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Introduction
• Technological developments and new ideas make a dizzying array of 

experiments in particle physics feasible on the relevant time scales 

• However resources and manpower are not limited; somebody, somewhere, 
somehow, will need to make some choices

• The primary goal of our field is to determine the laws governing Nature at 
the most fundamental level possible

• Experimental programs should be judged according to how much they 
advance this goal; we theorists must provide this input.  It will be convoluted 
with technological/political considerations by others.

• In this talk I will focus on three physics questions which (a) I care about; and 
(b) can be tackled experimentally within relevant time span

• They will be organized according to the three frontiers (thus contradicting 
the main idea of this workshop - sorry!) 
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Energy Frontier:
Is the Electroweak 

Scale Natural?
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2012: Year of the Higgs
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• Discovery of the Higgs is wonderful, but it is not surprising 

• Since the 1990’s, the existence of the Higgs was very strongly hinted at, and 
the “where to look” was pretty well constrained, by Precision Electroweak 
studies

•  The observed mass is perfectly consistent with this plot 

Higgs and Precision EW Data

• Standard Model with a light Higgs provides a good 
fit to all data, indirect determination of H mass:

MH < 186 GeV (95% c.l.)
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Figure: LEP EWWG, 2006

A Lesson from the Higgs Story

Monday, June 3, 13



• Quantum loops of a heavy Higgs introduce corrections to S and T 
parameters, which can be predicted from the SM

• They could have been canceled by contributions from some other new 
physics, carefully tuned at a ~1/10 or ~1/100 level; they are not.

• Lesson: (yet again) Nature is not a sneaky, mean-spirited, malicious beast. 
Nature is natural.

LEP EWWG: within the MSM  mh < 144 (182) GeV (95% CL)
Figure: M. Peskin, 2006
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Higgs Properties are Beginning 
to Emerge at the LHC

• Spin-parity: looks like it is indeed 0+

• Some alternatives are excluded on very general 
theoretical grounds (e.g. Landau-Yang theorem)

• Others are increasingly constrained by 
measurements
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Rates: SM-like at ~30% level

Working Hypothesis: SM Higgs to “0-th order”; 
Deviations from SM, if any, suppressed systematically by a small 

parameter
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SM Higgs: Lagrangian and 
Physical Parameters

• The SM Higgs potential has two terms            two parameters:

• Higgs gets a vacuum expectation value, known from e.g. the W mass:

• The physical Higgs boson mass is 

• Higgs mass at ~126 GeV gives

• Question: how reasonable (“natural”) are these values?

• Focus on the mass parameter; quartic also important, but more model-
dependent
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SM Higgs:Renormalization
• Higgs mass parameter receives radiative corrections:

•       = Higgs-X coupling constant,         = # of d.o.f. in X  (X=SM fields)

• Naturalness:      

• Simple measure of unnaturalness:

• An alternative measure (usually agree up to O(1) factors):

(              = fine-tuning) 
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Natural New Physics Scales
• Hierarchy of SM Higgs couplings  

• Cutoff scales required by naturalness are inversely related to the couplings:

• Top quark:

• This energy scale is already being probed at the LHC, and will be definitively 
probed in the next decade

TOP

HIGGS

1st/2nd Gen. quarks, 
bottom, 
leptons

SU(2)xU(1) 
Gauge Bosons

SU(3) 
Gluons
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Options for New Physics
• Brute-force solution: Strong dynamics at       , with Higgs being a composite 

particle bound by new strong interactions, a la QCD mesons  

• However, precision electroweak constraints imply a lower bound on the 
new strong interactions scale of ~a few TeV

• Thus, such Higgs models are typically fine-tuned at a ~1% level

•  Alternative: Naturalness restored by weakly coupled physics at sub-TeV 
scale

• This would require relations between new particles’ and SM couplings to the 
Higgs          symmetries. Highly non-trivial requirement.

• Two promising solutions: SUSY (complete) and pNGB/Little Higgs (partial, 
needs to be combined with compositeness/strong coupling at ~10 TeV)

• Definitive experimental tests of naturalness are feasible on the relevant time 
scales
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Top Partners: Direct Searches

• The current “headline” LHC bound on stop mass is ~700 GeV; this implies 
~10% fine-tuning

• However, there are several large “holes”:

• No bound at all for                                - “mildly compressed” 
spectrum

• No bound if                           - “stealthy” spectrum

• No bound if                - R-parity violating models (e.g. MFV/RPV)

Spin-0 top 
partner, a.k.a. 
“stop” (SUSY)
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Top Partners: Direct Searches

• The bound on T is ~650 GeV, implies ~10% fine-tuning

• Holes probably exist, papers have not been written due to relative lack of 
popularity of models compared to SUSY

Spin-1/2 top partner, 
a.k.a. “big T” 

(e.g. Little Higgs)
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Gluinos and Naturalness
• Rad. corrections to the stop mass also need to be cut off (stop=scalar!) 

• Dominated by QCD; cut off by the gluino          naturalness requires

(Majorana gluinos, as in MSSM) 
(Dirac gluinos) [Brust, Katz, Lawrence, 

Sundrum, ’11]

Reduces some of the holes: stealthy and RPV stops cannot be fully natural
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Future of Direct Searches

• Two obvious directions: up in mass, and close the holes

• The latter requires new ideas/observables [join NP/Top working group!]

