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Models of Muon Anomalies

R(K(*)), b → sμμ
+(g − 2)μ

• Focus: 

The Muon g-2 Collaboration, 2104.03281

Excellent example for graduate students  
• Relativistic E&M (spinning particle in EM fields)

• Special relativity (time dilation)

• (V-A) structure of charged weak interaction



B anomalies

Hints for LFU violation in b ! s `+`� decays
Measurement of LFU ratio R[�.�,6]

K shows deviation from SM by �.��.
LHCb, arXiv: ����.���6�, Belle, arXiv:���8.��8�8

I Cancellation of all uncertainties in SM and in presence of NP (up to m`).

RK =
BR(B ! Kµ+µ�)
BR(B ! Ke+e�)

... Electrons seem more SM-like than muons.

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� �/��

Combination of Bs,d ! µ+µ� measurements

Measurements of BR(Bs,d ! µ+µ�) by LHCb, CMS, and ATLAS show combined
deviation from SM by about ��. ATLAS, arXiv:�8��.�����

CMS, arXiv:����.�����
LHCb seminar �� March ����

Altmannshofer, PS, arXiv:����.�����
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J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� �/��

Hints for LFU violation in b ! c ` ⌫ decays

Measurements of LFU ratios RD and RD⇤ by BaBar, Belle, and LHCb show combined
deviation from SM by about ��. BaBar, arXiv:����.����, arXiv:����.����

LHCb, arXiv:���6.�86��, arXiv:���8.�88�6
Belle, arXiv:����.�����, arXiv:�6��.�����, arXiv:�6��.�����, arXiv:����.�8���

RD(⇤) =
BR(B ! D(⇤)⌧⌫)
BR(B ! D(⇤)`⌫)
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J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� 6/��

Hints for LFU violation in b ! s `+`� decays
Measurement of LFU observable Q�,� = DP0

�,�
= P0µ

�,� � P0e
�,� by Belle.

S. Wehle et al (Belle), PRL ��8 (����)

I Cancellation of all uncertainties in SM (up to lepton masses) like other LFUV
RK,K⇤ , but optimized in presence of NP, contrary to the case of RK⇤ .

I Isospin averaged but lepton-�avour dependent channels:

P0`
i = �+P0`

i (B+) + (� � �+)P0`
i (B̄�) �+ = �.� ± �.�

I Also electronic and muonic channel analysis, show electrons more SM-like.

J. Matias & P. Stangl (UAB & U. Bern) Beyond the Flavour Anomalies, �� April ���� �/��



Model indep. analysis
Scenarios with two Wilson coef�cients
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Simplest Extra Z’ Models

• Gauge anomaly free extensions of the SM without extra 
fermions : 


•  : Anomaly free with 3 RH neutrinos


• Generalization of  : family dependent version, 

U(1)e−μ , U(1)μ−τ , U(1)τ−e

U(1)B−L

U(1)B−L
U(1)B−∑i xiLi

(with ∑ xi = 3)

He, Joshi, Lew, Volkas : PRD 43, R22 (1991), PRD44, 2118 (1991)



Muon (g-2) in  ModelU(1)μ−τ
Baek, Deshpande, He, Ko : hep-ph/0104141 

Baek, Ko : arXiv:0811.1646 [hep-ph]The ∆aµ in (2.4) can explain this discrepancy, if α
′

∼ 2 × 10−8. However, this coupling

is too small for the thermal relic density to satisfy the WMAP data. The resulting relic

density is too high by a several orders of magnitude. Also the collider signatures will be

highly suppressed. Therefore we do not consider this possibility any further, and consider

the massive Z
′

case (broken phase) in the following.

In the broken phase, it is straightforward to calculate the Z
′

contribution to ∆aµ. We

use the result obtained in Ref. [18]:

∆aµ =
α

′

2π

∫ 1

0
dx

2m2
µx

2(1− x)

x2m2
µ + (1− x)M2

Z′

≈
α

′

2π

2m2
µ

3M2
Z′

(2.6)

The second approximate formula holds for mµ % MZ′ . In Fig. 1, shown in the blue band

is the allowed region of MZ′ and α
′

which is consistent with the BNL data on the muon

(g − 2)µ within 3 σ range. There is an ample parameter space where the discrepancy

between the BNL data and the SM prediction can be explained within the model.

3. Dark matter : Relic density and (In)direct signatures

3.1 Thermal relic density

In our model, the Dirac fermion ψD and its antiparticle ψD are CDM candidates. The

thermal relic density of ψD and ψD is achieved through the DM annihilations into muon,

tau leptons or their neutrinos through s-channel Z ′-exchange. They can also annihilate

into the real Z ′ pairs when kinematically allowed.

ψDψ̄D → Z
′∗ → l+l−, νlν̄l (l = µ, τ),

ψDψ̄D → Z
′

Z
′

. (3.1)

We modified the micrOMEGAs [24] in order to calculate the relic density of the U(1)Lµ−Lτ

charged ψD CDM. It is easy to fulfil the WMAP data on ΩCDM for a wide range of the DM

mass, as shown in Fig. 1. The black curves represent constant contours of Ωh2 = 0.106

in the (MZ′ ,α)-plane for MψD
= 10, 100, 1000 GeV (from below). We can clearly see the

s−channel resonance effect of Z
′

→ ψDψ̄D near MZ′ ≈ 2MψD
. The blue band is the

allowed region by the (g − 2)µ at the 3 σ level. We also show the contours for the Z ′

production cross sections at various colliders: B factories (1fb, red dotted), Tevatron (10fb,

green dot-dashed), LEP(10fb, pink dotted), LEP2(10fb, orange dotted) and LHC (1 fb,

10 fb and 100 fb in blue dashed curves). The cross sections in the parentheses except the

LHC case roughly correspond to the upper bounds that each machine gives. Therefore the

left-hand sides of each curve is ruled out by the current collider data. Note that a larger

parameter space can be accessed by the LHC. These issues and other collider siugnatures

are covered in the next section.

The current experimental mass bound of SM-like Z ′ is 923 GeV from the search for

a narrow resonance in electron-positron events [25]. We emphasize, however, that in our

model the Z ′ boson as light as ∼ 10 GeV is still allowed by present data from various
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FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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FIG. 2. ∆aµ on the a vs. mZ′ plane in case b). The lines from left to right are for ∆aµ away

from its central value at +2σ,+1σ, 0,−1σ and −2σ, respectively.
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Figure 5: Thick solid red curves (thick dashed blue curves) are predictions of the neutrino-induced
up-going muon flux from the annihilation of dark matter with masses 3, 2, 1.5, 1 TeV from above,
for the NFW (isothermal) dark matter profile. The thin solid line is the superkamiokande bound.

The lower DMs are allowed with the NFW profile. However, if the isothermal profile is

used, all the DM are allowed because this profile is flat near the Galactic center and the

neutrinos are not much produced.

Fig. 6 shows the predictions for the gamma-ray flux from the Galactic center (0.1◦

region from the GC) [36] and the Galactic Center ridge (|b| < 0.3◦, |l| < 0.8◦) [37]. We can

see that the constraints on the DM annihilation for the NFW profile become more severe

than in the neutrino case. That is the NFW predicts too much gamma-ray, exceeding

even the current data for the massive DM. However, if more flat profile like the isothermal

profile is used, the predictions are below the current data.

4. Collider Signatures

New particles in this model are Z
′

, s (the modulus of φ) and ψD. Z
′

couples only to muon,

tau or their neutrinos, or the U(1)Lµ−Lτ charged dark matter. The new scalar s can mix

with the SM Higgs boson hSM, affecting the standard Higgs phenomenology.

Let us discuss first the decay of Z
′

gauge boson and its productions at various colliders.

