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Abstract

The muon (g — 2),, and b — sjip induced B anomalies as hints of new physics beyond the stan-
dard model (SM) have attracted much attention. These two anomalies indicate that there may exist new
interaction specifically related to muon. A lot of theoretical ideas have been proposed to explain these
anomalies. Gauged flavor specific U (1) By—Ly, is among the promising ones. The new gauge boson Z’ from
Uu) By—Ly interacts with muon and provides necessary ingredient to solve the (g — 2),, anomaly. The
Z'-quark coupling can generate flavor changing interactions after diagonalization of quark mass matrix
between weak eigen-state and mass eigen-state basis. We revisit challenges for such models attempting
to explain the (g — 2),, and B anomalies separately or simultaneously. We find although for U (1) By—Ly
models there is still parameter space to provide solutions for separately explaining the (g — 2), and B
anomalies, there exists no parameter space for such models to solve both the anomalies simultaneously,
after taking into account existing constraints from ¢ — py, T — 3, neutrino trident and By — Bj data.
Among them leptonic processes restrict Z’ mass to be less than a few hundred MeV if required to solve the
(g — 2),, anomaly, which causes conflict between data from By — By, po — po mixing and also hadron
decays with Z’ in the final states. The effects of U(1)y and U(I)Bq_LM kinetic mixing on these anomalies
are also studied. We find that neither can these effects do much to bring the two anomalies together to be
solved simultaneously.
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1. Introduction

The Muon g —2 Collaboration at Fermilab reported their new results from Run 1 measurement
of the muon anomalous magnetic dipole moment a,, recently [1]. Combining previous data from
BNL [2], the discrepancy between experimental data a;, " and SM prediction a3 [3] reinforces
(g —2), of muon anomaly confidence level which raised from 3.70 to 4.20 [1] with, Aq;, =
ap? — a3 = (251 +59) x 107!, Needless to say that more precise SM calculation is needed

to further confirm this anomaly.' This anomaly generates a new wave of extensive theoretical
studies, including new U (1) gauge models [5—7], multi-Higgs models [8—13], axion or axion-like
models [14—-18], supersymmetric models [19-37] and many other interesting models [38—48].

There exist also persistent B anomalies from b — s induced rare B decay processes, such
as the branching ratios of B — K jiu, K*jip, By — ¢, jipn, and B — K* i angular distri-
bution, between SM predictions and experimental measurements [49-51]. The recent full run
2 data from LHCDb [52] for Rg = 0.846;"8:8;%1'8:85 for the di-muon invariant mass squared
q2 between 1.1 GeV? to 6 GeV?2, increased the Rk deviation to 3.10 level. These anomalies
if confirmed also indicate new physics beyond SM and attract a lot of theoretical attentions
[5,9,12,39,40,53-59].

We wonder whether these two cases of anomalies could be correlated with each other from
model perspective. Thus, we need to analyze their particular and common features. Firstly, note
that the (g — 2),, and b — sju induced B anomalies all involve muon pairs, which indicates
potentially that new physics interactions may be related to the second generation of charged
lepton. Then, the B anomalies may require mixing between the second and third generations
of quarks for new physics. There are different ways to realize such new physics interactions.
Exchanging a new gauge boson Z’, which results in models beyond SM with an additional U (1)
gauge symmetry, is one of the favored mechanisms.

To have a consistent model with new gauge interactions, one must make sure that the models
constructed are gauge anomaly free. Many models [6,7,60—-64] which can provide solution to
(g — 2),, anomaly through exchange of a Z’ have been proposed. The U(1)z, 1, model is the
simplest one of this type. However, it does not involve Z’-quark interactions and needs to be
extended further to address B anomalies. Several variations of such models have been proposed
to explain the recent muon g — 2 anomaly [6,7]. If right-handed neutrinos are introduced, the
gauged U (1)p_ model is also anomaly free [65] which can be used as a consistent model to
work with. Again in the simplest model, neither is there quark mixing. In Ref. [66] some vector-
like up and down type of quarks in U (1)L, -, model were introduced to achieve the goal. In fact
without introducing new type of quarks, flavor changing interactions can also be generated if one
assigns non-trivial U (1), u—L; orU (1) p—r quantum numbers for Higgs bosons which generate
masses for quarks and leptons. When working in the mass eigen-basis, Z" will in general have
flavor changing interactions. There are several studies on related models [67-70]. For U(1) 5y,
if all generations have uniform new gauge charges, no flavor changing Z’ interaction can be
generated. But one or two generations have non-trivial U (1) p_1, charges and the other generation

! Recent lattice calculation in fact favors experimental value compared with previous calculations [4].
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Table 1

The U(1)p, 1, charges for all particles.

Quarks Or, Qr, QL ug, uRr, upy dr, dr, dps
Upy—1, O 1/3 0 0 1/3 0 0 1/3 0
Leptons LLl LLZ LL3 lRl le lR3 VR, VR, VR3
UMpy-r, O -1 0 0 -1 0 0 -1 0
Scalars H ! H]  H  H 505

Upy-r, O 1/3 -1/3 1 -1 1 2

has trivial charges, flavor changing Z’ interaction with quarks and leptons can be generated in
the mass eigen-basis. Therefore such models may be able to explain g — 2 anomaly or b — st
induced B anomalies. We refer this as a flavor specific U(1)p,—r, gauge model. g indicates the
quark generation number. In addition, the kinetic mixing between U (1)y of the SM and the new
U (1) unavoidably arises, which can also introduce flavor changing Z’-fermions interactions.

