mentioned above, the exclusion limits obtained from the searches for heavy MSSM
Higgs bosons in the τ+τ− and bb̄ final states are significantly affected in parameter regions
where additional decay modes of the heavy MSSM Higgs bosons are open. In particular, the
branching ratios for the decay of H and A into charginos and neutralinos may become large
at small or moderate values of tan β, leading to a corresponding reduction of the branching
ratios into τ+τ− and bb̄. In Fig. 4 we show again the mmod+

h (left) and mmod−
h (right)

scenarios, where the excluded regions from the Higgs searches at LEP and the LHC are as
before. In the upper row of Fig. 4 the color coding for the allowed region of the parameter
space indicates the average value of the branching ratios for the decay of H and A into
charginos and neutralinos (summed over all contributing final states).4 One can see from
the plots that as a consequence of the relatively low values of µ and M2 in this benchmark
scenario decays of H and A into charginos and neutralinos are kinematically open essentially

3 The light red color in Fig. 4 has a different meaning.
4The branching ratios into charginos and neutralinos turn out to be very similar for the heavy CP-even

Higgs boson, H , and the CP-odd Higgs boson, A, in this region of parameter space.
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Supersymmetry:
aut vincere aut mori
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Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013
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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

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

lots of good arguments for this picture
Talks by Gordy Kane, Carlos Wagner and Paul Langacker
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA boundary
conditions imposed atQ0 = 2×1016 GeV. The parameter µ2+m2

Hu
runs negative, provoking electroweak

symmetry breaking.

family squarks and sleptons are nearly degenerate with those of the first family, and so are not shown.)
Variations in the model parameters have important and predictable effects. For example, taking larger
values of tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses
compared to those of the other sparticles. Taking larger m2

0 will tend to squeeze together the spectrum
of squarks and sleptons and move them all higher compared to the neutralinos, charginos and gluino.
This is illustrated in Figure 8.5(b), which has m2

0 " m2
1/2. [The MSUGRA parameters used to make

this graph were m1/2 = −A0 = 320 GeV, m0 = 3200 GeV, tan β = 10, µ > 0.] In this model, the
heaviest chargino and neutralino are wino-like.

The third sample sketch, in fig. 8.5(c), is obtained from a typical minimal GMSB model, with
N5 = 1 [and boundary conditions as in eq. (7.7.21) with Λ = 150 TeV, tan β = 15, and sign(µ)= + at
a scale Q0 = Mmess = 300 TeV for the illustration]. Here we see that the hierarchy between strongly
interacting sparticles and weakly interacting ones is quite large. Changing the messenger scale or Λ
does not reduce the relative splitting between squark and slepton masses, because there is no analog
of the universal m2

0 contribution here. Increasing the number of messenger fields tends to decrease the
squark and slepton masses relative to the gaugino masses, but still keeps the hierarchy between squark
and slepton masses intact. In the model shown, the LSP is the nearly massless gravitino and the NLSP
is a bino-like neutralino, but for larger number of messenger fields it could be either a stau, or else
co-NLSPs τ̃1, ẽL, µ̃L, depending on the choice of tan β.

The fourth sample sketch, in fig. 8.5(d), is of a typical GMSB model with a non-minimal messenger
sector, N5 = 3 [and boundary conditions as in eq. (7.7.21) with Λ = 60 TeV, tan β = 15, and sign(µ)= +
at a scale Q0 = Mmess = 120 TeV for the illustration]. Again the LSP is the nearly massless gravitino,
but this time the NLSP is the lightest stau. The heaviest superpartner is the gluino, and the heaviest
chargino and neutralino are wino-like.

It would be a mistake to rely too heavily on specific scenarios for the MSSM mass and mixing
spectrum, and the above illustrations are only a tiny fraction of the available possibilities. However,

105

Steve Martin, hep-ph/9709356

• Find a light fundamental Higgs boson

• Find superpartners, nail down 
masses, flavor, CP

• Nail down the extended Higgs sector

• Close the circle on dark matter 
between colliders, DD, ID, and large 
scale structure

• Nail down the neutrino sector, proton 
decay, CLFV

• Extrapolate everything to high scales, 
deduce features of the UV theory 
(compactification, unification, etc)

• Apply insights to cosmology, dark 
energy, black holes

the canonical BSM paradigm

the experimental program that goes 
with this paradigm is pretty clear:



are you getting nervous yet?

where are the superpartners?                        
• This canonical paradigm may very 

well be correct, in which case 
superpartners will show up at the 
LHC

• But they haven’t yet...

