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Outline
1a. The Hierarchy problem, qualitative

1b. Supersymmetry, overview

2a. Supersymmetry, tools

2b. Extra dimensions/compositeness, qualitative

3a. Extra dimensions, tools

3b. Compositeness, tools

3c. Naturalness and WIMP dark matter

Suggestion: take notes of some sort



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�3

References

…. and references therein



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�4

Why go beyond 
the Standard Model?
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My top 5 (personal, not exhaustive)

1. The Hierarchy Problem: why is the Higgs light?

2. Dark matter: what is it? (Graciela)

3. Baryogenesis: why so much matter?

4. Strong CP problem: why no neutron EDM?

5. Grand unification: why is Y quantized?  
Bonus: relation to neutrino mass?(Joachim)
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Particle Physics, circa 1990s
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I

1.
What Is the Universe Made Of?

In Which You Learn You Are Quite Weird and
Special

f you are a human being (we’ll go with that assumption for now), then you
probably can’t help but be a little curious about the world around you. It’s

part of what it means to be human, and it’s part of why you picked up this
book.

It’s not a new feeling. Since the dawn of time, people have wondered
about the answers to some basic and very reasonable questions about the
world around us:
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The Hierarchy Problem

FT, Quantum Diaries, “The Hierarchy Problem” (2012)

(and yet here we are)

The Higgs has a 
snowball’s chance in 
hell of being 125 GeV.
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Analogy: thermal randomness



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�13

quantum contributions to Higgs mass1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion
loops (especially the top quark). Diagrammatically,

= + +

These loops are quadratically divergent and go like
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If ⇤ � 10 tev (for example, ⇤ ⇠ MPl), then the quantum correction to the Higgs mass is much
larger than the mass itself, �m2

H
� m

2

H
. This is the Hierarchy problem: the Higgs mass is

quadratically sensitive to any mass scale of new physics. This problem is specific to elementary
scalars.

Unlike scalars, the quantum corrections to fermion and gauge boson masses are proportional to
the particle masses themselves. In this way, small fermion and gauge boson masses are technically
natural: the loop corrections are suppressed by the smallness of the tree-level parameter. For
fermions this is because of the appearance of a new chiral symmetry in the massless limit. For
gauge bosons this is because gauge symmetry is restored in the massless limit. By dimensional
analysis, the corrections to these mass parameters cannot be quadratically sensitive to the cuto↵,
⇤,
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The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/✏ poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
divergences, it is about the separation of the electroweak and uv scales. Any new physics coupled
to the Higgs will reintroduce the quadratic dependence on the scale at which the new physics
appears. For example, suppose new physics enters at the scale mS by a four-point interaction
between the Higgs and an additional complex scalar, �L � �S|H|
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Suppose one chose to ignore the term quadratic in the loop regulator, ⇤2

UV
—note that there’s no

justification to do this—the logarithmically divergent piece (corresponding to the 1/✏) and the
finite pieces are proportional to the squared mass scale of the new physics, m2

S
. The regulator

⇤UV is not a physical scale, but m2

S
is the scale of new physics. The Higgs mass is quadratically

sensitive to this scale, no matter how one chooses to regulate the loop.
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Other “hierarchy problems” ?

1 The Hierarchy Problem
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is the scale of new physics. The Higgs mass is quadratically

sensitive to this scale, no matter how one chooses to regulate the loop.
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1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion
loops (especially the top quark). Diagrammatically,
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If ⇤ � 10 tev (for example, ⇤ ⇠ MPl), then the quantum correction to the Higgs mass is much
larger than the mass itself, �m2
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. This is the Hierarchy problem: the Higgs mass is

quadratically sensitive to any mass scale of new physics. This problem is specific to elementary
scalars.

Unlike scalars, the quantum corrections to fermion and gauge boson masses are proportional to
the particle masses themselves. In this way, small fermion and gauge boson masses are technically
natural: the loop corrections are suppressed by the smallness of the tree-level parameter. For
fermions this is because of the appearance of a new chiral symmetry in the massless limit. For
gauge bosons this is because gauge symmetry is restored in the massless limit. By dimensional
analysis, the corrections to these mass parameters cannot be quadratically sensitive to the cuto↵,
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The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/✏ poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
divergences, it is about the separation of the electroweak and uv scales. Any new physics coupled
to the Higgs will reintroduce the quadratic dependence on the scale at which the new physics
appears. For example, suppose new physics enters at the scale mS by a four-point interaction
between the Higgs and an additional complex scalar, �L � �S|H|
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…what about dim-reg?

voila, no quadratic divergences! 
… but it was never about quadratic divergences

from Peskin & Schroeder, Introduction to Quantum Field Theory
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…what about dim-reg?

Hierarchy problem is about separation of scales.
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…what about dim-reg?

… even if we sequester the new physics.

 
 

Figure 1: Heuristic two-loop contributions to the Higgs mass from heavy fermions,  . Even though
the  do not directly couple to the Higgs, they reintroduce a quadratic sensitivity to the new scale.

This quadratic sensitivity is true even if these new states are not directly coupled to the Higgs
but only interact with other Standard Model fields. For example, suppose there were a pair of
heavy fermions  which are charged under the Standard Model gauge group but don’t directly
interact with the Higgs. One still expects two loop contributions to the Higgs mass from diagrams
such as those in Fig. 1. These contributions are of the form
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This is indeed of the same form as (1.4). Note that in this case, the sensitivity to the new scale is
softened by a loop factor.

The Higgs mass operator |H|
2 is a relevant and thus grows in the infrared. From the Wilsonian

perspective, the Hierarchy problem is the statement that is is di�cult (finely tuned) to choose a
renormalization group trajectory that flows to the correct Higgs mass. In summary, the Hierarchy
problem is the issue that the Higgs mass mH is sensitive to any high scale in the theory, even if
it only indirectly couples to the Standard Model. Thus näıvely one would expect that mH should
be on the order of the scale of new physics. In the Wilsonian picture, the Higgs mass is a relevant
operator and so its importance grows towards the ir. Indeed, mH is the only relevant operator in
the Standard Model.

The implication of the Hierarchy problem is that there should to be new physics at the tev
scale that eliminates the large loop contributions from above the tev scale1. In these lectures we
explore some of options for the physics beyond the sm that enforce naturalness. Before going into
further detail, here is a brief overview of some of the possibilities for this to happen:

• Supersymmetry: relate the elementary scalar Higgs to fermions in such a way that the
chiral symmetry protecting the fermion mass is extended to also protect the scalar mass.

