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Understanding Electroweak Scale
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w
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How do you generate this scale?

Even after you generate this 
— 

how do you make it radiatively stable?
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mass scale we need to control

superpartner masses

In electroweak scale supersymmetry, you control 
electroweak scale by controlling superpartner masses  

Understanding Electroweak Scale



Control superpartner masses

SUSY rotates chirality into scalar sector — gives full control of 
radiative corrections on superpartner masses 

How do we generate small (electroweak scale) superpartner masses?

Understanding Electroweak Scale



m̃2 ⇠ F 2

M2

parameter of mass dimension 2

parametrizes susy breaking scale 

mediation scale 

For Planck mediation:   
M = MPl

F ⇠ 1010�11 GeV

Understanding Electroweak Scale



m̃2 ⇠ F 2

M2

Understanding Electroweak Scale

Smallness of electroweak scale or smallness of superpartner masses 
raises  the question

how do you generate 

p
F ,M ⌧ MPl if M ⌧ MPl

p
F ⌧ M if M ⇠ MPl

parameter of mass dimension 2

parametrizes susy breaking scale 

mediation scale 



Understanding Electroweak Scale

p
F

MPl
⌧ 1

We know how nature does it with QCD 

e
� 8⇡2

g2 ⌧ 1

Smallness of electroweak scale or smallness of superpartner masses 
raises  the question

how do you generate 



qcd gauge coupling  
becomes strong

chiral symmetry 
is broken

energy scale 
~ few GeVs

take  qcd

Understanding Electroweak Scale



hidden sector gauge coupling  
becomes strong

supersymmetry 
is broken

energy scale 
Planck scaleTeV

intermediate
scale

just like
qcd

Understanding Electroweak Scale
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SUSY model in a nut-shell
Skeleton of a complete SUSY model

Dynamical SUSY breaking

in a hidden sector

messenger mechanism

gravity, gauge, gaugino, anomaly etc etc



Skeleton of a complete SUSY model

Dynamical SUSY breaking

in a hidden sector

messenger mechanism

gravity, gauge, gaugino, anomaly etc etc

µ�Bµ tachyonic 

sleptons

flavor  

problem  problem

SUSY model in a nut-shell



Skeleton of a complete SUSY model

Dynamical SUSY breaking

in a hidden sector

messenger mechanism

gravity, gauge, gaugino, anomaly etc etc

SUSY model in a nut-shell

Exploring various susy models and their nuances is a semester long 
course — can’t do justice in 45 minutes 



Physics of soft masses

messengers 
of mass  

hidden sector MSSM 
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Renormalization

Physics of soft masses
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soft masses 
at EWSB scale
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FIG. 7: Renormalization of the operators responsible for scalar masses. fig:9

FIG. 8: Regge Trajectory m2
J ∝ J fig:regge-J
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messenger
in 

gauge mediation

couple to
X

charged under 
the MSSM 

gauge group

example: gauge mediation
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Renormalization
for example:  take superpartner mass running in  

SO(10)

State of the art MSSM running 

• 2 loop running 
• 1 loop matching at 1 TeV and at GUT 
• automated  

‣ Isajet 
‣ Softsusy 
‣ Suspect 
• - 
• -



State of the art MSSM running 

• 2 loop running 
• 1 loop matching at 1 TeV and at GUT 
• automated  

‣ Isajet 
‣ Softsusy 
‣ Suspect 
• - 
• -

zillions of papers have used/still use this renormalization — all wrong! 

for example:  take superpartner mass running in  
SO(10)

Renormalization



Scales in renormalization

MMint1 TeV

X is a 

background field

X is a 

dynamic field

renormalization 

is due to 


hidden + MSSM

interactions

renormalization 

is due to 

 MSSM


interactions



RGEs of SUSY breaking masses
RGE of the operator 

X X†

Q†Q
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RGEs of SUSY breaking masses
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RGEs of SUSY breaking masses

