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The energy frontier
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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fermion masses

A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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Why still expect NP@LHC



Fermi theory
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Something interesting will happen around E ~ mW! 



LEP



SM without Higgs
Le↵ = LSM(h0, Aµ,W

±
µ , Zµ, Gµ, q, `)✘

~E4+E2+… ~E4+E2+…

~E2+…

✘ ✘

⇤ ⇡ 4⇡v ⇡ 3TeV NP to show up before this scale



SM-like Higgs
What if it couples only approximately like the SM Higgs?
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SM-like Higgs
What if it couples only approximately like the SM?

⇤ ⇡ 4⇡v �! 4⇡vp
1� a2

WLWL -> WLWL   

fully unitarized?

a gSMV V h

WL WL scattering fully unitarized? ⇤ ⇡ 4⇡v ! 4⇡vp
1� a2

Even if we measure a < 1, current limits do not guarantee 
new physics in reach of LHC: a ~ 0.8-0.9,  Λ > 6…8 TeV



Where is the next scale? 
• 13/14 TeV enough to reveal fundamental physics?  

• First time in history without nearby new scale: all 
couplings dimensionless (marginal) or of positive 
mass dimension (relevant)   

• Remaining hopes? 

• Landau pole of hyper-charge U(1)Y  

• Gravity scale (MPlanck) 



SM hyper-charge
Hyper-charge is not asymptotically free, will blow up at (very) 
high energies — Landau Pole 
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Gravity
Strong coupling problem, e.g. graviton-graviton scattering 
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Open questions of the SM
SM is incomplete:

Dark matter?

Unification of forces?

Origin of SM flavor &  
lepton mass hierarchy?

Stability of Higgs 
potential?
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18



Stability of Higgs potential
Tree level:
V (�) = �µ2|�|2 + �|�|4

What happens at               ? Focus on λ,  |�| � v µ2 ⌧ |�|2

Quantum fluctuations change potential 
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Stability & meta-stability
SM vacuum is unstable but sufficiently long-lived 

(depends on mt, mh)
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Figure 1: Left: SM RG evolution of the gauge couplings g1 =
p

5/3g0, g2 = g, g3 = gs, of the
top and bottom Yukawa couplings (yt, yb), and of the Higgs quartic coupling �. All couplings are
defined in the MS scheme. The thickness indicates the ±1� uncertainty. Right: RG evolution of
� varying Mt, Mh and ↵s by ±3�.

the Yukawa sector and can be considered the first complete NNLO evaluation of ��(µ).

We stress that both these two-loop terms are needed to match the sizable two-loop scale

dependence of � around the weak scale, caused by the �32y4t g
2
s + 30y6t terms in its beta

function. As a result of this improved determination of ��(µ), we are able to obtain a

significant reduction of the theoretical error on Mh compared to previous works.

Putting all the NNLO ingredients together, we estimate an overall theory error on Mh of

±1.0GeV (see section 3). Our final results for the condition of absolute stability up to the

Planck scale is

Mh [GeV] > 129.4 + 1.4

✓

Mt [GeV]� 173.1

0.7

◆

� 0.5

✓

↵s(MZ)� 0.1184

0.0007

◆

± 1.0th . (2)

Combining in quadrature the theoretical uncertainty with the experimental errors on Mt and

↵s we get

Mh > 129.4± 1.8 GeV. (3)

From this result we conclude that vacuum stability of the SM up to the Planck scale is

excluded at 2� (98% C.L. one sided) for Mh < 126GeV.

Although the central values of Higgs and top masses do not favor a scenario with a

vanishing Higgs self coupling at the Planck scale (MPl) — a possibility originally proposed

2

Unlikely the full story, 
assumes nothing but 
SM up to the Planck 

scale…

1205.6497



Stability & meta-stability
If metastable: How did we end up in the energetically 
disfavoured vacuum? 

⇤inst. ⇠ 1010 GeV !⇠ 10�8

v
|�|

Ve↵

⇤inst.

meta-stable un-stable

Universe is overwhelmingly 
likely to evolve to wrong 
minimum
Fine-tunning of initial conditions?
⇠ ⇤inst./MPlanck

For tunning needed



Stability of EW scale

V (�) = �µ2|�|2 + �|�|4
Quantum fluctuations destabilize Higgs mass2 term:



Effective field theory
An approximate field theory which works up to a 
certain energy scale (Λ), using only degrees of 
freedom with m << Λ. 

Example: QED (e, γ), for E << mW  

Is the SM an EFT? 
Yes! Breaks down latest at the gravity scale  
(details unknown).  



UV insensitivity 
Naturalness : absence of special conspiracies between 
phenomena occurring at very different length scales. 

Planets do not care  
about QED.

QED at E ~ me does not 
care about the Higgs. 



Hierarchy problem 
• Higgs mass sensitive to thresholds (GUT, gravity)  

• Quantum corrections due to heavy NP exceed 
Higgs mass (EW scale) physical value, need to 
fine-tune parameters

Hierarchy problem
• Higgs mass sensitive to thresholds (GUT, gravity)!

• Enormous quantum corrections  
exceed Higgs mass physical value, need to fine-
tune parameters 
 
 
 
 
 
 
 
 

See e.g. G. Giudice: 1307.7879

O(highest scale)Scalar (Higgs) mass in quantum 
theory

- Renormalization
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Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
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arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.
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new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Comments
• The ‘cancelation of divergencies’ is not the question  

• Rather: parameters in the effective theory are 
strongly sensitive to fundamental ones (e.g. GUT) 

• The hierarchy problem needs a ‘hierarchy of scales’. 

• The SM alone (no gravity, nothing else) is fine          
→ no hierarchy, no problem! 
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• Rather: parameters in the effective theory 
are strongly sensitive to fundamental ones 
 

Naturalness
Not a question of “canceling UV divergences...”

Dependence of effective parameters on
(more) fundamental ones

LSM = �m2
HH†H + · · ·

invariant under all symmetries*H†H

*Except supersymmetry
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Only the SM?Only the SM?

What if there is only the SM ?
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We seem to live near 
a critical condition

G. Degrassi et al.  JHEP 1208 (2012) 098
G. Giudice and A. Strumia
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Why is nature so close to the critical line? 

! 
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2. Criticality as an attractor  
(multiverse but not anthropic arguments) 

The Planck-EW hierarchy itself 
is a problem of criticality
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Fine-tuning not an inconsistency of physics 
since we can always cancel bare vs. quantum.  

However, it might help us understand where 
new physics could set in. 



Electron mass
Example: divergent energy of electric field    + positron 

New physics: the positron

- Extension of spacetime symmetry: 
Lorentz symmetry + quantum mechanics          
⇒ positron, doubling the spectrum! 

- Log divergence (very mild).

- Proportional to me .  
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Electron Mass
Ex1 : divergent energy of electric field!
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! Extend space-time symmetry, !
relativity + QM: predict positron

+positron

→ natural electron mass.
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Pion mass
Example: neutral-charged pion mass difference
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‘New physics’: comes in at m⇢ = 770MeV
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Another example: Pion mass

! ⇤ < 850MeV

Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1
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For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1i = h⇡2i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2  1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets
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◆
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This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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Famous naturalness disaster

We don’t understand the cosmological constant

Famous naturalness disaster

• We don’t understand the cosmological 
constant
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- New physics at the scale of few mm?

Famous naturalness disaster

• We don’t understand the cosmological 
constant
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Environmental selection? (antropics, relaxation)



New physics: the positron

- Extension of spacetime symmetry: 
Lorentz symmetry + quantum mechanics          
⇒ positron, doubling the spectrum! 

- Log divergence (very mild).

- Proportional to me .  
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Electron Mass
Ex1 : divergent energy of electric field!
!

!

!

!

!

!

! Extend space-time symmetry, !
relativity + QM: predict positron

+positron

→ natural electron mass.

Supersymmetry  
(new space-time symmetry) 

Supersymmetry!
(new space-time!
symmetry)

Composite Higgs

Multiverse

anthropic principle?

Composite Higgs The “Relaxation” mechanism

Cosmological evolution
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Supersymmetry



What is supersymmetry?
Space-time symmetry:

1.1 What is supersymmetry?

Supersymmetry (SUSY) is a space-time symmetry mapping particles and fields of

integer spin (bosons) into particles and fields of half integer spin (fermions), and

viceversa. The generators Q act as

Q |Fermioni = |Bosoni and viceversa (1.1)

From its very definition, this operator has two obvious but far-reaching properties

that can be summarized as follows:

• It changes the spin of a particle (meaning that Q transforms as a spin-1/2

particle) and hence its space-time properties. This is why supersymmetry is

not an internal symmetry but a space-time symmetry.

• In a theory where supersymmetry is realized, each one-particle state has at

least a superpartner. Therefore, in a SUSY world, instead of single particle

states, one has to deal with (super)multiplets of particle states.

Supersymmetry generators have specific commutation properties with other gener-

ators. In particular:

• Q commutes with translations and internal quantum numbers (e.g. gauge and

global symmetries), but it does not commute with Lorentz generators

[Q,Pµ] = 0 , [Q,G] = 0 , [Q,Mµ⌫ ] 6= 0 . (1.2)

This implies that particles belonging to the same supermultiplet have di↵erent

spin but same mass and same quantum numbers.

A supersymmetric field theory is a set of fields and a Lagrangian which exhibit such a

symmetry. As ordinary field theories, supersymmetric theories describe particles and

interactions between them: SUSY manifests itself in the specific particle spectrum

a theory enjoys, and in the way particles interact between themselves.

A supersymmetric model which is covariant under general coordinate transfor-

mations is called supergravity (SUGRA) model. In this respect, a non-trivial fact,

which again comes from the algebra, in particular from the (anti)commutation re-

lation

{Q, Q̄} ⇠ Pµ , (1.3)

8

and vice versa

Non-factorizable extension of Poincare symmetry

Particles appear in super-multiplets: • equal mass 
• equal q-numbers 
• different spin

1.1 What is supersymmetry?
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states, one has to deal with (super)multiplets of particle states.
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global symmetries), but it does not commute with Lorentz generators
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interactions between them: SUSY manifests itself in the specific particle spectrum

a theory enjoys, and in the way particles interact between themselves.

A supersymmetric model which is covariant under general coordinate transfor-

mations is called supergravity (SUGRA) model. In this respect, a non-trivial fact,

which again comes from the algebra, in particular from the (anti)commutation re-

lation

{Q, Q̄} ⇠ Pµ , (1.3)
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Invariance under general covariant transformations 

→Local SUSY:

1.1 What is supersymmetry?

Supersymmetry (SUSY) is a space-time symmetry mapping particles and fields of
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viceversa. The generators Q act as
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that can be summarized as follows:

• It changes the spin of a particle (meaning that Q transforms as a spin-1/2

particle) and hence its space-time properties. This is why supersymmetry is

not an internal symmetry but a space-time symmetry.

• In a theory where supersymmetry is realized, each one-particle state has at

least a superpartner. Therefore, in a SUSY world, instead of single particle

states, one has to deal with (super)multiplets of particle states.

Supersymmetry generators have specific commutation properties with other gener-

ators. In particular:

• Q commutes with translations and internal quantum numbers (e.g. gauge and

global symmetries), but it does not commute with Lorentz generators

[Q,Pµ] = 0 , [Q,G] = 0 , [Q,Mµ⌫ ] 6= 0 . (1.2)

This implies that particles belonging to the same supermultiplet have di↵erent

spin but same mass and same quantum numbers.

A supersymmetric field theory is a set of fields and a Lagrangian which exhibit such a

symmetry. As ordinary field theories, supersymmetric theories describe particles and

interactions between them: SUSY manifests itself in the specific particle spectrum

a theory enjoys, and in the way particles interact between themselves.

A supersymmetric model which is covariant under general coordinate transfor-

mations is called supergravity (SUGRA) model. In this respect, a non-trivial fact,

which again comes from the algebra, in particular from the (anti)commutation re-

lation

{Q, Q̄} ⇠ Pµ , (1.3)

8
Number of SUSY generators N 

→particles with spin at least N/4 

For local interacting theories: Nmax=4 (w/o gravity) 
Nmax=8 (with gravity)(in d=4)

Most general symmetry of S-matrix  

In other words, the most general symmetry group enjoyed by the S-matrix is

Poincaré ⇥ Internal Symmetries

The Coleman-Mandula theorem can be evaded by weakening one or more of

its assumptions. One such assumptions is that the symmetry algebra only in-

volves commutators, all generators being bosonic generators. This assumption

does not have any particular physical reason not to be relaxed. Allowing for

fermionic generators, which satisfy anti-commutation relations, it turns out

that the set of allowed symmetries can be enlarged. More specifically, in 1975

Haag, Lopuszanski and Sohnius showed that supersymmetry (which, as we will

see, is a very specific way to add fermionic generators to a symmetry algebra)

is the only possible such option. This makes the Poincaré group becoming Su-

perPoincaré. Therefore, the most general symmetry group the S-matrix can

enjoy turns out to be

SuperPoincaré ⇥ Internal Symmetries

From a purely theoretical view point, one could then well expect that Nature

might have realized all possible kind of allowed symmetries, given that we

already know this is indeed the case (cf. the Standard Model) for all known

symmetries, but supersymmetry.

• The history of our understanding of physical laws is an history of unification.

The first example is probably Newton’s law of universal gravitation, which

says that one and the same equation describes the attraction a planet exert on

another planet and on... an apple! Maxwell equations unify electromagnetism

with special relativity. Quantumelectrodynamics unifies electrodynamics with

quantum mechanics. And so on and so forth, till the formulation of the Stan-

dard Model which describes in an unified way all known non-gravitational

interactions. Supersymmetry (and its local version, supergravity), is the most

natural candidate to complete this long journey. It is a way not just to de-

scribe in a unified way all known interactions, but in fact to describe matter

and radiation all together. This sounds compelling, and from this view point

it sounds natural studying supersymmetry and its consequences.