Gauged flavor specific U(1) —Ly model to explain the (g —2),, or the B anomalies has been
proposed in the literature [68,70-74]. The new gauge boson Z’ interactions with muon and flavor
changing quark can provide the solution for the (g —2),, anomaly and B anomalies, respectively.
It is tempting to see whether such models can explain both anomalies simultaneously. We revisit
challenges for such models attempting to explain the (g — 2),, and B anomalies separately or
simultaneously. We find that although for U(1) By—L, models there is still parameter space to
explain separately the (g — 2),, or B anomalies, there exists no region for such models to solve
both the anomalies simultaneously, after taking into account existing constraints from 7 — uy,
T — 3, neutrino trident and By — By, D° — D mixing and also hadron decays with Z’ in the
final states, suchas D — 7 Z’.

This paper is organized as follows. In Sec. 2, we show the details of flavor specific U(1)p,—1. "
model. Sec. 3 provides the solution to (g — 2),, while satisfying other constraints from leptonic
processes. Sec. 4 explains the B anomalies and other constraints from quark sector. Sec. 5 shows
the difficulties to explain both anomalies simultaneously for variant U (1) p —Li models. Sec. 6 is
devoted to studying the effects of U(1)y and U(1)p,—1. B kinetic mixing. In Sec. 7, we draw our
conclusion.

2. The flavor specific U(1)p,—1. “ model

The gauge group of the model is SU(3)¢c x SU(2)r x U(1)y % U(D)B,-L, with the cor-
responding coupling constants g, g, g’ and g, respectively. The left-handed quarks, Q; =
(up,dp)’ = (QL,, OL,, QOL;), the right-handed up type of quarks, Ugr = (ug,, Upr,, UR;),
the right-handed down type of quarks, Dgr = (dg,, dg,, dg,), the left-handed leptons L; =
e, )T = (Lr,, Li,, L), the right-handed charged leptons, Ig = (Ig,, Ir,, Ir;), and the
right-handed neutrinos, vg = (Vg,, VRr,, VR;), have SU(3)c x SU(2); x U(1)y quantum num-
bers (3,2,1/6), (3,1,2/3), 3,1,—1/3), (1,2,—1/2), (1,1,—1) and (1, 1,0), respectively.
Here the subscripts 1, 2, 3 correspond to different generations. Note that the first and third gener-
ations do not transform under U (1) g, 1, - Only the second generation of quarks and leptons have
U(1)B,-r, charge with 1/3 and —1, respectively. The Higgs boson H transforms as (1,2, 1/2)
and (0) under the SM and U(1),-r, gauge group. The corresponding U(1)p,—r, charges for
all particles in our model are collected in Table 1.



J.-Y. Cen, Y. Cheng, X.-G. He et al. Nuclear Physics B 978 (2022) 115762

For the above assignments of quantum numbers, the interactions of Z’ from U(1)p,—1. . with
fermions are given by

1_, - _ - /
Lip = 38 (QL,y"Qr, + g, y"ur, +dr,y"dr,) Z,,
—g(iLzyMLLz+l_R2]/MlR2+1_)R2)/MvR2) Z;l. Q8

The Yukawa interactions and also the right-handed neutrino mass terms are given by

) . ) L 1 -
Ly mass = — <QLY;’1URH + QLYSDrH + LY} vRH + LY, IR H + EvngRvR)

+Hec., (2)
where V5, is the charge conjugated field of vg. The forms of Yukawa matrix Y£ and mass matrix
My are

Y1f1 0 YIJ; ~ My 0 M
vi=|o v, o, sM=[o0 0o o]. 3)
v, o v Miz 0 Mz

After H develops vacuum expectation value (VEV) vp/ /2, the fermion mass matrices are

in the form My = YI{; vo/~/2. The mass matrices with the current form do not produce correct
Kobayashi-Maskawa (KM) matrix for quarks and Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix for leptons. These problems can be solved by introducing another two Higgs
doublets and two singlets transforming as: H{ : (1,2)(1/2,1/3), Hy : (1,2)(1/2,—1/3), S :
(1,1)(0, 1) and S5 : (1, 1)(0,2). The notation (a, b)(c,d) refers to the representations under
SUB)exSUR) L, xU()y x U(l)Bz,Lﬂ. a, b, c and d are the quantum numbers under SU (3)c,

SUR)., U(l)y and U(1) By—L,> respectively. In the following we will use the same notation.

q
Y —mass

The following Yukawa couplings L can be added to the Lagrangian

rq _ 2 74 74 2 d q d q
LY—mass = _(QL(YIL_lIIqu + Y:]g H2 YUR + QL(YH;J Hl + YH2qH2 )Dg

1_
+ Ev%(YSI ST+ Yszsz)l)R> +H.c., “4)
where
0 Y;‘I%Z 0 0 0 0
uo_ d _ | y42l y423
Yie=1|0 9%2 0, Yi=|"Yu o vie |,
0 Y& 0 0 0 0
1
O 0 0 0 YZE,Z 0
vi, =Y 0 Vi@l vd,=lo o o], (5)
2 2 2 2 d32
0 0 0 0 Yy 0
0 Y& 0 0 0 0
Ys, = Y2 0 Y@ |, v, =0 Y3 0
0 Y3 o0 0 0 0
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When Higgs bosons develop non-zero VEVs v; /+/2, the mass matrices M, 4 for up and down
quarks are given by

U() q q )

q
+— + —= My = + —=
N f " f Vi V2 f Vit f Vi
the mass matrices M, ,, for charged leptons and neutrinos in the basis (v{, vr)T are given by

0 Mp
ML Mg

Mu = H+ (6)

Vo !
My =—-Y Mv:< 7

NG
where Mp = (vo/\/i)Y}} and Mg = MR + (vsl/\/i)Ysl + (vsz/ﬁ)Ysz. We assume that the
elements in Mg are much larger than those in the other mass matrices so that the seesaw mecha-
nism is effective.

