
Supersymmetry III
Hitoshi Murayama (Berkeley)

PiTP 05, IAS



Mon: Non-technical Overview
what SUSY is supposed to give us

Tue: From formalism to the MSSM
Global SUSY formalism, Feynman rules,  
soft SUSY breaking, MSSM

Wed: SUSY breaking
how to break SUSY, mediation mechanisms

Thu: SUSY at colliders
basic reactions, signatures, and how do we 
know it is SUSY?

Fri: SUSY as a telescope
supersymmetry breaking, GUT, string
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Breaking SUSY



Tree-level SUSY 
breaking

O’Raifeartaigh model

Cannot be satisfied simultaneously
Ground state at X=Y=Z=0
V=|FX|2=λ2v4≠0
ψZ: m2

AZ: m2±λv2

SUSY indeed broken
However, the hierarchy v≪MPl put in by hand

W = λX(Z2− v2)+mY Z

F∗
X =

∂W
∂X

= λ(Z2− v2) = 0

F∗
Y =

∂W
∂Y

= mZ = 0



Dynamical SUSY 
Breaking

Nobody is worried why 
mp≪MPl

If SUSY is broken also 
by strong gauge 
dynamics, hierarchy 
naturally understood
If not broken at the 
tree-level, not broken at 
all orders in 
perturbation theory

broken non-perturbatively

mp ≈MPle−8π2/g2
s(MPl)b0
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Dynamical SUSY 
Breaking

By now, quite a few models known that 
break SUSY dynamically

SO(10) with single 16

SU(5) with 10+5*

SU(3)xSU(2) with Q, u, d, L and W=QdL

SU(2) with 4 Q’s and 6 singlets W=SijQiQj

SUSY is broken with V≈Λ4



Cosmological constant?

Once SUSY is broken, there is a large 
vacuum energy V≈Λ4

supergravity allows fine-tuning of the 
cosmological constant
massless goldstino eaten by gravitino
Global SUSY: V=Σi|∂iW|2≈Λ4

supergravity: V=eK(|DiW|2-3|W|2/MPl2)
can choose a constant term in the 
superpotential to cancel the vacuum energy
gravitino mass m3/2=eK/2|W|≈Λ2/MPl



N=1 Supergravity
on a slide

start with conformal supergravity (gμν, ψμ, 
bμ, Aμ)
remove unwanted components by integrating 
out Weyl compensator chiral superfield S

Weyl scale S→S/W1/3

depends only on G=K+ln|W|2

<S>=1+θ2<W>, m3/2=eK/2|W|

Z
d4θSS̄(−3M2

Pl +φ∗φ+ · · ·)+
Z

d2θ
(
S3W + f (φ)WαW α)

V = eG(Gi(Gi
j)
−1Gj−3) = eK (

F∗
i (Ki

j)
−1F j−3|W |2

)

Fi = Wi +KiW

Z
d4θSS̄

−e−3K

|W |2/3 +
Z

d2θ
(
S3 + f (φ)WαW α)

K =−1
3

ln(3M2
Pl−φ∗φ−·· ·)



Phenomenological 
requirements on SUSY



Soft SUSY breaking 
terms in the MSSM

For each term in the superpotential

we can have the “A-terms” and “B-term”

scalar masses for all scalars

gaugino mass for all three gauge factors

A(18x3)+B(2)+m(9x5+2)+M(2x3)+μ(2)=111
U(1)RxU(1)PQ removes only two phases
cf. SM has two params in the Higgs sector

107 more parameters than the SM!

