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1. Introduction

Several observables involving rare B meson decays with muonic final states remain in dis-
agreement with Standard Model (SM) predictions. For instance, discrepant branching ratios of
B — Kuu, B — K*uu and By — ¢uu [1-3] as well as angular observables of B — K*uu [4]
are hinting that there may be New Physics (NP) at play. These measurements can be accounted
for by the B3 — L, model [5-7], which introduces a family non-universal U(1)g,_r, abelian gauge
symmetry, mediated by a Z’ gauge boson able to contribute to b — su*u~ transitions. Whilst the
recent LHCD update on the lepton flavour universality ratios Rx and R+ [8, 9] guides us towards
NP scenarios coupling to both muons and electrons [10, 11], the one-parameter fits based solely on
the Wilson coeflicient Cy,, are still able to improve considerably upon the SM ¥ [12]. Owing to its
family non-universal nature, the B3 — L, model is also able to explain certain features of the CKM
matrix, setting up the foundations for further model-building to address the fermion mass problem.

Since the Z’ is assumed to be massive, we are compelled to introduce a scalar flavon field that
breaks the U(1) g, 1, symmetry by developing a vacuum expectation value (VEV). In what follows,
we will review the construction of the B3 — L, model and study the phenomenology of the flavon
field with an eye on the Higgs—flavon mixing. Finally, we will study the production of the flavon at
hadron and muon colliders. This write-up draws heavily from ref. [13], which the interested reader
can refer to for a more detailed account of our findings.

2. B3z — L, model

To construct the B3 — L, model, one begins by extending the SM gauge group G = SU(3) X
SU(2)r. xU(1)y by an abelian U(1)g,—, factor in a direct product. The SM fermions carry charges
proportional to the third family baryon number (B3) minus the second family lepton number (L,)
under the new symmetry. The exact charge assignments are shown in table 1. Gauge anomaly
cancellation is ensured by assuming the existence of three right-handed neutrinos. Because the
U(1)p,-1, symmetry is gauged, it implies the existence of an electrically neutral Z’ boson which
is able to contribute to flavour-changing neutral current (FCNC) process, including b — su*u~
transitions. We also introduce a complex scalar field called the flavon (8), which is a SM singlet but
carries charge g¢ under U(1)p,-1,. (We assume g = 1 in this work.) The flavon field develops
a non-zero VEV near the TeV scale, (6) = v¢ # 0. This breaks U(1)p,-1, and yields the Z’ mass
Mz = qegzve, Wwhere gz is the coupling constant of the new gauge symmetry.

The fermionic couplings of the Z’ are expressed as

Lzy =-8z (Q_éLZ,QgL tul 2 g + dip 2 dig = 3L, 'Ly ~ 3¢, 2 e 3EZ/V5R)
ey
where the primed fermion fields are in the weak eigenbasis. In order to obtain phenomeno-
logically useful results we must transform to the (unprimed) mass eigenbasis. Expressing the
three-component column vectors in family space as boldface letters, the transformation between the
two bases is written as
P, =V/P; 2)

forI € {ur,dy,er,vr,ur,dg,er,vr}. Owing to the family universality of its gauge interactions,
the SM is not sensitive to the form of the individual mixing matrices V;. The model builder is
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’ !’ ’ !’ ’ ’ 7 7’ ’
Qi uwig dig Lj Ly, Ly e€r epr e

0 0 0 0 -3 0 0 -3 0
ViR Var Vi Qi wyp dyp H 0
o 3 0 1 1 1 0 gqe

Table 1: The U(1)p,-r, charge assignments. A prime stands for a weak eigenstate Weyl fermion and the fam-
ily index i takes values 1 and 2. Under the SM gauge group G, the fermions transform as Q;. L~ (3,2,1/6),
u;.R ~ (3,1,2/3), d}R ~ 3.1,-1/3), L, ~ (1,2,-1/2), e;R ~ (1,1,-1) and V}R ~ (1,1,0) where
j €{1,2,3} is the family index. The scalars live in the representations H ~ (1,2,1/2) and 8 ~ (1,1,0)
of G. The flavon charge g¢ is a non-zero rational number set equal to unity in this work.