The above Yukawa couplings for charged leptons will not cause any mixing between different
flavors of charged leptons so that Z’ only couples to p, which leads to a vector-like coupling
Z' to muon as the desired structure to obtain a positive contribution to muon g — 2 to solve
the anomaly. We need to introduce some Higgs doublets to have more involved mixing for neu-
trino phenomenology and also to reduce some potential difficulties for neutrino trident data. For
this purpose, we can introduce a similar pair of Higgs doublets H ll 2> lepton counterparts of the
quark scenario, with different charges Hf :(1,2)(1/2,1) and Hé 1 (1,2)(1/2, —1) to allow the
following Yukawa couplings

i = (LL(Y;{{ A+ Y}y By vr + LL(Yy, H{ 4, ,Hz)ER) +He. ®)
with

0 0 0 0 Y;}]? 0
v YU21 0 Yl)23 l
H T | H H | YH{_ 0 ?32 E

0 0 0 0 Y2 o

1

0 Yf”lzz 0 0 0 0
vi=[o o o, vl=[Yvy o VZI, ©)
> \o Y;IZZ 0 " 0 0 0

and the mass matrices M; and Mp are modified to
1 LR v v
v % %

\/_YH—i—TYH,—i—\/_YH,, Mp = fYH+fYH’+fYH" (10)
The above mass matrices will allow flavor changing Z’ interactions with charged leptons in the
mass eigen-basis.

The above mass matrices My, 4.1, p,r are full 3 x 3, and M, is further full symmetric matrix.
We should diagonalize them by bi-unitary transformation

M; =

Mp=v/inv], M, =v T, vy, (11)
Here Vf L. g are 3 x 3 unitary matrices and V¥ is a 6 x 6 unitary matrix whose left top corner 3 x 3

matrix V 33 IS an approximate unitary matrix assuming seesaw mechanism is effective. After

fermion-mass diagonalization, KM and PMNS matrix can be accommodated as Vg = VZ’ VL
and Vpyns ~ VII‘ V;XZ;.
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The SM-like Higgs boson 4 will be dominated by the linear combination & = (voh g + vijh? +

vind +oln! + véhé)/\/vg + )2 + ()2 + ()2 + (v})2. Here h; are the real neutral compo-
nent of each H;. There are additional orthogonal combinations for the these real neutral fields.
Correspondingly, there exist also other pseudoscalar bosons and charged Higgs bosons. We will
assume these new degrees of freedom are much heavier so that their effects are small. With this
assumption, the new physics effects on SM particles will be dominated by Z’ interaction terms.

Since H lq 21 have both U (1) g,—r,, charges, there is in principle mixing between Z and Z'. The
mass-squared matrix in the basis (Z, Z’)7 is given by

CLE@R 40D+ PP+ 2+ D) BEEEE (L) - D) + )2 - (0)?)

‘/Z—Tg( (W) = D) + @D = @) F (G (W) + @) + @) + @h) +v§, +4v5)
(12)
Note that Z’ mass can be much larger or smaller than Z mass. In the large Z’ mass limit, the
mixing between Z and Z' is of order m7 2 /m? - If setting v1 v2 and v1 = vz, the mixing is
eliminated so thatmz (g —l—g/z)(vo+(vq)z—l—(vg)2+(v1)2+(v2)2)/4 and m’? = g2 (1> +
)2)/(3)2 + (v 24 (1)2)2 + vS1 +4Us2)' To reduce the parameters in the numerical analysis, we

will make the above choice. In this case, the relevant interactions of Z’ with quarks and charged
leptons in the mass eigen-state basis are given by

1 - ; _ .
Lin—y = 38(OLV{ N, VIS yRUL + OrVEN,VE Y UR

+DLVEN VT DL + DRV,?N VglyﬂDR)z;

— gULVENV Yy + RVENIVE vM IR Z), (13)

where N, = N is the same as N; = N, which is a diagonal matrix diag (0, 1, 0)

From the structure of mass matrices, we find that the unitary matrices VL R= (Vf ;lh ), in
general, have all non-zero entries. V; and Vg are generally different. Phenomenolog1cally a
vector-like Z’ coupling to leptons is favored because it provides a positive contribution to muon
g — 2. We also have in mind to use Z’ to produce the required interaction for addressing the
b — supu induced B anomaly which favors sy*LbZ ;L type of coupling. We will use the follow-
ing sub-set of the Z’-fermion interaction contained in the above interaction Lagrangian for our
detailed studies,

Lint—sbp.x = _g((vi nVE Ay n+ (Vi Vi) ty'e
+ (Vi Vis)iav t + (V5 Vl*zz)fl/ulo Zy

1 _
+38 (ViR Vi bL) 7, . (14)

3. U(I)BZ_LM and the muon (g — 2),, anomaly

Contribution to muon (g — 2),,
Using the Z’ interaction with charged leptons, we obtain the contribution to muon g — 2 at
one loop level to be [75]
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Fig. 1. The (g — 2),, allowed region in g — m s plane with VI{ 27 = 1. The excluded region by neutrino trident process
is in gray.

=22
My (1 i
Aazewz 42 (VLZZVL*22)

1 / I 2 2my
X/ . (VL3 Vp'5) (x = )<x+ e _2> (Vi Vi) x2(1 —x)

) mﬁxz—i—mzz,(l —x)+(m%—m%l)x mix2+mzz/(1—x)
(15)
In the limit mz» >> m
new _ & mlzl I ylx I ylx me 2 Loor s
Aa), :mm—é/(VLZZVLZZ) (VL32VL32) m. 3 +§(VL22VL22) . (16)

whereas for the opposite limit mz < m,, one should use the full integral form in Eq. (15).
Assuming the difference Aa, = (251 £ 59) x 10~ is due to Aaﬁew and using the relation
|V£ 3 P=1-— |VI{ 22|2, we obtain the allowed parameter space by muon (g —2),, inthe g —mz
plane with the green narrow band in Fig. 1.