• Finally, I cannot resist to add one more reason as to why one could expect that

supersymmetry is out there, after all. Supersymmetry is possibly one of the

two more definite predictions of String Theory, the other being the existence

10
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‘Minimal’ SUSY model
A simple supersymmetric field theory

Free theory with massive (Dirac) fermion  of mass m
2 complex scalars �+, �� of mass m

L = @µ�⇤+ @µ�+�m2 |�+|2+@µ�⇤� @µ���m2 |��|2+ ̄(i/@�m) (13)

[the labels +, � are just names, we’ll see the reason for this choice
soon]

[This isn’t the most minimal supersymmetric 4d field theory. “Half of
it” is: a 2-component (Weyl) fermion plus one complex scalar. But
Dirac spinors are more familiar so start with this.]

Yael Shadmi (Technion) ESHEP2014 20 / 106

Free theory: • 1 massive (Dirac) fermion ψ of mass m,  
• 2 complex scalars φ+, φ− of mass m

Decompose 4-spinors in terms of 2-components 

recall: we can write any R-handed spinor in terms of a L-handed one:

 
R

= �"�⇤
L

(18)

where

" ⌘ �i�2 =

✓
0 �1
1 0

◆
(19)

Exercise: prove eq. (18)
so we can write our Dirac spinor in terms of two L-handed spinors
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let’s write the Lagrangian in terms of these:

L = @µ�⇤+ @µ�+ +  †+i �̄µ@µ +

+ @µ�⇤� @µ�� +  †�i �̄µ@µ � (21)

� m2 |��|2 �m2 |�+|2 �m( T

+" � + hc)

exercise: Derive this. Show also that  T

+" � =  T

�" +, where  ±
are any 2-component spinors.

Yael Shadmi (Technion) ESHEP2014 24 / 106



The model supports extended space-time symmetry: 
take a constant (anti-commuting) 2-component (L) spinor ξ 

let’s write the Lagrangian in terms of these:

L = @µ�⇤+ @µ�+ +  †+i �̄µ@µ +

+ @µ�⇤� @µ�� +  †�i �̄µ@µ � (21)

� m2 |��|2 �m2 |�+|2 �m( T

+" � + hc)

exercise: Derive this. Show also that  T

+" � =  T

�" +, where  ±
are any 2-component spinors.

Yael Shadmi (Technion) ESHEP2014 24 / 106

Can the spacetime symmetry be extended?

Yes: there’s more symmetry hiding in our theory:

take a constant (anti-commuting) (L) 2-component spinor ⇠

�⇠�+ =
p

2 ⇠T" +

�⇠ + =
p

2 i�µ"⇠⇤@µ�+ �m⇠�⇤� (22)

and similarly for +! �

the symmetry transformations take a boson into a fermion and vice
versa: THIS IS SUPERSYMMETRY!

Yael Shadmi (Technion) ESHEP2014 25 / 106

and similarly for + → −
transforms fermions into bosons & vice versa

This is supersymmetry!



Vacuum energy
Global symmetries → Noether currents

translations: conserved charge = Hamiltonian H

Q =

Z
d

3
xj

0(x)
d

dt
Q = 0with

The vacuum energy

Global symmetries ! Noether currents
jµ with @µjµ = 0 so that there is a conserved charge:

Q =

Z
d3x j0(x) with

d

dt
Q = 0 (24)

translations: conserved charge = Hamiltonian H

so what we found above means that the anti-commutator of two
supersymmetry transformations gives the Hamiltonian:

{SUSY, SUSY} / H (25)

Yael Shadmi (Technion) ESHEP2014 30 / 106

consider the vacuum expectation value of this:
consider the vacuum expectation value of this:

h0| {SUSY, SUSY} |0i / h0|H |0i (26)

if SUSY unbroken:
SUSY|0i = 0 (27)

therefore
h0|H |0i = 0 (28)

The vacuum energy vanishes!!

In a supersymmetric theory: the ground state energy is zero!

Yael Shadmi (Technion) ESHEP2014 31 / 106
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In a supersymmetric theory: the ground state energy is zero!
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The vacuum energy vanishes! 



Why we don’t worry about 
electron mass

There is no quadratic divergence in fermion mass 
why is there no quadratic divergence in the fermion mass? (1)
if start from some m0 in the Lagrangian

L =  ̄(i/@ �m0) (30)

=  ̄(i/@) �m0( 
†
L

 
R

+  †
R

 
L

)

so if m0 = 0  
L

,  
R

don’t talk to each other:
a mass (=L-R coupling) is never generated
then

�m / m0 (31)

with m0 = 0 we have 2 di↵erent species:  
L

—call it a “blue”
fermion, and  

R

, a red fermion, and they don’t interact at all
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with m0 = 0 we have 2 different species: ψL,R 
U(1)L × U(1)R  chiral symmetry 

breaking needs to be proportional to m0

UV physics can only enter as

we learn:
�m / m0 (32)

How can the cuto↵ ⇤ enter?
dimensional analyis:

�m / m0 log
m0

⇤
(33)

so
�m = 0 · ⇤ + # m0 log

m0

⇤
(34)
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SUSY-Chiral protection of 
scalar mass

No scalar electron → SUSY broken

In (softly) broken SUSY:

what if we take a supersymmetric theory and change the scalar mass:

m0
2
scalar

= m0
2
fermion

+ m̃2 (36)

will there be a quadratic divergence in the scalar mass?

�m2
scalar

= #⇤2 + #m0
2
scalar

log
m0

2
scalar

⇤2
?? (37)

NO: again because of dimensional analysis:
for m̃2 = 0: supersymmetry restored: there shouldn’t be a quadratic
divergence
so ⇤2 term must be proprtional to m̃2

but there’s nothing we can write in perturbation theory that would
have the correct dimension
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UV sensitivity of scalar mass:

✘

for:             SUSY restored:m̃2 = 0

m̃2Λ2 term must be proportional to



‘Minimal’ SUSY model 
revisited

Added complex scalar h (+ SUSY partner) & set m=0
(SUSY) Yukawa interactions:

(if h and h̃ remind you of the Higgs and Higgsino that’s great, but
here they have nothing to do with mass generation, we are just
interested in the interactions)
it’s easy to see that if we just add this Yukawa interaction, the
Lagrangian is not invariant under susy
so we must add more interactions:

L = @µ�⇤+ @µ�+ + @µ�⇤� @µ�� + @µh⇤ @µh

+  †
+i �̄µ@µ + +  †

�i �̄µ@µ � + h̃†i �̄µ@µh̃

+ L
int

(43)

with

L
int

= � y (h T

+" � + �+h̃T" � + ��h̃T" + + hc)

� |y |2[|�+|2 |��|2 + |h|2 |��|2 + |h|2 |�+|2] (44)
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for the latter: let’s convert to Dirac fermions:

y h T

+" � + hc = yh ̄P
L

 + hc (45)

so fermion loop: (“top contribution to Higgs mass”)

�|y |2
Z

d4p

(2⇡)4
TrP

L

i

/p
P

R

i

/p
= 2|y |2

Z
d4p

(2⇡)4

1

p2
(46)

boson loop: (“stop contribution to Higgs mass”)

2⇥ i |y |2
Z

d4p

(2⇡)4

i

p2
= �2|y |2

Z
d4p

(2⇡)4

1

p2
(47)
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there’s a �+ loop, a �� loop and a fermion loop
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there’s a �+ loop, a �� loop and a fermion loop
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before we argued that the cancellation is not spoiled by soft
supersymmetry breaking
let’s see this in this example:
suppose we changed the �± masses-squared to m̃2

±:
still no quadratic divergence

�m2
h

/ |y |2
Z

d4p

(2⇡)4


2

p2
� 1

p2 � m̃2
+

� 1

p2 � m̃2
�

�
(48)

= |y |2 m̃2
1

Z
d4p

(2⇡)4

1

p2(p2 � m̃2
+)

+ (m̃2
+ ! m̃2

�)
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there’s a �+ loop, a �� loop and a fermion loop
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Consider loop contributions to h mass 
(including soft SUSY)

h mass log divergent, proportional to 
requires equal couplings of bosons & fermions (y)!
SUSY only broken by masses

m̃2
±

Small scalar mass implies additional 
light scalar (top) partners!

‘stopL’ ‘stopR’ ‘top’



SUSY SM ~ MSSM
Field content: gauge • SU(3)C: gluon + gluino 

• SU(2)L: W + wino  
• U(1)Y: B + bino  

matter • (doublet) quark q + squark q ̃  
• (singlet) up-quark uc + up squark u ̃c  
• (singlet) down-quark dc + down squark d ̃c  
• (doublet) lepton l + slepton l ̃  
• (singlet) lepton ec + slepton e ̃c 

(L-fermions)

All interactions fixed by gauge - and supersymmetry
No Higgs yet…



SUSY SM with single Higgs doublet has several problems

• EWSB generates negative SUSY breaking terms for 
squarks & sleptons                                                      
→ color & charge breaking minima 

• massless chiral fermion Higgsino                                
→ SM gauge symmetry anomalous 

• combined up- and down-quark / charged lepton 
yukawas break SUSY

All above problems fixed by adding 2 Higgs doublets
HU,D ⇠ (1, 2)±1

In unbroken SUSY

so call the SM Higgs HD and the new Higgs HU

HD ! (HD , H̃D) + FHD all transforming as (1, 2)�1/2 (28)

HU ! (HU , H̃U) + FHU all transforming as (1, 2)1/2 (29)

and in the limit of unbroken supersymmetry

hHUi = hHDi (30)

in the SM: we must add a quartic potential for the Higgs field

�(H†H)2 (31)

here there is some potential: got it for free—from the D terms a
quartic Higgs potential! with quartic coupling = g2, gY !
(but it won’t necessarily give mass to the physical Higgs)
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Quartic in Higgs potential fixed by gauge symmetry (g2,gY)!



MSSM Higgs spectrum
2 complex doublets: 8 d.o.f.s 

in EW vacuum:

3 GBs eaten by W,Z 

2 charged (H±) + 3 neutral (H0,h0,A0) scalars

The MSSM Higgs spectrum

In the SSM: HU and HD :

hHUi =

✓
vU

0

◆
hHDi =

✓
0
vD

◆
(62)

let’s start in the SUSY limit (and no mu term)

D = 0 ! vU = vD (63)

count scalars:
8 real dofs
3 eaten by W±, Z
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remaining physical scalars

q
v2u + v2d ⌘ v ' 246GeV

parameters: 2 VEVs:
trade for:
1.

p
v 2
U + v 2

D : determined by W mass to be 246 GeV
2. tan � ⌘ vU/vD

requiring a minimum of the potential determines:

Bµ =
1

2
(m2

HU
+ m2

HD
+ 2µ2) sin 2� (70)

µ2 =
m2

HD
�m2

HU
tan2 �

tan2 � � 1
� M2

Z

2
(71)

so for given m2
HU

, m2
HD

: Bµ and µ determined
free parameters: tan �, sign(µ)
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scalar spectrum:

H± : M2
W + M2

A (SUSY :M2
W )

H0 :
1

2
(M2

Z + M2
A) +

1

2

q
(M2

Z + M2
A)2 � 4m2

AM2
Z cos2 2�

(SUSY :M2
Z )

A0 : M2
A = Bµ(cot � + tan �) (SUSY : 0) (72)

for the light Higgs (SUSY:=0)

m2
h =

1

2
(M2

Z + M2
A)� 1

2

q
(M2

Z + M2
A)2 � 4m2

AM2
Z cos2 2� (73)
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In MSSM @ tree level (in terms of                      , β & masses)  

For the light Higgs (SUSY: 0)

scalar spectrum:

H± : M2
W + M2

A (SUSY :M2
W )

H0 :
1

2
(M2

Z + M2
A) +

1

2

q
(M2

Z + M2
A)2 � 4m2

AM2
Z cos2 2�

(SUSY :M2
Z )

A0 : M2
A = Bµ(cot � + tan �) (SUSY : 0) (72)

for the light Higgs (SUSY:=0)

m2
h =

1

2
(M2

Z + M2
A)� 1

2

q
(M2

Z + M2
A)2 � 4m2

AM2
Z cos2 2� (73)

Yael Shadmi (Technion) ESHEP June 2014 74 / 91

EWSB

fortunately supersymmetry is broken—we have soft terms
The Higgs potential comes from the following sources:
quadratic terms:
A. the mu term: W = µHUHD

�V = |µ|2|HU |2 + |µ|2|HD |2 (64)

B. the Higgs soft masses:

�V = m̃2
HU

|HU |2 + m̃2
HD

|HD |2 (65)

so need m2
HU

< 0 and/or m2
HU

< 0
C. the Bµ term:

�V = BµHUHD + hc (66)
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Prediction:

PREDICTION:

mh  mZ | cos 2�|  MZ (74)

The measurement of the Higgs mass provides the first
quantitaive test of the Minimal Supersymmetric Standard
Model

[saturated for M2
A � M2

Z : the DECOUPLING LIMIT]
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125 GeV 90 GeV



Higgs mass @ 1-loop
does it fail?
the result (73) is at tree-level
there are large radiative corrections from stop masses
(will see why soon)
in the decoupling limit

m2
h ⇠ m2

Z cos2 2� +
3m2

t

4⇡2v 2


log

M2
S

m2
t

+
X 2

t

M2
S

�
(75)

where

Xt = At � µ cot � the LR stop mixing

MS =
p

mt̃1mt̃2 the average stop mass

can raise Higgs mass to around 130 GeV
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Large 1-loop SUSY corrections possible

Where

does it fail?
the result (73) is at tree-level
there are large radiative corrections from stop masses
(will see why soon)
in the decoupling limit

m2
h ⇠ m2

Z cos2 2� +
3m2

t

4⇡2v 2


log

M2
S

m2
t

+
X 2

t

M2
S

�
(75)

where

Xt = At � µ cot � the LR stop mixing

MS =
p

mt̃1mt̃2 the average stop mass

can raise Higgs mass to around 130 GeV
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(L-R stop mixing)

does it fail?
the result (73) is at tree-level
there are large radiative corrections from stop masses
(will see why soon)
in the decoupling limit

m2
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can raise Higgs mass to around 130 GeV
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass
for m

˜t1 in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken
tan � = 20. The shaded regions highlight the di↵erence between the Suspect and FeynHiggs
results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.