• For example, compressed spectrum may be explored with ISR tagging, given 
enough luminosity

• Important question for Snowmass: Are there holes that can only be closed at 
a lepton collider? Are those “big” enough to matter?
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Tree-Level Tuning in SUSY
• So far, we focused on tree vs. loop tuning, which appears in all models

• In SUSY, there is a separate issue: two distinct tree-level contributions to 

• Naturalness:                            expect light (~100 GeV) Higgsinos

  [GeV]0
2
χ∼

=m±

1
χ∼

m
100 150 200 250 300 350 400

  [
G

eV
]

0 1χ∼
m

0

50

100

150

200

  [
fb

]
σ

95
%

 C
L 

up
pe

r l
im

it 
on

 

210

310

Z
 < 

m
0

1χ∼
 - m0

2χ∼m

-1 = 9.2 fbint = 8 TeV, LsCMS Preliminary                    

  95% C.L. CLs NLO Exclusions
theory

σ 1 ±  l+3j2lObserved 2
σ 1 ±  l+3j2lExpecteded 2

 onlylObserved 3
 onlyj2lObserved 2

±

1
χ∼ 0

2
χ∼ → pp

0
1
χ∼ Z → 0

2
χ∼

0
1
χ∼ W → ±

1
χ∼

“Minimal” (sort of) spectrum

SUSY-breaking soft mass SUSY-preserving F-term 

Search for Higgsinos decaying to 
binos; the bound implies ~10% tuning 

with usual caveats

If neutral Higgsinos are the only light particles,
the LHC will probably not be able to find it

(but please prove me wrong!)
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Higgs Couplings and Naturalness

• One-loop quantum corrections to Higgs potential are given by the Coleman-
Weinberg formula:

• The only input is Higgs-dependent masses of all particles; focus on tops

• The famous mass renormalization is just

• Top partner mass is 

• Cancellation of quadratic divergence gives a sum rule:

• Potential fine-tuning comes from the next (log-divergent) term:

partner analysis remain valid. We discuss our findings and conclude in Section 5.

2 General Argument: Top Partners, Naturalness, and

the Higgs Couplings

The starting point of our analysis is a single Higgs doublet H with the SM tree-level potential

V (H) = �µ2|H|2 + �|H|4. (1)

This hypothesis is the simplest interpretation of the LHC discovery consistent with all other

experimental data. In particular, there is no evidence in the data of H mixing with other scalar

fields, and the constraints on such mixing are now quite stringent. In the SM, the measurements

of the Higgs vacuum expectation value (vev) and mass provide precise values for the parameters

in the potential:

µ = 90 GeV, � = 0.13. (2)

How natural are these parameters? To address this question, we need to consider quantum

corrections to the potential (1). At the one-loop order, these corrections are conveniently given

by the Coleman-Weinberg (CW) formula
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where ⇤ is the scale at which all loop integrals in VCW are cut o↵. Since we expect ⇤ � MEW, the

quantum correction to µ from the top loop is unreasonably large, and would require fine-tuning

if no new physics is present. If the theory is weakly coupled at the TeV scale, the only way to
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avoid fine-tuning is to introduce a new particle, the top partner, with mass at or below the TeV

scale. (Multiple top partners may be involved in the divergence cancellation.) Such partners can

be spin-0 scalars, as in supersymmetric (SUSY) models1, or vector-like spin-1/2 fermions, as in

Little Higgs [6, 7] or 5-dimensional composite Higgs models [8].2 In either case, the top partner

mass has the form
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where we allow for the possibility of multiple top partners labeled by T
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, and drop the terms of

higher order in h. By dimensional analysis, such higher-order terms need to be suppressed by

powers of a mass scale; our approximation is valid if this mass scale is � v. The absence of a

term linear in h in the mass is a consequence of the top partners’ vector-like SU(2) charges. The
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This sum rule is imposed by the symmetry of the theory in both SUSY and Little Higgs. The
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If � � 1, the theory must be fine-tuned to accommodate the observed EWSB. Note that �

only measures fine-tuning in the Higgs mass parameter; we assume that the observed quartic

coupling can be generated with no additional fine-tuning. In certain specific models, such as the

minimal supersymmetric standard model (MSSM), a significant loop contribution to the quartic

is required, which in turn implies strong constraints on the top sector and associated fine-tuning

in the Higgs mass parameter. However, such correlations between the quartic and the mass are

very model-dependent, and we will not take them into account in this analysis.

The e↵ects of the top partners on the Higgs couplings first appear at the one-loop level.

The best place to look for such e↵ects is in the couplings which vanish in the SM at the tree

1The special role played by the stops, the partners of the top quarks, in determining the degree of naturalness

of the electroweak scale in SUSY models was emphasized in Refs. [3], and more recently in Refs. [4, 5].
2In principle, a spin-1 top partner is also a possibility [9]; we will not consider this case here.
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Higgs Couplings and Naturalness
• Low-Energy Theorems give the top partner contributions to         and          in 

terms of the same object: Higgs-dependent top-partner mass 

• Very general, very robust result: inverse correlation between fine-tuning and 
non-SM contributions to          and   

• Only exceptions: non-colored, non-charged partners (see M. McCullough’s talk 
on Wed); or accidental cancellations (but Nature’s not mean)

• Benchmark example: a single top partner, spin 0 or 1/2, with quantum numbers 
of the SM top (e.g.: MSSM with degenerate stops)

level. We focus on the couplings of the Higgs to gluons and photons. At the one-loop order,
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where the first term is the contribution of the SM top loops, the sum runs over the top partners,

and N
c,i

and Q
i

are the dimension of the SU(3)
c

representation and the electric charge (in units
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The set of coe�cients {m0,i

, c
i

} determines both the fine-tuning � and the Wilson coe�cients,
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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A 1% measurement of         would 
probe the top partner mass of 

~1.2 TeV...

