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Flavor structure of anomaly-free hidden photon models
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Extensions of the Standard Model with an Abelian gauge group are constrained by gauge anomaly
cancellation, so that only a limited number of possible charge assignments is allowed without the
introduction of new chiral fermions. For flavor universal charges, couplings of the associated hidden
photon to Standard Model fermions are flavor conserving at tree level. We show explicitly that even the
flavor-specific charge assignments allowed by anomaly cancellation condition lead to flavor-conserving
tree-level couplings of the hidden photon to quarks and charged leptons if the Cabibbo-Kobayashi-
Maskawa or Pontecorvo-Maki-Nakagawa-Sakata matrix can be successfully reconstructed. Further, loop-
induced flavor-changing couplings are strongly suppressed. As a consequence, the structure of the
Majorana mass matrix is constrained and flavor-changing tree-level couplings of the hidden photon to
neutrino mass eigenstates are identified as a means to distinguish the Uð1ÞB−L gauge boson from any
other anomaly-free extension of the Standard Model without new chiral fermions. We present a
comprehensive analysis of constraints and projections for future searches for a Uð1ÞB−3Li

gauge boson,

calculate the reach of resonance searches in B meson decays and comment on the implications for
nonstandard neutrino interactions.

DOI: 10.1103/PhysRevD.103.075024

I. INTRODUCTION

Light new physics can arise in many extensions of the
Standard Model of particle physics (SM). Depending on
mass and couplings, new light vector bosons can be
constrained by low-mass resonance searches [1–19],
missing energy signatures [20–25], scattering experiments
[26–44] and flavor observables [45–50]. Because of the SM
flavor structure, flavor observables provide a particularly
powerful probe. There is a priori no reason to assume that
any extension of the SM respects the SM flavor symmetry
in the absence of a mechanism that gives rise to minimal
flavor violation. Such a mechanism is for example realized
for new gauge bosons that only couple to the SM through
kinetic mixing with the hypercharge gauge boson [51–54].
We discuss how far this mechanism is realized for new
gauge groups with charged SM matter. The allowed charge
assignments in such new Uð1Þ extension are strongly
constrained by the requirement of anomaly cancellation
and the structure of the Cabibbo-Kobayashi-Maskawa
(CKM) and Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

mixing matrices. Together, these constraints leave a limited
number of global symmetries of the SM that can be gauged
with the addition of only three right-handed neutrinos:
Uð1ÞB−L,Uð1ÞB−3Li

, and combinations of these groups. We
will refer to the corresponding gauge groups as minimal
anomaly-free Uð1Þ extensions of the SM and classify the
possible Majorana matrix textures that are allowed by the
masses and mixing angles of the SM fermions. We
demonstrate that loop-induced flavor-changing couplings
of the new gauge bosons to quarks and charged leptons are
protected by a Glashow-Iliopoulos-Maiani (GIM) mecha-
nism even for flavor nonuniversal gauge couplings and
estimate the reach of dedicated resonance searches for new
gauge bosons in flavor-changing meson decays. In contrast,
flavor-changing couplings to neutrino mass eigenstates are
induced at tree level for all gauge groups with nonuniversal
neutrino charges. We discuss the implications of such
nonuniversal neutrino charges for nonstandard neutrino
interactions and present a comprehensive analysis of
current and future experiments searching for a new gauge
boson in the case of the three Uð1ÞB−3Li

groups.

II. THE FLAVOR STRUCTURE OF HIDDEN
PHOTON COUPLINGS

We consider the SM extended by a new Uð1ÞX gauge
group and three neutrinos transforming as singlets under
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SUð3ÞC × SUð2ÞL ×Uð1ÞY and no additional fermions
charged under Uð1ÞX. Three sets of constraints on the
possible Uð1ÞX charges of the SM fermions arise from
anomaly cancellation, from the observed quark and lepton
masses and from the requirement to reproduce the struc-
tures of the CKM and PMNS matrices. The couplings of
the X gauge boson to SM fermions are defined by

LX ∋ Xμ

X
ψ

ψ̄ igXQψγ
μψ ; ð1Þ

where the fermion sum extends over SUð2ÞL doublets
ψ ¼ Q, L and singlets ψ ¼ u; d;l; ν, which each denote
vectors in flavor space. In the interaction basis the Uð1ÞX
charge matrices are flavor diagonal and we define Qψ ¼
diagðqψ1

; qψ2
; qψ3

Þ≡ Tψ . Sums over fermion charges can
then be compactly expressed by writing

Xn
ψ ¼

X3
i

ðqψ i
Þn; ð2Þ

and Xψ ≡ X1
ψ . Anomaly cancellation implies six conditions

on theUð1ÞX andUð1ÞY charges shown in Table I. Together
they allow for two solutions

I∶ XL ¼ −Xl ¼ 1

3
Xν ¼ −

3

7
Xd ¼ −

5

3
Xu ¼ −3XQ;

II∶ XL ¼ Xl ¼ Xν ¼ −3Xd ¼ −3Xu ¼ −3XQ: ð3Þ

An independent set of constraints arises from the
structure of the Yukawa couplings. The three observed
independent masses for the up-type and down-type quarks
as well as for charged leptons constrain the structure on the
Yukawa couplings defined by

LY ¼ vffiffiffi
2

p
X
ψ

ψ̄ yψψ : ð4Þ

If all fermion masses are generated by the Yukawa terms,
all Yukawa matrices need to be rank 3. This implies that the
Uð1ÞX charges have to be permutations of each other TQ ¼
permðTuÞ ¼ permðTdÞ so that Xn

u ¼ Xn
d ¼ Xn

Q ≡ Xn
quarks.

