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What To Expect from the Z’?
Z’ should be a gage boson of a consistent gauge theory, 

whose gauge invariance is spontaneously broken at 
some scale ≳mZ’

Without introducing spectator fermions, the SM 
field content constraints the new U(1) group to 

be a linear combination of B-L and Y-sequential. 
The generator is:  

SU(3) SU(2) U(1)Y U(1)B�L U(1)0
 
⌫`iL
`iL

!
1 2 �1

2

�1 �1

2

cos ✓ � sin ✓

�
`iR
�
C

1 1 1 +1 cos ✓ + sin ✓ 
uiL
diL

!
3 2 1

6

+1

3

1

6

cos ✓ + 1

3

sin ✓

�
uiR
�
C

3 1 �2

3

�1

3

�2

3

cos ✓ � 1

3

sin ✓�
diR
�
C

3 1 1

3

�1

3

1

3

cos ✓ � 1

3

sin ✓

� =

 
�+

�0

!
1 2 1

2

0 1

2

cos ✓

Table 1. Charges of the SM matter content under the gauge symmetries of the SM and the gauge
U(1)0 with the generator (2.3). i stands for the family index.

family, we will conveniently parametrize the generator of the new symmetry as

cos ✓ tY + sin ✓ tB�L (2.3)

where tY and tB�L stand for the generators of the hypercharge and B � L symmetries

respectively. To ensure that the fermion masses are gauge invariant, the SM fermion

charges under the U(1)0 unambiguously determine the SM Higgs charge under the U(1)0.

For completeness we list all the charges under the gauge symmetries, including the U(1)0,

in Table 1.

These charges have a strong impact on the DM phenomenology in this scenario. Be-

cause the SM Higgs couples to the Z 0, tree level couplings between the Z 0 and the EW

gauge bosons are induced after EW symmetry breaking. In this case Z 0 mixes with the Z.

This allows annihilations of the DM to EW gauge bosons at the tree level.

2.1 Direct constraints on Z 0 from LHC searches

Here we review direct constraints on this Z 0 from the LHC. In addition, we will consider

monojet constraints on DM production in Sec. 3.2. The easiest way to spot a Z 0 at a

collider is via an analysis of the leptonic modes, unless they are highly suppressed. For

these purposes we recast a CMS search for a narrow Z 0 in the leptonic channel [55], which

conveniently phrases the constraints in terms of

R� ⌘ �(pp ! Z 0)⇥BR(Z 0 ! l+l�)

�(pp ! Z)⇥BR(Z ! l+l�)
(2.4)

and for the reference point we take �(pp ! Z) ⇥ BR(Z ! l+l�) = 1.15 nb at
p
s =

8 TeV [56].

We show the results of our recast in Fig. 1 as a function of the mass mZ0 of the Z 0 and

the angle ✓ as defined in Eq. (2.3). Note that, for a given gZ0 and ✓, all couplings to the SM

are fixed, therefore both production cross sections and BRs are unambiguously determined
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Non Anomalous Z’ 
If the DM is a scalar or a Dirac fermion — the calculation of 

annihilation channels is straightforward and most of the 
interesting results can be obtained at the tree level

Majorana fermions:

Loop induced, chirality non-suppressed annihilations can 
exceed the tree level effects

1. Annihilations into the SM fermions are 
helicity suppressed, ~(mf/mx)2 

2. Direct detection is SD ☛ weaker bounds 



Non Anomalous Z’ and 
Majorana DM Annihilations 

T. Jacques, AK, E. Morgante, D. Racco, M. Rameez, A. Riotto

Figure 6. Branching ratios for the annihilation of �� into pairs of SM particles, for mZ0 = 10
TeV and a kinetic energy of the DM particles equal to the thermal one in the Sun core. There is
no dependence on gZ0 and g�. The six plots, from left to right and top to bottom, correspond to
✓ = 0, ⇡/4, 0.45⇡,⇡/2, 0.55⇡, 3⇡/4. Only the channels with a BR greater than 10�3 are shown.

cross section obtained from Eq. 3.1. Finally, the bound on ⇤ is translated into a bound on

�SD

�p using the expression

�SD

�p =
3

⇡

⇣
� c

4

⇤2

⌘
2

µ2

p (4.1)

which gives the scattering cross section when only the O
4

operator is involved, where µp is

the reduced mass of the proton–DM system, and the dimensionless coe�cient is given by

c
4

= 1

4

cos ✓(�u ��d ��s) ' 1

4

cos ✓ · 1.35, with �q parametrizing the quark spin content

of each nucleon, and is assumed to be equal for protons and neutrons [63].

