
J
H
E
P
1
0
(
2
0
1
5
)
0
2
7

Published for SISSA by Springer

Received: June 25, 2015

Revised: August 31, 2015

Accepted: September 13, 2015

Published: October 6, 2015

New vector-like fermions and flavor physics

Koji Ishiwata,a Zoltan Ligetib and Mark B. Wisec

aInstitute for Theoretical Physics, Kanazawa University,

Kanazawa 920-1192, Japan
bErnest Orlando Lawrence Berkeley National Laboratory, University of California,

Berkeley, CA 94720, U.S.A.
cWalter Burke Institute for Theoretical Physics, California Institute of Technology,

Pasadena, CA 91125, U.S.A.

E-mail: ishiwata@hep.s.kanazawa-u.ac.jp, ligeti@berkeley.edu,

wise@theory.caltech.edu

Abstract: We study renormalizable extensions of the standard model that contain vector-

like fermions in a (single) complex representation of the standard model gauge group. There

are 11 models where the vector-like fermions Yukawa couple to the standard model fermions

via the Higgs field. These models do not introduce additional fine-tunings. They can

lead to, and are constrained by, a number of different flavor-changing processes involving

leptons and quarks, as well as direct searches. An interesting feature of the models with

strongly interacting vector-like fermions is that constraints from neutral meson mixings

(apart from CP violation in K0 − K̄0 mixing) are not sensitive to higher scales than

other flavor-changing neutral-current processes. We identify order 1/(4πM)2 (where M is

the vector-like fermion mass) one-loop contributions to the coefficients of the four-quark

operators for meson mixing, that are not suppressed by standard model quark masses

and/or mixing angles.

Keywords: Beyond Standard Model, Rare Decays, B-Physics, CP violation

ArXiv ePrint: 1506.03484

Open Access, c© The Authors.

Article funded by SCOAP3.
doi:10.1007/JHEP10(2015)027

mailto:ishiwata@hep.s.kanazawa-u.ac.jp
mailto:ligeti@berkeley.edu
mailto:wise@theory.caltech.edu
http://arxiv.org/abs/1506.03484
http://dx.doi.org/10.1007/JHEP10(2015)027


J
H
E
P
1
0
(
2
0
1
5
)
0
2
7

Contents

1 Introduction 1

2 The models 2

2.1 Lagrangians 3

2.2 New interactions with gauge bosons 5

3 Experimental constraints 8

3.1 Leptonic models 8

3.2 Hadronic models 11

3.2.1 Meson decays involving a νν̄ pair 11

3.2.2 Meson decays to an `+`− pair 13

3.2.3 Semileptonic decays to `+`− pairs 15

3.2.4 Neutral meson mixing 16

3.2.5 Unitarity of the CKM matrix 18

4 Conclusions 19

A Diagonalizing matrix 21

B Numerical inputs and Wilson coefficients 22

1 Introduction

The driving force behind many of the extensions of the standard model (SM) has been the

hierarchy puzzle. However, there may be reasons that the fine tuning of quadratically large

contributions to the Higgs mass from very high momentum scales is acceptable (e.g., envi-

ronmental reasons). This motivates the consideration of simple extensions of the standard

model that do not address the hierarchy puzzle and do not introduce any additional fine

tunings of parameters.

The SM provides no understanding why there are three generations of chiral fermions

with masses that require weak symmetry breaking or why they only come in such simple

representations of the gauge group. Vector-like fermions can be much heavier than the SM

fermions, since their masses do not require weak symmetry breaking. For some choices of

quantum numbers, such vector-like fermions can Yukawa couple to SM fermions. Given

our lack of understanding of the number of generations and their quantum numbers, it

seems worthwhile exploring the possibility that vector-like fermions exist. Of course, their

masses may all be much larger than the weak scale, but it is not unreasonable that one such

vector-like representation has a mass light enough that it can influence the next generation
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of flavor physics experiments. This motivates a study of extensions of the standard model

with additional fermions that reside in a single vector-like representation of the SM gauge

group with a mass M . (For some earlier studies of such models, see, e.g., refs. [1–10].)

We focus on vector-like fermions that can have Yukawa couplings involving the Higgs field

and the SM fermions. This allows them to influence flavor physics. There are several

such models. These models have been studied in the literature previously, but here we

consider all such models and compare the patterns of deviations from the SM they would

give rise to. These models predict a very specific pattern for the contributions of beyond

the standard model (BSM) physics to ∆F = 1 flavor-changing neutral-current (FCNC)

processes compared to ∆F = 2 neutral meson mixings. For large masses M the dominant

order 1/(4πM)2 contribution to the coefficients of the four-quark operators responsible

for neutral meson mixing arise at one loop, and are not suppressed by SM quark masses

and/or weak mixing angles. We compute this contribution to meson mixing in the 7 models

that involve strongly interacting vector-like fermions. In addition to considering ∆F = 1

and ∆F = 2 flavor-changing neutral-current processes, we also briefly discuss violations of

lepton universality and unitarity of the CKM matrix that arises from the corrections to

the W boson couplings in these models.

The light neutrino masses play no role in our analysis so we take the SM to contain

massless left-handed neutrinos. We are most interested in experiments that have reach in

vector-like fermion mass of more than ∼ 10 TeV when the Yukawa coupling constants of

the vector-like fermions to the standard model fermions are around unity. For such masses,

effects originating from the non-unitarity of the 3 × 3 CKM matrix can be neglected.

If the new fermion is in a real representation it can have a Majorana mass term which

does not require a helicity partner in the spectrum. In that case, unless the Majorana

mass is very large or the Yukawa coupling of the new neutral fermion to the SM neutrinos

is very small, a SM neutrino gets an unacceptably large mass. Hence we do not consider

models where the additional fermions come in a real representation of the gauge group.1

ATLAS and CMS have searched for strongly interacting vector-like fermions contained

in several of the models discussed below [11–15]. The bounds from the Run 1 data con-

strain the masses of vector-like quarks typically at about the M > 800 GeV level. These

constraints come from the pair production of the vector-like fermions via their gauge cou-

plings, and are (essentially) independent of the Yukawa couplings, which are the focus of

this paper.

In section 2 we describe the models, section 3 explores the constraints from measure-

ments both in the lepton and quark sectors, and section 4 contains our conclusions.

2 The models

There are 11 renormalizable models with vector-like fermions in complex representations

of the standard model gauge group, where the vector-like fermions have renormalizable

Yukawa couplings to the SM fermions through the Higgs doublet.

1There are two cases of this type. New fermions with SM quantum numbers (1, 1, 0) and (1, 3, 0).
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Models I and II have SU(2)L singlet, E, and SU(2)L triplet, Te, vector-like fermions.

Their SU(3)C × SU(2)L × U(1)Y quantum numbers are (1, 1,−1) and (1, 3,−1). These

vector-like fermions Yukawa couple through the Higgs field to the SM left-handed lepton

doublets Li.

Model III has vector-like fermions, `, with same gauge quantum numbers as the SM

left-handed doublets, (1, 2,−1/2). They Yukawa couple to the SM right-handed charged

lepton fields eiR. Model IV contains vector-like fermions, l, with (1, 2,−3/2) gauge quantum

numbers, and they also Yukawa couple to eiR.

Models V and VI contain vector-like fermions D and U with the same quantum

numbers as the SM right-handed down and up-type quarks, (3, 1,−1/3) and (3, 1, 2/3).

They Yukawa couple to the SM left-handed quark doublets QiL. Models VII and VIII are

similar with vector-like SU(2)L triplet fermions Td and Tu with gauge quantum numbers

(3, 3,−1/3) and (3, 1, 2/3) respectively.

There are three more models where the vector-like fermions Yukawa couple to the SM

right-handed up-type, uiR and down-type diR quarks. In Model IX the vector-like fermions

qud have the same quantum numbers as the SM left-handed quark doublets, (3, 2, 1/6). In

this case the new vector-like quark doublet couples to both uiR and diR. Model X has a

vector-like quark doublet qu with quantum numbers (3, 2, 7/6) that Yukawa couple through

the Higgs doublet to the right-handed up-type quarks. Model XI has a vector-like quark

doublet qd with quantum numbers (3, 2,−5/6) that Yukawa couples to the right-handed

down-type quarks.

2.1 Lagrangians

The new terms in the Lagrange density which are added to the SM Lagrange density are:

Model I (1, 1,−1) : LBSM = Ē
(
i /D −M

)
E −

(
λiĒRH

†LiL + h.c.
)
, (2.1)

Model II (1, 3,−1) : LBSM = Tr
[
T̄e
(
i /D −M

)
Te
]
−
(
λiH

†T̄eRL
i
L + h.c.