Similarly for charged leptons TL ¼ permðTlÞ and Xn
l ¼

Xn
L ≡ Xn

leptons. If there are three massive Dirac neutrinos, the
Yukawa structure also demands Xn

ν ¼ Xn
L, but if one

neutrino is massless, Yν can be rank 2 and this equation
only holds due to the anomaly conditions.

A. Dirac neutrinos

For three massive Dirac neutrinos, the combination of
the constraints from anomaly cancellation and Yukawa
matrices can then be expressed by the single equation

Xleptons þ 3Xquarks ¼ 0: ð5Þ

This is fulfilled by case II in (3) but rules out case I.
The Yukawa Lagrangian (4) is structurally invariant

under permutations of the charge tuples Tψ and we can
set TQ ¼ Tu ¼ Td and TL ¼ Te ¼ Tν without loss of
generality and we only need to consider three different
tuples of charges: ða; a; aÞ, ða; a; bÞ and ða; b; cÞ, referred
to as the a3, a2b or abc classes, respectively.
Importantly, for all three classes flavor-changing neutral

currents are absent at tree level. Upon rotating to the mass
basis ydiagψ ¼ UψyψW

†
ψ the couplings of the Uð1ÞX gauge

boson read Qψ → UψQψU
†
ψ for ψ ¼ Q, L and Qψ →

WψQψW
†
ψ for ψ ¼ u; d;l; ν and in all cases

½Qψ ; Uψ � ¼ ½Qψ ;Wψ � ¼ 0: ð6Þ

For the a3 class Qψ ∝ 1 and commutes with all matrices
Uψ , Wψ . For the a2b class, the Yukawa matrices and
the rotation matrices Uψ , Wψ are block diagonal and
commute with Qψ , because each blocks acts on the
submatrices of Qψ that are proportional to the unit matrix.
For the abc class, the Yukawa matrices are already diagonal
and Uψ ;Wψ ∝ 1.
Finally, the three angles and the phase of the CKM and

PMNS matrices need to be reproduced. The CKMmatrix is
defined by VCKM ¼ UuU

†
d and the PMNS matrix for Dirac

neutrinos is defined by VPMNS ¼ UlU
†
ν. For the a3 classUψ

are general unitary matrices, and for a2b they are unitary
block diagonal matrices, while for the abc class they are
complex diagonal matrices. The anomaly condition (5)

TABLE I. Constraints on the Uð1ÞX and Uð1ÞY charges with the hypercharge denoted by Yψ and the Uð1ÞX charges defined in (2).

Anomaly Charge combinations With Yukawa constraints

Uð1Þ3X 2X3
L þ 6X3

Q − X3
l − X3

ν − 3ðX3
u þ X3

dÞ X3
L − X3

ν

Uð1Þ2XUð1ÞY 2YLX2
L þ 6YQX2

Q − YlX2
l − YνX2

ν − 3ðYuX2
u þ YdX2

dÞ 0

Uð1ÞXUð1Þ2Y 2Y2
LXL þ 6Y2

QXQ − Y2
lXl − Y2

νXν − 3ðY2
uXu þ Y2

dXdÞ − 1
2
ðXL þ 3XQÞ

SUð3Þ2Uð1ÞX 2XQ − Xu − Xd 0
SUð2Þ2Uð1ÞX 2XL þ 6XQ 2XL þ 6XQ

grav2Uð1ÞX 2XL þ 6XQ − Xl − Xν − 3ðXu þ XdÞ XL − Xν

BAUER, FOLDENAUER, and MOSNY PHYS. REV. D 103, 075024 (2021)

075024-2



implies that the quark sector can only be charged under
Uð1ÞX if the lepton sector is charged as well. If all neutrinos
are massive, the PMNS matrix excludes any class apart
from the a3 class. The anomaly condition further implies a
relative charge between the lepton and quark sectors of
XL ¼ − 1

3
XQ, only allowing for the Uð1ÞB−L gauge group.

In the absence of additional contributions to the fermion
mass terms such as Majorana mass terms or higher-order
operators Uð1ÞB−L therefore is the only Uð1Þ extension
allowed by all constraints. If instead one neutrino is
massless, the PMNS matrix can never have the necessary
number of degrees of freedom and any gauge group Uð1ÞX
with charged SM fermions and no additional chiral fer-
mions is excluded. The presence of additional contributions
to the mass terms will in general introduce tree-level flavor-
changing neutral current (FCNCs). In the following we
classify the different coupling structures allowed in the
presence of Majorana mass terms.

B. Majorana neutrinos

Majorana mass terms for the three right-handed neu-
trinos are of the form

L ∋ −iMijν
Ti
R σ2ν

j
R − iCk

ijϕkν
Ti
R σ2ν

j
R þ H:c:; ð7Þ

where M and Ck are complex, symmetric matrices and ϕk
are complex scalars, neutral under the SM gauge group, but
charged under Uð1ÞX. A vacuum expectation value for any
of the scalars hϕki contributes to the mass of the Uð1ÞX
gauge boson Xμ and generates contributions to the
Majorana mass matrix that are otherwise forbidden by
gauge invariance. The complete Majorana mass matrix is
then given by

MM
ij ¼ 2ðMij þ Ck

ijhϕkiÞ: ð8Þ
Note that the textures of the matrices M and Ck are
orthogonal in the sense that if an element Mij ≠ 0 the
corresponding element Ck

ij ¼ 0 and vice versa. In the
seesaw limit, the mass of the active neutrinos are obtained
by diagonalizing the matrix

mν ¼ −mTðMMÞ−1m; ð9Þ
where mij ¼ vffiffi

2
p yνij are the Dirac mass terms.

