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• The Intensity Strategy  
• Three Frontiers Scorecard
• Neutrinos
• Muons
• Kaons

Outline
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History of Popular Graphics at the DOE

Then Now
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The Intensity Strategy

Question: Why havenʼt we already observed all 
phenomena of relevance to fundamental physics?

1. The phenomena involve objects that are hard to make in the 
laboratory (e.g. black holes, heavy gluinos, ...)

2. The phenomena involve interactions that are fundamentally weak 
and thus rare

3. The phenomena involve interactions that are very short range 
and thus rare

In case #1, proceed to Energy or Cosmic Frontiers

In cases #2 and #3, we can use high intensities to observe 
rare phenomena
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Advancing the Frontiers: 1995 -2010 

Huge Surprising Discoveries
 Evidence of New 

Fundamental Phenomena
First Observations 
or Strong Limits

Intensity
Neutrinos have mass!

Lepton flavor not conserved!

g-2 anomaly (superpartners?)

direct CP violation in kaons

B -> tau nu anomaly + other 
B puzzles

Too numerous to 
enumerate here
(hundreds)

Energy Heavy top quark!
DZero muon asymmetry 
(new CP violation and quark 
flavor violation?)

Too numerous to 
enumerate here 
(hundreds) 

Cosmic
Dark matter is nonbaryonic 
and mostly cold!

Dark energy!?

Universe is flat (inflation?)

Primordial density 
fluctuations (inflation?)

Too numerous to 
enumerate here 
(dozens)
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Advancing the Frontiers: 2010 -2025 

Huge Surprising Discoveries
 Evidence of New 

Fundamental Phenomena
First Observations 
or Strong Limits

Intensity
Neutrinos violate CP!

Charged leptons mix!

Neutrinos see a new force!

etc!

Leptogenesis!

Grand Unification!

The origin of matter!

Too numerous to 
enumerate here
(hundreds)

Energy
Nonstandard or No Higgs!

Dark matter particles produced!

New forces!

New dimensions, etc!

Dark/hidden sectors!

Grand Unification!

The origin of matter!

Too numerous to 
enumerate here 
(hundreds) 

Cosmic
Dark matter particles observed!

Dark energy is dynamical!

Footprints of inflation!

etc!

The origin of the universe!

The fate of the universe!

Too numerous to 
enumerate here 
(hundreds)
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• The Origin of Mass:
• How do massless chiral fermions become matter particles? 

(buzzword = “Higgs”)

• The Origin of Matter:
• Why are there so many different kinds of matter particles with 

different properties? (buzzword = “Flavor”)

• The Origin of the Universe:
• Where did matter come from in the first place, and why didnʼt it 

all annihilate with antimatter? (buzzwords = “Leptogenesis”, 
“Baryogenesis”)

Origins
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Chemistry and spectroscopy    +    fundamentally new idea
                                                             (quantum mechanics)
=   Theory of atomic structure

Neutrino, charged lepton,        +    fundamentally new idea
quark, (+?) properties                                (???????)

=   Theory explaining both
     unity and origins of matter

2025?

1925:
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Chemistry and spectroscopy    +    fundamentally new idea
                                                             (quantum mechanics)
=   Theory of atomic structure

Neutrino, charged lepton,        +    fundamentally new idea
quark, (+?) properties                                (???????)

=   Theory explaining both
     unity and origins of matter

2025?

1925:

makes scientists happy
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Chemistry and spectroscopy    +    fundamentally new idea
                                                             (quantum mechanics)
=   Theory of atomic structure

Neutrino, charged lepton,        +    fundamentally new idea
quark, (+?) properties                                (???????)

=   Theory explaining both
     unity and origins of matter

2025?

1925:

$10 trillion 
game-changer!

? 
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• Neutrinos
• Long baseline neutrino oscillations
• Shorter (or no) baseline neutrino experiments

• Muons 
• Muon to electron conversion 
• anomalous g-2 of muon
• Electric dipole moments 

• Kaons
• Rare charged kaon decays
• Rare neutral kaon decays

• + more to come

Project X Intensity Frontier Physics Portfolio
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Major HEP discovery: neutrinos are massive and mixed – like quarks. 

!m2 ~2.4!10-3 eV2  

"m2 ~7.7!10-5 eV2 sin2#
23
 ~0.5 

sin2#
13
 < few % sin2#

12
 ~0.31 

oscillation patterns; 
O(eV) cosmo limits 

PDG convention for mixing angle ordering – like quarks. 

(#
13

: gateway to leptonic CPV) 

Introduction 

E. Lisi, talk at ICHEP 2010

Intensity Frontier: Neutrinos

Neutrinos are interesting

red bars = neutrino papers by J.L. (times 250)
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• Have tiny masses
• May have “inverted” mass splittings
• Have large mixings
• Might be mixed with additional light fermions (“steriles”)
• Might be their own antiparticles (“Majorana”) 

• thus violating L and B - L
• and having extra CP phases
• and having superheavy partners 

Neutrinos, unlike quarks:

Furthermore:
• They oscillate flavors over macroscopic distances
• This oscillation phase is sensitive to the medium (matter effects)
• They are part of the dark matter and may be related to dark energy
• They may experience new interactions or exotic effects

Neutrinos are Messengers of New Physics



J. Lykken, “Particle Physics and the Intensity Frontier”                                         Project X Briefing, DOE, 17 Nov 201015

ORIGIN OF MASS                  [del Aguila, Babu, Nandi] 

Is there a see-saw mechanism? At which scale !? Of which type? 

+ variants (inverse, +SUSY, +LR, +radiative,…) 

Type I, 
fermion singlet 
N, charge 0 

Type II, 
scalar triplet 

", charge 0, 1, 2 

Type III, 
fermion triplet 
#, charge 0, 1 

Classical arguments in favor of high-scale, type-I see-saw have their beauty 
(simplicity, O(1) couplings + small masses +leptogenesis at ~GUT scale, ...) 

Black Box 
!$

But, in the LHC era:  % and the black box will be directly probed at !~O(TeV), 
provided that couplings are not too small…So, it is important to explore in detail 
the possibility that the “low” LHC scale may shed light on the & mass origin, e.g., 
via observable production + decay of see-saw mediators. 
Also: links with charged LFV processes (model-dependent) 

How do neutrinos talk to the Higgs?

• Either neutrinos couple to the Higgs via superheavy partners, or via new TeV 
particles accessible at the LHC

• Need to nail down the neutrino masses, mixings, and possible CP phases
• Even more so if neutrinos have one or more sterile components
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Project X Long Baseline Neutrinos
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• Muons 
• Muon to electron conversion 

• Not yet observed, requires new physics
• anomalous g-2 of muon

• BNL experiment saw >3 sigma effect, requires new physics
• Electric dipole moments of muon, electron, neutron, nuclei                     

• Not yet observed, requires new physics

Intensity Frontier: Muons

These could all come from the same new physics, 
involving both neutrinos new LHC-accessible particles
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li lj!X

"
#
A $

li ljlX

"
0
A $

Figure 1: Feynman diagrams contributing to li → lj , γ. ν̃X and l̃X with X = 1, · · · , 3 (4, · · · , 6)
represent the mass eigenstates of “left” (“right”) sneutrinos and charged sleptons, respectively. χ̃−

A,
A = 1, 2, denote the charginos, whereas χ̃0

A, A = 1, · · · , 4, denote the neutralinos.

li ljLi Lj

"A $

m
2
Lij

Figure 2: Dominant Feynman diagrams contributing to li → lj, γ in the mass-insertion approxima-
tion. L̃i are the slepton doublets in the basis where the gauge interactions and the charged-lepton
Yukawa couplings are flavour-diagonal. χ̃A denote the charginos and neutralinos, as in Fig. 1.

by the see-saw mechanism, and which does not hold in general in other models of

generation of neutrino masses, gives a characteristic (1 − Pli cos θ) distribution that

could be measured by future experiments [15].