For ✓ 6= 0, we do not show bounds on �SD

�p but only on ⇤. The reason is that, since �SD

�p
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As expected, WW 
and ZZ vastly 

exceed the light 
fermions BRs. 

Tops and 
bottoms 

contribute only 
near thresholds 



Other (Anomalous) Z’s 
Brief overview of Z’s previously considered in the DM 

literature 
Field U(1)
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Table 1. The generation-independent exotic Z 0
U(1) charge assignments explored in this paper. In

all cases there is a free continuous parameter x which, for simplicity, we take equal to 1 throughout
our analysis.

In what follows, we do not assume any specific scalar structure inducing spontaneous

symmetry breaking of the U(1)
X

gauge group and that the SM Higgs is neutral under U(1)
X

so that there is no Z �Z

0 mixing at tree level, which relaxes otherwise strong electroweak

precision constraints. Finally, since the DM particle is postulated to be charged under

U(1)
X

, it will a↵ect the anomaly cancellation requirement; however, in principle additional

charged fermions might be postulated, with no impact on the DM phenomenology (see

Ref. [45] for an explicit example). Therefore, with the exception of the Z

0 and of the DM

particle, we assume any additional fields beyond the SM is e↵ectively decoupled, and will

not discuss them further in association with the models’ phenomenology.

The four U(1)
X

charge assignments shown in Table 1 depend on a continuous free

parameter denoted by “x”. Although the successful cancellation of triangle anomalies is

guaranteed for any value of x, for simplicity, we fix x = 1. We will also restrict the new

U(1) Z

0 gauge coupling (g
Z

0) to two numerical values: g

Z

0 = 1 or 0.5. With x and g

Z

0

specified, we can then determine the numerical values of the Z

0-SM fermion couplings as

discussed in Sec. 3 below.

3 Dark Matter Phenomenology

A new massive and neutral Z 0 is an interesting feature of the low-energy limit of many

extensions to the SM possessing a viable DM candidate [35, 37, 65, 70–76]. As discussed

above, the number of possible simple U(1) charge extensions is greatly reduced after con-

sidering anomaly cancellations and electroweak precision measurements. In particular, we

focus on the the U(1) charge assignments in Table 1. We will parametrize the simplified

Lagrangian responsible for a Z

0 interacting with a Dirac fermion DM (�) and SM fermion

(f) as

L � Z

0
µ

⇥
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µ

�
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�v
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f̄�
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�

5

�
f

⇤
, (3.1)

where the sum is over all quarks and leptons of the SM (including neutrinos when relevant).

The Z

0-SM couplings above can be specified in terms of the U(1)
X

charges and gauge

coupling (g
Z

0) since
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, m

c

, g
c

, gq).

Lvector = gq Â
q=u,d,s,c,b,t
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and g

c

. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
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q(x) denotes the Heaviside step function, and b f =

r

1 � 4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = g

c

= 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

Alves, Berlin, Profumo, Queiroz; 
2015

Atlas + CMS DM benchmark 
models (used for reporting 

results); 2015

In fact, (almost) all these models are anomalous. What are 
we missing with this approach?



Troubles with Anomalous Z’s 
In an anomalous theory gauge invariance is 
broken at the quantum level — a priori not a 

consistent gauge invariant theory. 

Practical question:

Z’

W

W

In an anomalous 
theory this loop is 

divergent, signalling 
non-renormalizability 

of the EFT 



Is EFT Formulation Possible? 
— The SM w/o the Top Quark

The SM w/o the top is an anomalous effective field theory. 
One can systematically integrate out tops and get an EFT 
with the terms that preserve gauge invariance. The gauge-
boson interactions are calculable (up to mass thresholds)

D’Hoker & Farhi; 1983
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Note that the induced covariant derivative of U matches the covariant derivative 
of U which appeared in the original lagrangian. Under an infinitesimal U( 1) gauge 
transformation by I?(X) the induced effective action changes by 
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Comparison with (2.6) and (2.10) readily shows that this term precisely cancels the 
U(l),, and U( 1): anomalies coming from the N- 1 low-energy fermions in the 
theory. Under an infinitesimal SU(2)L gauge transformation, E,(X), the induced 
effective action changes by 
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?r 

Comparing with the SU(2)L xU( I),, anomaly produced by the remaining N- 1 
fermions (2.12), we see that (2.20) precisely cancels those as well. 