Figure: M. Peskin, 2012
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... and imply fine-tuning of at least 1/25 if no deviation from the SM is seen
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Precision Higgs coupling measurements give a robust test of naturalness, 
similar to strongly/weakly-coupled EWSB test via electroweak precision 

Dots: 350, 500, 650, 800 GeV 
top partners

Ellipses: LHC-8/LHC-14

Complementary to direct stop searches: no compressed, stealthy, RPV holes 

LEP EWWG: within the MSM  mh < 144 (182) GeV (95% CL)
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Naturalness: What’s at Stake
• Robust experimental probes of naturalness of Electroweak Symmetry Breaking, 

at a ~1% level, are within our reach

• My bet: we will discover new physics 

• If we don’t, it will be a tremendously important result, with profound 
implications for our understanding of Nature, and the future of physics

• If no new physics at TeV, the observed value of the electroweak symmetry 
breaking scale must be regarded as a ~1/100 coincidence

• There are examples in Nature of coincidences at this level: e.g. Sun & Moon 
angular sizes coincide to ~1/50 (         eclipses)

• We are not surprised: our Solar system is one of billions; we can see others 

• The only reasonable framework to make sense of non-natural EWSB is to 
regard our physical laws as randomly selected from a large set of possibilities 

• Unlike the Sun/Moon, we cannot see the patches of the universe where other 
possibilities are realized; our evidence for this hypothesis has to be indirect 

Monday, June 3, 13



Cosmic Frontier: 
Is Dark Matter a 
Thermal Relic?
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• The existence of dark matter is an incontrovertible experimental fact

• The non-SM nature of dark matter seems overwhelmingly likely

• DM is a somewhat massive (> keV), electrically and color neutral, stable (or 
extremely long lived) particle

• There are (too) many particle physics models; a useful zeroth-order 
classification is by cosmological history: “thermal” vs “non-thermal”

• Vanilla thermal relic scenario is rather predictive: total pair-annihilation cross 
section        present density, which is well known

Thermal Relic Dark Matter

Figure: Birkedal, Matchev, MP

WIMPs!
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Indirect Detection
• The most direct prediction of vanilla thermal relic is for indirect detection: 

same annihilation processes, happening today in our neighborhood

• An important caveat: only know the total annihilation rate, summed over 
final states     need a broad range of probes: photons, neutrinos, positrons, ...

• An equally important caveat: astrophysical backgrounds are in many cases 
not understood at the level needed to enable a real DM search (a 
cautionary example: Pamela/AMS)

• Indirect detection experiments will begin to get into the interesting cross 
range (with caveats) 

29 May 2013 Cosmic Frontier Future 16 

Indirect Detection Parameter Space 

29 May 2013 Cosmic Frontier Future 9 

CF2 parameter space (sig v) 

χ"

χ"

f 

f 

16

(F. Halzen, March Workshop) 
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“ ” 

29 May 2013 Cosmic Frontier Future 19 

Indirect Detection Facilities 

http://www.snowmass2013.org/
tiki-index.php?page=WIMP+Dark
+Matter+Indirect+Detection 

Doug Cowen Snowmass Workshop, SLAC, March 2013

PINGU Physics Goals
•Neutrino mass hierarchy determination with ~5-15 GeV 
atmospheric neutrinos
•First detection of parametric oscillations “for free”

•Other neutrino oscillation physics: maximal θ23, ντ 
appearance

•Low mass WIMP dark matter detection via neutrinos
•Point source search for Eν≳10 GeV neutrinos
•R&D for possible megaton-scale Cherenkov ring-imaging 
detector: “MICA”
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Figures:S. Ritz’s talk on Wed
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Colliders
• DM production rates at colliders can be predicted, for a vanilla thermal relic, 

through a simple, robust, model-independent calculation

• Potentially observable rates of tag+MET predicted for both hadron and lepton 
colliders 

• Caveats: Strong dependence on the DM mass; only know the total annihilation 
rate, summed over final states, but only collide one type of particles at a time

• Still: e.g. ILC can discover DM even if only ~1% annihilate into electrons

Observation reach

For each combination of these parameters, the reach of the ILC with an integrated luminosity
of 500 fb−1 at

√
s = 500 GeV for a 3σ observation of WIMPs has been determined as a

function of the WIMP mass. Due to the high irreducible background from Standard Model
neutrino production, the sensitivity has been obtained statistically by using fractional event
counting [7] as implemented in the RooT class TLimit.
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Figure 3: 3σ observation reach of the ILC for a Spin-1 WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

Figure 3 shows the expected ILC sensitivity for Spin-1 WIMPs in terms of the mini-
mal observable branching fraction to electrons κe as a function of the WIMP mass. The
leftmost plot shows the case where the WIMPs couple only to lefthanded electrons and
righthanded positrons (κ(e−Le+

R)), the middle plot shows the parity and helicity conserving
case (κ(e−Le+

R) = κ(e−Re+
L), while the right plot is dedicated to the case that the WIMPs

couple to righthanded electrons and lefthanded positrons (κ(e−Re+
L). The regions above the

curves are accessible, where the full line gives the result for unpolarised beams, the dotted
line for Pe− = 0.8 and the dashed line for Pe− = 0.8 and Pe+ = 0.6. In the latter two
coupling scenarios polarised beams increase the reach significantly, especially the additional
positron polarisation increases the accessible range in κe by about a factor of 2. Figure 4
shows the same for a Spin- 1

2
WIMP. Here the sensitivity is somewhat worse, but again beam

polarisation extends the observable part of the parameter space significantly.
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Figure 4: 3σ observation reach of the ILC for a Spin- 1
2

WIMP in terms of WIMP mass and κe

for three different assumptions on the chirality of the electron-WIMP coupling, see text. Full
line: Pe− = Pe+ = 0, dotted line: Pe− = 0.8, Pe+ = 0, dashed line : Pe− = 0.8, Pe+ = 0.6.
Regions above the curves are accessible.

