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The Hierarchy Problem
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Effective Field Theory

Example: the Navier-Stokes equations describe fluids on
length scales large compared to atomic distances

Effective theory = approximate description of physics valid
in a limited dynamical range.

Is the Standard Model an effective field theory? If so, at what
scale does it break down?
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1930s: Fermi theory

2012: Standard Model with Higgs

Until very recently, the theoretical description of weak inter-
actions required new physics at the TeV scale:
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Consider a coupling constant � with mass dimenson n

[�] = n � = Mn M =mass scale

Treat � as a perturbation:

= O(�0)
= O(�1)

E = physical energy scaleA(E) ⇠ A0(E)| {z }

ñ
1+
Ç
M

E

ån

| {z }
+ · · ·
ô

n > 0: perturbation theory breaks down at small E

n < 0: perturbation theory breaks down at large E

n = 0: perturbation theory good at all E?

relevant coupling

irrelevant coupling

marginal coupling
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There are an infinite number of irrelevant couplings:

[�] = [A�] = 1, [�] = 3
2

�L =
1

M64
(�̄�)12É9�14 + · · ·

Assume M � TeV ) effects of irrelevant operators sup-
pressed at low energies.

This naturally occurs if these operators are generated by in-
tegrating out new physics (particles) with mass scale M �
TeV.

Effective theory at low energies parameterized by a finite
number of marginal and relevant couplings. [K. Wilson]
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The Standard Model is the most general effective Lagrangian
containing all relevant and marginal couplings of the ex-
perimentally observed elementary particles compatible with
Lorentz symmetry and gauge invariance| {z }.
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9 First Particle Data Group wallet card (1958)10

This effective field theory has an amazing amount of predic-
tive power, and agrees with all experiments performed to
date.

• Quark mixing, CP violation

• Weak decays

• Baryon and lepton number symmetry

12. CKM quark-mixing matrix 15
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Figure 12.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

and the Jarlskog invariant is J = (3.06+0.21
−0.20) × 10−5.

Figure 12.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region.

12.5. Implications beyond the SM

The effects in B, Bs, K, and D decays and mixings due to high-scale physics
(W , Z, t, H in the SM, and unknown heavier particles) can be parameterized by
operators composed of SM fields, obeying the SU(3) × SU(2) × U(1) gauge symmetry.
Flavor-changing neutral currents, suppressed in the SM, are especially sensitive to beyond
SM (BSM) contributions. Processes studied in great detail, both experimentally and
theoretically, include neutral meson mixings, B(s) → Xγ, Xℓ+ℓ−, ℓ+ℓ−, K → πνν̄,
etc. The BSM contributions to these operators are suppressed by powers of the scale
of new physics. Already at lowest order, there are many dimension-6 operators, and
the observable effects of BSM interactions are encoded in their coefficients. In the SM,
these coefficients are determined by just the four CKM parameters, and the W , Z, and
quark masses. For example, ∆md, Γ(B → ργ), Γ(B → πℓ+ℓ−), and Γ(B → ℓ+ℓ−) are all
proportional to |VtdVtb|2 in the SM, however, they may receive unrelated contributions
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• No flavor-changing neutral currents

Is the standard model the perfect effective field theory?
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The Standard Model contains one relevant coupling:

LSM = �m2
HH

†H+ · · · m2
H < 0

Dimensional analysis suggests that m2
H ⇠ M2 � TeV.

Is this really a problem?

V =m2
HH

†H+ �(H†H)2

�2 = �
m2

H

�

m2
h = �2m

2
H = physical Higgs mass
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X = any particle with mass MX � TeV

) �m2
H ⇠

y2

16�2
M2
X

| {z }
finite large correction

to Higgs mass

X
H H

m2
H ' �(88 GeV)2 requires large unexplained cancellation

“hierarchy problem”

Expect new physics at scales M� TeV:

M�R ⇠ 1014 GeV

MGUT ⇠ 1016 GeV
MPl ⇠ 1019 GeV
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• �m2
H forbidden by symmetry

• No new particles above TeV scale coupling to Higgs

but: quantum gravity!

• Relaxation models
Graham, Kaplan, Rajendran arXiv:1504.07551

...
?
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Fermion masses do not suffer from this problem because
there is an additional chiral symmetry as m� ! 0:

�

X

�

But scalar mass term H†H is invariant under all symmetries

. . . except SUSY!