II. GENERAL HIDDEN SECTORS

The above argument is straightforward to generalize to hidden sectors with multiple

chiral and vector superfields and more complex interactions. We continue to work to one-

loop order in visible sector couplings but incorporate hidden sector couplings to all orders

in perturbation theory. To begin, let us introduce an efficient notation for hidden sector

operators. We label all gauge invariant real superfield operators by Vv and all chiral operators

by Xx. In principle v and x enumerate a very large number of operators but in practice only a

few of them have small enough dimension to be relevant. For convenience we will assume that

the Xx are normalized (with powers of the messenger scale) to have engineering dimension

one, while the Vv have engineering dimension two. In the example of the previous section

we have X1 = X and V1 = X†X. Clearly, there is an arbitrariness in the choice of basis

for these operators, and Vv for different v may mix under renormalization. Renormalization

due to hidden sector interactions needs to be taken into account from the messenger scale

down to an intermediate scale tint at which the hidden sector dynamically breaks SUSY5. At

tint we replace the auxiliary components of the hidden sector operators Vv and Xx by their

expectation values

⟨Vv⟩|D = Dv ⟨Xx⟩|F = Fx . (11)

General hidden-visible couplings (relaxing the assumption of unified gaugino mass bound-

ary conditions) take the form
∫

d4θ kvi

Vv

M2
Φ†

iΦi +

∫
d2θ wxn

Xx

M
WnWn (12)

where we have suppressed all indices labeling MSSM generations. In general, the scalar mass

operators may be different for the three generations, in which case the coefficients k carry

additional flavor indices. Continuing to suppress such indices, the superpartner masses at

the intermediate scale are given by

gaugino: Mn =

(
∑

x

wxn

Fx

M

)

g2
n(tint) (13)

scalar: m2

i =
∑

v

Dv

M2
kvi(tint) . (14)

5 We have again ignored any difference between the scale at which SUSY breaks and the masses of the

hidden sector fields. Relaxing this assumption is straightforward.
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A general hidden sector
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FIG. 3: Renormalization of the operators responsible for scalar masses, including arbitrary hidden

sector effects. Single solid lines represent the MSSM fields Q, double wavy lines represent the

vector operators V , and double straight lines represent the chiral fields X.

The couplings wxn are not renormalized in perturbation theory. The kvi are renormalized

by the diagrams in Figure 3, where arbitrary hidden sector renormalizations are included

through the blobs:

d

dt
kvi = γvv′ kv′i −

1

16π2

∑

n

8 Cn

2(Ri) g6

n w∗
xnJvxx′ wx′n

≡ γvv′ kv′i −
1

16π2

∑

n

8 Cn
2(Ri) g6

n Gvn .
(15)

Repeated indices v′, x, x′ are summed over, γvv′(t) is the anomalous dimension matrix of the

operators Vv in the absence of visible sector interactions and Gvn(t) ≡ w∗
xnJvxx′(t)wx′n are

three vectors of real functions (one vector for each standard model gauge group) determined

by hidden sector interactions. Note that the blob connecting vector operators V with chiral

operators X, X†, represented by the Js, may include disconnected components as well as

connected ones. In the absence of hidden sector interactions the anomalous dimension

matrix vanishes, and J simply relates the basis of free chiral fields to the vector fields X†X

formed as products of these chiral fields. For example the toy model of the previous section,

with only one chiral field X and only one vector field X†X, has a single blob, and J = 1,

G1n = w∗w at one-loop.

In the following, we will use a matrix notation for the indices v, v′ labeling the vector

operators. Then the RGEs become identical in form to the RGE of our simple toy model

d

dt
ki = γ ki −

1

16π2

∑

n

8 Cn

2(Ri) g6

n Gn (16)

and it is straightforward to generalize the solution. The only new feature is the appearance

of path ordered exponentials to account for any non-commutativity of the matrices γ(t) at
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with only one chiral field X and only one vector field X†X, has a single blob, and J = 1,

G1n = w∗w at one-loop.

