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Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)
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• First, second and third generations 𝑈(1)!!"!" charge : 0,+1,-1

Simplest 𝑈(1)!!"!" model : 

𝐿int− ## = − (𝑔 𝜇̅𝛾$𝜇 − ̅𝜏𝛾$𝜏 + 𝜈̅$𝛾$𝐿𝜈$ − 𝜈̅%𝛾$𝐿𝜈% 𝑍$& ,

• In the limit 𝑚## >> 𝑚$, Δ𝑎$#
# = (𝑔'/12𝜋' 𝑚$

'/𝑚##
' .

(𝑔'/𝑚##
' = (2.66 ± 0.63)×10"(GeV"'

• Will induce muon neutrino trident (MNT) process.



Introduction 5:Neutrino trident process

)
𝜎!!
𝜎"# trident

=
1 + 4𝑠$% + 8 1𝑔%𝑚$

% /𝑔%𝑚!!
% %

+ 1
1 + 1 + 4𝑠$% % ,

𝜈&𝑁 → 𝜈'𝜇𝜇̅𝑁: large 𝑚!! :
Data:
1.58 ± 0.57,CHARM−II
0.82 ± 0.28CCFR
0.72().+%,-.+. NuTeV

• ⁄𝜎!! 𝜎"# = 5.86 for 1𝑔%/𝑚!!
% = (2.66 ± 0.63)×10(/GeV(%

Ruled out the model for 
GeV scale 𝑚!!

Contribution Proportional to 1𝑔%/𝑚!!
%

Only 
𝑚!!< 300 
MeV 
survive
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• The transformation between the lepton mass eigen- state and weak eigen-
state basis 

U(1) model for maximal coupling   

Z# → −𝑍#, H$ ↔ 𝐻$, H% ↔ 𝐻&
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The conflict can also be avoided if 𝑍# only has 𝜇̅𝛾'𝜏𝑍'# type of interaction.

• Give addition contribution to 𝜏 → 𝜇𝜈𝜈̅ decay which is highly constrained the model.

Ruled out the model more than 5𝜎
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2. The U (1)Lµ−Lτ model for maximal µ-τ coupling

In the simplest U (1)Lµ−Lτ model, the left-handed SU (3)C × SU (2)L × U (1)Y doublets LL i : (1, 2, −1/2) and the right-handed singlets 
eR i : (1, 1, −1) transform under the gauged U (1)Lµ−Lτ group as 0, 1, −1 for the first, second and third generations, respectively. The Z ′

gauge boson of the model only interacts with leptons in the weak interaction basis [18,19]

LZ ′ = −g̃(µ̄γ µµ − τ̄ γ µτ + ν̄µγ µLνµ − ν̄τ γ
µLντ )Z ′

µ , (1)

where g̃ is the U (1)Lµ−Lτ gauge coupling, and L(R) = (1 − (+)γ5)/2. Introducing a scalar S transforming as a singlet under the SM gauge 
group, but with U (1)Lµ−Lτ charge 1, after S develops a vacuum expectation value v S/

√
2, Z ′ will obtain a mass mZ ′ = g̃v S .

Exchange Z ′ at one loop level can generate a non-zero anomalous muon g-2 which can explain the anomaly observed. However, Z ′

exchange will produce a non-zero contribution to the neutrino trident process vµ + N → vµ + N + µ+µ− . Neutrino trident data then 
constrain the Z ′ mass to be less than 300 MeV [15]. To avoid neutrino trident data constraint on the Z ′ interaction [16], one introduces 
new scalar particles to make the Z ′ interaction to muon and tauon off diagonal so that the neutrino trident process will not happen at 
tree level. Such a model had been proposed a long time ago with the bits of help of three Higgs scalars [20].