LCWS/ILC2007

Summary: WMAP -> ILC

Figure: Bartels and List
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Direct Detection
• Unfortunately, prediction of vanilla thermal relic for elastic DM-nucleus 

scattering (a.k.a. direct detection) requires further theoretical assumptions

• A simple, general framework in which this can be done is effective operator 
approach

• In this framework, current and future direct detection experiments are probing 
the interesting cross section range, with mass regions complementary to 
indirect and collider searches

8

FIG. 2: Dark matter discovery prospects in the (m�,�/�th) plane for current and future direct detection [51],
indirect detection [52, 53], and particle colliders [54–56] for dark matter coupling to gluons [57], quarks [57,
58], and leptons [59, 60], as indicated.

rate of both spin-dependent and spin-independent direct scattering, the annihilation cross section
into quarks, gluons, and leptons, and the production rate of dark matter at colliders.

Each class of dark matter search outlined in Sec. III is sensitive to some range of the interaction
strengths for a given dark matter mass. Therefore, they are all implicitly putting a bound on the
annihilation cross section into a particular channel. Since the annihilation cross section predicts
the dark matter relic density, the reach of any experiment is thus equivalent to a fraction of the
observed dark matter density. This connection can be seen in the plots in Fig. 2, which show the
annihilation cross section normalized to the value �th, which is required1 for a thermal WIMP to
account for all of the dark matter in the Universe. If the discovery potential for an experiment with
respect to one of the interaction types reaches cross sections below �th (the horizontal dot-dashed
lines in Fig. 2), that experiment will be able to discover thermal relic dark matter that interacts
only with that standard model particle and nothing else.

If an experiment were to observe an interaction consistent with an annihilation cross section
below �th (yellow-shaded regions in Fig. 2), it would have discovered dark matter but we would infer
that the corresponding relic density is too large, and therefore there are important annihilation
channels still waiting to be observed. Finally, if an experiment were to observe a cross section
above �th (green-shaded regions in Fig. 2), it would have discovered one species of dark matter,
which, however, could not account for all of the dark matter (within this model framework), and
consequently point to other dark matter species still waiting to be discovered.

In Fig. 2, we assemble the discovery potential and current bounds for several near-term dark
matter searches that are sensitive to interactions with quarks and gluons, or leptons. It is clear
that the searches are complementary to each other in terms of being sensitive to interactions with
di↵erent standard model particles. These results also illustrate that within a given interaction type,
the reach of di↵erent search strategies depends sensitively on the dark matter mass. For example,
direct searches for dark matter are very powerful for masses around 100 GeV, but have di�culty
at very low masses, where the dark matter particles carry too little momentum to noticeably a↵ect
heavy nuclei. This region of low mass is precisely where collider production of dark matter is easiest,
since high energy collisions readily produce light dark matter particles with large momenta.

1
For non-thermal WIMPs, e.g. asymmetric DM, the annihilation cross-section does not have a naturally preferred

value, but the plots in Fig. 2 are still meaningful.

Figure: Snowmass DM Complementarity WG
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Dark Matter: What’s at Stake

• It seems that on the relevant time scales we might have a chance to test 
definitively the (vanilla) thermal relic dark matter framework, through a 
combination of probes

• It would be nice to have this case clearly spelled out somewhere

• My bet: we’ll discover it

• My worry: Indirect detection seems very important, especially at high masses, 
but how can we eliminate astrophysical explanations? (Smoking-gun line signals 
are likely suppressed.)

• If I’m wrong: Non-thermal, or non-minimal thermal, DM would not be shocking 
from theory point of view. However it’s not nearly as predictive - too many 
options. Some attractive ideas: asymmetric (especially if CDMS’s 3 events are 
real), or axions. 
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Intensity Frontier:
Is There Grand 

Unification?

Monday, June 3, 13



• Three strong hints for Grand 
Unification:

• Electric charge quantization          SM U(1) 
must be embedded in non-Abelian group

• Fermion quantum numbers in the SM beg to 
be unified in SU(5) or larger multiplets

• Extrapolated SM gauge couplings 
approximately meet at the high scale, even in 
the SM (and much better with SUSY)

• Even in an unnatural world, I would bet that some 
version of gauge unification occurs

112 Proton Decay

One can in fact argue, within a class of well-motivated ideas on grand unification, that proton decay should
occur at accessible rates, with a lifetime of about 1035 years, for protons decaying into a positron plus a neutral
pion, and a lifetime of less than a few ⇥1034 years for protons decaying into an anti-neutrino and a positively
charged K-meson. The most stringent limits on proton lifetimes now come from Super-Kamiokande [1]. For
the two important decay modes mentioned above, they are:

⌧(p! e+⇡0) > 1.4⇥ 1034 yrs, ⌧(p! ⌫̄K+) > 4⇥ 1033 yrs. (5.1)

These well-motivated models then predict the observation of proton decay if one can improve the current
sensitivity (of Super-Kamiokande) by a factor of five to 10. This is why an improved search for proton decay,
possible only with a large underground detector, is now most pressing.

5.1.1 Grand Unification and Proton Decay

The decay of the proton [2] is one of the most exciting predictions of the idea of the unification of matter and of
forces at the very highest energy scales [3],[4], which is motivated on several grounds (for a review, see [5]). For
example, the experimental observation that electric charge is quantized, together with |Q

proton

| = |Q
electron

|
(to better than 1 part in 1021), has a natural explanation in GUTs owing to their non–Abelian nature.
The miraculous cancellation of chiral anomalies that occurs among each family of quarks and leptons has a
symmetry–based explanation in GUTs. Furthermore, GUTs provide a natural understanding of the quantum
numbers of quarks and leptons. With the grouping of quarks with leptons, and particles with antiparticles, in
a common GUT multiplet, these theories predict that baryon number would be violated and that the proton
must decay. Finally, with the assumption of low energy supersymmetry, motivated by the naturalness of the
Higgs boson mass, the strong, weak and electromagnetic gauge couplings are found to unify nicely at a scale
MX ⇡ 2⇥ 1016 GeV, the scale of interest for proton decay (see right panel of Fig. 5-1). It should be noted
that low energy supersymmetry would allow baryon and lepton number violating interactions of the type
QLDc, U cDcDc and LLEc in the superpotential (Q, L etc are the quark and lepton superfields). However,
these operators can be eliminated by imposing R-parity conservation [6],[7], which could arise from a gauged
B � L symmetry [8] that occurs in many unified theories.