We have taken into account all contributions to BR(li → lj, γ), using the general

expressions given in the literature, in particular from ref. [9], as explained in the Ap-

pendix. These have not been obtained by using the mass-insertion approximation,

but by diagonalizing all the mass matrices involved in the task, i.e. those of (left

and right) sleptons, charginos and neutralinos. The diagrams have the form shown

in Fig. 1. The precise form of BR(li → lj, γ) that we have used in our computations

is a rather cumbersome expression, given in the Appendix. However, for the sake of

the physical discussion it is interesting to think in the mass-insertion approximation

to identify the dominant contributions. As discussed in ref. [10], these correspond to

the mass-insertion diagrams enhanced by tanβ factors. All of them are proportional

to m2
Lij , and have the generic form shown in Fig. 2. So, in all cases

12

A scenario for new physics with muons

• The lepton flavor conserving, CP conserving part of this contributes 
to muon g-2

• The lepton flavor conserving, CP violating part creates an EDM
• The lepton flavor violating part induces mu to e conversion. Note 

that a heavy Majorana neutrino sector will induce this automatically

Some new heavy particles (e.g. sleptons and gauginos in supersymmetry) 
have quantum effects on leptons, e.g. the muon

W. Altmannshofer, A. Buras, S. Gori, P. Paradisi, D. Straub, arXiv:0909.1333
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observable SM prediction exp. current exp. future

Sψφ ! 0.036 [81] 0.81+0.12
−0.32 [1] ! 0.02 [193]

SφKS sin 2β + 0.02± 0.01 [2] 0.44± 0.17 [1] (2− 3)% [194]

Sη′KS sin 2β + 0.01± 0.01 [2] 0.59± 0.07 [1] (1− 2)% [194]

ACP(b → sγ)
(
−0.44+0.14

−0.24

)
% [195] (−0.4± 3.6)% [1] (0.4− 0.5)% [194]

〈A7〉 (3.4+0.4
−0.5)10

−3 [140]

〈A8〉 (−2.6+0.4
−0.3)10

−3 [140]

〈A9〉 (0.1+0.1
−0.1)10

−3 [140]

|de| (e cm) ! 10−38 [196] < 1.6× 10−27 [197] ! 10−31 [196]

|dn| (e cm) ! 10−32 [196] < 2.9× 10−26 [198] ! 10−28 [196]

BR(Bs → µ+µ−) (3.60± 0.37)10−9 < 5.8× 10−8 [146] ! 10−9 [199]

BR(Bd → µ+µ−) (1.08± 0.11)10−10 < 1.8× 10−8 [146]

BR(B → Xsγ) (3.15± 0.23)10−4 [200] (3.52± 0.25)10−4 [1]

BR(B → Xs#+#−) (1.59± 0.11)10−6 [201] (1.59± 0.49)10−6 [202, 203]

BR(B → τν) (1.10± 0.29)10−4 (1.73± 0.35)10−4 [112]

Table 6: SM predictions and current/expected experimental sensitivities for the observables most
relevant for our analysis. The branching ratio of B → Xs!+!− refers to the low dilepton invariant
mass region, q2$+$− ∈ [1, 6]GeV2. For the SM prediction of BR(B → τν), see also (3.54): BR(B →
τν) = (0.80± 0.12)× 10−4.

exploiting the NP sensitivity of additional low energy observables. In particular, since both
(g − 2)µ and BR(#i → #jγ) are governed by dipole transitions, the SUSY contributions to
these observables are well correlated and their combined analysis provides a powerful tool to
get access to the related LFV source.

For a natural choice of the SUSY parameters, tβ = 10 and a degenerate SUSY spectrum
at m̃ = 300GeV, it turns out that ∆aSUSY

µ ! 1.5 × 10−9 and the current observed anomaly
can be easily explained. Assuming a degenerate SUSY spectrum, it is straightforward to find
the correlation between ∆aSUSY

µ and the branching ratios of #i → #jγ

BR(µ → eγ) ≈ 2× 10−12

[
∆aSUSY

µ

3× 10−9

]2 ∣∣∣∣
(δLL$ )21
10−4

∣∣∣∣
2

,

BR(τ → µγ) ≈ 8× 10−8

[
∆aSUSY

µ

3× 10−9

]2 ∣∣∣∣
(δLL$ )32
10−2

∣∣∣∣
2

, (3.76)

where we have assumed that the MIs (δLL$ )ij provide the dominant contributions to BR(#i →
#jγ).

Eq. (3.76) tell us that, as long as the (g − 2)µ anomaly finds an explanation in SUSY
theories, BR(#i → #jγ) are predicted once we specify the LFV sources.

We emphasize that the extraordinary experimental sensitivities of the MEG experiment

31

Observable Exp. bound on (δLL! )ij (δLL! )ij in RVV

BR(µ → eγ) |(δLL! )21| < 3× 10−4 ∼ (0.3− 1)× 10−4

BR(τ → eγ) |(δLL! )31| < 6× 10−2 ∼ (2− 6)× 10−3

BR(τ → µγ) |(δLL! )32| < 4× 10−2 ∼ (0.3− 1)× 10−1

Table 7: Bounds on the effective LFV couplings (δLL! )ij from the current experimental bounds
on the radiative LFV decays of τ and µ leptons (see tab. 5) by setting ∆aSUSY

µ = 3 × 10−9.
The expectations for the (δLL! )ij’s within the RVV2 model [51, 206, 62] are reported in the
last column. The bound on (δLL! )21 scales as [BR(µ → eγ)exp/1.2 × 10−11]1/2. The scaling
properties for the other flavour transitions are obtained analogously.

looking for µ → eγ offer a unique chance to obtain the first evidence for NP in low-energy
flavour processes. Should this be the case, several leptonic observables related to µ → eγ are
also likely to show NP signals, i.e. the (g − 2)µ, the electron EDM de but also other LFV
processes like µ → eee and µ− e conversion in nuclei.

In order to get a more concrete idea of where we stand, in tab. 7, we report the bounds
on the MIs (δLL! )ij arising from the current experimental bounds on BR($i → $jγ) imposing
∆aSUSY

µ = 3 × 10−9, corresponding to the central value of the (g − 2)µ anomaly. Moreover,
in the last column of tab. 7, we also show the expectations for the MIs (δLL! )ij within a
non-abelian SU(3) model that we will analyze in detail in following sections: the RVV2
model [51, 206, 62]. Interestingly enough, the expected experimental reaches of MEG (for
µ → eγ) and of a SuperB factory (for τ → µγ) would most likely probe the RVV model,
provided we assume the explanation of the (g − 2)µ anomaly in terms of SUSY effects.