• Gauge-Higgs unification: relate the the elementary scalar Higgs to an elementary gauge
field so that gauge symmetry also protects the Higgs mass.

• Technicolor, Higgsless: there is no Higgs boson, just a dynamically generated condensate.

• Composite Higgs, warped extra dimensions: There is a Higgs, but it is not elementary.
At the tev scale the Higgs “dissolves”: it becomes sensitive to large form factors that
suppresses corrections.

• Pseudo-Goldstone Higgs: The Higgs is a pseudo-Goldstone boson of a spontaneously bro-
ken symmetry. This gives some protection against quadratic divergences, usually removing

1See [1] for a recent discussion of naturalness and fine-tuning in the post-Higgs era.
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Frameworks for Hierarchy Problem

Supersymmetry: enforce a cancellation 

Extra dimensions: effective UV scale is lower…
maybe because gravity is diluted in 5D?

Compositeness: effective UV scale is lower… 
because you resolve Higgs substructure

Other? maybe that’s just the way things are.
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The semi-classical electron

Why is the mass of electron small?

Imagine bringing together 
pieces of the electron  
from far away.
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The semi-classical electron

GeV cm = 5⇥ 1013
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The semi-classical electron
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The semi-classical electron
If the electron is semiclassically natural, then the 
correction should be no larger than ~ me 

GeV cm = 5⇥ 1013
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The semi-classical electron
We know something interesting happens on 
length scales on the order of the electron mass.

GeV cm = 5⇥ 1013
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Supersymmetry

matter particle force particle
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Supersymmetry

SUSY

1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion
loops (especially the top quark). Diagrammatically,

= + +

These loops are quadratically divergent and go like
R
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If ⇤ � 10 tev (for example, ⇤ ⇠ MPl), then the quantum correction to the Higgs mass is much
larger than the mass itself, �m2

H
� m

2

H
. This is the Hierarchy problem: the Higgs mass is

quadratically sensitive to any mass scale of new physics. This problem is specific to elementary
scalars.

Unlike scalars, the quantum corrections to fermion and gauge boson masses are proportional to
the particle masses themselves. In this way, small fermion and gauge boson masses are technically
natural: the loop corrections are suppressed by the smallness of the tree-level parameter. For
fermions this is because of the appearance of a new chiral symmetry in the massless limit. For
gauge bosons this is because gauge symmetry is restored in the massless limit. By dimensional
analysis, the corrections to these mass parameters cannot be quadratically sensitive to the cuto↵,
⇤,

�me ⇠ me ln

✓
⇤

me

◆
(1.2)

�M
2

W
⇠ M

2

W
ln

✓
⇤

MW

◆
. (1.3)

The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/✏ poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
divergences, it is about the separation of the electroweak and uv scales. Any new physics coupled
to the Higgs will reintroduce the quadratic dependence on the scale at which the new physics
appears. For example, suppose new physics enters at the scale mS by a four-point interaction
between the Higgs and an additional complex scalar, �L � �S|H|
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Suppose one chose to ignore the term quadratic in the loop regulator, ⇤2

UV
—note that there’s no

justification to do this—the logarithmically divergent piece (corresponding to the 1/✏) and the
finite pieces are proportional to the squared mass scale of the new physics, m2

S
. The regulator

⇤UV is not a physical scale, but m2

S
is the scale of new physics. The Higgs mass is quadratically

sensitive to this scale, no matter how one chooses to regulate the loop.
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3

superpartners also contribute to Higgs mass
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why this could work
1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion
loops (especially the top quark). Diagrammatically,
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⇤,

�me ⇠ me ln

✓
⇤

me

◆
(1.2)

�M
2

W
⇠ M

2

W
ln

✓
⇤

MW

◆
. (1.3)

The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/✏ poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
divergences, it is about the separation of the electroweak and uv scales. Any new physics coupled
to the Higgs will reintroduce the quadratic dependence on the scale at which the new physics
appears. For example, suppose new physics enters at the scale mS by a four-point interaction
between the Higgs and an additional complex scalar, �L � �S|H|

2
|S|

2. The contribution to the
Higgs mass from a loop of the S particle is

�m
2

H
=

�S

16⇡2


⇤2

UV
� 2m2

S
ln

✓
⇤UV

mS

◆
+ (finite)

�
. (1.4)

Suppose one chose to ignore the term quadratic in the loop regulator, ⇤2

UV
—note that there’s no

justification to do this—the logarithmically divergent piece (corresponding to the 1/✏) and the
finite pieces are proportional to the squared mass scale of the new physics, m2

S
. The regulator

⇤UV is not a physical scale, but m2

S
is the scale of new physics. The Higgs mass is quadratically

sensitive to this scale, no matter how one chooses to regulate the loop.

3

!relative sign between boson  
and fermion loops 

… just need [super]symmetry to enforce  
appropriate particles and couplings
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the naming of squarks 
The MSSM (s)particle content
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Multiplets to supermultiplets

H =

✓
�
1

�
2

◆
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With modest e↵ort, one can work out the transformation of each component of this general
superfield by applying the transformation (2.18), expanding all fields in ✓ and ✓̄, and matching
the coe�cients of each term. Some of the terms require massaging by Fierz identities to get to
the correct form. Fortunately, the general superfield above is a reducible representation: some of
these fields do not transform into one another. We can restrict to irreducible representations by
imposing one of the following conditions:

chiral superfield D↵� = 0 (2.21)

anti-chiral superfield D↵̇� = 0 (2.22)

vector (real) superfield V = V
† (2.23)

linear superfield D
2

L = D
2
L = 0 (2.24)

The chiral and anti-chiral superfields carry Weyl fermions of left- and right-handed helicity respec-
tively. It is convenient to write all anti-chiral superfields into chiral superfields, for example by
swapping the right-handed electron chiral superfield with a left-handed positron superfield. The
field content is identical, one is just swapping which is the ‘particle’ and which is the ‘anti-particle.’

The linear superfield. The defining condition for this superfield includes a constraint that the vector com-
ponent is divergence free, @µV µ = 0. It is thus a natural supersymmetrization of a conserved current. We will
not consider linear superfields further in these lectures.