Figure 5-1. Evolution of the three gauge couplings ↵i with momentum Q: Standard Model (left panel)
and Minimal Supersymmetric Standard Model (right panel)
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• Neutrino Mass discovery hints at SO(10) unification: 

• Full SM generation in a single multiplet, right-handed neutrino is mandatory

• GUT-scale mass for       is predicted, with light neutrino masses at           
via see-saw mechanism        

• Measured              estimate                            , reasonably close to the 
gauge coupling unification scale 

62 Neutrinos

or why there is such a large gap between the neutrino and the charged fermion masses. We suspect, however,
that this may be Nature’s way of telling us that neutrino masses are “di↵erent.”
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Figure 4-2. Standard Model fermion masses. For the neutrino masses, the normal mass hierarchy was
assumed, and a loose upper bound mi < 1 eV, for all i = 1, 2, 3 was imposed.

This suspicion is only magnified by the possibility that massive neutrinos, unlike all other fermions in the
Standard Model, may be Majorana fermions. The reason is simple: neutrinos are the only electrically neutral
fundamental fermions and hence need not be distinct from their antiparticles. Determining the nature of
the neutrino – Majorana or Dirac – would not only help guide theoretical work related to uncovering the
origin of neutrino masses, but could also reveal that the conservation of lepton number is not a fundamental
law of Nature. The most promising avenue for learning the fate of lepton number, as will be discussed
in Sec. 4.3, is to look for neutrinoless double-beta decay, a lepton-number violating nuclear process. The
observation of a non-zero rate for this hypothetical process would easily rival, as far as its implications for our
understanding of nature are concerned, the first observations of parity violation and CP -invariance violation
in the mid-twentieth century.

It is natural to ask what augmented, “new” Standard Model (⌫SM) leads to non-zero neutrino masses. The
answer is that we are not sure. There are many di↵erent ways to modify the Standard Model in order to
accommodate neutrino masses. While these can di↵er greatly from one another, all succeed – by design –
in explaining small neutrino masses and all are allowed by the current particle physics experimental data.
The most appropriate question, therefore, is not what are the candidate ⌫SM’s, but how can one identify
the “correct” ⌫SM? The answer lies in next-generation experiments, which will be described throughout this
chapter.

For concreteness we discuss one generic mechanism in more detail. The e↵ect of heavy new degrees of
freedom in low-energy phenomena can often be captured by adding to the Standard Model higher-dimensional
operators. As first pointed out in [27], given the Standard Model particle content and gauge symmetries,
one is allowed to write only one type of dimension-five operator – all others are dimension-six or higher:

1
⇤

(LH)(LH) + h.c. ) v2

⇤
⌫⌫ + h.c., (4.5)

where L and H are the lepton and Higgs boson SU(2)L doublets, and the arrow indicates one of the
components of the operator after electroweak symmetry is broken. v is the vacuum expectation value of the
neutral component of H, and ⇤ is the e↵ective new physics scale. If this operator is indeed generated by
some new physics, neutrinos obtain Majorana masses m⌫ ⇠ v2/⇤. For ⇤ ⇠ 1015 GeV, m⌫ ⇠ 10�1 eV, in
agreement with the current neutrino data. This formalism explains the small neutrino masses via a seesaw
mechanism: m⌫ ⌧ v because ⇤� v.
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• Overall mass scale (CMB+LSS)    

•  Normal vs. Inverted mass hierarchy (CMB+LSS, LBNE)     

• CP   Violation (LBNE)

• BSM searches: sterile neutrinos, non-standard interactions, ... (my bet: no)
4.3 The Nature of the Neutrino – Majorana versus Dirac 73
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Figure 4-6. 3� discovery potential of LBNE for determining the mass hierarchy (left), and CP violation
(right) as function of sin

2
2✓13 and the fraction of �CP coverage. Here the fraction of �CP reflects the fraction

of all true values of �CP for which the corresponding quantity can be measured. Sensitivities are shown for
normal mass hierarchy. Results for 5+5 years of ⌫+⌫̄ running in a 700 kW beam for LBNE 34 kt LAr, NO⌫A
(3+3 years of ⌫ + ⌫̄ running in a 700 kW beam), and T2K (3+3 years of ⌫ + ⌫̄ running in a 770 kW beam)
are shown. Note that NO⌫A and T2K have no sensitivity to CP violation, and T2K has no sensitivity to
hierarchy at 3� for this range of sin

2
2✓13 using GLoBES model projections. From [70].

As of yet, there is no firm experimental evidence to confirm or refute this theoretical prejudice. Experimental
evidence of neutrinoless double-beta (0⌫��) decay would establish the Majorana nature of neutrinos. It is
clear that 0⌫�� experiments sensitive at least to the mass scale indicated by the atmospheric neutrino
oscillation results are needed.

For 0⌫�� decay the summed energy of the emitted electrons is mono-energetic. Observation of a sharp peak
at the �� endpoint would thus quantify the 0⌫�� decay rate, demonstrate that neutrinos are Majorana
particles, indicate that lepton number is not conserved, and, paired with nuclear structure calculations,
provide a measure of an e↵ective Majorana mass, hm��i. There is consensus within the neutrino physics
community that such a decay peak would have to be observed for at least two di↵erent decaying isotopes at
two di↵erent energies to make a credible claim for 0⌫�� decay.