WMSSM = Y i j
u Qiuc

jHu +Y i j
d Qidc

jHd +Y i j
l Liec

jHd +µHuHd

Ai j
u Y i j

u Qiuc
jHu +Ai j

d Y i j
d Qidc

jHd +Ai j
l Y i j

l Liec
jHd +BµHuHd

M1B̃B̃+M2W̃ aW̃ a +M3g̃ag̃a

m2
Qi jQ̃

∗
i Q̃ j +m2

ui jũ
∗
i ũ j +m2

di jd̃
∗
i d̃ j +m2

Li jL̃
∗
i L̃ j +m2

ei jẽ
∗
i ẽ j +m2

Hd
|Hd|2 +m2

Hu
|Hu|2



Flavor-Changing
Neutral Current

There is no tree-level vertex such as
In the Standard Model, FCNC is highly 
suppressed
e.g., 

s̄γµdZµ

K0 K0
_

__

d

d

s

s

u, c, t

u, c, t

W W ∼ 1
16π2G2

Fm2
c(V

∗
cdVcs)2

– e–

W–

m2
12
sin2

12

e

∼ e
16π2G2

Fmµ∆m2
12 sin2 θ12



SUSY flavor violation

soft SUSY breaking parameters can violate 
flavor

(d̃, s̃, b̃)




m2

11m2
12m2

13
m2

21m2
22m2

23
m2

31m2
32m2

33








d̃
s̃
b̃





K0 K0
_(δd

12)RR ≡
m2

12
m11m22

< 0.04
mSUSY

500GeV√
(δd

12)RR(δd
12)LL < 0.001

mSUSY

500GeV

bR

g
~

g
~

bR

sR

sR

bR
~

bR
~

sR
~

sR
~

( 23)RR
d

( 23)RR
d



SUSY flavor violation

soft SUSY breaking parameters can violate 
flavor

(ẽ, µ̃, τ̃)


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Supersymmetric
CP problem

The relative phases of 
μ and M1,2,3 are 
physical

induces electric dipole 
moments
stringent limits on 
electron, neutron, and 
Hg atom
either mSUSY>TeV or 
phase~10-2
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Figure 3: The sensitivity of the EDMs of mercury and electron to the scale of the soft-
breaking parameters with a) maximal phase of A (θA = π/2, θµ = 0), and b) maximal phase
of µ (θA = 0, θµ = π/2). We’ve taken |µ| = |A| = mQ̃ = mŨ = mD̃ = Mλi

≡ M . The
horizontal line is the current experimental limit.
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Common simplifying 
assumptions

soft SUSY breaking parameters all real

“flavor-blind”, namely, 3x3 sclar mass-
squared matrices: mf2∝I

gaugino masses unify: M1=M2=M3 at MGUT



Often, this problem is “solved” by assuming a 
very special Lagrangian called “minimal 
supergravity”

Gives universal scalar mass: flavor-blind
No theoretical justification for this very 
particular choice
Just a convenient choice to obtain the 
minimal kinetic term with no Planck-
suppressed corrections
Not stable under renormalization

∫

d4θ(−3M2

Pl) exp

(

−1

3M2

Pl

(φ∗

i φ
i + z∗i zi)

)

Minimal SUGRA
(Hall, Lykken, Weinberg)



“minimal supergravity”

At the GUT-scale 2x1016 GeV
assume all scalar masses are equal m02

assume all gaugino massses are equal M1/2

assume all trilinear couplings are equal A0

in addition, B, Bμ
calculate all SUSY breaking terms via RGE 
down from the GUT-scale
fix mZ: leaves four parameters (and sign(μ))



one-loop RGE
GUT prediction of gaugino masses

gauge interaction boosts scalar masses

Yukawa interaction suppresses scalar masses

Hu mass-squared most likely to get negative!

d
dt

Mi

g2
i

= 0

M1 : M2 : M3 ≈ 1 : 2 : 7 at mZ

d
dt

m2 =− 1
16π28CFg2M2

16π2 d
dt

m2
Hu

=3Xt−6g2
2M2

2−
6
5

g2
1M2

1

16π2 d
dt

m2
t̃R=2Xt−

32
3

g2
3M2

3−
32
15

g2
1M2

1

16π2 d
dt

m2
t̃L=Xt−

32
3

g2
3M2

3−6g2
2M2

2−
2

15
g2

1M2
1

Xt=2Y 2
t (m2

Hu
+m2

t̃R +m2
t̃L +A2

t )



sample spectrum
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sample spectrum
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sample spectrum
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“Gravity” Mediation