) �m� ⇠
y2

16�2
m�
| {z }
<⇠m�

= fermion partner of the Higgs

SUSY ) mH =mH̃

Chiral symmetry ) mH̃ = 0

) m2
H insensitive to UV scales

H$ H̃ = Higgsino
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H

Nontrivial cancelations among diagrams:

H H

t

�m2
H =

3y2t
16�2
î
��2 �m2

t ln�+ · · ·
ó

H
�m2

H =
3y2t
16�2
h
�2 +m2

t̃
ln�+ · · ·
i

t̃

t̃ = stop

= scalar partner of the top

quadratic sensitivity to UV
scales cancels

Bose-Fermi symmetry not observed in nature) SUSY broken

�m2
H = �

3y2t
16�2

(m2
t̃
�m2

t ) ln�+ · · ·

mt̃ <⇠ TeV ) mild logarithmic sensitivity to UV scales.
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Bose-Fermi Symmetry
in Quantum Mechanics
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The Supersymmetric Simple Harmonic Oscillator

— Sidney Coleman

[b, b†] = 1 [b, b] = [b†, b†] = 1

Define in terms of creation/annihilation operators:

States:

b|0i = 0 |ni =
1
p
n!
(b†)n|0i ) hn|mi = �nm

The career of a young theoretical physicist consists of treat-
ing the harmonic oscillator in ever-increasing levels of ab-
straction.

Hb = ��bb†b (subtract 0-point energy)

Hb|ni = n(��b)|ni

b is for “boson”
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Fermionic simple harmonic oscillator:

ƒ is for “fermion”

{ƒ , ƒ †} = 1 {ƒ , ƒ} = {ƒ †, ƒ †} = 0

{A,B} = AB+ BA = anticommutator

H†
ƒ = Hƒ

States:

ƒ |0i = 0 |1i = ƒ †|0i

(ƒ †)2|0i = 0 ) 2-state system
(Pauli exclusion principle)

Hƒ = ��ƒ ƒ †ƒ

Hƒ |ni = n(��ƒ )|ni n = 0,1

19

H = Hb +Hƒ

[b, b†] = 1 [b, b] = [b†, b†] = 1

{ƒ , ƒ †} = 1 {ƒ , ƒ} = {ƒ †, ƒ †} = 0

[b, ƒ] = [b, ƒ †] = [b†, ƒ] = [b†, ƒ †] = 0

b|0i = ƒ |0i = 0

|n,0i =
1
p
n!
(b†)n|0i |n,1i = ƒ †|n,0i

Label states: |nb, nƒ i
nb = # of bosons = 0,1,2, . . .
nƒ = # of fermions = 0,1

Combine bosonic and fermionic oscillators:

For �b = �ƒ , this system has Bose-Fermi symmetry
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|0,0i = ground state
= |0i

|1,0i, |0,1i
|2,0i, |1,1i

|3,0i, |2,1i

E

0

�

2�

3�

...

� = �b = �ƒ

Generator of symmetry:

Q = b†ƒ + ƒ †b

Q|nb, nƒ i = |nb � 1, nƒ + 1i+ |nb + 1, nƒ � 1i

Note: zero point energy cancels...

Q|0,0i = 0

|1,0i Q$ |0,1i
|2,0i Q$ |1,1i
|3,0i Q$ |2,1i

Spectrum of energy levels:

H|nb, nƒ i = (nb + nƒ )(��)|nb, nƒ i
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[Q,H] = 0

[AB,C] = A[B,C] + [A,C]B

= A{B,C}� {A,C}B

(definition of symmetry in QM)

Exercise: Check this using the identities

H = generator of time translation symmetry

|�(t)i = e��Ht |�(t = 0)i

Q2 = b†b+ ƒ †ƒ

Q is “square root” of H

Exercise: Show this.

= (��)�1H

22

Questions:

• How can we understand this as a symmetry?
What are the transformations?

interacting QFT

• Can we generalize supersymmetry to interesting theories| {z }?

This example may seem trivial, but free field field theory is
equivalent to an infinite number of decoupled simple har-
monic oscillators, one for each ~p.
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L = �(����� �m)�+ 1
2�

������� � 1
2m

2����

�� = real scalar

� = Dirac fermion

� = 1, . . . ,4

In fact, this theory has non-minimal (N = 2) supersymme-
try. To get theory with minimal supersymmetry need mini-
mal fermion: Weyl spinor.