2.5 Supersymmetric Lagrangians for chiral superfields

One can check that because D↵̇(xµ + i✓�
µ
✓̄) = 0, any function of yµ = x

µ + i✓�
µ
✓̄ is automatically

a chiral superfield (�sf). Indeed, the most compact way of writing the components of a �sf is

�(y, ✓) = '(y) +
p
2✓ (y) + ✓

2
F (y). (2.25)

Again, we point out that this expansion is exact since higher powers of the Weyl spinor ✓ vanish
by the antisymmetry of its components. Under a susy transformation with parameter ✏, the
components of the �sf each transform as

�✏'(x) =
p
2✏ (x) (2.26)

� (x) = i

p
2�µ

✏̄@µ'(x) +
p
2✏F (x) (2.27)

�✏F (x) = i

p
2✏̄�̄µ

@µ (x). (2.28)

Observe that the auxiliary field transforms into a total spacetime derivative. This is especially nice
since a total derivative vanishes in the action and so the highest component of a �sf is a candidate
for a susy-invariant term in the Lagrangian. Thus we arrive at our first way of constructing
supersymmetric Lagrangian terms: write the F -term of a chiral superfield.

To generate interesting interactions we don’t want to write the F -terms of our fundamental
fields—indeed, these are generally not even gauge invariant. Fortunately, one can check that
a product of chiral superfields is itself a chiral superfield. Indeed, a general way of writing a
supersymmetry Lagrangian term built out of chiral superfields is

L =

Z
d
2
✓ W (�) + h.c., (2.29)

9

) = 0, any function of yµ = x
µ + i✓�

µ
✓̄

also known as superfields
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Rule of thumb: SUSY spectrum

Chiral superfield: matter superfield  
complex scalar, Weyl fermion, auxiliary field

auxiliary fields are analogous to gauge-redundant degrees of freedom

With modest e↵ort, one can work out the transformation of each component of this general
superfield by applying the transformation (2.18), expanding all fields in ✓ and ✓̄, and matching
the coe�cients of each term. Some of the terms require massaging by Fierz identities to get to
the correct form. Fortunately, the general superfield above is a reducible representation: some of
these fields do not transform into one another. We can restrict to irreducible representations by
imposing one of the following conditions:

chiral superfield D↵� = 0 (2.21)

anti-chiral superfield D↵̇� = 0 (2.22)

vector (real) superfield V = V
† (2.23)

linear superfield D
2

L = D
2
L = 0 (2.24)

The chiral and anti-chiral superfields carry Weyl fermions of left- and right-handed helicity respec-
tively. It is convenient to write all anti-chiral superfields into chiral superfields, for example by
swapping the right-handed electron chiral superfield with a left-handed positron superfield. The
field content is identical, one is just swapping which is the ‘particle’ and which is the ‘anti-particle.’

The linear superfield. The defining condition for this superfield includes a constraint that the vector com-
ponent is divergence free, @µV µ = 0. It is thus a natural supersymmetrization of a conserved current. We will
not consider linear superfields further in these lectures.

2.5 Supersymmetric Lagrangians for chiral superfields

One can check that because D↵̇(xµ + i✓�
µ
✓̄) = 0, any function of yµ = x

µ + i✓�
µ
✓̄ is automatically

a chiral superfield (�sf). Indeed, the most compact way of writing the components of a �sf is

�(y, ✓) = '(y) +
p
2✓ (y) + ✓

2
F (y). (2.25)

Again, we point out that this expansion is exact since higher powers of the Weyl spinor ✓ vanish
by the antisymmetry of its components. Under a susy transformation with parameter ✏, the
components of the �sf each transform as

�✏'(x) =
p
2✏ (x) (2.26)

� (x) = i

p
2�µ

✏̄@µ'(x) +
p
2✏F (x) (2.27)

�✏F (x) = i

p
2✏̄�̄µ

@µ (x). (2.28)

Observe that the auxiliary field transforms into a total spacetime derivative. This is especially nice
since a total derivative vanishes in the action and so the highest component of a �sf is a candidate
for a susy-invariant term in the Lagrangian. Thus we arrive at our first way of constructing
supersymmetric Lagrangian terms: write the F -term of a chiral superfield.

To generate interesting interactions we don’t want to write the F -terms of our fundamental
fields—indeed, these are generally not even gauge invariant. Fortunately, one can check that
a product of chiral superfields is itself a chiral superfield. Indeed, a general way of writing a
supersymmetry Lagrangian term built out of chiral superfields is

L =

Z
d
2
✓ W (�) + h.c., (2.29)

9

Vector superfield: force superfield  
spin-1, Majorana fermion, auxiliary field

This expression is general, but renormalizability restricts the mass dimensions to be [K]  2 and
[W ]  3. For theories with more supersymmetry, e.g. N = 2, one must impose additional relations
between K and W . Assuming a renormalizable supersymmetric theory of chiral superfields �i, we
may plug in K = �†

i
�i and integrate out the auxiliary fields from (2.32). The result is

L = @µ'
⇤

i
@
µ
'i + i ̄i�̄

µ
@µ i �

@
2
W

@'i@'j

 i j �

X

i

����
@W

@'i

����
2

. (2.33)

Here the superpotential is assumed to be evaluated at its lowest component so that W [�i(y, ✓)] !
W ['i(x)]. Observe that dimension-2 terms in the superpotential link the mass terms of the Weyl
fermion and the complex scalar. Further, dimension-3 terms in the superpotential connect Yukawa
interactions to quartic scalar couplings.

2.6 Supersymmetric Lagrangians for vector superfields

Until now, however, we have only described supersymmetric theories of complex scalars and
fermions packaged as chiral superfields. In order to include the interactions of gauge fields we
must write down susy Lagrangians that include vector superfields.

Suppose a set of chiral superfields � carry a U(1) charge such that �(x) ! exp(�i⇤)�(x). For
an ordinary global symmetry this is an overall phase on each component of the chiral superfield.
For a gauge symmetry, the transformation parameter is spacetime dependent, ⇤ = ⇤(x). Note,
however, that this is now problematic because our definition of a chiral superfield, D↵� = 0,
contains a spacetime derivative. It would appear that the näıve gauge transformation is not
consistent with the irreducible susy representations we’ve written because it does not preserve the
chiral superfield condition.

This inconsistency is a relic of keeping ⇤(x) a function of spacetime rather than a function of the
full superspace. We noted above that a function of yµ = x

µ+i✓�
µ
✓̄ is a chiral superfield and, further,

that a product of chiral superfields is also a chiral superfield. Thus a consistent way to include
gauge transformations is to promote ⇤(x) to a chiral superfield ⇤(y) so that exp(�i⇤(y))�(y) is
indeed chiral. In this way we see that supersymmetry has ‘complexified’ the gauge group.