We briefly outline the steps to obtain such a model. One needs to introduce three Higgs doublets H1,2,3 : (1, 2, 1/2) (< Hi >= vi/
√

2) 
with U (1)Lµ−Lτ charges (0, 2, −2) and to impose an unbroken exchange symmetry Z ′ → −Z ′ , H1 ↔ H1 and H2 ↔ H3 with v2 = v3 = v , 
to do the job. In this case the Z ′ interaction and Yukawa terms to leptons are given by

LH = −g̃(l̄2γ µLl2 − l̄3γ µLl3 + ē2γ
µRe2 − ē3γ

µRe3)Z ′
µ

−[Y l
11l̄1 Re1 + Y l

22(l̄2 Re2 + l̄3 Re3)]H1 − Y l
23(l̄2 Re3 H2 + l̄3 Re2 H3) + H .C . (2)

The transformation between the charged lepton mass eigen-state and weak eigen-state basis is given by
(

µ
τ

)
= 1√

2

(
1 −1
1 1

)(
e2
e3

)
. (3)

Similar transformation applies to neutrinos. In the new basis, the Z ′ interactions with leptons become the following form as desired,

LZ ′ = −g̃(µ̄γ µτ + τ̄ γ µµ + ν̄µγ µLντ + ν̄τ γ
µLνµ)Z ′

µ . (4)

The above Z ′ interaction will lead to a much larger τ → µν̄µντ branching ratio, which is excluded by experimental value by more 
than 5σ if the muon g-2 anomaly is explained by Z ′ exchange at one loop level. Therefore one needs to reduce the branching ratio for 
this decay to satisfy the experimental constraint while addressing (g − 2)µ anomaly.

This problem can be solved by introducing three Y = 1 triplet scalar %1,2,3 : (1, 3, 1) (< %i >= v%i/
√

2) with U (1)Lµ−Lτ charges 
(0, −2, 2) [16]. This % field is the famous type-II seesaw mechanism providing small neutrino masses [21–26] with the component fields

% =
(

%+/
√

2 %++

%0 −%+/
√

2

)
, %0 = v% + δ + iη√

2
. (5)

Under the above exchange symmetry %1 ↔ %1, %2 ↔ %3 with v%2 = v%3, the Yukawa terms in the basis shown in Eq. (3) are

L% = −
[
l̄cµLlµ(Y ν

22(%2 + %3) − 2Y ν
23%1) + l̄cτ Llτ (Y ν

22(%2 + %3) + 2Y ν
23%1) + 2l̄cµLlτ (Y ν

22(%2 − %3))
]
/2 + H .C . . (6)

Expanding out the above interaction in terms of the component fields %0,+,++ , we obtain

L% = −(ν̄c
e , ν̄

c
µ, ν̄c

τ )M(%0)L




νe
νµ

ντ



 +
√

2(ν̄c
e , ν̄

c
µ, ν̄c

τ )M(%+)L




e
µ
τ



 + (ēc, µ̄c, τ̄ c)M(%++)L




e
µ
τ



 ,

with M(%) =





Y ν
11%1 0 0

0 (Y ν
22(%2 + %3) − 2Y ν

23%1)/2 Y ν
22(%2 − %3)/2

0 Y ν
22(%2 − %3)/2 (Y ν

22(%2 + %3) + 2Y ν
23%1)/2




. (7)

Here we find that if assuming the degenerate case %2 = %3 required by the exchange symmetry %2 ↔ %3 and Y11,23 << Y22, M(%) is 
diagonal matrix with non-zero entries M22 ≈ M33. This is helpful for simplifying the our model analysis.

Therefore, the scalar sectors include three Higgs doublets and three triplet scalars. To simplify the analysis, we will make the following 
assumptions: Y11,23 << Y22, degenerate case m%2 = m%3 and other heavier new degrees of freedom. Under these assumptions, the new 
scalar effects on SM particles will be dominated by %2 interaction terms. If further assuming the degenerate triplet components, we can 
obtain m%++ = m%+ = m%0 = m% . In this case, for %m = 0 with large v% ∼ O (GeV), doubly-charged scalar mass below 420 GeV has 
already excluded from the collider constraints [27]. Therefore, we will focus on the scenario with m% > 420 GeV.