Gives a spectrum with Bose-Fermi degeneracy: for each
~p there are 4 fermionic and 4 bosonic states with energyp
~p2 +m2.

Note: same mass for fermion, boson.

A simple supersymmetric theory:

24



Weyl Fermions

25

Note on conventions:

��� = diag(+1,�1,�1,�1)

These conventions are used by a majority of researchers in
SUSY phenomenology.

Conventions should be conventional.

—Markus Luty

Spinor conventions are those of the textbook by Peskin and
Schroeder.
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Weyl Fermions

Weyl fermions are the minimal spin 1
2 field in 4D. They are

the basic building blocks for all theories of fermions.

{��,��} = 2���

) ��� =
�

4
[��,��] = SO(3,1) generators

�� = �
�

2
�������

��� = ��� +��
�

� = Dirac spinor

Defines Dirac spinor representation: under infinitesmal
Lorentz transformations
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�� =
Ç
0 ��

�� 0

å

~� = Pauli matrices

Weyl basis for Dirac matrices:

) ��� =
Ç
��� 0
0 ���

å

�� = (1, ~�)

�� = (1,�~�)

��� =
�

4
(���� � ����)

��� =
�

4
(���� � ����)

Note: �� 6= (��)† or (��)�
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� =
Ç
�L
�R

å
�L = left-handed Weyl spinor

�R = right-handed Weyl spinor

��L = �
�

2
�������L

��R = �
�

2
����

���R
different reps of SO(3,1)

|
{z
}
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Also:
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Expressions look cleaner when spinor indices are implicit:

�†�̇�
��̇��� = �†���

����
��̇
�†�̇ = ����†

In general, omit summed indices
�
� �̇

�̇and

�� = ���� = �������

Example:

= ������| {z }��

= ������ = ���= ����

= +��

�� = ����� �� = ����� etc.
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��̄��̇����� = 0

É�� = 0

Exercise:

Consider theory of a single massless Weyl fermion �� with
the Lagrangian given above.

��(�) = ��(p)e��p·�

By going to the frame p� = (E,0,0, E), show that there is a
single solution.

(b) Consider the most general plane wave solution

(a) Show that the equation of motion is the Weyl equation

Multiply on the left by ���� to show that the Weyl equation
implies the massless Klein-Gordon equation:
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Imposing the anticommutation relations

{�̂( ~p), �̂( ~p0)} = {b̂( ~p), b̂( ~p0)} = {�̂( ~p), b̂†( ~p0)} = 0

{�̂( ~p), �̂†( ~p0)} = {b̂( ~p), b̂†( ~p0)} = �3( ~p� ~p0)

compute the equal-time anticommutator

{�̂�(t, ~�), �̂
†
�̇
(t, ~y)}

�̂�(�) =
Z

d3p

(2�)3/2(2| ~p|)1/2
h
�̂( ~p)��(p)e��p·�

(c) The most general operator solution to the Weyl equation
is

+ b̂†( ~p)��(p)e+�p·�
i

You will need the identity

��(p)�
†
�̇
(p) = ��

��̇
p� (fixes normalization of ��(p))

which you can verify in the standard frame.

p0 = | ~p|

40



�� =
�L

��̇�
= ���†

�̇
��0�̇�

{�̂�(t, ~�), �̂�(t, ~y)} = ������3(~�� ~y)

This exercise shows that a Weyl fermion has 2 propagating
degrees of freedom.

(d) Show that the canonical momentum is

(Remember that �� is a classical anticommuting field.)

(e) Show that the anticommutation relation you derived
above is equivalent to the canonical anticommutation rela-
tion

41

Supersymmetry in
Free Quantum Field Theory
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Simplest theory with a chance of Bose-Fermi symmetry:

�� = L Weyl fermion

� = complex scalar (2 degrees of freedom)

m = 0 for now

Note this preserves U(1) symmetry

�� 7! e���, � 7! e���

• Lorentz/spinor indices match

• U(1) invariant

Write most general SUSY transformation:

L = �†������+ ���†���

43

�� = spinor “parameter”

[�] = 1, [�] = 3
2 ) [�] = �1

2

Compute �L:

depends on �†

c = constant (dimensionless)��� = c (���†)�| {z }���

= ��
��̇
�†�̇

= ���†����+ h.c.|{z}

�(���†���) = ���†��(��) + h.c.

�� = ��|{z}
= ����

44



Use identity

(integrate by parts)

) �L = 0 for c = ��.