For the seesaw limit (9) to work, the Majorana matrix
must be rank 3 to be invertible which limits the allowed
charge assignments.
We consider all charge assignments allowing for

Majorana matrix textures with enough degrees of freedom
to generate valid PMNS matrices. Since all permutations
within the a3, ab2 and abc classes are identical, we only
need to consider one charge permutation for each class,
while also setting ye ¼ yν. The matrix Ue is found by
diagonalizing yey

†
e while Wν is found by first performing a

singular value decomposition mν ¼ AΛB†, where A and B
are both unitary and Λ is real positive diagonal, so that
Wν ¼ AðA†B�Þ1=2. This algorithm is described in more
detail in the Appendix.
For the a3 class, the Majorana matrix can have any of the

39 distinct invertible, symmetric matrix textures and give
rise to a valid PMNS matrix. In the following we adopt the
classification in Table II for the discussed matrix textures
[55]. For the a2b class with TL ¼ Tν ¼ ða; a; bÞ, all
invertible matrices result in a valid PMNS matrix except
for the five textures that are subset textures of the Yukawa
yν texture. The Yukawa texture can be chosen to be F3 as
shown in Table II and the excluded matrix textures are then
given by

TABLE II. Classification of the 15 matrix textures with exactly two independent zeros.

A1 ¼
 
0 0 ·
0 · ·
· · ·

!
, A2 ¼

 
0 · 0

· · ·
0 · ·

!
;

B1 ¼
 · · 0

· 0 ·
0 · ·

!
, B2 ¼

 · 0 ·
0 · ·
· · 0

!
,

B3 ¼
 · 0 ·
0 0 ·
· · ·

!
, B4 ¼

 · · 0

· · ·
0 · 0

!
;

C ¼
 · · ·
· 0 ·
· · 0

!
; D1 ¼

 · · ·
· 0 0

· 0 ·

!
, D2 ¼

 · · ·
· · 0

· 0 0

!
;

E1 ¼
 
0 · ·
· 0 ·
· · ·

!
, E2 ¼

 
0 · ·
· · ·
· · 0

!
, E3 ¼

 
0 · ·
· · 0

· 0 ·

!
;

F1 ¼
 · 0 0

0 · ·
0 · ·

!
, F2 ¼

 · 0 ·
0 · 0

· 0 ·

!
, F3 ¼

 · · 0

· · 0

0 0 ·

!
.
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B1 ∘F3¼

0
B@

· · 0

· 0 0

0 0 ·

1
CA; E3 ∘F3¼

0
B@
0 · 0

· · 0

0 0 ·

1
CA;

E1 ∘F3¼

0
B@
0 · 0

· 0 0

0 0 ·

1
CA; F1 ∘F3¼

0
B@

· 0 0

0 · 0

0 0 ·

1
CA; ð10Þ

where · is a general nonzero entry and ∘ is the entrywise
(Hadamard) product.
For the abc class any texture with more than two

independent zeros for the Majorana matrix fails to form
a valid PMNS matrix, while all matrices with one or no
zeros are allowed. The case when there are exactly two
independent zeros requires a more subtle approach. Out of
the 15 matrix textures classified in Table II, all textures
other than the F category lead to a sufficient number of
degrees of freedom in the PMNS matrix. However, by
directly linking the textures to the neutrino mass spectrum
and the phases in a basis where the charged-lepton mass
matrix is diagonal, it was found [55] that mν can only have
textures of the A, B and C categories. While for the a3 and
a2b classes, the previously allowed mν textures always
have fewer than two independent zeros, this is not the case
for two-zero Majorana matrix textures in the abc class.
Here, both the F and A categories are not allowed because
they result in mν having a texture of the D category.
We are now in a position to determine all charge assign-

ments resulting in Majorana matrix textures that allow for a
valid PMNS matrix and, in conjunction with the conditions
from anomaly cancellation, to find all valid Uð1ÞX groups
formed with Majorana neutrinos.1 When one neutrino is
massless, a valid PMNSmatrix can only be found for the a3

class, for which MM ¼ 2Ckhϕki is a general symmetric
matrix, whereas three massive neutrinos can also generate a
valid PMNS matrix in the ab2 and abc classes.
For the a3 class, both ye and yν are completely general

complex matrices and Ue is a general unitary matrix. Since
all neutrino charges are identical,Mij ¼ 0 for all i, j ¼ 1, 2,
3, and Majorana masses are not allowed unless at least one
scalar with charge qϕ ¼ −2a and hϕi ≠ 0 is present. The

Majorana matrix in this case becomes a general complex
symmetric matrix and the anomaly condition relates the
quark sector and lepton sector charges through qQ ¼ − 1

3
a,

so this is another form of the Uð1ÞB−L gauge group.
For the ab2 class there are four allowed textures for M

and Ck, with the former depending on whether a ¼ 0,
b ¼ 0, or a ¼ −b, while the latter depends on the charges
qϕk

. The charge choices necessary to acquire the textures
are given in Table III. Since none of theM matrices are rank
3, there is no valid Uð1ÞX group for this class without at
least one scalar. The most general case TL ¼ ða; a; bÞ
requires two scalars with charges qϕ1

¼ −ðaþ bÞ and
qϕ2

¼ −2a, with any more than two scalars being redun-
dant. The only charge assignment that leaves the quark
sector uncharged is Tν ¼ ða; a;−2aÞ, qϕ1

¼ a, qϕ2
¼ −2a.

