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Why a Z’?

A new gauge boson is an obvious extension of the SM.

The search for a Z’ is the search for a new force.  It 
is just as natural to wonder if there should be new 
gauge forces as it is to wonder if there are new 
heavy forms of matter.

A new gauge symmetry is telling us the structure of 
the high energy theory.  It is a strong constraint on 
whatever kind of new physics leads beyond the weak 
scale, and it has profound implications for how we will 
describe that (and higher) energy regimes.



To describe a new neutral U(1) gauge boson, we write down an 
effective theory consistent with the SM gauge symmetries + the 
new U(1) symmetry.

There is the possibility of kinetic mixing between the new U(1) 
and U(1)Y:

We spontaneously break the U(1) symmetry with a new scalar 
which gets a VEV u:

We must choose charges for the SM fields (and any other fields 
in the theory):

Z’ Effective Theory

(If the Higgs is charged under the new U(1) there are
also electroweak symmetry-breaking contributions to MZ’

and possible Z’-Z mixing through the mass matrix)
M2

Z′ =
g2

Z′

8
u2

L ⊂
∑

f

zfgZ′Z ′
µfγµf

LK = −1
4
BµνBµν − 1

4
ZµνZµν − χ

4
BµνZµν

(If there is non-SM matter charged under both
hypercharge and the new U(1), it will induce
non-zero kinetic mixing χ through loops.)

fermion-specific charge



The Z’ Zoo



The Regal Z’
A well-motivated example of a Z’ comes from 
embedding the SM into a large GUT symmetry such 
as SO(10) or E6.

Their discovery would tell us a lot about the 
structure of Grand Unification.  Their couplings may 
be somewhat confusing because of mixing between 
several U(1)’s descending from the GUT.

The embedding in the larger gauge group usually 
forbids large kinetic mixing.  SM matter charges are 
usually of order one (they can be predicted from the 
embedding in the GUT).

This means generically these models have Z-Z’ mixing 
which can induce large corrections to the EW 
precision data.

In two Higgs doublet models, the mixing (and thus 
constraints) can be made small by balancing the 
mixing effect of one Higgs against the other.

Hewett, Rizzo Phys.Rept.183, 193 (1989)

Sabine Riemann, NWU mini-workshop on Z’s



The Sophisticated Z’
Little Higgs theories make use of (at least one) Z’ to 
cancel quadratic divergences to the Higgs mass at one 
loop, by invoking a spontaneously broken global 
symmetry.  The SM Higgs is a pseudo-Goldstone boson 
resulting from the symmetry-breaking.

There is a lot of model-dependence in the Z’ 
couplings.  In models without T-parity, the SM 
fermions and the Higgs generically couple to the Z’.

In the Littlest Higgs, the high scale symmetry 
contains SU(2) x SU(2) x U(1) x U(1).  There are two 
massive neutral bosons, AH and ZH.

Our weak interactions are identified as the diagonal 
sub-group, and we parameterize the couplings as:

i.e. “The Littlest Higgs”
Arkani-Hamed, Cohen, Katz, 
Nelson JHEP 0207, 034 (2002)

FIG. 2: (a) Total cross section for ZH production versus its mass MZH
at the Tevatron (dashed) and

the LHC (solid) for cot θ = 1. The number of events expected per 300 fb−1 luminosity is indicated
on the right-hand axis. The scale f corresponding to cot θ = 1 is given on the top axis; (b) ZH decay

branching fractions versus cot θ.

A vector boson can be produced at hadron colliders via the Drell-Yan process qq̄′ → V [23],
for which the production cross section is proportional to the partial width Γ(V → qq̄′). We plot
the ZH production cross sections in Fig. 2(a) versus its mass MZH

at the Fermilab Tevatron
and the LHC energies, where cot θ = 1 has been taken (the cross section scales as cot2 θ). We
first note that at the Tevatron energy, there is only a hope if MZH

<∼ 1 TeV and cot θ large, due
to the severe phase space suppression. On the other hand, the LHC could copiously produce
the heavy vector states as indicated on the right-hand scale of Fig. 2(a). For instance, about
30, 000 ZH of a mass 3 TeV may be produced annually at the LHC. Thus the standard search
for a mass peak in the di-lepton mass distribution of "+"− or the transverse mass distribution
of "ν in the multi-TeV range could reveal an unambiguous signal for the vector resonant states.