In the broken phase with MZ′ != 0, Z
′

can decay through the following channels:

Z
′

→ µ+µ−, τ+τ−, ναν̄α (with α = µ or τ), ψDψD ,

if they are kinematically allowed. Since these decays occur through U(1)Lµ−Lτ gauge

interaction, the branching ratios are completely fixed once particle masses are specified. In
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Figure 6: The gamma ray flux from the GC (left panel) and GC ridge (right panel). Thick solid
red curves (thick dashed blue curves) are predictions of the gamma ray flux from the annihilation
of dark matter with masses 3, 2, 1.5, 1 TeV from above, for the NFW (isothermal) dark matter
profile.

particular,

Γ(Z
′

→ µ+µ−) = Γ(Z
′

→ τ+τ−) = 2Γ(Z
′

→ νµν̄µ) = 2Γ(Z
′

→ ντ ν̄τ ) = Γ(Z
′

→ ψDψ̄D)

if MZ′ " mµ,mτ ,MDM. The total decay rate of Z
′

is approximately given by

Γtot(Z
′

) =
α

′

3
MZ′ × 4(3) ≈

4(or 3)

3
GeV

(

α
′

10−2

)

(

MZ′

100GeV

)

if the channel Z
′

→ ψDψ̄D is open (or closed). Therefore Z
′

will decay immediately inside

the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
′

, ντ ν̄τZ
′

There are also vector boson fusion processes such as

W+W− → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

Z0Z0 → νµν̄µZ
′

(or µ+µ−Z
′

), etc.

W+Z0 → νµµ̄Z
′

(or µ+µ−Z
′

), etc.

and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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the detector for a reasonable range of α
′

and MZ′ .

Z ′ can be produced at a muon collider as resonances in the µµ or ττ channel [18] via

µ+µ− → Z
′∗ → µ+µ−(τ+τ−).

The LHC can also observe the Z ′ which gives the right amount of the relic density as can

be seen in Fig. 1. Its signal is the excess of multi-muon (tau) events without the excess of

multi-e events.

The dominant mechanisms of Z
′

productions at available colliders are

qq̄ (or e+e−) → γ∗, Z∗ → µ+µ−Z
′

, τ+τ−Z
′

→ Z∗ → νµν̄µZ
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There are also vector boson fusion processes such as

W+W− → νµν̄µZ
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(or µ+µ−Z
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), etc.

Z0Z0 → νµν̄µZ
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(or µ+µ−Z
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), etc.
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and the channels with µ → τ . We will ignore the vector boson fusion channels in this paper,

since their contributions are expected to be subdominant to the qq̄ or e+e− annihilations.
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I. INTRODUCTION

Recently experiment from BNL [1] has measured the muon anomalous magnetic dipole
moment with aexpµ = (g−2)/2 = (11659202±14±6)×10−10. This value differs the Standard
Model (SM) prediction in Ref. [2,3] by 2.6σ,

∆aµ = aexpµ − aSMµ = (42.6± 16.5)× 10−10. (1)

At present the experimental errors are still too large to claim a real deviation. There are
also uncertainties from theoretical calculations, in particular contributions from hadrons at
loop levels are not well determined [4]. Improvements from both experimental measurements
and theoretical calculations are needed. If this difference is true, it is an indication of new
physics beyond the SM. Many authors have discussed possible implications for new physics
beyond the SM [5]. Some interesting constraints have been obtained. In this paper we study
the implications of a large ∆aµ on models with gauged Lµ − Lτ . Here Li is the i lepton
number.

Lµ − Lτ gauge models are some of the simplest models beyond the SM which contain
an additional Z ′ boson. Without enlarging the fermion contents in the SM, there are only
three types of U(1) symmetries which can be gauged from anomaly cancellation requirement.
These symmetries are

i) U(1)Le−Lµ; ii) U(1)Le−Lτ ; iii) U(1)Lµ−Lτ . (2)

Some experimental consequences of these models have been studied in Refs. [6,7]. There
are stringent constraints on the parameters of models based on i) and ii) because the Z ′

couple to electrons. It is difficult to generate a large enough value for ∆aµ in eq. (1). On
the other hand, for models based on iii) there are limited data available to constrain relevant
parameters. It is possible to have a large ∆aµ.

In U(1)Lµ−Lτ models, only the second and third generations of leptons are affected,
whereas all other SM particles are not. The transformation properties of leptons under the
SU(3)C × SU(2)L × U(1)Y SM gauge group and the U(1)Lµ−Lτ gauge group are

Le
L : (1, 2,−1)(0) eR : (1, 1,−2)(0)

Lµ
L : (1, 2,−1)(2a) µR : (1, 1,−2)(2a)

Lτ
L : (1, 2,−1)(−2a) µR : (1, 1,−2)(−2a).

(3)

where the numbers in the first and the second brackets indicate the transformation properties
under the SM gauge group and the U(1)Lµ−Lτ group, respectively. The numbers in the second
bracket will be indicated as Y ′. The covariant derivative in terms of the photon field Aµ,
the Zµ field, and the Z ′

µ field is given as

Dµ = ∂µ + ieQAµ + i
e

sW cW
(I3 − s2WQ)Zµ + i

e

cW

Y ′

2
Z ′

µ, (4)

where sW = sin θW , cW = cos θW . We have normalized the Z ′ coupling to the U(1)Y charge
coupling e/cW .

The U(1)Lµ−Lτ may be an exact symmetry or broken at some scale which may or may not
be related to the electroweak breaking scale. One can classify three types of models based on

2
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FIG. 1. Feynman diagram which generates a non-zero ∆aµ
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colliders. It is mainly because the production cross section at the Tevatron is suppressed

since Z ′ should be produced from the couplings to the 2nd and 3rd family leptons.

In the range 100 GeV ! MψD
! 10 TeV, α " 10−3 and 100 GeV ! MZ′ ! 1 TeV, the

relic density and ∆aµ constraints can be easily satisfied simultaneously while escaping the

current collider searches. We note that if the (g−2)µ constraint is not considered seriously

or if we assume there are other sector which saturate the (g − 2)µ upper bound, then all

the region in the right-hand side of the blue band is also allowed.

MΨD"10GeV
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Figure 1: The relic density of CDM (black), the muon (g − 2)µ (blue band), the production cross
section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink
dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z0 decay
width (2.5 ×10−6 GeV, brown dotted) in the (log10 α

′

, log10 MZ
′ ) plane. For the relic density, we

show three contours with Ωh2 = 0.106 for MψD
= 10 GeV, 100 GeV and 1000 GeV. The blue band

is allowed by ∆aµ = (302± 88)× 10−11 within 3 σ.

3.2 Direct detection rates

Since we ignored the kinetic mixing between the new U(1) gauge boson and the SM U(1)Y
gauge boson Bµ, there would be no signal in direct DM detection experiments in this

model. The messenger Z
′

does not interact with electron, quarks or gluons inside nucleus.

Also there would be no excess in the antiproton flux in cosmic rays in this case, while one

could have an excess in the positron signal in a manner consistent with the PAMELA/Fermi

data. However there would be a small kinetic mixing between two U(1) gauge field strength

tensor. If we assume a small kinetic mixing θ(∼ 10−3 = 10−2) between the Z
′

µ and photon,

– 5 –
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Figure 7: In the left (right) column are shown the branching ratios of the lighter (heavier) Higgs
H1(2) into two particles in the final states: tt̄ (solid in red), bb̄ (dashed red), cc̄ (dotted red), ss̄
(dot-dashed red), τ τ̄ (solid orange), µµ̄ (dashed orange), WW (dashed blue), ZZ (dotted blue) and
Z

′

Z
′

(solid blue) for difference values of the mixing angle α and tanβ. We fixed MZ′ = 300 GeV.
We also fixed MH2

= 700 GeV (MH1
= 150 GeV) for the plots of the left (right) column.

also tantalizing to consider them as the first hint for the existence of weakly interacting cold

dark matter. In this paper, we considered a leptophilic CDM model with extra U(1)Lµ−Lτ

gauge symmetry which is one of the anomaly free global symmetry in the SM. We have

introduced a new complex scalar φ and Dirac fermion ψD which are charged under the new

U(1)Lµ−Lτ . The U(1)Lµ−Lτ charged Dirac fermion ψD can be a good CDM that might

explain the positron excess reported by HEAT, PAMELA and FERMI, without producing

excess in antiproton flux as observed by PAMELA. This model is constrained by the muon
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Q′
a χ

SU(3)C 3 1

SU(2)L 2 1

U(1)Y 1
6 0

U(1)µ−τ qx qx

TABLE I: Charge assignments of the new fields Q′ and χ
under SU(3)C × SU(2)L × U(1)Y × U(1)µ−τ with qx "= 0
where we assume these fields have Z2 odd parity. Here Q′

is vector-like fermions, and its lower index a is the number
of family that runs over 1 − 3. χ is a complex boson that is
considered as a DM candidate.