For the abc class there are four ways to assign relative
charges between a, b and c which lead to different M
textures. If all charges are different, M ¼ 0, but if a ¼ −b,
a ¼ −c or b ¼ −c, thenM has a nonzero element in an off-
diagonal position. If instead one of the charges is zero, then
a diagonal element is nonzero. The previous two cases can
also be combined to give a texture of a diagonal and an off-
diagonal nonzero element. All these textures can also be
constructed using differently charged scalars. An example
of how to construct these three types of textures is given in
Table IV. Adding the right number of scalars allows one to
create any texture. One needs at least two scalars to
create the first viable abc class group Tν ¼ ða;−a; 0Þ,
four for the most general case of Tν ¼ ða; b; cÞ and three
scalars for all other possible Tν charge assignments. An
explicit example of how themost general charge assignment
with arbitrary a, b and c charges can be obtained is
qϕ1

¼−2a, qϕ2
¼−ðaþbÞ, qϕ3

¼−2c, and qϕ4
¼ −ðbþ cÞ

giving a B1 texture for Ckhϕki, among many other possible

TABLE III. Assuming that TL ¼ Te ¼ Tν ¼ ða; a; bÞ, here are the textures that can be formed for M or Ck given a specific choice of
lepton charges or qϕk

, respectively.

Tν b ¼ −a b ¼ 0 a ¼ 0 Else
qϕk

−ðaþ bÞ −2b −2a Else

M;Ck  
0 0 ·
0 0 ·
· · 0

!  
0 0 0

0 0 0

0 0 ·

!  · · 0

· · 0

0 0 0

!  
0 0 0

0 0 0

0 0 0

!

TABLE IV. This gives an example M texture for each of the
three different types of relative charge choices one can pick for
Tν ¼ ða; b; cÞ that do not lead to a zero matrix.

Tν b ¼ −a c ¼ 0 b ¼ −a; c ¼ 0
qϕk

−ðaþ bÞ −2c −ðaþ bÞ ¼ −2c

M;Ck  
0 · 0

· 0 0

0 0 0

!  
0 0 0

0 0 0

0 0 ·

!  
0 · 0

· 0 0

0 0 ·

!
1Note that a similar classification of Abelian gauge groups

leading to valid PMNS matrices and two-zero textures ofMM has
been presented in [56].
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charge choices. However, any texture of theF orA category
must be avoided. The only charge choices that leave
the quark sector neutral are Tν ¼ ða;−a; 0Þ and Tν ¼
ða;b;−ðaþbÞÞ. Charged lepton family number differences,
Uð1ÞLi−Lj

, are an example of this class [57–59].

III. FLAVOR-CHANGING NEUTRAL CURRENTS

An important difference between the couplings of the X
bosons of Uð1ÞX in models with Dirac neutrinos and
Majorana neutrinos is the flavor structure of X boson
couplings to neutrinos. In the presence of a Majorana mass
matrix the rotation matricesWν and Uν no longer commute
with the charge matrix and we indicate the difference with
(6) by the index M:

½Ql;WM
ν � ¼ ½Qν;WM

ν � ≠ 0; ð11Þ

½Ql; UM
ν � ¼ ½Qν; UM

ν � ≠ 0; ð12Þ

unless the charge matrices Ql, Qν are flavor universal.
Neutrino flavor-changing interactions (in the neutrino
mass basis) at tree level are therefore a characteristic
signature of minimal Uð1ÞX extensions with Majorana
neutrinos with the exception of the Uð1ÞB−L group. In
the case of Uð1ÞLi−Lj

gauge groups the coupling to
neutrinos is completely determined by the PMNS matrix
VPMNS ¼ UlU

M†
ν ¼ ulU

M†
ν , because Ul ¼ ul1 with a

constant ul. For UB−3Li
there is no unique dependence,

but FCNCs are expected because Ul is block diagonal.
These neutrino flavor off-diagonal couplings are difficult to
observe because neutrinos are produced coherently as flavor
eigenstates and models with X bosons that are nondiagonal
in the flavor eigenbasis are not minimal [60,61].
Even in the presence of neutrino FCNCs at tree level, the

coupling matrix of the X boson to charged leptons is
diagonal. In principle, flavor-changing couplings can be
induced at loop level but are suppressed by a GIM
mechanism. The corresponding loop diagram on the right
in Fig. 1 involves a sum that extends over different neutrino
mass eigenstates in the loop as opposed to the case of the
SM Z boson, and the amplitude for an i → j transition is
proportional to the factor

½V†
PMNSðUνQνU

†
νÞVPMNS�ij

¼ ½UlU
†
νðUνQνU

†
νÞUνU

†
l �ij

¼ ðQνÞij; ð13Þ

where in the last step we used (6) and the fact that
Qν ¼ Ql. As a consequence, any charged lepton FCNCs
are heavily suppressed by neutrino masses.
Flavor-changing couplings to quarks are absent at tree

level as well. Even for a secluded Uð1ÞX quark, flavor-
changing couplings arise from kinetic mixing with the SM

hypercharge gauge boson. This kinetic mixing term is often
divergent and the size of the mixing-induced flavor-
changing couplings are therefore dependent on the UV
completion of these models [62]. In the absence of kinetic
mixing, quark-flavor-changing couplings are induced if the
X boson couples to the baryon current [for example in
Uð1ÞB−L and Uð1ÞB−3Li