2

Implies heavy SUSY partners: little-hierarchy problem

1112.2703 



Deviations from SM Higgs
MSSM with heavy spectrum ( ≫100 GeV) 

Main effects from the 2nd Higgs doublet: 

Deviations from SM Higgs

Analogy with        scattering in QCD:⇡⇡ h $ �

SO(5)

SO(4)

A(WW ! hh) ⇠ s

v2
(c2V � c2V )

c2V c3
cV

9

Q:  why light and narrow ?

A:  the Higgs is itself a (pseudo) NG boson

ex:

Georgi & Kaplan, ’80
Kaplan, Georgi, Dimopoulos

4 NGBs     transforming as a (2,2) of SO(4)~SU(2)LxSU(2)R

f2
����µ ei�/f

���
2
= |DµH|2 + cH

2f2

⇥
�µ(H

†H)
⇤2

+
c�H
2f4

(H†H)
⇥
�µ(H

†H)
⇤2

+ . . .

2.   Scatterings involving the Higgs also grow with energy

Giudice et al.  JHEP 0706 (2007) 045 

Agashe, RC, Pomarol  NPB 719 (2005) 165
Goldstone boson nature

a ⇠ v4

M4
H

c ⇠ v2

M2
H

Dominant effect! 



Corrections to Higgs couplings to fermions: 

1) MSSM (with no mixing) 

2) MSSM (large LR mixing) 

3) NMSSM (with heavy singlet & light stops)

1) MSSM (no mixing):

2) MSSM (with extra D-terms):

3) NMSSM (with heavy singlet and light stops):

from arXiv:1212.524

5

mA
Tan b

200

250

300

500

2.1
3

5

10

0.8 0.9 1.0 1.1 1.2
0.0
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct

ci =
ghii
gSMhii

8

where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.
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FIG. 6: Coupling deviations in the NMSSM assuming a Higgs mass of 125 GeV in the limit where the singlet is heavy

and it doesn’t mix with the Higgs, but its contributions do not decouple. Global fit as in Fig. 5.

then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.
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a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct

ci =
ghii
gSMhii

8

where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.
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then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct

ci =
ghii
gSMhii

8

where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.
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then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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FIG. 4: Same as FIG.2, but for near maximal mixing and, again, we adjust
p
mt̃1

mt̃2
2 [550, 2000] GeV in order to

obtain the observed Higgs mass. We take xt =
p
6± 0.1 for the blue/red curve in order to show the influence, for large

tan�, of small deviations from maximal mixing; µ = 400GeV.

mixing discussed in the previous paragraph. As mentioned above, this term is maximized by large mixing,
with drastic e↵ects and the stop mass can be as low as 550 GeV in this case. Nevertheless, a fine-tuning at
the percent level persists due to the fact that large At terms also contribute to the Higgs mass-parameter [21].

Unfortunately, for a generic choice of µ and At, the multitude of parameters introduced by mixing weakens
the Higgs mass/coupling connection as shown by Eq. (25) where sizable �5,7 can a↵ect the Higgs couplings
without contributing to the Higgs mass. We show this e↵ect in Fig. 4 where we consider small deviations from
maximal mixing: departures from �7 = �MaxMix

7 = 0 are enhanced at large tan� & 20 and the contribution
to � and to our predictions can be seizable. Nevertheless such large values of tan� are already in tension
with rare B processes, such as Bs ! µ+µ� [26], and with direct searches for H/A ! ⌧̄ ⌧ [59], so that we do
not expect our results to change significantly in the intermediate tan� region, where our bounds are more
competitive, see Fig. 3.

IV. EXTRA D-TERMS

As discussed above, a 125 GeV Higgs in the MSSM is generally associated with fine-tuning. This suggests
that the principle of SUSY, if realized at low energy in a natural way, extends beyond the MSSM, with
new tree-level e↵ects contributing to the Higgs quartic. The first possibility is to envisage additional gauge
symmetries that contribute to the Higgs quartic, similarly to the MSSM gauge group [19, 23, 27]. In this
section we study the example of an additional abelian gauge group under which H1 and H2 have opposite
charges (as compatible with the µ-term). Then, the extra contribution to the Higgs sector quartic3

�V = 
�|H0

1 |2 � |H0
2 |2�2 (26)

3 The form of the potential in Eq. (26) holds also for the non-abelian extension considered in Refs [23, 27].
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width

28
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Natural SUSY @ LHC
Colored partner production dominates
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell
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 Two-body decay modes:

 Current experimental status in a nutshell
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 Two-body decay modes:

 Current experimental status in a nutshell
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production  [GeV]TM
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 Two-body decay modes:

 Current experimental status in a nutshell
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Strong EWSB  
(Composite Higgs) 

QCD

π

ρ,p,…

Higgs as pNGB

h

ρ,t’,…



Why is the Higgs light? 
Inspired by QCD: (pseudo) scalar pion is the lightest state 

Shift symmetry protects its mass. ⇡ ! ⇡ + ↵

Interactions are perturbative for E ⌧ 4⇡f

No pure composite effects 
due to Goldstone symmetry 

Shift symmetry broken 
by elementary-

composite couplings:

Why is the Higgs light?

m2
h

⇠ �2

16⇥2
�2

comp

�⌧ 4⇡

25

The puzzle of Higgs lightness (aka the Hierarchy Problem)

If the Higgs boson is elementary, why it is so 
much lighter than the cutoff scale ?

Q:

A #3:   Higgs as a composite NG boson  (combines #1 and #2)

Loops of pure composites 
vanish due to NG symmetry

= 0

NG symmetry broken by 
elementary-composite couplings: 

No pure composite effects due to 
Goldstone symmetry!

Shift symmetry broken by !
elementary-composite couplings:!

Kaplan;  Agashe et. al
Inspired by QCD: (pseudo) scalar pion is the lightest state!
!
Shift symmetry…                            !
!

                  … protects its mass.!
!
Interactions are perturbative for 

⇡ ! ⇡ + c

E ⌧ 4⇡f

➤

➤



Nature already employs a strongly coupled  
mechanism to explain why 

⇤QCD ⌧ MPlanck

⇠ 1GeV ⇠ 1019 GeV

Supersymmetry is a weakly coupled solution to the 
hierarchy problem.We can extrapolate physics to 
the Planck scale, complete the MSSM in a GUT. 

There is another way and it’s already in use. 



QCD
Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

QCD

Asymptotic!
freedom

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

Fix QCD coupling at some high scale!
→ exponential hierarchy generated dynamically 

gs

gs(µ)

µ⇤QCD

g0 Asymptotic freedom
⇤UV



QCD:  
composite bound states 

GeV

100 MeV
gap!

quarks, gluons

composite resonances
⇤QCD

⇡±, . . .

⇢, a1, . . .

At strong coupling, new resonances are generated 



QCD & EWSB
QCD dynamically breaks SM gauge symmetry

QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

Longitudinal components of  W & Z have tiny !
admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V
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The QCD masses of W/Z are small
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The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

Longitudinal components of  W & Z have tiny !
admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V

Longitudinal components of W & Z have tiny  
admixture of pions... 



Technicolor
Scaled up version of QCD mechanism 

hq̄0Lq0Ri ' ⇤3
TC ⇠ (TeV)3

Technicolor, doesn’t have a Higgs ... 

Technicolor

*125 GeV dilaton as the last bastion 

*



Composite Higgs 

• Want to copy  QCD, but extend pion sector  

• Higgs as a (pseudo) Goldstone boson



Quantum Protection 
Symmetries can soften quantum behaviour 

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

breaks SUSY → corrections must be 
proportional to SUSY breaking 



•                   does not forbid the mass2 term  

•                      works! 

Shift symmetry 
Symmetries can soften quantum behaviour 

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry

Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵

Can we make the Higgs transform this way?

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry

Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵

Can we make the Higgs transform this way?
Can we make the Higgs transform this way ?



Spontaneous breaking of U(1) 
Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)
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Instead using complex field
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‘phase’ ‘modulos’
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Semi-realistic model

v = 246GeV

m⇢ = g⇢f resonances

EW scale

⇤ = 4⇡f UV completion

EW scale

resonances

UV completion
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Top yukawa: 1st try
2X

i

yt�
c
i Q̄itR works, gives mass to the top 

... but breaks SU(3) structure explicitly, 
does not respect Goldstone symmetry 

protecting the Higgs mass: 

⇠ �2
t

16⇡2
⇤2

Q

tR

We have accomplished nothing!
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Light Higgs implies light fermionic top partners
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL
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|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL
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|2 � 2|FR
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|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Figure 7. Left: Probability distribution for the coupling a. Center: Indirect determinations of
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3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Le� = LSM +
⇤

i

Ci

⇥2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H†⌅aH)W a
µ�B
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aH)(Q⇥µ⌅aQ) , OHL = i(H†DµH)(L⇥µL) ,

OHQ = i(H†DµH)(Q⇥µQ) , OHE = i(H†DµH)(E⇥µE) ,

OHU = i(H†DµH)(U⇥µU) , OHD = i(H†DµH)(D⇥µD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.

The Higgs field gets a vev ⇥H⇤ = (0, v/
⌅
2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
HL = C �

HLi
, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :
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where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –

W,Z

cV

� = 4�v/
q

|1� c2V |
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3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to
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Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2 The loop-induced potential for the PNGBs is a function of
sin v/f and, without any fine-tuned cancellation, would nat-
urally induce v ⇡ f or v = 0.
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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Limits in the 700-800 GeV range

Production modes
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dominates at small mX

depend on yukawa structure 
if present, dominate for large mX



T-partner

Phenomenology

Three possible production mechanisms
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B-partner

Phenomenology

Three possible production mechanisms

QCD pair prod.
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Phenomenology

Three possible production mechanisms
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Relaxing the EW scale

The “Relaxation” mechanism

Cosmological evolution
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Self-organized criticality
What if the current fine-tuned value of EW 
scale is a result of a dynamical process 

taking place early universe evolution 

are we living here?

v = 0

v = ⇤



Basic idea
in fundamental theory (bare) mH ~ Λ  

dynamical mechanism ‘scans’ (in time) 
different values of physical mH 

change of sign in mH triggers break in scan

Note: fundamentally different from antropics - observed value 
of mH is selected dynamically, (mostly) not random process



Higgs Scanner
Scalar field with approximate shift symmetry 

breaking controlled by tiny coupling (g) 
• couples to Higgs 

• slowly (classically) rolls:

L ⇠ (⇤2 � g�)|H|2

�g�⇤2

� ! �+ ↵

(m2
H)e↵ = ⇤2 � gh�i

h�i(t) = h�i(0)� g⇤2t/3HI

Hubble friction during Inflation



Axion Brake
Axions - NGBs of anomalous approximate 

chiral symmetries

their shift symmetry broken by non-
perturbative (QCD) dynamics

can be related to 
phase of fermion 

(quark) mass matrix

(introduced to solve the strong CP problem of QCD)
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which is sourced 
by the Higgs vev



Cosmological evolutionThe Relaxion
 •  Graham, Kaplan, 
Rajendran, 2015


•  Cosmological evolution


Relaxion starts at the 
top of potential.  Starts 
rolling down.



Scans Higgs mass-
squared while it rolls, 
slowly cancelling 
against large mass-
squared.


Relaxion starts at the top of 
potential. Starts rolling down.  

Scans mH2 while it rolls, slowly 
cancelling against large Λ2. 

h�i

V (h�i)



Cosmological evolutionThe Relaxion
 •  Graham, Kaplan, 
Rajendran, 2015


•  Cosmological evolution


Relaxion starts at the 
top of potential.  Starts 
rolling down.



Scans Higgs mass-
squared while it rolls, 
slowly cancelling 
against large mass-
squared.


The Relaxion
 •  Graham, Kaplan, 
Rajendran, 2015


•  Cosmological evolution

At some point relaxion 
crosses critical value 
at which Higgs mass-
squared becomes zero.



After this mass-
squared becomes 
negative:

•  Higgs gets a vev

•  Quarks get mass

•  Axion potential 

turns on


At some point relaxion crosses 
critical value at which mH2=0. 
  
After this mH2 becomes negative:  

• Higgs gets a vev (<H>) 
• Quarks get mass  
• Axion potential turns on 



Cosmological evolutionThe Relaxion
 •  Graham, Kaplan, 
Rajendran, 2015


•  Cosmological evolution


Relaxion starts at the 
top of potential.  Starts 
rolling down.



Scans Higgs mass-
squared while it rolls, 
slowly cancelling 
against large mass-
squared.


The Relaxion
 •  Graham, Kaplan, 
Rajendran, 2015


•  Cosmological evolution

Soon after axion 
potential turns on 
(while Higgs vev is still 
very small), relaxion 
becomes trapped and 
stops rolling.



Thus Higgs vev 
becomes stuck at this 
stage too.


Soon after axion potential turns 
on (while <H> is still very small), 
relaxion becomes trapped and 
stops rolling.  

Thus <H> becomes stuck at this 
stage too. 



Large Λ/v hierarchy generated dynamically 
in early Universe.

Requires distinct inflationary period:

• Long-lasting 
• Tightly constrained Hubble scale

Ne &
H2

I

g2⇤2

⇤2

MPlanck
< HI < ⇤G, g1/3⇤

<relaxion> < <inflaton>

axion barriers  
high enough

classical roll dominates 
over quantum fluctuations

Absolute bound on ⇤ < 108 GeV



CP problem redux
At min of potential, where relaxion comes to rest: 
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If G=QCD we have strong CP angle h�i 6= 0

Measurements of neutron EDM: h�i < 10�10

Solution: G new confining dynamics, 
q’ - new fermions

hidden QCD coupled to Higgs @ LHC
ΛG, mq’ need to be close to v



FIG. 7: A qualitative overview of the phenomenology, for f = 3v, in the various regions of param-

eter space; see Fig. 5. Details are explained in subsequent sections. Solid lines indicate kinematic

boundaries. Common final states are indicated in italics. At low glueball mass, decays of the G0+

are displaced; see Fig. 6. Here it is assumed that there are light twin leptons, so one �̂ state is

visible, and even displaced, only in small regions; otherwise �̂ decays visibly throughout regions C

and D, and is displaced at low mass.