)
, (2.2)

Model III (1, 2,−1/2) : LBSM = ¯̀
(
i /D −M

)
`−

(
λiē

i
RH
†`L + h.c.

)
, (2.3)

Model IV (1, 2,−3/2) : LBSM = l̄
(
i /D −M

)
l −
(
λiē

i
RH

T ε lL + h.c.
)
, (2.4)

Model V (3, 1,−1/3) : LBSM = D̄
(
i /D −M

)
D −

(
λiD̄RH

†QiL + h.c.
)
, (2.5)

Model VI (3, 1, 2/3) : LBSM = Ū
(
i /D −M

)
U −

(
λiŪRH

T εQiL + h.c.
)
, (2.6)

Model VII (3, 3,−1/3) : LBSM = Tr
[
T̄d
(
i /D −M

)
Td
]
−
(
λiH

†T̄dRQ
i
L + h.c.

)
, (2.7)

Model VIII (3, 3, 2/3) : LBSM = Tr
[
T̄u
(
i /D −M

)
Tu
]
−
(
λiH

T ε T̄uRQ
i
L + h.c.

)
, (2.8)

Model IX (3, 2, 1/6) : LBSM = q̄ud
(
i /D −M

)
qud

−
(
λ

(u)
i ūiRH

T ε qudL + λ
(d)
i d̄iRH

†qudL + h.c.
)
, (2.9)

Model X (3, 2, 7/6) : LBSM = q̄u
(
i /D −M

)
qu −

(
λiū

i
RH
†quL + h.c.

)
, (2.10)

Model XI (3, 2,−5/6) : LBSM = q̄d
(
i /D −M

)
qd −

(
λid̄

i
RH

T ε qdL + h.c.
)
. (2.11)
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Here the SU(2) triplets Te, Tu and Td are represented by the two-by-two matrices

Te =

(
T−1/

√
2 T0

T−2 −T−1/
√

2

)
, T̄e =

(
T̄−1/

√
2 T̄−2

T̄0 −T̄−1/
√

2

)
, (2.12)

Td =

(
T−1/3/

√
2 T2/3

T−4/3 −T−1/3/
√

2

)
, T̄d =

(
T̄−1/3/

√
2 T̄−4/3

T̄2/3 −T̄−1/3/
√

2

)
, (2.13)

Tu =

(
T2/3/

√
2 T5/3

T−1/3 −T2/3/
√

2

)
, T̄u =

(
T̄2/3/

√
2 T̄−1/3

T̄5/3 −T̄2/3/
√

2

)
, (2.14)

where the subscripts denote the charges of the fermions.

It is important to note that there are no new one-loop contributions to the ordinary

lepton and quark mass matrices of the form

mfij ∼
λ∗iλj v

16π2
, (2.15)

where v ' 174 GeV is the Higgs vacuum expectation value. This is due to the approximate

chiral symmetry, e.g., eiR → eiα eiR in Model I, which is only broken by the SM Yukawa

couplings. This prevents such contributions to the light fermion mass matrix. So the

λi couplings can be order unity without the need for a cancellation in the SM fermion

mass matrix.

The BSM effects caused by the vector-like fermions vanish as their mass M → ∞.

We are interested in very large M , greater than 10 TeV, and it is flavor-changing neutral-

current processes that are sensitive to such BSM physics. In the SM, flavor-changing

neutral currents are suppressed by small weak mixing angles and small SM quark or lepton

masses. Furthermore, they do not occur at tree level. Since the neutrino masses are very

small, charged lepton flavor violation in the SM is negligibly small. In the quark sector,

despite their suppression, flavor-changing neutral-current processes that change flavor by

one (∆F = 1, e.g., K+ → π+νν̄) and by two (∆F = 2, e.g., K0 − K̄0 mixing) have

been observed.

In the limit where the SM Yukawa couplings vanish, the SM has a U(3)Q × U(3)uR ×
U(3)dR ×U(3)L ×U(3)eR flavor symmetry. This symmetry forbids flavor-changing neutral

currents. However in Models I–XI, even when the SM quark and lepton Yukawas are

zero, the terms in the Lagrange density proportional to the Yukawa couplings λi break

that symmetry. That pattern of flavor symmetry breaking can be characterized using the

spurion method. For example in Model V the BSM terms in the Lagrange density involving

λi are not invariant under the U(3)Q transformations QiL → V (QL)ij Q
j
L (repeated flavor

indices are summed). However, if the λi also transform as λi → V (QL)∗ijλj , then the U(3)Q
symmetry is restored. This means that in Model V one-loop BSM physics associated with

the high mass scale M generates meson mixing through a term in the effective Lagrangian

of the form,

L(V)
meson ∼

λ∗iλjλ
∗
kλl

(4πM)2
(Q̄iLγµQ

j
L) (Q̄kLγ

µQlL) , (2.16)

and similarly for the other models. These corrections are not suppressed by small quark

masses and/or mixing angles, and we have not found expressions for them in the literature.
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(We take the BSM Yukawa couplings λi to be of order unity.) They are computed for

Models V–XI in section 3.2.4. Corrections to meson mixing of order λiλ
∗
j/(4πM)2 that are

also suppressed by weak mixing angles and/or quark masses were considered for Model V

in ref. [16].

2.2 New interactions with gauge bosons

The new BSM contribution to the Z coupling and to the W arise at tree level, after

integrating out the heavy fermion(s). They can be obtained ether by calculating Feynman

diagrams or by diagonalizing the 4× 4 fermion mass matrices as was discussed in ref. [17].

Here we explicitly show how to obtain the BSM contributions to the Z couplings for

Model I. (The same method can be applied to the other models.)

After electroweak symmetry breaking, the mass matrix in charged lepton sector be-

comes,

Lmê = −¯̂eALMê
AB ê

B
R + h.c. , (2.17)

where roman capital indices A and B go over {0, 1, 2, 3}, ê is defined by ê ≡ (E, e1, e2, e3)T ,

and

Mê =


M 0 0 0

λ∗1v me1 0 0

λ∗2v 0 me2 0

λ∗3v 0 0 me3

 . (2.18)

Here we assumed, without loss of generality, that the charged lepton fields eiL (i.e., the

lower components of the doublets LiL) are eigenstates of the charged lepton mass matrix

in the SM (i.e., in the λi → 0 limit). This matrix is diagonalized by the 4 × 4 unitary

transformations V ê
L,R,

ê′L,R = V ê
L,R êL,R , (2.19)

where the prime denotes a mass eigenstate field. So

V ê
LMêV ê†

R =Mê
diag . (2.20)

Up to corrections suppressed by (v/M)2

V ê
L =


1 λ1v/M λ2v/M λ3v/M

−λ∗1v/M 1 0 0

−λ∗2v/M 0 1 0

−λ∗3v/M 0 0 1

 , V ê
R = 14×4 . (2.21)

Consequently the masses of the charged leptons in the SM part of the Lagrangian are

approximately equal to the charged lepton masses, and the vector mass parameter M is

approximately the heavy vector-like lepton mass.

The Z boson coupling is,

L(Z) = −gZZµ
[

1

2
¯̂e′AL (V ê

L)A0 γ
µ(V ê†

L )0B ê
′B
L + . . .

]
, (2.22)

– 5 –
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where the ellipses denote terms not containing the matrix V ê
L . Here gZ =

√
g2

1 + g2
2 and

g1,2 are the gauge couplings of U(1)Y and SU(2)L, respectively. There is some ambiguity in

how the terms are organized since V ê
L is unitary. We have written the Z couplings involving

V ê
L so that the order (v/M)2 corrections to the SM Z couplings to the charged leptons can

be read off using the order (v/M) terms in V ê
L that we have explicitly calculated. From

this it follows (removing the hats and primes) that the BSM couplings of the Z boson to

the light mass eigenstate charged leptons are,

Model I : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)
ēiLγ

µejLZµ , (2.23)

with mZ being the Z boson mass. For simplicity, hereafter we remove the primes used to

specify the mass eigenstate fields.

In the same way, the new Z couplings to the quarks and charged leptons are obtained

for the other models. (The 4×4 unitary matrices are given in appendix A.) The results are

Model II : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

2gZM2

)
ēiLγ

µejL Zµ , (2.24)

Model III : L(Z)
BSM =

∑
i,j

(
λiλ
∗
jm

2
Z

gZM2

)
ēiRγ

µejR Zµ , (2.25)

Model IV : L(Z)
BSM = −

∑
i,j

(
λiλ
∗
jm

2
Z

gZM2

)
ēiRγ

µejR Zµ . (2.26)

Note that in Models III and IV the BSM tree-level Z couplings differ only by an overall sign.