• We knew already that there was a 
“problem” with SUSY, from no 
Higgs at LEP and no superpartners 
at LEP or Tevatron

• The only question is whether it is a 
“small” problem or a “big” problem

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013
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Search for Supersymmetry at ATLAS - LISHEP 2013 Carsten Hensel, Georg-August-Universität Göttingen

THE SUSY THEORY PHASE SPACE

!"

SUSY

N=1

MSSM NMSSM

pMSSM

(T. Rizzo, SLAC Summer Institute, 2012)

CMSSM

SUSY is not just one theory.
It’s rather a concept with a 
multitude of possible 
manifestations!

LHC searches at 7 and 8 TeV have so far excluded about 1/3 of the 
parameter space of the pMSSM; the full parameter space of relevant 
SUSY models is not even defined

M. Cahill-Rowley, J. Hewett, A. Ismail, T. Rizzo, arXiv:1211.1981

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

Weak Scale SUSY?  :   too soon to tell
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• Need multiple overlapping analyses even to cover the whole 
parameter space of Over-Simplified Models; this implies a long 
campaign to discover or exclude SUSY at the TeV scale

• The real SUSY model may have features that suppress the 
“standard” signatures
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neutralinos, such as same-sign lepton final states, may
not yield strong bounds if the model is approximately R-
symmetric, and so again we are left to model-dependent
investigations to make quantitative statements.

IV. RECASTING LHC LIMITS

To recast LHC limits on colored superparticle produc-
tion into the SSSM, we follow the analyses searching for
supersymmetry through nj + /ET signals performed by
ATLAS [61] and CMS [62–64]. Of the existing supersym-
metry searches, jets plus missing energy is the simplest,
and involves the fewest assumptions about the spectrum.

To simulate the supersymmetric signal, we use
PYTHIA6.4 [65]; the first and second generation squarks
are set to have equal mass, the gravitino is chosen to be
the LSP, and all other superpartners are decoupled (set
to 5 TeV). We use CTEQ6L1 parton distribution func-
tions, generating a sufficient number of events such that
statistical fluctuations have negligible effect on our re-
sults. To incorporate detector effects into our signal sim-
ulations, all events are passed through the Delphes [66]
program using ATLAS or CMS detector options and
adopting the corresponding experiment’s jet definitions:
anti-kT , R = 0.4 for the ATLAS search [61], and anti-
kT , R = 0.5 for the CMS searches [62–64]. We repeat the
same steps for the three simplified models of the MSSM
(c.f. Fig. 1) allowing all combinations of q̃q̃, q̃∗q̃∗, q̃q̃∗ as
well as gluino pair production and associated squark plus
gluino production. Note that our “heavy MSSM” simpli-
fied model is an existing CMS simplified model, “T2”
[67].

Colored superpartner production cross sections receive
sizable next-to-leading order (NLO) corrections. To in-
corporate these corrections, we feed the spectra into
PROSPINO [68], restricting the processes appropriately
for each simplified model (i.e., just pp → q̃q̃∗ for the
SSSM). The cross sections are shown in Fig. 3 for each of
the simplified models as a function of squark mass. De-
pending on the scale choice and the squark mass, we find
the K-factor ranges from 1.7-2.1. This takes into account
the increased rate at NLO, through not the kinematic
distribution of events.

The analyses we are interested in [61–64], are broken
up into several channels. For some analyses the channels
are orthogonal, while in other analyses one event can
fall into multiple channels. To set limits we begin by
counting the number of supersymmetry events in each
analysis channel for several squark masses. The number
of supersymmetric events passing cuts is translated into
a mass-dependent acceptance for each channel. We then
form the 95% CL limit, using the likelihood ratio test
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FIG. 3. Cross sections at the 7 TeV LHC for colored super-
partner production. The four lines correspond to the four
simplified models shown in Fig. 1, where the first and second
generation squarks are degenerate with mass Mq̃. The solid
line shows the cross section for the SSSM where the cross
section is dominated by q̃q̃∗ final states, while the dashed
lines show cross sections for the three simplified models of the
MSSM. All cross sections are calculated to next-to-leading or-
der using PROSPINOv2.1 [68], CTEQ6L1 parton distribution
functions, and default scale choices. For event generation, we
use PYTHIA6.4 [65] and rescale the cross section to match
those shown here.

statistic [69]:
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(6)