The above show that as far as only (g —2),, problem is concerned, it is easy to deal with. There
are, however, several processes which give strong constraints on the mass mz and coupling
constant g, such as neutrino trident production [73,74,77,78], LHC Z’ searches [73,74] and Z
coupling to leptons [73,78,79]. We will show below that experimental bounds from neutrino
trident data will restrict mz to be less than a few hundred MeV if there is no u — T mixing,
that is, |VIf 2| =1.Data from T — ppuu, T — uy, however, only allow |V£ 2| =1to solve the
(g —2),, problem. Therefore in this model the Z’ mass is restricted to be less than a few hundred
MeV.

Constraints from neutrino trident and other processes

The new Z’ coupling to y contributes to produce a ™™ pair in the neutrino trident process,
vy N — v, Nt ™. This provides a sensitive probe for g. In the heavy Z’ limit, our model gives
the correction to the cross section as
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NP (1+4s3) 4:,2282(% 0V + %(Vi 0V’
=1+ z — Z : (17)
1+ (1+4s3,)
where v = 246 GeV and sy = sin 6y with weak Weinberg mixing angle 6y .

Using the experimental measurement within 2o error for trident cross section by the CCFR
collaboration [80], 0 ““FR /¢ SM = (.82 + 0.28, we obtain the excluded parameter space in the
g —my plane in gray as shown in Fig. 1. Neutrino trident production is also observed by other
experiments, such as CHARM-II [81] and NuTeV [82]. If combining these three collaborations,
we get the global average value as oexp/osm = 0.95 = 0.25. It is slightly weaker than the bound
from CCFR. So we use the more stringent CCFR bound to analyze the constraints in our model.
For a large m, if there is no mixing between u and t, |V£ 22|2 =1, 0N /oM is predicted to
be larger than 5. Therefore in order to have a large Z’ mass, one should choose a |V£ 22|2 which
is much smaller than 1. This is why we introduced the mixing and we will try to see if this indeed
can achieve providing a solution for a large m 7. With |V£ 22|2 = 1, the model can still be made
to accommodate the neutrino trident data to solve (g — 2),, anomaly, but in this case Z’ mass is
restricted to be less than a few hundred MeV as can be seen from Fig. 1.

We comment that for small m 7 with a few hundred MeV, the large Z’ mass approximation in
Eq. (17) is no longer accurate enough. We have taken the ¢> dependence into account to obtain
the constraints as shown in Fig. | based on Ref. [77]. We find that there is allowed parameter
space to accommodate the (g — 2),, anomaly if the Z" mass is below 300 MeV.

Constraints from 7 — pap, wy and t — uZ’

We now study if a VLl 2, deviating from 1, is allowed so that one has a chance to have a large
myz to solve (g — 2),, anomaly. If V£ 3 * Vé 5, s not zero, T — pfip and T — py will occur
at the tree level and the one loop level, respectively. And further if mz < my —m,, v — nZ'is
kinematically allowed to happen. The decay amplitudes are given by

M (t = pjip) = §1V] Vi V5 (p3)y * 1(pa)

1
X w(p2)vat(pe) — (P2 <> p3) ,
(p3+ pa)? —m?, o
M(t = pZ') = gV] 5 Vi (Z)iivat (18)
and the interaction Lagrangian inducing T — py at one loop is
Lyp=em:C 1008 PLl: F*¥ +em CR7 1,00 PRl F*P . (19)
Here
1
OBt _ ot _ c#kckf / = Dmy — (x4 y)me ]| —2mp 2y — 1)
L R 167'[ me,—{—(l—x)mk—x(l—x—y)m —xym
0

(20)

where k can be u or T circulated in the loop. C** and C** are the coupling vertexes in our
model for charged lepton to Z’ with the forms CH* = —gV! , V%, CF* = —gV! ,, V£*32 and
— _syl I
CT"=—8V 5V ) _ _ . )
Based on the above amplitudes, we can obtain the relevant branching ratios. Using exper-
imental data Bre*?(t — 3u) < 2.1 x 1078, Bre*P (v — uy) < 4.4 x 1078 in 90% C.L. and

8
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Fig. 2. The excluded region in the large and small m ;/ cases. The excluded region by T — 3 is inred, T — py in blue,
T — nZ' in gray, respectively. The narrow band between green line is the allowed parameter space for explaining muon
g-2 anomaly. (a) The left panel is for large m ;. (b) The right panel is for small m ,» with m, = 0.1 GeV.

Bre*P(t — uZ') <5 x 1073 [76], we obtain the excluded parameter space for large my in
Fig. 2(a) and small mz in Fig. 2(b), respectively. We find that the strongest constraints are from
7 — 3w and T — uZ’, courtesy of large and small m cases. And for whichever case (large
or small mz/), the muon (g — 2), allowed region in green has been ruled out. Therefore, we
find that |V£ |l ~1(] V£ 231 ~ 0) is needed to forbid to exist flavor changing t decay processes
while solving (g — 2), problem. Similarly, non-zero factor Vli 2 * V£*32 will also induce Michel
decay process T — uvv by exchanging Z’. The Michel parameters will further be influenced.
However, this constraint is weaker compared with the ones from r — 3 and © — py.