3.4.2 Leptonic EDMs vs. BR(!i → !jγ)

Within a SUSY framework, CP-violating sources are naturally induced by the soft SUSY
breaking terms through i) flavour blind F -terms [196, 207] and ii) flavour dependent terms
[181]. It seems quite likely that the two categories i) and ii) of CP violation are controlled by
different physical mechanisms, thus, they may be distinguished and discussed independently.

In the case i), the corresponding CP-violating phases generally lead to large electron and
neutron EDMs as they arise already at the one-loop level. For example, when tβ = 10 and
m!̃ = 300GeV it turns out that

de ∼ 6× 10−25(sin θµ + 10−2 sin θA) e cm , (3.77)

while in the case ii) the leptonic EDMs, induced by flavour dependent phases (flavoured
EDMs), read

de ∼ 10−22 × Im((δRR
e )13(δ

LL
! )31) e cm . (3.78)

One of the most peculiar features disentangling the EDMs as induced by flavour blind or
flavour dependent phases regards their ratios. In particular,

de
dµ

=
me

mµ
flavour blind phases,

de
dµ

=
Σk=2,3Im((δRR

e )1k(δLL! )k1)

Im((δRR
e )23(δLL! )32)

flavour dependent phases . (3.79)
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3.3.2 The Anomalous Magnetic Moment of the Muon

The possibility that the anomalous magnetic moment of the muon (we define aµ = (g−2)µ/2),
which has been measured very precisely in the last few years [188], provides a first hint
of physics beyond the SM has been widely discussed in the literature. Despite substantial
progress both on the experimental and on the theoretical sides, the situation is not completely
clear yet (see [189] for an updated discussion).

Most recent analyses based on e+e− data converge towards a 3σ discrepancy 16 in the 10−9

range [189]:
∆aµ = aexpµ − aSMµ ≈ (3± 1)× 10−9 . (3.73)

The possibility that the present discrepancy may arise from errors in the determination of the
hadronic leading-order contribution to ∆aµ seems to be unlikely, as recently stressed in [191].

The main SUSY contribution to aMSSM
µ is usually provided by the loop exchange of

charginos and sneutrinos [192]. The supersymmetric contributions to aµ are correctly re-
produced by the following approximate expression

aMSSM
µ =

α2

4π

m2
µ

m2
!̃

tβ

[
µM2

(M2
2−µ2)

(
1

2
f2n(x2, xµ)−f2c(x2, xµ)

)

+ tan2 θW

(
µM1

m2
!̃

f3n(x1) +
1

2

µM1

(M2
1−µ2)

f2n(x1, xµ)

)]
. (3.74)

In the limit of degenerate SUSY masses one can easily find that

aMSSM
µ

1× 10−9
≈ 1.5

(
tan β

10

)(
300 GeV

m!̃

)2

sgnµ . (3.75)

The most relevant feature of (3.75) is that the sign of aMSSM
µ is fixed by the sign of the µ term

(given M2 > 0) so that the solution µ > 0 is strongly favoured.

3.4 Correlations between ∆F = 0 and ∆F = 1 Processes in the
Leptonic Sector

In the following, we discuss the implications of a potential evidence or improved upper bound
of BR(µ → eγ) at the expected sensitivities of MEG, namely at the level of BR(µ → eγ) !
10−13 [204]. In particular, we will exploit the correlations among BR(µ → eγ), the leptonic
electric dipole moments (EDMs) and the SUSY contributions to (g − 2)µ [205]. Finally, we
discuss the prospects for the observation of LFV signals in τ decays [205]. The corresponding
numerical analysis in a concrete model will be performed in sec. 6.

3.4.1 (g − 2)µ vs. BR(!i → !jγ)

An observation of µ → eγ would provide an unambiguous evidence of NP but, unfortunately,
not a direct test of the LFV source, as BR(µ → eγ) depends also on other SUSY param-
eters like the particle masses and tanβ. While the latter parameters should be ultimately
determined at the LHC/linear collider experiments, it would be desirable to access them by

16 The most recent τ -based estimate of the muon magnetic anomaly is found to be 1.9 standard deviations
lower than the SM prediction [190], coming closer to the e+e− value.
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8

and µ+ → e+
Rγ. In particular, one can define the P-odd

asymmetry A(µ+ → e+γ) as [37]

A(µ+ → e+γ) =
|AL|2 − |AR|2

|AL|2 + |AR|2
. (41)

As we will show, the knowledge of A(µ+ → e+γ) will
represent a powerful tool to shed light on the nature of
the LFV sources, in particular to disentangle whether an
underlying SUSY GUT theory is at work or not.

In fact, a pure (non-GUT) SUSY see-saw predicts
A(µ+ → e+γ) = +1 to a very good accuracy, as the
largely dominant amplitude is Aµe

L ∼ δL
µe (in fact it turns

out that Aµe
R ∼ (me/mµ) × Aµe

L ). Thus, any experimen-
tal evidence departing from this expectation would likely
support the idea of a SUSY see-saw model embedded in
GUT scenarios where, in addition to Aµe

L , a sizable ampli-
tude Aµe

R ∼ δL
µτ δR

τe is also generated. Should this happen,
we would also expect large values for BR(τ → µγ) arising
from δL

µτ .

NUMERICAL ANALYSIS

In this section, we present the numerical results rela-
tive to the observables discussed in the previous sections
both in the low-energy (model independent) approach
and in the SU(5)RN model described in previous section.

Starting with the model independent analysis, in
Fig. 1, we show the predictions for BR(µ → eγ) and
∆aSUSY

µ as obtained by means of a scan over the SUSY
parameters 3 < tanβ < 50, (m"̃, µ, MW̃ = 2MB̃) ≤
1 TeV, assuming a common slepton mass m"̃.

Blue points refer to the case where BR(µ → eγ) is gen-
erated only by δL

µe; the quite strong correlation between
BR(µ → eγ) and ∆aSUSY

µ does not change significantly
if δL

µτδL
τe also contributes to BR(µ → eγ). Green points

refer to the case where BR(µ → eγ) is generated only
by δL

µτ δR
τe; now, the correlation between BR(µ → eγ)

and ∆aSUSY
µ is rather loose with respect to the previous

case. This behavior can be understood remembering that
BR(µ → eγ) is induced now only by the U(1)Y interac-
tions by means of the pure Bino exchange. Still, some
useful information may be extracted from Fig. 1: the ex-
planation of the muon (g−2) anomaly through SUSY ef-
fects implies a lower bound for BR(µ → eγ) which clearly
depends on the size of the LFV source.