Summarize:

�(�†������) = ��†������+ h.c.

= �c����†����
����+ h.c.

= ��c������†������+ h.c.

���� + ���� = 2���12

�(�†������� = ��c�É�†��+ h.c.

= �c����†����+ h.c.

�� = �� �� = �����†���
45

Noether current:

Check conservation:

�� J�� = (�
� ��)������| {z }���

†

= 0

+ (����)��| {z }�������
†

! ������
| {z }

� É� = 0

) �� J�� = 0

Noether charge:

Q̇� = 0

(on classical solutions)

(on classical solutions)

(normalization is conventional)Q� =
p
2
Z
d3� J0�

J�� = (�
����)����†
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Quantum theory:

�̂�(�) =
Z

d3p

(2�)3/2(2| ~p|)1/2
h
ĉ( ~p)e��p·� + d̂†( ~p)e+�p·�

i

�̂�(�) =
Z

d3p

(2�)3/2(2| ~p|)1/2
h
�̂( ~p)��( ~p)e��p·�

+ b̂†( ~p)��( ~p)e+�p·�
i

) Q̂� =
p
2
Z
d3p��( ~p)
h
ĉ†( ~p)�̂( ~p) + b̂†( ~p)d̂( ~p)

i

Q̂†
�̇ =
p
2
Z
d3p�†�̇( ~p)
h
�̂†( ~p)ĉ( ~p) + d̂†( ~p)b̂( ~p)

i
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fermion particle: |�( ~p)i = �̂†( ~p)|0i

fermion antiparticle: |�( ~p)i = b̂†( ~p)|0i

scalar particle: |�( ~p)i = ĉ†( ~p)|0i

scalar antiparticle: |�( ~p)i = d̂†( ~p)|0i

Q̂�|�( ~p)i = 0

Q̂�|�( ~p)i = 0

Q̂†
�̇|�( ~p)i = 0

Q̂†
�̇|�( ~p)i = 0

�
Q�! �

Q†

�! �

�
Q†

�! �
Q�! �

Q̂�|�( ~p)i =
p
2��( ~p)|�( ~p)i

Q̂�|�( ~p)i =
p
2��( ~p)|�( ~p)i

Q̂†
�̇|�( ~p)i =
p
2�†�̇( ~p)|�( ~p)i

Q̂†
�̇|�( ~p)i =
p
2�†�̇( ~p)|�( ~p)i

48



The Supersymmetry
Algebra

49

+
�
b̂†(~q)d̂(~q), d̂†(~q)b̂(~q)

 i

�, b = fermion
c, d = boson

{ĉ†�̂, �̂†ĉ} = {�̂, �̂†}ĉ†ĉ+ [ĉ, ĉ†]�̂†�̂

{b̂†d̂, d̂†b̂} = {b̂, b̂†}d̂†d̂+ [d̂, d̂†]b̂†b̂

= ��
��̇
p�

P̂� = 4-momentum operator= 2��
��̇
P̂�
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{Q̂�, Q̂�} = 0 {Q̂†
�̇, Q̂

†
�̇
} = 0

This is the famous (N = 1) SUSY algebra.

{Q̂�, Q̂
†
�̇
} = 2��

��̇
P̂�
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Superspace
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{��,��} = 0
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Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

61
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA boundary
conditions imposed atQ0 = 2×1016 GeV. The parameter µ2+m2

Hu
runs negative, provoking electroweak

symmetry breaking.

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

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

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

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

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

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

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

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

ν̃e

t̃1

t̃2,b̃2

b̃1

τ̃1

τ̃2
ν̃τ

(c)

h0

H0 A0
H±

Ñ1
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Figure 8.5: Four sample mass spectra for the undiscovered particles in the MSSM, for (a) MSUGRA
with m2

0 ≪ m2
1/2, (b) MSUGRA with m2

0 ≫ m2
1/2, (c) GMSB with N5 = 1, and (d) GMSB with

N5 = 3. Mass scales are not equal for the four cases, and are deliberately omitted. These spectra are
presented for entertainment purposes only! No warranty, expressed or implied, guarantees that they
look anything like the real world.
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Ñ2

Ñ3
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Ñ3

Ñ4
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Figure 6: Heuristic cross section exclusion. The diagonal lines correspond to the production
cross sections for various SUSY processes, while the horizontal red band corresponds to
10 fb�1± few. For each process, the intersection of the production cross section and
the sensitivity band tells you the current mass scale probed at the LHC. Provided the
spectrum is not compressed, the current sensitivity is � · Br ⇠ 10 fb across the board with
improvements in distinctive final states, while with compressed MET it’s ⇠ 1 pb. Cartoon
inspired by the Prospino2 propaganda plot [15].
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3.3 Gluinos

Gluinos are one of the driving forces of supersymmetric signals at the LHC, given their
considerable production cross section and radiative connection to squark masses. The pair
production cross section is approximately two orders of magnitude larger than that of stops,
ranging from 10pb -1fb at 8 TeV for gluinos between 400 and 1300 GeV.