Here µi,b ≡ Ni,exp is the number of expected SM back-
ground events and µi,s ≡ Ni,SUSY is the number of signal
events. To estimate the effects of systematic errors, the
number of SM events is modulated by a Gaussian weight-
ing factor [70]. Specifically, we shift µb → µb(1 + fb),
where fb is drawn from a Gaussian distribution centered
at zero and with standard deviation σf = σi,SM/Ni,exp,
where σi,SM is the quoted systematic uncertainty (taken
directly from [61–64]). Whenever the systematic error is
asymmetric, we use the larger (in absolute value) num-
ber. To combine channels (when appropriate), we simply
replace the right-hand side of Eq. (6) with the product
over all channels.
The number of supersymmetry events in a particular

channel is the product of the cross section, luminosity,
acceptance and efficiency,

Ni,SUSY = L ·K(Mq̃)σ(Mq̃) ·A(Mq̃) · �, (7)

where K(Mq̃) is the mass-dependent K-factor to account
for the larger rate at NLO. Within our simplified setup,
the only parameter the cross section and acceptance de-
pend upon is the mass of the squark – thus Eq. (6) is
simply a limit on the squark mass.

5

Colored Sparticle Cross Sections

Kribs & Martin

Talk by Graham Kribs
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Even without assumptions about the SUSY-breaking mechanism, the observed

Higgs mass tends to pushes some MSSM parameters into the multi-TeV regime.

This provides significant tension with naturalness constraints. The tension is

exacerbated in specific SUSY breaking models.
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CMSSM in the focus point region with dark matter constraints Gauge-Mediated SUSY breaking with At = 0 at the high scale

from J.L. Feng, K.T. Matchev and D. Sanford (2012) from P. Draper, P. Meade, M. Reece and D. Shih (2012)

Talk by Howard Haber

Even without assumptions about the SUSY-breaking mechanism, the observed

Higgs mass tends to pushes some MSSM parameters into the multi-TeV regime.

This provides significant tension with naturalness constraints. The tension is

exacerbated in specific SUSY breaking models.
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Implications of LHC Higgs and SUSY searches for MSSM Farvah Mahmoudi

Parameter Value Experiment

MH 125.9±2.1 GeV ATLAS [1] + CMS [2]

µγγ 1.71±0.33 ATLAS [19] + CMS [20]

µZZ 0.95±0.40 ATLAS [21] + CMS [22]

µ
bb̄

<1.64 (95% C.L.) CMS [23]

µττ <1.06 (95% C.L.) CMS [24]

Table 3: Input parameters used for the pMSSM study.

Figure 2: The maximal h mass value M
max

h
as functions of tanβ (left) and MS (right) in the mASMB,

mGMSB as well as in mSUGRA and some of its variants.

3. Implication of Higgs searches

An alternative way to efficiently constrain SUSY is using the information from the Higgs

sector. In the following, we consider that the new boson discovered at the LHC corresponds to the

lightest CP-even Higgs boson. The combination of the Higgs search results presented by ATLAS

and CMS are given in Table 3.

In [25, 26], we have shown that the Higgs mass measurement has strong implications on the

constrained MSSM scenarios. This is demonstrated in Fig. 2, where the maximal value of the light

Higgs mass is given in mAMSB, mGMSB, mSUGRA and some of its variants, as a function of

tanβ and the SUSY scale MS. The parameters of the models are varied within the ranges given

in [26], and the top quark mass is taken to be mt = 173 GeV, and MS is limited to 3 TeV. While

mSUGRA and NUHM provide solutions compatible with a Higgs mass ∼126 GeV, it is clear that

the minimal versions of GMSB and AMSB, and the even more constrained mSUGRA scenarios

(VCMSSM, no-scale) are disfavoured.

It should be noted that the value of top mass has a significant impact on the maximal Higgs

mass, in particular in constrained scenarios, where mt also enters in the evaluation of the soft SUSY

breaking parameters and the minimisation of the scalar potential. This effect is demonstrated in

Fig. 3 for the minimal SUGRA, AMSB and GMSB models.