Under this complexified gauge transformation, the canonical Kähler potential term that con-
tains the kinetic terms transforms to

�†� ! �†
e
�i(⇤�⇤

†
)�. (2.34)

For gauge theories one must modify the Kähler potential to accommodate this factor. This is
unsurprising since gauging an ordinary quantum field theory requires one to modify the kinetic
terms by promoting derivatives to covariant derivatives which include the gauge field. To correctly
gauge a symmetry, we introduce a vector (real) superfield (vsf) V which transforms according to

V ! V + i(⇤� ⇤†) (2.35)

and promote the Kähler potential to

K(�,�†) = �†
e
V�. (2.36)

A generic vsf has many components, but many can be eliminated by partially gauge fixing to
the Wess-Zumino gauge where

V =� ✓�
µ
✓̄Vµ(x) + i✓

2
✓̄�̄(x)� i✓̄

2
✓�(x) +

1

2
✓
2
✓̄
2
D(x). (2.37)

11
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The superfields

�sf SU(3)c SU(2)L U(1)Y

Q 3 2 1/6

Ū 3 1 �2/3

D̄ 3 1 1/3

L 1 2 �1/2

Ē 1 1 �1
Hd 1 2 1/2

Hu 1 1 �1/2

Table 1: Matter content of the mssm. Note that we have used 2 = 2 for SU(2)L.

propagating gaugino, a fermion in the adjoint representation. As we showed above, o↵-shell susy
also implies non-propagating auxiliary fields.

The matter (�sf) content of the mssm is shown in Table 1. It is the same as the sm except
that we require two Higgs doublet chiral superfields. This is necessary for the cancellation of
the SU(2)2

L
⇥U(1)Y and SU(2)L Witten anomalies coming from the Higgs fermions, or Higgsinos.

An additional hint that this is necessary comes from the observation that the superpotential is a
holomorphic function of the chiral superfields while the Standard Model up-type Yukawa coupling
requires the conjugate of the Higgs, eH = i�

2
H

⇤.
The most general renormalizable superpotential made with these fields can be split into two

terms, W = W
(good) +W

(bad),

W
(good) =y

ij

u
Q

i
HuŪ

j + y
ij

d
Q

i
HdD̄ + y

ij

e
L
i
HdĒ

j + µHuHd (2.49)

W
(bad) =�

ijk

1
Q

i
L
j
D̄

k + �
ijk

2
L
i
L
j
Ē

k + �
i

3
L
i
Hu + �

ijk

4
D̄

i
D̄

j
Ū

k
. (2.50)

In W
(good) one can straight forwardly identify the Standard Model Yukawa couplings which give

the sm fermions their masses. Since these are packaged into the superpotential these terms also
encode the additional scalar quartic interactions required by supersymmetry. The last term in
W

(good) is a supersymmetric Higgs mass known as the µ-term. By supersymmetry this term also
gives a mass to the Higgsinos, which we require since we do not observe any very light chiral
fermions with the quantum numbers of a Higgs.

The W (bad) terms, on the other hand, are phenomenologically undesirable. These are renormal-
izable interactions which violate baryon (B) and/or lepton (L) number and are thus constrained
to have very small coe�cients. Compare this to the sm where B and L are accidental symmetries:
all renormalizable interactions of sm fields allowed by the sm gauge group preserve B and L. Vio-
lation of these symmetries only occurs at the non-renormalizable level and are suppressed by what
can be a very high scale, e.g. MGUT.

We see that in the mssm we must find ways to forbid, or otherwise strongly suppress, the terms
in W

(bad). Otherwise one would be faced with dangerous rates for rare processes such as proton
decay, p+ ! e

+
⇡
0 or ⌫̄⇡

+ (or alternately with ⇡ replaced with K) as shown in Fig. 2. Observe
that this is a tree level process and all of the couplings are completely unsuppressed.

A simple way to forbid W
(bad) is to impose matter parity, which is a 2 symmetry with

assignments:

14

2
chiral (matter)  

superfields

vector superfields (forces)

�sf SU(3)c SU(2)L U(1)Y

Q 3 2 1/6

Ū 3 1 �2/3

D̄ 3 1 1/3

L 1 2 �1/2

Ē 1 1 �1
Hd 1 2 1/2

Hu 1 1 �1/2

Table 1: Matter content of the mssm. Note that we have used 2 = 2 for SU(2)L.

propagating gaugino, a fermion in the adjoint representation. As we showed above, o↵-shell susy
also implies non-propagating auxiliary fields.

The matter (�sf) content of the mssm is shown in Table 1. It is the same as the sm except
that we require two Higgs doublet chiral superfields. This is necessary for the cancellation of
the SU(2)2

L
⇥U(1)Y and SU(2)L Witten anomalies coming from the Higgs fermions, or Higgsinos.

An additional hint that this is necessary comes from the observation that the superpotential is a
holomorphic function of the chiral superfields while the Standard Model up-type Yukawa coupling
requires the conjugate of the Higgs, eH = i�

2
H

⇤.
The most general renormalizable superpotential made with these fields can be split into two

terms, W = W
(good) +W

(bad),

W
(good) =y

ij

u
Q

i
HuŪ

j + y
ij

d
Q

i
HdD̄ + y

ij

e
L
i
HdĒ

j + µHuHd (2.49)

W
(bad) =�

ijk

1
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k + �
ijk

2
L
i
L
j
Ē

k + �
i

3
L
i
Hu + �

ijk

4
D̄
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D̄

j
Ū

k
. (2.50)

In W
(good) one can straight forwardly identify the Standard Model Yukawa couplings which give

the sm fermions their masses. Since these are packaged into the superpotential these terms also
encode the additional scalar quartic interactions required by supersymmetry. The last term in
W
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gives a mass to the Higgsinos, which we require since we do not observe any very light chiral
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Ū 3 1 �2/3

D̄ 3 1 1/3

L 1 2 �1/2
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Gaugino mixing

We never talk about photinos or zinos. 
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MSSM Feynman Rules  
a cheater’s guide (SUSY limit)
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the dirty secret (approximate)

1. take a Standard Model vertex

2. replace two particles with SUSY partners

3. make sure indices contract (they will)
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example
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example 
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Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.