People argued that the mediation of SUSY 
breaking by gravity is universal because the 
gravity couples universally
But it is easy to see this is a big lie
The minute you talk about gravity, we have a 
theory cutoff at the Planck-scale, and we 
can write arbitrary operators suppressed by 
the Planck scale w/o the knowledge of the 
fully consistent theory of quantum gravity

Z
d4θλi j

z∗z
M2

Pl
φ∗i φ j → m2

i j = λi j

∣∣∣∣
Fz

MPl

∣∣∣∣
2 Z

d2θλi
z

MPl
W i

αW αi→Mi = λi
Fz

MPl



Gravitino Problem
Gravitinos produced in 
early universe

If decays after the 
BBN, dissociates 
synthesized light 
elements
Hadronic decays 
particularly bad 
(Kawasaki, Kohri, Moroi)

€ 

n3/2
s

=1.5×10−12 TRH
1010GeV

Thermal leptogenesis
Buchmüller, Plümacher
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Moduli problem
In string theory, we need to compactify 6 (or 
7) extra dimensions into a small size
moduli fields parameterize the size and shape 
of the compactified space (⇒flux)
they do not have any potential in the 
supersymmetric limit
their mass is O(m3/2), very flat potential
in early universe, they had O(MPl) amplitudes
oscillate around the minimum, dominate
when it decays, dilutes entropy by ~m3/2/MPl

If m3/2~TeV, baryon asymmetry diluted by 10-15!
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Issue of mediation
Many gauge theories that break SUSY 
dynamically known
The main issue: how do we communicate 
the SUSY breaking effects to the MSSM? 
“mediation”
If the mediation mechanism is flavor-blind, 
there is no problem with FCNC

Gauge mediation (direct & indirect)
Gaugino mediation
Anomaly mediation



Flavor-blind
Mediation Mechanisms
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Gauge Mediation 
(GMSB)



Gauge Mediation
(GMSB)

Integrate out “messenger fields”
N(5+5*) (i.e, dc+L)

integrate them out: changes the running of 
gauge coupling, wave function 
renormalizations

W = S f f̄
〈S〉 = 〈AS +θ2FS〉 #= 0

Zi(µ) = Zi(ΛUV)

(
g2(ΛUV)
g2(

√
S†S)

)2CF/b′(
g2(

√
S†S)

g2(µ)

)2CF/b

m2
i (µ) = − lnZi(µ)|θ2θ̄2 = 2CF

g4

(4π)4N
(

FS

AS

)2

1
g2(µ)

=
1
g2

0
+

b0 +N
8π2 ln

ΛUV

S
+

b0

8π2 ln
S
µ

M
g2 =

1
g2(µ)

∣∣∣∣
θ2

=
1

8π2N
FS

AS



Direct Gauge Mediation

Too many sectors to worry about!
e.g., SU(2)xSU(2) with Σ(2,2), Q(2,1)x6, 
Q’(1,2)x6, embed 3x2x1 into 6 (Agashe)



Assuming that the 
messenger scale is 
higher than ANY flavor 
physics, no FCNC 
m3/2~(107 GeV)2/MPl ~100 
keV: the worst mass 
range
there are models with  
m3/2<keV
“LSP” (e.g., neutralino, 
stau) may decay inside 
detectors de Gouvêa, Moroi, HM
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Gaugino Mediation 
(χMSB)

DSB in another brane
Gauge multiplet in the 
bulk
Gauge multiplet learns 
SUSY breaking first, 
obtains gaugino mass
MSSM at the 
compactification scale 
with gaugino mass only
Scalar masses generated 
by RGE



Anomaly Mediation 
(AMSB)

no direct coupling between 
two sectors
Supersymmetry breaking in 
the chiral compensator <S>=1
+θ2m3/2

can be scaled away ϕ→ϕ/S
but the UV cutoff acquires 
S: ΛUV→ΛUVS
SUSY breaking through 
cutoff dependence: 
superconformal anomaly