Note that our models contain the totally flavor changing Z ′ interactions and % mediated flavor conserving interactions. The relevant 
low-energy phenomenology has been studied in Ref. [16]. We will mainly focus on the muon collider aspects in the following part. We 
firstly focus on the two body case µ−µ+ → τ−τ+ , then further expand to four body case µ−µ+ → µ±µ± +τ∓τ∓ . The influences can be 
expressed in the four model parameters. The two ones are g̃ , mZ ′ from U (1)Lµ−Lτ , and the remaining two are Y22, m% from triplet scalar. 
The total contributions for the above processes should contain the Z ′ effects by g̃ and mZ ′ , and triplet ones by Y22 and m% simultaneously. 
Therefore, the dominant contribution could come from the Z ′ effects or triplet ones which depends on the choice of the four parameters. 
In the following we carry out numerical analysis for these processes at a multi-TeV muon collider.
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2

• Introduce scalar triplet: Δ(: 1,3 1 Δ = ⁄Δ, 2 Δ,,

Δ) − ⁄Δ, 2
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Muon collider

Collider signatures

J. Sun, F. Huang and X.-G. He Physics Letters B 845 (2023) 138121

Table 1
The cross section of SM background τ±τ∓ at √s = 3 TeV.

σ (pb) τ+τ− τ+τ−γ γ (→ τ+τ−)νν̄ Z(→ τ+τ−)νν̄ h(→ τ+τ−)νν̄ W +(→ τ+ντ )W −(→ τ−ν̄τ ) Total

1. Basic Cut 0.008 0.00162304 0.016896 0.043552 0.0126848 0.0035424 0.086304
2. P T > 250 GeV 0.007808 0.00032 0.003584 0.00192 0.000064 0.000704 0.0144

Fig. 3. The cross section of flavor changing µ+µ− → τ+τ− processes for fixing m% = 450 GeV, |Y22| = 0.117. The Left panel means the ranges of the cross section with 
different mZ ′ in basic cuts. The blue regions show the allowed regions when varying the coupling constant g̃ , and the dashed red line means the SM background. The right 
panel shows the cross section with the ratio g̃/mZ ′ for two different Z ′ mass cases with P T > 250 GeV.

Table 2
The cross section τ±τ∓ for U (1)Lµ−Lτ model with Y = 1 triplet at √s = 3 TeV for fixing m% = 450 GeV and 
Y22 = 0.117.

U (1)Lµ−Lτ with triplet model mZ ′ = 500 GeV mZ ′ = 200 GeV mZ ′ = 100 GeV

g̃ = 0.275 g̃ = 0.445 g̃ = 0.11 g̃ = 0.178 g̃ = 0.055 g̃ = 0.089

cross section (pb) 0.274 2.08 0.017 0.154 0.0014 0.01
luminosity (fb−1) with 3σ 0.034 0.004 0.97 0.063 72.2335 2.189
Events (L = 1ab−1) 274000 2080000 17000 154000 1400 10000

To obtain simulation data for analysis, we implement interactions in the previous model through means of FeynRules [32], we generated 
a Universal Feynman rules Output(UFO) model [33] for the model Lagrangian. Then fed the model into MadGraph5-aMC@NLO [34] for all 
simulations, which are then fed to PYTHIA 8 [35] for showering and hadronization, and DELPHES [36] for a fast detector simulation.

3.1. µ+µ− → τ+τ− analysis

To extract signatures, we need to have a good understanding of the background. The SM backgrounds for µ+µ− → τ+τ− are shown in 
Table 1. Here we use the following basic cuts [30]: (i) transverse momentum pT > 10 GeV, (ii) absolute pseudo-rapidity |η| < 2.5, (iii) the 
separation of the two leptons %R =

√
(%η)2 + (%φ)2 > 0.4. In addition to the s-channel scattering process with SM mediators γ , Z , h, 

there also exist other backgrounds from the blind features of the detector, τ+τ−γ , h/Z/γ (→ τ+τ−) νν̄ , W +(→ τ+ντ )W −(→ τ−ν̄τ ). 
Therefore, the total backgrounds are 0.086304 pb as shown in Fig. 3. This background value can be suppressed to 0.0144 pb by changing 
the cut P T > 250 GeV as shown in Table 1.