FIG. 1: The diagrams introducing effective coupling for
Z′

µb̄γ
µs+ h.c. interaction.

where SU(2)L doublet vectorlike fermions are replaced
by colored scalar fields and DM is SU(2) singlet colorless
Dirac fermion. Finally Sec. V is devoted to the summary
of our results and the conclusion.

II. MODEL SETUP AND CONSTRAINTS

In this section we set up our model and derive some for-
mula in B physics and DM phenomenology, which will be
used in Sec. III for the numerical analysis. We introduce
three vector-like exotic quarks Q′ and a complex scalar
boson χ, both of which carry nonzero µ− τ charges and
odd parity under discrete Z2 symmetry that stabilizes
DM. Here χ is the lightest Z2-odd particle, and consid-
ered as a DM candidate. Charge assignments of these
new field are summarized in Table I.
The relevant Lagrangian under these symmetries is

given by

−LVLQ+χ =MaQ̄
′
aQ

′ +m2
χχ

†χ+ (fajQ′
Ra

QLjχ+ h.c.),
(1)

where (a, j) = 1− 3 are generation indices, QLj’s are the
SM quark doublets. We have omitted kinetic term and
scalar potential associated with χ for simplicity.
The anomaly in B → K(∗)#+#− decay can be explained

by the shift of the Wilson coefficient C9 associated with
the corresponding operator (s̄γµPLb)(µγµµ). The effec-
tive coupling for Z ′

µb̄γ
µPLs+ h.c. is induced at one loop

level as shown in Fig. 1 with the Yukawa coupling in
Eq. (1). Then the effective Hamiltonian (s̄γµPLb)(µ̄γµµ)
arises from Z ′ mediation and the contribution to Wilson
coefficient ∆Cµµ

9 is obtained as:

∆Cµµ
9 #

qxg′2

m2
Z′CSM

∑

a=1−3

f †
3afa2

∫

[dX ] ln

(

∆[Ma,mχ]

∆[mχ,Ma]

)

,

CSM ≡
VtbV ∗

tsGFαem√
2π

, (2)

∆[m1,m2] = (X + Y − 1)(Xm2
b + Y m2

s)

+Xm2
1 + (Y + Z)m2

2,

where Vtb ≈ 0.999, Vts ≈ −0.040 are the 3-3 and 3-
2 elements of CKM matrix respectively, GF ≈ 1.17 ×
10−5 GeV is the Fermi constant, αem ≈ 1/137 is

the electromagnetic fine-structure constant,
∫ 1
0 [dX ] ≡

∫ 1
0 dXdY dZδ(1 − X − Y − Z), mb ≈ 4.18 GeV and
ms ≈ 0.095 GeV are respectively the bottom and strange
quark masses given in the MS scheme at a renormaliza-
tion scale µ = 2 GeV [26], mχ is the mass of χ, and Ma

is the mass of Q′
a. Notice here that we have assumed

mb,ms ( mZ′ to derive the formula of C9 in Eq. (2).
The global fit for the value of C9 [20, 21] based on LHCb
data suggests that the best fit value is

∆C9 ∼ −1. (3)

In the following numerical analysis, we explore possible
value of the ∆C9 in the model defined in Table I.
M −M mixing: The exotic vector-like quarks and the

complex scalar DM χ induce the neutral meson (M)-
antimeson (M) mixings such as K0− K̄0, Bd− B̄d, Bs −
B̄s, and D0 − D̄0 from the box type one-loop diagrams.
The formulae for the mass splitting are respectively given
by [25]

∆mK ≈
3

∑

a,b=1

f †
1afa1f

†
2bfb2G

K
box[mχ,Ma,Mb]

! 3.48× 10−15 [GeV], (4)

∆mBd
≈

3
∑

a,b=1

f †
1afa1f

†
3bfb3G

Bd

box[mχ,Ma,Mb]

! 3.36× 10−13 [GeV], (5)

∆mBs ≈
3

∑

a,b=1

f †
2afa2f

†
3bfb3G

Bs

box[mχ,Ma,Mb]

! 1.17× 10−11 [GeV], (6)

∆mD ≈
3

∑

a,b=1

f †
2afa2f

†
1bfb1G

D
box[mχ,Ma,Mb]

! 6.25× 10−15 [GeV], (7)

GM
box(m1,m2,m3)

=
mMf2

M

3(4π)2

∫ 1

0

X [dX ]

Xm2
1 + Y m2

2 + Zm2
3

, (8)

4

trident production [37]. On the other hand, the effec-
tive operator to obtain ∆C9 ∼ −1 requires rather large
Z ′ mass 3. Thus this bound is always safe in our case.
The ranges of the other input parameters are set to be
as follows:

f ∈ [10−3, 1], mZ′ ∈ [200, 3000] [GeV],

mχ ∈ [1, 2000] [GeV], Ma ∈ [1000, 3000] [GeV]. (17)

We also assume M1 < M2 < M3, mZ′ > mχ, and take
mχ < 1.2M1 for simplicity so that we can ignore con-
tributions from coannihilation processes. Then we ran-
domly scan over 3 × 107 parameter points in the above
ranges and select the points that satisfy all the con-
straints such as M −M mixing, b → sγ branching ratio,
measured relic density of DM, the spin independent DM-
nucleon scattering cross section via Z ′ portal as discussed
in the previous section. In the left panel of Figs. 2, we
show the allowed parameter region for mχ and mZ′ . The
correlation between mχ and mZ′ in this plot arises from
the relation of relic density of DM, which indicate the re-
lation mZ′ ∼ 2mχ is required to obtain the relevant DM
annihilation cross section via the s-channel resonant en-
hancement. On the other hand, the right panel of Fig. 2
represents the allowed range for mZ′ and ∆C9. In this
plot, one can easily obtain ∆C9 ∼ −1 for mZ′ ! 2000
GeV so that one can resolve B → K(∗)"+"− anomalies.
Notice here that the most stringent bound on C9 arises
from the constraint of Bs − B̄s mixing.

IV. MISCELLANEOUS ISSUES

A. Effects of U(1)µ−τ symmetry breaking on B
physics

It is worthwhile to mention that the U(1)µ−τ breaking
mechanism does not affect the B physics anomalies that
is our main subject. Here let us for example consider the
singlet scalar φ with charge 2, and assume χ has charge 1
for simplicity. Then there is a term (dim-3) χ2φ† +H.c.
which breaks U(1)µ−τ into Z2 subgroup, χ → −χ in the
scalar potential. In this framework neutrino masses and
their mixings can be fitted to the current experimental
data [38]. As for such kind of model, see Ref. [39] in the
dark U(1) case. Also one finds the Z3 case in Ref. [40] ,
if we choose the φ charge is 3. In this case an additional
contribution to the relic density of DM and the direct
detection via Higgs portal are arisen, and we can relax
the resonant allowed region in the left panel of Fig. 2.

3 Here we set the lowest bound on Z′ mass as mZ′ ≥ 200 GeV.
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FIG. 2: The top panel represents the allowed range for mχ

and mZ′ , while the bottom one does the allowed range for
mZ′ and ∆C9. The correlation between mχ and mZ′ in the
top panel arises from the relation of relic density of DM. In
the bottom panel, one finds that one can obtain ∆C9 ∼ −1
for mZ′ ! 2 TeV that is required to resolve B → K(∗)!+!−

anomalies.