In more detail, the observed half-life can be related to an e↵ective Majorana mass according to (T
1/2,0⌫��)�1 =

G
0⌫ |M

0⌫ |2hm��i2, where hm��i2 ⌘ | Pi U2

eimi|2. G
0⌫ is a phase space factor, mi is the mass of neutrino

mass eigenstate ⌫i, and M
0⌫ is the transition nuclear matrix element. The matrix element has significant

nuclear theoretical uncertainties, dependent on the nuclide under consideration.

In the standard three-massive-neutrinos paradigm,

hm��i = | cos2 ✓
12

cos2 ✓
13

e�2i⇠m
1

+ sin2 ✓
12

cos2 ✓
13

e�2i⇣m
2

+ sin2 ✓
13

e�2i�m
3

|. (4.10)

If none of the neutrino masses vanish, hm��i is a function of not only the oscillation parameters ✓
12,13, � and

the neutrino masses m
1,2,3 but also the two Majorana phases ⇠, ⇣. Neutrino oscillation experiments indicate

that at least one neutrino has a mass of ⇠ 45 meV or more. As a result and as shown in Fig. 4-7, in the
inverted hierarchy mass spectrum with m

3

= 0 meV, hm��i is between 10 and 55 meV depending on the
values of the Majorana phases. This is sometimes referred to as the atmospheric mass scale. Exploring this
region requires a sensitivity to half-lives exceeding 1027 years. This is a challenging goal requiring several
ton-years of exposure and very low backgrounds. The accomplishment of this goal requires a detector at the
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A new particle physics experiment, planned to take place at Fermilab 
and the Sanford Lab, aims to transform our understanding of neutrinos 
and their role in the universe.

 

Long-Baseline Neutrino Experiment (LBNE)

 Mysterious neutrinos

Neutrinos are among the most abundant particles in the universe, a 
billion times more abundant than the particles that make up stars, 
planets and people. Each second, a trillion neutrinos from the sun and 
other celestial objects pass through your body. Although neutrinos 
are all around us, they interact so rarely with other matter that they are 
very difficult to observe. 
 The latest developments in particle accelerator and detector technology 
make possible promising new experiments in neutrino science. A 
collaboration of more than 350 scientists from five countries has proposed 
to build a world-leading neutrino experiment that would involve 
construction at both Fermi National Accelerator Laboratory (Fermilab), 
located in Batavia, Illinois, and the Sanford Underground Research 
Facility (Sanford Lab) in Lead, South Dakota.

 Why are neutrinos important?

Neutrinos may provide the key to answering some of the most funda- 
mental questions about the nature of our universe. The discovery that 
neutrinos have mass, contrary to what was previously thought, has 
revolutionized our understanding of neutrinos in the last two decades 
while raising new questions about matter, energy, space and time. 
Neutrinos may play a key role in solving the mystery of how the universe 
came to consist of matter rather than antimatter. They could also unveil 
new, exotic physical processes that have so far been beyond our reach. 

 Facts about neutrinos

Neutrinos are elementary particles that have no electric charge. They 
are among the most abundant particles in the universe. 

They are very light. A neutrino weighs at least a million times less than 
an electron, but the precise mass is still unknown.

In nature, they are produced in great quantities in the sun and in smaller 
quantities in the Earth. In the laboratory, scientists can make neutrino 
beams with particle accelerators.

 Neutrinos pass harmlessly right through matter, and only very rarely 
do they collide with other matter particles.

 There are three types of neutrinos: electron neutrinos, muon neutrinos 
and tau neutrinos.

 The laws of quantum mechanics allow a neutrino of one type to turn 
into another one as the neutrino travels long distances. And they can 
transform again and again. This process is called neutrino oscillation. 

 Understanding neutrino oscillations is the key to understanding neutrinos 
and their role in the universe.

The distance between Fermilab and the Sanford Lab is 800 miles. It is 
ideal for measuring neutrino oscillations with the proposed Long-
Baseline Neutrino Experiment.
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Long-Baseline Neutrino Experiment

  The proposed Long-Baseline Neutrino Experiment would send neutrinos straight through the earth from Batavia, Illinois, to Lead, South Dakota. No tunnel 
would be necessary for this 800-mile-long trip.
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Research
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Neutrinos: Next Steps

Figure: Intensity Frontier Report, 2011
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• Physical scales involved in GUTs are probably too high for a precise, 
definitive experimental proof of this paradigm

• Instead, proceed by collecting low-energy hints (“echoes”), and gradually 
building up confidence

• Neutrino mass/CP measurements cannot, in my opinion, make a significant 
impact on the overall case for GUTs, though they may help those who 
already believe in it to refine their models 

• A striking, generic, not-yet-confirmed prediction of GUTs is violation of 
baryon and lepton number

• If either is observed, the case for GUTs would receive another major boost 

GUTs: What’s Next
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B Violation: Proton Decay

5.2 Current and Proposed Proton Decay Search Experiments 119
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Figure 5-3. Left Panel: SK-I+II+III+IV fully-contained dataset, with the p! e+⇡0 signal region shown
by the black box. Right Panel: Summary of experimental proton decay searches by Super-K (dark blue
gradient band with marker) and previous experiments, Soudan (pink diamonds), Frejus (purple hexagons),
Kamiokande (light blue ovals), and IMB (light green rectangles) [1].
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• Theoretical predictions highly 
uncertain: both operators and scales 
are model-dependent 

• But: Dim-6 operator gives

5.1 Theoretical Perspectives on Proton Decay 113

SU(5) is the simplest grand unified group, and it turns out to be the most predictive as regards proton
lifetime and the unification of the three gauge couplings, owing to small GUT scale threshold e↵ects. The
minimal non-supersymmetric version of SU(5) [3] has already been excluded by the experimental lower limit
on p! e+⇡0 lifetime and the mismatch of the three gauge couplings when extrapolated to high energies (see
left panel of Fig. 5-1). Yet low energy supersymmetry, which is independently motivated by the naturalness
of the Higgs boson mass, provides a simple solution to these problems of SU(5), as it increases the prediction
of the lifetime for the decay process p! e+⇡0 due to the larger value of MX and also corrects the unification
mismatch (see right panel of Fig. 5-1) [5].

