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Introduction

• SUSY: solution to gauge hierarchy problem

• SUSY must be broken: sparticles at the LHC

• soft SUSY Lagrangian: 

• generic models: total number of parameter = 124

• SUSY flavor and SUSY CP problem: soft parameters give additional sources 
of flavor violation and CP violation

• SUSY breaking mechanisms

• gravity mediation: mSUGRA B.C.s to avoid large flavor violation

• gauge mediation: controlling flavor violation, UV sensitive 

• low gravitino mass: severe cosmological constraints



Anomaly Mediated SUSY Breaking

• soft masses generated by conformal anomaly

• RG invariance ⇒ UV insensitive

• highly predictive:  reduction of number of parameters

• all soft SUSY breaking masses determined by 

• natural solution to SUSY flavor and SUSY CP problems 

• RG evolution: contributions to flavor violation magically cancelled

• no additional CPV phases other than those in the Yukawa matrices and 
those associated with B term and mu term

• heavier gravitino mass                                   ⇒ saving thermal leptogenesis
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Slepton Mass Problem

• anomalous dimensions for 3rd generation

• for 1st & 2nd generations: 

• gauge contributions dominate

• negative slepton masses: breaking EM

• AMSB in the minimal form is ruled out



Slepton Mass Problem

• Existing solutions:

• adding common mass2 term (mAMSB): 

• adding D-term contribution: 

• if no mixed anomalies with respect to the SM:

         :   RG invariance ⇒ UV insensitive solution

• U(1)´ forbids proton decay arising from 

• dim-4 R-parity operators

• Planck induced higher dimensional operators
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not RG invariant, loss UV sensitivity 

ζ :  D-term
qi :  charge of chiral superfield 
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Slepton Mass Problem

• D-term contribution:  

• generation independent U(1)´ :

• in the presence of 3 RH neutrinos:    U(1)Y, U(1)B-L

• no SUSY flavor problem 

• generation-dependent U(1)´ :

• can explain fermion mass hierarchy and mixing a la Froggatt-Nielsen

• flavor violation can be induced:

• high U(1)´ scale: 

• flavor violation under control

• interesting predictions

• existing solution: anomalous U(1)´ 

•  with mixed anomaly cancelled by Green-Schwarz mechanism



Anomalous vs Non-anomalous U(1)´

• anomaly cancellations:  relating charges of different fermions

• [U(1)´]3 condition generally difficult to solve 

• most models utilized anomalous U(1)´: 

• mixed anomaly: cancelled by Green-Schwarz mechanism

• [U(1)´ ]3 anomaly: cancelled by exotic fields besides RH neutrinos

• U(1)´  broken at fundamental string scale

• earlier claim that U(1)´ has to be anomalous to be compatible with SU(5) 
while giving rise to realistic fermion mass and mixing patterns 

• non-anomalous U(1)´ can be compatible with SUSY SU(5) while giving rise to 
realistic fermion mass and mixing patterns

• no exotics other than 3 RH neutrinos

• U(1)´ also forbids Higgs-mediated proton decay

constraints not 
as stringent

Ibanez, Ross,  1994

Gauge anomaly

From Wikipedia, the free encyclopedia

In theoretical physics, a gauge anomaly is an example of an anomaly: it is an effect of quantum mechanics—

usually a one-loop diagram—that invalidates the gauge symmetry of a quantum field theory; i.e. of a gauge

theory.

Anomalies in gauge symmetries lead to an inconsistency, since a gauge symmetry is required in order to

cancel unphysical degrees of freedom with a negative norm (such as a photon polarized in the time direction).

Therefore all gauge anomalies must cancel out. This indeed happens in the Standard Model.

The term gauge anomaly is usually used for vector gauge anomalies. Another type of gauge anomaly is the

gravitational anomaly, because reparametrization is a gauge symmetry in gravitation.

Calculation of the anomaly

In vector gauge anomalies (in gauge symmetries whose gauge boson is a vector), the anomaly is a chiral

anomaly, and can be calculated exactly at one loop level, via a Feynman diagram with a chiral fermion

running in the loop (a polygon) with n external gauge bosons attached to the loop where n = 1 + D / 2 where

D is the spacetime dimension. Anomalies occur only in even spacetime dimensions. For example, the

anomalies in the usual 4 spacetime dimensions arise from triangle Feynman diagrams.