Similarly for hadronic models,

Model V : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)
d̄iLγ

µdjL Zµ , (2.27)

Model VI : L(Z)
BSM =

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)
ūiLγ

µujL Zµ , (2.28)

Model IX : L(Z)
BSM = −

∑
i,j

(
λ

(u)
i λ

(u)∗
j m2

Z

gZM2
ūiRγ

µujR −
λ

(d)
i λ

(d)∗
j m2

Z

gZM2
d̄iRγ

αdjR

)
Zµ , (2.29)

Model X : L(Z)
BSM =

∑
i,j

(
λiλ
∗
jm

2
Z

gZM2

)
ūiRγ

µujR Zµ , (2.30)

Model XI : L(Z)
BSM = −

∑
i,j

(
λiλ
∗
jm

2
Z

gZM2

)
d̄iRγ

µdjR Zµ . (2.31)

So far, we have worked in the mass eigenstate basis most convenient for expressing the

Z couplings. For example, in Model V we have worked in a basis where in the λi → 0 limit

the down-type quarks in the Lagrangian are mass eigenstates, while in Model VI we have

worked in the basis where the down-type quarks in the Lagrangian are mass eigenstate. In

– 6 –
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Model IX the couplings λ(d) correspond to the down quark mass eigenstate basis and the

couplings λ(u) are in the up-quark mass eigenstate basis.

In case of vector-like triplets, i.e., Models VII and VIII, it is not possible to choose a

basis where the CKM matrix, V , is absent from the Z couplings.2 Choosing the up-type

quarks in the Lagrange density to be mass eigenstates (in the λi → 0 limit) implies for

Model VII,

Model VII : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)(
ūiLγ

µujL +
1

2

∑
m,n

d̄mL V
†
mi γ

µ Vjn d
n
L

)
Zµ . (2.32)

Similarly, in Model VIII the result is

Model VIII : L(Z)
BSM =

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)(
1

2
ūiLγ

µujL +
∑
m,n

d̄mL V
†
mi γ

µ Vjn d
n
L

)
Zµ . (2.33)

We can transform these Z couplings to the basis where the down-type quarks are mass

eigenstates in the λi → 0 limit by redefining the couplings λi →
∑

k λkV
†
ki. In this basis

eqs. (2.32) and (2.33) become

Model VII : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)(∑
m,n

ūmL Vmi γ
µ V †jnu

n
L +

1

2
d̄iLγ

µdjL

)
Zµ , (2.34)

and

Model VIII : L(Z)
BSM = −

∑
i,j

(
λ∗iλjm

2
Z

gZM2

)(
1

2

∑
m,n

ūmL Vmi γ
µ V †jnu

n
L + d̄iLγ

µdjL

)
Zµ . (2.35)

There are corrections to the W boson couplings as well. We write the couplings of

the W -bosons to the left-handed light lepton and quark mass eigenstates in terms of 3× 3

matrices X and Y as,3

L(W ) = − g2√
2
W+
µ

[
ν̄iL γ

µXij e
j
L

]
− g2√

2
W+
µ

[
ūiL γ

µYij d
j
L

]
+ h.c. . (2.36)

In the SM limit, X is the inverse of the PMNS matrix and Y is the CKM matrix. Because

of the mixing with the vector-like leptons in the extensions of the SM discussed in this

paper, X and Y are no longer unitary matrices. It is straightforward to express X and

Y in terms of the components of the 4 × 4 diagonalization matrices VL,R in the various

models.

In this paper we focus on violations of lepton universality and violations of unitarity

of the CKM matrix. For that purpose we compute the quantities.

Rk ≡
(
XX†

)
kk

=
∑

j=1,2,3

XkjX
∗
kj , (2.37)

Slm ≡
(
Y Y †

)
lm

=
∑

j=1,2,3

YljY
∗
mj , (2.38)

2More precisely, the unitary matrix V is the CKM matrix in the λi → 0 limit.
3There are also right-handed currents in some of the models.
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at quadratic order in (v2/M2), neglecting terms of higher order. We find in the models

with vector-like leptons that

Model I : Rk ' 1− |λk|2
v2

M2
, (2.39)

Model II : Rk ' 1−
(

1

2
|λk|2 + |λ′k|2 − λ∗kλ′k − λkλ′∗k

)
v2

M2
, (2.40)

Models III, IV : Rk ' 1 . (2.41)

In Model II we have worked in a basis where the charged leptons êj are mass eigenstates

in the SM part of the charged lepton mass matrix and so λ′j =
∑

i λiUij , where U is the

PMNS matrix.

In the models with vector-like quarks (neglecting the off diagonal elements of the

CKM matrix)

Models V,VI : Slm ' δlm − λ∗l λm
v2

M2
, (2.42)

Models VII,VIII : Slm ' δlm +
1

2
λ∗l λm

v2

M2
, (2.43)

Models IX,X,XI : Slm ' δlm . (2.44)

At this order in the v2/M2 expansion, Tlm ≡ (Y †Y )lm = Slm.

3 Experimental constraints

For leptonic-extension models, i.e., Models I–IV, the constraints from µ → e conversion,

µ→ 3e and τ → 3e are important. They are induced by the tree-level Z couplings, which

we derived in the previous section. On the other hand, for hadronic-extension models, i.e.,

Models V–XI, meson mixing, such as K0 – K̄0 and D0 – D̄0, are induced at one-loop level.

In addition, ∆F = 1 FCNC processes, such as K → πνν̄, K → µ+µ−, Bs → `+`−, etc.,

are induced at tree level. We will derive effective Hamiltonians which are relevant for these

processes and discuss the current experimental bounds, as well as future prospects. (For

some recent studies of constraints on some of these models, see, e.g., refs. [18–20].)

For upper bounds on lepton flavor violating processes we quote bounds at 90% CL,

as do most experiments, whereas for other measurements we quote the 1σ limits that are

approximately 84% CL as one-sided bounds for Gaussian distributions.

3.1 Leptonic models

The flavor violating tree-level couplings in eqs. (2.23)–(2.26) give BSM tree-level contribu-

tions to the flavor-changing neural-current processes; for example, in the muon sector, to

the µ → 3e rate and muon conversion to an electron in the presence of a nucleus. The

amplitudes for these processes are both proportional to the same combination of param-

eters λ1λ
∗
2/M

2. The flavor diagonal terms in eqs. (2.23)–(2.26) give rise to violations of

universality in lepton couplings to the Z. For typical couplings λ these are not as sensitive

– 8 –
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to large values of M as the flavor-changing charged lepton neutral currents are. Note that

in these models the radiative decay µ→ eγ does not arise at tree level, only at one loop.

Let us first discuss µ→ e conversion in the presence of a nucleus. It is among the most

powerful probes of charged lepton flavor violation beyond the standard model. The µ−

conversion rate to an e− in the presence of a nucleus N is usually quoted as a branching

ratio normalized to the SM weak interaction, µ−N → νµN
′ capture rate. At present

the most stringent bound is Br(µ → e conv. in Au) < 7 × 10−13 at the 90% C.L. [21].

Future experiments will have a dramatically improved sensitivity to a branching ratio

Br(µ→ e conv. in Al) ∼ 10−16 [22, 23].

The reach, in mass scale for new physics, of the next generation charged lepton flavor

violation (CLFV) experiments that search for µ to e conversion on Al and for the radiative

decay µ→ eγ was discussed in ref. [24]. They assume an effective Lagrangian of the form,

LCLFV =
mµ

(κ+ 1)Λ2
µ̄RσµνF

µνeL +
κ

(κ+ 1)Λ2
µ̄LγµeL

(
ūLγ

µuL + d̄Lγ
µdL

)
+ h.c. , (3.1)

and present the reach of these experiments in the κ−Λ plane. For κ� 1 the limit on Λ from

conversion on gold is close to 1× 103 TeV while future planned experiments for conversion

on aluminum are sensitive to Λ ' 7.2× 103 TeV. In Models I–IV the weak radiative decay

proceeds at the one-loop level and so indeed κ � 1. Taking into account left-handed and

right-handed quark currents which couple to Z boson, the relations between Λ and the

vector-like lepton mass M in Models a = I, II, III, and IV are

M (a) = Λ

{
η(a)
µ→e
|λ2λ1|

3

[
(2 sin2 θW − 1)

Z

A
+

1

2

]}1/2

, (3.2)

with η
(I)
µ→e = 2η

(II)
µ→e = η

(III)
µ→e = η

(IV)
µ→e = 1 and Z, A are atomic number, mass number of

a nucleus, respectively. To obtain this expression we used the vector part in the quark

current, neglecting the axial current. For Models III and IV, the right-handed lepton

current occurs but it gives the same contribution to the rate as the left-handed one. On

gold and aluminum eq. (3.2) implies that,

M
(a)
Au = 0.31Λ

√
η

(a)
µ→e |λ2λ1| , M

(a)
A1 = 0.28Λ

√
η

(a)
µ→e |λ2λ1| , (3.3)

We obtain from figure 2 of ref. [24] that a future branching ratio limit Br(µ→e conv. in Al)

< 10−16 will imply Λ > 7.2×103 TeV for large κ, yielding M
/√

η
(a)
µ→e |λ2λ1| > 2.0×103 TeV.