Supersymmetric grand unified theories (SUSY GUTs) [9],[10],[11]–[14] are natural extensions of the Standard
Model that preserve the attractive features of GUTs such as quantization of electric charge, and lead to the
unification of the three gauge couplings. They also explain the existence of the weak scale, which is much
smaller than the GUT scale, and provide a dark matter candidate in the lightest SUSY particle. Low energy
SUSY brings in a new twist to proton decay, however, as it predicts a new decay mode p! ⌫K+ that would
be mediated by the colored Higgsino [15],[16], the GUT/SUSY partner of the Higgs doublets (see Fig. 5-2,
right panel). Typically, the lifetime for this mode in many models is shorter than the current experimental
lower limit.

Figure 5-2. Diagrams inducing proton decay in SUSY GUTs. p ! e+⇡0 mediated by X gauge boson
(left), and p! ⌫K+ mediated by colored Higgsino (right).

In order to evaluate the lifetimes for the p ! ⌫K+ and p ! e+⇡0 decay modes in SUSY SU(5) [17], a
symmetry breaking sector and a consistent Yukawa coupling sector must be specified. In SU(5), one family
of quarks and leptons is organized as {10 + 5 + 1}, where 10 � {Q, uc, ec}, 5 � {dc, L}, and 1 ⇠ ⌫c. SU(5)
contains 24 gauge bosons, 12 of which are the gluons, W±, Z0 and the photon, while the remaining 12 are
the (X, Y ) bosons that transform as (3, 2,�5/6) under SU(3)c ⇥ SU(2)L ⇥U(1)Y . These bosons have both
diquark and leptoquark couplings, which lead to baryon number violating processes. The diagram leading to
the decay p! e+⇡0 is shown in Fig. 5-2, left panel. SU(5) breaks down to the Standard Model symmetry in
the supersymmetric limit by employing a 24H Higgs boson. Additionally, a {5H + 5H} pair of Higgs bosons
is employed, for electroweak symmetry breaking and the generation of quark and lepton masses.

The masses of the super-heavy particles of the theory can be related to low energy observables in minimal
SUSY SU(5) via the renormalization group evolution of the three gauge couplings, which depends through
the threshold correction on MT , the mass of the color triplet Higgsinos which mediate p ! ⌫K+ decay.
In general, agreement with the experimental value of ↵

3

(MZ) = 0.1184 ± 0.0007 demands the color triplet
mass to be lower than the GUT scale. This tends to lead to a rate of proton decay into ⌫̄K+ which is in
disagreement with observations [18].
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Figure 5-4. The LBNE projected sensitivities for proton decay searches as a function of calendar year.
Left panel: the sensitivity of the liquid argon detector option for the p ! ⌫̄K+ mode; Right panel: the
sensitivity of the water Cherenkov detector option for the p ! e+⇡0 mode. The dashed arrow marked as
“WC 560” is the expected sensitivity by Hyper-K around year 2040, assuming, of course, it will be built as
proposed.

K2K experiment, which also validated the neutrino simulations used for the water Cherenkov experiments.
The level of expected background is 2 events/Mton/year, all from atmospheric neutrino interactions.

The right panel in Fig. 5-4 shows the sensitivity that could be reached in this mode assuming no background
improvements are made (red line). In fact, it may be possible to significantly reduce this background if a
neutron detection capability (such as addition of Gadolinium) is realized. This is due to the fact that while
80% of proton decays in water should not have associated neutrons, atmospheric neutrino interactions are
likely to produce one or more neutrons. These neutrons come from direct production via anti-neutrinos on
oxygen, final state scattering of hadrons and ⇡� capture on oxygen, and nuclear de-excitation. The figure
shows the sensitivity reached if improvements allow rejection of all atmospheric neutrino backgrounds (blue
line). The actual e�ciency for background rejection will require measurements in a neutrino beam, and such
an experiment is being planned for the FNAL booster neutrino beam.

5.2.2.2 Proton Decay Searches with the Hyper-Kamiokande Experiment

A next-generation underground water Cherenkov detector, Hyper-Kamiokande (Hyper-K), is proposed in
Japan. If built, it will serve as a far detector of a long baseline neutrino oscillation experiment envisioned for
the upgraded J-PARC, and as a detector capable of observing ��� far beyond the sensitivity of Super-K
��� nucleon decays, atmospheric neutrinos, and neutrinos from astronomical origins. The baseline design
of Hyper-K is based on the highly successful Super-K, taking full advantage of a well-proven technology. The
total (fiducial) mass of the detector is 0.99 (0.56) million metric tons, which is about 20 (25) times larger
than that of Super-K. The details of the proposed experimental setup are described in the earlier sections,
and also can be found in the recently published Hyper-K Letter of Intent Abe:2011ts.

The sensitivity of Hyper-K for nucleon decays has been studied with a Monte Carlo (MC) simulation based
on the Super-Kamiokande analysis. An estimate of the atmospheric neutrino background is necessarily
included in the study.

Fundamental Physics at the Intensity Frontier

Proton Decay Future 
96 Neutrinos

Figure 4-13. NO⌫A schematic with timeline (left) and site (right).

