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Intro/motivation

✤ Standard Model (SM) is the most accurate theory even made.

✤ However, we know that it is not the final theory. It is effective.

✤ In this talk, we will extend the SM with an additional gauge boson (often called Z’).

✤ However, we are going to explore an “exotic” version of the Z’: an anomalous Z’.



Intro/motivation

✤ After a small introduction in anomalies, we will discuss anomalies in effective theories.

✤ Such effective theories can come from string theory, GUTs, theories with a Higgs mech at a higher scale. 

✤ We will show that anomalies in such models can be “superficial” and therefore not forbidden.

✤ We will argue that in effective theories, the additional Z’ is more likely to be anomalous than not.

✤ We will analyse such models and we will discuss phenomenological implications (  of the muon). g − 2



Anomalies



Anomalies

✤ Anomalies are violations of symmetries via quantum corrections (loop-effects). 

✤ They split into: violations of

- global symmetries: acceptable (for example the π → γγ).

- gauge symmetries: unacceptable. Have to be omitted!

✤ In this talk, we will give to gauge anomalies another chance!
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✤ Consider a single chiral fermion ψL, charged under a gauge field Aμ, and the action

invariant under
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Anomalies

✤ Consider a single chiral fermion ψL, charged under a gauge field Aμ, and the action

invariant under

✤ However, the Ward ID is violated at 1-loop (the gauge symmetry is broken)

✤ This theory is for the trash bin. It has an “anomaly”.

many

not not

fine
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f ff

all f

f f f

that happens in the 
Standard Model

no

“the anomaly”
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Anomalies

Therefore,

✤ in models with chiral fermions charged under gauge symmetries the 1-loop diagram is present.

✤ This is the case for fundamental theories: gauge anomalies should cancel.

✤ What about effective theories? 
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Anomalies and effective theories
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Next, 

‣ we discuss a case of an effective theory after some Higgs mechanism 
of a fundamental theory.

‣ We will focus also on the anomalies.
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+ ++ +

✤ What happened? 

✤ A consistent (anomaly free) theory became inconsistent (anomalous) 
after a Higgs mechanism?! 

the anomaly is due to the 
missing diagrams

these diagrams are 
replaced by others
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✤ After the Higgs mechanism (in a higher scale), the Higgs field                              gives

Anomalies in effective theories

heavy fermion

zero for a single A,  
but present for more

generates a 
mass for Aμ
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✤ Out of which we have diagrams that generate effective terms

standard Higgs 
mechanism

generalised Chern-Simons (GCS)

“axionic” terms



massless fermion
zero in this case
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✤ Is this action gauge invariant?      No!

✤ Remember the anomaly, from the diagram:

✤ Anomaly cancellation fixes all coefficients.

✤ Field transformations

axion
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fixing the coefficient
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✤ In a generic theory, we can have several gauge fields     , and several axions    .

✤ The generic action is

✤ Anomaly conditions 

     fix all coefficients, as functions of the anomalies                                                      .

Generalization

Anastasopoulos Bianchi Dudas Kiritsis



Anomaly cancellation in diagrams
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✤ The 3-point coupling

Anomaly cancellation in diagrams
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heavy massive fermion (invisible)EE

0 0

anomaly free

after some Higgs 
mechanism

✤ Consider three chiral fermions (χL, ψL, ψR), one Higgs Φ, and one gauge field Aμ

+ +

Anomalies in effective theories (back to that question)

+ +∂μ anomaly free

✤ Axionic and GCS terms “replace” the missing triangle diagrams and cancel the anomalies.

✤ Notice: the Ward ID is zero (current is conserved), not the diagrams.



Analysis of the anomaly related terms
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The diagrams again



i, μ

j, ν

k, ρ
= i, μ

j, ν
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      - dependent
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the anomalous coupling

✤ always present                         
(anomalous/non-anomalous models)
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✤ depends on the mass                         
The heavier the fermion the smaller 
the contribution

✤ depends on individual charges of the 
fermion in the loop

✤ drops in anomaly free models

✤ does not depend on any mass

✤ depends on the full anomaly

The diagrams again



Phenomenology

✤ I argued that 

✤ fundamental theories (anomaly free in the UV) can appear to be anomalous in the IR.

✤ Effective 3-point couplings (axionic & GCS) cure the “anomalies”.

✤ These new couplings depend on the anomaly.

✤ They have the same “structure” like the standard fermionic triangle diagram.

✤ New diagrams appear where the triangle sub-diagram is replaced by the anomaly.

✤ Natural questions 

✤ What if SM is an anomalous theory after very massive states (via some mechanism) are integrated out?

✤ What are the phenomenological consequences?



✤ Consider

Standard Model and effective theory

• SM + some other fermions charged under                                                           .