A. New Higgs Decays With Displaced Vertices

The branching fraction Br(h ! twin hadrons) > 10�4 everywhere that it is not kinemat-

ically forbidden. Because the number of Higgs bosons produced at LHC in Run II will be

of order 107, and because displaced vertices are spectacular signals when identified, these

36

hidden QCD coupled to Higgs @ LHC
ΛG, mq’ need to be close to v

(twin)
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The NP flavour puzzle
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SM as EFT
valid below cut-off scale Λ 

for natural theory:  

NP flavour puzzle:                                                        
If there is NP at the TeV scale, why haven’t we seen 
its effects in flavour observables?

2. It does not include neutrino masses. This further limits its validity down to below the maxi-
mal scale at which new degrees of freedom can accommodate at least two massive neutrinos
msee�saw � 1015 GeV.

3. The fine-tuning of the EW symmetry breaking scale compared to the large scales in the above
points 1. and 2. suggests NP already at scales of the order 4⇥v ⇤ 1 TeV .3

Given the SM is merely an effective field theory valid below a cut-off energy scale ⇥, one needs to
consider additional terms in the theory Lagrangian consisting of SM field operators with canonical
dimensions d > 4:

L = LSM +
⇤

d>4

⇤

n

c(d)n

⇥d�4
O(d)

n . (58)

In a natural theory one expects c(d)n ⇤ O(1) unless the relevant operators are forbidden or suppressed by
symmetries. For ⇥ ⇤ TeV and without imposing additional symmetries beyond the gauged SM ones, the
above condition is severely violated for several O(6)

n , which contribute to flavour changing processes.
This constitutes the so-called NP flavour puzzle , which can be articulated through the following ques-
tion: If there is NP at the TeV scale, why haven’t we seen its effects in flavour observables? Naively,
one could argue, that the same it true for NP violating baryon and lepton numbers. However, B and L
are (classically) exact accidental symmetries of the SM, while in the SM the flavour symmetry is already
broken explicitly.

5.3 Bounds on new physics from �F = 2 processes
The NP flavour puzzle can be demonstrated perhaps most dramatically in the case �F = 2 FCNCs.
In the SM the dispersive contributions to �F = 2 processes of down-quarks are typically dominated
by box diagrams with the top quarks appearing in the loop. These contributions can be schematically
written as

MSM
12 =

G2
Fm

2
t

16⇥2
(V ⇥

tiVtj)
2 ⌃M̄ |(d̄iL�µd

j
L)

2|M⌥F
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m2
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m2
W

⇥
+ . . . , (59)

where M = K0, B0, Bs, di,j denote meson valence quarks, F (x) ⇤ O(1) is the relevant loop function
normalized to F (⇧) = 1 , while the dots denote corrections due to charm quark contributions, which
are numerically relevant only in the case of K � K̄ mixing. Note that the prefactor can be rewritten
completely in terms of the fundamental flavour parameters (Yukawas) in the unbroken theory

G2
Fm

2
t

16⇥2
(V ⇥

tiVtj)
2 =

(YuY ⇥
u )ij

128⇥2m2
t

, (60)

which can be interpreted as due to Goldstone Higgs exchanges in the gaugeless (g ⌅ 0) limit of the
SM.

The relevant hadronic matrix elements between the external M and M̄ mesons can be written as

⌃M̄ |(d̄iL�µd
j
L)(d̄

i
L�

µdjL)|M⌥ = 2

3
f2
Mm2

M B̂M , (61)

where the relevant meson decay constant fM is defined via ⌃0|di�µ�5dj |M(p)⌥ ⇥ ipµfM , while B̂M ⇤
O(1) is called the bag parameter. These two hadronic quantities can be computed numerically using
lattice QCD methods.The tremendous progress in these calculations over the past 30 years is reflected
in the precise values of [15]

fB = 0.186(4) GeV , B̂B = 1.27(10) ,

3Incidentally, the TeV mass scale can also be associated with the explanation of the cosmological dark matter, if the later is
in the form of a thermal particle relic.
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Flavour probes of BSM
• indirect probe of BSM physics beyond direct reach
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 Flavour in SM

C and P are violated maximally: left-handed and right-handed fermion fields furnish different gauge
representations, while C and P both change the chirality of fermion fields. This maximal C and P
violation within the SM is also independent of the values of the SM parameters. On the other hand, the
CP violation within the SM does depend on the (Yukawa) parameters. The hermiticity of the Lagrangian
namely implies

Yij⌅̄
i
L⇤⌅

j
R + Y �

ij⌅̄
j
R⇤

†⌅i
L

CP⇥ Yij⌅̄
j
R⇤

†⌅i
L + Y �

ij⌅̄
i
L⇤⌅

j
R . (9)

Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as

J � Im[det(YdY
†
d , YuY

†
u )] = 0 . (10)

2.4 Mass basis
Upon replacing Re(⇤0) ⇥ (v + h)/

⌅
2, Yukawa interactions give rise to fermion mass matrices

Mq =
v⌅
2
Yq . (11)

The mass bassis corresponds, by definition, to diagonal mass matrices. The unitary transformations
between any two bases which leave the gauge-kinetic terms invariant are

QL ⇥ VQQL , UR ⇥ VUUR , DR ⇥ VDDR . (12)

The Yukawa matrices on the other hand transform as

Yu ⇥ VQYuV
†
U , Yd ⇥ VQYdV

†
D . (13)

The diagonalization of MQ requires bi-unitary transformations

V u
QMuV

†
U = Mdiag

u =
v⌅
2
⇥u ; ⇥u = diag(yu, yc, yt) ,

V d
QMdV

†
D = Mdiag

d =
v⌅
2
⇥d ; ⇥d = diag(yd, ys, yb) . (14)

While VU,D are unphysical (they leave the gauge-kinetic terms invariant), V u,d
Q produce a physical effect.

In particular, since [Mu,Md] ⇤= 0, a nontrivial mixing matrix V u
QV d†

Q � VCKM ⇤= 1 (due to Cabibbo,
Kobayashi and Maskawa [5]) modifies the charged weak gauge interactions. The resulting SM flavour
Lagrangian in the mass basis is thus

LF
m =

�
q̄i /Dqj�ij

⇥
NC

+
g⌅
2
ūiL /W

+
V ij
CKMdjL + ūiL⇥
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2

⌅
+ h.c. ,

(15)

where (uiL, d
i
L) � QT

L and NC refers to neutral currents (interactions with gluons, the photon and the Z
boson).

3 Testing the CKM description of flavour
Let us recap the main features of quark flavour conversion in the SM: (i) it only proceeds via the three
CKM angles; (ii) is mediated by charged current electroweak interactions; and (iii) these charged current
interactions involve exclusively left-handed fermion fields.
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Cabibbo, Kobayashi & Maskawa
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The Yukawa Lagrangian of the SM

�LSM
Yukawa = Y ij

d Q̄i
L⇥D

j
R + Y ij

u Q̄i
L⇥̃U

j
R + Y ij

e L̄i⇥Ej
R + h.c. , (7)

where ⇥̃ = i�2⇥, is in general flavour dependent (if Yf /⇧ I) and CP violating. The pattern of explicit
GSM
flavour breaking by Yf ⌃= 0 is as follows:

– U(1)E is broken by Ye ⌃= 0 ,
– U(1)PQ is broken by Yu · Yd ⌃= 0 and Yu · Ye ⌃= 0 ,
– SU(3)Q ⇥ SU(3)U ⌅ U(1)u ⇥ U(1)c ⇥ U(1)t is due to Yu /⇧ I ,
– SU(3)Q ⇥ SU(3)D ⌅ U(1)d ⇥ U(1)s ⇥ U(1)b is due to Yd /⇧ I ,
– the remaining U(1) factors in the quark sector are broken by the fact that [Yu, Yd] ⌃= 0 down to
U(1)B ,

– finally, SU(3)L⇥SU(3)E ⌅ U(1)e⇥U(1)µ⇥U(1)� due to Ye /⇧ I . The remaining factor group
also contains the global U(1)L .

Thus, the global symmetry of the SM in presence of the Yukawas is GSM
global(Yf ⌃= 0) = U(1)B⇥U(1)e⇥

U(1)µ⇥U(1)� . In this language, flavour physics refers to interactions which break the SU(3)3q⇥SU(3)2⇥
and are thus flavour violating.

Commonly, a spurion analysis is useful for parameter counting, identification of suppression fac-
tors, and for the idea of minimal flavour violation (MFV) [2]. In this approach we promote the SM
Yukawas to non-dynamical fields with well-defined transformation properties under GSM

flavour

Yu ⇤ (3, 3̄, 1)SU(3)3q
, Yd ⇤ (3, 1, 3̄)SU(3)3q

, Ye ⇤ (3, 3̄)SU(3)2�
. (8)

In the following we will focus on the quark sector.

2.2 Counting the standard model quark flavour parameters
The flavour symmetry breaking pattern described above is useful in counting the number of physical
flavour parameters in the theory. In particular:

1. Consider a theory with a global symmetry group Gf with Ntotal generators.
2. Add interactions with Ngeneral parameters, breaking Gf ⌅ Hf with Ntotal �Nbroken generators.
3. Then the Nbroken generators can be used to rotate away Nbroken number of symmetry breaking

parameters.
4. The number of remaining physical parameters is thus Nphysical = Ngeneral �Nbroken .

We can apply this recipe to the SM breaking of U(3)Q⇥U(3)U⇥U(3)D ⌅ U(1)B . In this case the three
U(3) group rotations are described by unitary 3⇥ 3 matrices containing three real angles and six phases
each. Thus schematically Ntotal = 3⇥(3+6i) . Consequently Nbroken = Ntotal�1i = 9+17i . The two
quark Yukawas are general 3⇥3 matrices containing nine complex parameters (Ngeneral = 2⇥(9+9i)).
Finally, the number of physical parameters is Nphysical = Ngeneral �Nbroken = 9+ 1i, representing six
quark masses, three mixing angles and a single CP violating phase.

2.3 Discrete symmetries of the standard model
Any local Lorentz invariant quantum field theory conserves CPT [3]. It follows that in these theories
(including the SM) T violation equals CP violation. There is no reason, a priori, for C, P and CP to
be related to flavour physics. However, in the SM (and apparently in Nature) this is so. In the SM
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tors, and for the idea of minimal flavour violation (MFV) [2]. In this approach we promote the SM
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In the following we will focus on the quark sector.

2.2 Counting the standard model quark flavour parameters
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L and NC refers to neutral currents (interactions with gluons, the photon and the Z
boson).

3 Testing the CKM description of flavour
Let us recap the main features of quark flavour conversion in the SM: (i) it only proceeds via the three
CKM angles; (ii) is mediated by charged current electroweak interactions; and (iii) these charged current
interactions involve exclusively left-handed fermion fields.

5

C and P are violated maximally: left-handed and right-handed fermion fields furnish different gauge
representations, while C and P both change the chirality of fermion fields. This maximal C and P
violation within the SM is also independent of the values of the SM parameters. On the other hand, the
CP violation within the SM does depend on the (Yukawa) parameters. The hermiticity of the Lagrangian
namely implies

Yij⌅̄
i
L⇤⌅

j
R + Y �

ij⌅̄
j
R⇤

†⌅i
L

CP⇥ Yij⌅̄
j
R⇤

†⌅i
L + Y �

ij⌅̄
i
L⇤⌅

j
R . (9)

Thus, the Yukawa Lagrangian will be CP symmetric if Yij = Y �
ij . More precisely, the requirement for

CP conservation can be written in terms of the Jarlskog invariant (J) [4] as

J � Im[det(YdY
†
d , YuY

†
u )] = 0 . (10)

2.4 Mass basis
Upon replacing Re(⇤0) ⇥ (v + h)/

⌅
2, Yukawa interactions give rise to fermion mass matrices

Mq =
v⌅
2
Yq . (11)

The mass bassis corresponds, by definition, to diagonal mass matrices. The unitary transformations
between any two bases which leave the gauge-kinetic terms invariant are

QL ⇥ VQQL , UR ⇥ VUUR , DR ⇥ VDDR . (12)

The Yukawa matrices on the other hand transform as

Yu ⇥ VQYuV
†
U , Yd ⇥ VQYdV

†
D . (13)

The diagonalization of MQ requires bi-unitary transformations

V u
QMuV

†
U = Mdiag

u =
v⌅
2
⇥u ; ⇥u = diag(yu, yc, yt) ,

V d
QMdV

†
D = Mdiag

d =
v⌅
2
⇥d ; ⇥d = diag(yd, ys, yb) . (14)

While VU,D are unphysical (they leave the gauge-kinetic terms invariant), V u,d
Q produce a physical effect.

In particular, since [Mu,Md] ⇤= 0, a nontrivial mixing matrix V u
QV d†

Q � VCKM ⇤= 1 (due to Cabibbo,
Kobayashi and Maskawa [5]) modifies the charged weak gauge interactions. The resulting SM flavour
Lagrangian in the mass basis is thus

LF
m =

�
q̄i /Dqj�ij

⇥
NC

+
g⌅
2
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Neutral meson mixing
Focus on the neutral B meson system: flavour states 

Time evolution

3.3 Self consistency of the CKM assumption
The CKM description of quark flavour conversion has been tested experimentally to great precision. In
particular

– |Vus| (⌃) can be extracted from the semileptonic kaon decay K ⇤ �↵⌥ with a precision of three
per-mille: ⌃ = 0.2253(9) [6] .

– |Vcb| (A) can be determined from semileptonic B meson decay width measurements B ⇤ Xc↵⌥
to a precision of two percent: A = 0.822(12) [6, 8] .

– Then, |Vub| ⇧
⇧
 ̄2 + ⇧̄2 can be extracted using charmless semileptonic decays of B mesons

B ⇤ Xu↵⌥ .
– The time-dependent CP asymmetry in the decay B ⇤ ⌦KS (S⇥KS ⌅ sin 2⇥ = 2⇧̄(1�  ̄)/[(1�
 ̄)2 + ⇧̄2]) has been measured to great precision at the B factory experiments Belle and BaBar.