We turn now to the pMSSM and in Fig. 4 we show the distribution of points compatible with

4

what does a 125 GeV Higgs imply for SUSY?                        
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(a) (b)

Figure 2: Marginalized 2D posterior pdf in (a) the (m0, m1/2) plane and (b) the (A0, tanβ) plane
of the CNMSSM for case 1, constrained by the experiments listed in Table 1. The 68% credible

regions are shown in dark blue, and the 95% credible regions in light blue. The solid black (dashed

gray) line shows the CMS razor (ATLAS hadronic) 95% C.L. exclusion bound.

by the lightest CP -even scalar (almost purely H
0
u-like), while h2 (almost purely H

0
d -like) and h3

(almost purely singletlike) are usually much heavier and decoupled. This case is thus expected to

present features very similar to the CMSSM.

In Fig. 2(a) one can see two main 68% credibility regions: the SC region on the lower left

side, and the AF region on the top part of the plot. As is also the case in the CMSSM, besides

giving the correct relic abundance, the SC region shows also the better fit to the Higgs mass,

mh1 = 124.5GeV. This is because, as we explained in Ref. [30], in the SC region A0 can easily be

negative without spoiling the relic abundance constraint. Large negative values of A0 are necessary

to drive the parameter At to even larger negative values at the EW scale, thus making the stop

mixing contribution to the loop corrections of the Higgs mass maximal. Note as well that the

best-fit point is also located in the SC region.
7
In Fig. 2(b) we show the marginalized posterior in

the (A0, tanβ) plane. The high probability “island” at negative A0 and tanβ � 25 corresponds to

the SC region.

In the CNMSSM the SC region appears to be more extended relative to the CMSSM [30], and

somewhat larger Higgs masses also seem preferred, as we will show below. The increased relevance

of the SC region is due to the fact that it is now much easier to obtain values of the Higgs mass

closer to the correct one. This could be mistakenly thought to be a specific feature of the CNMSSM

extended Higgs sector. We have checked that this is not the case: the Higgs mass is simply quite

sensitive to the increased central value of the top mass, as we explained at the beginning of this

section.

In Figs. 3(a) and 3(b), we show how the constraints affect the main observables responsible for

7We postpone further discussion of the best-fit points until Sec. 4.7.
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Talk by Leszek Roszkowski
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Talk by Jonathan Feng



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                        
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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)
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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



• If superpartners are discovered at LHC,  
we will figure out what kind of SUSY 
model we actually have, and shed light on 
the “small” tuning issues

• Ditto if we find Higgs compositeness etc

• But it is interesting already to question 
whether the mighty cathedral of BSM built 
up over 30 years may rest on shaky 
foundations...

The Naturalness Dogma:                    

quem deus vult perdere, dementat prius                        
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The Naturalness Dogma: how could it be wrong?                        
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Εν οίδα ότι ουδέν οίδα -- Σωκράτης



The Naturalness Dogma: how could it be wrong?                        

• The SM plus some renormalizable TeV scale additions (DM, neutrino 
see-saw, etc) 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 is that at least there is a physical cutoff at 
MPlanck, but this is conjecture

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

Possibility #1: 
The Standard Model is (almost) all that there is                        
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The Naturalness Dogma: how could it be wrong?                        

• Lots of new BSM physics, but no large hierarchy of mass scales and all 
tuning issues are “small”

• RS warped extra dims seem to be the most plausible realization of this

• No LHC hints yet, but this is not surprising since we already knew from 
EWPO and that the exotic states are very heavy

Possibility #2: 
10 TeV is the ultimate energy scale                        
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The Naturalness Dogma: how could it be wrong?                        

• Because of eternal inflation beyond the Planck scale (or something) there 
are 10500 variations on our universe

• The electroweak scale is hierarchically small for anthropic reasons, or for 
reasons that have to do with the (unknowable) distribution of universes

• Applied “minimally”, leads to semi-split SUSY (or something)

• The latter is probed by a variety of Intensity Frontier experiments

Possibility #3: 
It’s the Multiverse, Stupid                        
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Από μηχανής Θεός 

Low Energy Probes of PeV Scale Sfermions

! mini-split SUSY philosophy: no model building effort
→ generic flavor structure for squarks and sleptons

m2
Q = m̃2

q̃(11+ δq) , m2
D = m̃2

q̃(11+ δd) , m2
U = m̃2

q̃(11+ δu)

m2
L = m̃2

!̃(11+ δ!) , m2
E = m̃2

!̃(11+ δe)

! all mass insertions δ are order 1
(in the plots of this talk: |δij | = 0.3)

! a large host of low energy observables can probe
the 0.1 - 1 PeV scale in the near future

Electric Dipole

Moments
Meson Mixing

Charged Lepton

Flavor Violation

Wolfgang Altmannshofer (Fermilab) Low Energy Probes of PeV Scale Sfermions KITP, July 11, 2013 5 / 26
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The Naturalness Dogma: how could it be wrong?                        