Try not to mediate
Zen of SUSY breaking

Z
d4θSS̄φ∗φ+

Z
d2

(
S3λi jkφiφ jφk +

1
g2WαW α

)



Surprising result: depends only on physics at 
the energy scale of interest
No matter how complicated the UV physics is, 
including flavor physics with O(1) generation-
dependent couplings, they all disappear from 
low-energy soft SUSY breaking
e.g., decouple a massive matter field:

Changes the beta function
one-loop threshold correction precisely 
account for the change in gaugino mass

Mi = −

βi(g2)

2g2
i

m3/2, m2

i = −

γ̇i

4
m2

3/2
, Aijk = −

1

2
(γi + γj + γk)m3/2

UV insensitivity



decouple a massive 
matter field
two-loop threshold 
correction precisely 
account for the 
change in the 
anomalous dimension 
and hence the scalar 
mass
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FIG. 5. Diagrams that contribute to the h4 threshold correction that exclusively include scalars. These diagrams may be
defined in terms of the integral I(m,n, l) as defined in the text. Where X̃ is shown, it corresponds to both X̃1 and X̃2, as
appropriate. Also, the three point scalar couplings shown here are the vertices hM τ̃X̃Ỹ ∗. As described in the text, this vertex
can be replaced with the ετ̃X̃X̃ vertex, yielding additional diagrams.
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FIG. 6. Diagrams that contribute to the h4 threshold correction that include fermions.
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appropriate. Also, the three point scalar couplings shown here are the vertices hM τ̃X̃Ỹ ∗. As described in the text, this vertex
can be replaced with the ετ̃X̃X̃ vertex, yielding additional diagrams.
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Graphs 2-3, 2-4, and 2-5 cancels Graph 2-1. Then we are
left with two-loop diagrams from Fig. 5 and Fig. 6, all
of which contribute below threshold. We split our com-
putation into three parts. First, there are diagrams in
which all trilinear vertices are of the form h0M τ̃X̃Ỹ , and
supersymmetry-breaking comes from a pair of mass in-
sertions Mm3/2 on the scalar lines. Second, there are dia-
grams with a single ε trilinear vertex and a single Mm3/2

insertion. Finally, there are the same diagrams which ex-
isted above threshold, where two trilinear vertices are of
the form h0εm3/2τ̃X̃1X̃2. Using the integrals I(m, n, l),
F (m, n, l), and G(m, n, l) as defined in the Appendix, we
write down the values for the Feynman diagrams in a
compact form in Table II.

Expanding the integrals and summing all contri-
butions, we find exact cancellation, matching Equa-
tion (9.8) and verifying ultraviolet insensitivity. In par-
ticular, the cancellation among the O(ε0) terms looks like

0 = i(h∗
0h0)

2
m2

3/2

(4π)4(M2)2ε
(−5 + 10 − 5) (9.20)

where the contributions are respectively from graphs with
zero, one, or two h0εm3/2τ̃X̃1X̃2 vertices. (Table VII
gives O(ε0) expansions for the integrals, but the spurion
computation assures us that the cancellation is exact,
and it does indeed extend to all orders in ε.)

Now it is instructive to revisit our puzzle of Section III.
When we found a vanishing threshold correction and a re-
sulting lack of ultraviolet insensitivity, it was because we
had not calculated all contributions to the scalar mass.
In the language of this section, we calculated the first sec-
tion of Table II, along with a cross-term from Graph 4-1

and Graphs 2-4 and 2-5. We then added in a contribution
from the A-term by hand. This gave an erroneous result.
We have seen that the correct procedure is to calculate
the entirety of Table II, and see that the contributions
sum to zero.

5. Finite Computation for (h∗h)2

In contrast to the DRED calculation above, we present
an additional calculation that does not depend on this
type of regularization. In the language of section III,
this calculation corresponds one where we have implic-
itly used a holomorphic regularization scheme. So, we
may compare this calculation to the spurion calculation
done with holomorphic regularization. This provides an
additional demonstration of the ultraviolet insensitivity.