]. In light of the recent hints of
lepton nonuniversality in b → slþl− transitions, FCNCs
in Uð1ÞB−3Li

gauge groups are of particular interest. One of
the Feynman diagrams inducing this coupling is shown on
the left of Fig. 1 for the case of external down-type quarks.
Since the Uð1ÞB charges are flavor universal, unitarity of
the CKM matrix guarantees that any flavor-changing
coupling is proportional to the mass-squared differences
of the internal quarks. Conservation of the B current further
requires flavor-changing currents to be induced by higher-
order operators which must vanish in the limit MX → 0 or
depend on the external quark masses [63]. The correspond-
ing operators are

L ¼ gLij
M2

X

M2
W
d̄jγμPLdiXμ þ gRij

M2
X

M2
W
d̄jγμPRdiXμ

þ 1

2
gσijd̄jσ

μν

�
mdj

M2
W
PL þ mdi

M2
W
PR

�
diXμν; ð14Þ

with the couplings

gLij ¼ gXqq
α

8πs2w
VtiV�

tjf1ðxtÞ; ð15Þ

gRij ¼ 0; ð16Þ

gσij ¼ gXqq
α

8πs2w
VtiV�

tjf2ðxtÞ; ð17Þ

where qq is the universal charge of the internal quarks,
xt ≡m2

t =M2
W and the loop functions f1ðxtÞ ≈ 0.97 and

f2ðxtÞ ≈ −0.36 can be found in the Appendix of [64]. The
new gauge boson X can therefore be produced in flavor-
changing meson decays, where the vector and tensor
currents in (14) induce decay widths proportional to the
vector and tensor form factors, respectively:

FIG. 1. Loop diagrams contributing to flavor-changing cou-
plings of the Uð1ÞX gauge boson.
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ΓðB → KXÞ ¼ 1

256π

MBM2
X

M4
W

λ3=2K

�
gL32MBfþðM2

XÞ

þ gσ32mbfTðM2
XÞ
�
1þM2

K

M2
B

�
−1
�
2

; ð18Þ

where contributions proportional to mdi are neglected
and the form factors can be found in [65,66]. Flavor-
changing transitions with an X boson are strongly sup-
pressed. As a consequence, the contribution of a resonant,
promptly decaying X boson is constrained by searches in
B → K transitions and with a mass of 250 MeV < MX <
4700 MeV [67]:

BrðBþ → KþX → Kþμþμ−Þ≲ 10−9–10−10: ð19Þ
In the following we present constraints and sensitivity
ranges for current and future experiments for Uð1ÞB−3Li

gauge bosons in the mass range relevant for flavor
observables and compare the results of recent resonant
searches in B meson decays.

IV. SEARCHING FOR Uð1ÞB− 3Li

GAUGE BOSONS

The powerful suppression of quark and charged lepton
flavor violating couplings are signatures of minimal,
anomaly-free gauge groups with negligible kinetic mixing.
This distinguishes minimal, anomaly-free gauge groups
from extensions with anomalous currents [68,69], a sizable
kinetic mixing term, or the presence of additional scalars
contributing to the fermion masses [70]. The exception to
this rule is the neutrino sector. Neutrino flavor-changing
interactions in the mass eigenbasis are absent for the
Uð1ÞB−L gauge boson but expected at tree level in any
other minimal anomaly-free gauge boson corresponding to
the gauge groups Uð1ÞLi−Lj

, Uð1ÞB−3Li
and combinations

thereof. It is challenging to measure these flavor-changing
currents. Very light vector bosons could be produced in
active neutrino decays νi → νjX [71,72], but the corre-
sponding parameter space is strongly constrained by
measurements of the effective number of degrees of free-
dom ΔNeff , which are affected by the X boson increasing
the neutrino energy density through X → ν̄ν decays [73]. In
the following we will therefore focus on the mass range
MX ≳ 10 MeV for which constraints from ΔNeff are
substantially weaker. Searches for nonstandard neutrino
interactions (NSIs) that are sensitive to neutrino couplings
to matter (baryons or electrons) are excellent probes
of nonuniversal and flavor-changing interactions in this
mass range. Importantly, in the flavor eigenbasis, couplings
of all minimal anomaly-free gauge bosons are diagonal.
Therefore, for the NSI Lagrangian

LNSI ¼ −2
ffiffiffi
2

p
GF

X
f;α;β

εfαβ½ν̄αγρPLνβ�½f̄γρf�; ð20Þ

where the sum extends over quarks and electrons f ¼ u, d,
e and neutrino flavors α, β ¼ 1, 2, 3, the coupling structures
for the different gauge groups are