US physicists have also made significant contributions to o↵shore neutrino experiments. These include
longstanding contributions to the Super-K and T2K programs, which will continue to run through this
decade. The US has been a major participant in the Double Chooz (in France) and Daya Bay (in China)
reactor |Ue3| experiments, both of which have recently started production running. The physics runs of these
experiments planned over the next several years will have high impact.

LBNE : The next major planned neutrino program in the US is the Long-Baseline Neutrino Experiment
(LBNE). The experiment as currently envisioned comprises a new 700 kW beam at Fermilab, a near detector
complex, and a large far detector at the Homestake mine in South Dakota, at a baseline of 1300 km.
Extensive design work and physics sensitivity studies were done over the past few years for two detector
options for LBNE: a 200-kTon single-module water Cherenkov detector and a 34-kTon dual-module liquid
argon TPC [69]. Although a configuration with both technologies would be preferable for physics, the cost
was prohibitive. After an exhaustive decision-making process, the LAr detector option was selected (see
Fig. 4-14). The deep site at 4850 ft is strongly favored for this program, thanks to improved cosmogenic
background rejection for astrophysical neutrino and proton decay studies, as well as the possibility for shared
infrastructure with a broader underground program.

Figure 4-14. The proposed LBNE LAr detector at the 4850 ft level of the Homestake mine.
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depth=4850 ft

Real chance (though no guarantee) of discovery!
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FIG. 1. Schematic view of the Hyper-Kamiokande detector.
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L Violation: Neutrino-less 
Double Beta Decay

• If neutrino masses are indeed 
from unification/see-saw, they are 
Majorana and so, L-violating

• Fairly robust predictions for the 
rate of 

• If inverted mass hierarchy, good 
chance of discovery in the 
conceivable future
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Figure 4-7. Allowed values of hm��i as a function of the lightest neutrino mass for the inverted and normal
hierarchies. The dark shaded regions correspond to the best-fit neutrino mixing parameters from [71] and
account for the degeneracy due to the unknown Majorana phases. The lighter shading corresponds to the
maximal allowed regions including mixing parameter uncertainties as evaluated in [71]. The dashed line
shows expected sensitivity of next-generation ⇠100 kg class experiments and the dotted line shows potential
reach of multi-ton scale future experiments.

ton scale of enriched material and a background level below 1 count/(ton y) in the spectral region of interest
(ROI). Very good energy resolution is also required.

There is one controversial result from a subset of collaborators of the Heidelberg-Moscow experiment, who
claim a measurement of the process in 76Ge, with 70 kg-years of data [72]. These authors interpret the
observation as giving an hm��i of 440 meV. Recent limits from NEMO-3 and Cuoricino (see below) are
impinging on this hm��i regime, for 100Mo and 130Te respectively.

There is a large number of current neutrinoless double-beta decay search e↵orts, employing very di↵erent
techniques; a recent review is [73]. Here we will highlight some for which there is a component of e↵ort from
physicists based in the US. These represent di↵erent kinds of detectors and experimental approaches.

The MAJORANA [74, 75, 76] experiment employs the germanium isotope 76Ge, to be enriched. The current
phase of the experiment is the “Demonstrator”, which will employ 30 kg of Ge enriched to 86% 76Ge and 10 kg
of Ge P-type point contact detectors, with an aim of being underground at the Sanford Underground Research
Facility (SURF) in 2013. The MAJORANA collaboration is planning a ton-scale e↵ort in collaboration with
its European counterpart GERDA.

The “bolometric” CUORE experiment [77], located at Gran Sasso National Laboratory in Italy, employs
130Te in the form of TeO

2

crystals. This is a cryogenic setup that determines energy loss via temperature rise
measured with thermistors. The first phase of this experiment, Cuoricino, ran from 2003-2008 with 11.3 kg
of 130Te mass. The current version of the experiment, CUORE-0, has 11 kg, and the plan for full CUORE
starting in 2014 will have 206 kg.

Fundamental Physics at the Intensity Frontier

~100 kg: CUORE, EXO-200, 
MAJORANA, SNO+, ...

~1 Ton

Figure: Intensity Frontier Report, 2011
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GUTs: What’s at Stake

• Observation of B or L violation would make the case for GUTs 
overwhelming

• Even in an unnatural universe, I would bet on grand unification

• I would not bet on discovery on the relevant time scale, but the odds look 
decent

• In general, lack of discovery at this point would not have strong implications 
due to strong uncertainties in theoretical predictions

• However, if it turns out that neutrino mass hierarchy is inverted, neutrino-
less double beta decay will provide a very robust test of L in a not-too-far-
distant future
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Summary
• In this talk, I shared my views about some of the important physics questions 

that may be addressed by experimental programs under discussion

• Probing naturalness of the electroweak scale seems to me the single most 
important issue on this list

• A combination of direct probes and precision Higgs physics offers an 
opportunity to settle this issue; huge impact on physics whichever way it 
goes  

• I hope that the US community will have an opportunity to make a major 
contribution to this quest

• Wait, that’s not all...
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Visions for Snowmass

Love Fest? (The Warring States)?

Symposium

戰國時代

What we do best: Free and honest discussion of physics

Thanks to KITP and the Workshop Organizers!

MEETINGS

• Cosmic Frontier Snowmass meetings
– Community Planning Meeting, Fermilab, 11-13 October 2012
– Cosmic Frontier Workshop, SLAC, 6-8 March 2013
– SnowDARK: Non-WIMP Dark Matter, Snowbird, 22-25 March 2013
– Snowmass on the Pacific, KITP Santa Barbara, 29-31 May 2013
– Snowmass in Minnesota, 29 July – 6 August 2013

• Cosmic Frontier Workshop 
– http://www-conf.slac.stanford.edu/cosmic-frontier/2013
– 350 participants
– 200 talks, discussions, panels
– Woodstock of the Cosmic Frontier

29 May 2013 Feng 5
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