We now comment on several other constraints. Di-muon pair production process pp — Z' —
wT ™ gives the strongest constraint on the model parameters at large m 7 region. The ATLAS
and CMS experiments have performed various searches in pp collisions at the LHC for resonant
Z' vector bosons decaying into different final states. Due to the null signal of di-muon resonance
up to date, the lower limits are placed upon the production cross sections times branching ratio
as a function of the invariant mass of the final state. The null result signal of di-muon can also
constrain the parameter space in our model by using ATLAS [83] with 150 GeV <mz <5 TeV
and CMS [84] with 200 GeV <my < 5.5 TeV. For MeV m region, the constraints from di-
muon resonance will not apply again.

Lepton flavor universality (LFU) of Z couplings can provide another set of constraints for the
parameters. The presence of Z' — puu and Z' — vv couplings will break LFU in Z boson decay.
This is manifest in Z couplings to muons and neutrinos through loop effects. The corrections to
the vector and axial vector couplings of Zuu relative to the Standard-Model-like Z — ee can be
expressed as

8Ve 8Ae

And similarly for Zvv, out of the three SM neutrinos only the muon-neutrino in the weak basis
is affected by Z’ loops. Therefore, the correction to Z coupling to neutrino is effectively given by

52
~ ‘ . 21

8v 84 8
SR 28K 1] 4 W(VI{ zzvi*zz)kF(mzz/mZZ’)

gz 1 2 2
(A‘-T)zng(mZ/mZ/)

8vv _ 8Av

~

8Ve 8Ae

~ ‘1 . . 22)
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Here kF is the loop factor that can be found in Ref. [85]. The vector and axial vector couplings
of Z boson can be found from electroweak measurements in Ref. [76]. The relevant ones are
gve = —0.03817 £ 0.00047, ga. = —0.50111 £ 0.00035, gy, = —0.0367 = 0.0023, g4, =
—0.50120 £ 0.00054, gy, = g4y = 0.5008 £ 0.0008. We find that the most stringent constraint
is from g4, /g4 = 1.00018 £ 0.00128 which is consistent with Ref. [73]. For mz less than a
few hundred MeV, these constraints are safely satisfied.

We conclude that the U (1) g,— 1, model discussed here is able to solve the (g — 2),, problem
if the Z’ mass is less than a few hundred MeV.

4. UM)p,-L , and b — spit induced B anomalies

We now study b — supt induced anomalies in U(1)p,—r, model. Using Eq. (14), by ex-
changing Z’ at tree level the required effective Hamiltonian will be generated with

228" — qqP /m?%)
3(42 - mzz/)
2

Hepr = (VLd22 Vf?z) (Vi 22V£*22) (ELVabLP_‘VﬁM)
g

RETZ (ngz‘/%z) (VI{ 22V£*22) (rvabriy®u) 23)
Z/

where ¢ is the momentum transfer from quarks to muons. For the last line in the above equation,
we use 1y “qqu =0.

Writing the above into the standard form Herr = —(G Faten / «/En)V,;, Vi Zi C; O;, we have
the following operator and corresponding coefficient in the m%, >> g2 limit

B a V2rg?
00 = 517" brfiyutt . cper =35
3m% G pdem

Vd Vd*
R ) L227032 (24)
( L2¥L22) 7y %
It has been shown that the contribution, dominated by C9 = —0.80 = 0.14 [49] with 5.70 pull
from SM best fit, is the best scenario to explain b — supu anomalies from global rare B decay
data fit. Our model can naturally accommodate this scenario by setting Vl‘g to be zero. We would
obtain

2 Vi, v, _ 3Grtem Co

(25)

To produce the required Co, we have (32/m2)|V} 1> (Vi 5, Vi, / Vi Vi) = (—0.46 £0.08) x
10~7 GeV~2. The allowed parameter region within 20 error to explain » — st/ anomalies is
shown in g/mz — cos, plane with green in Fig. 3(a). Here 6, means the down type of quarks
mixing angle with cos6, = V{,, and —sin6, = V{ 3

To establish a solution for » — su it anomalies, one must make sure that known constraints
from other processes are satisfied. Besides these processes discussed in the Sec. 3, B — Kvv,
D — put ™, D and B meson mixings will also constrain the model parameters. In the following
we provide some more information.

Firstly we comment on B — Kvv and D — u*u™. For B — Kvv, this decay process is sim-
ilar to B — K ufi just replacing p by v. And for D — ™, Z’ interaction induces the second
generation of quarks transition to the first generation of quarks, such as Z’' — ¢ — u interaction,

10
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Excluded by D — D mixing

10-2}

§/mz [Gev1]
-
g
o

10-4}

Bs mixing

-5 " " " " " L L L L
49 10-° 1073 1074 1073 1072 107 10° 200 300 400 500 600

Cosbq mz

(a) (b)

Fig. 3. (a) The allowed parameter space in the g/m ;s — cos 6 plane for large m ;. The narrow green band is the allowed
region to explain » — suu induced anomalies. The gray region is excluded by D — D mixing by choosing ¢(m z/) = 0.8
and the dashed curve is the exclusion line by choosing ¢(m ;) = 1. (b) The excluded region in the g —m ;s plane for large
m . The excluded region by neutrino trident production is in purple, LHC Z’ search in gray, LFU in Z decay in red, By
mixing in yellow, respectively. The narrow green band is the allowed parameter space for explaining muon g-2 anomaly.
The region between the two green dashed line is the explanation of the B anomalies combined with the constraint of D
mixing in fact, and the yellow area is excluded by Bg mixing combined with the B anomalies explanation.

which may constrain our model parameters by involving the mixing matrix V}', which are fully
determined by Ve and Vf [68],

Vud Vus Vub 1 0 0
Vi=VexkmVi=|Vea Ves Voo | [0 cosf, sing,
Via Vis Vi 0 —sing; cosb,

Vua  Vuscosty — Vypsind, Vs sin, + V,p cosf,
=| Vea Vescosty —Vepsing, Vegsiny + Vepcosfy | . (26)
Via  Viscosfy — Vipsind,  Vigsinf, + Vi, cos b,

Exchanging Z’ at tree level, we have

§2

3(¢2 —m)

gZ

32 —m)
Following Ref. [86], we find that the branching fraction for B — Kvv is Br(B — Kvv) x
10° ~ 4.39 — 0.457Re Y, (Co/2 + C;M)". Here C;M = —X (x,)/s%, with X (x,) = 1.469 £
0.017 [87,88]. And the branching ratio for D — u* ™ is zero due to the vector current type of
coupling form py*u [89].