ϵuαα ¼ ϵdαα ¼ −3ϵeαα for Uð1ÞB−L; ð21Þ

ϵeii ¼ −ϵe11 for Uð1ÞLi−Le
; i ¼ μ; τ; ð22Þ

ϵu11 ¼ ϵd11 ¼ −9ϵe11 for Uð1ÞB−3Le
; ð23Þ

ϵuii ¼ ϵdii for Uð1ÞB−3Li
; i ¼ μ; τ: ð24Þ

While searches for NSI are sensitive to the different
diagonal coupling structures of new minimal anomaly-
free gauge bosons, they are not sensitive to the structure of
the Majorana matrix reflected by flavor off-diagonal
couplings to neutrinos in the mass eigenbasis. We discuss
the strength of these constraints from various experiments
for the three Uð1ÞB−3Li

gauge bosons without kinetic
mixing in detail and compare them with constraints from
other experiments, complementing and updating previous
analyses [74–76]. Similar analyses have been performed
for Uð1ÞB−L [62,75,77,78] and Uð1ÞLi−Lj

gauge bosons
[62,69,75–78]. We further present the constraint from the
resonance search in B → Kμþμ− decays for Uð1ÞB−3Lμ

calculated in Sec. III and discuss the sensitivity required for
future searches in meson decays to be competitive with
existing constraints.
In Fig. 2 we show the decay widths and branching ratios

for the Uð1ÞB−3Li
gauge bosons and, in Figs. 3–5, we show

the two-dimensional parameter space defined by the gauge
coupling gX and the mass MX of the Uð1ÞB−3Li

gauge
bosons in the absence of kinetic mixing. The shaded areas
depict current bounds, while the colored solid lines show
future projected sensitivities.

A. Uð1ÞB− 3Le

The phenomenology of a new Uð1ÞB−3Le
gauge group

summarized in the limits shown in Fig. 3 is overall very
similar to the case ofUð1ÞB−L, for which the corresponding
exclusion limits can be found in [62,77]. This is readily
understood as in both cases the new boson has gauge
interactions with ordinary matter (i.e., protons, neutrons
and electrons), which for baryons are proportional to B and
for electrons to Le.
The fact that the charge of the electron is larger by a

factor of 3 in the case of Uð1ÞB−3Le
compared to Uð1ÞB−L

leads to a strengthening of the limits derived from searches
of resonant hidden photon production in eþe− colliders
(like e.g., A1 [6,7], APEX [34], BABAR [12,24], KLOE [8–
10], and NA64 [79]) by a similar factor. Furthermore, we
have computed constraints from searches at beam dumps
and fixed target experiments (like e.g., E137, E141, E774
[31], Orsay [35], NuCal/U70 [33,36], and LSND [32])
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according to the analyses outlined in [62]. Due to the
increased total width of the Uð1ÞB−3Le

boson compared to
the Uð1ÞB−L case (cf. top left panel of Fig. 2) the sensitivity
of these experiments is shifted toward smaller couplings.
This is because the larger width for a given coupling
value gX corresponds to a shorter lifetime and hence the
gauge boson decays earlier in the experimental apparatus.
Due to the absence of couplings of the new gauge boson X
to the second- and third-generation leptons, limits from
searches in muonic final states like e.g., the LHCb dimuon
search are absent. Therefore, the Uð1ÞB−3Le

gauge boson is
rather unconstrained for masses above the Upsilon reso-
nance, MX ≳ 10 GeV.
Very lowmassesMX ≲ 10 MeV are strongly constrained

through the allowed number of effective degrees of freedom
ΔNeff due to heating of the neutrino gas during neutrino
decoupling in the early Universe [40,73]. The correspond-
ing constraint shown by the light gray area was originally
derived for the case of a Uð1ÞLμ−Lτ

gauge boson coupling
only to νμ and ντ neutrinos. We show it as a conservative
estimate of the true bound for very low couplings g≲ 10−5,
which seems justified since the analysis of [73] including

the effect of kinetic mixing (and therefore couplings to both
baryons and electrons) shows that additional electron
couplings rather weaken the bound in this regime.
Concerning neutrino scattering, we have derived the

constraint on a Uð1ÞB−3Le
boson from the recently

reported measurement of coherent elastic neutrino-
nucleus scattering (CEνNS) on liquid argon (LAr) [80]
at the COHERENT experiment. Therefore, we have
performed the same χ2 analysis outlined as in [81,82].
The resulting bound shown in dark blue is not competi-
tive. The fact that this constraint is quite weak should not
come as a surprise since the Uð1ÞB−3Le

boson is only
coupling to the secondary electron neutrinos of the
COHERENT neutrino beam. Similarly, the limit from
neutrino oscillations in matter due to NSI [76] shown in
light blue is subdominant. A stronger bound arises from
the missing energy search at NA64 [79] (shown by the
brown area), which is sensitive to the invisible decays of
the gauge boson X into neutrinos.
Most noticeably, the constraint from the Borexino

experiment is the strongest current constraint for the
parameter space not excluded by either accelerator and

FIG. 2. Total widths of the Uð1ÞB−3Li
bosons normalized to the total width of the Uð1ÞB−L boson (top left) without kinetic mixing.

Branching ratios of theUð1ÞB−3Li
gauge bosons X to different final states F in the case of i ¼ e (top right), μ (bottom left) and τ (bottom

right) without kinetic mixing.
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beam dump searches. We have reanalyzed the neutrino-
electron scattering limits due to the Borexino phase-I [83]
and phase-II [84] determinations of the 7Be solar neutrino
flux, following the analysis of [82]. This includes the full
treatment of interference effects as well as the incorporation
of previously ignored systematic uncertainties. The phase-I
and phase-II results are shown as the red dashed and solid
lines, respectively.2 We can view these two limits as the
envelope of the true limit, which should be derived by
combining the two individual results in a single χ2 test
taking into account any shared systematic uncertainties.
In the future, novel fixed target experiments with high-

intensity beams like e.g., SHiP [38,86] or the LHC forward
detector FASER and the upgraded FASER 2 [87,88] will
have an improved sensitivity compared to current beam
dump limits.3 We calculated the corresponding projections
and indicate the results by green and yellow solid contours,
respectively, in Fig. 3. Furthermore, dielectron resonance

searches as well as missing energy searches at the eþe−
collider Belle-II [89] (illustrated by the cyan and purple
contours, respectively) will have a significantly improved
sensitivity over existing collider searches.
Searches for resonances in B → KX → Keþe− decays

would be sensitive to couplings gX ≤ 10−4 for MX ¼
1 GeV if the experimental sensitivity BrðB → Keþe−Þ ≤
10−15 could be achieved, at which such a search would
probe unconstrained parameter space.