– The rates B ⇤ DK decays depend on the phase exp(i⇤) = ( + i⇧)/( 2 + ⇧2) .
– Similarly, the rates of B ⇤ ��,  �,   depend on the angle � = � � ⇥ � ⇤ .
– The ratio of neutral B and Bs meson mass diferences �md/�ms ⇧ |Vtd/Vts|2 = ⌃2

�
(1�  ̄)2 + ⇧̄2

⇥

exhibits another non-trivial constraint in the ( ̄, ⇧̄) plane.
– Finally, CP violation in K ⇤ �� decays (⌅K) depends in a complicate way on ( ̄, ⇧̄).

Combined, these measurements lead to an impressive agreement with the best fit ranges for  and ⇧ (see
also Fig. 1 and Ref. [9]) [8]

 = 0.130± 0.024 , ⇧ = 0.362± 0.014 . (23)

Note that |⇧| � | | implies that the CKM phase defined in this way is O(1) . We can also conclude
that, very likely, CP violation in flavour changing processes is dominated by the CKM phase and that the
Kobayashi-Maskawa mechanism of CP violation is at work. Again one can define a reparametrisation
invariant measure of CP violation

Im[VijV
⇥
kjVklV

⇥
il ] = JKM

⇤
⌅ikm⌅jln , (24)

where JKM = ⌃6A2⇧ = O(10�5) . Written in this form it is clear the CP violation in the SM is
suppressed by small mixing among the quark generations. The Jarlskog determinant in the SM can then
be written compactly as

J = JKM

⌅

i>j

m2
i �m2

j

v2
= O(10�22) . (25)

We see that compared to JKM , J is further suppressed by the large quark mass hierarchies.

4 Closer look at CP violation in neutral meson mixing and decays
For simplicity, we will focus on the neutral B meson sistem with the flavour eigenstates B0 ⇥ b̄d and
B̄0 ⇥ bd̄. Since in general, these are not CP eigenstates, we have

CP |B0⌃ = ei�B |B̄0⌃ ,
CP |B̄0⌃ = e�i�B |B0⌃ . (26)

Stating from an initial superposition state at t = 0 |⌦(0)⌃ = a(0)|B0⌃+ b(0)|B̄0⌃, the time evolution of
such a system can in general be described as

|⌦(t)⌃ = a(t)|B0⌃+ b(t)|B̄0⌃+ c1(t)|f1⌃+ c2(t)|f2⌃+ . . . , (27)
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where f1,2,... denote the B0 and B̄0 decay products. If we are only interested in a(t) and b(t), we can
construct an effective description of the time evolution in terms of a non-hermition Hamiltonian

H = M + i
�

2
, (28)

where M and � are time-independent, Hermitian 2 ⇥ 2 matrices, describing possible oscillations and
decays, respectively. The dispersive part M recieves contributions from off-shell intermediate states,
while � is the absorptive part and given by a sum over possible on-shell intermediate states. The time-
evolution is then described by
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with the eigenvectors |BL,H⌅ = pL,H |B0⌅ ± qL,H |B̄0⌅ , and where |pL,H |2 + |qL,H |2 = 1 . Imposing
CPT, one obtains M11 = M22, �11 = �22, and consequently pL = pH ⇤ p and qL = qH ⇤ q . If CP is
conserved one furthermore obtains that Arg(M12) = Arg(�12) and thus |q/p| = 1 .

Conventionally, on defines the following CP conserving oscillation parameters

m ⇤ ML +MH

2
, � ⇤ �L + �H

2
,

⇥m ⇤ MH �ML , ⇥� ⇤ �H � �L , (30)

or equivalently x ⇤ ⇥m/� and y ⇤ ⇥�/2� .
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⇒ |q/p| = 1
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CP conserving oscillation parameters:

(x ≡ ∆m/Γ,  
   y ≡ ∆Γ/2Γ )



In SM:(                        )

2. It does not include neutrino masses. This further limits its validity down to below the maxi-
mal scale at which new degrees of freedom can accommodate at least two massive neutrinos
msee�saw � 1015 GeV.

3. The fine-tuning of the EW symmetry breaking scale compared to the large scales in the above
points 1. and 2. suggests NP already at scales of the order 4⇥v ⇤ 1 TeV .3

Given the SM is merely an effective field theory valid below a cut-off energy scale ⇥, one needs to
consider additional terms in the theory Lagrangian consisting of SM field operators with canonical
dimensions d > 4:

L = LSM +
⇤

d>4

⇤

n

c(d)n

⇥d�4
O(d)

n . (58)

In a natural theory one expects c(d)n ⇤ O(1) unless the relevant operators are forbidden or suppressed by
symmetries. For ⇥ ⇤ TeV and without imposing additional symmetries beyond the gauged SM ones, the
above condition is severely violated for several O(6)

n , which contribute to flavour changing processes.
This constitutes the so-called NP flavour puzzle , which can be articulated through the following ques-
tion: If there is NP at the TeV scale, why haven’t we seen its effects in flavour observables? Naively,
one could argue, that the same it true for NP violating baryon and lepton numbers. However, B and L
are (classically) exact accidental symmetries of the SM, while in the SM the flavour symmetry is already
broken explicitly.

5.3 Bounds on new physics from �F = 2 processes
The NP flavour puzzle can be demonstrated perhaps most dramatically in the case �F = 2 FCNCs.
In the SM the dispersive contributions to �F = 2 processes of down-quarks are typically dominated
by box diagrams with the top quarks appearing in the loop. These contributions can be schematically
written as

MSM
12 =

G2
Fm

2
t

16⇥2
(V ⇥

tiVtj)
2 ⌃M̄ |(d̄iL�µd

j
L)

2|M⌥F
�

m2
t

m2
W

⇥
+ . . . , (59)

where M = K0, B0, Bs, di,j denote meson valence quarks, F (x) ⇤ O(1) is the relevant loop function
normalized to F (⇧) = 1 , while the dots denote corrections due to charm quark contributions, which
are numerically relevant only in the case of K � K̄ mixing. Note that the prefactor can be rewritten
completely in terms of the fundamental flavour parameters (Yukawas) in the unbroken theory

G2
Fm

2
t

16⇥2
(V ⇥

tiVtj)
2 =

(YuY ⇥
u )ij

128⇥2m2
t

, (60)

which can be interpreted as due to Goldstone Higgs exchanges in the gaugeless (g ⌅ 0) limit of the
SM.

The relevant hadronic matrix elements between the external M and M̄ mesons can be written as

⌃M̄ |(d̄iL�µd
j
L)(d̄

i
L�

µdjL)|M⌥ = 2

3
f2
Mm2

M B̂M , (61)

where the relevant meson decay constant fM is defined via ⌃0|di�µ�5dj |M(p)⌥ ⇥ ipµfM , while B̂M ⇤
O(1) is called the bag parameter. These two hadronic quantities can be computed numerically using
lattice QCD methods.The tremendous progress in these calculations over the past 30 years is reflected
in the precise values of [15]

fB = 0.186(4) GeV , B̂B = 1.27(10) ,

3Incidentally, the TeV mass scale can also be associated with the explanation of the cosmological dark matter, if the later is
in the form of a thermal particle relic.
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Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two

11

SM (ΛSM≈v)

=(zSMsd ) ⇠ �2
t

64⇡2
|VtdV

⇤
ts|2 ⇠ 10�10

<(zSMsd ) ⇠ �2
c

64⇡2
|VcdV

⇤
cs|2 ⇠ 5⇥ 10�9

|zSMbd | ⇠ �2
t

64⇡2
|VtdV

⇤
tb|2 ⇠ 9⇥ 10�8

|zSMbs | ⇠ �2
t

64⇡2
|VtsV

⇤
tb|2 ⇠ 3⇥ 10�6



Generic BSM flavour

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

d
2r

0 1 2 3 4 5 6

d
ϑ2

-3

-2

-1

0

1

2

3
1-CL

d
2r

0 1 2 3 4 5 6

d
ϑ2

-3

-2

-1

0

1

2

3

FPCP 2007

CKM
f i t t e r (b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

dh
0 0.5 1 1.5 2 2.5 3

d
σ

0

0.5

1

1.5

2

2.5

3

1-CL

dh
0 0.5 1 1.5 2 2.5 3

d
σ

0

0.5

1

1.5

2

2.5

3

FPCP 2007

CKM
f i t t e r

Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two
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neutral B-mesons. We useMB
12 =

1
2mB

⟨B0|L∆F=2|B
0⟩ and

⟨B0|(dLaγµbLa)(dLbγµbLb)|B
0⟩ = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

ϵK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 2× 104 TeV ϵK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ≫ TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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Fig. 4: Constraints in the (a) r2d–2θd plane, and (b) hd–σd plane, assuming that new physics contributions to
tree-level processes are negligible [12]

5 The new physics flavour puzzle
It is clear that the Standard Model is not a complete theory of Nature:

1. It does not include gravity, and therefore it cannot be valid at energy scales above mPlanck ∼
1019 GeV.

2. It does not allow for neutrino masses, and therefore it cannot be valid at energy scales above
mseesaw ∼ 1015 GeV.

3. The fine-tuning problem of the Higgs mass and the puzzle of dark matter suggest that the scale
where the SM is replaced with a more fundamental theory is actually much lower, ΛNP ! 1 TeV.

Given that the SM is only an effective low-energy theory, non-renormalizable terms must be added to
LSM of Eq. (4). These are terms of dimension higher than four in the fields which, therefore, have
couplings that are inversely proportional to the scale of new physics ΛNP. For example, the lowest-
dimension non-renormalizable terms are dimension five:

− Ldim−5
Yukawa =

Zν
ij

ΛNP
LI
LiL

I
Ljφφ+ h.c. (44)

These are the seesaw terms, leading to neutrino masses. We shall return to the topic of neutrino masses
in Section 8.

Exercise 5: How does the global symmetry breaking pattern (14) change when (44) is taken into
account?

Exercise 6: What is the number of physical lepton flavour parameters in this case? Identify these
parameters in the mass basis.

As concerns quark flavour physics, consider, for example, the following dimension-six, four-
fermion, flavour-changing operators:

L∆F=2 =
zsd
Λ2
NP

(dLγµsL)
2 +

zcu
Λ2
NP

(cLγµuL)
2 +

zbd
Λ2
NP

(dLγµbL)
2 +

zbs
Λ2
NP

(sLγµbL)
2. (45)

Each of these terms contributes to the mass splitting between the corresponding two neutral mesons.
For example, the term L∆B=2 ∝ (dLγµbL)2 contributes to ∆mB, the mass difference between the two
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3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼
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These measurements give then the following constraints:

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 2× 104 TeV ϵK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ≫ TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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zIcu ∼< 1× 10−7 (ΛNP/TeV)2,
zIbd ∼< 1× 10−6 (ΛNP/TeV)2,
zIbs ∼< 2× 10−4 (ΛNP/TeV)2. (52)

It could be that the scale of new physics is of order TeV, but its flavour structure is far from generic.
One can use that language of effective operators also for the SM, integrating out all particles

significantly heavier than the neutral mesons (that is, the top, the Higgs, and the weak gauge bosons).
Thus the scale is ΛSM ∼ mW . Since the leading contributions to neutral meson mixings come from
box diagrams, the zij coefficients are suppressed by α2

2. To identify the relevant flavour suppression
factor, one can employ the spurion formalism. For example, the flavour transition that is relevant to
B0–B0 mixing involves dLbL which transforms as (8, 1, 1)SU(3)3q

. The leading contribution must then
be proportional to (Y uY u†)13 ∝ y2t VtbV ∗

td. Indeed, an explicit calculation (using VIA for the matrix
element and neglecting QCD corrections) gives4

2MB
12

mB
≈ −α2

2

12

f2
B

m2
W

S0(xt)(VtbV
∗
td)

2, (53)

where xi = m2
i /m

2
W and

S0(x) =
x

(1− x)2

[

1− 11x

4
+

x2

4
− 3x2 lnx

2(1 − x)

]

. (54)

Similar spurion analyses, or explicit calculations, allow us to extract the weak and flavour suppression
factors that apply in the SM:

Im(zSMsd ) ∼ α2
2y

2
t |VtdVts|2 ∼ 1× 10−10,

zSMsd ∼ α2
2y

2
c |VcdVcs|2 ∼ 5× 10−9,

zSMbd ∼ α2
2y

2
t |VtdVtb|2 ∼ 7× 10−8,

zSMbs ∼ α2
2y

2
t |VtsVtb|2 ∼ 2× 10−6. (55)

(We did not include zSMcu in the list because it requires a more detailed consideration. The naively leading
short distance contribution is∝ α2

2(y
4
s/y

2
c )|VcsVus|2 ∼ 5×10−13. However, higher dimension terms can

replace a y2s factor with (Λ/mD)2 [18]. Moreover, long distance contributions are expected to dominate.
In particular, peculiar phase space effects [19, 20] have been identified which are expected to enhance
∆mD to within an order of magnitude of its measured value.)

It is clear then that contributions from new physics at ΛNP ∼ 1 TeV should be suppressed by
factors that are comparable to or smaller than the SM ones. Why does that happen? This is the new
physics flavour puzzle.

The fact that the flavour structure of new physics at the TeV scale must be non-generic means that
flavour measurements are a good probe of the new physics. Perhaps the best-studied example is that of
supersymmetry. Here, the spectrum of the superpartners and the structure of their couplings to the SM
fermions will allow us to probe the mechanism of dynamical supersymmetry breaking.

