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1. Standard and ”anomalous” Z’

Simplest extensions of the standard model : additional

U(1)X gauge symmetry, broken around TeV. I will call

them Z’ theories in what follows.

They are generically of two types :

a) standard (non-anomalous)

- All gauge and gravitational anomalies are canceled by

the low-energy spectrum.

- Only gauge and Yukawa interactions are present.

There is a huge literature on such low-energy Z’.



b) ”anomalous”

There are some un-canceled reducible anomalies. They

cancel in the underlying theory due to :

- axions with Green-Schwarz type couplings in string

theories.

- heavy chiral (wrt Z’) fermions in field theory models,

which generate non-decoupling effects at low-energy.

They can also have TeV masses, but have some dis-

tinctive features.



• Anomaly cancelation in orientifold models involves

several axions.

• Abelian gauge fields → Stueckelberg mixing with ax-

ions which render the corresponding, “anomalous” gauge

fields, massive.

• They can behave like Z ′ gauge bosons. However,

these massive gauge bosons can and do have anoma-

lous couplings which naively break gauge invariance.

• Important role played by local and gauge non-invariant

terms : generalized Chern-Simons terms (GCS).

GCS have a long history : N = 2 SUGRA, brane-Xtra

dims. models, Scherk-Schwarz compactifications...



• Relevant terms in the effective action

S = −
∑

i
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4g2i
Fi,µνF

µν
i −

1

2
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(∂µa
I − giViA
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24π2
CIij
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48π2
Eij,k

∫
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- Ai are abelian gauge fields, aI are axions with Stueck-

elberg couplings which render massive (some of) the

gauge fields.

Axionic exchanges = nonlocal contributions, whereas

the GCS terms are local terms →

the sum : triangle diagrams, axionic exchange and GCS

terms is gauge invariant and non vanishing.



It leads to anomalous three gauge boson couplings at

low energy.

The coefficients Eij,k satisfy the cyclic relation

Eij,k + Ejk,i + Eki,j = 0

and the gauge invariance conditions, in the presence of

an anomaly free spectrum, read

CijkgiVi − Eij,k − Eik,j = 0 ,

CijkgiVi + C
j
kigjVj + CkijgkVk = 0 . (1)

One can easily find the solution of (1)

Eij,k =
1

3

(
giViC

i
jk − gjVjC

j
ik

)
. (2)



Notice it is possible to have anomaly-free Z’

tijk ≡ Tr(QiQjQj) = 0

and non-vanishing anomalous three gauge boson cou-

plings at low energy. They have the form

Eij,k (Ai −
1

giVi
dai) ∧ (Aj −

1

gjVj
daj) ∧ F k .



2. Effective operators

(In)visible Z’ is defined by

- it contains anomalous three gauge boson couplings,

in particular Z ′ Z γ

- SM fields are neutral under Z’.

• Heavy fermions, charged both under Z’ and the SM,

with a chiral (but anomaly-free) spectrum can generate

non-decoupling effects leading to the anomalous three

gauge boson vertices.

Their effects can be encoded in local polynomials, con-

strained by gauge invariance and CP symmetry.



• One Z’ gauge symmetry

Define:

θX ≡
aX
V

, DµθX ≡ ∂µθX − gXZ
′
µ ,

F̃µν ≡ ǫµνρσF
ρσ , (FG) ≡ Tr[FµνG

µν]

Gauge invariance and CP select the operators :

• Dimension-four operator :

δ × FYµνF
X µν

This parameterizes the kinetic mixing between Z ′ and

the hypercharge.



• Dimension-six operators :

Lmix =
1

M2

{
DµθX

[
i(DνH)†(c1F̃

Y
µν + c2F̃

W
µν )H + c.c.

]

+∂µDµθX

[
d1(F

Y F̃Y ) + 2d2(F
W F̃W )

]}
.

In the SM broken phase the first line contains :

ǫµνρσDµθX DνθH FYρσ ,

where θH = aH/v.

Obs : The operators mixing one Z’ with SM do decou-

ple. In what follows we consider an energy range

0.1 ≤
E

M
≤ 0.01 .



• Two Z’ gauge symmetries . In this case there is a

genuine non-decoupling effect; corresponding operator

(Z ′
1 −

1

g1V1
da1) ∧ (Z ′

2 −
1

g2V2
da2) ∧ FY .

Easy to find heavy fermions generating this operator

(similar ex. Antoniadis et al, 2009)



3. (In)visible Z’ as mediator of dark matter (DM)

annihilation

• Main idea :

- The DM is the lightest fermion in the Z’ sector.

- it annihilates into Zγ and WW via Z’ exchange, giving

a correct relic density.

- the same diagram produces a mono-chromatic gamma

ray

Eγ = MDM

[
1 − (

MZ

2MDM
)2
]
,

which could be visible in the GLAST/FERMI satelite.



The Z ′V V interaction vertices generated by the effec-

tive operators are :
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Feynman diagrams contributing to the

dark matter annihilation
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Scan on the mass of Z ′ (in logarithmic scale) versus the coupling

d1 for d2 = 0 and M = 1 TeV. We also defined α′ = g2X/4π.