In Fig. 2, we show the allowed regions for de and dµ

compatible with the current upper bounds on BR(τ →
eγ) and BR(τ → µγ); the green (blue) region corresponds
to BR(µ → eγ) ≤ 10−11(10−13). The plot has been ob-
tained through a scan over the same input parameters of
Fig. 1 with the addition of 10−5 < (δL,R

eµ , δL,R
eτ , δL,R

µτ ) < 1,
and the LFV sources are treated in a model-independent
way allowing, in particular, for maximum CP-violating
phases. The black line in Fig. 2 corresponds to the naive

FIG. 1: BR(µ → eγ) vs the SUSY contribution to the muon
anomalous magnetic moment ∆aSUSY

µ . The plot has been ob-
tained by means of a scan over the following SUSY parameter
space: 3 < tan β < 50, (m!̃, µ, MW̃ = 2MB̃) ≤ 1 TeV. Blue
points correspond to the case where BR(µ → eγ) is generated
by the only δL

µe MI (we set |δL
µe| = 10−4), while green points

refer to the case where BR(µ → eγ) is generated by the only
δL

µτδR
τe MI (we set (|δL

µτδR
τe| = 10−4)). For different values of

|δL
µe| and |δL

µτ δR
τe|, BR(µ → eγ) scales as (|δL

µe|/10
−4)2 and

(|δL
µτδR

τe|/10
−4)2, respectively.

scaling of the leptonic EDMs, i.e. de/dµ = me/mµ, as
it would happen if the EDMs were generated by flavor
blind phases.

We now pass to the numerical analysis relative to the
SU(5)RN model. In general, since SUSY GUT models
present a rich flavor structure, many flavor-violating phe-
nomena [38] as well as leptonic and hadronic (C)EDMs
are generated [39]. Moreover, since within SUSY GUTs
leptons and quarks sit into same multiplets, the flavor
violation in the squark and slepton sectors may be corre-
lated [38]. However, in this paper, we focus only on the
SU(5)RN predictions for the leptonic sector, although the
hadronic processes are systematically taken into account
to constrain the SUSY parameter space.

In the following, we assume the gravity mediated mech-
anism for the SUSY breaking terms and we take MX =
2.4 × 1018 GeV.

In Fig. 3, we show the predictions for BR(µ → eγ)
vs ∆aSUSY

µ assuming mν3
= 0.05eV, M3 = 1013 GeV

and Ue3 = 0.1 and varying the SUSY parameters in the
ranges m0, M1/2 < 1 TeV, |A0| < 3m0, 3 < tanβ < 50
and µ > 0.

The blue (green) points satisfy the constraints from
BR(B → Xsγ) [15] at the 99% (90%) C.L. limit [45],
while the red ones do not. As shown in Fig. 3, siz-
able SUSY effects to the muon (g − 2), at the level of
∆aSUSY

µ ∼ 10−9, lead to values for BR(µ → eγ) well
within the MEG reach for natural values of the neutrino

In this picture a g-2 anomaly implies heavy lepton partners at the LHC, 
AND very likely signals for MEG and mu2e, AND possibly detectable EDMs

A scenario for new physics with muons

J. Hisano et al, arXiv:0904.2080
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to outperform a µ → eγ experiment for any value of κ , as long as it is a few hundred times more
sensitive. Whether this can be realistically achieved is still under investigation (42).

The discussions above also illustrate another aspect of searches for CLFV violation. In the
case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ → e conversion experiment does not allow one to measure
either # or κ but only a function of the two. To learn more about the new physics, one needs
to combine information involving the rate of a particular CLFV process with other observables.
These include other CLFV observables (e.g., a positive signal in µ → eγ and µ → eee would
allow one to measure both κ and # if Equation 8 describes CLFV), including those involving tau
leptons (e.g., τ → eγ and τ → µµµ), studies of the electromagnetic properties of charged leptons
(e.g., g − 2, EDMs), precision studies of neutrino processes (including oscillations), and searches
for new physics at the energy frontier. Valuable information can be obtained by observing µ → e
conversion in different nuclei (40, 43) or by studying the kinematic distribution of the final-state
electrons in µ → eee (see Reference 40 and references therein). Note that although searches for
CLFV in the tau sector are not as powerful as those in the muon sector, they are expected to
provide powerful information regarding the nature of new physics and its behavior with regard to
the flavor sector. Furthermore, model-independently speaking, we cannot rule out the possibility
that CLFV phenomena are much more likely to occur in the tau sector.

3.4. Different Scenarios and Examples
One can try to relate expectations for CLFV with our current understanding of the anomalous
magnetic moment of the muon (discussed in detail in Section 5). In summary, the world’s most
precise measurement of the g − 2 of the muon disagrees with the world’s best Standard Model
estimate at the 3σ level.

It is fair to speculate whether this is evidence for new physics. New, heavy physics contributions
to the muon g − 2 are captured by the following effective Lagrangian:3

Lg−2 ⊃ mµ

#2 µ̄RσµνµL Fµν . 9.

Current g − 2 data point to # ∼ 8,000 GeV. Equation 9, however, is very similar to Equations 7
and 8 in the limit κ % 1. In this case, we can relate the # in Equation 9 to that in Equations 7 and 8
in the following suggestive way: (#CLFV)−2 = θeµ(#g−2)−2. Here the parameter θ eµ measures how
flavor conserving the new physics is. For example, if θeµ = 0, then the new physics is strictly
flavor conserving, whereas if the new physics is flavor indifferent, then θeµ ∼ 1. In the latter case,
negative searches for µ → eγ already preclude a new physics interpretation to the muon g − 2
results (they constrain # > 750 TeV!). However, if the muon g − 2 discrepancy is really evidence
for new physics, then searches for µ → eγ reveal that the “amount” of flavor violation in the new
physics sector is very small: θeµ < 10−4. A more detailed comparison of these two probes of new
physics can be found elsewhere (44).

A class of very well studied models that usually predict κ % 1 is that of supersymmetric versions
of the Standard Model with R-parity conservation. Superpartner loops involving gauginos and
sleptons lead to

1
#2 ∼ g2e

16π2 M 2
SUSY

θeµ, 10.

3Another term, with the opposite chirality assignments, has been omitted.
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Figure 6
(a) Sensitivity of a µ → e conversion in 48Ti experiment that can probe normalized capture rates of 10−16

and 10−18, and a µ → eγ search that is sensitive to branching ratios of 10−13 and 10−14, to the new physics
scale " as a function of κ (Equation 7). (b) Sensitivity of a µ → eee experiment that is sensitive to branching
ratios 10−14, 10−15, and 10−16, and a µ → eγ search that is sensitive to a branching ratio of 10−13, to the
new physics scale " as a function of κ (Equation 8). Also depicted are the currently excluded regions of both
parameter spaces.

long as it is a couple of orders of magnitude more sensitive. Because it is, experimentally, very hard
to achieve sensitivity to branching ratios for µ → eγ smaller than 10−14 (42), µ → e conversion
searches—which are not expected to hit any “wall” before normalized rates of (at least) approxi-
mately 10−18 (42)—seem to be the most effective way of pursuing CLFV after the ongoing MEG
experiment is done at the Paul Scherrer Institute (PSI) (41).

We can ask what the consequences for CLFV are if the new physics is best captured by the
following effective Lagrangian:

LCLFV = mµ

(κ + 1)"2 µ̄Rσµνe L Fµν

+ κ

(1 + κ)"2 µ̄Lγµe L(ēγ µe). 8.