In our model, we find for B — Kvb, by combining the experimental data Br(B™ —
K*tvb) = (1.1£0.4) x 107> [90] and SM prediction Br (Bt — K vb) sy = (4.4£0.7) x 1076,
one obtains Ry = Br(B* — K*vi)/Br(BT — KTvb)gy = 2.5+ 1.0. By using the central
value of input parameters in our model, one obtains R} = 1.01 satisfying the constraint from
experimental data and SM prediction.

Now we comment on D — D and By — B, mixing. For D — D mixing, using Eq. (26), we find
the contribution to D — D mixing matrix elements by exchanging Z’ as

Hp_ kvi = (Ve V) GLyubr vy L),

Heoupt - (Vi‘szi‘“Zz)lVi 22|2(ZZLVMCL[LVMM) . (27)

11
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. N _ g —qtq/m?, _
—iM = =g (V}' 1,V}'%)? (MLVuCL—m2 2 Eiyver
c Al
~2 ysu ukx 2 1 - % = mg — -~
== (VL uVi)" —5——= | Ly cr)lUryucr) — —-(@Pre)(@Pre) | . (28)
mg —ms, m,

For mz >> m(, the second term in the bracket can be neglected and this leads to the following
mass difference
2 g : . . 2
Amp = ngBDch(mz/)@ [(Vius €086y — Vi sin6y) (V5 cos 6, — V3, sinf,) |
(29)
Here fp =0.2074 GeV [91], Bp = 0.757 [92] and the Wilson coefficient c(m z/) =~ 0.8 includes
the NLO running from electroweak scale down to the meson mass decay [68,93,94]. It becomes
larger when lowering m s and in the sub GeV scale [95] is close to c(m ) = 1. This leads to a
stronger constraint for smaller mz as shown in Fig. 3(a) by the dashed curve. Using the experi-
mental data Amp = (0. 95+8 ﬂ) x 101951 [76], we obtain the excluded region with 2o error in
gray shown in Fig. 3(a). We find that there exist some suitable spaces with cosf, = (1073, 0.4)
to explain the B anomalies while satisfying the D — D mixing bound. The long-distance contri-
bution within SM can also contribute to the D — D mixing. The theoretical prediction on D — D
mixing is model-dependent, which may lead to large uncertainties [96-99]. In our work, we only
focus on a rough estimate on D — D mixing from Z’ contribution for the short-distance part.
Therefore, here we have not considered the long-distance contributions and concentrated on the
new short-distance ones.

For these processes with Vi 9 = 1 discussed in Sec. 3, we obtain the corresponding con-
straints within 20 error as shown in Fig. 3(b). We find that although the most region has been
ruled out by these processes there is suitable region to explain the B anomalies.

A non-zero value VL » VL %, will induce By — By mixing by exchanging Z’ at the tree level
with the amplitude by

1. 2 (g —q2qPIm%,) _ _
M12=Mf§4+<§gV£’22Vf§z) — 5 LGy Lh)GypLb)
z
s (Veva van \ 1 - a _ my o
=M + gngZZVL32 —— | (5¥*Lb) GyuLb) — —-(SRb)(SRD) | ,
mZ’_mBy mZ,

(30)

where we have used q2 = m%y. In the limit mz >> mp_, the second term in the bracket can be
similarly neglected. Then we obtain the ratio between the modified contribution M, and SM
contribution M ISZM

. 2

Mo :1+g_2 Vi’szi”éz 98”50

MM m%, \ VioVjs 167202
2 ) —1

m7 [ 3GraenCo ( 9g-So ) 31

g \V2mvl,, 2 167202 ’
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where Sg is Inami-Lim function in the SM with value >~ 2.3 [100,101]. The mixing amplitude
M, is related to the mass difference by Amp = 2|Mj2|. Using the experimental data Amp, =
17.741 £ 0.020 ps~" in Ref. [76] and SM prediction Am3" = 18.57]3 ps~! in Ref. [102], we
obtain M1,/ MlszM = 0.959J_r8:8%. Combining the constraints from Cy operator in Eq. (25), we
can obtain

g _4UGFOlem —C9 1
mz 8 Vi 52 ’
280 [ M — 1
)
Vi Vi _ 3v2¢%50 M 1 V] 5l 32)
Vi Vi 167v2G paem \ M3 —Co

Then we can obtain at 2o level the lower bound for g/mz > 1.08 x 10~* and the upper bound
for |(Vf ” Vf’;z) /(Vip V;;)| < 2.53 with VLZ 9 = 1. The excluded parameter space in the g —mz/
plane is shown in yellow in Fig. 3(b). The region between two green dashed lines is the allowed
space to explain the b — su it anomalies. The up line corresponds to cosf, >~ 1073 (g/my ~
0.015 GeV™!) and the lower one is for cos 0, =04(g/mz =7 x 1075 GeV™h.

