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New Gauge Forces in BSM

• New forces arise in motivated extensions of the SM 

• They come with new gauge bosons (both electrically charged and neutral)   

• Example is to group all the right-handed fields of the SM, that are singlets under the 
gauge group of the SM ,  and make them n-plets of a new SU(3)C × SU(2)W × U(1)Y
SU(2)R ⊃ U(1)Y

uR ∼ 1, dR ∼ 1 → (uR

dR) ∼ 2



Roberto Franceschini - IMCC and MuCol annual meeting 2025 - https://indico.desy.de/event/45968/

New Gauge Forces in BSM
connected to flavor puzzle (?)

B3 − L3

B3 + L3

B3

L3

𝒰3

coupled only to bottom and top quark

coupled only to tau and its neutrino

coupled only to bottom and top quark, and tau and its neutrino  

(each scenario has distinct couplings pattern dramatic consequences )→}
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New Gauge Forces in BSM
Indirect (Direct) search if heavier (lighter) than 10 TeV
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Fig. 1: The set of Feynman diagrams entering our !2-
analysis.

Fig. 2: The reach in MZ→ for a 3TeV and 10TeV muon col-
lider with luminosities of 0.9ab↑1 and 10ab↑1, respectively
for Peff = 0, ∀i,sys = 1% for # f , AFB, ALR and ∀Apol ,sys = 5%.
The bars correspond to the exclusion limit of the given Z

→-
model at 95% confidence level.

We use Eq. (8) to set the integrated luminosity. Then, the
statistical errors of Eq. (10) are typically of O(1%) or lower
(for MZ→ = 3

↓
s). This could serve as a target value for the

systematic errors of the prospective collider measurements
in order for the precision to be driven by statistical fluctua-
tions rather than systematics.

Cross-checks of the results obtained in this way were
carried out in the Monte Carlo event generator framework
Whizard 3.1 [93, 94], using the included generic Z

→-model
implementation as well as its UFO interface [95–97]. Note
that the latter can in principle be used for more sophisti-
cated event-level analyses, potentially also beyond the Born
approximation [98], or involving detector simulation, but at
the cost of higher computational effort. This is beyond the
scope of this current study.

5.1 Mass reach

In Figure 2, we show the mass reach we find using the anal-
ysis procedure explained in Sec. 4. It shows that using lep-
tonic observables alone, the exclusion limits at 95% C.L.
for a 10 TeV muon collider extend up to ↔70TeV, depend-
ing on the model. We find relatively low exclusion limits
of ↔17 TeV for the Little/Littlest Higgs models due to the
small magnitude of the leptonic axial and vector couplings3.
The results shown are without beam polarization as the de-
fault setup of the muon collider, and because we find that
even for polarization fractions close to 100%, the limits do
not change significantly, i.e. only by up to 3%. This is due
to the limited statistical significance of ALR, i.e. a higher sta-
tistical error compared to AFB (see Eq. (10)). The influence
of the polarization fraction becomes important for the model
discrimination though, as explained in the following section.

The discussion of [14] for e
+

e
↑ colliders shows that the

inclusion of hadronic observables can increase the reach by
up to ↔ 50%, depending on the model. An example is the
SSM, where one has axial and vector couplings to up- and
down-type quarks of relatively large magnitude. The effect
is much less drastic for models with smaller quark couplings
though, such as the U(1)X . For muon colliders, we expect
a similar increase in mass reach when including hadronic
observables.