B. Variation where the new fields spins are flipped

Here let us briefly mention on a variation of our model
where new particle spins are flipped: namely we consider
SU(2)L doublet colored scalars and a gauge singlet Dirac
fermion, like SUSY partners. Let us define Q̃′ as the
SU(2)L doublet scalar boson, and χ̃ as the gauge singlet
(Dirac) fermion. Then one finds a Yukawa Lagrangian
f ′
ijQ̄Li χ̃Rj Q̃′ + h.c.. 4 Even in this case, the result for
the ∆C9 is almost the same as one in the original model
setup. However a remarkable difference arises in the relic
density of DM, where the Dirac fermion χ̃ is considered

4 Notice here the sign of U(1)µ−τ charge assignments between χ̃

and Q̃′ are taken to be opposite, although the the absolute value
is the same.

Assumed 
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ΔC9 ∼ − 1
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Fermions QiL uiR diR Q3L tR bR L1L L2L L3L eR µR ⌧R ⌫1R ⌫2R ⌫3R

SU(3)C 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1

SU(2)L 2 1 1 2 1 1 2 2 2 1 1 1 1 1 1

U(1)Y
1
6

2
3 � 1

3
1
6

2
3 � 1

3 � 1
2 � 1

2 � 1
2 �1 �1 �1 0 0 0

U(1)X 0 0 0 1
3

1
3

1
3 0 �xµ �x⌧ 0 �xµ �x⌧ 0 �xµ �x⌧

Table 1. Charge assignment for the SM fermions and right-handed neutrinos where the indices
i = 1, 2 indicate the first and second generations.

anomalies are cancelled when the U(1)X charges of fermions satisfy the condition

xµ + x⌧ = 1, (2.1)

which we will always assume in the following. In Sec. 2.1, we first discuss the case with

general xµ,⌧ and investigate an explanation of b ! s`
+
`
� anomalies via flavor-changing

Z
0 interactions. Then the minimal model with xµ = �1/3 is constructed in Sec. 2.2,

taking into account the generation of active neutrino masses and mixings via Type-I seesaw

mechanism.

2.1 Discussion for general (xµ, x⌧ ) case

Firstly we consider quark sector which does not depend on our choice of xµ and x⌧ = 1�xµ.

In this model we have to introduce at least two Higgs doublets in order to induce the realistic

CKM mixing matrix:

�1 : (1,2)(1/2,�1/3), �2 : (1,2)(1/2, 0), (SU(3)C , SU(2)L)(U(1)Y , U(1)X) (2.2)

Then the Yukawa couplings for quarks are given by

�LQ =y
u

ijQ̄iL�̃2ujR + y
d

ijQ̄iL�2djR + y
u

33Q̄3L�̃2tR + y
d

33Q̄3L�2bR

+ ỹ
u

3iQ̄3L�̃1uiR + ỹ
d

i3Q̄iL�1bR + h.c., (2.3)

where i = 1, 2 and �̃i = i�2�⇤
i
. �2 is the Higgs doublet with vanishing U(1)X charge,

and is the SM-like Higgs doublet. After two Higgs doublet fields get the non-zero vacuum

expectation values (VEVs) h�1,2i = (0 v1,2/
p
2)T , we obtain the following forms of quark

mass matrices:

M
u =

1p
2

0

B@
v2y

u

11 v2y
u

12 0

v2y
u

21 v2y
u

22 0

0 0 v2y
u

33

1

CA+

0

B@
0 0 0

0 0 0

(⇠u)31 (⇠u)32 0

1

CA ,

M
d =

1p
2

0

B@
v2y

d

11 v2y
d

12 0

v2y
d

21 v2y
d

22 0

0 0 v2y
d

33

1

CA+

0

B@
0 0 (⇠d)13
0 0 (⇠d)23
0 0 0

1

CA . (2.4)

Note that the matrices (⇠u,d)ij ⌘ ỹ
u,d

ij
v1/

p
2 have the same structure as those discussed

in Ref. [14]. We shall assume the second terms with ⇠u,d are small perturbation e↵ects
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Figure 1. The contours showing Z
0 contribution to �C

µ

9 on the mZ0 -gX plane with xµ = � 1
3

where yellow(light-yellow) region corresponds to 1� (2�) region from global fit in Ref. [11].

Fields �1 �2 '1 '2 �

SU(2)L 2 2 1 1 1

U(1)Y
1
2

1
2 0 0 0

U(1)X �1
3 0 1

3 1 5
6

Table 2. Scalar fields and extra fermion � in the minimal model and their representation under
SU(2)⇥ U(1)Y ⇥ U(1)X where these fields are color singlet.

where '1 is also necessary to induce �†
1�2 terms 2, while '2 is added for generating the

23(32) element of Majorana mass matrix of right-handed neutrino. Note that we obtain a

massless Goldstone boson from two Higgs doublet sector without '1 due to an additional

global symmetry. In addition we introduce additional Dirac fermion � of mass mX with

U(1)X charge 5/6, which can be our DM candidate since its stability is guaranteed due to

fractional charge assignment under U(1)X . Note that the stability of Dirac fermion DM

� is guaranteed by remnant Z2 symmetry after U(1)X symmetry breaking: particles with

U(1)X charge 2n/6 (n is integer) are Z2 even and those with U(1)X charge (2n+ 1)/6 are

Z2 odd, since U(1)X symmetry is broken by VEVs of scalar fields '1, '2 and �1 whose

charges correspond to 2n/6 [47]. We summarize the charge assignment of scalar fields and

new fermion in Table 2. In the later analysis, we will adopt this minimal setting.

2
Note that we need one more scalar singlet to generate neutrino mass when xµ 6= �1/3.

– 6 –
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Fermions QiL uiR diR Q3L tR bR L1L L2L L3L eR µR ⌧R ⌫1R ⌫2R ⌫3R
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Table 1. Charge assignment for the SM fermions and right-handed neutrinos where the indices
i = 1, 2 indicate the first and second generations.
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general xµ,⌧ and investigate an explanation of b ! s`
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� anomalies via flavor-changing

Z
0 interactions. Then the minimal model with xµ = �1/3 is constructed in Sec. 2.2,

taking into account the generation of active neutrino masses and mixings via Type-I seesaw

mechanism.

2.1 Discussion for general (xµ, x⌧ ) case

Firstly we consider quark sector which does not depend on our choice of xµ and x⌧ = 1�xµ.

In this model we have to introduce at least two Higgs doublets in order to induce the realistic

CKM mixing matrix:

�1 : (1,2)(1/2,�1/3), �2 : (1,2)(1/2, 0), (SU(3)C , SU(2)L)(U(1)Y , U(1)X) (2.2)

Then the Yukawa couplings for quarks are given by

�LQ =y
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ijQ̄iL�̃2ujR + y
d

ijQ̄iL�2djR + y
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33Q̄3L�̃2tR + y
d

33Q̄3L�2bR
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3iQ̄3L�̃1uiR + ỹ
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i3Q̄iL�1bR + h.c., (2.3)

where i = 1, 2 and �̃i = i�2�⇤
i
. �2 is the Higgs doublet with vanishing U(1)X charge,

and is the SM-like Higgs doublet. After two Higgs doublet fields get the non-zero vacuum

expectation values (VEVs) h�1,2i = (0 v1,2/
p
2)T , we obtain the following forms of quark

mass matrices:
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u =
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Note that the matrices (⇠u,d)ij ⌘ ỹ
u,d

ij
v1/

p
2 have the same structure as those discussed

in Ref. [14]. We shall assume the second terms with ⇠u,d are small perturbation e↵ects
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Need 2HMD for a realistic Yukawa’s for quarks and leptons

Fermions QiL uiR diR Q3L tR bR L1L L2L L3L eR µR ⌧R ⌫1R ⌫2R ⌫3R

SU(3)C 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1

SU(2)L 2 1 1 2 1 1 2 2 2 1 1 1 1 1 1

U(1)Y
1
6

2
3 � 1

3
1
6

2
3 � 1

3 � 1
2 � 1

2 � 1
2 �1 �1 �1 0 0 0

U(1)X 0 0 0 1
3

1
3

1
3 0 �xµ �x⌧ 0 �xµ �x⌧ 0 �xµ �x⌧

Table 1. Charge assignment for the SM fermions and right-handed neutrinos where the indices
i = 1, 2 indicate the first and second generations.

anomalies are cancelled when the U(1)X charges of fermions satisfy the condition

xµ + x⌧ = 1, (2.1)

which we will always assume in the following. In Sec. 2.1, we first discuss the case with

general xµ,⌧ and investigate an explanation of b ! s`
+
`
� anomalies via flavor-changing

Z
0 interactions. Then the minimal model with xµ = �1/3 is constructed in Sec. 2.2,

taking into account the generation of active neutrino masses and mixings via Type-I seesaw

mechanism.