The current limit on µ → e conversion in Au implies that Λ > 9.5 × 102 TeV [24], which

according to eq. (3.3) implies the limits,

M (a) >

√
η

(a)
µ→e |λ2λ1| × 2.9× 102 TeV . (3.4)

Charged lepton flavor violation is also constrained by the muon decay µ → 3e and

similar τ decays. In the models a = {I, II, III, IV} the rates for these processes normalized

to a leptonic weak decay mode are,

Γ(ei → ejej ēj)

Γ(ei → νieν̄e)
=

η
(a)
1

8G2
F

|λiλj |2

M4
, (3.5)
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and

Γ(ei → ejekēk)

Γ(ei → νieν̄e)
=

η
(a)
2

8G2
F

|λiλj |2

M4
. (3.6)

For the decays where the leptons in the final state are all of the same type,

η
(I)
1 = 4η

(II)
1 = 2κ2

L + κ2
R , η

(III)
1 = κ2

L + 2κ2
R , (3.7)

where κL = −1/2+sin2 θW and κR = sin2 θW , and θW is the Weinberg angle. Numerically:

η
(I)
1 ' 0.20, η

(II)
1 ' 0.049 and η

(III)
1 = η

(IV)
1 ' 0.18. For the decays where two types of

leptons occur in the final state,

η
(I)
2 = η

(III)
2 = η

(IV)
2 = κ2

L + κ2
R , η

(II)
2 =

1

4
η

(I)
2 . (3.8)

Numerically; η
(I)
2 = η

(III)
2 = η

(IV)
2 ' 0.13 and η

(II)
2 ' 0.031. The 90% CL experimental

limit, Br(µ→ 3e) < 1.0× 10−12 [25] implies in Model I that M/
√
|λ1λ2| > 1.2× 102 TeV.

While the limits Br(τ → 3µ) < 2.1 × 10−8 and Br(τ → 3e) < 2.7 × 10−8 [26] imply in

Model I that M/
√
|λ2λ3| > 6.2 TeV and M/

√
|λ1λ3| > 5.8 TeV. The limits on the rates

for the τ decay channels τ → µeē and τ → eµµ̄ give slightly weaker limits because the η2’s

are smaller than the η1’s.

The Mu3e experiment expects to reach in the absence of a signal the 90% CL limit,

Br(µ→ 3e) < 4×10−16 [27], yielding in Model I, M/
√
|λ1λ2| > 8.2×102 TeV. The Belle II

sensitivities for τ decays to three charged leptons are estimated at the few times 10−10 level,

and several channels will give comparable sensitivity. The bounds Br(τ → 3e) < 4× 10−10

and Br(τ → 3µ) < 4× 10−10 [28] would yield in Model I, M/
√
|λ1,2λ3| > 17 TeV.

Competitive constraints to the above processes also arise from the upper bounds on

the τ → eπ, τ → µπ, τ → eρ, and τ → µρ branching ratios. The vector-like fermions

generate

Γ(τ → eiπ) = η
(a)
3

|λ3λi|2

M4

m3
τ

256π
f2
π , (3.9)

where i = 1, 2, η
(I)
3 = 4η

(II)
3 = η

(III)
3 = η

(IV)
3 = 1, that is, η

(a)
3 = η

(a)
2 /(κ2

L + κ2
R), and we

neglected m2
π/m

2
τ . Similarly,

Γ(τ → eiρ) = η
(a)
3

|λ3λi|2

M4

(m2
τ −m2

ρ)
2 (m2

τ + 2m2
ρ)

256πm3
τ

(
1− 2 sin2 θW

)2
f2
ρ . (3.10)

Of the current 90% CL experimental limits [29–31] the strongest bounds arise from Br(τ →
eπ) < 2.2 × 10−8, which implies M/

√
|λ1λ3| > 7.0 TeV in Model I, and Br(τ → µρ) <

1.2× 10−8, which implies M/
√
|λ2λ3| > 7.4 TeV in Model I. The bounds from τ → eρ and

τ → µπ are only slightly weaker.

Concerning future sensitivity, the expected Belle II limits are [28],

Br(τ → eπ) < 4.0× 10−10 , Br(τ → µπ) < 4.9× 10−10 ,

Br(τ → eρ) < 3.1× 10−10 , Br(τ → µρ) < 2.0× 10−10 . (3.11)
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These imply that the strongest expected bounds in Model I will be M/
√
|λ1λ3| > 19 TeV

from τ → eπ, and M/
√
|λ2λ3| > 21 TeV from τ → µρ. The expected sensitivities of the

other channels are only slightly weaker, thus we can have high confidence in the experi-

mental reach, but not in which channel will give the best bounds.

For generic BSM Yukawa couplings, λ, the reach for new physics is much greater for

experiments that search for charged lepton flavor violation than those that seek violation

of lepton universality. However, it is possible for non-generic λ’s that the violations of

universality are more important. We close this section by briefly commenting on the

implications of the powerful constraint on e-µ charged current universality coming from

pion decay π+ → e+ν̄(γ), µ+ν̄(γ). The latest experimental result gives ge/gµ = 0.9996 ±
0.0012 [32] where ge,µ are the charged-current couplings of e and µ.4 In Models I–IV,

ge/gµ =
√
R1/R2, which implies, for example, in Model I that,

M >
√∣∣|λ2|2 − |λ1|2

∣∣× 4.4 TeV . (3.12)

It should be possible to improve this bound by a factor of two in the future. Tau decay,

on the other hand, gives constraints on other charged-current couplings, such as gτ/gµ =

1.0011± 0.0015 [31], which yields, e.g., in Model I,

M >
√∣∣|λ2|2 − |λ3|2

∣∣× 6.2 TeV . (3.13)

3.2 Hadronic models

To constrain Models V–XI, FCNC processes in the quark sector are most important. (For

a recent study of Z-mediated FCNC effects, see, e.g., ref. [35].) We focus on leptonic

and semileptonic decays and neutral meson mixing. In these models, constraints from

nonleptonic decays are weaker.

3.2.1 Meson decays involving a νν̄ pair

For kaon decays involving a neutrino-antineutrino pair, such as K+ → π+νν̄, the effective

Hamiltonian is

H = cν
∑
i

(s̄LγµdL)(ν̄iLγ
µνiL) + c′ν

∑
i

(s̄RγµdR)(ν̄iLγ
µνiL) (3.14)

=
cν,V

2

∑
i

(s̄γµd)(ν̄iLγ
µνiL) +

cν,A
2

∑
i

(s̄γµγ5d)(ν̄iLγ
µνiL) , (3.15)

where in the second line of eq. (3.14) the subscripts V,A on the coefficients refer to the

fact that these coefficients are for the vector and axial quark currents and cν,V = c′ν + cν ,

cν,A = c′ν − cν . (See appendix B.) Only the vector part of the quark current contributes to

this process. In the SM c′ν = 0 and at NNLO, |c(SM)
ν,V | = |c

(SM)
ν | ' 1/(89 TeV)2, with a few

percent uncertainty [36–40]. The hadronic models modify cν,V additively. Obviously in this

case it is convenient to work in the basis where the down-type quarks are mass eigenstates.5

4The constraint from Kaon decay [33, 34] is weaker.
5Going forward, for different processes we work in whatever basis makes the theoretical expressions

simplest. This means that the λ parameters are not always the same, but are linearly related through the

CKM matrix.

– 11 –



J
H
E
P
1
0
(
2
0
1
5
)
0
2
7

The tree-level Z exchange BSM contributions to the coefficient cν,V in models a = {V, VII,

VIII, IX, XI} have magnitude

|c(a)
ν,V | = η

(a)
Zd

|λ1λ2|
2M2

, (3.16)

where for the FCNC down-type BSM contributions

η
(V)
Zd = 2η

(VII)
Zd = η

(VIII)
Zd = η

(IX)
Zd = η

(XI)
Zd = 1. (3.17)

Note that for Model IX it is the λ(d)’s that occur in this expression. Models VI and X do

not contribute to this process through tree-level Z exchange.