In the following, we will use a matrix notation for the indices v, v′ labeling the vector

operators. Then the RGEs become identical in form to the RGE of our simple toy model

d

dt
ki = γ ki −

1

16π2

∑

n

8 Cn

2(Ri) g6

n Gn (16)

and it is straightforward to generalize the solution. The only new feature is the appearance

of path ordered exponentials to account for any non-commutativity of the matrices γ(t) at
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with MSSM interactions only
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RGEs of SUSY breaking masses
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with MSSM + hidden interactions 

RGEs of SUSY breaking masses
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Hidden sector independent predictions

holds for 
unification,  MSUGRA, 

gauge mediation, gaugino mediation  

V. GAUGE MEDIATION

In models with gauge mediation supersymmetry breaking arises in the hidden sector and

is communicated to the visible sector via shared gauge interactions. Usually the existence

of messengers with standard model quantum numbers and supersymmetric masses M is

assumed. Integrating out these messengers generates the operators coupling hidden sector

fields to MSSM fields (12) with coefficients which are then calculable (for a given choice

of messengers). For our purposes we may be general and assume an arbitrary messenger

sector with MSSM fields coupling to the messengers only through their gauge interactions.

To leading (two-loop) order in the MSSM interactions, and with arbitrary messenger and

hidden sectors this gives (see for example [9])

ki(0) =
∑

n

8 Cn

2(Ri) Kn (27)

at the messenger scale M . Here we have suppressed indices v labeling the hidden sector

vector operators, and the functions Kn parameterize the details of the messenger and hidden

sectors. Running of the ki down to the intermediate scale Mint is governed by the same

renormalization group equations as before, (15). The solution is

m2

i (tint) =
D

M2
P exp

(
−

∫ 0

tint

dt′ γ(t′)

)
ki(0) +

3∑

n=1

8 Cn

2(Ri)Nn (28)

The two terms may be combined: defining the new moments Ñn

Ñn =
D

M2
P exp

(
−

∫ 0

tint

dt′ γ(t′)

)
Kn + Nn (29)

we have

m2

i (tint) =
3∑

n=1

8 Cn

2(Ri) Ñn (30)

Thus the first generation scalar masses are given in terms of only three unknown moments,

leading to two predictions independent of the hidden sector

m2
eQ
− 2m2

eU
+ m2

eD
− m2

eL
+ m2

eE
= 0 (31)

3(m2
eD
− m2

eU
) + m2

eE
= 0 (32)

Since these combinations of masses are RG invariant at one-loop in MSSM couplings (and

to all orders in hidden sector interactions) these predictions hold for the masses at all scales.
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holds for  
gauge mediation, gaugino mediation  
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Hidden sector independent predictions



all flavor universal models 
e.g. MSUGRA,  gauge/gaugino mediation 
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Hidden sector independent predictions
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right handed neutrinos 
with large Yukawa coupling

all flavor universal models 
e.g. MSUGRA,  gauge/gaugino mediation 
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all flavor universal models 
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all flavor universal models 
e.g. MSUGRA,  gauge/gaugino mediation 
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Hidden sector independent predictions



all flavor universal models 
e.g. MSUGRA,  gauge/gaugino mediation 
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all flavor universal models 
e.g. MSUGRA,  gauge/gaugino mediation 
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SU(2)    SU(4)

1

Example of DSB

Q

S

W = �SijQiQj

⇤2

We↵ = 2 ⇤2
2 �S

@W

@Sij
= �QiQj

Pf(QQ) = ⇤4
2

Take the limit of large field value (λS)



Example of DSB

We can provide many more examples of DSB
 

all share the same feature   

there is no elementary singlet field in the UV  

gaugino masses are naturally suppressed wrt scalar masses
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is the only case where             matters!
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with                         and

e.g. “4-1 model” (Dine, Nelson, Nir, Shirman, ’95) 