2.1 Discussion for general (xµ, x⌧ ) case

Firstly we consider quark sector which does not depend on our choice of xµ and x⌧ = 1�xµ.

In this model we have to introduce at least two Higgs doublets in order to induce the realistic

CKM mixing matrix:

�1 : (1,2)(1/2,�1/3), �2 : (1,2)(1/2, 0), (SU(3)C , SU(2)L)(U(1)Y , U(1)X) (2.2)

Then the Yukawa couplings for quarks are given by

�LQ =y
u

ijQ̄iL�̃2ujR + y
d

ijQ̄iL�2djR + y
u

33Q̄3L�̃2tR + y
d

33Q̄3L�2bR

+ ỹ
u

3iQ̄3L�̃1uiR + ỹ
d

i3Q̄iL�1bR + h.c., (2.3)

where i = 1, 2 and �̃i = i�2�⇤
i
. �2 is the Higgs doublet with vanishing U(1)X charge,

and is the SM-like Higgs doublet. After two Higgs doublet fields get the non-zero vacuum

expectation values (VEVs) h�1,2i = (0 v1,2/
p
2)T , we obtain the following forms of quark

mass matrices:

M
u =

1p
2

0

B@
v2y

u

11 v2y
u

12 0

v2y
u

21 v2y
u

22 0

0 0 v2y
u

33

1

CA+

0

B@
0 0 0

0 0 0

(⇠u)31 (⇠u)32 0

1

CA ,

M
d =

1p
2

0

B@
v2y

d

11 v2y
d

12 0

v2y
d

21 v2y
d

22 0

0 0 v2y
d

33

1

CA+

0

B@
0 0 (⇠d)13
0 0 (⇠d)23
0 0 0

1

CA . (2.4)

Note that the matrices (⇠u,d)ij ⌘ ỹ
u,d

ij
v1/

p
2 have the same structure as those discussed

in Ref. [14]. We shall assume the second terms with ⇠u,d are small perturbation e↵ects
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 anomalyR(K(*))
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Figure 1. The contours showing Z
0 contribution to �C

µ

9 on the mZ0 -gX plane with xµ = � 1
3

where yellow(light-yellow) region corresponds to 1� (2�) region from global fit in Ref. [11].

Fields �1 �2 '1 '2 �

SU(2)L 2 2 1 1 1

U(1)Y
1
2

1
2 0 0 0

U(1)X �1
3 0 1

3 1 5
6

Table 2. Scalar fields and extra fermion � in the minimal model and their representation under
SU(2)⇥ U(1)Y ⇥ U(1)X where these fields are color singlet.

where '1 is also necessary to induce �†
1�2 terms 2, while '2 is added for generating the

23(32) element of Majorana mass matrix of right-handed neutrino. Note that we obtain a

massless Goldstone boson from two Higgs doublet sector without '1 due to an additional

global symmetry. In addition we introduce additional Dirac fermion � of mass mX with

U(1)X charge 5/6, which can be our DM candidate since its stability is guaranteed due to

fractional charge assignment under U(1)X . Note that the stability of Dirac fermion DM

� is guaranteed by remnant Z2 symmetry after U(1)X symmetry breaking: particles with

U(1)X charge 2n/6 (n is integer) are Z2 even and those with U(1)X charge (2n+ 1)/6 are

Z2 odd, since U(1)X symmetry is broken by VEVs of scalar fields '1, '2 and �1 whose

charges correspond to 2n/6 [47]. We summarize the charge assignment of scalar fields and

new fermion in Table 2. In the later analysis, we will adopt this minimal setting.

2
Note that we need one more scalar singlet to generate neutrino mass when xµ 6= �1/3.
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where gX is the gauge coupling constant associated with the U(1)X and the lepton sector

is given in the flavor basis here. The coupling matrices �dR and �dL for down-type quarks

are given approximately by

�dL '

0

B@
|Vtd|2 VtsV

⇤
td

VtbV
⇤
td

VtdV
⇤
ts |Vts|2 VtbV

⇤
ts

VtdV
⇤
tb

VtsV
⇤
tb

|Vtb|2

1

CA , �dR '

0

B@
0 0 0

0 0 0

0 0 1

1

CA , (2.10)

where Vqq0 ’s are the CKM matrix elements. We have applied the relation VCKM ' DL, as

we discussed above. In our model the Z
0 mass, mZ0 , is dominantly given by the VEV of

SM singlet scalar field as discussed below.

At this point, xµ is an arbitrary parameter requiring only anomaly cancellation con-

dition Eq. (2.1). This value will be fixed to obtain negative �C
µ

9 and to realize minimal

scalar sector. The mass of Z
0 can be a free parameter since it is given by new gauge

coupling gX and scalar singlet VEV where we have freedom to chose the VEV even if the

gauge coupling is fixed.

2.1.2 E↵ective interaction for b ! sµ
+
µ
�

Gauge interactions in Eq. (2.9) induce the e↵ective Hamiltonian for b ! sµ
+
µ
� process

such that

�He↵ = �xµg
2
X
VtbV

⇤
ts

3m2
Z0

(s̄�µPLb)(µ̄�µµ) + h.c.

=
xµg

2
X

3m2
Z0

 p
2⇡

GF↵em

!✓
�4GFp

2

↵em

4⇡
VtbV

⇤
ts

◆
(s̄�µPLb)(µ̄�µµ) + h.c., (2.11)

where GF is the Fermi constant and ↵em is the electromagnetic fine structure constant.

We thus obtain the Z
0 contribution to Wilson coe�cient �C

µ

9 as

�C
µ

9 =
xµg

2
X

3m2
Z0

 p
2⇡

GF↵em

!
' 2.78⇥ xµ

⇣
gX

0.62

⌘2✓1.5 TeV

mZ0

◆2

. (2.12)

In order to obtain �C
µ

9 ⇠ �1, xµ should be negative and gX is required to be ⇠ 0.6 for

mZ0 = 1.5 TeV and xµ = �1
3 . Figure 1 shows the contour of �C

µ

9 in the (mZ0 , gX) plane

where we took xµ = �1
3 where the yellow(light-yellow) region corresponds to 1� (2�) region

from global fit in Ref. [11].

2.2 Minimal model

Here we consider the minimal cases for choosing U(1)X charges of leptons as

xµ = �1

3
, x⌧ =

4

3
. (2.13)

In this case we add two SU(2)L singlet scalar fields:

'1 : (1,1)(0, 1/3), '2 : (1,1)(0, 1), (2.14)

– 5 –
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CLFV : μ → eγ

mZ ' ! 1.5 TeV

4.2 ! 10"13
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Figure 3. BR(µ ! e�) as a function of {gX , log |✏|} fixing mZ0 = 1.5(2.0) TeV for left(right) plot
where the shaded regions are excluded.