3 W Diagrams

⌫e

µ

W

⌫e

e

W�

W+

�

3



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�43

example 

e

e

�

e

e

ee

�

ee

e

e

e

e

Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.

3 W Diagrams

⌫e

µ

W

⌫e

e

W�

W+

�

3



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�44

example
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what you miss

Some quartic terms come from kinetic terms, 
proportional to gauge coupling. 
… may make you worry about Higgs sector!
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what you miss

other quartic terms come from Yukawa terms 
… this is really important for cancellation of loops
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Other Interactions

More fields, more ways to put them together.

�sf SU(3)c SU(2)L U(1)Y

Q 3 2 1/6

Ū 3 1 �2/3

D̄ 3 1 1/3

L 1 2 �1/2

Ē 1 1 �1
Hd 1 2 1/2

Hu 1 1 �1/2

Table 1: Matter content of the mssm. Note that we have used 2 = 2 for SU(2)L.

propagating gaugino, a fermion in the adjoint representation. As we showed above, o↵-shell susy
also implies non-propagating auxiliary fields.

The matter (�sf) content of the mssm is shown in Table 1. It is the same as the sm except
that we require two Higgs doublet chiral superfields. This is necessary for the cancellation of
the SU(2)2

L
⇥U(1)Y and SU(2)L Witten anomalies coming from the Higgs fermions, or Higgsinos.

An additional hint that this is necessary comes from the observation that the superpotential is a
holomorphic function of the chiral superfields while the Standard Model up-type Yukawa coupling
requires the conjugate of the Higgs, eH = i�
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In W
(good) one can straight forwardly identify the Standard Model Yukawa couplings which give

the sm fermions their masses. Since these are packaged into the superpotential these terms also
encode the additional scalar quartic interactions required by supersymmetry. The last term in
W

(good) is a supersymmetric Higgs mass known as the µ-term. By supersymmetry this term also
gives a mass to the Higgsinos, which we require since we do not observe any very light chiral
fermions with the quantum numbers of a Higgs.

The W (bad) terms, on the other hand, are phenomenologically undesirable. These are renormal-
izable interactions which violate baryon (B) and/or lepton (L) number and are thus constrained
to have very small coe�cients. Compare this to the sm where B and L are accidental symmetries:
all renormalizable interactions of sm fields allowed by the sm gauge group preserve B and L. Vio-
lation of these symmetries only occurs at the non-renormalizable level and are suppressed by what
can be a very high scale, e.g. MGUT.

We see that in the mssm we must find ways to forbid, or otherwise strongly suppress, the terms
in W

(bad). Otherwise one would be faced with dangerous rates for rare processes such as proton
decay, p+ ! e

+
⇡
0 or ⌫̄⇡

+ (or alternately with ⇡ replaced with K) as shown in Fig. 2. Observe
that this is a tree level process and all of the couplings are completely unsuppressed.

A simple way to forbid W
(bad) is to impose matter parity, which is a 2 symmetry with
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Pick gauge invariant combination of 3 XSF
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Other Interactions
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Other Interactions
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Ē 1 1 �1
Hd 1 2 1/2

Hu 1 1 �1/2

Table 1: Matter content of the mssm. Note that we have used 2 = 2 for SU(2)L.

propagating gaugino, a fermion in the adjoint representation. As we showed above, o↵-shell susy
also implies non-propagating auxiliary fields.

The matter (�sf) content of the mssm is shown in Table 1. It is the same as the sm except
that we require two Higgs doublet chiral superfields. This is necessary for the cancellation of
the SU(2)2

L
⇥U(1)Y and SU(2)L Witten anomalies coming from the Higgs fermions, or Higgsinos.

An additional hint that this is necessary comes from the observation that the superpotential is a
holomorphic function of the chiral superfields while the Standard Model up-type Yukawa coupling
requires the conjugate of the Higgs, eH = i�

2
H

⇤.
The most general renormalizable superpotential made with these fields can be split into two

terms, W = W
(good) +W

(bad),

W
(good) =y

ij

u
Q

i
HuŪ
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Ē

k + �
i

3
L
i
Hu + �

ijk

4
D̄

i
D̄

j
Ū
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The MSSM… approximately
Exercise 1: what are the particles of the  
minimal supersymmetric Standard Model?

Exercise 2: what are the 
SUSY interactions?  
ignore quartics, 
hint on the right
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Supersymmetry 
super-shortcomings
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The electron has an antiparticle with the same 
properties except CP

… but it definitely does not have a super-partner 
with the same properties except 

We would have discovered it a long time ago.

there are no sparticles
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there are no sparticles

ATLAS SUSY summary results
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there are no sparticles
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Supersymmetry is broken

SUSY is not a good symmetry of nature. 
c.f. electroweak symmetry

Can it solve the Hierarchy Problem?  
Soft SUSY breaking 

mfermion 6= mboson
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that hold in an unbroken supersymmetric theory must be maintained. Otherwise, there would be
quadratically divergent radiative corrections to the Higgs scalar masses of the form

∆m2
H =

1

8π2
(λS − |λf |2)Λ2

UV + . . . . (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = LSUSY + Lsoft, (1.12)

where LSUSY contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lsoft violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section 7 that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lsoft. If the largest
mass scale associated with the soft terms is denoted msoft, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the msoft → 0 limit, so by dimensional
analysis they cannot be proportional to Λ2

UV. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like ∆m2

H ∼ msoftΛUV, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as ΛUV → ∞.
So they must be of the form

∆m2
H = m2

soft

[
λ

16π2
ln(ΛUV/msoft) + . . .

]
. (1.13)

Here λ is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of ΛUV and for higher loop corrections (which depend on ΛUV through powers of
logarithms).

Because the mass splittings between the known Standard Model particles and their superpartners
are just determined by the parameters msoft appearing in Lsoft, eq. (1.13) tells us that the superpartner
masses should not be too huge.§ Otherwise, we would lose our successful cure for the hierarchy problem,
since the m2

soft corrections to the Higgs scalar squared mass parameter would be unnaturally large
compared to the square of the electroweak breaking scale of 174 GeV. The top and bottom squarks and
the winos and bino give especially large contributions to ∆m2

Hu
and ∆m2

Hd
, but the gluino mass and

all the other squark and slepton masses also feed in indirectly, through radiative corrections to the top
and bottom squark masses. Furthermore, in most viable models of supersymmetry breaking that are
not unduly contrived, the superpartner masses do not differ from each other by more than about an
order of magnitude. Using ΛUV ∼ MP and λ ∼ 1 in eq. (1.13), one estimates that msoft, and therefore
the masses of at least the lightest few superpartners, should probably not be much greater than the
TeV scale, in order for the MSSM scalar potential to provide a Higgs VEV resulting in mW ,mZ = 80.4,
91.2 GeV without miraculous cancellations. While this is a fuzzy criterion, it is the best reason for the
continued optimism among many theorists that supersymmetry will be discovered at the CERN Large
Hadron Collider, and can be studied at a future e+e− linear collider with sufficiently high energy.