6 Lessons for supersymmetry fromD0–D0 mixing
Interesting experimental results concerning D0–D0 mixing have recently been achieved by the BELLE
and BaBar experiments. For the first time, there is evidence for width splitting [21,22] and mass splitting

4A detailed derivation can be found in Appendix B of Ref. [17].
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neutral B-mesons. We useMB
12 =

1
2mB

⟨B0|L∆F=2|B
0⟩ and

⟨B0|(dLaγµbLa)(dLbγµbLb)|B
0⟩ = −1

3
m2

Bf
2
BBB. (46)

Analogous expressions hold for the other neutral mesons2. This leads to ∆mB/mB = 2|MB
12|/mB ∼

(|zbd|/3)(fB/ΛNP)2. Experiments give, for CP conserving observables (the experimental evidence for
∆mD is at the 3σ level):

∆mK/mK ∼ 7.0× 10−15,

∆mD/mD ∼ 8.7× 10−15,

∆mB/mB ∼ 6.3× 10−14,

∆mBs/mBs ∼ 2.1× 10−12, (47)

and for CP violating ones

ϵK ∼ 2.3× 10−3,

AΓ/yCP ∼< 0.2,

SψKS
= 0.67± 0.02,

Sψφ ∼< 1. (48)

These measurements give then the following constraints:

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 1× 103 TeV ∆mK

√
zcu 1× 103 TeV ∆mD

√
zbd 4× 102 TeV ∆mB

√
zbs 7× 101 TeV ∆mBs

(49)

and, for maximal phases,

ΛNP ∼>

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

√
zsd 2× 104 TeV ϵK

√
zcu 3× 103 TeV AΓ

√
zbd 8× 102 TeV SψK√
zbs 7× 101 TeV Sψφ

(50)

If the new physics has a generic flavour structure, that is zij = O(1), then its scale must be above
103–104 TeV (or, if the leading contributions involve electroweak loops, above 102–103 TeV).3

If indeed ΛNP ≫ TeV, it means that we have misinterpreted the hints from the fine-tuning problem
and the dark matter puzzle. There is, however, another way to look at these constraints:

zsd ∼< 8× 10−7 (ΛNP/TeV)2,
zcu ∼< 5× 10−7 (ΛNP/TeV)2,
zbd ∼< 5× 10−6 (ΛNP/TeV)2,
zbs ∼< 2× 10−4 (ΛNP/TeV)2, (51)

zIsd ∼< 6× 10−9 (ΛNP/TeV)2,
2The PDG [11] quotes the following values, extracted from leptonic charged meson decays: fK ≈ 0.16 GeV, fD ≈

0.23 GeV, fB ≈ 0.18 GeV. We further use fBs
≈ 0.20 GeV.

3The bounds from the corresponding four-fermi terms with LR structure, instead of the LL structure of Eq. (45), are even
stronger.
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in case of TeV NP, flavour structure 
needs to be far from generic
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Particularly sensitive to FCNC scalar currents and FCNC Z 
penguins

Bs,d → !+!-

17

Clean probe of the Yukawa interaction  (⇒ Higgs sector) 
beyond tree level

Latest results beginning 
to test possible         
enhancement 

Nontrivial test of MFV.

see talk by Kohda

Hurth et al., 0807.5039

MFV

Figure 2: Correlation between the branching ratios of Bs ⇥ µ+µ� and Bd ⇥ µ+µ�

in MFV, the SM4 and four SUSY flavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs ⇥ µ+µ� vs. Bd ⇥ µ+µ�

The correlation between the decays Bs ⇥ µ+µ� and Bd ⇥ µ+µ� is an example of a
“vertical” correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq ⇥ µ+µ�) ⇤ |S|2
�
1� 4x2

µ

⇥
+ |P |2, (5)

S = Cbq
S � C ⇥bq

S , P = Cbq
P � C ⇥bq

P + 2xµ(C
bq
10 � C ⇥bq

10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to Cbq

S from neutral Higgs exchange scales as tan �2,
where tan � is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tan�3.

Figure 2 shows the correlation between BR(Bs ⇥ µ+µ�) and BR(Bd ⇥ µ+µ�)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coe⇥cients, cf. eq. (3). The largest e�ects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).

5

CMS 68%, 95% C.L.

update of Straub, 1012.3893
using CMS, 1307.5025

Bd/Bs
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The decay B0 ⇤ K⇥0[⇤ K+⇥�]µ+µ�

d
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d

s̄
B0 K⇥0

µ�

µ+

t̄

W+

Z0, �

B
K* K*

z

K

+
+

Figure 1. Kinematic variables of

B̄0
d ⌅ K̄⇥0(⌅ K�⌃+) + ✏̄✏ decays:

i) the (✏̄✏)-invariant mass squared q2,

ii) the angle ⇤⌅ between ✏ = ✏� and B̄

in the (✏̄✏) center of mass (c.m.), iii)

the angle ⇤K� between K� and B̄ in

the (K�⌃+) c.m. and iv) the angle ⌥

between the two decay planes spanned

by the 3-momenta of the (K⌃)- and

(✏̄✏)-systems, respectively.

V is assumed to be on-shell in the narrow-resonance approximation which restricts the number

of kinematic variables to four4. Using B̄0
d ⌅ K̄⇥0(⌅ K�⌃+) + ✏̄✏ for illustration, they might be

chosen as depicted in figure 1.

The di⇥erential decay rate, after summing over lepton spins, factorises into

8⌃

3

d4�

dq2 d cos ⇤⌅ d cos ⇤K� d⌥
= Js

1 sin
2 ⇤K� + Jc

1 cos
2 ⇤K� + (Js

2 sin
2 ⇤K� + Jc

2 cos
2 ⇤K�) cos 2⇤⌅

+J3 sin
2 ⇤K� sin2 ⇤⌅ cos 2⌥+ J4 sin 2⇤K� sin 2⇤⌅ cos⌥+ J5 sin 2⇤K� sin ⇤⌅ cos⌥

+(Js
6 sin

2 ⇤K� + Jc
6 cos

2 ⇤K�) cos ⇤⌅ + J7 sin 2⇤K� sin ⇤⌅ sin⌥

+J8 sin 2⇤K� sin 2⇤⌅ sin⌥+ J9 sin
2 ⇤K� sin2 ⇤⌅ sin 2⌥, (1)

that is, into q2-dependent observables5 J j
i (q

2) and the dependence on the angles ⇤⌅, ⇤K� and

⌥. No additional angular dependencies can be induced by any extension of the SM operator

basis [11] as found by [12, 13]. The following simplifications arise in the limit m⌅ ⌅ 0: Js
1 = 3Js

2 ,

Jc
1 = �Jc

2 and Jc
6 = 0.

The di⇥erential decay rate d4�̄ of the CP-conjugated decay B0
d ⌅ K0⇥(⌅ K+⌃�) + ✏̄✏ is

obtained through the following replacements

J j
1,2,3,4,7 ⌅ J̄ j

1,2,3,4,7[�W ⌅ ��W ], J j
5,6,8,9 ⌅ � J̄ j

5,6,8,9[�W ⌅ ��W ], (2)

due to ✏ ⇧ ✏̄ ⌃ ⇤⌅ ⌅ ⇤⌅ � ⌃ and ⌥ ⌅ �⌥. The CP-violating (weak) phases �W are conjugated.

The angular distribution provides twice as many observables (J j
i and J̄ j

i ) when the decay

and its CP-conjugate decay are measured separately. This doubles again if the ✏ = e and µ

lepton flavours are not averaged. Notably, CP-asymmetries can be measured in an untagged

sample of B-mesons due to the presence of CP-odd observables (i = 5, 6, 8, 9) [7]. Moreover,

T-odd observables ⇥ cos �s sin �W (i = 7, 8, 9) are especially sensitive to weak BSM phases �W
[10, 14] contrary to T-even ones ⇥ sin �s sin �W (i = 1, . . . , 6), since the CP-conserved (strong)

phase �s is often predicted to be small. Note, that in the SM CP-violating e⇥ects in b ⌅ s are

doubly-suppressed by the Cabibbo angle as Im[VubV
⇥
us/(VtbV

⇥
ts)] ⇤ ⇥̄⌅ ⇥ 10�2.

4 The o�-resonance case has been studied in [9].
5 Possibilities to extract q2-integrated Jj

i from single-di�erential distributions in �⇥, �K� or ⇥ can be found in [10].
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⌅ Large theory uncertainty due to the q2 dependent hadronic form-factors
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• differential rate analysis 

• challenging theory uncertainties 
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LFU

• differential rate analysis 

• lepton flavour universality tests 

•                                                  in the SM 
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Test of lepton universality in B+ ⇤ K+⇤+⇤�
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NP in Flavour
• Example: Supersymmetry 

• SUSY models in general provide new sources of 
flavor violation 

• supersymmetry breaking soft mass terms for 
squarks and sleptons  

• trilinear couplings of a Higgs field with a squark-
antisquark or slepton-antislepton pairs

formalism. In that case the flavor group is broken down to U(2)Q � U(2)U � U(1)t � U(3)D , and
the expansion in Eq. (109) no longer holds. In particular, resummation over yb is not required.
Flavor violation is described by linearly expanding in the down type Yukawa couplings, from which
it follows that contributions proportional to the bottom Yukawa are further suppressed beyond
the SM CKM suppression.

It should also be pointed out that NLMFV di�ers from the next-to-MFV framework [4, 5],
since the latter exhibits additional spurions at low energy.

6.4 MFV in covariant language

The covariant formalism described in Sec. 4 enables us to o�er further insight on the MFV frame-
work. In the LMFV case, the NP source XQ from Eq. (39) or Eq. (87) is a linear combination of the
AQd and AQu “vectors”, naturally with O(1) coe⌅cients at most. Hence we can immediately infer
that no new CPV sources exist, as all vectors are on the same plane, and that the induced flavor
violation is small (recall that the angle between AQu and AQd is small – O(⇥2)). These conclusions
are of course already known, but they emerge naturally when using the covariant language.

In the GMFV scenario, XQ is a general function of AQu and AQd . We can alternatively express
it in terms of the covariant basis introduced in Sec. 4.2.2, since this basis is constructed using only
AQu and AQd . Then, it is easy to see that an arbitrary function of the Yukawa matrices could

produce any kind of flavor and CP violation [60, 61, 62]. However, the directions denoted by ⇢̂D
require higher powers of the Yukawas, so their contribution is generically much smaller (in [60]

it was noticed that some directions, which we identify as ⇢̂D, are not generated via RGE flow).
Therefore, the induced flavor and CP violation tend to be restricted to the submanifold which
corresponds to the U(2)Q limit (that is, the directions denoted by ÂQu,Qd , Ĵ , Ĵu,d and Ĉu,d).

7 Supersymmetry

Supersymmetric models provide, in general, new sources of flavor violation, for both the quark
and the lepton sectors. The main new sources are the supersymmetry breaking soft mass terms
for squarks and sleptons and the trilinear couplings of a Higgs field with a squark-antisquark or
slepton-antislepton pairs. Let us focus on the squark sector. The new sources of flavor violation
are most commonly analyzed in the basis in which the corresponding (down or up) quark mass
matrix and the neutral gaugino vertices are diagonal. In this basis, the squark masses are not
necessarily flavor-diagonal, and have the form

q̃�Mi(M
2
q̃ )

MN
ij q̃Nj = (q̃�Li q̃

�
Rk)

�
(M2

q̃ )Lij Aq
ilvq

Aq
jkvq (M2

q̃ )Rkl

⇥�
q̃Lj
q̃Rl

⇥
, (125)

where M,N = L,R label chirality, and i, j, k, l = 1, 2, 3 are generation indices. (M2
q̃ )L and (M2

q̃ )R
are the supersymmetry breaking squark masses-squared. The Aq parameters enter in the trilinear
scalar couplings Aq

ijHq⇤qLi⇤q�Rj, where Hq (q = u, d) is the q-type Higgs boson and vq = ⌥Hq�.
In this basis, flavor violation takes place through one or more squark mass insertion. Each

mass insertion brings with it a factor of (�qij)MN ⇥ (M2
q̃ )

MN
ij /m̃2

q, where m̃2
q is a representative

q-squark mass scale. Physical processes therefore constrain

[(�qij)MN ]e� ⇤ max[(�qij)MN , (�
q
ik)MP (�

q
kj)PN , . . . , (i ⌅ j)]. (126)
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SUSY in ΔF=2
MSSM contributions to neutral meson mixing

(of order one per cent) between the two neutral D-mesons. Allowing for indirect CP violation, the world
averages of the mixing parameters are [10]

x = (1.00 ± 0.25) × 10−2,

y = (0.77 ± 0.18) × 10−2. (56)

It is important to note, however, that there is no evidence for CP violation in this mixing [10]:

1− |q/p| = +0.06 ± 0.14,

φD = −0.04 ± 0.09. (57)

We use this recent experimental information to draw important lessons on supersymmetry. This demon-
strates how flavour physics—at the GeV scale—provides a significant probe of supersymmetry—at the
TeV scale.

6.1 Neutral meson mixing with supersymmetry
We consider the contributions from the box diagrams involving the squark doublets of the first two
generations, Q̃L1,2, to the D0–D0 andK0–K0 mixing amplitudes. The contributions that are relevant to
the neutral D system are proportional to Ku

2iK
u∗
1i K

u
2jK

u∗
1j , where Ku is the mixing matrix of the gluino

couplings to a left-handed up quark and their supersymmetric squark partners. (In the language of the
mass insertion approximation, we calculate here the contribution that is∝ [(δuLL)12]

2.) The contributions
that are relevant to the neutral K system are proportional to Kd∗

2i K
d
1iK

d∗
2jK

d
1j , where Kd is the mixing

matrix of the gluino couplings to a left-handed down quark and their supersymmetric squark partners
(∝ [(δdLL)12]

2 in the mass insertion approximation). We work in the mass basis for both quarks and
squarks. A detailed derivation [23] is given in Appendix C. It gives

MD
12 =

α2
smDf2

DBDηQCD
108m2

ũ

[11f̃6(xu) + 4xuf6(xu)]
(∆m2

ũ)
2

m4
ũ

(Ku
21K

u∗
11 )

2, (58)

MK
12 =

α2
smKf2

KBKηQCD
108m2

d̃

[11f̃6(xd) + 4xdf6(xd)]
(∆m̃2

d̃
)2

m̃4
d

(Kd∗
21K

d
11)

2. (59)

Heremũ,d̃ is the average mass of the corresponding two squark generations, ∆m2
ũ,d̃
is the mass-squared

difference, and xu,d = m2
g̃/m

2
ũ,d̃
.

One can immediately identify three generic ways in which supersymmetric contributions to neutral
meson mixing can be suppressed:

1. Heaviness: mq̃ ≫ 1 TeV.
2. Degeneracy: ∆m2

q̃ ≪ m2
q̃ .

3. Alignment: Kd,u
21 ≪ 1.

When heaviness is the only suppression mechanism, as in split supersymmetry [24], the squarks are very
heavy and supersymmetry no longer solves the fine tuning problem5. If we want to maintain super-
symmetry as a solution to the fine tuning problem, either degeneracy, or alignment, or a combination of
both is needed. This means that the flavour structure of supersymmetry is not generic, as argued in the
previous section.