Similar to the dimension-six operators in the second line of Equation 7, the dimension-six operator
in the second line of Equation 8 mediates µ → eee at tree level and µ → eγ at one-loop
level. Similar to Equation 7, the dimensionless parameter κ determines whether the dipole-like
interaction or the four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to " as a function of κ for µ → eγ and µ → eee efforts is depicted in
Figure 6b. Here, for κ # 1, an experiment sensitive to Br(µ → eee) > 10−15 will probe " values
of up to 1,800 TeV. As in the example depicted in Figure 6a, a µ → eee experiment is guaranteed
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long as it is a couple of orders of magnitude more sensitive. Because it is, experimentally, very hard
to achieve sensitivity to branching ratios for µ → eγ smaller than 10−14 (42), µ → e conversion
searches—which are not expected to hit any “wall” before normalized rates of (at least) approxi-
mately 10−18 (42)—seem to be the most effective way of pursuing CLFV after the ongoing MEG
experiment is done at the Paul Scherrer Institute (PSI) (41).

We can ask what the consequences for CLFV are if the new physics is best captured by the
following effective Lagrangian:

LCLFV = mµ

(κ + 1)"2 µ̄Rσµνe L Fµν

+ κ

(1 + κ)"2 µ̄Lγµe L(ēγ µe). 8.

Similar to the dimension-six operators in the second line of Equation 7, the dimension-six operator
in the second line of Equation 8 mediates µ → eee at tree level and µ → eγ at one-loop
level. Similar to Equation 7, the dimensionless parameter κ determines whether the dipole-like
interaction or the four-fermion interaction is dominant when it comes to CLFV.

The sensitivity to " as a function of κ for µ → eγ and µ → eee efforts is depicted in
Figure 6b. Here, for κ # 1, an experiment sensitive to Br(µ → eee) > 10−15 will probe " values
of up to 1,800 TeV. As in the example depicted in Figure 6a, a µ → eee experiment is guaranteed
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Intensity Frontier: Kaons

a) b)

Figure 1: Leading Feynman diagrams relevant to K → πνν̄ decays (a); CKM unitarity

triangle from K → πνν̄ (b).

where λt = V ∗
tsVtd, with Vij being the elements of the CKM matrix and (β, γ) the angles

of the unitarity triangle (see Fig. 1). With the measurements of the branching ratios at

the ±5% level these estimates change to

σ(sin 2β) = ±0.03, σ(Imλt) = ±3%, σ(|Vtd|) = ±4%, σ(γ) = ±6◦ . (2.3)

Further details can be found in [9].

It is worth stressing that the determination of CKM parameters via K → πνν̄ decays

is mainly an efficient way to compare the measured value of these clean FCNC transitions

with other clean tree-level mediated or loop-induced observables. Since the loop-induced

observables are potentially affected by non-standard contributions, this comparison offers

a powerful tool to constrain or identify new-physics effects. For instance, one of the

most interesting studies which could be performed with experimental data on the two

branching ratios, is a test of the so-called “golden relation” [26]:

(sin 2β)ψKS
= (sin 2β)πνν̄ . (2.4)

Here the right-hand side stands for the value of sin 2β determined from the two K → πνν̄

rates (see Fig. 1), while the left-hand side denotes the corresponding value extracted at

B factories from the time-dependent CP asymmetry in B0
d → ψKS. This relation is

not only a very powerful tool to falsify the SM, but also a useful handle to discriminate

among different new-physics scenarios.

A key feature of the KL → π0νν̄ mode is the fact that it proceeds through a pure loop-

induced direct-CP-violating amplitude [18]. Within the SM, its rate gives the cleanest

determination of Imλt, or the combination of Yukawa couplings which control the amount

of CP violation in the model [27]. We can indeed write [25]

Imλt = 1.39 · 10−4

[

|Vus|

0.224

] [

1.53

X(xt)

]

√

B(KL → π0νν̄)

3 · 10−11
, (2.5)
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where we have written a combined expression for the charged kaon and the KL decays. Here τ and
M refer to the meson lifetime and mass, f+(0) is the K → π vector form factor at zero momentum
transfer, Iν is the phase-space integral, f+(0)Iν is best obtained from K → π$ν decays [modulo
Vus and isospin-breaking effects (57, 59)], and %EM (which is equal to zero for KL) is a precisely
known electromagnetic correction. All electroweak effects (short distance) are in the last term of
Equation 14, where g is the SU(2)L gauge coupling, MW is the W boson mass,5

Y + = V ∗
td V ts X (xt) + V ∗

c d V c s [X (xc ) + |V us |2δPc ,u], 15.

and

Y L = Im(Y +) = Im(V ∗
td V ts )X (xt). 16.

Here Vij are the elements of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix; X is a
loop function of xq = mq /M W , where q = charm, top; and δPc ,u accounts for other effects that
cannot be expressed concisely but is both small and under control [δPc ,u = 0.04 ± 0.02 (60)].
In the near future, lattice computations should improve this result (61). YL vanishes in the limit
of CP conservation (it is easy to see that it violates CP invariance explicitly), and the second
equality in Equation 16 is approximate but numerically very accurate. An identical expression
holds for KS → π0νν̄, where Y S = Re(Y +). X is known at next-to-leading order in quantum
chromodynamics (QCD) for the top quark and at next-to-next-to-leading order in the case of
charm. For details, see Reference 62.

Current state-of-the-art theoretical and experimental results predict, within the Standard
Model, that

BSM(K + → π+νν̄) = (8.51 ± 0.72) × 10−11 17.

and

BSM(KL → π0νν̄) = (2.54 ± 0.48) × 10−11, 18.

where we have combined all sources of uncertainty in quadrature. The dominant contribution
to the above uncertainties is from the current knowledge of the CKM matrix. In the near future
(i.e., the next 5 years), these uncertainties will probably fall by a factor of approximately two (63).
New lattice QCD results are expected to play a key role in reducing the uncertainty with which
elements of the CKM matrix are determined. New results from the currently operational LHCb
experiment will also help to reduce the uncertainties mentioned above.

4.3. Sensitivity to New Heavy Physics
New heavy physics contributes to K → πνν̄ via effective dimension-six operators. For example,

LK→πνν ⊃ 1
'2 (d̄γµs )

∑

α=e,µτ

(ναγ
µνα), 19.

which interferes with the Standard Model contribution.6 Effectively, the new physics effect adds
to the heavy W and Z contributions:

g4

16π2 M 2
W

Y +,L → g4

16π2 M 2
W

Y +,L + c +,L

'2 , 20.

5In practice, g and MW are replaced by α evaluated at the Z boson mass, the Weinberg angle θW , and the Fermi constant GF .
6As in the previous section, this is only a subset of the effective Lagrangian. Other dimension-six contributions include tensor-
tensor and scalar-scalar interactions. These do not interfere with the Standard Model contribution, given the “wrong” helicity
structure, but they can still manifest themselves in precision measurements of K → πνν̄.
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Figure 1: Regions in the mt̃ – mχ̃ plane (lightest stop and chargino masses) allowing en-
hancements of B(K+ → π+νν̄) of more than 11% (yellow/light gray), 8.5% (red/medium
gray) and 6% (blue/dark gray) in the MFV scenario, for tanβ = 2 and MH+ > 1 TeV [the
corresponding enhancements for B(KL → π0νν̄) are 15%, 12.5% and 10%, respectively,
see Eq. (21)].