First, we can consider “pure” gluino limits, under the assumption that squarks are
significantly heavier. In this case, the gluino decay occurs primarily into three-body final
states involving o↵-shell intermediate squarks, g̃ ! qq̄�0

1. If the lightest squark is third-
generation, then the quarks are predominantly third-generation, g̃ ! tt̄�0

1 or g̃ ! bb̄�0
1.

Representative limits from CMS are shown in Fig. 9 [33, 34]; ATLAS limits are similar, with
somewhat greater mass reach due to di↵erences in the search procedure and background
characterization. Note that these limits assume the decays of the gluino are prompt. If the
intermediate squarks are su�ciently heavy, the gluino may become long-lived on collider
timescales. In this case it forms a quasi-stable bound state, called an R-hadron, with
correspondingly spectacular signatures that are probed in di↵erent ways.
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Figure 10: Upper limit on cross section at 95% CL as a function of mq̃ or mg̃ and mLSP for various
simplified models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ±1� (thin lines) expected exclusion regions.
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Figure 9: Current CMS limits on gluinos [33, 34]; ATLAS limits are similar.

In the case of decays proceeding through light quarks, the final states are distinguished
by high jet multiplicity, & 4j, and in the case of decays through heavy flavor, this jet
multiplicity is supplemented by a large number of b-tags. Searches are simply designed for
missing energy and high jet multiplicity. At low mass, the cross section is su�ciently large
that even reduced amounts of MET provide sensitivity, but at higher masses this sensitivity
plateaus. For the generic light-flavor case, limits extend out to ⇠ 1 TeV. Limits are similar
for the heavy flavor case with tops, albeit with reduced sensitivity in kinematically squeezed
regimes, but improvements when searching for leptons. Leptonic final states have reach out
to ⇠ 1.2 TeV. The limits for heavy flavor with bottoms extend out to ⇠ 1.2 TeV, since the
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Figure 20: Interpretation of the dilepton WZ + Emiss
T and three-lepton results. The dilepton ob-

served, three-lepton observed, their combination, and combined expected contours are shown.

WZ/ZZ + Emiss
T analysis of Section 6 to restrict the GMSB scenario. The results are displayed

in Fig. 21.

8.4 Limits on chargino and slepton pair production

Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.

9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.

The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.

Figure 12: Current electroweakino limits from CMS [36]; ATLAS results are similar.

rare in the SM, so sensitivity to these scenarios is good and the cross section reach is at
the ⇠ few fb level. This is illustrated cleanly in Fig. 13 [36].
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Figure 16: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the three-lepton search. The contours bound the mass regions ex-
cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products
in this scenario. The contours based on the observations are shown; in addition, the expected
bound is shown.
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Figure 17: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the combined analysis of the three-lepton search and the same-sign
dilepton search. The contours bound the mass regions excluded at 95% CL for a branching
fraction of 50%, as appropriate for the visible decay products in this scenario. The contours
based on the observations are shown for the combination; in addition, the expected combined
bound is shown. Other contours show separate mass exclusions for the three-lepton search and
the same-sign dilepton search alone.

Figure 13: Current CMS electroweakino limits for spectra with light sleptons [36]; ATLAS
results are similar.

The considerable hole in current searches at the LHC is to the pair production of
charginos [37]. Production and decay of �+�� ! W+W� + �0

1�
0
1 is extremely challenging

to search for given the large irreducible WW background at the LHC. At present the only
genuine direct limit is set by ATLAS, which is 2 � 3 times the theory cross section below
200 GeV and then worsens to 5 times the theory cross section by 250 GeV due to the falling
rate [38]. This is the one final state for which limits have not improved relative to LEP.