• SM with some TeV additions (dark matter?) has a UV completion with no 
other intermediate mass scales

• The electroweak scale is generated by dimensional transmutation

• Any other mass dependence of the UV theory is sequestered from the 
SM beta functions, i.e. no quadratic (or quartic?) sensitivity

Possibility #4: 
Bardeen naturalness                        

W. Bardeen Fermilab-Conf-95-391-T
K. Meissner and H. Nicolai, hep-th/0612165
Iso and Orikasa, Hambye, Hambye and Strumia, etc.
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The Naturalness Dogma: how could it be wrong?                        

• The QCD scale comes from dimensional transmutation (D. Gross et al)

• In the SM the electroweak scale (tachyonic Higgs mass-squared 
parameter) is put in by hand. Obviously this is a kluge!

• Need simple additions (SUSY or non-SUSY) to fix this and generate 
EWSB radiatively

• Having thus explained the known scales and their hierarchy, why would 
you imagine that Nature sticks in superheavy masses at 1016 GeV to screw 
it up?

Possibility #4: 
Bardeen naturalness                        
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what are these plots trying to tell us?

Talk by Giuseppe Degrassi
see also talk by Z. Chacko...



why do we live on the 
ragged edge of doom?

39

• 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...
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• 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

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

QCD: hic sunt dracones                        



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
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Talks by 
Barbara Jaeger,
Giulia Zanderighi,
Stefan Weinzierl,
Alexander Mitov,
Thomas Gehrmann,
Uli Haisch

The NLO revolution 
continues, will be of 
increasing 
importance for LHC



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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Talk by
Juan Rojo at LHCP 2013

3

PDFs with LHC data
  A major improvement in PDF sets is use of LHC data to constrain quark and gluon PDFs

 NNPDF2.3 is  only publicly available PDF set that includes constrains from LHC jet and W,Z data

 Near future goal: PDFs sets based only on collider data
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NNPDF2.3 NLO

2 GeV4 =  102Ratio to NNPDF2.1, Q

with  LHC W,Z data

Ratio of anti-up quark

no LHC data

Juan Rojo                                                                                                             LHCP2013, Barcelona, 22/04/2013
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1.25

2 GeV4 =  102Ratio to NNPDF2.1, Q

NNPDF2.1 NLO

NNPDF2.3 NLO

2 GeV4 =  102Ratio to NNPDF2.1, Q

Ratio of gluons

no LHC data

with  ATLAS jet data

NNPDF Collaboration, arxiv:1207.1303

LHC data included in NNPDF2.3

6

Top quarks as gluon luminometers
 The recent NNLO top quark cross section make top data the only LHC observable that is both directly 

sensitive to the gluon PDF and can be included consistently in a NNLO global analysis

 The precise 7 and 8 TeV LHC data can be used to discriminate between PDF sets and to reduce the 
PDF uncertainties on the poorly known large-x gluon Czakon, Mangano, Mitov, Rojo, arxiv:1303.7215

arxiv:1202.1762

 The improved large-x gluon leads to more accurate theory predictions for BSM searches

Juan Rojo                                                                                                             LHCP2013, Barcelona, 22/04/2013

High mass Graviton Tail of the invariant 
tt mass distribution
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QCD hydrodynamics                       
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• 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                      

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013



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 diffractive 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
αP(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 β < βH (a); the near-critical string
case β → βH (b).

With increasing collision energy the effective
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 effective 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 effective
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...

αs
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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/! .
Nonperturbative information in J/! 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



a quarkonia polarization crisis?                        
“We have been comparing our beautiful data to 
too many bad theories” -- Carlos Lourenco

Comparison with NLO NRQCD: Υ(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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• Υ(1S) : large χb feed-down contribution,

but the χb octet MEs are unconstrained

(lack of data on χb yields and polarizations)

• Υ(3S) : practically always produced directly and

depends only on (constrained) Υ(nS) octet MEs

→ the data-theory comparison is more stringent

• In fact, the Υ(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: ψ(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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How does dark matter interact with baryonic matter?