It is interesting to note that there are two other competing channels for the heavy gauge
boson to decay, namely to its SM light gauge partner (VL) plus the Higgs boson, and to a pair
of SM light gauge bosons (i.e., ZH → W+

L W−
L and WH → WLZL). These bosonic decays can

be best understood as decays to the components of the Higgs doublet h, three of which become
the longitudinal modes of the SM light gauge bosons. The partial width for the VLH channel
is, ignoring the final state masses,

Γ(V → VLH) =
g2 cot2 2θ

192π
MV , (46)

and the partial width to a pair of SM light gauge bosons is the same. We present the decay
branching fractions for ZH versus cot θ in Fig. 2(b). The solid curve shows the branching
fraction to the 3 generations of charged leptons, which is equal to that to one flavor of a
quark pair. The dashed curve is for the sum of the modes ZLH and W+

L W−
L . We see that

when cot θ >∼ 1/2, the fermionic modes dominate. Due to the universal SU(2) coupling, the
branching fraction follows the equal-partition. The channel to the three pairs of charged leptons
for instance approaches 1/8 from ZH which is equal to that to bb̄, and to tt̄ as well up to a
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Han, Logan, McElrath, Wang
PRDD67, 095004 (2003)(and likewise for the U(1)...)

g1 =
gW

sin θ
g2 =

gW

cos θ



The Quiet Z’
Another interesting phenomenological limit has kinetic 
mixing, but no underlying charges for the SM fields.

The kinetic terms can be diagonalized by the 
redefinition,

This induces couplings to the SM proportional to 
hyper-charge:

(but perhaps with a small coefficient, for example if χ 
is induced at the loop level from some exotic matter 
charged under both the new U(1) and the SM).

The hyper-charge proportionality makes a definite 
prediction for BRs, etc.

Kumar, Wells PRD74, 115017 (2006)LK = −1
4
BµνBµν − 1

4
ZµνZµν − χ

4
BµνZµν
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FIG. 1: LHC detection prospects for 100 fb−1 of integrated
luminosity in the η-MX plane. The countours are of signal
significance, which exceeds 5 only when η >

∼ 0.03.

η sensitivity is

ηteva. ≥
√

NXe−6.7+
mX

0.2 TeV

For detection we demand at least a 5σ signal above
background, or at least 10 events above background
(whichever is larger). At mX = 500 GeV detection could
only occur if η > 0.07 for this high luminosity. As mX

increases, the sensitivity limits on η degrade rapidly.

V. ILC PROSPECTS

Given the challenge for LHC detection posed by small
kinetic mixing, one might hope that ILC can do better.
An e+e− collider will generally trade away

√
s for higher

luminosity (∼ 500 fb−1) and a cleaner signal. One does
not produce an X on resonance, of course, unless its mass
is less than the center of mass energy, which we assume
here to be 500 GeV.

The basic process we are interested in is e−e+ → µµ̄
through γ∗/Z∗/X∗. The observable that provides per-
haps the most useful signal in this case is the total cross-
section[29](the forward-backward asymmetry and left-
right polarization do not appear to provide qualitative
improvement). We may write the total cross-section as

σtot(f f̄) =
Nc

48πs

∑

n,m

g2
ng∗2m s2If

m,n

(s − m2
Vn

)(s − m2
Vm

)∗
(13)

where

If
m,n = (Le

nLe∗
m + Re

nRe∗
m )(Lf

nLf∗
m + Rf

nRf∗
m ) (14)

and the coupling of the Vn boson to the fermions f f̄ is
given by ignγµ(Lf

nPL + Rf
nPR). If mX > 500 GeV, this

observable will provide the dominant signal. Near the
resonance, the signal is enhanced and we should replace:

1

s − m2
V

=⇒
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(s − m2
V )2 + s Γ2

V

=⇒
−i
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FIG. 2: Deviations of e+e− → µµ̄ at ILC at
√

s = 500 GeV
for 500 fb−1 integrated luminosity are represented in this plot
as contours of the log10(%) of the excess of events produced
compared to SM expectations. The line along the interface of
the blue and maroon regions represents a 100 = 1% (or ∼ 5σ)
deviation.