For the effects of the model under consideration, we can obtain the corresponding cross section using model parameters depicted 
earlier. Based on the analysis in Ref. [16], we use g̃/mZ ′ = (0.55, 0.89) × 10−3 GeV−1 and Y22/m% = (0.26, 1.42) × 10−3 GeV−1 for 
resolving the muon (g − 2)µ anomaly while satisfying the other experimental constraints. The LHC search for a new Z ′ gauge boson 
by the four muon (4µ) final states, which excludes the coupling strength g̃ above 0.003-0.2 for Z ′ mass ranging from 5 to 81 GeV at 
ATLAS [37] and g̃ above 0.004-0.3 for Z ′ mass ranging from 5 to 70 GeV at CMS [38]. In fact, the above direct LHC constraints on Z ′ from 
simple resonance searches like pp → Z ′ → ll/ j j are not applicable in our case, since the Z ′ does not couple to quarks at the tree level. 
Moreover, the flavor-violating Z ′ searches at the LHC have only focused on the eµ channel so far [39,40]. If assuming the constraints 
might also be used to analyze our case, we can choose mZ ′ > 81 GeV to evade the above bounds, which is actually the electroweak scale. 
At the electroweak scale U (1)Lµ−Lτ Z ′ has been shown to be allowed by experimental data [6]. Therefore, we focus on mZ ′ ≥ 100 GeV.

In order to satisfy the muon (g − 2)µ and other experimental constraints, we choose the triplet scalar parameters to be [16] m% =
450 GeV, |Y22| = 0.117. In this case, we find that the triplet effects only lead to the cross section σ = 0.00944 pb, whose contribution 
is so small only with around 1% for the large Z ′ case. We plot the cross section of flavor changing µ+µ− → τ+τ− processes shown in 
Fig. 3. In this figure, the left panel is plotted for the cross section as a function of Z ′ mass and the right panel as a function of the ratio 
g̃/mZ ′ . The left panel shows the allowed ranges of the cross section for different parameters g̃ and mZ ′ with the basic cuts. We found that 
the cross section highly depends on the Z ′ mass and the gauge coupling g̃ . And in the case of the small Z ′ mass, the total cross section is 
smaller than the SM contribution so that the interference effects between SM and Z ′ will reduce the SM contribution σ = 0.086304 pb. 
To further reduce the SM background, we impose the cut P T > 250 GeV as shown in Table 1. Then we plot the right panel showing the 
cross section with the ratio g̃/mZ ′ for two different Z ′ mass cases.

The influence of new physics is shown by the difference ratio factor (σ − σS M)/σS M , which is further translated into a necessary 
luminosity to discover a given scenario by defining a test statistic S/

√
S + S0. Here S = L × (σ −σS M) means the new physics signal, and 

4
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𝑚∆ = 450𝐺𝑒𝑉, 𝑌%% = 0.117

𝑌%%
𝑚∆

= 0.26×10(.
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Ø We study in detail the maximal off-diagonal Z’ interaction in 
U(𝟏)𝑳𝝁"𝑳𝝉at a muon collider

Ø A Z’ with off-diagonal mixing leads to very distinctive signatures, 
such as t-channel 𝝁+𝝁" → 𝝉+𝝉" and 𝝁+𝝁" → 𝝁+𝝁+𝝉"𝝉"
smoking gun

Ø With a 3TeV muon collider with O(fb-1) luminosity, the above two 
processes can be distinguished at 𝟓𝝈 level. Thanks！
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