�FEM
µν Fµν

d ⇒ �FEM
µν F̃µν

d

σ0 ≈
G2

fµ
2

2π

χ

1

�FEM
µν Fµν

d ⇒ �FEM
µν F̃µν

d

σ0 ≈
G2

fµ
2

2π

χ

1

Z

via gravity 
we know

via the Standard Model 
weak interactions?

via the Higgs boson?
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CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expected! 2 ±
 expected! 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 (1σ/2σ) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1σ/2σ) 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 σχ is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ρχ = 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 Leff 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 (1σ/2σ) 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 mχ > 8GeV/c2 with a minimum of
σ = 2.0 × 10−45 cm2 at mχ = 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 differ-
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 500 GeV Higgs

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

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

see talk by Kathryn Zurek
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LSP as DM and, more generally, the pMSSM itself. We remind the reader that this is an
ongoing analysis and that several future updates will be made to what we present here before
completion. In particular, the LHC analyses will require updating to include more results at
8 TeV along with our extrapolations to 14 TeV. While these are important pieces to the DM
puzzle it is our expectation that the addition of these new LHC results will only strengthen
the important conclusions based on the existing analyses to be discussed below.
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Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

Fig. 9 shows the survival and exclusion rates resulting from the various searches and
their combinations in the LSP mass-scaled SI cross section plane. In the upper left panel
we compare these for the combined direct detection (DD = XENON1T + COUPP500) and
indirect detection (ID = Fermi + CTA) DM searches. Here we see that 11% (15%) of the
models are excluded by ID but not DD (excluded by DD but not ID) while 8% are excluded
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Figure 6: p9MSSM points that are allowed at 2σ by the basic constraints on the (mχ, σSI
p )

plane. The points consistent at 2σ with the basic and XENON100 constraints are divided by the
composition of the neutralino: gaugino-like (green squares), mixed (blue circles), or higgsino-like
(red stars). Points excluded at the 95% C.L. by basic+XENON100 are shown as gray crosses. (a)
ΣπN � 43± 12 MeV, (b) ΣπN � 66± 6 MeV.

the AF region [122].
Finally, as one considers ever heavier µ along the FP/HB region, the neutralino becomes almost

purely higgsino-like, at mχ ≈ µ � 1TeV (1TH region). In this region, indicated with red stars in
Fig. 5(a), χ and χ0

2 are either both higgsino-like or one of them is higgsino- and the other bino-
like, respectively, while χ±

1 is always higgsino-like. The relic density constraint is satisfied for broad
ranges of M1, partially through LSP co-annihilation with the second lightest neutralino, χ0

2, and/or
the lightest chargino χ±

1 .

4.1 Impact of the XENON100 limit

In this subsection we analyze the impact of the XENON100 90% C.L. upper bound on the parameter
space of the p9MSSM. We emphasize that the bound is applied through the likelihood function
given by Eq. (8).

In Figs. 6(a) and 6(b), we show the difference between the basic 95% confidence region (all
points) and the 95% confidence region obtained by adding the likelihood of Eq. (8) (all points
except gray crosses) on the (mχ, σSI

p ) plane. The color code describes the gaugino fraction of the
LSP, and it is the same as in Fig. 5.

In Fig. 6(a), we show the case with nuclear physics uncertainties parametrized around ΣπN =
43± 12MeV, as described in Sec. 3.2. One can see that a small fraction of points characterized by
mixed gaugino-higgsino composition and mχ � 60 − 90GeV is excluded at the 95% C.L. by the
global likelihood. For these points, in fact, lightest Higgs boson exchange in the t-channel due to the
non-negligible higgsino fraction of the neutralino can enhance σSI

p . At the tree level, there are only
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Figure 3: The spin-independent neutralino-proton scattering cross section versus the pion-nucleon

Σ term for three p9MSSM points (shown in Table 3), characterised by their neutralino composition:

the dash-dotted blue line shows a point corresponding to mixed neutralino, the solid red line to

a higgsino-like neutralino and the dashed green line to a gaugino-like neutralino. 1σ confidence

intervals for the pion-nucleon Σ term from [69] (light red) and [114] (light green) are shown by

vertical shaded blocks. The default values of ΣπN in the programs DarkSUSY and MicrOMEGAs are

shown by arrows on the abscissa.

This value is substantially lower than the values previously calculated using phase-shift analyses

from the GWU/SAID database [112], or using chiral perturbation theory [113], and it can have

substantial implications, as we shall see, when deriving limits on SUSY from DD experiments.