25



189

22 5 Discovery Potential: Supersymmetry

improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5s discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.
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channel [34], performed in pp collisions at a center-of-mass energy of
p

s = 8 TeV and corre-
sponding to an integrated luminosity of 19.4 fb�1.

The numbers of signal and background events are scaled from the 8 TeV analysis based on
Eq. (3). As the background is dominated by tt production, it is scaled up based on the tt cross
section ratio between 14 TeV and 8 TeV, which is about a factor of 3.9. For Scenario A, the same
relative systematic uncertainties as for the 8 TeV analysis are kept, which is a conservative as-
sumption. Nevertheless, the dominant uncertainty of the analysis is the statistical uncertainty
from the control regions used for the background estimation, which is reduced by 1/

p
Rbkg.

Thus, even a more aggressive treatment of the systematic uncertainties would not lead to a
sizable improvement on the sensitivity.
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Figure 17: (a) The simplified model topology for gluino production, where the gluinos decay
to two top quarks and an LSP each, and (b) the projected 5s discovery reaches for this model.

The expected significance is calculated using the profile likelihood method and the signal
Monte Carlo samples generated with PYTHIA 6 [43] with a CMS custom underlying event tun-
ing [44]. Figure 17b shows the 5s significance line in the 2-dimensional plane of neutralino
versus gluino mass for the different scenarios investigated. Gluino masses up to ⇠ 1.9 TeV for
neutralino masses around 0.9 TeV or less can be discovered at 14 TeV with an integrated lumi-
nosity of 300 fb�1. It should be noted that the current results are obtained without performing
any optimization on the current analysis [34], and further improvements in the sensitivities are
expected by re-optimizing the analysis selection for the different scenarios.

5.2 Gluino-Pair Production with Four Bottom Quarks in the Final State

Similar to the gluino decay to four top quarks and two LSPs in the previous section, one can
also investigate a model for gluino-pair production, where each gluino decays to bb and the
LSP (see Fig. 18a). The projection of the sensitivity for 14 TeV is studied based on the results of
the search in events with multiple jets, large missing transverse energy, and b tags [35].

The signal and background yields are scaled based on the cross section ratios for the different
center-of-mass energies, and the luminosity increase. The systematic uncertainty is conserva-
tively kept the same as for the 8 TeV analysis, corresponding to the Scenario A described above.
The signal samples produced with PYTHIA 6 [43] are used for this projection. Figure 18b shows
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too massive and c̃

±
1 and c̃

0
2 are wino-like, which suppresses neutralino-pair production relative

to neutralino-chargino production.

The analysis is based on a three-lepton search, with electrons, muons, and at most one hadron-
ically decaying t lepton. In order to get an estimate for the sensitivity at 14 TeV two different
Scenarios (A and B) are considered, as discussed earlier. The results are shown in Fig. 21. The
chargino mass sensitivity can be increased to 500–600 GeV, while discovery potential for neu-
tralinos ranges from 150 to almost 300 GeV.
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Figure 21: The simplified model topology for direct c̃

±
1 c̃

0
2 production decaying to the WZ+Emiss

T
final state (a), and the projected 5s discovery projections for this model (b).

5.6 Chargino-Neutralino Production with Decays to a Higgs Boson

In this section we also consider chargino-neutralino pair production with a signature that is
similar to the one considered in Sec. 5.5, except that here the c̃

0
2 instead decays to a Higgs boson

and the c̃

0
1 LSP. Hence we target the process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) as indicated in Fig. 22(a),

and extrapolate the discovery reach based on the analysis of Ref. [47].

The projections are based on the analysis in the single lepton final state, which targets the
process c̃

±
1 c̃

0
2 ! (W±

c̃

0
1)(Hc̃

0
1) ! `nbb̄ + Emiss

T . The dominant background in this search is
from tt production; W bosons produced in association with b-quarks are also relevant. SM
backgrounds are suppressed with requirements on Emiss

T and related quantities, and we search
for a peak in the mbb̄ mass distribution consistent with mH = 126 GeV. For the projections,
in the conservative scenario we assume ssyst = 25% as in the current analysis, while in the
optimistic scenario we assume a reduction in the systematic uncertainty by a factor of 2.