D1 = 1.4 FX4 6= 0

susy breaking vev at

Wnp =
⇤5

4

X1X2X2
3

Example of DSB
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Superpartner masses from D-term
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mass

Superpartner masses from D-term

These interactions preserve an 
U(1)R

R[Qi] = 1
R[Wa] = 1
R[�a] = 0



M4
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Q̃†Q̃
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d4�
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�6

|W �W �|2Q†Q

no counterterm is needed and hence Dirac  
gauginos induce finite contributions to the scalars

gaugino 
mass

extra 
suppression

Dirac Gaugino Masses
gaugino 

contribution to 
scalar masses



RGE evolution

W 0Wa�a

X†X Q†Q

varies with ga varies with 
Z�

varies with 

Yukawa

A sample point



TeV scale outputs

Ma(MPl) = 1 TeV

M3(TeV) ⇠ 5.4 TeV
M2(TeV) ⇠ 1 TeV
M1(TeV) ⇠ 600 GeV

{

A sample point



A sample point

m2
q̃(TeV) ⇠ (1.3 TeV)

2 ⇥ flavor diagonal

M3(TeV) ⇠ 5.4 TeV
M2(TeV) ⇠ 1 TeV
M1(TeV) ⇠ 600 GeV

{Ma(MPl) = 1 TeV

TeV scale outputs



Hu � Hu(hu, �Hu , FHu)

Hd � Hd(hd, �Hd , FHd)

µ Hu Hd Bµ hu hd

supersymmetric 
mass

supersymmetry 
breaking mass

A deep problem in the Higgs sector



µ � Ma

Bµ � |µ|2
μ  problem

Natural electroweak 
symmetry breaking

requires

A deep problem in the Higgs sector
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kµ
FX
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FX

M
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µ
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Giudice-Masiero mechanism

A deep problem in the Higgs sector

A neat solution



2. In addition to the Dirac gaguino masses, the adjoint scalars also get masses through

operators of the form

Z
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w
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M2

m

⌃2

i !
 
w

3,i

2
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M2

m

!
�2

i

2
. (4)

The �i’s are the scalar components of the adjoint chiral superfields ⌃i. It is important

to note that these operators are generated at the messenger scale, as a result the scalar

masses are in the same ball park with the Dirac gaugino masses. Also, this feature

is distinctive to the previously studied supersoft scenarios as the operator shown in

eq. (4) is the only source of masses for the imaginary components of the the adjoint

scalars at tree level.

3. The fianl class of operators in the e↵ective superpotential looks like

Z
d2✓

1

4
w

2,�1,�2

D̄2(D↵V 0D↵�1

)

Mm

�
2

. (5)

Here, �
1

and �
2

are chiral superfields residing in the visible sector with added con-

straint that �
1

�
2

is a gauge singlet. Therefore, the only possible options are HuHd

and ⌃2

i . An important aspect of this operator shown in eq. (5) is the ordering of �
1

and �
2

. This operator leads to the following term

µ
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2
(e�

1

e�
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� 2F�1�2
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2
e�
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e�
2

+ |µ�2 |2|�2

|2, (6)

where

µ�2 = 2w
2,�1,�2

D
Mm

. (7)

�, e� and F� are the scalar, fermionic and F -terms of the chiral superfields �i’s respec-

tively. In a similar manner, w
2,�2,�1 would generate mass for � scalar. It is obvious

that this operator would generate masses for the Higgsinos and one nice artifact of

this construction is that the Higgsino masses are naturally of the same order as the

gaugino masses and are sourced by a single mass sclae which is the vev of the D-type

spurion. The general contribution of this operator to the Higgs sector can be noted

down as

1

2
(µu + µd) eHu

eHd + |µu|2|hu|2 + |µd|2|hd|2. (8)
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A deep problem in the Higgs sector
Nelson-Roy

We need a slightly more complicated operator 

for D-term susy breaking

Operator:



`

Let’s not conclude — since another SUSY talk is approaching