To make the point, we show in Fig. 3 the dependence of the SI cross section on the ΣπN term

for three different neutralino masses and gaugino/higgsino fractions. One can see that σSI
p can vary

by more than one order of magnitude over the plotted range of ΣπN , and by a factor of five over the

1σ range of [69] (pink band). Thus, in this study we include the most recent ΣπN determination

of [69] (with its uncertainties) in the likelihood function for XENON100.

The likelihood function for XENON100 is given by the product of an experimental and a theo-

retical part. We build the experimental, model-independent part following the procedure described

in detail in Sec. IIIB of Ref. [115]. We assume that number of observed events follows a Poisson

distribution about the number of “signal+background” events. The systematic uncertainties are

parametrized by marginalizing the background prediction with a Gaussian distribution of mean

b = 1 and standard deviation δb = 0.2, as given by the XENON Collaboration [67]. An “exclusion

11

CMS 3l + Emiss
T 9.2/fb,

√
s = 8TeV (EW-production)

We follow the same procedure to construct the likelihood function for chargino-neutralino pair
production (EW production). We use the CMS search [38], which currently gives the strongest
direct limits.

We consider the channels with three leptons in the final state: an opposite-sign-same-flavor
(OSSF) lepton pair, ee or µµ, and a third lepton being either an electron or a muon. We have
checked on a few test scans that these channels yield the highest sensitivity. The observed and
background events are given in Table 1 of [38]. We validate our procedure against the official CMS
95% C.L. exclusion bound for a SMS with ml̃ = 0.5mχ+0.5mχ±

1
[38]. The result is shown in Fig. 2,

where the color code is the same as in Fig. 1. As one can see the discrepancy in the chargino mass
bound is less than 50GeV for the neutralino mass range.

Given our parameter choice and ranges, the likelihood for EW-production of neutralinos and
charginos can rule out a large fraction of the total number of scanned points. Even by preliminarily
considering only the points that can satisfy all other constraints, the number of points in our
scans that can be potentially affected by the EW-production likelihood is about 400,000 (out of
1.8 millions in total). For this reason including this search in the global likelihood function has
proven to be a numerically unmanageable task. Thus, the contribution to the χ2 of this search is
calculated on a randomly chosen sample of approximately 40,000 points from our chains. This will
be enough to draw general conclusions. We will use this information to check the consistency of
this search with the other constraints (and particularly δ (g − 2)µ), and also we will test the best-fit
points from the global likelihood against EW-production to make sure that they are not excluded.

3.2 XENON100 likelihood

A proper treatment of the XENON100 90% C.L. bound on the (mχ, σSI
p ) plane [103, 104, 105] is not

straightforward because, as it has been long known, the limits from DD of DM experiments on SUSY
parameter space are marred by large nuclear physics uncertainties [106, 107]. The astrophysics
uncertainties resulting from the DM local density and velocity distribution, on the other hand,
affect the elastic scattering cross section by only around 50% in the mass range considered in this
paper [108].

Nuclear physics uncertainties enter the picture through the calculation of the cross section of
DM-quark elastic scattering. To connect this prediction with experiment one requires to estimate a
nucleon mass matrix, �N |q̄q|N�, to transform the cross section from the quark level to the nucleon
level. The nucleon mass matrix calculation is subject to uncertainties on the quark masses md,c,b,t,
on the ratios mu/md and ms/md, and on the hadronic quantities related to the change in the
nucleon mass due to non-zero quark masses, σ0 and ΣπN :

σ0 =
mu +md

2
�N |ūu+ d̄d− 2s̄s|N�,

ΣπN =
mu +md

2
�N |ūu+ d̄d|N� . (4)

ΣπN is generally derived by extrapolating information from experimental input, generally π–N
elastic scattering cross sections. It has been long known that these hadronic uncertainties can be
much larger than astrophysical uncertainties (see [109] and references therein).

In a recent paper [69], the differential elastic π–N scattering cross sections [110] measured with
the CHAOS detector at TRIUMF [111] were employed to derive a new determination of the ΣπN

term, ΣπN = 43 ± 12MeV, where the error bar is mostly due to the experimental uncertainties.
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Talk by Leszek Roszkowski

Exciting prospects for DM DD



What theorists want:
scientia ipsa potentia est                       

Random Theorist: “I want CMS to compare your data to this new class of 
models that I invented yesterday.”

CMS Experimentalist (aka Maurizio Pierini): “Yes, and I want a pony.”