The 2× 2 mass-squared matrices for the relevant squarks have the following form:

M̃2
UL

= m̃2
QL

+

(

1

2
− 2

3
s2W

)

m2
Z cos 2β +MuM

†
u,

5When the first two squark generations are mildly heavy and the third generation is light, as in effective supersymmetry [25],
the fine tuning problem is still solved, but additional suppression mechanisms are needed.
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Experimental bounds on

For example,

[(⇥d12)LR]e� ⇤ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1 ⇧ 2)]. (127)

Note that the contributions with two or more insertions may be less suppressed than those with
only one.

In terms of mass basis parameters, the (⇥qij)MM ’s stand for a combination of mass splittings
and mixing angles:

(⇥qij)MM =
1

m̃2
q

⌅

�

(Kq
M)i�(K

q
M)�j��m̃2

q� , (128)

where Kq
M is the mixing matrix in the coupling of the gluino (and similarly for the bino and neutral

wino) to qLi� q̃M�; m̃2
q =

1
3

⇤3
�=1 m

2
q̃M�

is the average squark mass-squared, and �m̃2
q� = m2

q̃��m̃2
q.

Things simplify considerably when the two following conditions are satisfied [140, 141], which means
that a two generation e⇥ective framework can be used (for simplicity, we omit here the chirality
index):

|KikK
�
jk| ⌅ |KijK

�
jj|, |KikK

�
jk�m̃2

qkqi
| ⌅ |KijK

�
jj�m̃2

qjqi |, (129)

where there is no summation over i, j, k and where �m̃2
qjqi = m2

q̃j �m2
q̃i . Then, the contribution of

the intermediate q̃k can be neglected, and furthermore, to a good approximation, KiiK�
ji+KijK�

jj =
0. For these cases, we obtain a simpler expression for the mass insertion term

(⇥qij)MM =
�m̃2

qjqi

m̃2
q

(Kq
M)ij(K

q
M)�jj , (130)

In the non-degenerate case, in particular relevant for alignment models, it is useful to take instead
of m̃q the mass scale m̃q

ij =
1
2(mq̃i +mq̃j) [142], which better approximates the full expression. We

also define
⌃⇥qij⌥ =

⇧
(⇥qij)LL(⇥

q
ij)RR . (131)

The new sources of flavor and CP violation contribute to FCNC processes via loop diagrams
involving squarks and gluinos (or electroweak gauginos, or higgsinos). If the scale of the soft
supersymmetry breaking is below TeV, and if the new flavor violation is of order one, and/or
if the phases are of order one, then these contributions could be orders of magnitude above the
experimental bounds. Imposing that the supersymmetric contributions do not exceed the phe-
nomenological constraints leads to constraints of the form (⇥qij)MM ⌅ 1. Such constraints imply
that either quasi-degeneracy (�m̃2

qjqi ⌅ (m̃q
ij)

2) or alignment (|Kq
ij| ⌅ 1) or a combination of the

two mechanisms is at work.
Table 4 presents the constraints obtained in Refs. [17, 18, 143, 144] as appear in [140]. Wher-

ever relevant, a phase suppression of order 0.3 in the mixing amplitude is allowed, namely we quote
the stronger between the bounds on Re(⇥qij) and 3Im(⇥qij). The dependence of these bounds on the
average squark mass m̃q, the ratio x ⇥ m2

g̃/m̃
2
q as well as the e⇥ect of arbitrary strong CP violating

phases can be found in [140].
For large tan�, some constraints are modified from those in Table 4. For instance, the e⇥ects

of neutral Higgs exchange in Bs and Bd mixing give, for tan� = 30 and x = 1 (see [140, 145, 146]
and refs. therein for details):

⌃⇥d13⌥ < 0.01

�
MA0

200GeV

⇥
, ⌃⇥d23⌥ < 0.04

�
MA0

200GeV

⇥
, (132)

43

for

q ij (⇥qij)MM ⌃⇥qij⌥
d 12 0.03 0.002
d 13 0.2 0.07
d 23 0.6 0.2
u 12 0.1 0.008

Table 4: The phenomenological upper bounds on (⇥qij)MM and on ⌃⇥qij⌥, where q = u, d and M =
L,R. The constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. We assume that the phases

could suppress the imaginary parts by a factor ⇧ 0.3. The bound on (⇥d23)RR is about 3 times
weaker than that on (⇥d23)LL (given in table). The constraints on (⇥d12,13)MM , (⇥u12)MM and (⇥d23)MM

are based on, respectively, Refs. [143], [17] and [144].

q ij (⇥qij)LR
d 12 2⇥ 10�4

d 13 0.08
d 23 0.01
d 11 4.7⇥ 10�6

u 11 9.3⇥ 10�6

u 12 0.02

Table 5: The phenomenological upper bounds on chirality-mixing (⇥qij)LR, where q = u, d. The
constraints are given for m̃q = 1 TeV and x ⇤ m2

g̃/m̃
2
q = 1. The constraints on ⇥d12,13, ⇥

u
12, ⇥

d
23

and ⇥qii are based on, respectively, Refs. [143], [17], [144] and [147] (with the relation between the
neutron and quark EDMs as in [148]).

whereMA0 denotes the pseudoscalar Higgs mass, and the above bounds scale roughly as (30/ tan �)2.
The experimental constraints on the (⇥qij)LR parameters in the quark-squark sector are pre-

sented in Table 5. The bounds are the same for (⇥qij)LR and (⇥qij)RL, except for (⇥d12)MN , where
the bound for MN = LR is 10 times weaker. Very strong constraints apply for the phase of
(⇥q11)LR from EDMs. For x = 4 and a phase smaller than 0.1, the EDM constraints on (⇥u,d,�11 )LR
are weakened by a factor ⇧ 6.

While, in general, the low energy flavor measurements constrain only the combinations of
the suppression factors from degeneracy and from alignment, such as Eq. (130), an interesting
exception occurs when combining the measurements of K0–K0 and D0–D0 mixing to test the first
two generation squark doublets (based on the analysis in Sec. 5.2.1). Here, for masses below the
TeV scale, some level of degeneracy is unavoidable [23]:

m eQ2
�m eQ1

m eQ2
+m eQ1

⌅
⌃
0.034 maximal phases

0.27 vanishing phases
(133)

Similarly, using �F = 1 processes involving the third generation (Sec. 5.2.2), the following bound
is obtained [59] ⇤⇤⇤m2

Q̃2
�m2

Q̃3

⇤⇤⇤
�
2mQ̃2

+mQ̃3

⇥2 < 20

⌅
m̃Q

100GeV

⇧2

, (134)
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(of order one per cent) between the two neutral D-mesons. Allowing for indirect CP violation, the world
averages of the mixing parameters are [10]

x = (1.00 ± 0.25) × 10−2,

y = (0.77 ± 0.18) × 10−2. (56)

It is important to note, however, that there is no evidence for CP violation in this mixing [10]:

1− |q/p| = +0.06 ± 0.14,

φD = −0.04 ± 0.09. (57)

We use this recent experimental information to draw important lessons on supersymmetry. This demon-
strates how flavour physics—at the GeV scale—provides a significant probe of supersymmetry—at the
TeV scale.

6.1 Neutral meson mixing with supersymmetry
We consider the contributions from the box diagrams involving the squark doublets of the first two
generations, Q̃L1,2, to the D0–D0 andK0–K0 mixing amplitudes. The contributions that are relevant to
the neutral D system are proportional to Ku

2iK
u∗
1i K

u
2jK

u∗
1j , where Ku is the mixing matrix of the gluino

couplings to a left-handed up quark and their supersymmetric squark partners. (In the language of the
mass insertion approximation, we calculate here the contribution that is∝ [(δuLL)12]

2.) The contributions
that are relevant to the neutral K system are proportional to Kd∗

2i K
d
1iK

d∗
2jK

d
1j , where Kd is the mixing

matrix of the gluino couplings to a left-handed down quark and their supersymmetric squark partners
(∝ [(δdLL)12]

2 in the mass insertion approximation). We work in the mass basis for both quarks and
squarks. A detailed derivation [23] is given in Appendix C. It gives

MD
12 =

α2
smDf2

DBDηQCD
108m2

ũ

[11f̃6(xu) + 4xuf6(xu)]
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2
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2, (58)
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2. (59)

Heremũ,d̃ is the average mass of the corresponding two squark generations, ∆m2
ũ,d̃
is the mass-squared

difference, and xu,d = m2
g̃/m

2
ũ,d̃
.

One can immediately identify three generic ways in which supersymmetric contributions to neutral
meson mixing can be suppressed:

1. Heaviness: mq̃ ≫ 1 TeV.
2. Degeneracy: ∆m2

q̃ ≪ m2
q̃ .

3. Alignment: Kd,u
21 ≪ 1.

When heaviness is the only suppression mechanism, as in split supersymmetry [24], the squarks are very
heavy and supersymmetry no longer solves the fine tuning problem5. If we want to maintain super-
symmetry as a solution to the fine tuning problem, either degeneracy, or alignment, or a combination of
both is needed. This means that the flavour structure of supersymmetry is not generic, as argued in the
previous section.

The 2× 2 mass-squared matrices for the relevant squarks have the following form:

M̃2
UL

= m̃2
QL

+

(

1

2
− 2

3
s2W

)

m2
Z cos 2β +MuM

†
u,

5When the first two squark generations are mildly heavy and the third generation is light, as in effective supersymmetry [25],
the fine tuning problem is still solved, but additional suppression mechanisms are needed.
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(of order one per cent) between the two neutral D-mesons. Allowing for indirect CP violation, the world
averages of the mixing parameters are [10]

x = (1.00 ± 0.25) × 10−2,

y = (0.77 ± 0.18) × 10−2. (56)

It is important to note, however, that there is no evidence for CP violation in this mixing [10]:

1− |q/p| = +0.06 ± 0.14,

φD = −0.04 ± 0.09. (57)

We use this recent experimental information to draw important lessons on supersymmetry. This demon-
strates how flavour physics—at the GeV scale—provides a significant probe of supersymmetry—at the
TeV scale.

6.1 Neutral meson mixing with supersymmetry
We consider the contributions from the box diagrams involving the squark doublets of the first two
generations, Q̃L1,2, to the D0–D0 andK0–K0 mixing amplitudes. The contributions that are relevant to
the neutral D system are proportional to Ku
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1j , where Ku is the mixing matrix of the gluino

couplings to a left-handed up quark and their supersymmetric squark partners. (In the language of the
mass insertion approximation, we calculate here the contribution that is∝ [(δuLL)12]

2.) The contributions
that are relevant to the neutral K system are proportional to Kd∗
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1j , where Kd is the mixing

matrix of the gluino couplings to a left-handed down quark and their supersymmetric squark partners
(∝ [(δdLL)12]

2 in the mass insertion approximation). We work in the mass basis for both quarks and
squarks. A detailed derivation [23] is given in Appendix C. It gives
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Heremũ,d̃ is the average mass of the corresponding two squark generations, ∆m2
ũ,d̃
is the mass-squared

difference, and xu,d = m2
g̃/m

2
ũ,d̃
.

One can immediately identify three generic ways in which supersymmetric contributions to neutral
meson mixing can be suppressed:

1. Heaviness: mq̃ ≫ 1 TeV.
2. Degeneracy: ∆m2

q̃ ≪ m2
q̃ .

3. Alignment: Kd,u
21 ≪ 1.

When heaviness is the only suppression mechanism, as in split supersymmetry [24], the squarks are very
heavy and supersymmetry no longer solves the fine tuning problem5. If we want to maintain super-
symmetry as a solution to the fine tuning problem, either degeneracy, or alignment, or a combination of
both is needed. This means that the flavour structure of supersymmetry is not generic, as argued in the
previous section.

The 2× 2 mass-squared matrices for the relevant squarks have the following form:

M̃2
UL

= m̃2
QL

+

(

1

2
− 2

3
s2W

)

m2
Z cos 2β +MuM

†
u,

5When the first two squark generations are mildly heavy and the third generation is light, as in effective supersymmetry [25],
the fine tuning problem is still solved, but additional suppression mechanisms are needed.

14

mq̃ � TeV

Ways to avoid stringent exp. bounds on 1↔2 mixing 

• Heaviness: 

• Degeneracy: 

• Alignment:

For example,

[(⇥d12)LR]e� ⇤ max[Ad
12vd/m̃

2
d, (M

2
d̃
)L1kA

d
k2vd/m̃

4
d, A

d
1kvd(M

2
d̃
)Rk2/m̃

4
d, . . . , (1 ⇧ 2)]. (127)

Note that the contributions with two or more insertions may be less suppressed than those with
only one.

In terms of mass basis parameters, the (⇥qij)MM ’s stand for a combination of mass splittings
and mixing angles:

(⇥qij)MM =
1

m̃2
q

⌅

�

(Kq
M)i�(K

q
M)�j��m̃2

q� , (128)

where Kq
M is the mixing matrix in the coupling of the gluino (and similarly for the bino and neutral

wino) to qLi� q̃M�; m̃2
q =

1
3

⇤3
�=1 m

2
q̃M�

is the average squark mass-squared, and �m̃2
q� = m2

q̃��m̃2
q.