allowed to tune the V; to their liking as long as the matrices are unitary and reproduce the measured
CKM and PMNS matrix elements, given by Vegm = V,I . Va, and Upyns = VIL Ve, . We pick
a simple ansatz which is able to mediate b — su*u~ transitions by turning on the Co,, Wilson
coefficient and not ruled out by tight experimental bounds on FCNC processes:

1 0 0
Va, =10 cosfs, —sinfyy |, 3)
0 sinfg, cosOyp

Vag = 13, Ver = I3, Ve, = I3 and V,,, = I3, where I3 denotes the 3 x 3 identity matrix. These imply

Vg =Va, V(T:KM andV,, = UPT,MNS. Substituting the ansatz into Eq. 1, one finds the terms
1 . oy —
Lyy D gz 5 sin 205,52 Prb+H.c.| - 3uZ u|. 4

Upon integrating out the Z’ at the tree level, the above terms will contribute to the Oy, operator in
the WET Hamiltonian

Hwer O —CouN (5y,PLb)(1y” p) + H.c. (5)

with the Wilson coefficient
3 g%, sin 20

Cou = -
& 2MZN

) (6)
where N is a known, model-independent constant. For each choice of gz and M7/, we tune 6y,
such that Eq. 6 matches the value of Co,, obtained from fits to b — su*u~ data.! This procedure
eliminates 845 as an independent parameter.

The U(1) g,-1, symmetry places restrictions on the forms of the Yukawa matrices of the model,
causing the CKM matrix to take the form

X x 0
vEdl L fx x 0 (7
0 0 X

I'We have used the best-fit value obtained in [14] before the LHCb updates [8, 9] of the lepton flavour universality
ratios Rk and Rk+, Cg,, = —0.73 + 0.15. The results presented here are very weakly dependent on the value of 6, and
using an up-to-date determination of Cy,, would not have an observable impact on them.
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at the renormalisable level. Here X stands for an arbitrary order one element. This broadly agrees
with the experimentally determined CKM matrix [15],

1 0.2 0.004

Viem | 02 1 0.04 |, ®)

0.009 0.04 1

enabling the U(1)p,-r, model to act as a bottom-up starting point in explaining the structure of the
CKM matrix.

2.1 Spontaneous symmetry breaking
The flavon field 8 modifies the scalar potential of the theory, which reads
V(H,0) = —u3H H+ Ay (H H)? — 15070 + 19(07°0)* + 19 0"0H ' H. 9)

The last term is of particular significance as it allows the SM Higgs to interact with the flavon.
Scalar potentials of this form have been studied in more detail in e.g. [16—-18]. Working in the
unitary gauge and expanding both fields about their VEVs:

0 Y
H = (VH+h’)7 0= Yo > (10)
gt 0

one obtains terms bilinear in the two scalars:

V(H, 9) D —/lgHV()VHh’l?’, (11)

meaning that the scalar field mass matrix is non-diagonal. We perform a field rotation parameterised
by an angle ¢ to go from the (primed) non-diagonal field basis to the (unprimed) mass basis:

h _ c$)s¢ —sin¢ h: ‘ (12)
) sin¢g cos¢ ||
We call ¢ the Higgs—flavon mixing angle.

3. Constraints on Higgs—flavon mixing

We review here the main experimental and theoretical constraints on the Higgs—flavon mixing
angle ¢. See e.g. refs. [18-20] for more detailed discussions in the context of the real singlet
extension of the SM. Since each constraint presented in this section is either weakly affected or
unaffected by the Z’ and the flavon field being complex, we obtain constraints that largely align
with the literature on the SM singlet extension. Here, we impose four constraints on the B3 — Lj
model, corresponding to the four coloured regions in figure 1:

1. Exclusion limits from direct Higgs/scalar searches at hadron colliders, obtained using the
public code HicgsBounbs [21]. This corresponds to the dark green region in figure 1.