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013



• Some LHC analyses provide extra 
information to allow theorists to recast the 
limits for their own models with decent 
accuracy

• CMS SS-dilepton SUSY was a pioneer in this

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013



• This even works for a sophisticated 2D shape analysis like the Razor

• CMS provides the background model, theorists are expected to generate their 
own signal MC

• This kind of service means a lot of extra work for the ATLAS/CMS analyzers

Joseph Lykken                                                                                                                            KITP Santa Barbara, July 12, 2013

See talk by Leszek Roszkowski for successful examples
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uR Model: Results
Assumes Dirac fermion DM
Still to come: Indirect Detection, Majorana DM!
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Simple-fied Model
• This is a simplified model we already use 

to interpret searches at the LHC.

• The current version has 3 parameters: mχ, 
mq, and the LHC production σ.

• To make this useful to connect to (in)direct 
searches we should trade these for: mχ, 
mq, and g.  

• Collider production can be computed in 
terms of these quantities.  There are 
interesting differences between, e.g. 
Majorana and Dirac WIMPs.  

• We can also map them into the direct/
indirect parameter spaces (and the other 
way as well!).
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Talk by Tim Tait at Lepton-Photon 2013
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Sensitivity to Sleptons
! Unfortunately, CMS 

comparison plots not quite 
ready for this talk.

! We’re assuming       or      , 
CMS/ATLAS results assume 
both flavors degenerate

! Using CLS method for limits       
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-

handed (mass degenerate) selectron and smuon production in the mχ̃0

1

–m�̃ plane. (d) 95% CL exclusion

limits for χ̃±
1
χ̃∓

1
pair production in the simplified model with sleptons and sneutrinos with m�̃ = mν̃ =

(mχ̃±
1

+mχ̃0

1

)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).

The solid band around the expected limit shows the ±1σ result where all uncertainties, except those on

the signal cross-sections, are considered. The ±1σ lines around the observed limit represent the results

obtained when moving the nominal signal cross-section up or down by the ±1σ theoretical uncertainty.

Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the

mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the

7 TeV data [35].
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Figure 8: 95% CL exclusion limits for (a) right-handed, (b) left-handed, and (c) both right- and left-

handed (mass degenerate) selectron and smuon production in the mχ̃0

1

–m�̃ plane. (d) 95% CL exclusion

limits for χ̃±
1
χ̃∓

1
pair production in the simplified model with sleptons and sneutrinos with m�̃ = mν̃ =

(mχ̃±
1

+mχ̃0

1

)/2. The dashed and solid lines show the 95% CLs expected and observed limits, respectively,

including all uncertainties except for the theoretical signal cross-section uncertainty (PDF and scale).

The solid band around the expected limit shows the ±1σ result where all uncertainties, except those on

the signal cross-sections, are considered. The ±1σ lines around the observed limit represent the results

obtained when moving the nominal signal cross-section up or down by the ±1σ theoretical uncertainty.

Illustrated also are the LEP limits [38] on the mass of the right-handed smuon µ̃R in (a)–(c), and on the

mass of the chargino in (d). The blue line in (d) indicates the limit from the previous analysis with the

7 TeV data [35].

[5] A. Neveu and J. H. Schwarz, Quark Model of Dual Pions, Phys. Rev. D4 (1971) 1109–1111.

[6] J. Gervais and B. Sakita, Field theory interpretation of supergauges in dual models, Nucl. Phys.
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Super Razor
! Backgrounds in EW searches have                              

real       and mass splittings similar to signal.
! So standard razor variables aren’t the best choice
! But: an additional handle in this type of event
! Jets are assumed to not be part of the hard event

! Can make a transverse boost                                         
to remove ISR contamination                                        
of “interesting” physics 

! CMS uses a similar motivation                                          
in construction of 
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Tuesday, July 9, 13Talks by Matt Buckley, Scott Thomas, Kaustubh Agashe 

• There are also lots of opportunities for theorists to get involved with helping the 
LHC experiments to find clever ways of improving their sensitivity to various 
kinds of signals
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ILC on the launchpad 

• The Higgs discovery at LHC is a big boost for HEP

• Is it enough to launch a next-generation collider?



Outlook                     • The Higgs discovery is only the 
beginning of a story that will bridge 
all the frontiers of particle physics

• The LHC/ILC program will be equal 
parts precision measurements and 
searches for new particles and 
phenomena

• Higgs connects to the Intensity 
Frontier and the Cosmic Frontier as 
well, where e.g. dark matter may be 
a game changer in the next few 
years

• Whether canonical BSM thinking is 
correct or incorrect, we have entered 
a New Age
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