B. Uð1ÞB− 3Lμ

In the case of Uð1ÞB−3Lμ
, the two-dimensional parameter

space shown in Fig. 4 looks quite different from the cases of
Uð1ÞB−L and Uð1ÞB−3Le

. Focussing on beam dump and
fixed target experiments first it is worthwhile noticing that
below the dimuon threshold, MX ≲ 2mμ, beam dump and
fixed target experiments are not sensitive, since the gauge
boson cannot decay into any visible final states, as shown in
the bottom left panel of Fig. 2. Therefore, only NuCal [7]
has some sensitivity above the dimuon threshold, where the
X boson can decay into a pair of muons. This gives rise to
the exclusion limit illustrated by the small cyan island.
Below the dimuon threshold, the gauge boson can be

constrained from reactor neutron-nucleus scattering at keV
energies [90,91]. The resulting limit from n-Pb scattering of

FIG. 3. Limits on the parameter space of a Uð1ÞB−3Le
gauge boson without kinetic mixing.

2For the derivation of these limits we have used solar neutrino
fluxes as predicted by the standard solar model [85] under the
assumption that the Sun is a high-metallicity star, as currently
favored by data.

3Here we want to thank Felix Kling for providing us with the
meson spectra in the forward direction at LHC, which enabled a
robust calculation of the FASER limits.
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gX ≲ ðMX=206 MeVÞ2 is shown by the dark red area.
Stronger constraints arise from a study of π0 → γX decays
at NOMAD [92,93] excluding the dark gray area in Fig. 4.
Searches for the decay π0 → γðX → νν̄Þ at NA62 [94]
provide a constraint for bosons with mass MX ∼
30–130 MeV displayed in dark yellow. In this regime
the X boson is also constrained by the exclusion limit at the
5σ level from measurements of the muon anomalous
magnetic moment ðg − 2Þμ, which is shown by the orange
area. The 2σ preferred region of the observed ðg − 2Þμ
excess is illustrated by the light green band. This is,
however, ruled out by the bound from the COHERENT
LAr run, which we derived in analogy to [81,82]. The
reason this bound is so competitive in this model can be
readily understood as the COHERENT neutrino beam
consists mainly of a flux of prompt muon neutrinos and
secondary antimuon neutrinos (apart from the secondary
electron neutrinos). However, the strongest bound in this
region of parameter space is provided by the limit on NSI-
induced neutrino oscillations of [76] illustrated by the dark
cyan area. At very low masses MX ≲ 10 MeV and cou-
plings gX ≲ 10−5 we again show the bound of [73] in light
gray as an estimate for the constraint arising from ΔNeff .
Above the dimuon threshold, the X boson can be

constrained by resonance searches in muonic final states

at various collider experiments. For example, peak
searches in the dimuon invariant mass of a four-muon
final state yield the green and dark orange exclusion
limits from analyses by the BABAR [95] and CMS [96]
Collaborations, respectively. Bounds from a search for
prompt decays into a pair of muons at LHCb [97] yield
the strongest bound and are represented by the pink
areas. For comparison, we show the bound arising from
the loop-induced flavor-changing process Bþ → KþðX →
μμÞ obtained by the resonance search at LHCb [67].
The powerful suppression of quark FCNCs discussed
in Sec. III renders this search noncompetitive for the
current experimental sensitivity. In order to probe cur-
rently unconstrained parameter space, future searches
would require a sensitivity of BrðB → Kμþμ−Þ ≤ 10−15

for MX ¼ 1 GeV.
Similar to the case of Uð1ÞB−3Le

, we show that the
sensitivity of searches at the future FASER 2 (yellow
contour) and SHiP (green contour) experiments will be able
to improve the limits from displaced searches in muonic
and hadronic final states. Most noticeably, we find that
missing energy searches with the planned upgraded run of
NA64 with a dedicated muon beam will significantly push
the limits toward smaller couplings gX, shown by the light
blue contour.

FIG. 4. Limits on the parameter space of a Uð1ÞB−3Lμ
gauge boson without kinetic mixing.
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C. Uð1ÞB− 3Lτ