Combining all these constraints, we find that there exist suitable regions to explain the b —
s i anomalies and satisfy all the constraints simultaneously. Therefore, U (1) g,—, model can
provide solutions to the B anomalies in large m z/ case.

Now we give some comments on the small 7 region. For D — D mixing in MeV scale, the
enhancement factor mg / mzz, in Eq. (28) makes the second term in the bracket dominant. This
modifies the mass difference as

5 m? m?
A = —— (9 D = 2B ,
"D = TS 2 — 2, (g +my? 370 PPME0NZ)
g 2
X e [(Vus 0864 — Viup sinBy) (Vi cos 6, — Vi, sin6,)]” . (33)
Z/

Comparing to Eq. (29), it only multiplies an additional factor —1.35. The extra negative sign can
be compensated by corresponding CKM matrix element. Numerically for mz = 0.1 GeV and
g= 1073, we can obtain Amp = 1.21 x 1019~ which is consistent with the experimental data
within 20 error. B
Similarly, for By — By mixing in MeV scale, the amplitude is modified due to the enhancement
factor mi/m%, in Eq. (30) as
M 5 52 Va’ Vd* 2 9 2 -1 m2
2 _ 8 ( L2 L32> ( gSo> By

MM 8w, Vi Vi 167202 ) (mp +my)?
_ -1 2
-1 it m 45 (GFaemC9>2< 98>So ) "B, (34)
m3, & 8\ V2n lor2v2 ) (mp+mg)?

In the above we have used an approximation for C§“" with small Z’ mass by taking the factor
1/(q% — mzz,) in Eq. (23) with a central value m? ~ 3 GeV? for ¢2 in relevant region 1/(% —
m%,). We find that for mz = 0.1 GeV and g = 1073, it leads to Mj/M$ = —1.05 which
contradicts with the experimental data. We have searched most parameter spaces and find that

there is no solution for the B anomalies satisfying By — By mixing constraint.

13
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The kinematically allowed two-body decay D — 7 Z’, courtesy of small m case with MeV
scale, results in D — m 4 E,;;s signature constraining our model parameters severely. Unfortu-
nately, there is no dedicated experimental search for this signature yet. If one adopts the decay
bound for a massless invisible pseudoscalar a with Br(D — ma) < 8 X 10-6 [76] and assumes
the constraint also applies to hundred MeV Z’ as suggested in Ref. [103]. This also rules out a
small Z" mass of 300 MeV as the solution for B anomalies [103].

We conclude that the U(1)p,—1. i model discussed here is able to solve the B anomalies prob-
lem in the case of large mz with hundred GeV scale.

S. Difficulties to simultaneously solve (g —2), and B anomalies in U (1) g, 1, models

We have carried out detailed analysis for U(1)p,—r, model to solve the (g —2), and B
anomalies separately in Sec. 3 and Sec. 4, respectively. To simultaneously solve the (g — 2),
and B anomalies, we just need to find out the parameter spaces for solving the (g — 2),, and
B anomalies separately and to see if there are common regions where both anomalies can be
accommodated.

Due to severe constraints from t — wjiu, T — wy and T — pZ’, only |V£ 2|~ 1is allowed
as can be seen in Fig. 2 whatever the large or small m 7/ scenarios. On the premise of | VLZ »nl~1,
neutrino trident data then force Z’ mass to be less than a few hundred MeV while explaining
(g — 2),, anomaly as can be seen in Fig. 1.

With the above allowed parameter space for (g — 2),, anomaly in mind, if one further requires
simultaneous solve the b — su i anomalies, one just needs to concentrate on Z’ mass below a
few hundred MeV region to see if the required Cg can be found and the other constraints are not
upset. We find that to produce the required Cy is relatively easy. However, the same parameter
space will induce By — By mixing which brings in devastation for such models. To illustrate the
difficulties clearly, we adopt the specific numerical analysis for mz = 0.1 GeV with V£ »n =1,
which can explain muon g —2 anomaly and satisfy neutrino trident process simultaneously. Then
we find the corresponding g ~ 10~ under this case satisfying the B anomalies from Fig. 1. Fur-
ther, with the help of Eq. (34), we obtain M»/M;{! = —1.05, which is far beyond the allowed
experimental bounds. This leads to the incompatible contradictory between explaining the B
anomalies and satisfying B; — B, mixing due to the large enhancement factor mi / mZZ, for Z’
in MeV scale. Therefore, we conclude that it is impossible for U (1) p,—1. " model to solve the
(g —2),, and b — sup induced anomalies simultaneously.

There are several variations of U(1) By—L model with different combinations of ¢,/ =2, 3.
The gauged U (1) p;—1, model is among the variants. Similar as U(1)p,—r,, we can construct
the following favorite structure

Lint—sb.p.c = —g((vi n Vi ay" u+ (Vi Vi) iyhe
+ (Vi Vi)t + (Vs Vi*zz)fyuﬂ) Zy
1. _
+ 38 (ngs Vg§3SLV“bL> z,. (35)

Comparing to Eq. (14), we find that the only difference is from the quark coupling. We can
conduct the similar analysis just by changing the mixing parameter Vlf’ » Vg’gz into VLd 2 Vg’§3.
Therefore, we can draw a same conclusion that U (1) g, 1, " model can not accommodate (g —2),
and B anomalies simultaneously.

14
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Now we comment on another possibility modifying the lepton coupling of U (1) p,— 1, model,
such as U (1) g,—, model. The relevant Lagrangian can be written as

Lint—sb.e = _§<(VLI BVEay" i+ (VL Vi) tyhe
+ (VL 3Vi')ayh e + (Vi 5 V£*23)f7’ﬂl‘«) Zy
1. i}
t38 (szzvliigzsLV”bL> Z, . (36)

Similarly, we can analyze this case only by modifying V; sz[{ -, into Vi J3V£ 3 T — 31, T —>

332

wy and T — pZ’ force the “j” in Vi iz tobe j = 3. In this case there is no solution for (g —2),,.
Therefore we conclude that UuQ By—L: model can hardly explain the muon (g — 2),, and B
anomalies simultaneously.