Our strategy is to compare the inclusive cross-section
for X production to the pure Standard Model back-
ground. Our criterion for a signal detection is at least
1% deviation from SM expectations, in order not to
run afoul of systematic uncertainties. Recall, we are
assuming 500 fb−1 of integrated luminosity, and so the
corresponding statistical significance of the signal is ∼
LσS/

√
LσB = 0.01

√
LσB ' 4.7 ∼ 5σ, given the SM

cross-section σtot = 447fb [30]. Fig. 2 shows the devia-
tions of e+e− → µµ̄ at ILC at

√
s = 500 GeV for 500 fb−1

integrated luminosity. Increasing values of MX can be
probed only by increasing values of the mixing parame-
ter η. For example, MX = 750 GeV (1000 GeV) can be
probed for values of η as low as 0.10 (0.15).

If mX < 500 GeV, then we should instead consider the
hard-scattering process e−e+ → γX → γf f̄ . The emis-
sion of a hard photon will allow us to scatter through
a resonance of the X , enhancing the cross-section and
yielding a cleaner signal. This is a leading order calcula-
tion, as radiation of more photons would serve to enhance
both the signal and backgrounds we calculate for the sin-
gle photon case.

The differential cross-section of γX production is

dσ

dx
=

α(c2
L + c2

R)[(s + m2
X)2 + (s − m2

X)2x2]

4s2(s − m2
X)(1 − x2)

(16)

where x ≡ cos θ and iγµ(cLPL + cRPR) are the couplings
of the left and right handed electrons to Xµ. We choose
a standard | cos θ| < 0.95 angular cut. The signal we an-
alyze [31] is X → µµ̄, so we must multiply by the appro-
priate branching fraction, B(µµ̄) = 0.12. Substituting in
the couplings we find

σ(γX) = η2 1.26 × 10−3

s2(s − m2
X)

F (s, mX , x0), where
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1− χ2
Yf ≡ gY ηYf



The Eclectic Z’
A final possibility that occurs is a Z’ which couples differently to different families.

A well motivated example comes from Top-color, which uses the gauge dynamics of a U
(1) that prefers to couple to the third family to select the right vacuum for 
electroweak symmetry-breaking.

Such Z’s have interesting decay modes into (i.e.) third family fermions, appearing as 
resonances into tops, bottoms, and/or taus.

They run the risk of inducing FCNCs when we rotate quarks from the gauge to the 
mass basis.

RS models have low energy effective theory descriptions which gauge bosons that also 
tend to prefer to couple more strongly to the third generation.

Hill PLB345, 483 (1995)

.
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How the LHC sees a Z’

The LHC directly produces a Z’, seeing (for example) a 
resonance in leptons.

Leptons are a nice clean signal, with reasonably small 
backgrounds at large invariant mass.

Other channels may also be available if we’re lucky!

q

q e-

e+

Carena, Daleo, Dobrescu, Tait
PRD70, 093009 (2004)



Cross Section
at the LHC

Assuming flavor-universal couplings and a narrow width, we 
write the cross section into leptons at a hadron collider as:

The w’s contain the QCD information, including PDFs (this 
factorization works to NLO QCD and receives small corrections 
at NNLO).

The c’s contain all of the Z’ model-specific stuff:

σ
(
pp→ Z ′X → "+"−X

)
=

π

48s
[cuwu + cdwd]

cu ≡
(
z2
q + z2

u

)
BR

(
Z ′ → !+!−

)
.

cd ≡
(
z2
q + z2

d

)
BR

(
Z ′ → !+!−

)
.

Carena, Daleo, Dobrescu, Tait
PRD70, 093009 (2004)



Z’s at the LHC
Seeing a Z’ at a hadron 
collider will eventually 
tell us the mass, the 
width (if very large), and 
cu and cd.

Some kinematic 
observables and/or higher 
order processes can help 
break the degeneracy in 
cu and cd, but this needs 
more study.
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FIG. 3: Limit contours in the (cd, cu) plane [6] for a
given Z′ mass derived from the spin-1 σ(X!!) limit. The
solid and dotted diagonal lines show all possible models for
the U(1)B−xL and U(1)

10+x5̄
groups respectively. The two

dashed lines show the range between which the values for the
U(1)q+xu group must fall. The values for the U(1)d−xu group
may fall anywhere on the plane. The parameters of the E6-
model Z′ bosons are indicated.