Let us look at the (semi)effective action we get after integrating over the chiral fermions. If there is a gauge

anomaly, the resulting action will not be gauge invariant. If we denote by !" the operator corresponding to an

infinitesimal gauge transformation by ", then the Frobenius consistency condition requires that

for any functional , including the (semi)effective action S where [,] is the Lie bracket. As !"S is linear in ",

we can write

where #(4) is d-form as a functional of the nonintegrated fields and is linear in ". Let us make the further

assumption (which turns out to be valid in all the cases of interest) that this functional is local (i.e. #(d)(x) only

depends upon the values of the fields and their derivatives at x) and that it can be expressed as the exterior

product of p-forms. If the spacetime Md is closed (i.e. without boundary) and oriented, then it is the boundary

of some d+1 dimensional oriented manifold Md+1. If we then arbitrarily extend the fields (including ") as

defined on Md to Md+1 with the only condition being they match on the boundaries and the expression #(d),

being the exterior product of p-forms, can be extended and defined in the interior, then

Make a donation to Wikipedia and give the gift of knowledge!

M.-C.C,  D.R.T. Jones,  A. Rajaraman,  H.B. Yu,  2008



Solution with Non-universal U(1)´ 

• Superpotential 

• Yukawa sector: determined by U(1)’ charges, flavor structure from FN

•  suppressed mu term

1

In MSSM with three right-handed neutrinos, the superpotential for the Yukawa sector and Higgs

sector that gives masses to all SM fermions and Higgs fields is given as follows,

W = YuHuQu
c + YdHdQd

c + YeHdLe
c + YνHuLν

c + YLLLLHuHu + YννΞν
cνc + µHuHd . (1)

In the presence of an additional U(1)�
F

symmetry under which various chiral super-fields are

charged, the Yukawa matrices shown above are the effective Yukawa couplings generated through

higher dimensional operators. As a result, they can be written as powers of the ratio of the flavon

Higgs field, Φ, that breaks the U(1)�
F
symmetry, to the cutoff scale of the U(1)�

F
symmetry, Λ,

Yij ∼
�
yij

Φ

Λ

�3|qi+qj+qH |
. (2)

Similarly, the effective µ term is generated by the higher dimensional operator and it is given by

µ ∼
�
µud

Φ

Λ

�3|qHu
+qH

d
−1/3|

Φ . (3)

Here the chiral superfield Φ is a SM gauge singlet whose U(1)�
F

charge is normalized to −1/3 in

our model; qi and qj are the U(1)�
F
charges of the chiral superfields of the i-th and j-th generations

of quarks and leptons, while qH (which can be qHu
or qHd

) denotes the U(1)�
F

charges of the up-

and down-type Higgses. Note that if qi + qj + qH < 0 or qHu
+ qHd

< 1/3, then instead of the Φ

field, the field Φ� whose U(1)�
F
charge is 1/3 is used respectively in Eq. 2 or Eq. 3. The terms with

non-integer 3|qi + qj + qH | and 3|qHu
+ qHd

| are not allowed in the superpotential given that the

number of the flavon fields must be an integer. This thus naturally gives rise to texture-zeros in

the Yukawa matrices. Once the scalar component φ (φ�) of the flavon superfield Φ (Φ�) acquires a

vacuum expectation value (VEV), the U(1)�
F
symmetry is broken. Upon the breaking of the U(1)�

F

symmetry and the electroweak symmetry, the effective Yukawa couplings can be rewritten as,

Y
eff

ij
∼

�
y
3
ijλ
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, (4)
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Fig. 3. Schematic diagrams for Froggatt-Nielsen mechanism. Here a and b are the family indices.
(χ, χ) are the vector-like Froggatt-Nielsen fields. Figure (a): The tree level diagram generating
the mass of the third family is given; (b): The mass of the lighter matter fields generated by this
diagram is ∼ O((<θ>

M
)2); (c): Higher order diagrams generate mass ∼ O((<θ>

M
)n).

lighter matter fields are produced by higher dimensional interactions involving, in
addition to the regular Higgs fields, exotic vector-like pairs of matter fields and the
so-called flavons (flavor Higgs fields). Schematic diagrams for these interactions are
shown in Fig.3. After integrating out superheavy vector-like matter fields of mass
M , the mass terms of the light matter fields get suppressed by a factor of <θ>

M ,
where < θ > is the VEVs of the flavons and M is the UV-cutoff of the effective
theory above which the flavor symmetry is exact. When the family symmetry is
exact, only the (33) entry is non-zero. When the family symmetry is spontaneously
broken, the zero entries will be filled in at some order O(<θ>

M ). Suppose the family
symmetry allows only the (23) and (32) elements at order O(<θ>

M ),




0 0 0
0 0 0
0 0 1



 SSB

−→




0 0 0
0 0 <θ>

M

0 <θ>
M 1



 . (15)