• an extra Higgs field , coupled only to the extra fermions and charged only under            .Φ
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✤ Consider

Standard Model and effective theory

In this case, SM is more 
natural to look anomalous 
than anomaly free
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+ + + anomaly free∂μ

✤ Consider

Standard Model and effective theory

+ + anomaly free

SM

+

other fields
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0
SM

✤ The effective model would be anomalous. 
superficially
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after ⟨Φ⟩ = V

• SM + some other fermions charged under                                                           .

• an extra Higgs field , coupled only to the extra fermions and charged only under            .Φ

couple to Higgs Φ
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In this case, SM is more 
natural to look anomalous 
than anomaly free



Towards Phenomenology



Anomalies and the Standard Model

✤ In the next, we study a model where the Standard Model is a part of a Fundamental theory. 

✤ We discuss the effective theory, at the scale below the breaking of the extra Higgs field .

✤ All heavy fields are not included in our model (their effects are included via effective terms). 

✤ Therefore, we expand the Standard Model with

‣ and additional gauge boson 

‣ an axion  (coming from a theory in the UV).

Φ

Aμ

a



Standard Model + an anomalous U(1)

✤ Standard Model fields are charged under the additional .Aμ

✤ For these generic charges, we have the non-vanishing traces (leading to anomalies)
standard SM 
conditions

Anastasopoulos Kaneta Kiritsis Mambrini

generic charges under 
the additional Aμ

zero in 
anomaly free 
extensions of 
the SM



Standard Model + an anomalous U(1)

✤ The action for the SM + the (anomalous)  + the axion  becomesAμ a

✤ The extra terms

Coriano Irges Kiritsis, Anastasopoulos Kaneta Kiritsis Mambrini



Standard Model + an anomalous U(1)

✤ The action for the SM + the (anomalous)  + the axion  becomesAμ a

α

α

Coriano Irges Kiritsis, Anastasopoulos Kaneta Kiritsis Mambrini

No gauge 
invariant terms

✤ The extra terms



Standard Model + an anomalous U(1)

✤ Variation of the action under                              ,                                gives (not gauge invariant!)

✤ At 1-loop, we get the non-vanishing terms (due to the anomalies       )

✤ Cancellation of anomalies requires
all coefficients are 
fixed by the anomaly 
cancellation



Standard Model + an anomalous U(1)

✤ Next, we have the standard EW breaking. 

✤ Assuming that the SM Higgs  is charged under the anomalous       the      ,        ,       mix

with the coefficients 

H

photon remains massless

Coriano Irges Kiritsis, Anastasopoulos Kaneta Kiritsis Mambrini



New couplings 

✤ Anomalous terms generate new couplings (all are absent in anomaly-free models)
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New couplings 

✤ Notice (anomaly generated) terms with only SM fields.

✤ Such terms are new (anomaly related) and they modify the standard SM predictions.

Anastasopoulos Kaneta Kiritsis Mambrini

✤ Anomalous terms generate new couplings (all are absent in anomaly-free models)



Let’s apply all these.
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The  of a fermiong − 2

✤ Predictions/Results

✤ Classically: 

✤ Quantum (Dirac):

✤ Experiment:

how much is it?subatomic world 
obeys quantum laws!

🏆
Over the years, the value of the  
is one of the greatest challenges of 
theory vs experiment 

g − 2

Landé g factor



✤ The  of the muon

✤ Experimental value               :

✤ Theoretical (SM) prediction :

g − 2

The  of the muong − 2

Landé g factor

how much is it?subatomic world 
obeys quantum laws!

Standard Model is the most 
accurate theory ever made!

however.. the difference 
approaches the 4.2σ..
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The  of the muong − 2

✤ Theoretical evaluation of the  of a fermion.g − 2

1PI

  of the fermion(g − 2)/2
quantum corrections 
to the coupling

all possible diagrams

 electric dipole moment (EDM) 

✤ In “all possible diagrams”, propagate all possible fields in a model.

✤ Several models have been built, to explain the discrepancy (extra Higgs, Z’, …).