Community’s Human Potential Programme under con-
tract HPRN-CT-2002-00292; and the Academy of Fin-
land.
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How the ILC sees a Z’
Presumably (at least to begin with) the ILC operates below the 
Z’ mass.  In that regime, it does not produce the resonance 
directly, but instead sees it as an effective 4-point interaction.

ILC doesn’t really directly access the mass, or width, (or gauge 
coupling):

But it can probe high mass scales and measure the charges very 
cleanly...

g2
Z′

s−M2
Z′

[ēγµ(zlPL + zePR)e]
[
f̄γµ(zfLPL + zfRPR)f

]
.

→ − 1
u2

(
1 +

s

M2
Z′

+ ...

)
[ēγµ(zlPL + zePR)e]

[
f̄γµ(zfLPL + zfRPR)f

]
.



Z’s at the ILC
Using a variety of observables 
and beam polarization, the ILC 
can discriminate between Z’ 
models by studying (i.e.) the 
coupling to left- versus right-
handed leptons.

(C’s in this plot are just 
coupling factors with the 
gauge coupling extracted).

Note degeneracies when both 
couplings flip sign together.

Godfrey, Kalyniak, Tomkins 
ILC-2005 talk [hep-ph/0511335] 
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Figure 1: Resolving power (95% CL) for MZ′ = 1, 2, and 3 TeV and
√

s = 500 GeV, Lint = 1ab−1. The smallest regions

correspond to MZ′ = 1 TeV and the largest to MZ′ = 3 TeV. The left side is for leptonic couplings based on the leptonic

observables σµ
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e
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e
+

, Aµ
LR, Aµ

F B. The right side is for b couplings based on the b observables σb
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assuming that the leptonic couplings are known and a b-tagging efficiency of 70%.

Fig. 1(a) shows the resolving power of the lepton couplings assuming lepton universality and using the three

observables: σµ
P

e
−P

e
+
, Aµ

FB and Aµ
LR for MZ′ = 1, 2 and 3 TeV. As noted by Riemann there is a two-fold ambiguity

in the signs of the lepton couplings since all lepton observables are bilinear products of the couplings. The hadronic

observables can be used to resolve this ambiguity since for this case the quark and lepton couplings enter the

interference terms linearly. Fig. 1(b) shows the resolving power for b-quark couplings based on the b-quark observables

σb, Ab
FB, Ab

FB(pol) assuming that the leptonic couplings are accurately known from other measurements and a b-

tagging efficiency of 70%. One could gain additional information by studying other observables with hadron final

states such as Rhad, Ahad
LR , and observables involving the c-quark.

We next consider the importance of polarization. In Fig. 2 we show results for the cases of no polarization, only

the electron is polarized, and both the electron and positron are polarized. The results are shown for MZ′ = 2 TeV,√
s = 500 GeV and Lint = 1ab−1 using the three observables σµ

P
e
−P

e
+

, Aµ
LR, Aµ

FB . Note that the appropriate values

of Pe− and Pe+ are used in eqn. 1 and for the unpolarized case ALR does not contribute. Clearly polarization will be

important for measuring couplings and disentangling models if a Z ′ were discovered although positron polarizaton

does not appear to be an important factor for these measurements.

In Fig. 2 we assumed a Z ′ mass of 2 TeV. But the LHC has the potential of discovering a heavy neutral gauge

boson up to 5 TeV or higher. Supposing that this is the case, can the ILC still give us useful information? In Fig. 3 we

show the resolving power for Z ′’s with MZ′ = 1, 2, 3, and 4 TeV, again using only the three µ observables assuming

the e− and e+ polarizations given above. Reasonably good measurements can be made for the MZ′ = 2 TeV case.

For MZ′ = 3 TeV the resolving power deteriorates but the measurements can still distinguish between many of the

currently popular models. At MZ′ = 4 TeV it becomes quite difficult to distinguish among the models although

some models could still be ruled out.

In Fig. 4 we examine possible improvement in the resolving power by including more observables. In the previous

figures we only included three observables with final state muons. If τ leptons could be observed with reasonable

efficiency an additional five observables (στ
P

e
− P

e
+
, Aτ

LR, Aτ
FB, Pτ the τ polarization, and Aτ

FB(Pol)) can be included
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Outlook
Z’s are really cool!