5.2 Resolution power

Here, we determine the resolution power of a 10 TeV muon
collider in the off-peak region of the observables considered,
i.e. for masses above the collider energy. A study in the peak
region would require a different type of analysis and for even
smaller masses, a study for precision e

+
e
↑ machine would

be more sensible. In Figure 3, we show the resolution power
for Z

→-axial and -vector couplings, given that a signal for a
Z
→ has been found at a mass MZ→ of either 40 TeV, 30 TeV

or 15 TeV. We find that one would be able to discriminate
to a good extent between the models considered at around
MZ→ ↔ 30TeV = 3

↓
s or lower. Already for masses slightly

higher than that, the discrimination power starts to decrease
rather rapidly. On the other hand, it grows very fast for lower
masses because the closer the Z

→-mass is to the collider en-
ergy, the more one approaches the Z

→-pole where deviations
from the SM become substantial. Then, models with axial
or vector couplings of comparatively large magnitude can
be discriminated even without the use of polarized beams or
a very accurate measurement of the ∃ polarization. In Ap-
pendix A, we discuss the influence of the latter measure-
ments in more detail.

3Note that in such a case also the current LHC bounds are weaker as
the signal strengths in Drell-Yan searches is reduced.
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Table 1: The Z
→ couplings to leptons in the models consid-

ered in this paper. The sine of the Weinberg angle is denoted
by sW . For the description of the models and the explanation
of the model-specific parameters see the main text. The ta-
ble and notation are adapted from [22].

coupled models via their dual description to warped extra
dimensions [73] directly interpolates into models with ad-
ditional space-time dimensions like e.g. universal extra di-
mensions [74, 75].

For simplicity, we assume that all the considered mod-
els are flavor-universal, i.e. the couplings do not differ be-
tween the three fermion generations. The scenarios con-
sidered are listed in Table 1 where we present the respec-
tive axial and vector couplings of the Z

→ to the fermions
together with the absolute normalization of the couplings,
gZ→ . For the E6 models, the specific values of the mixing
angle ! = 0, #/2, arctan(↑

√
5/3) correspond to the so-

called ∃ , % and & models. We use ! = 0 in our analysis
as a representative case. For the LR model, the mixing an-
gle between the two SU(2) groups has to be in the range
√

2/3 ↔ ∀ ↔
√

c
2
W
/s

2
W
↑1, and we use the upper bound for

∀ . For the LH model, the mixing angles between the two
SU(2) groups obey 1/10 ↔ c/s ↔ 2, and we use c/s ↗ 1.

2.3 Observables

The models under consideration specify different points
in the parameter space of axial and vector couplings to
fermions. Therefore, we study observables which encode
angular and chiral properties in order to distinguish between
the different scenarios. The analysis is particularly simple in
leptonic scattering channels because all of the models con-
sidered are flavor universal so that only two coupling factors
enter the scattering amplitudes (as opposed to the produc-
tion of hadrons where leptonic and hadronic axial and vec-
tor couplings would play a role, and couplings of up- and
down-type quarks would be overlaid). This makes it possible
to study the models in the two-dimensional al-vl plane with
the only other unknown being the mass of the Z

→ (in prin-

ciple, another additional parameter would be the Z
→ width,

but we will only consider Z
→ states heavier than the collider

energy such that the width does not have a significant im-
pact on any observable). The experimental observables we
consider are:

1. the total cross-section for the process µ+µ↑ ↘ f f̄ , de-
noted as ∋ f , for f ≃ {e,(} (we do not consider µ fi-
nal states due to the contamination from t-channel ex-
change);

2. the forward-backward asymmetry, defined as:

A
f

FB
=

∋ f

F
↑∋ f

B

∋ f
, (2)

where, for f ≃ {e,(}:
– ∋ f

F
– the partial cross section for the fermion f going

in the forward direction,

∋ f

F
=

∫ 1

0
d cos) d∋

d cos)
(µ↑µ+ ↘ f f̄ ) (3)

– ∋ f

B
– the partial cross section for the fermion f going

in the backward direction;

∋ f

B
=

∫ 0

↑1
d cos) d∋

d cos)
(µ↑µ+ ↘ f f̄ ) (4)

3. the left-right asymmetry, defined as:

A
f

LR
=

∋ f

LR
↑∋ f

RL

∋ f
, (5)

where, for f ≃ {e,(}:
– ∋ f

LR
= ∋(µ↑

L
µ+

R
↘ f f̄ ) – the partial cross section

for the fully left-polarized muon beam and right-
polarized antimuon beam,

– ∋ f

RL
= ∋(µ↑

R
µ+

L
↘ f f̄ ) – the partial cross section

for the fully right-polarized muon beam and left-
polarized antimuon beam;

We will comment on the possibility of polarization at the
muon collider below.