Thus, at the level of the functional integral, the effective low-energy theory that 
remains after decoupling is completely gauge invariant. 

So far we have restricted attention to the case of a unitary Higgs field. In general, 
the Higgs field defined in (2.2) is still proportional to a unitary field: 

4p=cpu, (2.21) 

where U is an SU(2) valued field and 4 is a real field. The vacuum expectation 
value of $J is o and 4-v is the physical Higgs field. We work with the standard 
Higgs potential for the Weinberg-Salam theory: 

V(@)=A~($Tr@+@--2)2=A~(+2-u2)2. (2.22) 

Note that the unitary case is obtained by letting A* + 00. 
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Restores SU(2) gauge 
invariance 

Restores U(1) gauge 
invariance and cancels 

the mixed anomaly 



Warm Up: Anomalous U(1)’
Preskill; 1990

Under a gauge transformation the effective 
action is not invariant: 
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add to cancel the 
anomaly

Secretly the action depends only on the derivates of θ. How 
can we see this? Perform fermions chiral rotation to get rid of 

this term. The contribution to the effective action is: 
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Warm Up: Anomalous U(1)’
Even if we start without a kinetic term for θ, it is induced by

each lozenge ~ loop 

This becomes a Stückelberg U(1) coupled to the 
fermions. We can switch to unitary gauge and 

get rid of the “fake” scalar.  
The theory will still be EFT, non renormalizable 
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Where is the cutoff?
The contribution to the n-point function does not stop at n = 2

+ Z’ external legs
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Consistency of loop 
expansion requires:
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The spectators can be much 
heavier than the Z’, but not 

arbitrarily heavy



Theories with Mixed 
Anomalies

In our case the U(1)3 will not have any interesting 
consequences beyond that we know the cutoff. But we have 
mixed anomalies. What should we do with the to calculate Z’ 

→ WW, ZZ?

Here we can add a local counterterm:

W “ �
B

BhA

u

hB

u

` M
BD

¯BB (113)

�� “

ÿ

i

Q3
i

g2

48⇡2

ª
d4x✏F

µ⌫

˜F µ⌫

(114)

�L “

ÿ

i

Q3
i

g2

48⇡2
✓pxqF

µ⌫

˜F µ⌫ , ✓pxq Ñ ✓pxq ` ✏pxq (115)

�L “

ÿ

i

Q3
i

B

µ

✓ ¯ �µ (116)

„ loop

2
ˆ ⇤

2
`
B

µ

✓ ´ gZ 1
µ

˘2
(117)

„

loop

4
⇤

4

m4
Z

1

`
B

µ

✓ ´ gZ 1
µ

˘4
(118)

⇤ À

64⇡3

g3 |

∞
i

Q3
i

|

m
Z

1
(119)

L “

g1g
2
N

A
8⇡2

✏
µ⌫⇢�

Z 1
µ

ˆ
A⌫a

N

B

⇢A�a

N

`

1

3

g
N

✏
abc

A⌫a

N

A⇢b

N

A�c

N

˙
(120)
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Depending on this counterterm we can change the 
variation of the action, such that we can always set 

the gauge variation with respect to the SU(N) to 
vanish



Gauge Boson Couplings 
Calculation 

Z’ Z’

W

W W

W

divergent

In anomaly free theories there can be an arbitrary 
momentum shift between the loop momenta of the 

diagrams. In the anomalous EFT the shift is not arbitrary 
if we demand that the Ward identity of the SM gauge 

group is satisfied



Calculation Prescription 

Choose the favorite counterterm (often useful to put it 
to zero) 

Calculate the diagram momentum shift such that the 
Ward identity for the SM SU(2)XU(1) is not violated  

Use this momentum shift to calculate the coupling 

This gives the non-decoupling effect of the spectators, 
up to finite mass thresholds 



Back to the “Axial” Z’ 
Mediated DM 
Purely axial in its couplings to all the SM fermions is not only 

anomalous, in fact it prohibits the renormalizable top 
Yuakawa couplings — we should better discard this option. 