✤ Our goal is to evaluate the contribution of an anomalous Z’ to the  of the muon.g − 2

Schwinger
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The glorious

…SM

+Z’

+A

1PI

  : the triumph of
quantum mechanics 

g − 2 = 0

diagrams that contain only 
SM particles and couplings

diagrams that contain at least 1 Z’ 
but not the anomalous coupling

diagrams that contain the 
anomalous coupling

…

…

massive part of the 
triangle diagrams

massive 

massive 

…

We will focus on

tree-level 1-loop 2-loops
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δaμ=2.5×10-9, mZ'=1 MeV

δaμ=0, mZ'=1 MeV

δaμ=2.5×10-9, mZ'=20 MeV

δaμ=0, mZ'=20 MeV

δaμ=2.5×10-9, mZ'=100 MeV

δaμ=0, mZ'=100 MeV
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op Message: there are areas in the parameter space 

where the 1-loop contribution is zero/tiny.
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the mass dependent part is 
proportional to the individual charges
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where the 1-loop contribution is zero/tiny.
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mass dependent 

these parts depend on 
the full anomaly
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the mass dependent part is 
proportional to the individual charges

1-
lo

op
1-

lo
op Message: there are areas in the parameter space 

where the 1-loop contribution is zero/tiny.



mass dependent 

2-
lo

op
2-

lo
op

the anomalous coupling

axion GCSmass ind
+ +

mass dependent 

these parts depend 
only on the masses

the mass dependent part is 
proportional to the individual charges

these parts depend on 
the full anomaly
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1-
lo

op
1-

lo
op Message: there are areas in the parameter space 

where the 1-loop contribution is zero/tiny.



On the balance

✤ The 1-loop diagram is leading (in general).

✤ However, we have seen that there are areas in the parameter space where it becomes tiny or zero.

✤ In these areas the 2-loop diagrams: 

✤ mass-dependent triangle part or 

✤ the anomalous contribution

take over. 

✤ Which one is the dominant?

✤ To answer, we have to choose some values for our parameters and compare.

Anastasopoulos Kaneta Kiritsis Mambrini



how big is the anomaly?!

Free parameters 

✤ The free parameters of the model (in agreement with experimental bounds)

✤ mass of Z’ :

✤ couplings (vectorial and axial)

✤ relation between vectorial and axial coupling

✤ chosen range for the couplings 

✤ The anomaly 

Remember:

If                           our 
assumption is reasonable

Anastasopoulos Kaneta Kiritsis Mambrini



✤ The anomaly is 

✤ and depends on 

✤ the number of SM fermions : 

✤ the vectorial and axial charges of these fermions (remember:                                 ).

✤ Assuming an (no so) extreme case where all SM fermions have the same charges

✤ In the next, we will take the anomaly to be at the range:                           .

How big is the anomaly?!

Anastasopoulos Kaneta Kiritsis Mambrini

quarks leptons
colors



Where is the cutoff?

Anastasopoulos Kaneta Kiritsis Mambrini

✤ Up to which scale our action is valid, for these values of the parameters?

✤ The cutoff Λ is given by

✤ Using our parameters, and the max considered value for the anomaly (                  ), the cutoff is

✤ It implies new physics (new massive charged fermions) within the reach of future experiments.

Preskill



mass dependent 

mass independent axionic GCS
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Comparing the integral (Z’ mass dependant) part only.

1.   The axionic & GCS terms are leading.

2.   the mass independent part of the triangle is second.

3.   the mass dependent is last.

Thus, the anomaly related terms are dominant at 2-loops.



Anomalous Z’ and 1-loop vs 2-loops for the  of the muong − 2
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Comparing 1-loop and the anomalous 2-loop contributions

1-loop contribution

area where the 
anomalous 2-loop 
dominates the 1-loop
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Dominant 2-loop 
contribution



Total contribution to the  from an anomalous Z’g − 2
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Conclusions and future plans



✤ Standard Model is an effective theory.

✤ If there is an extra gauge boson Z’, most likely, will be (superficially) anomalous.

✤ The anomalies of the spectrum are cancelled by effective terms from the UV part of the theory.

✤ These new anomaly-generated couplings have interesting phenomenology.

Conclusions and future plans



Conclusions and future plans

✤ We have studied the effects of an anomalous Z’ to the  of the muon.

✤ An anomalous Z’ can explain the discrepancy between the theoretical and experimental values.

✤ The 1-loop contribution of an anomalous/non-anomalous Z’ is usually dominant. 

✤ At 2-loop, the dominant diagram is the anomalous diagram.

✤ There are areas of the parameter space where the anomalous diagram dominates the 1-loop 
contribution.

g − 2



Conclusions and future plans

✤ Anomalies affect also couplings between only SM gauge fields (apart from the Z’).

✤ For example, 

✤ Further phenomenological analysis is needed and is under way.



Thank you





Scheme dependance and GCS terms
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✤ It is known that anomalies depend on the scheme.

✤ We can move the anomaly of the triangle diagram from one leg to another (or spread to all of them).

✤ That can happened by adding a GCS term (similar to ours).

✤ How much the scheme changes our analysis here?



Scheme dependance and GCS terms
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Scheme dependance and GCS terms
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✤ By changing scheme, we can absorb the 
GCS term in the mass-independent part of 
the triangle. 

✤ The anomalous coupling remains the same.

✤ Our analysis is scheme independent.

i, μ

j, ν

k, ρ