Branching ratio for the LFV process is given by

BR(µ ! e�) =
�µ!e�

�µ!e⌫̄e⌫µ

' 12↵

G
2
F
m2

µ

|aR|2, (3.12)

where GF ' 1.17⇥ 10�5 GeV�2 is the Fermi constant and ↵ ' 1/137 is the fine structure

constant. In Fig. 3, we show BR(µ ! e�) on {gX , log |✏|} plane fixing mZ0 = 1.5(2.0) TeV

where the shaded regions are excluded by the current constraint BR(µ ! e�) . 4.2⇥10�13

by the MEG experiment [49]. Further parameter region will be explored in future with

improved sensitivity [50].

Here we also discuss µ ! e conversion via Z
0 exchange. In our case, the relevant

e↵ective Lagrangian for the process is derived as follows [51–53]

Leff = �4GFp
2

X

N=p,n

⇥
C

NN

V L ē�
↵
PLµN̄�↵N + C

NN

AL ē�
↵
PLµN̄�↵�5N

⇤
, (3.13)

where the corresponding coe�cients are given by

C
pp(nn)
V L

= �C
pp(nn)
AL

= (2)

p
2✏g2

X
|Vtd|2

216GFm
2
Z0

. (3.14)

Then we obtain the spin-independent contribution to the BR for µ ! e conversion on a

nucleus such that

BR(µ ! e) =
32G2

F
m

5
µ

�cap

���Cpp

V L
V

(p) + C
nn

V LV
(n)

���
2
, (3.15)
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 Conversionμ → e
Nucleus A

Z
N V

p
V

n �capt [106sec�1]
27
13Al 0.0161 0.0173 0.7054
197
79 Au 0.0974 0.146 13.07

Table 3. A summary of parameters for the µ�e conversion formula for 27
13Al and 197

79 Au nuclei [52,
54].

10!12

10!13

10!14

10!15

10!16

10!17

mZ ' ! 1.5 TeV
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g
!Ε
!

BR"Μ$e#$Al%
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!Ε
!
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Figure 4. BR(µ ! e) on 27
13Al as a function of {gX , log |✏|} fixing mZ0 = 1.5(2.0) TeV for

left(right) plot where gray(light-gray) shaded region is excluded by current µ ! e� BR (µ ! e BR
on 197

79 Au [55]) constraints.

where �cap is the rate for the muon to transform to a neutrino by capture on the nucleus,

and V
(p,n) is the integral over the nucleus for lepton wavefunctions with corresponding

nucleon density. The values of �cap and V
(n,p) depend on target nucleus and those for

197
79 Au and 27

13Al are given in Table. 3 [52, 54]. In Fig. 4, we show BR(µ ! e) for 27
13Al

on {gX , log |✏|} plane fixing mZ0 = 1.5(2.0) TeV in left(right)-panel where gray(light-gray)

shaded region is excluded by current µ ! e� BR (µ ! e BR on 197
79 Au [55]) constraints.

We find that large parameter region can be explored by µ ! e conversion measurement

since its sensitivity will reach ⇠ 10�16 on 27
13Al nucleus in future experiments [56, 57].

We next consider the LFV B decay Bs ! µ
±
e
⌥ which is related to C

µ

9 above. It is

because that the process is induced from C
µe

10 which is obtained as C
µe

10 = �✏�C
µ

9 in the

model. The branching ratio can be given by

BR(Bs ! µe) =

����
C

µe

10

C
SM

10

����
2

BR(Bs ! µ
+
µ
�)SM ' |0.24⇥ ✏�C

µ

9 |
2
BR(Bs ! µ

+
µ
�)SM ,

(3.16)

where we used C
SM

10 (µb) ' �4.2 and BR(Bs ! µ
+
µ
�)SM = (3.65 ± 0.23) ⇥ 10�9 is the
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 vs. Top FCNCR(D(*))

• Scalar LQ  (3,1,1/3) and VLQ  (3,1,2/3)S1 Uμ
1

TJKim, Ko, Li, JPark, Wu : arXiv:1812.08484 [hep-ph]

In this work we concentrate on the two SU(2)L singlet scenarios, i.e. S1 and U1,

motivated by the simplicity and, as we will see later, the resulting clear correlation patterns

between RD(⇤) explanations and the top decays through FCNC. Note that the benchmark

parameters we utilize in the numerical analysis may not be able to produce the observed

RK(⇤) anomaly. For example, requiring S1 to explain RK(⇤) appears to result in conflict

with Rµ/e
D = Br(B ! Dµ⌫)/Br(B ! De⌫) [119]. On the contrary, it has been shown that

U1 can still simultaneously generate the observed RD(⇤) and RK(⇤) [120]. Putting aside the

complexities in accommodating both anomalies, in this work we will exclusively investigate

the RD(⇤) interpretation and the interesting correlations with the top quark FCNC when

introducing LQ S1 or U1.

This paper is organized as follows. In Section 2 we briefly capture the Lagrangian

we consider for the scalar LQ S1 and the vector LQ U1, and the e↵ective operators they

generate in low-energy processes for RD(⇤) . In Section 3 we present the results for top FCNC

decays induced at both tree level and one-loop level. Collider search prospects are given

in Section 4 and Conclusion will be given in Section 5. Appendix includes full expressions

of one-loop Wilson coe�cients of t ! cV at one-loop level induced by the scalar LQ S1.

2 LQ S1 and U1 for RD(⇤)

In this section we briefly capture the low-energy theory in terms of e↵ective operators

for RD(⇤) and the Wilson coe�cients generated by the scalar LQ S1 and vector LQ U1,

respectively. Then we present the theoretical correlations between RD(⇤) and BRs of top

FCNC. We denote LQ as (SU(3)c, SU(2)L)Y which is its representation in the SM gauge

group [120, 121]. Considering the misalignments between gauge and mass eigenstates in

the quark sector, we define the left-handed quark doublet as Qi = [(V †uL)i dL i]T where V

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

As mentioned earlier, we will focus on two LQs which are both singlet under the SM

SU(2)L group, i.e. scalar S1 ⌘ (3̄,1)1/3 and vector U1 = (3,1)2/3. Their interactions with

the SM fields we consider are

LS1 = gij1LQC
i i⌧2LjS1 + gij1R uCR ieRjS1 + h.c., (2.1)

LU1 = hij1LQi�µLjU
µ
1 + hij1R dR i�µ`RjU

µ
1 + h.c., (2.2)

where gij1L, g
ij
1R and hij1L, h

ij
1R are matrices of new Yukawa interactions in the general case,

and ⌧2 is the second Pauli matrix. We have neglected the terms of diquark couplings to

LQ to ensure the stability of proton [121]. Note again that we have chosen the form of

the left-handed quark doublet as Qi = [(V †uL)i dL i]T in which the down-type quarks are

mass eigenstates. Therefore it will be (V g1L)ij and (V h1L)ij that enter the interactions

involving up-type left handed quarks.

The general low-energy e↵ective dimension-six operators involved in B ! D(⇤)⌧ ⌫̄ are

[100, 110]

� Le↵ = (CSM�l⌧ + C l
V1
)Ol

V1
+ C l

V2
Ol

V2
+ C l

S1
Ol

S1
+ C l

S2
Ol

S2
+ C l

TO
l
T , (2.3)
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t(b)

`+i (⌫̄i) ⌧�

cS1[L] [R] t(b)

⌫⌧ (⌧�) ⌫̄i

cU1[L] [L]

Figure 1: Tree-level top FCNC decays considered in this work, induced by SU(2) singlet

scalar LQ S1 and vector LQ U1.

Figure 2: One-loop top FCNC decays of t ! c� considered in this work, induced by SU(2)

singlet scalar LQ S1.

Figure 3: One-loop top FCNC decays of t ! c� induced by SU(2) singlet vector LQ U1.

Note that we do not calculate these diagrams in this work, due to the lack of ultraviolet

completion for vector LQ U1 in our phenomenological studies. See more discussions in

Section 3.2.