The best we can do:

charge [19]. If H is charged under U(1)0, in turn, then the Z 0 acquires at least some mass
from electroweak symmetry breaking and mixes with the Z. This Z-Z 0 mixing is constrained
by electroweak precision, and although it can be viable if the Z 0 mass is heavier than a few
TeV [7], we prefer to avoid these constraints. Another option is to promote the Yukawa

couplings to U(1)0 spurions, by writing the Yukawa terms as
⇣
h�i
⇤

⌘2n
ỹfHf̄f , where h�i

is the vacuum expectation value of a field � that is charged under U(1)0 and ⇤ is some
suppression scale dictated by the UV completion; n is the ratio of the fermion axial U(1)0

charge to the � charge. In this framework, the natural size of the Yukawa couplings is driven
by the size of h�i

⇤ . To reproduce the O(1) top Yukawa coupling, however, the suppression
from this factor should not be too severe. We deal with this consideration by assuming that
the top is vectorially coupled to the Z 0. The first and second generation fermions are taken
to have axial couplings, except for the neutrinos which necessarily have purely left-handed
couplings. We consider separate models where the bottom coupling to the Z 0 is both vector
and axial vector, retaining SU(2) invariance by requiring that the elements of the third
generation left-handed quark doublet have the same U(1)0 charge. As with the scalar that
could be responsible for a DM Majorana mass term, the particular characteristics of the
scalars that generate SM fermion Yukawas are not relevant to the interactions at hand.
For our purposes, the only other effect of the scalars which acquire U(1)0-breaking vacuum
expectation values is to provide mass to the Z 0. We simply parametrize these effects by a
mass term 1

2mZ0(Z 0)2, and generally ignore the details of the scalar sector from here on.

SU(3) SU(2) U(1)Y U(1)B�L U(1)
0 ctV ,cbV
ax

U(1)
0 ctV
ax

 
⌫eL
eiL

!
,

 
⌫µL
µi
L

!
,

 
⌫⌧L
⌧ iL

!
1 2 �1

2 �1 �1 �1

�
eiR
�
C,
�
µi
R

�
C,
�
⌧ iR
�
C 1 1 1 +1 �1 �1

 
uL
dL

!
,

 
cL
sL

!
3 2 1

6 +1
3 �1 �1

(uR)
C, (cR)C 3 1 �2

3 �1
3 �1 �1

(dR)
C, (sR)C 3 1 1

3 �1
3 �1 �1

 
tL
bL

!
3 2 1

6 +1
3 �1 �1

(tR)
C 3 1 �2

3 �1
3 +1 +1

(bR)
C 3 1 1

3 �1
3 +1 �1

Higgs

 
�+

�0

!
1 2 1

2 0 0 0

Table 1. Charges of the SM matter content under some choices of U(1)0.

With these considerations in mind, Table 1 shows the charges of the SM field content
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Both are axial in the first 
two generations. One of 
them is vectorial in tops 
and bottoms, another in 

tops only.  
If we want to leave the 

top Yukawa intact, 
mixed anomaly with the 

SU(3) vanishes 



Half Slide on the Flavor 
No issue with the “original” axial model. The charges of 

our “almost axial” models are not proportional to the unity 
in the flavor space 

The second model is super-safe. It deviates from 
the unity matrix only in the RH sector — we do not 
know the angles there! And only the 3rd generation 
The first version is less safe, but the U(2) symmetry 
is preserved. Some alignment might be needed.



DM Annihilation Branching 
Ratios 

As expected, at low v 
heavy gauge bosons 
dominate all possible 
fermionic channels



On the “Lost” Unitarity 

In the unitary 
gauge there are 
no explicit high 
dim. terms, but 
the annihilations 
into the gauge 

bosons do not die 
with s. Unitarity 
bounds set the 

precise bounds on 
the cutoff. 



Preliminary Bounds 
Bounds are 

dominated by the 
PICO and the LHC 
(low mass) and Ice 

Cube

Above ~ 200 GeV the 
bounds are dominated by 

IC and DSph



Conclusions 
The only way to make sense of  anomalous Z’ mediated DM 
models is to formulate them as consistent EFTs, along the 
lines of the “SM without tops”  

Anomalous Z’ mediated DM models have calculable 
couplings to the SM gauge bosons within the EFT 

These couplings are experimentally important, especially if 
the annihilations into the SM fermions suffer from p-wave 
suppressions  

Ice Cube, Fermi are HESS bounds due to these couplings 
are non-trivial and sometimes supersede the collider bounds 
even in low mass range 