However, it should be noted that the hierarchy problem was not the historical motivation for the
development of supersymmetry in the early 1970’s. The supersymmetry algebra and supersymmetric

§This is obviously fuzzy and subjective. Nevertheless, such subjective criteria can be useful, at least on a personal
level, for making choices about what research directions to pursue, given finite time and money.
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proton decay

Image: We Have No Idea, Whiteson & Cham
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Figure 2: Proton decay mediated by squarks. Arrows indicate helicity and should not be confused
with the ‘charge flow’ arrows of Dirac spinors [14]. Tildes indicate superpartners while bars are
used to write right-chiral antiparticles into left-chiral fields in the conjugate representation.

Superfield Matter parity
quark, lepton �sf PM = �1
Higgs �sf PM = +1
gauge vsf PM = +1.

Under these assignments, all terms in W
(good) have PM = +1 while all terms in (bad) have PM = �1.

One can check that one may write matter parity in terms of baryon and lepton number as

PM = (�)3(B�L)
. (2.51)

A common variation of this is to impose the above constraint using R-parity,

PR = (�)3(B�L)+2s
, (2.52)

where s is the spin of the field. Conservation of matter parity implies conservation of R-parity. This
is because the (�)2s factor always cancels in any interaction term since Lorentz invariance requires
that any such term has an even number of fermions. Observe that all sm fields have R-parity
+1 while all superpartner fields have R-parity �1. (This is similar to T -parity for Little Higgs
models.) The diagrams assocaited with electroweak precision observables carry only sm external
states. Since R-parity requires pair-production of superpartners, this means that electroweak
precision corrections cannot occur at tree-level and must come from loop diagrams.

It is important to understand that R-parity (or matter parity) is an additional symmetry that
we impose on top of supersymmetry. R-parity has some important consequences:

1. The lightest R-parity odd particle is stable. This is known as the lightest supersymmetric
particle or lsp. If the lsp is an electrically neutral color singlet—as we shall assume—it is
a candidate for wimp-like dm.

2. Each superpartner (sparticle) other than the lsp will decay. At the end of any such sequence
of decays one is left with an odd number (usually one) of lsps.

3. In collider experiments, the initial state has PR = +1 so that only an even number of
sparticles can be produced at a time (e.g. via pair production). At the end of the decay these
end up as lsps which manifest themselves as missing energy signals at colliders.

For most of this document we postulate that the mssm has exact R-parity conservation—though
this is something of an ad-hoc assumption.
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ē
d, ēs, ēb
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quark, lepton �sf PM = �1
Higgs �sf PM = +1
gauge vsf PM = +1.

Under these assignments, all terms in W
(good) have PM = +1 while all terms in (bad) have PM = �1.

One can check that one may write matter parity in terms of baryon and lepton number as

PM = (�)3(B�L)
. (2.51)

A common variation of this is to impose the above constraint using R-parity,

PR = (�)3(B�L)+2s
, (2.52)

where s is the spin of the field. Conservation of matter parity implies conservation of R-parity. This
is because the (�)2s factor always cancels in any interaction term since Lorentz invariance requires
that any such term has an even number of fermions. Observe that all sm fields have R-parity
+1 while all superpartner fields have R-parity �1. (This is similar to T -parity for Little Higgs
models.) The diagrams assocaited with electroweak precision observables carry only sm external
states. Since R-parity requires pair-production of superpartners, this means that electroweak
precision corrections cannot occur at tree-level and must come from loop diagrams.

It is important to understand that R-parity (or matter parity) is an additional symmetry that
we impose on top of supersymmetry. R-parity has some important consequences:

1. The lightest R-parity odd particle is stable. This is known as the lightest supersymmetric
particle or lsp. If the lsp is an electrically neutral color singlet—as we shall assume—it is
a candidate for wimp-like dm.

2. Each superpartner (sparticle) other than the lsp will decay. At the end of any such sequence
of decays one is left with an odd number (usually one) of lsps.

3. In collider experiments, the initial state has PR = +1 so that only an even number of
sparticles can be produced at a time (e.g. via pair production). At the end of the decay these
end up as lsps which manifest themselves as missing energy signals at colliders.

For most of this document we postulate that the mssm has exact R-parity conservation—though
this is something of an ad-hoc assumption.
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PR[ ordinary matter ] = + 
PR[ superpartner ] = −   

Added bonus: 
lightest superpartner is stable.

Dark matter is not even in our current mathematical or physical models of the
universe. There is a large amount of stuff out there silently pulling on us, and
we don’t know what it is. We can’t possibly claim to understand our universe
without understanding this huge part of it.

Now, before you start feeling paranoid about weird, dark, mysterious
stuff floating all around you, consider this: what if dark matter is something
awesome?

Dark matter is made of something that we have no direct experience with.
It’s something we haven’t seen before, and it might behave in ways we
haven’t imagined.

Think of the amazing potential that exists here.

What if dark matter is made of some new kind of particle that we are able
to produce and harness in high-energy colliders? Or what if in discovering
what it is, we figure out something about the laws of physics we didn’t know
about before, such as a new fundamental interaction or a new way that the
existing interactions can work? And what if this new discovery lets us
manipulate regular matter in new ways?

Imagine you’ve been playing a game your whole life, and suddenly you
realize that there are special rules or special new pieces you could be playing
with. What amazing technology or understanding could be unlocked by
figuring out what dark matter is and how it works?

We can’t stay in the dark about it forever. Just because it’s dark doesn’t
mean it doesn’t matter.

?

�sf SU(3)c SU(2)L U(1)Y

Q 3 2 1/6

Ū 3 1 �2/3

D̄ 3 1 1/3

L 1 2 �1/2

Ē 1 1 �1
Hd 1 2 1/2

Hu 1 1 �1/2

Table 1: Matter content of the mssm. Note that we have used 2 = 2 for SU(2)L.

propagating gaugino, a fermion in the adjoint representation. As we showed above, o↵-shell susy
also implies non-propagating auxiliary fields.