LQ 2� range for B̄ ! D(⇤)⌧ ⌫̄

S1 g3l1Lg
23⇤
1R 2

⇣
MS1
1 TeV

⌘2
⇥

(
(1.64, 1.81) l = 1, 2

(�0.87,�0.54) l = 3

U1 h2l1Lh
33⇤
1L 2

⇣
MU1
1 TeV

⌘2
⇥

(
(0.52, 0.84) l = 1, 2

(�2.94,�2.80) l = 3

Table 1: Parameter ranges we utilize in numerical calculations, taken from Table.II of

[110]. For simplicity, we assume all parameters are real in our analysis.

3.1 Tree level

One important feature in the top FCNC decay induced at tree level by LQ S1 and U1 is

that heavy LQ can be reasonably integrated out into e↵ective coe�cients in the amplitude,
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 for Heff B → D(*)lν

In this work we concentrate on the two SU(2)L singlet scenarios, i.e. S1 and U1,

motivated by the simplicity and, as we will see later, the resulting clear correlation patterns

between RD(⇤) explanations and the top decays through FCNC. Note that the benchmark

parameters we utilize in the numerical analysis may not be able to produce the observed

RK(⇤) anomaly. For example, requiring S1 to explain RK(⇤) appears to result in conflict

with Rµ/e
D = Br(B ! Dµ⌫)/Br(B ! De⌫) [119]. On the contrary, it has been shown that

U1 can still simultaneously generate the observed RD(⇤) and RK(⇤) [120]. Putting aside the

complexities in accommodating both anomalies, in this work we will exclusively investigate

the RD(⇤) interpretation and the interesting correlations with the top quark FCNC when

introducing LQ S1 or U1.

This paper is organized as follows. In Section 2 we briefly capture the Lagrangian

we consider for the scalar LQ S1 and the vector LQ U1, and the e↵ective operators they

generate in low-energy processes for RD(⇤) . In Section 3 we present the results for top FCNC

decays induced at both tree level and one-loop level. Collider search prospects are given

in Section 4 and Conclusion will be given in Section 5. Appendix includes full expressions

of one-loop Wilson coe�cients of t ! cV at one-loop level induced by the scalar LQ S1.

2 LQ S1 and U1 for RD(⇤)

In this section we briefly capture the low-energy theory in terms of e↵ective operators

for RD(⇤) and the Wilson coe�cients generated by the scalar LQ S1 and vector LQ U1,

respectively. Then we present the theoretical correlations between RD(⇤) and BRs of top

FCNC. We denote LQ as (SU(3)c, SU(2)L)Y which is its representation in the SM gauge

group [120, 121]. Considering the misalignments between gauge and mass eigenstates in

the quark sector, we define the left-handed quark doublet as Qi = [(V †uL)i dL i]T where V

is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

As mentioned earlier, we will focus on two LQs which are both singlet under the SM

SU(2)L group, i.e. scalar S1 ⌘ (3̄,1)1/3 and vector U1 = (3,1)2/3. Their interactions with

the SM fields we consider are

LS1 = gij1LQC
i i⌧2LjS1 + gij1R uCR ieRjS1 + h.c., (2.1)

LU1 = hij1LQi�µLjU
µ
1 + hij1R dR i�µ`RjU

µ
1 + h.c., (2.2)

where gij1L, g
ij
1R and hij1L, h

ij
1R are matrices of new Yukawa interactions in the general case,

and ⌧2 is the second Pauli matrix. We have neglected the terms of diquark couplings to

LQ to ensure the stability of proton [121]. Note again that we have chosen the form of

the left-handed quark doublet as Qi = [(V †uL)i dL i]T in which the down-type quarks are

mass eigenstates. Therefore it will be (V g1L)ij and (V h1L)ij that enter the interactions

involving up-type left handed quarks.

The general low-energy e↵ective dimension-six operators involved in B ! D(⇤)⌧ ⌫̄ are

[100, 110]

� Le↵ = (CSM�l⌧ + C l
V1
)Ol

V1
+ C l

V2
Ol

V2
+ C l

S1
Ol

S1
+ C l

S2
Ol

S2
+ C l

TO
l
T , (2.3)
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with l = 1, 2, 3 being the neutrino generation index. CSM = 2
p
2GFVcb is the SM contri-

bution where GF is the Fermi constant. Operators above are defined as

Ol
V1

= (c̄L�
µbL)(⌧̄L�µ⌫lL) , Ol

V2
= (c̄R�

µbR)(⌧̄L�µ⌫lL) , (2.4)

Ol
S1

= (c̄LbR)(⌧̄R⌫lL) , Ol
S2

= (c̄RbL)(⌧̄R⌫lL) , (2.5)

Ol
T = (c̄R�

µ⌫bL)(⌧̄R�µ⌫⌫lL) . (2.6)

The Wilson coe�cients generated by S1 and U1 at the energy scale µ = MLQ are

C l
V1

=
3X

k=1

Vk3

 
gkl1Lg

23⇤
1L

2M2
S1

+
h2l1Lh

k3⇤
1L

M2
U1

!
, C l

V2
= 0 , (2.7)

C l
S1

=
3X

k=1

Vk3

 
�
2h2l1Lh

k3⇤
1R

M2
U1

!
, C l

S2
=

3X

k=1

Vk3

 
�
gkl1Lg

23⇤
1R

2M2
S1

!
, (2.8)

C l
T =

3X

k=1

Vk3

 
gkl1Lg

23⇤
1R

8M2
S1

!
. (2.9)

For simplicity, in the following we only consider terms with k = 3 and V33 ⇡ 1 for the

LQ contributions3. We note that [110] has provided the parameter ranges for various LQ

models which can fit the RD(⇤) data (see Table.II therein), as well as how they confront

other flavor constraints. For example, a small g2l1L can help S1 pass the constraints from

B̄ ! Xs⌫⌫̄ while having available g3l1Lg
23⇤
1R to interpret RD(⇤) . Note that there are only two

parameters in our analysis when choosing a certain generation index l, i.e. g3l1L, g
23
1R for

S1 and h2l1L, h
k3
1L for U1, which is di↵erent from the more complex textures in other works,

e.g. [120, 122]. Our choices can result in clear correlations between RD(⇤) and top FCNC

decays.

3 LQ S1 and U1 for top quark FCNC

Diagrams of S1, U1 contributions to top FCNC at tree level t ! c⌧�`+i and t ! c⌫⌧ ⌫̄i are

provided in Fig.1 with i denoting the lepton generation index. Square brackets indicate

the chirality of couplings and replacement with particles in the round brackets generate

processes involved in RD(⇤) . In Fig.2 and Fig.3 we also show the one-loop contributions to

top FCNC t ! c� from S1 and U1, respectively, in which replacing external photon � with

Z boson or gluon g with applicable vertices is straightforward.

In the numerical analysis, we utilize the parameter ranges in [110] for various LQ

models which can fit the RD(⇤) data at 2� level (see Table.II therein). We remind ourselves

that moderate di↵erences in the 2� ranges of parameters presented in di↵erent papers do
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23
1R for

S1 and h2l1L, h
k3
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`+i (⌫̄i) ⌧�

cS1[L] [R] t(b)

⌫⌧ (⌧�) ⌫̄i

cU1[L] [L]

Figure 1: Tree-level top FCNC decays considered in this work, induced by SU(2) singlet

scalar LQ S1 and vector LQ U1.

Figure 2: One-loop top FCNC decays of t ! c� considered in this work, induced by SU(2)

singlet scalar LQ S1.

Figure 3: One-loop top FCNC decays of t ! c� induced by SU(2) singlet vector LQ U1.

Note that we do not calculate these diagrams in this work, due to the lack of ultraviolet

completion for vector LQ U1 in our phenomenological studies. See more discussions in

Section 3.2.