4. the polarization asymmetry, defined as:

A
f

pol
=

∋ f

lh
↑∋ f

rh

∋ f
, (6)

where, for f = (:
– ∋ f

lh
= ∋(µ↑µ+ ↘ (↑

L
(+

R
) – the partial cross section

for the left-handed fermions in the final state,
– ∋ f

rh
= ∋(µ↑µ+ ↘ (↑

R
(+

L
) – the partial cross section

for the right-handed fermions in the final state.

Note that for massless fermions, A
f

pol
=A

f

LR
holds [2] but we

keep them as two independent quantities due to their vastly
different experimental measurement. This will manifest it-
self in our statistical analysis via different systematic uncer-
tainties.

2312.17427 for 6 and 8 TeV results

2402.18460
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Figure 19.1.1: sensitivity projections for a Y -universal Z→ model. The gray band and the blue dash-dot
line represent respectively the region probed by the HL-LHC program and the sensitivity projections for
all other future collider projects [191].

This multifunctional capability establishes muon colliders as unique instruments for exploring both in-
tensity and energy frontiers, bridging capabilities of previous collider generations through novel inter-
action mechanisms.

19.1 New gauge forces
Muon colliders can probe new gauge forces through direct resonance production, including radiative
returns and electroweak PDF scanning, and as well as precision measurements. The high CM energy
of muon colliders enables its superior sensitivity to new gauge forces. Here we first show a Z → model
projection and discuss the rescalings in other scenarios and benchmarks.

The Y -universal Z → model extends the Standard Model through a heavy gauge boson (Z →) with mass
M

Z
→ and coupling g

Z
→ aligned with SM hypercharge [201, 210]. Perturbativity constraints (Z → width

→ 0.3M
Z

→) limit g
Z

→ ↭ 1.5. Below M
Z

→ , the Z → generates a single effective operator (analogous to
O→

2B in Warsaw basis models) that is probed up to order 100 TeV effective scale by the high-energy
measurements described in Section 16. The operator Wilson coefficient scales as 1/!

2
↑ g2

Z
→/M2

Z
→ . For

unit g
Z

→ , ! ↑ 100 TeV EFT scale sensitivity corresponds to a sensitivity to M
Z

→ ↑ 100 TeV mass. The
mass reach is weaker/stronger form smaller/large g

Z
→ coupling as in Figure 19.1.1.

The figure shows sensitivity projections for the 3 TeV (green) and the 10 TeV (red) muon colliders. The
envelope of the sensitivity attainable at any other future collider project—namely, ILC, CLIC including
the 3 TeV stage and two future leptonic and hadronic colliders FCC-ee and FCC-hh—is also reported
for comparison. The 3 TeV collider already matches the performances of other future colliders, and
specifically of CLIC-3 TeV and FCC-hh, which have the best reach. The 10 TeV collider probes Z →

masses up to 500 TeV for large coupling. The vast superiority of the muon collider on this benchmark is
evident in the entire parameter space, except in a narrow window of M

Z
→ ↑ 20 TeV and small coupling

334

Do not need to assume muon coupling to Z′￼
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New Gauge Forces in BSM
connected to flavor puzzle (?)
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ωSM,k

Z
→

→

ωSM,i

ωSM,j

1/m2

Z→

ωSM,l

ωSM,k

Figure 1: A new 4-fermion interaction mediated by a new gauge boson Z
→.