The matter (�sf) content of the mssm is shown in Table 1. It is the same as the sm except
that we require two Higgs doublet chiral superfields. This is necessary for the cancellation of
the SU(2)2

L
⇥U(1)Y and SU(2)L Witten anomalies coming from the Higgs fermions, or Higgsinos.

An additional hint that this is necessary comes from the observation that the superpotential is a
holomorphic function of the chiral superfields while the Standard Model up-type Yukawa coupling
requires the conjugate of the Higgs, eH = i�

2
H

⇤.
The most general renormalizable superpotential made with these fields can be split into two

terms, W = W
(good) +W

(bad),

W
(good) =y

ij

u
Q

i
HuŪ

j + y
ij

d
Q

i
HdD̄ + y

ij

e
L
i
HdĒ

j + µHuHd (2.49)

W
(bad) =�

ijk

1
Q

i
L
j
D̄

k + �
ijk

2
L
i
L
j
Ē

k + �
i

3
L
i
Hu + �

ijk

4
D̄

i
D̄

j
Ū

k
. (2.50)

In W
(good) one can straight forwardly identify the Standard Model Yukawa couplings which give

the sm fermions their masses. Since these are packaged into the superpotential these terms also
encode the additional scalar quartic interactions required by supersymmetry. The last term in
W

(good) is a supersymmetric Higgs mass known as the µ-term. By supersymmetry this term also
gives a mass to the Higgsinos, which we require since we do not observe any very light chiral
fermions with the quantum numbers of a Higgs.

The W (bad) terms, on the other hand, are phenomenologically undesirable. These are renormal-
izable interactions which violate baryon (B) and/or lepton (L) number and are thus constrained
to have very small coe�cients. Compare this to the sm where B and L are accidental symmetries:
all renormalizable interactions of sm fields allowed by the sm gauge group preserve B and L. Vio-
lation of these symmetries only occurs at the non-renormalizable level and are suppressed by what
can be a very high scale, e.g. MGUT.

We see that in the mssm we must find ways to forbid, or otherwise strongly suppress, the terms
in W

(bad). Otherwise one would be faced with dangerous rates for rare processes such as proton
decay, p+ ! e

+
⇡
0 or ⌫̄⇡

+ (or alternately with ⇡ replaced with K) as shown in Fig. 2. Observe
that this is a tree level process and all of the couplings are completely unsuppressed.

A simple way to forbid W
(bad) is to impose matter parity, which is a 2 symmetry with

assignments:

14



f l i p . t a n e d o @ u c r . e d u 70TRISEP SUMMER SCHOOL 2019
�59

electroweak symmetry breaking

Two Higgses, both get vevs.  
Only one quartic direction (other is D-flat)

Relies on apparent conspiracy between 
supersymmetric and SUSY-beaking terms.

where we have simplified the SU(2)L terms using the relation �
a

ij
�
a

k`
= 2�i`�jk � �ij�k`. We see

immediately that the Higgs quartic � coupling goes like the squared electroweak couplings, g2 and
g
02. This connection between the Higgs sector and the gauge parameters does not exist in the

Standard Model
In addition to the D-term contribution, there is also the supersymmetric F -term contribution

coming from the µ-term in the superpotential. The quadratic contributions to the Higgs potential
are,

VF = |µ|
2
|Hu|

2 + |µ|
2
|Hd|

2 + · · · (2.92)

We have dropped terms proportional to the Yukawa couplings since we assume the scalar partners
of the sm fermions do not acquire vevs. On top of this, there are the soft supersymmetry breaking
terms. These include soft masses for each Higgs doublet and a ‘holomorphic’ b-term which is called
Bµ (or sometimes Bµ),

Vsoft = m
2

Hu
|Hu|

2 +m
2

Hd
|Hd|

2 + (BµHu ·Hd + h.c.) . (2.93)

Note that the contraction of Hu and Hd in the D-term (2.91) is di↵erent from that in the Bµ term
(2.95). Specifically, Hu ·Hd is contracted using the ✏ab tensor and gives H+

u
H

�

d
�H

0

u
H

0

d
. Further,

the D-term couplings are real since they are part of a real superfield. The F -term couplings are
made real because they are the modulus of a complex parameter. The couplings of the soft terms,
on the other hand, carry arbitrary sign and phase.

Combining all of these factors, the full Higgs potential is

VH = VD + VF + Vsoft (2.94)

=
1

2
g
2
|H

†

u
Hd|

2 +
1

8
(g2 + g

02)
�
|Hu|

2
� |Hd|

2
�2

+
�
|µ|

2 +m
2

Hu

�
|Hu|

2 +
�
|µ|

2 +m
2

Hu

�
|Hd|

2 + (BµHu ·Hd + h.c.) . (2.95)

To simplify this, we can assume that the charged components of the doublets pick up no vev

and write everything in terms of only the neutral components (we address the validity of this
assumption below):

VH =
1

8
(g2 + g

02)
�
|H

0

u
|
2
� |H

0

d
|
2
�2

+
X

i=u,d

�
|µ|

2 +m
2

Hi

�
|H

0

i
|
2
� 2BµRe(H

0

u
H

0

d
). (2.96)

Observe that this potential has a direction in field space, |H0

u
|
2 = |H

0

d
|
2 where the D-term quartic

vanishes. This is called a D-flat direction and requires caution. In order to break electroweak
symmetry, we must destabilize the origin of field space with a tachyonic mass term to force a linear
combination of the neutral Higgses to pick up a vev. In the sm destabilization is balanced by
the quartic coupling which forces the vev to take a finite value. We see now in the mssm that
one has to take special care to make sure that the destabilized direction does not align with the
D-flat direction or else the potential isn’t bounded from below. In other words, we must impose a
negative mass squared in one direction in the Higgs moduli space while making sure that there is
a positive definite mass squared along the D-flat direction. This can be written as two conditions:

1. We require exactly one negative eigenvalue in the neutral Higgs mass matrix,
����
|µ|

2 +m
2

Hu
�Bµ

�Bµ |µ|
2 +m

2

Hd

���� =
�
|µ|

2 +m
2

Hu

� �
|µ|

2 +m
2

Hd

�
� B

2

µ
< 0. (2.97)
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The Higgs potential is a challenge in SUSY.
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Supersymmetry 
why we really like(d) it
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Solves Hierarchy Problem

Symmetry principle that protects Higgs mass from 
quantum corrections in the UV.