The landscape of constraints on Uð1ÞB−3Lτ
shown in

Fig. 5 alters significantly from all previously discussed
cases. To begin with, current and past fixed target and beam
dump experiments relying on visible decay products (i.e.,
electrons, muons and hadrons) are not sensitive to this
scenario. This is due to the absence of first- and second-
generation lepton couplings in this model, as well as the
fact that the energies have not been high enough to produce
hadronic final states at past experiments.
However, in [75] limits on Uð1ÞB−3Lτ

have been derived
froma number of experiments. In particular, scattering of tau
neutrinos produced in the decay of X bosons with the
DONuT [98] detector can be used to constrain this model.
These limits obtained in [75] are shown by the purple area.
The previously mentioned constraints from neutron scatter-
ing is shown in dark red, and the constraints from semivisible
pion decays at NOMAD and NA62 are shown in dark gray
and dark yellow, respectively. Finally, Z line shape mea-
surements at LEP constrain any new physics contribution to
the partial width of the Z into taus [99] and result in the
bound on the X boson shown by the orange area.
The dominant constraint on this model, however, is due

to NSI-induced neutrino oscillations [76], which is shown
by the cyan area. This bound is more stringent than the

previously mentioned limits by up to 2 orders of magni-
tude. At very low massesMX ≲ 10 MeVwe again show the
bound of [73] in light gray as an estimate for the constraint
arising from ΔNeff .
Further, we show that in the future FASER 2 (yellow

contour) and SHiP (green contour) will have some sensi-
tivity to much smaller couplings as constrained by NSIs for
GeV-scale gauge boson masses due to searches of long-
lived decays into hadronic final states. Furthermore, the
recently proposed FASERν experiment will be sensitive to
scattering of tau neutrinos produced at the LHC [100,101].
This will enable FASERν (red contour) to improve the
limits over those previously set by NSI in a small mass
window around the ω resonance. Similar to the resonance
search for muons in B meson decays a future resonance
search with tau final states B → KX → Kτþτ− could
probe unconstrained parameter space if an experimental
sensitivity of BrðB → Keþe−Þ ≤ 7.4 × 10−14 could be
achieved. This search would then be sensitive gX ≤ 10−3

for MX ¼ 4 GeV.

V. CONCLUSIONS

In this work we have systematically studied the possible
coupling structures of the associated boson of a new Uð1ÞX

FIG. 5. Limits on the parameter space of a Uð1ÞB−3Lτ
gauge boson without kinetic mixing.
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gauge group to SM fields including three right-handed
neutrinos. Constraints from gauge anomaly cancellation,
fermion masses and mixing angles allow only for a limited
number of Uð1ÞX groups. We categorize these extensions
and determine the allowed textures of Yukawa and
Majorana mass matrices in all cases. If neutrinos are
Dirac particles, the only possible choice satisfying all
conditions is the Uð1ÞB−L group, whereas all other Uð1ÞX
extensions require Majorana masses. We show that quark
and charged lepton flavor transitions are strongly sup-
pressed independent of the gauge group, but flavor-
changing couplings of the X gauge boson to active
neutrinos in the mass basis provide a signature capable
to distinguish between the Uð1ÞB−L group and any other
minimal, anomaly-free Uð1ÞX extension of the SM. The
structure of these couplings is determined by the under-
lying gauge group and the texture of the corresponding
Majorana mass matrix. Existing experimental searches are
not sensitive to flavor-changing neutrino transitions in the
mass basis but provide constraints on flavor nonuniversal
couplings through nonstandard interactions if couplings to
baryons or electrons are present. We calculate the loop-
induced quark-flavor-changing couplings of new gauge
bosons coupling to the baryon current and present the
constraint on the Uð1ÞB−3Lμ

gauge boson from recent
resonance searches for Bþ → Kþμþμ− at LHCb. We
perform an extended and updated analysis and contrast
current constraints and the sensitivity reach of proposed
experiments for the Uð1ÞB−3Le

, Uð1ÞB−3Lμ
and Uð1ÞB−3Lτ

gauge bosons for neutrino observables and quark flavor

transitions with beam dump, collider and precision
experiments.
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APPENDIX: DIAGONALIZATION

The validity of the PMNS matrix for each charge
assignment was checked by considering random matrices
with the required texture and explicitly calculating its
degrees of freedom. We used the standard parametrization
in terms of Euler angles and phases given by

V¼

0
B@
eiδe 0 0

0 eiδμ 0

0 0 eiδτ

1
CAṼ

0
B@
e−iϕ1=2 0 0

0 e−iϕ2=2 0

0 0 1

1
CA; ðA1Þ

where

Ṽ ¼

0
B@

c12c13 s12c13 s13e−iδ

−c23s12 − s23s13c12eiδ c23c12 − s23s13s12eiδ s23c13
s23s12 − c23s13c12eiδ −s23c12 − c23s13s12eiδ c23c13

1
CA; ðA2Þ

and cij ¼ cos θij and sij ¼ sin θij. The Euler angles are
calculated from the matrix via

θ13 ¼ sin−1ðjV13jÞ; ðA3Þ

θ12 ¼
(
tan−1 jV12j

jV11j if V11 ≠ 0

π
2

else;
ðA4Þ

θ23 ¼
(
tan−1 jV23j

jV33j if V33 ≠ 0

π
2

else;
ðA5Þ

while the six phases are found using [102]

δμ ¼ argðV23Þ; ðA6Þ

δτ ¼ argðV33Þ; ðA7Þ

δ ¼ − arg

�
V�
11V13V31V�

33

c12c213c23s13s12s23
þ c12c23s13

s12s23

�
; ðA8Þ

δe ¼ argðeiδV13Þ; ðA9Þ

ϕ1 ¼ 2 argðeiδeV�
11Þ; ðA10Þ

ϕ2 ¼ 2 argðeiδeV�
12Þ: ðA11Þ

The angles and phases were considered to be
valid as long as they were not multiples of π and π

2
,
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respectively. For the PMNS matrix to be considered
compatible with the SM measurements, we required all
three angles and at least one physical phase to take

nontrivial values. We also do not require the presence
of two additional Majorana phases since they have not
been experimentally confirmed.
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