The uncertainty of the SM prediction, Br(SM)(K+ → π+νν̄) = (7.8 ± 0.8) × 10−11,

is dominated by that of c
(SM)
ν,V , and not by its relation to the measured rate. Hence, the

measurement Br(K+ → π+νν̄) = (1.7± 1.1)× 10−10 [41] implies 0.8 <
∣∣1 + c

(a)
ν,V /c

(SM)
ν,V

∣∣2 <
3.6.6 In figure 1 the blue-shaded region shows the 1σ allowed region in the parameter

space of M
/√

η
(a)
Zd |λ1λ2| and δ = arg

(
c

(a)
ν,V

/
c

(SM)
ν,V

)
. If the BSM contribution is aligned

(constructive interference) with the SM, we find

M (a) >

√
η

(a)
Zd |λ1λ2| × 66 TeV . (3.18)

This is not a bound in the strict sense. Anti-alignment, δ ∼ π, is possible for lower values of

M . But it is more indicative of the new physics reach, since a larger region in δ is allowed

for values of M satisfying eq. (3.18).

The upcoming 10% measurement of Br(K+ → π+νν̄), if consistent with the SM, would

result in the (1σ) constraint 0.9 <
∣∣1+c

(a)
ν,V /c

(SM)
ν,V

∣∣2 < 1.1, improving the sensitivity to BSM

physics to about 2.8× 102 TeV. This is shown as the red-shaded region in figure 1. Again

we emphasize, as is clear from figure 1, that quoting the weakest possible bound would not

give the most useful impression of the scale sensitivity, as a solution around c
(a)
ν,V = −2c

(SM)
ν,V

always remains, corresponding to a relatively low new physics scale. A 3σ deviation from

the SM is possible for M (a)
/√

η
(a)
Zd |λ1λ2| < 1.7× 102 TeV.

For the similar 3rd-2nd generation transition mediated by b→ sνν̄, the SM prediction

for the coefficient of the operator obtained from eq. (3.14) by d→ s and s̄→ b̄ replacements

is |c(SM)
ν,V | ' 1/(9.8 TeV)2 [42]. This process has not been observed yet, and the best current

bound, Br(B → Kνν̄) < 1.6 × 10−5, is about 4 times the SM prediction [43]. This yields

for new physics aligned with the SM contribution, M (a) >

√
η

(a)
Zd |λ2λ3| × 6.9 TeV. In

case the new physics is anti-aligned, interfering destructively with the SM contribution,

M (a) >

√
η

(a)
Zd |λ2λ3| × 4.0 TeV. If the rate is at the SM level, Belle II expects to measure

Br(B → K∗νν̄) with about 30% uncertainty [28],7 increasing the probed mass scales to

about 19 TeV (a 3σ signal possible for M (a)
/√

η
(a)
Zd |λ2λ3| < 11 TeV).

For B → πνν̄, Belle II expects to reach a sensitivity at the 1 × 10−5 level [28], which

will provide weaker bounds than B → π`+`− in the models considered in this paper.

6Despite the stated uncertainty, the probability that all 7 observed events were due to background was

quoted as 0.001 [41].
7At the SM level, B → Kνν̄ is expected to get large backgrounds from B → K∗νν̄ [28]. While

Br(B → Kνν̄) depends only on C+ν , Br(B → K∗νν̄) also depends on C−ν , slightly complicating the

analysis.
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Figure 1. Constraints from K+ → π+νν̄ on vector-like fermions in the M
/√

η
(a)
Zd |λ1λ2| vs.

δ = arg
(
c
(a)
ν,V

/
c
(SM)
ν,V

)
. The currently allowed 1σ region is blue-shaded, corresponding to 0.8 <∣∣1 + c

(a)
ν,V

/
c
(SM)
ν,V

∣∣2 < 3.6, whereas a future 10% measurement in agreement with the SM, 0.9 <∣∣1 + c
(a)
ν,V

/
c
(SM)
ν,V

∣∣2 < 1.1, would constrain M and δ to the red-shaded region.

3.2.2 Meson decays to an `+`− pair

The effective Hamiltonian differs from eq. (3.14) in that the coupling to the `+`− pair can

either be left- or right-handed. We write the effective Hamiltonian as

H =
∑
i=9,10

(
ciQi + c′iQ

′
i

)
, (3.19)

where up to normalization the conventional choice of operator basis is

Q9 = (b̄LγµsL)(¯̀γµ`) , Q′9 = (b̄RγµsR)(¯̀γµ`) ,

Q10 = (b̄LγµsL)(¯̀γµγ5`) , Q′10 = (b̄RγµsR)(¯̀γµγ5`) , (3.20)

with obvious replacements for b → d or s → d decays. We use the notation ci and c′i
to emphasize that these are dimensionful couplings, containing all terms multiplying the

four-fermion operators Qi in eq. (3.20).

For Bs → µ+µ− the SM gives |c(SM)
10 | ' 1/(17 TeV)2 and |c′(SM)

10 | ' 0. The amplitude

for Bs → µ+µ− is proportional to c10,A = c10−c′10. In the models with vector-like fermions

the BSM contributions to the coefficients c10,A in models a = {V, VII, VIII, IX, XI} have

magnitude

|c(a)
10,A| = η

(a)
Zd

|λ2λ3|
4M2

, (3.21)

and the ηZd coefficients are the same as in eq. (3.17). The LHCb-CMS combination of their

measurements, Br(Bs → µ+µ−) = (2.8+0.7
−0.6) × 10−9, is quoted as the SM prediction times

0.76+0.20
−0.18 [44]. The 1σ range of the measured Bs → µ+µ− rate is slightly outside the SM

and corresponds to the region, 0.96 > |1 + c
(a)
10,A/c

(SM)
10,A |2 > 0.58. The allowed one and two
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Figure 2. Constraints from Bs → µ+µ− on vector-like fermions in the M/

√
η
(a)
Zd |λ2λ3| vs. δ

parameter space. The angle delta is defined in a similar way as in figure 1. The blue-shaded region

is allowed at 1σ (indicating the mild tension with the SM), and the green-shaded region shows 2σ.

sigma regions of BSM parameter space are plotted in figure 2 using variables very similar

to figure 1. If the BSM contribution is destructive (at 1σ),

M (a) >

√
η

(a)
Zd |λ2λ3| × 18 TeV . (3.22)

A future 10% measurement [45, 46] would increase this sensitivity to ∼ 40 TeV. Again we

note that eq. (3.22) is not a true bound on M but rather is meant to give a feeling for the

reach in M of current experimental data on this decay mode. There is a tuned region of

BSM parameter space near c
(a)
10,A/c

(SM)
10,A = −2 that corresponds to a lower value of M .

For Bd → µ+µ− the SM prediction is |c(SM)
10,A | ' 1/(37 TeV)2. The LHCb-CMS combina-

tion, Br(Bd → µ+µ−) = (3.9+1.6
−1.4)×10−10 is quoted as the SM prediction times 3.7+1.6

−1.4 [44].

If the new contribution is constructive to the SM, then

M (a) >

√
η

(a)
Zd |λ1λ3| × 16 TeV . (3.23)

Accommodating the current central value would require M (a)/

√
η

(a)
Zd |λ3λ1| ' 19 TeV. In

the HL-LHC era, this measurement will reach an uncertainty around 20% of the SM pre-

diction [45, 46], increasing the mass reach to above 60 TeV.

The extraction of the short-distance part of the measured rate Br(KL → µ+µ−) =

(6.84 ± 0.11) × 10−9 [47] is subject to considerable uncertainties. The estimate Br(KL →
µ+µ−)SD ≤ 2.5× 10−9 [48] is about 3 times the SM short-distance rate which follows from

|cSM
10,A| = 1/(1.8× 102 TeV)2. If the BSM component is aligned with the SM, we find

M (a) >

√
η

(a)
Zd |Re(λ1λ∗2)| × 100 TeV . (3.24)

Unlike the bound from K+ → π+νν̄, the prospect of improving this is not good, and the

uncertainties are greater.
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Recently LHCb established a strong bound Br(D0 → µ+µ−) < 6.2 × 10−9 at 90%

CL [49], which is well above the SM level. In Models VI–X,

Br(D0 → µ+µ−) = τD0

|λ1λ2|2

M4

[η
(a)
Zu]2

128π
f2
DmDm

2
µ

√
1− 4m2

µ/m
2
D , (3.25)

where

η
(VI)
Zu = η

(VII)
Zu = 2 η

(VIII)
Zu = η

(IX)
Zu = η

(X)
Zu = 1 . (3.26)

For Models VII and VIII we used the basis in eqs. (2.32) and (2.33). Using fD =

0.209 GeV [50], we obtain

M (a) >

√
η

(a)
Zu |λ1λ2| × 3.9 TeV . (3.27)

It is possible that in the HL-LHC era the experimental bound will improve by a factor of

∼ 20 [51].