LQ 2� range for B̄ ! D(⇤)⌧ ⌫̄

S1 g3l1Lg
23⇤
1R 2

⇣
MS1
1 TeV

⌘2
⇥

(
(1.64, 1.81) l = 1, 2

(�0.87,�0.54) l = 3

U1 h2l1Lh
33⇤
1L 2

⇣
MU1
1 TeV

⌘2
⇥

(
(0.52, 0.84) l = 1, 2

(�2.94,�2.80) l = 3

Table 1: Parameter ranges we utilize in numerical calculations, taken from Table.II of

[110]. For simplicity, we assume all parameters are real in our analysis.

3.1 Tree level

One important feature in the top FCNC decay induced at tree level by LQ S1 and U1 is

that heavy LQ can be reasonably integrated out into e↵ective coe�cients in the amplitude,
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Predictions for Top FCNC
i.e. g1Lg1R

M2
S1

and h1Lh1R
M2

U1

, which contribute as a whole piece in both the top FCNC decay

and the RD(⇤) . This infers an interesting correlation between the two processes despite the

specific values of the couplings and LQ masses, as long as LQ masses are heavy enough to

justify the e↵ective coe�cients as good approximations of the full calculations.

The top FCNC BRs in Fig.1 can be approximated as follows.

S1 : Br(t ! c⌧�`+l ) ⇡
1

�t,SM

⇣ m5
t

6144⇡3

⌘
|
g3l1Lg

23⇤
1R

M2
S1

|
2 = 10�6

⇥

(
1.4 ⇠ 1.8 l = 1, 2

0.16 ⇠ 0.41 l = 3
(3.1)

U1 : Br(t ! c⌫⌧ ⌫̄l) ⇡
1

�t,SM

⇣ m5
t

1536⇡3

⌘
|
h331Lh

2l⇤
1L

M2
U1

|
2 = 10�6

⇥

(
0.58 ⇠ 1.5 l = 1, 2

17 ⇠ 19 l = 3
(3.2)

In the above, we take the SM parameters as mc ' m⌧ ' 0,mt = 172GeV and �t,SM =

1.5 GeV, while g1Lg1R
M2

S1

and h1Lh1R
M2

U1

are taken from Table.1. The analytic expressions are

approximations by integrating out LQ propagators, while the numerical results are obtained

from full calculations using MadGraph [123] with model files generated by FeynRules [124].

Note again that the connection between RD(⇤) and top quark 3-body FCNC decays

Br(t ! c`i`j) ⇠ 10�6 shown above do not depend directly on the specific values of couplings

and LQ masses, but on the e↵ective coe�cients g1Lg1R
M2

S1

and h1Lh1R
M2

U1

as a whole piece. It holds

well for su�ciently heavy MLQ (& 1 TeV) which can justify the good approximations and

suppress the high order terms / m2
t

M2
LQ

in the full calculation.

3.2 One-loop level

For t ! cV with V = �, g, Z at one-loop level, the amplitudes can be expressed in the

following form:

iMtcV = ū(p2)�
µ
tcV u(p1) ✏µ(k,�) , (3.3)

where p1, p2, and k denote the 4-momenta of the incoming top quark, outgoing charm

quark and the outgoing gauge boson, respectively, and ✏µ(k,�) is the polarization vector

of the outgoing gauge boson. The vertices �µ can be decomposed as follows [125] when

external particles are on-shell:

�µ
tcZ = �µ(PLf

Z
V L + PRf

Z
V R) + i�µ⌫k⌫(PLf

Z
TL + PRf

Z
TR) , (3.4)

�µ
tc� = i�µ⌫k⌫(PLf

�
TL + PRf

�
TR) , (3.5)

�µ
tcg = T ai�µ⌫k⌫(PLf

g
TL + PRf

g
TL) , (3.6)

with PR,L = 1
2(1 ± �5), �µ⌫ = i

2 [�
µ, �⌫ ] and T a are the SU(3) color generators with

a = 1, ..., 8. The partial widths are

�(t ! cZ) =
m3

t

32⇡m2
Z

(1�
m2

Z

m2
t

)2
h
(1 + 2

m2
Z

m2
t

)(|fZ
V L|

2 + |fZ
V R|

2)

�6
m2

Z

mt
Re

⇣
fZ
V Lf

Z⇤
TR + fZ

TLf
Z⇤
V R

⌘
+m2

Z(2 +
m2

Z

m2
t

)(|fZ
TL|

2 + |fZ
TR|

2)
i
, (3.7)

�(t ! c�) =
m3

t

16⇡
(|f�

TL|
2 + |f�

TR|
2) , (3.8)

�(t ! cg) = CF
m3

t

16⇡
(|fg

TL|
2 + |fg

TR|
2) , (3.9)
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this set-up, MS1 should not be too heavy. In the region of MS1 ' O(1)TeV, one can learn

from Eq.(3.10) and Eq.(3.11) that we have small but almost stable x⌧ , xt ⌧ O(1). When

combined with the SM contributions, Br(t ! cV ) are also fairly stable for MS1 & 2TeV

with values around 1⇥ 10�10, 1⇥ 10�11, 5⇥ 10�13 for V = �, g, Z, respectively.

V = γ V = g V = Z

500 1000 2000 5000
10-15

10-13

10-11

10-9

MS1 (GeV)

B
r(t

→
c
V)

g1 L33 g1R23* = 1; Solid: Total; Dashed: SM

V = γ V = g V = Z

500 1000 2000 5000
10-15

10-13

10-11

10-9

MS1 (GeV)

B
r(t

→
c
V)

g1 L33 g1R23*

MS1
2

= 0.87; Solid: Total; Dashed: SM

Figure 4: Br(t ! cV ), V = �, g, Z at one-loop level induced by SU(2) singlet scalar LQ

S1. In the left panel we choose g331Lg
23⇤
1R = 1 as an ordinary coupling benchmark to show the

decoupling behavior of LQ S1 contribution with respect to MS1 . In the right panel, we fix
g331Lg

23⇤
1R

M2
S1

= 0.87 which is the upper bound value of numerical fitting for LQ models to explain

RD(⇤) at 2� (see Table.1). Solid lines include both the SM and the LQ contribution, while

dashed lines are the SM predictions with the CKM matrix values taken from Particle Data

Group [138].

4 Collider search prospects

The 2-body top quark FCNC decays have been searched intensively at the LHC. The

current constraints on the Br(t ! c�), Br(t ! cg) and Br(t ! cZ) are found to be

2⇥ 10�3 [139], 2⇥ 10�4 [140, 141] and 2⇥ 10�4 [142, 143], respectively. These are about

six orders of magnitude above the predicted BR values O(10�10) at one-loop level induced

by our LQ scenarios of explaining RD(⇤) , as presented in Fig. 4. Therefore, with such small

BRs there is basically no hope to detect the signals of the 2-body top quark FCNC decays

induced by S1 explanation of RD(⇤) .

As for the 3-body top quark FCNC decays at tree level, our discussions in Sec. 3.1

show that the LQ explanation of the RD(⇤) can induce t ! cµ⌧ , t ! c⌧⌧ and t ! c⌫⌫ with

BRs ⇠ 10�6. In the following we perform some assessments of the search prospects for

the 3-body top FCNC decays at the future upgraded LHC with integrated luminosity of

3000 fb�1 and collision energy at 13 TeV. We will first consider the cut-and-count analysis

which turns out to be not e↵ective, then we proceed with further studies using multi-variate

analysis techniques of Boosted Decision Tree (BDT) method.
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Conclusions
• A number of anomalies in the low energy physics : muon, B physics, 

Cabbibo angle, ….


• Some anomalies (~2 -ish) at LHC (@KFCC, KITP workshop)


• Need more data accumulations and improvement of theory predictions


• Cross check a solution in various channels (B vs. top, e.g.)


• Many possibilities for each or a few anomalies [except for  
anomaly]


• Can we have a consistent UV complete model that can account for 
flavor anomalies and/or collider anomalies ?

σ

R(*)(D)