R(K → f) = B(K → f)/B(K → f)SM , (22)

in the region of maximal enhancements (i.e. 10% to 16% for the neutral mode). In
principle, the relation (21) would allow the best test of the MFV hypothesis. However, the
experimental challenges of the KL → π0νν̄ mode make the correlation between B(K+ →
π+νν̄), mt̃ and mχ̃ outlined in Figure 1 a more useful test for the near future.

In Figure 2, we present a more detailed analysis of the parameter-space region with
enhanced B(K → πνν̄), showing the two-dimensional projections on the most significant
planes. In this case is even more evident the key role of a precision measurement of B(K →
πνν̄) in selecting a well-defined region of the model, or in constraining its structure. As
can be noted, an important role is played by the parameter a4: sizable enhancements of
B(K → πνν̄) can occur only for large enough values of this parameter. The reason of this
effect can be traced back to the enhancement mechanism discussed in Ref. [11]. Indeed,
even within the MFV scenario one generates non-vanishing left-right flavour-mixing terms
in the squark basis of Refs. [10,11]. In particular, the double mass-insertion combination
which controls possible enhancements in B(K → πνν̄) [11, 13] assumes the form6

(

δ̄U
RL

)∗

32

(

δ̄U
RL

)

31
∝ m2

tV
∗
tsVtd |a∗

4 − µ cotβ|2 (23)
6 We denote by (δ̄U

LR)ij the flavour-mixing couplings of Eq. (18) in the squark basis of Refs. [10, 11].

7
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Figure 8: P.d.f. for the branching ratios of the rare decays Br(KL → π0νν̄) vs Br(K+ →

π+νν̄). Dark (light) areas correspond to the 68% (95%) probability region. Very light areas

correspond to the range obtained without using the experimental information.

As in the previous cases, the HI solution corresponds to a much lower upper bound.

Let us now consider B decays:

Br(B → Xsνν̄) = [0, 5.17] (LOW : [0, 1.56] ∪ [1.59, 5.4], HI : [0, 3.22]) × 10−5 ,

Br(B → Xdνν̄) = [0, 2.17] (LOW : [0, 2.26], HI : [0, 1.34]) × 10−6 ,

Br(Bs → µµ̄) = [0, 7.42] (LOW : [0, 7.91], HI : [0, 3.94]) × 10−9 ,

Br(Bd → µµ̄) = [0, 2.20] (LOW : [0, 2.37], HI : [0, 1.15]) × 10−10 . (3.9)

The reader may wonder whether other observables could help improving the constraints on

∆C and testing MFV models. In particular, the Forward-Backward asymmetry in B → Xsl+l−

is known to be a very sensitive probe of Ceff
7 and of C [44]. Indeed, the HI and LOW solutions for

∆Ceff
7 and corresponding possible values of ∆C give rise to different profiles of the normalized

ĀFB, defined as

ĀFB(ŝ) =

∫ 1
−1 d cos θl

d2Γ(b→sµ+µ−)
dŝd cos θl

sgn(cos θl)
∫ 1
−1 d cos θl

d2Γ(b→sµ+µ−)
dŝd cos θl

. (3.10)

15
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eff
7C!

-0.5 0 0.5 1 1.5

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.005

0.01

eff
7C!

-0.5 0 0.5 1 1.5

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.005

0.01

eff
7C!

-0.5 0 0.5 1 1.5

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.005

0.01

C!

-4 -2 0 2

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.2

0.4

0.6

-3
10"

C!

-4 -2 0 2

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.2

0.4

0.6

-3
10"

C!

-4 -2 0 2

P
ro

b
a

b
il

it
y

 d
e

n
s

it
y

0

0.2

0.4

0.6

-3
10"

eff
7C!

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

C
!

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

eff
7C!

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

C
!

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

Figure 7: P.d.f.’s for ∆Ceff
7 (top-left), ∆C (top-right), ∆C vs. ∆Ceff

7 (bottom-left) and

Br(K+ → π+νν̄) vs ∆C (bottom-right) obtained without using Br(K+ → π+νν̄) as a con-

straint. Dark (light) areas correspond to the 68% (95%) probability region.

(see Figures 2, 5 and 6). In Figure 8 we see explicitly the correlation between the charged

and neutral Kaon decay modes. We observe a very strong correlation, a peculiarity of models

with MFV [42]. In particular, a large enhancement of Br(KL → π0νν̄) characteristic of models

with new complex phases is not possible [43]. An observation of Br(KL → π0νν̄) larger than

6 · 10−11 would be a clear signal of new complex phases or new flavour changing contributions

that violate the correlations between B and K decays.

The 95% probability ranges for Br(KL → µ+µ−)SD are

Br(KL → µ+µ−)SD = [0, 1.36] (LOW : [0, 1.44], HI : [0, 0.74]) × 10−9 . (3.8)

14
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Effects of new physics, a conservative example: 
Minimal Flavor Violating Supersymmetry

Correlations provide a strong test 
of the hypothesis of Minimal 
Flavor Violation
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Figure 8
Predictions of different new physics models for the branching ratios for K + → π+νν̄ and KL → π0νν̄. The
dashed green lines indicate the 68%-CL limits obtained by the Brookhaven E787/949 experiments (64). The
light brown dots depict allowed simultaneous values of the charged and neutral branching ratios in the
Minimal Supersymmetric Standard Model (MSSM) with generic flavor structure. The gray shaded area
depicts allowed simultaneous values of the charged and neutral branching ratios in models that allow for the
existence of a fourth generation. The Grossman-Nir bound refers to an isospin analysis that forbids the light
blue region (65). Abbreviations: CMFV, constrained minimal flavor violation; EFT, effective field theory;
LHT, little-Higgs models with T-parity; MFV, minimal flavor violation; SM, Standard Model. Reprinted
from Reference 68, courtesy of Federico Mescia.

where c+,L are calculable coefficients. Modestly precise measurements of the branching ratios for
K → πνν̄ can probe very large # values. The Standard Model contribution is (a) proportional
to 1/M 2

W , (b) one-loop suppressed (factor g4/16π2), and (c) GIM suppressed (keep in mind that
V td V ts ∼ sin5 θc ∼ 10−4, where θ c is the Cabibbo angle, so Y + ∼ 10−3). The combined measure-
ment of K + → π+νν̄ and KL → π0νν̄ is sensitive not only to the scale of new physics but also to
its CP invariance–violating nature.

Figure 8 depicts predictions for K + → π+νν̄ and KL → π0νν̄ in different manifestations of
physics beyond the Standard Model, including different versions of the Minimal Supersymmetric
Standard Model, little-Higgs models with T-parity (66, 67), and different models consistent with
MFV. One can readily appreciate that the entire currently allowed region of the branching ratio
space is peppered with predictions from different models for new physics. Several other concrete
examples can be found in, for example, References 63, 68, and 69. These examples involve the
“usual suspects,” namely supersymmetric versions of the Standard Model, models with warped
extra dimensions, little-Higgs models, and so on. Note that although in some cases the branching
ratios for K + → π+νν̄ and KL → π0νν̄ may be affected in a correlated way, in general one
branching ratio can be affected much more than the other.
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The Really Big Proton Gun

Project X uniquely enables a 
broad discovery program where 
many wonderful things may 
happen

If history is any guide, this will 
include one or more big surprises

Project X discoveries combined with advances from the Energy and 
Cosmic Frontiers will illuminate the unified origins of everything, 
and more.
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! Thus suppose we can measure (with pretty good precision) the 
ratio

Being constant over the whole parameter space, this ratio cannot be used to
constrain it.