As described in section III, we must keep all inte-
grals in four-dimensions, paying attention to the finite-
ness of the integrals. By integrating out the cut-off de-
pendent supersymmetry-breaking operators, we recover
the anomaly mediated piece of Equation (1.2). If we
choose Pauli-Villars as our holomorphic regulator, this

Graph 5-1 4M2 I(3, 1, 1)
Graph 5-2 24M6 I(5, 1, 1) + 12M6 I(4, 2, 1) + 4M6 I(3, 3, 1)
Graph 5-3 12M4 I(3, 2, 1) + 12M4 I(4, 1, 1)
Graph 5-4 4M2 I(4, 1, 0) + 2M2 I(3, 2, 0)
Graph 5-5 6M4 I(3, 2, 1) + 6M4 I(4, 1, 1)
Graph 5-6 2M4 I(3, 3, 0) + 12M4 I(5, 1, 0)
Graph 5-7 4M4 I(3, 3, 0)
Graph 6-1 −8M2 F (4, 1, 1)
Graph 6-2 −24M4 F (5, 1, 1)
Graph 6-3 4M6 G(3, 3, 1)

Graph 5-2 24εM4 I(4, 1, 1) + 8εM4 I(3, 2, 1)
Graph 5-3 12εM2 I(3, 1, 1) + 4εM2 I(2, 2, 1)
Graph 5-5 4εM2 I(2, 2, 1) + 4εM2 I(3, 1, 1)
Graph 5-6 8εM2 I(4, 1, 0)
Graph 5-7 4εM2 I(3, 2, 0)
Graph 6-2 −16εM2 F (4, 1, 1)

Graph 5-2 8ε2 I(3, 1, 1)
Graph 5-3 4ε2 I(2, 1, 1)
Graph 5-5 2ε2 I(2, 1, 1)
Graph 5-6 2ε2 I(3, 1, 0)
Graph 5-7 ε2 I(2, 2, 0)
Graph 6-2 −4ε2 F (3, 1, 1)

TABLE II. Below-threshold contributions to (h∗
0h0)

2 terms
in the scalar mass-squared. The three sets of values represent
diagrams in which zero, one, or two trilinear vertices are of
the form h0εm3/2τX1X2. The integrals I(m,n, l), F (m,n, l),
and G(m, n, l) are defined in the Appendix. We have pulled
out a common factor i(h∗

0h0)
2m2

3/2.
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τ̃

X̃ Ỹ⊗

hAτXX hM

Graph 7-1

FIG. 7. Additional diagram for the finite h4 calculation.
It is effectively a two loop diagram, as there is a one loop
suppression through the A-term vertex.
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m2

i = −

γ̇i

4
m2

3/2
,

Aijk = −

1

2
(γi + γj + γk)m3/2

UV insensitivity cont.



Anomaly mediation 
with D-terms
UV insensitive: solves 
flavor and CP 
problems no matter 
how complicated the 
UV physics is
solves gravitino 
problem because 

m3/2~(4π)2mSUSY~50TeV
moduli absent by 
definition Kohri, Kawasaki, Moroi

Gravitino OK



Two problems
negative slepton 
mass-squared
can’t have a light bulk 
moduli of m~O(m3/2)

cause additional terms 
of O(m3/2

2/m)~O(m3/2)
common fixes:

add m02

add DY and DB-L

m2

l̃
= −0.344M2,

m2
ẽc = −0.367M2,

m2
q̃ = 11.6M2,

m2
ũc = 11.7M2,

m2

d̃c
= 11.8M2,

M =
m3/2

(4π)2

What’s the catch?



Use RR and NSNS anti-symmetric tensor 
fluxes on compactified space
Fix complex structure moduli by fluxes
Long throat in AdS (i.e. warped)
Break SUSY with anti-D3 down the throat 
Kähler modulus with gaugino condensate?
No SUSY breaking@tree-level (Camara, 
Ibañez, Uranga) in the “bulk”
often Kähler moduli and anomaly mediated 
contribution comparable (Choi et al)
can fix negative slepton mass-squared

fixing moduli
(Kachru, Kallosh, Linde, Trivedi)
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