6. Kinetic mixing effects

So far we have neglected a possible renormalizable kinetic mixing term between U (1)y and
U)B,-L,, (1/2)83“”Z;w with |§| < 1 where B is the U(1)y gauge field. In terms of photon
field A and Z boson field, B = cos 6w A — sin Oy Z. When writing into gauge fields in canonical
form of the physical mass eigen-state gauge bosons, the photon A™, the Z™ boson and the Z'™
boson, the interaction with SM current will be modified to

m 5£6 COS 9W s;B sin Oy Sg
mt JemApt ﬁ +( $+ \/— )J \/— Z/
_cgdeosby , cgdsinby o, w\ rm
+( Vice T T AT, ””m’f s 7

where Jl, = —eQf Fyhf, I} = fy'(el — ghys)f with gf = —(g/2costw) (] —
2Qf sin? fw) and gi = —(g/2cos GW)I‘f, and J” is defined by Eq. (14). Here Qf is the electric
charge of fermion f in unit e, and 13/ are 1/2, —1/2 and O for the up and down components of

SU (2)1, doublet and singlet fermions. We will drop the superscript m in the boson fields in our
later discussions. And cg (sg) = cos £ (sin&) is with the mixing angle & of Z and Z’ as [104]

2m% 8 sinfy /+/1 — 52
— (m%8%sin Oy +m%,)/(1 — 62)
Note that there is a resonant for & when my is near mz. To avoid this situation, we choose
large Z’ mass above 100 GeV. In this case, experimental constraints on & and s¢ are weak with

181(|sgl) < 1.
The above kinetic mixing will make a correction for muon g — 2. We find that when ignoring
the photon contribution, the largest correction only comes from the second order 82 with

52 m2 2 2

8 My mz 22 Iyl o (M 2 Lo i

47T2m_2(m2 5| OTsin"Ow (VLZZVL*22> VinVis —3)t3VinVin|
V4 z "z my

tan 2& = (38)

(39)

Aslongasmyz > mz and § < 0.3 (although we do not think it can be this large), the very limited
effects can be neglected. This effect, however, can be probed by high energy colliders [105,106].
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It has been pointed out that kinetic mixing can in principle produce a Cé(mp [63] by first
inducing the one loop SM contribution to 56Z coupling and then mixing Z with Z’ to couple to
it. The contribution can be written as

b avdl £ 2 .
loop g(VL 22VL 22) my Ce ( 4 sin Oy ) )
Cy’ 7 =2cos by ; —5 sg —ce———= | Co(m;/my,) , (40)
9 esinfw  m2, VI—82 §TC i/ my
where
x( 6—x 3x+2
C =— 1 . 41
o) 8((1—x>+(1—x>2 nx> 4D

We have carried out a unitary calculation for the loop contribution using results from Ref. [107].

Our expression for Cé(mp differs from that obtained in Ref. [63].

Numerically, we find that the produced Cy is too small to generate the required value to solve
b — spft induced anomalies. Thus, we try to make s¢ substantially away from O to obtain a
sizable contribution for C9. However, in this case the term J g,Zl’f in Eq. (37) will be impor-
tant to affect Z interactions with SM particles, which is infeasible because Z has been severely
constrained by precision test data to very close to SM predicted interactions.

We conclude that kinetic mixing will not be able to help much to deal with the challenges to
solve (g —2), and B anomalies simultaneously.

7. Discussions and conclusions

The muon (g —2),, and b — su i induced anomalies, both belonging to new physics beyond
SM, attract much of attention. These tantalizing anomalies share the same feature involving
the second generation of charged lepton, which indicates that they can be correlated by new
interaction specifically related to muon. We study the possibility of using gauged flavor specific
U(1)p,-r, model to explain the (¢ —2),, and B anomalies. We find although for U(1)p,-L,
models there is still parameter space to provide solutions for separately explaining the (g —2),
and B anomalies, there exists no parameter region for such models to solve both the anomalies
simultaneously, after taking into account existing constraints from t — uy, t — 3u, T —> uZ’,
neutrino trident and B; — B, data.

We started with U(1)p,—r, model to illustrate the concrete details about solving muon
(g —2), and B anomalies separately and simultaneously. On the one hand, to satisfy severe
constraints from other processes, such as T — uy, T — 3u, T — wZ’ and neutrino trident,
the only suitable solution to (g — 2),, anomaly is V]i 9 = 1 and mz < 300 MeV. On the other
hand, the above viable small m 7/ scale will be ruled out by the constraints from B; mixing and
D — mZ'. The only existing suitable region to explain the B anomalies separately is in large
my scale. Unfortunately, we found that there exists no common region to accommodate these
two anomalies. Therefore, we conclude that the U (1) g,— 1, model can not explain (g —2),, and
B anomalies simultaneously.

We also found that variations of U (I)Bq_ 1, model are impossible to realize the above ac-
commodating purpose. For U(1)p;—r, model, it only modifies the quark coupling so that the
difficulties will appear again. For U (1) 5 —Le model, it will not provide the solution for (g —2),,
when considering other constraints from T — 3u, T — py and T — uZ’, which force Vi 33 = L.
Therefore, variations of U (1) L model can also not explain (g — 2), and B anomalies simul-
taneously. We also studied kinetic mixing effects, but found that neither can it help to solve the
problems.
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