µ-e conversion in nuclei also receives contributions from penguin and box
diagrams, and the γ-penguin diagram dominates over a large portion of the
parameter space. In that region, the rate of µ-e conversion in nuclei is given
by

R(µ → e) =
Γ(µ → e)

Γcapt
(6)

"
4α5Z4

effZ|F (q)|2m5
µ

Γcapt

[

|AL
1 − AR

2 |
2 + |AR

1 − AL
2 |

2
]

(7)

where Z denote the proton number, Zeff is the effective charge of the muon in
the 1s state, F (q2) is the nuclear form factor, and Γcapt is the total capture
rate. Without loss of generality, we will limit our following discussion on
µ-e conversion rates to the nucleus 48

22T i. Then [7, 8], Zeff = 17.6, F (q2 "
−m2

µ) " 0.54, and Γcapt = 2.59 × 106s−1.

Owing to the additional dependence of R(µ T i → e T i) on the AL,R
1

amplitudes, the ratio
BR(µ → eγ)

R(µ T i → e T i)
≡ C (8)

is not expected to be constant. Its value might contain useful information
about supersymmetric parameters. In fact, since both BR(µ → eγ) and
R(µ T i → e T i) are proportional to |(m2

L)21|2, C does not depend on it.
Thus, C is determined exclusively by msugra parameters.

We have thus identified µ-e conversion in a nucleus as a process that in
conjunction with µ → eγ could allow us, through C, to constrain the msugra
parameter space. In the following section, we will investigate numerically
such constraints.

3 Results

Now we proceed to evaluate C, as defined in (8), in msugra models with see-
saw mechanism of neutrino mass generation. The method we follow consists
of scanning randomly the relevant set of soft-breaking terms. For each set
we evaluate C and display the results for different sets as scatter plots. In
such plots, correlations, if they exist, must be evident.

4
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Figure 1: Scatter plot of C as a function of m0 for µ > 0 and µ < 0.

in the relative sign between AR
2 and AL

1 when µ changes sign. As expected
from these considerations, C(µ < 0) is always larger than C(µ > 0), and the
gap between them is small because one of the two -|AR

2 |- is much larger than
the other.

Since practically any given C is compatible with all possible values of
m0 and M1/2, C cannot constrain them. C does determine the sign of µ,
however. For instance, C ∼ 180 implies µ < 0 whereas C ∼ 150 implies
µ > 0.

More interesting is the correlation of C with tanβ (see figure 3). The
coefficient AL

1 is independent of tan β whereas AR
2 ∝ tanβ. Hence, at low

tanβ the interference between them in R(µ T i → e T i) is stronger, giving
rise to a larger gap. When tan β increases, AR

2 becomes much larger than AL
1

and the gap gets consequently reduced.
Due to the strong dependence of C on tanβ, not all possible values of

tanβ are compatible with a given C. Thus, tanβ can be constrained. For
example, C ≥ 180 would exclude the region tan β ≥ 20.

Thus, we have demonstrated that C correlates nicely with the sign of µ
and with tanβ. If C is measured it becomes possible to determine from it

6

C. Yaguna, hep-ph/0502014

scan over mSUGRA models

note C is always between ~ 120 and 220
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Figure 3: Scatter plot of C as a function of tanβ for µ > 0 and µ < 0.

4 Conclusion

We have shown that in msugra models the values of BR(µ → eγ) and the
µ-e conversion rate in a nucleus determine the sign of µ and constrain tanβ
practically in a model independent way. In fact, this result holds as long
as the dominant source of lepton flavor violation resides in the left-handed
slepton mass matrix. In particular, it is valid, independently of the value of
the off-diagonal elements, in all models with seesaw induced neutrino masses.
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point (with δ1 = −1.8 and δ2 = 0). For completeness, the values of the relevant parameters

for these nuclei, Zeff , Fp and Γcapture, have been collected in Table 3 and follow [35]. In

this figure we clearly see that throughout most of the explored MSUSY interval, the relative

conversion rates obey the hierarchy CR(µ − e, Sb) > CR(µ − e, Sr) > CR(µ − e, Ti) >

CR(µ − e, Au) > CR(µ − e, Pb) > CR(µ − e, Al), in agreement with the generic results

in [35]. We do not find a significant difference in the large MSUSY region, where the Higgs-

contribution dominates the ratios. The predicted rates for Ti, Au and Pb tend to converge

whereas the corresponding curve for Al nuclei deviates slightly from the others at large

MSUSY, but we do not consider these differences among the predictions for the various nuclei

to be relevant. The most important conclusion from Fig. 9 concerns the fact that we have

found predictions for Gold nuclei which, for the input parameters in this plot, are clearly

above its present experimental bound throughout the explored MSUSY interval. However, it

should be recalled that the formulae here used for these estimates come from approximations

that may not properly work for the case of very heavy nuclei. These heavy nuclei deserve a

more dedicated and refined study.
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Figure 9: µ − e conversion rates for various nuclei as a function of M0 = M1/2 in the NUHM-seesaw. We

display the theoretical predictions for Sb, Sr, Ti, Au, Pb and Al nuclei (diamonds, triangles, dots, asterisks,

times and crosses, respectively). We have taken mNi
= (1010, 1011, 1014) GeV, A0 = 0, tanβ = 50, θ13 = 5◦

and R = 1 (θi = 0). The non-universality parameters are set to δ1 = −1.8 and δ2 = 0. From top to bottom,

the horizontal dashed lines denote the present experimental bounds for CR(µ − e, Ti) and CR(µ − e, Au).
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Process Present Bounds Expected Future Bounds Future Experiments

BR(µ → e γ) 1.2 × 10−11 O(10−13 − 10−14) MEG, PSI

BR(µ → e e e) 1.1 × 10−12 O(10−13 − 10−14) ?

BR(µ → e in Nuclei (Ti)) 1.1 × 10−12 O(10−18) J-PARC

BR(τ → e γ) 1.1 × 10−7 O(10−8) SuperB

BR(τ → e e e) 2.7 × 10−7 O(10−8) SuperB

BR(τ → e µµ) 2. × 10−7 O(10−8) SuperB

BR(τ → µ γ) 6.8 × 10−8 O(10−8) SuperB

BR(τ → µµµ) 2 × 10−7 O(10−8) LHCb

BR(τ → µ e e) 2.4 × 10−7 O(10−8) SuperB

Table 5: Present [81] and upcoming experimental limits on various leptonic processes at 90% C.L.

in the present analysis. The above argument forK → #ν does not apply to B+ → τ+ν. In fact,
even if the hadronic uncertainties related to FB and Vub are much larger that those for FK/Fπ

and Vus, they cannot hide in any way the huge NP effects that can affect BR(B+ → τ+ν).