Things simplify considerably when the two following conditions are satisfied [140, 141], which means
that a two generation e⇥ective framework can be used (for simplicity, we omit here the chirality
index):

|KikK
�
jk| ⌅ |KijK

�
jj|, |KikK

�
jk�m̃2

qkqi
| ⌅ |KijK

�
jj�m̃2

qjqi |, (129)

where there is no summation over i, j, k and where �m̃2
qjqi = m2

q̃j �m2
q̃i . Then, the contribution of

the intermediate q̃k can be neglected, and furthermore, to a good approximation, KiiK�
ji+KijK�

jj =
0. For these cases, we obtain a simpler expression for the mass insertion term

(⇥qij)MM =
�m̃2

qjqi

m̃2
q

(Kq
M)ij(K

q
M)�jj , (130)

In the non-degenerate case, in particular relevant for alignment models, it is useful to take instead
of m̃q the mass scale m̃q

ij =
1
2(mq̃i +mq̃j) [142], which better approximates the full expression. We

also define
⌃⇥qij⌥ =

⇧
(⇥qij)LL(⇥

q
ij)RR . (131)

The new sources of flavor and CP violation contribute to FCNC processes via loop diagrams
involving squarks and gluinos (or electroweak gauginos, or higgsinos). If the scale of the soft
supersymmetry breaking is below TeV, and if the new flavor violation is of order one, and/or
if the phases are of order one, then these contributions could be orders of magnitude above the
experimental bounds. Imposing that the supersymmetric contributions do not exceed the phe-
nomenological constraints leads to constraints of the form (⇥qij)MM ⌅ 1. Such constraints imply
that either quasi-degeneracy (�m̃2

qjqi ⌅ (m̃q
ij)

2) or alignment (|Kq
ij| ⌅ 1) or a combination of the

two mechanisms is at work.
Table 4 presents the constraints obtained in Refs. [17, 18, 143, 144] as appear in [140]. Wher-

ever relevant, a phase suppression of order 0.3 in the mixing amplitude is allowed, namely we quote
the stronger between the bounds on Re(⇥qij) and 3Im(⇥qij). The dependence of these bounds on the
average squark mass m̃q, the ratio x ⇥ m2

g̃/m̃
2
q as well as the e⇥ect of arbitrary strong CP violating

phases can be found in [140].
For large tan�, some constraints are modified from those in Table 4. For instance, the e⇥ects

of neutral Higgs exchange in Bs and Bd mixing give, for tan� = 30 and x = 1 (see [140, 145, 146]
and refs. therein for details):

⌃⇥d13⌥ < 0.01

�
MA0

200GeV

⇥
, ⌃⇥d23⌥ < 0.04

�
MA0

200GeV

⇥
, (132)
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Minimal Flavour Hypothesis
• flavour-violating interactions are linked to known 

Yukawa couplings also beyond SM 

• (i) flavour symmetry: SU(3)3 

• (ii) set of symmetry-breaking terms: 

• tractable due to peculiar structure of SM flavour

Chapter 3

Flavor physics beyond the SM: models and predictions

If the physics beyond the SM respects the SM gauge symmetry, as we expect from general arguments,
the corrections to low-energy flavor-violating amplitudes can be written in the following general form

A(fi ⇤ fj +X) = A0

�
cSM
M2

W

+
cNP

⇥2

⇥
, (3.1)

where ⇥ is the energy scale of the new degrees of freedom. This structure is completely general: the
coefficients cSM(NP) may include appropriate CKM factors and eventually a � 1/(16�2) suppression if
the amplitude is loop-mediated. Given our ignorance about the cNP, the values of the scale ⇥ probed by
present experiments vary over a wide range. However, the general result in Eq. (3.1) allows us to predict
how these bounds will improve with future experiments: the sensitivity on ⇥ scale as N1/4, where
N is the number of events used to measure the observable. This implies that is not easy to increase
substantially the energy reach with indirect NP searches only. Moreover, from Eq. (3.1) it is also clear
that indirect searches can probe NP scales well above the TeV for models where (cSM ⇥ cNP), namely
models which do not respect the symmetries and the symmetry-breaking pattern of the SM.

The bound on representative �F = 2 operators have already been shown in Table 1.1. As can
be seen, for cNP = 1 present data probes very high scales. On the other hand, if we insist with the
theoretical prejudice that NP must show up not far from the TeV scale in order to stabilize the Higgs
sector, then the new degrees of freedom must have a peculiar flavor structure able to justify the smallness
of the effective couplings cNP for ⇥ = 1 TeV.

1 The Minimal Flavor Violation hypothesis
The main idea of MFV is that flavor-violating interactions are linked to the known structure of Yukawa
couplings also beyond the SM. In a more quantitative way, the MFV construction consists in identifying
the flavor symmetry and symmetry-breaking structure of the SM and enforce it also beyond the SM.

The MFV hypothesis consists of two ingredients [49]: (1) a flavor symmetry and (ii) a set of
symmetry-breaking terms. The symmetry is noting but the large global symmetry Gflavor of the SM
Lagrangian in absence of Yukawa couplings shown in Eq. (1.4). Since this global symmetry, and partic-
ularly the SU(3) subgroups controlling quark flavor-changing transitions, is already broken within the
SM, we cannot promote it to be an exact symmetry of the NP model. Some breaking would appear at the
quantum level because of the SM Yukawa interactions. The most restrictive assumption we can make to
protect in a consistent way quark-flavor mixing beyond the SM is to assume that Yd and Yu are the only
sources of flavor symmetry breaking also in the NP model. To implement and interpret this hypothesis
in a consistent way, we can assume that Gq is a good symmetry and promote Yu,d to be non-dynamical
fields (spurions) with non-trivial transformation properties under Gq:

Yu � (3, 3̄, 1) , Yd � (3, 1, 3̄) . (3.2)

If the breaking of the symmetry occurs at very high energy scales, at low-energies we would only be
sensitive to the background values of the Y , i.e. to the ordinary SM Yukawa couplings. The role of the
Yukawa in breaking the flavor symmetry becomes similar to the role of the Higgs in the the breaking
of the gauge symmetry. However, in the case of the Yukawa we don’t know (and we do not attempt to
construct) a dynamical model which give rise to this symmetry breaking.
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Fig. 3.1: Fit of the CKM unitarity triangle (in 2008) within the SM (left) and in generic extensions of the SM
satisfying the MFV hypothesis (right) [13].

Within the effective-theory approach to physics beyond the SM introduced in Sect. 4, we can say
that an effective theory satisfies the criterion of Minimal Flavor Violation in the quark sector if all higher-
dimensional operators, constructed from SM and Y fields, are invariant under CP and (formally) under
the flavor group Gq [49].

According to this criterion one should in principle consider operators with arbitrary powers of the
(dimensionless) Yukawa fields. However, a strong simplification arises by the observation that all the
eigenvalues of the Yukawa matrices are small, but for the top one, and that the off-diagonal elements of
the CKM matrix are very suppressed. Working in the basis in Eq. (1.6) we have

⇤
Yu(Yu)

†
⌅n
i ⇥=j

⇥ ynt V
�
itVtj . (3.3)

As a consequence, in the limit where we neglect light quark masses, the leading �F = 2 and �F = 1
FCNC amplitudes get exactly the same CKM suppression as in the SM:

A(di ⇤ dj)MFV = (V �
tiVtj) A(�F=1)

SM

�
1 + a1

16⇥2M2
W

⇥2

⇥
, (3.4)

A(Mij � M̄ij)MFV = (V �
tiVtj)

2A(�F=2)
SM

�
1 + a2

16⇥2M2
W

⇥2

⇥
. (3.5)

where the A(i)
SM are the SM loop amplitudes and the ai are O(1) real parameters. The ai depend on

the specific operator considered but are flavor independent. This implies the same relative correction
in s ⇤ d, b ⇤ d, and b ⇤ s transitions of the same type: a key prediction which can be tested in
experiment.

As pointed out in Ref. [50], within the MFV framework several of the constraints used to determine
the CKM matrix (and in particular the unitarity triangle) are not affected by NP. In this framework, NP
effects are negligible not only in tree-level processes but also in a few clean observables sensitive to
loop effects, such as the time-dependent CPV asymmetry in Bd ⇤ ⇤KL,S . Indeed the structure of
the basic flavor-changing coupling in Eq. (3.5) implies that the weak CPV phase of Bd–B̄d mixing is
arg[(VtdV �

tb)
2], exactly as in the SM. This construction provides a natural (a posteriori) justification of

why no NP effects have been observed in the quark sector: by construction, most of the clean observables
measured at B factories are insensitive to NP effects in the MFV framework. A comparison of the CKM
fits in the SM and in generic MFV models is shown in Fig. 3.1. Essentially only �K and �mBd (but not
the ratio �mBd/�mBs) are sensitive to non-standard effects within MFV models.
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leading ∆F = 2 and ∆F = 1 FCNC amplitudes
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Within the effective-theory approach to physics beyond the SM introduced in Sect. 4, we can say
that an effective theory satisfies the criterion of Minimal Flavor Violation in the quark sector if all higher-
dimensional operators, constructed from SM and Y fields, are invariant under CP and (formally) under
the flavor group Gq [49].

According to this criterion one should in principle consider operators with arbitrary powers of the
(dimensionless) Yukawa fields. However, a strong simplification arises by the observation that all the
eigenvalues of the Yukawa matrices are small, but for the top one, and that the off-diagonal elements of
the CKM matrix are very suppressed. Working in the basis in Eq. (1.6) we have

⇤
Yu(Yu)

†
⌅n
i ⇥=j

⇥ ynt V
�
itVtj . (3.3)

As a consequence, in the limit where we neglect light quark masses, the leading �F = 2 and �F = 1
FCNC amplitudes get exactly the same CKM suppression as in the SM:

A(di ⇤ dj)MFV = (V �
tiVtj) A(�F=1)

SM

�
1 + a1

16⇥2M2
W

⇥2

⇥
, (3.4)

A(Mij � M̄ij)MFV = (V �
tiVtj)

2A(�F=2)
SM

�
1 + a2

16⇥2M2
W

⇥2

⇥
. (3.5)

where the A(i)
SM are the SM loop amplitudes and the ai are O(1) real parameters. The ai depend on

the specific operator considered but are flavor independent. This implies the same relative correction
in s ⇤ d, b ⇤ d, and b ⇤ s transitions of the same type: a key prediction which can be tested in
experiment.

As pointed out in Ref. [50], within the MFV framework several of the constraints used to determine
the CKM matrix (and in particular the unitarity triangle) are not affected by NP. In this framework, NP
effects are negligible not only in tree-level processes but also in a few clean observables sensitive to
loop effects, such as the time-dependent CPV asymmetry in Bd ⇤ ⇤KL,S . Indeed the structure of
the basic flavor-changing coupling in Eq. (3.5) implies that the weak CPV phase of Bd–B̄d mixing is
arg[(VtdV �

tb)
2], exactly as in the SM. This construction provides a natural (a posteriori) justification of

why no NP effects have been observed in the quark sector: by construction, most of the clean observables
measured at B factories are insensitive to NP effects in the MFV framework. A comparison of the CKM
fits in the SM and in generic MFV models is shown in Fig. 3.1. Essentially only �K and �mBd (but not
the ratio �mBd/�mBs) are sensitive to non-standard effects within MFV models.
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MFV SUSY
• squark masses

Because of this large number of free parameters, we cannot discuss the implications of the MSSM
in flavor physics without specifying in more detail the flavor structure of the model. The versions of
the MSSM analysed in the literature range from the so-called Constrained MSSM (CMSSM), where the
complete model is specified in terms of only four free parameters (in addition to the SM couplings), to
the MSSM without R parity and generic flavor structure, which contains a few hundreds of new free
parameters.

Throughout the large amount of work in the past decades it has became clear that the MSSM with
generic flavor structure and squarks in the TeV range is not compatible with precision tests in flavor
physics. This is true even if we impose R parity, the discrete symmetry which forbids single s-particle
production, usually advocated to prevent a too fast proton decay. In this case we have no tree-level
FCNC amplitudes, but the loop-induced contributions are still too large compared to the SM ones unless
the squarks are highly degenerate or have very small intra-generation mixing angles. This is nothing but
a manifestation in the MSSM context of the general flavor problem illustrated in the first lecture.

The flavor problem of the MSSM is an important clue about the underling mechanism of super-
symmetry breaking. On general grounds, mechanisms of SUSY breaking with flavor universality (such
as gauge mediation) or with heavy squarks (especially in the case of the first two generations) tends to
be favored. However, several options are still open. These range from the very restrictive CMSSM case,
which is a special case of MSSM with MFV, to more general scenarios with new small but non-negligible
sources of flavor symmetry breaking.

2.1 Flavor Universality, MFV, and RGE in the MSSM.
Since the squark fields have well-defined transformation properties under the SM quark-flavor group Gq,
the MFV hypothesis can easily be implemented in the MSSM framework following the general rules
outlined in Sect. 1.

We need to consider all possible interactions compatible with i) softly-broken supersymmetry; ii)
the breaking of Gq via the spurion fields Yu,d. This allows to express the squark mass terms and the
trilinear quark-squark-Higgs couplings as follows [49, 68]:

m̃2
QL

= m̃2
�
a11l + b1YuY

†
u + b2YdY

†
d + b3YdY

†
d YuY

†
u + . . .

⇥
,

m̃2
UR

= m̃2
�
a21l + b5Y

†
uYu + . . .

⇥
,

AU = A
�
a31l + b6YdY

†
d + . . .

⇥
Yd , (3.13)

and similarly for the down-type terms. The dimensional parameters m̃ and A, expected to be in the range
few 100 GeV – 1 TeV, set the overall scale of the soft-breaking terms. In Eq. (3.13) we have explicitly
shown all independent flavor structures which cannot be absorbed into a redefinition of the leading terms
(up to tiny contributions quadratic in the Yukawas of the first two families), when tan� is not too large
and the bottom Yukawa coupling is small, the terms quadratic in Yd can be dropped.

In a bottom-up approach, the dimensionless coefficients ai and bi should be considered as free
parameters of the model. Note that this structure is renormalization-group invariant: the values of ai and
bi change according to the Renormalization Group (RG) flow, but the general structure of Eq. (3.13) is
unchanged. This is not the case if the bi are set to zero, corresponding to the so-called hypothesis of
flavor universality. In several explicit mechanism of supersymmetry breaking, the condition of flavor
universality holds at some high scale M , such as the scale of Grand Unification in the CMSSM (see
below) or the mass-scale of the messenger particles in gauge mediation (see Ref. [69]). In this case
non-vanishing bi � (1/4⇥)2 lnM2/M̃2 are generated by the RG evolution. As recently pointed out in
Ref. [70] the RG flow in the MSSM-MFV framework exhibit quasi infra-red fixed points: even if we
start with all the bi = O(1) at some high scale, the only non-negligible terms at the TeV scale are those
associated to the YuY

†
u structures.
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Conclusions
LHC14 will be exciting (tuning ~ E2 ).  

Could also deepen or elucidate flavour puzzle.  

Keep an eye on some recent anomalies both at 
high pT and in flavour. 

Let’s be prepared and leave no stone unturned. 