3.2.3 Semileptonic decays to `+`− pairs

The bounds on KL → π0`+`− are about an order of magnitude above the SM expectation,

so the resulting constraints are weaker than those obtained from K → πνν̄ and KL →
µ+µ−.

LHCb recently measured Br(B+ → π+µ+µ−) = (2.3±0.6)×10−8 [52], consistent with

the SM prediction quoted as (2.0 ± 0.2) × 10−8. This was the first FCNC b → d decay

observed (other than Bd mixing). Requiring that the SM rate is not enhanced by more

than 50% by new physics, using appendix B, we find

M (a) >

√
η

(a)
Zd |λ1λ3| × 30 TeV . (3.28)

This bound is slightly stronger that that from Bd→ µ+µ−, moreover, the current B+→
π+µ+µ− measurement only used 0.9/fb data. As the measurement gets more precise, a ded-

icated analysis of B+ → π+µ+µ−, possibly considering [dΓ(B+→π+µ+µ−)/dq2]/[dΓ(B →
π`ν̄)/dq2] to reduce theoretical uncertainties, is warranted.

The analysis of B → Kµ+µ− is very similar to B+ → π+µ+µ−, while B → K∗µ+µ− is

more complicated and does not give better bounds. Averaged over ` = e, µ, HFAG quotes

Br(B → K`+`−) = (4.8 ± 0.4) × 10−7 [31]. The experimental uncertainty is smaller than

the theoretical one (due to the form factors). Demanding a less than 30% modification of

the SM rate, we find M (a) >

√
η

(a)
Zd |λ2λ3| × 17 TeV. This happens to be very close to the

bound in eq. (3.22), but the prospects of improving that are better.

The inclusive decay rate Br(B → Xs`
+`−) = (5.0 ± 0.6) × 10−6 [31] depends in the

models we consider on |c9|2 + |c′9|2 and |c10|2 + |c′10|2. In Models IX and XI, there is

no interference between the SM and the new physics contributions, so the constraints

are weak. We follow ref. [53], which studied the rates in the low- and high-q2 regions

and found that for the SM value of c9 the constraint on c10 in Models V, VII, and VIII is

0.88 < 1+c
(a)
10 /c

(SM)
10 < 1.17 (at 1σ). Here it is assumed that c

(a)
10 /c

(SM)
10 is real. This implies

M (a) >

√
η

(a)
Zd |λ2λ3| × 21 TeV . (3.29)
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In the up-quark sector, LHCb established a bound Br(D+ → π+µ+µ−) < 7.3×10−8 at

90% CL [54], removing regions of mµ+µ− with resonance contributions. We find that this

bound is weaker on the models considered in this paper than the one from Br(D0 → µ+µ−),

and the latter is also theoretically cleaner.

For FCNC top decays, CMS has set the best bound so far, Br(t→ qZ) < 5×10−4 [55]

at 95% CL (where q = c, u, corresponding to i = 2, 1 below, respectively). Comparing to

the dominant t→ bW rate, in models VI–X,

Γ(t→ qZ)

Γ(t→ bW )
'

2|η(a)
Zu λ3λi|2

g4
Z

m4
Z

M4
. (3.30)

For Models VII and VIII we used again the basis in eqs. (2.32) and (2.33). We find

M (a)/

√
η

(a)
Zu |λ3λi| > 0.96 TeV. The HL-LHC is expected to reach sensitivity at the 10−5

level [56], which will improve this bound to about 2.3 TeV. However, the direct (and

λ-independent) searches are comparably sensitive, and are expected to remain to be so.

3.2.4 Neutral meson mixing

Since the new fermions interact with the Higgs field and the ordinary light quarks via

Yukawa couplings, meson mixing, such as K0 – K̄0, D0 – D̄0, or B0 – B̄0, is induced. The

effective Hamiltonian for these processes contains dimension-six four-quark operators with

coefficients of mass dimension −2. At tree level, through Z exchange, the coefficients are

of the form ∼ (λiλ
∗
j )

2v2/M4. However, coefficients of order (λiλ
∗
j )

2/(4πM)2 are generated

at one loop that are not CKM and/or quark-mass suppressed. For large M , these one-loop

matching contributions are more important than tree-level Z exchange. Furthermore, they

are independent of the Higgs vacuum expectation value, v, and arise from short distances

∼ 1/M . They can be calculated in the symmetric phase and come from box diagrams with

virtual scalars and the heavy vector-like fermions in the loop; see figure 3. The resulting

effective Lagrangians are,

L(a)
meson = −η(a)

mix

(λ∗iλj)
2

128π2M2

[ ∑
klmn

(
ūkLVki γµV

†
jl u

l
L

)(
ūmL Vmi γµV

†
jnu

n
L

)
+
(
d̄iLγµd

j
L

)(
d̄iLγ

µdjL
)]

+ h.c., (3.31)

L(IX)
meson = −

(
λ

(u)
i λ

(u)∗
j

)2
64π2M2

(
ūiLγµu

j
L

)(
ūiLγ

µujL
)
+

(
λ

(d)
i λ

(d)∗
j

)2
64π2M2

(
d̄iLγµd

j
L

)(
d̄iLγ

µdjL

)
+h.c.,

(3.32)

L(X)
meson = −

(λiλ
∗
j )

2

128π2M2

(
ūiRγµu

j
R

)(
ūiRγ

µujR

)
+ h.c., (3.33)

L(XI)
meson = −

(λiλ
∗
j )

2

128π2M2

(
d̄iRγµd

j
R

)(
d̄iRγ

µdjR

)
+ h.c., (3.34)

with η
(V)
mix = η

(VI)
mix = 1 and η

(VII)
mix = η

(VIII)
mix = 5/4. In the Lagrangians for Models V–VIII the

down-type quarks are the SM mass eigenstates. For the remaining models the quark fields

occurring both in their Lagrangians and in the effective Lagrangians for meson mixing can

be taken to be SM mass eigenstates.
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DR

H0

DR

H0

sL

dL

dL

sL

DR

H+

DR

H+

cL

uL

uL

cL

Figure 3. Diagrams contributing to K and D mixing in Model V.

The operators above are renormalized with the subtraction point at the scale M . They

can be related through a QCD correction factor ξ to scale invariant operators whose matrix

elements can be evaluated using lattice QCD. So we write

〈P̄ |(q̄(L,R)γ
µq(L,R))

2|P 〉 =
2

3
ξB̂P f

2
P m

2
P , (3.35)

where B̂P does not depend on subtraction point. For K mixing, fK = 156 MeV and

B̂K ' 0.76. In that case the QCD correction factor, ξ, is given in the leading logarithmic

approximation [57] by

ξ =

[
αs(M)

αs(mt)

]6/21 [αs(mt)

αs(mb)

]6/23 [αs(mb)

αs(µ0)

]6/25

[αs(µ0)]6/25 ' [αs(M)]6/21. (3.36)

The scale µ0 does not affect any physical results. For 10 TeV < M < 100 TeV, ξ ' 0.5,

and this value is approximately the same for mixing in the K, D, and Bd,s systems. We

use the lattice QCD averages from ref. [50], and B̂D = BMS
D (3 GeV)/[αs(3 GeV)]6/25 ' 1.0

from a recent calculation of BMS
D (3 GeV) [58].

In the case of kaon mixing, we demand the new physics contribution to the real part of

M12 to be less than 40% of the experimental value of ∆mK [59]. We take the 1σ uncertainty

on the determination of εK in the SM to be 25% (reading off the bound hK < 0.35 from

ref. [60]). For all the (hadronic) models, except Model X, this results in the constraint

M (a) > max

[
42

√
η

(a)
mix

∣∣Re(λ2λ∗1)2
∣∣ , 6.7× 102

√
η

(a)
mix

∣∣Im(λ2λ∗1)2
∣∣]TeV . (3.37)

(Note that the 90% CL constraint from εK is only slightly weaker, replacing 6.7× 102 TeV

by 6.3 × 102 TeV.) In the future, the εK constraint is expected to improve by about√
2.4 [60], replacing 6.7 × 102 TeV by 1.0 × 103 TeV in eq. (3.37). Improvement in the

real part is contingent upon lattice QCD calculations of the long-distance contributions to

∆mK ; reaching x% precision would replace 42 TeV in eq. (3.37) by 260 TeV/
√
x.