There are many different types, with different 
motivations, implications, and signatures.  We need to 
be ready for a plethora of possibilities!

At the LHC, we can access the mass and gauge 
coupling, and some combinations of charges.

At the ILC (far below threshold) we get the fermion 
charges

The two are perfectly complementary!
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LEP II Bounds

Carena, Daleo, Dobrescu, Tait
PRD70, 093009 (2004)



Anomaly Cancellation

New fermions can help cancel anomalies,
requiring them to be charged under some of 
the SM gauge interactions.

Carena, Daleo, Dobrescu, Tait
PRD70, 093009 (2004)



Model Lines

B-xL Q+xu 10+x5 d-xu

qL=(uL,dL) +1/3 +1/3 +1/3 0

uR +1/3 +x/3 -1/3 -x/3

dR +1/3 (2-x)/3 -x/3 +1/3

lL=(eL,νL) -x -1 +x/3 (x-1)/
3

eR -x -(2+x)/3 -1/3 +x/3

x is a continuous parameter that defines the model.

Carena, Daleo, Dobrescu, Tait
PRD70, 093009 (2004)



b-couplings at the ILC
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Figure 1: Resolving power (95% CL) for MZ′ = 1, 2, and 3 TeV and
√

s = 500 GeV, Lint = 1ab−1. The smallest regions

correspond to MZ′ = 1 TeV and the largest to MZ′ = 3 TeV. The left side is for leptonic couplings based on the leptonic

observables σµ
P

e
−P

e
+

, Aµ
LR, Aµ

F B. The right side is for b couplings based on the b observables σb
P

e
−P

e
+

, Ab
F B, Ab

F B(pol)

assuming that the leptonic couplings are known and a b-tagging efficiency of 70%.

Fig. 1(a) shows the resolving power of the lepton couplings assuming lepton universality and using the three

observables: σµ
P

e
−P

e
+
, Aµ

FB and Aµ
LR for MZ′ = 1, 2 and 3 TeV. As noted by Riemann there is a two-fold ambiguity

in the signs of the lepton couplings since all lepton observables are bilinear products of the couplings. The hadronic

observables can be used to resolve this ambiguity since for this case the quark and lepton couplings enter the

interference terms linearly. Fig. 1(b) shows the resolving power for b-quark couplings based on the b-quark observables

σb, Ab
FB, Ab

FB(pol) assuming that the leptonic couplings are accurately known from other measurements and a b-

tagging efficiency of 70%. One could gain additional information by studying other observables with hadron final

states such as Rhad, Ahad
LR , and observables involving the c-quark.

We next consider the importance of polarization. In Fig. 2 we show results for the cases of no polarization, only

the electron is polarized, and both the electron and positron are polarized. The results are shown for MZ′ = 2 TeV,√
s = 500 GeV and Lint = 1ab−1 using the three observables σµ

P
e
−P

e
+

, Aµ
LR, Aµ

FB . Note that the appropriate values

of Pe− and Pe+ are used in eqn. 1 and for the unpolarized case ALR does not contribute. Clearly polarization will be

important for measuring couplings and disentangling models if a Z ′ were discovered although positron polarizaton

does not appear to be an important factor for these measurements.

In Fig. 2 we assumed a Z ′ mass of 2 TeV. But the LHC has the potential of discovering a heavy neutral gauge

boson up to 5 TeV or higher. Supposing that this is the case, can the ILC still give us useful information? In Fig. 3 we

show the resolving power for Z ′’s with MZ′ = 1, 2, 3, and 4 TeV, again using only the three µ observables assuming

the e− and e+ polarizations given above. Reasonably good measurements can be made for the MZ′ = 2 TeV case.

For MZ′ = 3 TeV the resolving power deteriorates but the measurements can still distinguish between many of the

currently popular models. At MZ′ = 4 TeV it becomes quite difficult to distinguish among the models although

some models could still be ruled out.

In Fig. 4 we examine possible improvement in the resolving power by including more observables. In the previous

figures we only included three observables with final state muons. If τ leptons could be observed with reasonable

efficiency an additional five observables (στ
P

e
− P

e
+
, Aτ

LR, Aτ
FB, Pτ the τ polarization, and Aτ

FB(Pol)) can be included
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