Then a second fermion mass is generated at order O((<θ>
M )2) after the family

symmetry is spontaneous broken. The fermion mass hierarchy thus arises.
To illustrate how the Froggatt-Nielsen mechanism works, suppose there is a

vector-like pair of matter fields (χ⊕χ) with mass M and carrying the same quantum
numbers as ψR under the vertical gauge group (e.g. SM or SO(10)), but different
quantum numbers under the family symmetry. It is therefore possible to have a
Yukawa coupling yχψLH where H is the SM doublet Higgs if the family symmetry
permits such a coupling. In addition, there is a gauge singlet θ which transforms
non-trivially under the family symmetry. Suppose the coupling y

′

ψRχθ is allowed
by the family symmetry, we then obtain the following seesaw mass matrix, upon H
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Solution with Non-universal U(1)´ 

• sparticle masses: pure AMSB contributions + D-term contributions 

• search for solutions that satisfy:

• all 6 anomaly cancellation conditions

• realistic quark masses (6), charged lepton masses (3), neutrino masses 
and mixing angles (6)

• electroweak symmetry breaking

• all squark and slepton masses positive



Anomaly Cancellation Conditions

• 6 anomaly cancellation conditions:

2

and the effective µ term is given by,

µ ∼ (µudλ)
|qHu

+qH
d
−1/3|

< φ > , (5)

where λ ≡ (< φ > /Λ)3 or λ ≡ (< φ� > /Λ)3. By choosing the expansion parameters λ to be of the

size of the Cabibbo angle ∼ 0.22, we have found solutions to the charges that give rise to realistic

fermion masses and mixing angles with all Yukawa couplings of order Yij ∼ O(1).

Now we can summarize all of the U(1)� anomaly conditions to

[SU(3)]2U(1)�F :
�

i

[2qQi
− (−qui

)− (−qdi)] = 0 , (6)

[SU(2)L]
2
U(1)�F :

�

i

[qLi
+ 3qQi

] = 0 , (7)

[U(1)Y ]
2
U(1)�F :

�

i

�
2× 3×

�
1

6

�2

qQi
− 3×

�
2

3

�2

(−qui
)− 3×

�
−1

3

�2

(−qdi) (8)

+2×
�
−1

2

�2

qLi
− (−1)2(−qei)

�
= 0 ,

�
U(1)�F

�2
U(1)Y :

�

i

�
2× 3×

�
1

6

�
q
2
Qi

− 3×
�
2

3

�
× (−qui

)2 − 3×
�
−1

3

�
(−qdi)

2 (9)

+2×
�
−1

2

�
(qLi

)2 − (−1)(−qei)
2

�
= 0 ,

U(1)�F − gravity :
�

i

[6qQi
+ 3qui

+ 3qdi + 2qLi
+ qei + qNi

] = 0 , (10)

[U(1)�F ]
3 :

�

i

�
3
�
2(qQi

)3 − (−qui
)3 − (−qdi)

3
�
+ 2(qLi

)3 − (−qei)
3 − (−qNi

)3
�
= 0 .(11)

where qQi
, qui

, qdi , qLi
, qei , and qNi

denote, respectively, the charges of the quark doublet,

iso-singlet up-type quark, iso-singlet down-type quark, lepton doublet, iso-singlet charged lepton,

and right-handed neutrino of the i-th generation. By parametrizing the U(1)� charges through the

following equations 12, all of the anomaly conditions except and will be satisfied.



Finding the Solutions

• convenient parametrization

3

qQ1 = −1

3
qL1 − 2a,

qQ2 = −1

3
qL2 + a+ a

�
,

qQ3 = −1

3
qL3 + a− a

�
,

qu1 = −2

3
qL1 − qe1 − 2b,

qu2 = −2

3
qL2 − qe2 + b+ b

�
,

qu3 = −2

3
qL3 − qe3 + b− b

�
,

qd1 =
4

3
qL1 + qe1 − 2c,

qd2 =
4

3
qL2 + qe2 + c+ c

�
,

qd3 =
4

3
qL3 + qe3 + c− c

�
,

qN1 = −2qL1 − qe1 − 2d,

qN2 = −2qL2 − qe2 + d+ d
�
,

qN3 = −2qL3 − qe3 + d− d
�
. (12)

By choosing the U(1)� charges in the following table I,

Field U(1)� charge Field U(1)� charge

L1 qL1 = 3/2 Q1 qQ1 = 1003/450

L2 qL2 = 1/2 Q2 qQ2 = 1447/225

L3 qL3 = 1/2 Q3 qQ3 = 983/225

e
c

1 qe1 = 31228381/1586700 u
c

1 qu1 = −21278009/1586700

e
c

2 qe2 = 29641681/1586700 u
c

2 qu2 = −28164287/1586700

e
c

3 qe3 = 26468281/1586700 u
c

2 qu3 = −40540547/1586700

N1 qN1 = −31757281/1586700 d
c

1 qd1 = 10200251/528900

N2 qN2 = −31757281/1586700 d
c

2 qd2 = 548909/21156

N3 qN3 = −31757281/1586700 d
c

3 qd3 = 1390561/105780

Hu qHu = 35724031/1586700 Φ qΦ = −1/3

Hd qHd = −27261631/1586700 Ξ qΞ = 28583881/793350

TABLE I: The U(1)� charges of superfields.