2. Higgs signal strength measurements. The limit is obtained using the ATLAS Run 2 combi-
nation of the global signal strength [22]. This limit is shown in light green in the figure.
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3. Perturbativity of the quartic couplings. Here, we require that the three quartic couplings
in Eq. 9 satisfy |Ag, g, dgm| < 4m to ensure that the model remains perturbative. This
requirement gives the orange region in the figure.

4. Measurements of the W boson mass. Taking the Z boson mass Mz, the Fermi constant G

and the fine structure constant agy as experimental inputs, the W-boson mass is predicted to
be

1+ 1—4”—“[1+Ar(M3V)] : (13)

V2G M2

1
2 2
M“z = EMZ

where the Ar parameter captures SM loop effects as well as the BSM contributions coming
from the flavon and the Z’. We require that the model prediction of My agrees with the
experimental world average (excluding the 2022 CDF measurement [23]) reported by the
Particle Data Group [15], which gives the yellow region in the figure.

! | Collider searches
(LHC + Tevatron)
| |M Signal strength

0.4

0.3 i W-mass
= b i Ag-perturbativity
20.2r .
0.1 .

500 1500 2500 3500 4500
Flavon mass my / GeV

Figure 1: Various bounds on the Higgs—flavon mixing angle coming from experimental measurements and
theoretical constraints. The coloured regions correspond to 95% CL exclusion limits. The dark green region
comes from direct collider searches using scalar search data from the LHC and the Tevatron, whereas the
light green constraint is derived from the ATLAS Higgs signal strength measurements. The requirement that
the quartic couplings of the scalar potential be perturbative gives rise to the orange limit. The yellow band,
which is also the strictest constraint, results from insisting on agreement between the measured value of the
W boson mass and the theory prediction.

The figure shows that, for flavons with O(TeV) masses, mixings of magnitude | sin ¢| < 0.15
are allowed. The strictest constraint currently comes from the W boson mass measurements. We
note that since the B3 — L, model can only ever make the W boson lighter, the model is unable to
account for the 2022 CDF measurement.

4. Flavonstrahlung at current and future colliders

We will now discuss the feasibility of producing the flavon at a particle collider. To this end,
we turn our attention to a process called flavonstrahlung shown in figure 2, which proceeds from a
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bb or u*p~ initial state and leads to a final state Z’9 pair (with further decays into SM particles).
The flavonstrahlung process is special compared to the conventional Higgs-like production modes
of the flavon because it combines the Z’ and the flavon in a single process in a way that, if observed,
would confirm the role of the flavon as the source of the U(1)p,—r, symmetry breaking. Another
advantage is that, unlike the conventional Higgs-like production modes, the flavonstrahlung cross-
section is proportional to cos? ¢ and so does not vanish in the limit of zero Higgs—flavon mixing

(¢ — 0).

b~

b, ut 7z

Figure 2: Flavonstrahlung at a hadron collider or a muon collider.

We use the event generator MADGrRAPHS_AMC@NLO v.3.4.1 [24] to calculate leading-order
flavonstrahlung cross-sections for pp and u*u~ collisions o (pp/u*u~ — 972" — du*u~). The
final Z’ is assumed to decay into a di-muon pair, a choice motivated by the large Z’ — utu~
branching ratio and the clean experimental signature of the di-muon pair. To study the process
systematically, we select currently allowed combinations of {Mz/, gz} and compute the flavon-
strahlung cross-section as a function of the flavon mass my. These benchmark parameter choices
are indicated by the five coloured stars in the left-hand panel of figure 3, which is adapted from
figure 10 of ref. [25]. The solid and dashed lines stand for various constraints on the parameter
space as explained in detail in the caption of figure 3. We have chosen a representative value of the
Higgs—flavon mixing angle close to its upper limit, sin ¢ = 0.15, noting again that the cross-sections
become smaller as ¢ is increased.

We start by computing flavonstrahlung cross-sections at a centre-of-mass energy /s = 14 TeV,
corresponding to the HL-LHC. The cross-sections for the five benchmark points are shown in the
right-hand side of figure 3, where the colours of the lines correspond to the colours of the stars in
the left-hand panel. Assuming HL-LHC integrated luminosity of 3000 fb~!, the plot shows that
less than O(1) flavonstrahlung events are expected. We conclude that the cross-sections are too
small for discovery at the HL-LHC, at least when the flavon charge g¢ is set to unity.