In Bd,s meson mixing, the new physics contribution is conventionally parametrized as

Md,s
12 = (Md,s

12 )SM×
(
1+hd,s e

2iσd,s
)
. Until recently, the bounds on real (2σ = 0, modπ, that

is MFV-like) and imaginary (2σ = π/2, modπ) new physics contributions have been quite

different [61, 62]. This is no longer the case [60], and since we are most interested in physics

reach, we simply quote the limits on the absolute values of the new physics contribution.

In Bd,s mixing, hd < 0.3 and hs < 0.2 [60] yield in all models except Model X, using

fBd = 188 MeV, fBs = 226 MeV, B̂Bd = 1.27, B̂Bs = 1.33 [50],

M (a) >

√
η

(a)
mix |λ3λ1|2 × 25 TeV , M (a) >

√
η

(a)
mix |λ3λ2|2 × 6.4 TeV . (3.38)
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(For the imaginary part in Bd mixing, 25 TeV should be replaced by 31 TeV, which is a

smaller dependence on the phase of new physics than those ignored for ∆F = 1 FCNC

transitions earlier.) In the above constraints η
(IX)
mix = 2, η

(XI)
mix = 1, and for Model IX it is

the λ(d)’s that occur in the constraints. In the next decade these limits will improve to

hd < 0.05 and hs < 0.04 [60], which will replace 25 TeV by 61 TeV and 6.4 TeV by 14 TeV

in eq. (3.38).

The mixing of D mesons is probably dominated by long-distance physics. Thus, we

can only require that the new physics contribution does not exceed the measurement, i.e.,

∆mD/ΓD < 0.006 [31]. (The significance of ∆mD 6= 0 is less than 2σ, so we use the upper

bound of the 1σ region. We do not distinguish between imaginary and real contributions to

M12 relative to the SM; the bounds on the mass scale may differ by a factor ∼ 2, depending

on the value of ∆mD.) In contrast to above, the λ(u) couplings occur in the constraint

for Model IX. Furthermore, in this case we choose the up-type quarks to be the SM mass

eigenstate fields, so the factors of the CKM matrix move to the terms with the down-type

quarks. Then D mixing implies for all models except Model XI,

M (a) >

√
η

(a)
mix |λ2λ1|2 × 48 TeV , (3.39)

where now η
(X)
mix = 1. Note that for Models V–VIII the constraint from D mixing is slightly

stronger than from the real part of K mixing. However, the constraints are actually a

little different since the λ’s in eqs. (3.38) and in (3.39) are not the same. They are linearly

related through the CKM matrix. The future evolution of this bound is uncertain. While

Belle II expects to measure ∆mD/ΓD with an uncertainty of 0.001 [28], the central value

will matter for the bounds on new physics, and therefore we do not assume that this bound

will improve.

3.2.5 Unitarity of the CKM matrix

The CKM matrix is not unitary in the extensions of the SM we are considering. The

strongest constraints on violations of unitarity come form the first row and first column of

the CKM matrix [47]

S11 = 0.9999± 0.0006 and T11 = 1.000± 0.004 . (3.40)

In the models with vector-like quarks both of these constraints involve the same combina-

tion of couplings and we find

M (a) > |λ1|
√
η

(a)
un × 7.8 TeV , (3.41)

where in η
(V)
un = η

(VI)
un = 2η

(VII)
un = 2η

(VIII)
un = 1 and η

(IX)
un = η

(X)
un = η

(XI)
un = 0. For the second

row we have the constraint

S22 = 1.002± 0.027 , (3.42)

which yields

M (a) > |λ2|
√
η

(a)
un × 1.1 TeV . (3.43)

.
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4 Conclusions

There are 11 renormalizable models that add to the SM vector-like fermions in a single

(complex) representation of the gauge group that can Yukawa couple to the SM fermions

through the Higgs field. These BSM fermions can have a mass M that is much greater than

the weak scale, since they have a mass term even in the absence of weak symmetry breaking.

However, unlike BSM scalars, such fermions are technically natural. These models are a

class of very simple extensions of the SM that do not worsen the SM hierarchy puzzle.

The masses of these vector-like fermions can take any value, up to the ultraviolet cutoff

(∼ MPl), and so there is no particular reason that they should be in a region that can be

probed experimentally. However, there are many such models and it is not unreasonable

that one of them has vector-like fermions with masses in the experimentally testable range.

We considered the experimental constraints from flavor physics on the mass of these

vector-like fermions to get a feel for the mass reach that the present experiments have for

this class of models. We are primarily interested in very heavy vector-like fermions, say,

with masses greater than 10 TeV. Hence it is flavor-changing neutral-current processes that

provide the most important constraints. However, we also discussed violations of lepton

universality and CKM matrix unitarity.

An important feature of these models is that for large M the BSM contribution to

meson mixing is either suppressed by a loop factor (∼ 1/16π2) or a factor of m2
Z/M

2

compared to processes that change flavor by one unit and are dominated by tree level

through flavor-changing Z exchange. This implies that, except for the case of the kaon CP

violation parameter εK , the constraints on M from meson mixing are not overwhelmingly

strong. We computed the order 1/(4πM)2 one-loop contribution to the coefficients of the

four-quark operators responsible for meson mixing that is not suppressed by SM quark

masses or weak mixing angles.

We are interested in a rough assessment of the experimental reach. The strongest

current bounds on the vector-like fermion masses and couplings in each of the 11 models

studied in this paper are summarized in table 1. We display bounds which are above or

will get near the 10 TeV level in the near future. Muon to electron conversion in a nucleus,

µ→ 3e, the kaon CP -violating parameter εK , and KL → µ+µ− are sensitive to vector-like

fermion masses & 100 TeV (for Yukawa couplings with magnitude unity). However, it is

important to remember that the couplings λi may have a flavor structure that suppresses

these contributions relative to those involving the third generation.

We summarize the expected future sensitivity in table 2, where we only display sen-

sitivities near or above 10 TeV. The Mu2e constraint will be improved dramatically in

the next generation of experiments [22, 23]. The measured K+ → π+νν̄ branching ratio

corresponds to a mass reach around 70 TeV, which will increase substantially as the next

generation experiments reach an uncertainty at about 10% of the SM rate, especially since

the current central value is above the SM prediction (which has very small theoretical

uncertainty). The improvement in the ∆mK bound is entirely dependent on lattice QCD

calculations, as discussed after eq. (3.37). The Bd,s and D mixing sensitivities will be im-

proved by Belle II and LHCb. These experiments, and CMS and ATLAS, will also probe
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Model
Quantum Present bounds on M/TeV and λiλj for each ij pair

numbers ij = 12 ij = 13 ij = 23

I (1, 1,−1) 310a 7.0b 7.4c

II (1, 3,−1) 220a 4.9b 5.2c

III (1, 2,−1/2) 310a 7.0b 7.4c

IV (1, 2,−3/2) 310a 7.0b 7.4c

∆F = 1 ∆F = 2 ∆F = 1 ∆F = 2 ∆F = 1 ∆F = 2

V (3, 1,−1/3) 66d [100]e {42, 670}f 30g 25h 21i 6.4j

VI (3, 1, 2/3) 3.9k {42, 670}f — 25h — 6.4j

VII (3, 3,−1/3) 47d [71]e {47, 750}f 21g 28h 15i 7.2j

VIII (3, 3, 2/3) 66d [100]e {47, 750}f 30g 28h 21i 7.2j

IX λ(u) }
(3, 2, 1/6)

3.9k 67l — 35h — 9.1j

IX λ(d) 66d [100]e {59, 950}f 30g 35h 18m 9.1j

X (3, 2, 7/6) 3.9k 48l — — — —

XI (3, 2− 5/6) 66d [100]e {42, 670}f 30g 25h 18m 6.4j

Table 1. Bounds from flavor-changing neutral currents on M [TeV]/
√
|λiλj | in the leptonic models,

and from the ∆F = 1 constraints on the hadronic models. The ∆F = 2 bounds show M/
√
|λiλj |2,

except for K meson mixing we show
{
M/
√
|Re(λiλ∗j )

2|, M/
√
|Im(λiλ∗j )

2|
}

. The strongest bounds

arise from: a) µ to e conversion; b) τ → eπ; c) τ → µρ; d) K → πνν̄; e) KL → µ+µ− (this bound

involves |Re(λ1λ
∗
2)|); f) K mixing; g) B → πµ+µ−; h) Bd mixing; i) B → Xs`

+`−; j) Bs mixing;

k) D → µ+µ−; l) D mixing; m) Bs → µ+µ−.

FCNC Bd,s, D, and τ decays much better than current bounds. The future sensitivities in

table 2 correspond to estimated 50/ab Belle II [28] and 50/fb LHCb [45] sensitivities and

CMS/ATLAS reach in rare decays on the same time scale. Compared to table 1, a greater

number of the best bounds will come from purely leptonic rather than semileptonic decays.