The estimated 14 TeV discovery reach is shown in Fig. 22. Sensitivity to charginos and neutrali-
nos with masses up to 400–500 GeV is achieved, for LSP masses up to 60–150 GeV. Note that
realistic models contain a mixture of the decays c̃

0
2 ! Zc̃

0
1 and c̃

0
2 ! Hc̃

0
1, so the sensitivity lies

between the projections in this section and those in Sec. 5.5.
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Figure 20: Interpretation of the dilepton WZ + Emiss
T and three-lepton results. The dilepton ob-

served, three-lepton observed, their combination, and combined expected contours are shown.

WZ/ZZ + Emiss
T analysis of Section 6 to restrict the GMSB scenario. The results are displayed

in Fig. 21.

8.4 Limits on chargino and slepton pair production

Figure 22 shows limits on the chargino and slepton pair-production cross section times branch-
ing ratio for the processes of Fig. 3. The limits for chargino-pair production are set using both
the opposite- and same-flavor channels discussed in Section 7, while the limits for slepton pair
production are set using only the same-flavor channel.

9 Summary
This note presents searches for supersymmetric charginos, neutralinos, and sleptons. The
searches explore final states with three leptons, four leptons, two same-sign leptons, two res-
onant opposite-sign-same-flavor leptons plus two jets, and two non-resonant opposite-sign
leptons. Figure 23 displays four of the results presented above on a single plot. No excesses
above the standard model expectations are observed. The results are used to exclude a range of
chargino, neutralino, and slepton masses, where we assume these particles have large branch-
ing fractions to leptons and vector bosons.

The results improve on the previous CMS search for electroweak supersymmetry [8]. This
analysis also presents the first interpretation from CMS of models with slepton and chargino
pair production.

Figure 12: Current electroweakino limits from CMS [36]; ATLAS results are similar.

rare in the SM, so sensitivity to these scenarios is good and the cross section reach is at
the ⇠ few fb level. This is illustrated cleanly in Fig. 13 [36].
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Figure 16: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the three-lepton search. The contours bound the mass regions ex-
cluded at 95% CL for a branching fraction of 50%, as appropriate for the visible decay products
in this scenario. The contours based on the observations are shown; in addition, the expected
bound is shown.
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Figure 17: The shading in the m��0
1

versus m��0
2

(= m��±
1

) plane indicates the 95% CL upper limit on
the chargino-neutralino production NLO cross section times branching fraction in the flavor-
democratic scenario, for the combined analysis of the three-lepton search and the same-sign
dilepton search. The contours bound the mass regions excluded at 95% CL for a branching
fraction of 50%, as appropriate for the visible decay products in this scenario. The contours
based on the observations are shown for the combination; in addition, the expected combined
bound is shown. Other contours show separate mass exclusions for the three-lepton search and
the same-sign dilepton search alone.

Figure 13: Current CMS electroweakino limits for spectra with light sleptons [36]; ATLAS
results are similar.

The considerable hole in current searches at the LHC is to the pair production of
charginos [37]. Production and decay of �+�� ! W+W� + �0

1�
0
1 is extremely challenging

to search for given the large irreducible WW background at the LHC. At present the only
genuine direct limit is set by ATLAS, which is 2 � 3 times the theory cross section below
200 GeV and then worsens to 5 times the theory cross section by 250 GeV due to the falling
rate [38]. This is the one final state for which limits have not improved relative to LEP.
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Thanks!

Backup

195

Classical Fermion Fields

Classical mechanics is a limiting case (� ! 0) of quantum
mechanics. So why do we define a quantum theory by
“quantizing” a classical action?

QFT: Heisenberg fields obey Lorentz covariant equations of
motion:

(É+m2) �̂(�)|{z} =
�

3!
�̂3(�)

hats on operators for emphasis

(�4 theory)

) time dependence is Lorentz covariant.

Unitarity of time evolution guaranteed by Heisenberg equa-
tions of motion:

�

�t
�̂(t, ~�) = �[Ĥ, �̂(t, ~�)] ) �̂(t, ~�) = e�Ĥt�̂(t = 0, ~�)e��Ĥt| {z }

unitary transformation196



Quantization: construct Ĥ so that Heisenberg equation of
motion is equivalent to classical equation of motion:

�

�t
�̂(t, ~�) = �[Ĥ, �̂(t, ~�)] ,

�S

��(�)

����
�!�̂

= 0

From this point of view, classical action is the “data” that
defines the quantum theory.

For bosonic fields, the classical action does more: it de-
scribes the classical limit of the theory. But for fermions we
have to take the more formal viewpoint described above.

197

Dirac spinor field:

� = 1, . . . ,4
= Dirac spinor index

for all �, y
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