1 The Hierarchy Problem

At loop level, the Higgs mass receives corrections from self interactions, gauge loops, and fermion
loops (especially the top quark). Diagrammatically,

= + +

These loops are quadratically divergent and go like
R
d
4
k (k2

�m
2)�1

⇠ ⇤2 for some cuto↵ scale
⇤. Explicitly,

�m
2

H
=

⇤2

32⇡2


6�+

1

4

�
9g2 + 3g02

�
� y

2

t

�
(1.1)

If ⇤ � 10 tev (for example, ⇤ ⇠ MPl), then the quantum correction to the Higgs mass is much
larger than the mass itself, �m2

H
� m

2

H
. This is the Hierarchy problem: the Higgs mass is

quadratically sensitive to any mass scale of new physics. This problem is specific to elementary
scalars.

Unlike scalars, the quantum corrections to fermion and gauge boson masses are proportional to
the particle masses themselves. In this way, small fermion and gauge boson masses are technically
natural: the loop corrections are suppressed by the smallness of the tree-level parameter. For
fermions this is because of the appearance of a new chiral symmetry in the massless limit. For
gauge bosons this is because gauge symmetry is restored in the massless limit. By dimensional
analysis, the corrections to these mass parameters cannot be quadratically sensitive to the cuto↵,
⇤,

�me ⇠ me ln

✓
⇤

me

◆
(1.2)

�M
2

W
⇠ M

2

W
ln

✓
⇤

MW

◆
. (1.3)

The Hierarchy problem is independent of the renormalization scheme. It is sometimes argued
that in dimensional regularization there are no quadratic divergences since the 1/✏ poles correspond
to logarithmic divergences. This is fallacious. The Hierarchy problem isn’t about the cancellation of
divergences, it is about the separation of the electroweak and uv scales. Any new physics coupled
to the Higgs will reintroduce the quadratic dependence on the scale at which the new physics
appears. For example, suppose new physics enters at the scale mS by a four-point interaction
between the Higgs and an additional complex scalar, �L � �S|H|

2
|S|

2. The contribution to the
Higgs mass from a loop of the S particle is

�m
2

H
=

�S

16⇡2


⇤2

UV
� 2m2

S
ln

✓
⇤UV

mS

◆
+ (finite)

�
. (1.4)

Suppose one chose to ignore the term quadratic in the loop regulator, ⇤2

UV
—note that there’s no

justification to do this—the logarithmically divergent piece (corresponding to the 1/✏) and the
finite pieces are proportional to the squared mass scale of the new physics, m2

S
. The regulator

⇤UV is not a physical scale, but m2

S
is the scale of new physics. The Higgs mass is quadratically

sensitive to this scale, no matter how one chooses to regulate the loop.
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gauge unification for free

S. Martin hep-ph/9709356 Fig 6.8

SM

MSSM
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nice dark matter candidate
Requirements: stable, uncharged. 
What’s a good dark matter candidate?  
 
caveat: there’s a lot we’re sweeping under the rug 
… R-parity and all that (for now)
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nice dark matter candidate
Requirements: stable, uncharged. 
What’s a good dark matter candidate?  
 
caveat: there’s a lot we’re sweeping under the rug 
… R-parity and all that (for now)

sometimes: gravitino is lightest such state
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The MSSM is…

simple enough to understand how and why it 
works (at least in the SUSY limit)

complex enough to generate many kinds of 
phenomenological signatures
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MSSM 
basic pheno
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natural SUSY spectrum

eH

etR,etL ebL

eg

fW
eB

Figure 3: Heuristic picture of a natural susy spectrum. All other superpartners are assumed to
have masses well above the tev scale and decouple.

4. Light-ish electroweak-inos (optional). Finally, if one insists on grand unification, the scale
of the gluinos imposes a mass spectrum on the electroweak gauginos with Mew-ino < Mgluino.
As a rough estimate, Majorana gluinos should have mass . 2mt while Dirac gluinos should
have mass . 4mt.

5. All other particles decoupled. All of the other squarks and sleptons are assumed to be
well above the tev scale and e↵ectively inaccessible at Run-I of the lhc.

These are shown in Fig. 3.
The simplest models have a light stop etL which decays either to a top and neutralino/gravitino,

t+ eN , or a bottom and a chargino, b+ eC. Bounds on these decays depend on the eN ( eC) mass. The
‘stealthy’ region near m eN = 0 and the ‘compressed’ region near m eN ⇡ mt are especially di�cult
to probe kinematically.

2.17.4 R-parity violation

One of the main ways to search for ‘vanilla’ susy signatures is to trigger on the large amount
of missing energy (met or ��ET ) expected from the neutral lsp. Underlying this assumption is
R-parity, which forces the lsp to to be stable.

Recall that R-parity was something that we embraced because it killed the supersymmetric
terms in the superpotential (2.50) that would violate lepton and baryon number and would be
severely constrained by experiments, most notably proton decay. If, however, there were another
way to suppress these dangerous operators, then perhaps we could avoid the experimental bounds
while giving the lsp a way to decay into non-supersymmetric particles. This would allow us to
consider models with R-parity violation (rpv) with no missing energy signal [57–61], see [62] for
a review. Such models would be immune to the usual met-based susy search strategies.

The simplest way to do this is to turn on only the �4ŪD̄D̄ term. This violates baryon number
but preserves lepton number so that protons remain stable. Motivated by naturalness, we may
now allow the stop to be the lsp since this is no longer a dark matter candidate. The rpv coupling
would allow a decay et ! b̄s̄, which would be hidden in the large qcd di-jet background.

One still has to worry about the e↵ects of this rpv coupling on the partners of the light
squarks. Phenomenologically, the strictest bounds come from neutron–anti-neutron oscillation and
dinucleon decay. Indeed, most of the flavor bounds on the mssm come from the first two generations
of sparticles. One interesting model-building tool is to invoke minimal flavor violation, which
posits that the flavor structure of the entire mssm is carried by the Yukawa matrices [63]. This then
implies that the coe�cient of the Ū

i
D̄

j
D̄

k
rpv coupling is proportional to a product of Yukawa
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there are no sparticles

ATLAS SUSY summary results
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there are no sparticles
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there are no sparticles

1712.02332 via ATLAS