Having seen that the HL-LHC lacks the centre-of-mass energy to look for flavonstrahlung, we
would now like to investigate the prospects of various future colliders in observing the process. We
shall start with a 100 TeV hadron collider with an assumed integrated luminosity of 20-30 ab~!,
representing the FCC-hh. Figure 4 shows the cross-sections for the five parameter space points
represented by the coloured stars in figure 3. The resulting cross-sections are enhanced by 3-5
orders of magnitude compared to the HL-LHC. To estimate the reach of the collider, we regard
parameter space points at which less than 10 flavonstrahlung events are expected to be produced
as undiscoverable. Employing this basic approach, we find that the collider can investigate the
parameter space up to approximately 5 TeV flavon and Z’ masses, as long as gz > 0.4. For the
smallest allowed values of the coupling, gz» < 0.4, the mass reach is more restricted, but the collider
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Figure 3: The left-hand panel, based on figure 9 of ref. [25], shows the gz — Mz plane of the parameter
space. Everything above the solid black line is excluded at the 95% CL by the LHC whereas the dashed black
line indicates the projected 95% CL sensitivity of the HL-LHC. The dashed and solid green lines indicate
the I'/Mz = 1/3 and I'/Mz = 1 bounds, above which perturbative computations become inaccurate. The
blue dashed lines are bounds arising from the neutrino trident cross-sections and By — By mixing; the region
of parameter space between the two lines is currently allowed. Coloured stars have been superposed on
the figure, with each star labelling a benchmark point in the parameter plane. The right-hand panel shows
tree-level flavonstrahlung cross-sections for 14 TeV pp collisions with the flavon charge ¢ ¢ set to unity. Each
coloured line corresponds to a parameter space point labelled by a star of the same colour.

remains sensitive up to flavon masses of around 2 TeV.

We also simulate flavonstrahlung at 3 TeV and 10 TeV p*pu~ colliders with integrated lumi-
nosities of 1 ab~! and 10 ab™!, respectively. The results for the five benchmark points are shown
in figure 5. The figure shows that the cross-sections at the 3 TeV collider are large enough to reach
regions of the parameter space up to Mz < 5 TeV and my < 2.5 TeV. As for the 10 TeV muon
collider, the figure shows that there is excellent reach up to Mz < 15 TeV and my < 8 TeV.

The flavonstrahlung cross-sections at the 10 TeV muon collider are 2-3 orders of magnitude
larger than at the 100 TeV hadron collider, for a fixed parameter space point. This outcome is to be
expected since flavonstrahlung at a hadron collider requires a bb partonic initial state, whereas the
muon collider can utilise nearly the entire beam luminosity for flavonstrahlung production.

5. Conclusions

The B3 — L, Z’ model, whose salient features we have reviewed, is motivated by the b — su*u~
anomalies and the fermion mass puzzle. We have studied the flavon potential of the model and
placed constraints on the size of the Higgs—flavon mixing in the model, concluding that mixing
of magnitude |sing| < 0.15 is currently allowed. The flavon may be produced through the
flavonstrahlung process at hadron or muon colliders. Whilst the cross-sections are likely too small
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Figure 4: Tree-level flavonstrahlung cross-sections for 100 TeV pp collisions for g9 = 1. Each coloured

line corresponds to a parameter space point labelled by a star of the same colour in figure 3.
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Figure 5: Tree-level flavonstrahlung cross-sections for 5 TeV (dashed lines) and 10 TeV (solid lines) p*p~
collisions for g9 = 1. Each coloured line corresponds to a parameter point labelled by a star of the same

colour in figure 3. The cross-sections do not include initial state radiation effects.

for flavonstrahlung to be observed at the HL-LHC, we have shown that a 100 TeV hadron collider
or a 10 TeV muon collider would have excellent discovery prospects.
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