Colored lines represent the WMAP limits on the dark matter relic

density for different values of the dark matter mass.



a)

10
−12

10

Ω   =0.094
−9

E ( GeV)

Mdm = 250 GeV

Mz’ = 525 GeV

10 300100

Flux
(cm−2 s−1 GeV−1)

c1 = c2 = 0.01

10

d1 = d2 = 0

h

−15

2

b)

Ω   =0.104h

E ( GeV)

Mz’ = 1465 GeV

1000

Flux
(cm−2 s−1 GeV−1)

Mdm = 700 GeV

10 100

d2 = 0

10
c1 = c2 = d1 = 0.01

2

−12

10
−9

c)

10

10
−9

Ω   =0.100h

d1 = d2 = 0.001

2

E ( GeV)

Mdm = 250 GeV

Mz’ = 245 GeV

10 300100

Flux
(cm−2 s−1 GeV−1)

c1 = c2 = 0.001
−12

d)

d1 = d2 = 0

−12

10
−9

Ω   =0.118h
2

E ( GeV)

Mdm = 250 GeV

Mz’ = 535 GeV

10 300100

δ = 0.01

Flux
(cm−2 s−1 GeV−1)

c1 = c2 = 0.0110

Typical example of a gamma-ray differential spectrum for

different masses of dark matter and Z ′ and Z − Z ′ mixing angle,

compared with the background (black line). All fluxes are

calculated for a classical NFW halo profile and M = 1 TeV.



We neglected until now a simple Z ′−Y kinetic mixing. If

dominant over the Z ′Zγ coupling, it will tend to erase its

effects ( large literature on SM-hidden sector coupling

generated by kinetic mixing : Arkani-Hamed et al, Nath

et al, Strassler, Zurek ...)
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•
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V
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V , f

ψDM
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Including the mixing parameter



4. (In)visible Z’ and decoupling of heavy fermions

The axionic and GCs terms can be computed, by adding

heavy fermions charged under both SM and U(1)i, with

SM invariant masses, generated by the U(1)i Higgs

mechanism.

The relevant terms in the effective action of the heavy

fermion sector of the theory are

Lh = ψ̄
(h)
L

(
iγµ∂µ + giX

(h)i
L γµAiµ

)
ψ

(h)
L

+ψ̄
(h)
R

(
iγµ∂µ + giX

(h)i
R γµAiµ

)
ψ

(h)
R

−
(
ψ̄

(h)
L M(h)ψ

(h)
R + h.c.

)
,



where Mh is the mass matrix of heavy fermions, with

matrix elements

M
(h)
ab = λhab Si case (a) or

M
(h)
ab = λhab S̄i case (b) , (3)

where Si is the Higgs field of charge +1 under the gauge

group U(1)i and singlet with respect to the other gauge

groups. The Higgses spontaneously break the abelian

gauge symmetries via their vevs, 〈Si〉 = Vi.

• The heavy fermions are vector-like wrt SM, but chiral

wrt U(1)i.

In the decoupling limit M(h) → ∞ with finite Higgs vev’s



Vi, we obtain (Anastasopoulos,Bianchi,E.D.,Kiritsis, 06)

Eij,k =
1

4

∑

h

(Xi
LX

j
R −Xi

RX
j
L)

(h)(Xk
R +Xk

L)
(h) , (4)

CIij =
1

4gIVI

∑

hI

ǫ(hI)I[2(Xi
LX

j
L +Xi

RX
j
R) +Xi

LX
j
R +Xi

RX
j
L]

(hI)

the index hI refers to the heavy fermionic spectrum

coupling to the axion aI.

Difference compared to d’Hoker-Fahri (DF) operators

is that (4) are well-defined in the unbroken SM limit.



Ex: Two Z’

Consider the charge assignments (ǫ = ±1)

Y X1 X2

Ψa
L ya xa za

Ψa
R ya xa − ǫa za

χmL ym xm zm

χmR ym xm zm − ǫm

We are interested in the GCS term EX1X2,Y and the



two axionic couplings C1
X2Y

and C2
X1Y

. We find

Tr (X1X2Y ) =
∑

a
laǫayaza +

∑

m
lmǫmxmym ,

EX1X2,Y =
1

2

(
∑

a
laǫayaza −

∑

m
lmǫmxmym

)
,

C
X1
X2Y

=
3

2g1V1

∑

a
laǫayaza , C

X2
X1Y

=
3

2g2V2

∑

m
lmǫaxmym .

By imposing cancelation of the mixed anomaly Tr (X1X2Y ) =

0, we find that the GCS and the axionic couplings ex-

actly fit into the gauge invariant term

EX1X2,Y ǫµνρσ (
1

g1V1
∂µa1 −X1,µ)(

1

g2V2
∂νa2 −X2,ν) F

Y
ρσ .



Conclusions

• Three gauge boson ”anomalous” vertices can connect

an otherwise invisible Z’ to SM.

• The diagram generating the correct relic density also

generates a monochromatic gamma-ray line.

• An (in)visible Z’ can be light (GeV) → phenomenology

to explore.

• We provided explicit examples with heavy fermions

generating at low energy these vertices.

• It would be interesting to analyze more generally non-

decoupling effects of heavy chiral fermions for LHC.