µ
↑

µ
+

ωSM,f

ω̄SM,f

∑
i ωSM,i

ε/Z Z
→

Figure 2: BSM contribution to Drell-Yan processes from a new neutral gauge boson Z
→ that interacts

with SM fields final states ωSM,f and intermediate ωSM,i.

in which we have suppressed flavor indexes. Using suitable definitions of the couplings g and c, as
discussed for instance in Ref. [?], one can also write

J
→,µ =

∑

f

ω̄SM,f ε
µ(gV,Z→,f + gA,Z→,fε5)ωSM,f . (2)

Such generic neutral gauge boson can couple to (possibly flavor violating) fermionic currents, giv-
ing rise to scattering of two fermions in two fermions, as depicted in ??. This new 4-fermion interaction
results in modifications of SM processes such as Drell-Yan processes upon closing two fermions in a
loop as depicted in ??.

At the muon collider the relevant processes are

µ
+
µ
↑ ↑ ωSM,f ω̄SM,f , (3)

that can be mediated by ε, Z and Z
→. In this work we consider only forces coupled vector-like to third

generation fermions, i.e. we consider c couplings in ?? so that all gA of ?? are zero. Given the types of
gauge bosons we focus on, the possible final states of interest here are 2

ωSM,f ω̄SM,f = bb̄, tt̄, ϑ
+
ϑ
↑
,

but the techniques employed here can be used also for other di-fermion final states. We stress that in all
cases we consider scenarios in which the muons do not couple to the Z

→ at tree-level, thus do not fall in
the case studied in Ref. [?].

Among the gauge bosons that we study, a most motivated scenario involves a gauge boson associ-
ated with the quantum number B3 ↓ L3, defined as the difference between the third-generation baryon
and lepton numbers. In this case, the new Z

→ does not couple to muon, thus can be said to be a “night-
mare” scenario for muon colliders (as well as for e+e↑ machines). The only non-zero couplings of the
Z

→ are:
2The case of final state ωω ω̄ω is also possible, and actually expected when left-handed charged leptons are coupled to the

new Z→. It gives rise to a significantly different phenomenology, as it is fully invisible and needs to studied with a recoil against
extra radiation. This kind of phenomenology makes the study suitable for possible Z→ mediators to dark sectors. This type of
study will be presented elsewhere [?].

2

Even if  does not couple to muon directly, a coupling can be generated by loopsZ′￼

effectively we rely on a loop-level mixing between  and SM gauge bosonsZ′￼
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New Gauge Forces in BSM
The crucial ingredient is the piece of the amplitude, which sums over intermediate fermions 

ΣiψSM,i ψSM,fψSM,f

ψSM,f

γ/Z

Each intermediate state enters with its own SM charge and charge w.r.t. Z′￼

Cancellations of contributions are possible, and even expected in some cases

Le − Lτ 𝒰3

SU(2)R
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Indirect sensitivity

• We do not deal with  as this 
should be addressed by a family of direct 
searches 

• We go for  

• Consider , , and  final states and check 
the size of the deviation for a given  mass 
and coupling with respect to the SM. 

• So for analysis limited to equal couplings to 
left- and right-handed fermions

mZ′￼
< 10 TeV

mZ′￼
> 10 TeV

bb̄ ττ tt̄
Z′￼
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New Gauge Forces in BSM
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Constraints from perturbativity 



Outlook

•Physics case for the 10 TeV machine starts to be mature. 

•Lots of refinement still needed (Detector Concept 
development, etc) 

•Time to consider also “things you are not supposed to do” 
at the muon collider (muophobic and more!) 
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Conclusions

• New gauge forces are part of a wide set of extensions of the Standard Model 

• They come in all size and shapes, hard to make a map and really focus on just one class of 
vector bosons. Can’t really exclude any possibility a priori! 

• If the new force carries is somehow not coupled to muons it might pose a problem for the 
muon collider! The typical example is a force mostly coupled to third generation fermions. 

• Even in these “decoupled” scenarios muon collider is sensitive to loop effects 

• Mass reach up to few times the center of mass energy for generic couplings structure! 

• Some cases are problematic (cancellation of the interference, e.g. , , …) 

• Potential to connect with Dark Matter phenomenology (similar to )

Le − Lτ 𝒰3

μ+μ− → ντντ + X



Thank you!
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