The effective Up quark Yukawa matrix can be written as
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N3 qN3 = −31757281/1586700 d
c

3 qd3 = 1390561/105780

Hu qHu = 35724031/1586700 Φ qΦ = −1/3

Hd qHd = −27261631/1586700 Ξ qΞ = 28583881/793350

TABLE I: The U(1)� charges of superfields.

The effective Up quark Yukawa matrix can be written as



Finding the Solutions

• in total: 12 charges for chiral superfields

• further conditions:

• heavy 3rd generation Yukawa couplings not suppressed + hierarchy 

• mild suppression for 3rd generation neutrino Dirac mass + charged lepton 
mass hierarchy + maximal atm mixing

• anomaly cancellation conditions further reduce the number of parameters

• in total, two parameters parametrizing class of solutions



Solution (I)

• charges that satisfy all requirements are NOT pretty

• nevertheless, it is remarkable that solutions exist at all

3

qQ1 = −1

3
qL1 − 2a,

qQ2 = −1

3
qL2 + a+ a

�
,

qQ3 = −1

3
qL3 + a− a

�
,

qu1 = −2

3
qL1 − qe1 − 2b,

qu2 = −2

3
qL2 − qe2 + b+ b

�
,

qu3 = −2

3
qL3 − qe3 + b− b

�
,

qd1 =
4

3
qL1 + qe1 − 2c,

qd2 =
4

3
qL2 + qe2 + c+ c

�
,

qd3 =
4

3
qL3 + qe3 + c− c

�
,

qN1 = −2qL1 − qe1 − 2d,

qN2 = −2qL2 − qe2 + d+ d
�
,

qN3 = −2qL3 − qe3 + d− d
�
. (12)

By choosing the U(1)� charges in the following table I,

Field U(1)� charge Field U(1)� charge

L1 qL1 = 3/2 Q1 qQ1 = 1003/450

L2 qL2 = 1/2 Q2 qQ2 = 1447/225

L3 qL3 = 1/2 Q3 qQ3 = 983/225

e
c

1 qe1 = 31228381/1586700 u
c

1 qu1 = −21278009/1586700

e
c

2 qe2 = 29641681/1586700 u
c

2 qu2 = −28164287/1586700

e
c

3 qe3 = 26468281/1586700 u
c

2 qu3 = −40540547/1586700

N1 qN1 = −31757281/1586700 d
c

1 qd1 = 10200251/528900

N2 qN2 = −31757281/1586700 d
c

2 qd2 = 548909/21156

N3 qN3 = −31757281/1586700 d
c

3 qd3 = 1390561/105780

Hu qHu = 35724031/1586700 Φ qΦ = −1/3

Hd qHd = −27261631/1586700 Ξ qΞ = 28583881/793350

TABLE I: The U(1)� charges of superfields.

The effective Up quark Yukawa matrix can be written as



Resulting Yukawa Sector
Mi = m3/2

βgi

gi

Aijk = −m3/2β
ijk
Y

(m2
0)

i
j =

1

2
m2

3/2µ
d

dµ
γi
j

bij = κm3/2µ
ij −m3/2β

ij
µ

(m2)ij =
1

2
m2

3/2µ
d

dµ
γi
j + ζqiδij

(m2)ij =
1

2
m2

3/2µ
d

dµ
γi
j +m2

0δij

QQQL

Mpl

λ =

�
�φ�
Λ

�3

=

�
�φ��
Λ

�3

= 0.22

1



Predicted Sparticle Spectrum (I)

• SOFTSUSY 3.0



Solution (II)

• U(1)Y breaking at EW scale : no D term contribution associated with U(1) Y at 
GUT scale

• RG induced U(1)´ - U(1)Y mixing

• non-zero D-term contribution associated with U(1)´ due to RG running

• allowing small negative lepton charges



Predicted Sparticle Spectrum (II)

• SOFTSUSY 3.0



Conclusions

• AMSB: UV insensitive ⇒ high predictivity

• mAMSB: negative slepton masses

• solving the slepton mass problem with addition of D terms: preserve UV 
insensitivity

• non-anomalous U(1)′: highly constrained model

• generation dependent U(1)′: can explain fermion mass hierarchy and mixing

• solutions exist, though charges are not simple