The sensitivities in table 2 may be realized in ∼ 10 years.
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Model
Quantum Future bounds on M/TeV and λiλj for each ij pair

numbers ij = 12 ij = 13 ij = 23

I (1, 1,−1) 2000a 19b 21c

II (1, 3,−1) 1400a 13b 15c

III (1, 2,−1/2) 2000a 19b 21c

IV (1, 2,−3/2) 2000a 19b 21c

∆F = 1 ∆F = 2 ∆F = 1 ∆F = 2 ∆F = 1 ∆F = 2

V (3, 1,−1/3) 280d {100, 1000}e 60f 61g 39h 14i

VI (3, 1, 2/3) 8.3j {100, 1000}e — 61g — 14i

VII (3, 3,−1/3) 200d {110, 1100}e 42f 68g 28h 16i

VIII (3, 3, 2/3) 280d {110, 1100}e 60f 68g 39h 16i

IX λ(u) }
(3, 2, 1/6)

8.3j 67k — 86g — 20i

IX λ(d) 280d {140, 1400}e 60f 86g 39h 20i

X (3, 2, 7/6) 8.3j 48k — — — —

XI (3, 2− 5/6) 280d {100, 1000}e 60f 61g 39h 14i

Table 2. Expected future bounds from flavor-changing neutral currents on M [TeV]/
√
|λiλj | in the

leptonic models, and from the ∆F = 1 constraints on the hadronic models. The ∆F = 2 bounds

show M/
√
|λiλj |2, except for K meson mixing we show

{
M/
√
|Re(λiλ∗j )

2|, M/
√
|Im(λiλ∗j )

2|
}

.

The bounds are from: a) µ to e conversion; b) τ → eπ; c) τ → µρ; d) K → πνν̄; e) K mixing; f)

Bd → µ+µ−; g) Bd mixing; h) Bs → µ+µ−; i) Bs mixing; j) D → µ+µ−; k) D mixing.

A Diagonalizing matrix

Here we summarize the 4 × 4 diagonalizing matrices in the 11 models. Terms of order

(v/M)2 and higher are not explicitly displayed.

Model I : V ê
L =

(
1 λiv/M

−λ∗i v/M 13×3

)
, V ê

R=14×4 , (A.1)

Model II : V ê
L =

(
1 −λiv/

√
2M

λ∗i v/
√

2M 13×3

)
, V ê

R=14×4 , (A.2)

Model III : V ê
L =14×4 , V ê

R=

(
1 −λ∗i v/M

λiv/M 13×3

)
, (A.3)

Model IV : V ê
L =14×4 , V ê

R=

(
1 λ∗i v/M

−λiv/M 13×3

)
, (A.4)

Model V : V d̂
L =

(
1 λiv/M

−λ∗i v/M 13×3

)
, V d̂

R=14×4 , (A.5)

Model VI : V û
L =

(
1 −λiv/M

λ∗i v/M 13×3

)
, V û

R =14×4 , (A.6)
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Model VII : V û
L =

(
1 λiv/M

−λ∗i v/M 13×3

)
, V û

R =14×4 , (A.7)

V d̂
L =

(
1 −λiv/

√
2M

λ∗i v/
√

2M 13×3

)
, V d̂

R=14×4 , (A.8)

Model VIII : V û
L =

(
1 −λiv/

√
2M

λ∗i v/
√

2M 13×3

)
, V û

R =14×4 , (A.9)

V d̂
L =

(
1 −λiv/M

λ∗i v/M 13×3

)
, V d̂

R=14×4 , (A.10)

Model IX : V û
L =14×4 , V û

R =

(
1 λ

(u)∗
i v/M

−λ(u)
i v/M 13×3

)
, (A.11)

V d̂
L =14×4 , V d̂

R=

(
1 −λ(d)∗

i v/M

λ
(d)
i v/M 13×3

)
, (A.12)

Model X : V û
L =14×4 , V û

R =

(
1 −λ∗i v/M

λiv/M 13×3

)
, (A.13)

Model XI : V d̂
L =14×4 , V d̂

R=

(
1 −λ∗i v/M

λiv/M 13×3

)
. (A.14)

Finally, there are tree-level mass splittings among the heavy fermions, except for the

SU(2)L singlet models, due to electroweak symmetry breaking. The results are

Model II : M0 =M+∆M , M−1 =M+∆M/2 , M−2 =M , (A.15)

Model III : M0 =M , M−1 =M+∆M , (A.16)

Model IV : M−1 =M+∆M , M−2 =M, (A.17)

Model VII : M2/3 =M+∆M , M−1/3 =M+∆M/2 , M−4/3 =M , (A.18)

Model VIII : M5/3 =M , M2/3 =M+∆M/2 , M−1/3 =M+∆M , (A.19)

Model IX : M2/3 =M−1/3 =M+∆M , (A.20)

Model X : M5/3 =M , M2/3 =M+∆M , (A.21)

Model XI : M−1/3 =M+∆M , M−4/3 =M . (A.22)

In each model ∆M = (v2/2M)
∑

i |λi|2.

B Numerical inputs and Wilson coefficients

We collect in this appendix expressions used to derive bounds on vector-like fermions

from flavor-changing neutral-current processes, to facilitate easier comparison with and

reproduction of our numerical results. Our goal in this paper is to study the sensitivities of

many processes, so leading or next-to leading order results suffice. (For most processes the

state of the art is one or two orders higher.) In many cases we ignore the SM uncertainties,

when we know that they are subdominant effects.
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We adopt for the numerical values of the coupling constants α(mb) = 1/133, sin2 θW =

0.23, gZ = 0.73. For the top quark mass we use mt(mt) = 165 GeV, obtained from the

one-loop relation from the mt = 173 GeV (presumed) pole mass, extracted from fits to tt̄

production at the Tevatron and the LHC.

The SM Wilson coefficients are as follows. For K+ → π+νiν̄i [36–40]

c
(SM)
+ν = c(SM)

ν =

√
2GF α

π sin2 θW

[
V ∗tsVtdX(xt) + V ∗csVcdλ

4Pc(X)
]
, (B.1)

where xt = m2
t /m

2
W , λ = 0.225, Pc(X) ' 0.4 [38, 40],8 and

X(xt) =
xt
8

[
xt + 2

xt − 1
+

(3xt − 6) lnxt
(xt − 1)2

]
. (B.2)

Here we have neglected the electroweak corrections.

For Bq → µ+µ− (where q = s, d),

c
(SM)
10 =

GF α√
2π

V ∗tbVtq
Y (xt)

sin2 θW
, Y (xt) =

xt
8

(
xt − 4

xt − 1
+

3xt lnxt
(xt − 1)2

)
. (B.3)

(In the usual notation, C10 = −Y (xt)/ sin2 θW ' −4.2.)

The short-distance contribution to the KL → µ+µ− rate can be written as [63]

Γ(KL→µ+µ−)SD =
G4
Fm

4
W

4π5
sin4 θW f

2
KmKm

2
µ

√
1−

4m2
µ

m2
K

Re
[(
V ∗tsVtd Y (xt)+V

∗
csVcd λ

4Pc

)2 ]
,

(B.4)

where Pc ' 0.11.

The B → Kµ+µ− rate is given by [42]

dΓ(B → Kµ+µ−)

dq2
=
G2
Fα

2m3
B

1536π5
|VtbVts|2 [λK(q2)]3/2

{
f2

+

[
|Ceff

9 (q2)|2 + |C10 + C ′10|2
]

+
4m2

b

(mB +mK)2
f2
T |C7|2 +

4mb

mB +mK
fT f+ Re

[
Ceff

9 (q2)C∗7
]}

, (B.5)

where λK(q2) is a phase space factor, f+ and fT are q2-dependent form factors. The

B → πµ+µ− rate is obtained with obvious replacements. In the heavy quark limit f+/fT =

1 + O(ΛQCD/mb) [64], and model calculations are consistent with a mild q2 dependence

of this ratio. Hence, at the desired level of precision, the form factors can be pulled out

of the {. . .} expression in eq. (B.5), obtaining simple approximations for the effect of new

physics via C10 and C ′10. (This is impossible for B → K∗µ+µ−, as C7 enters with a 1/q2

dependence in that case.) In the numerical analysis, we use C7 = −0.33, C10 = −4.2, and a

mean value |Ceff
9 (q2)| = 4.4. These estimates can be refined as the measurements improve.

8In our definition of c
(SM)
ν all lepton flavors (labeled by i) are included by using parameter Pc(X), which

is defined in [36, 37]. Then c
(SM)
ν corresponds to the decay amplitude.
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