3.2.7 K → πνν̄ and b → sνν̄

Within the MSSM with R-parity conservation, sizable non-standard contributions to K →
πνν decays can be generated only if the soft-breaking terms have a non-MFV structure.
The leading amplitudes giving rise to large effects are induced by: i) chargino/up-squark
loops [164, 165, 166, 167] and ii) charged Higgs/top quark loops [168]. In the first case, large
effects are generated if the trilinear couplings of the up-squarks have a non-MFV structure.
In the second case, deviations from the SM are induced by non-MFV terms in the right-right
down sector, provided tanβ is large (30 to 50).

In the case of b → sνν̄ transitions like B → Kνν̄, B → K∗νν̄ or B → Xsνν̄, the second
case above is prevented by the constraint on BR(Bs → µ+µ−), while chargino/up-squark
loops with non-MFV trilinear couplings in the up-squark sector can also generate sizable
effects [169, 170].

However, since the SUSY models we consider in sec. 6 feature neither sizeable off-diagonal
entries in the trilinear couplings nor simultaneously large enough (δRR

d )13 and (δRR
d )23 mass

insertions, both K → πνν̄ and b → sνν̄ decays turn out to be SM-like.

3.2.8 #i → #jγ

Within SUSY models, LFV effects relevant to charged leptons originate from any misalign-
ment between fermion and sfermion mass eigenstates. Once non-vanishing LFV entries in the
slepton mass matrices are generated, irrespective of the underlying mechanism accounting for
them, LFV rare decays like #i → #jγ are naturally induced by one-loop diagrams with the
exchange of gauginos and sleptons. The present and projected bounds on these processes are
summarized in tab. 5 15.

15The 2008 data from MEG are already close (BR(µ → e γ) < 3× 10−11 [171]) to the present upper bound
from MEGA so that the 2009 data should be able to provide a new improved bound.

25
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AC RVV2 AKM δLL FBMSSM LHT RS

D0 − D̄0 !!! ! ! ! ! !!! ?

εK ! !!! !!! ! ! !! !!!
Sψφ !!! !!! !!! ! ! !!! !!!

SφKS !!! !! ! !!! !!! ! ?

ACP (B → Xsγ) ! ! ! !!! !!! ! ?

A7,8(B → K∗µ+µ−) ! ! ! !!! !!! !! ?

A9(B → K∗µ+µ−) ! ! ! ! ! ! ?

B → K(∗)νν̄ ! ! ! ! ! ! !
Bs → µ+µ− !!! !!! !!! !!! !!! ! !
K+ → π+νν̄ ! ! ! ! ! !!! !!!
KL → π0νν̄ ! ! ! ! ! !!! !!!
µ → eγ !!! !!! !!! !!! !!! !!! !!!
τ → µγ !!! !!! ! !!! !!! !!! !!!
µ+N → e+N !!! !!! !!! !!! !!! !!! !!!

dn !!! !!! !!! !! !!! ! !!!
de !!! !!! !! ! !!! ! !!!
(g − 2)µ !!! !!! !! !!! !!! ! ?

Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models !!! signals large effects, !! visible but small effects and ! implies that
the given model does not predict sizable effects in that observable.

• vanishingly small effects (one black star).

This table can be considered as the collection of the DNA’s for various models. These DNA’s
will be modified as new experimental data will be availabe and in certain cases we will be
able to declare certain models to be disfavoured or even ruled out.

In constructing the table we did not take into account possible correlations among the
observables listed there. We have seen that in some models, it is not possible to obtain
large effects simultaneously for certain pairs or sets of observables and consequently future
measurements of a few observables considered in tab. 8 will have an impact on the patterns
shown in this DNA table. It will be interesting to monitor the changes in this table when the
future experiments will provide new results.

65



J. Lykken, “Particle Physics and the Intensity Frontier”                                         Project X Briefing, DOE, 17 Nov 201033

observable SM prediction exp. current exp. future

Sψφ ! 0.036 [81] 0.81+0.12
−0.32 [1] ! 0.02 [193]

SφKS sin 2β + 0.02± 0.01 [2] 0.44± 0.17 [1] (2− 3)% [194]

Sη′KS sin 2β + 0.01± 0.01 [2] 0.59± 0.07 [1] (1− 2)% [194]

ACP(b → sγ)
(
−0.44+0.14

−0.24

)
% [195] (−0.4± 3.6)% [1] (0.4− 0.5)% [194]

〈A7〉 (3.4+0.4
−0.5)10

−3 [140]

〈A8〉 (−2.6+0.4
−0.3)10

−3 [140]

〈A9〉 (0.1+0.1
−0.1)10

−3 [140]

|de| (e cm) ! 10−38 [196] < 1.6× 10−27 [197] ! 10−31 [196]

|dn| (e cm) ! 10−32 [196] < 2.9× 10−26 [198] ! 10−28 [196]

BR(Bs → µ+µ−) (3.60± 0.37)10−9 < 5.8× 10−8 [146] ! 10−9 [199]

BR(Bd → µ+µ−) (1.08± 0.11)10−10 < 1.8× 10−8 [146]

BR(B → Xsγ) (3.15± 0.23)10−4 [200] (3.52± 0.25)10−4 [1]

BR(B → Xs#+#−) (1.59± 0.11)10−6 [201] (1.59± 0.49)10−6 [202, 203]

BR(B → τν) (1.10± 0.29)10−4 (1.73± 0.35)10−4 [112]

Table 6: SM predictions and current/expected experimental sensitivities for the observables most
relevant for our analysis. The branching ratio of B → Xs!+!− refers to the low dilepton invariant
mass region, q2$+$− ∈ [1, 6]GeV2. For the SM prediction of BR(B → τν), see also (3.54): BR(B →
τν) = (0.80± 0.12)× 10−4.

exploiting the NP sensitivity of additional low energy observables. In particular, since both
(g − 2)µ and BR(#i → #jγ) are governed by dipole transitions, the SUSY contributions to
these observables are well correlated and their combined analysis provides a powerful tool to
get access to the related LFV source.

For a natural choice of the SUSY parameters, tβ = 10 and a degenerate SUSY spectrum
at m̃ = 300GeV, it turns out that ∆aSUSY

µ ! 1.5 × 10−9 and the current observed anomaly
can be easily explained. Assuming a degenerate SUSY spectrum, it is straightforward to find
the correlation between ∆aSUSY

µ and the branching ratios of #i → #jγ

BR(µ → eγ) ≈ 2× 10−12

[
∆aSUSY

µ

3× 10−9

]2 ∣∣∣∣
(δLL$ )21
10−4

∣∣∣∣
2

,

BR(τ → µγ) ≈ 8× 10−8

[
∆aSUSY

µ

3× 10−9

]2 ∣∣∣∣
(δLL$ )32
10−2

∣∣∣∣
2

, (3.76)

where we have assumed that the MIs (δLL$ )ij provide the dominant contributions to BR(#i →
#jγ).

Eq. (3.76) tell us that, as long as the (g − 2)µ anomaly finds an explanation in SUSY
theories, BR(#i → #jγ) are predicted once we specify the LFV sources.

We emphasize that the extraordinary experimental sensitivities of the MEG experiment
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