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Abstract: Motivated by flavor non-universality and anomalies in semi-leptonic B-meson decays, we present a general

and systematic discussion about how to construct anomaly-free U (1)’ gauge theories based on an extended standard

model with only three right-handed neutrinos. If all standard model fermions are vector-like under this new gauge

symmetry, the most general family non-universal charge assignments, (a,b,c) for three-generation quarks and (d,e, f)

for leptons, need satisfy just one condition to be anomaly-free, 3(a+b+c)=—(d+e+f). Any assignment can be linear

combinations of five independent anomaly-free solutions. We also illustrate how such models can generally lead to

flavor-changing interactions and easily resolve the anomalies in B-meson decays. Probes with B;—B, mixing, decay

into 7%, dilepton and dijet searches at colliders are also discussed.
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1 Introduction

Recently, some intriguing anomalies have been found
in the branching ratios of semi-leptonic decays of B-
mesons into electron and muon pairs,
_Br(Bf K utu) Br(B—K*ufu~)
- Br(Bt—Ktete-) Br(B—K+ete™) '

(1)

The LHCDb collaboration presented the following values
in Refs. [1-3]:

R =0.74500%0 (stat)+0.036(syst), (2)

RK 7RK* =

- 0.66795:40.03, for (2m,)?<g?<1.1 GeV>,
K* =

0.6975:5140.05, for 1.1 GeV?<¢*<6.0 GeV?,
(3)
where ¢? is the invariant mass for the final lepton pair.
However, the standard model (SM) predicts Rk ~ 1 ~
R+ [4, 5] in the above kinematic region. It has been
claimed that the overall deviation from the SM in B-
physics is more than 40 when global analyses are per-

formed [6-8] by including other anomalies (the branch-
ing ratios of B—K®utu~ [9] and B,—dutu~ [10], the
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angular distribution of decay rate of B—K® utu~ and
P! observables [9, 11, 12]). If these anomalies are truly
due to some physical effects, then lepton flavour univer-
sality (LFU) is violated and new physics beyond the SM
is warranted.

We shall focus exclusively on anomalies in Ry and
Rk~, since the theoretical uncertainty is expected to be
small. Economical explanations are involved with four-
fermion effective operators, such as (57, P.b)(£v"(), see
Ref. [13] for more systematic discussion. More concrete
models have also been constructed to generate such an
effective operator [14-30]. Various models [31-59] in
the literature, including extra Z’, lepto-quark and loop-
induced mechanisms, were proposed to address similar
issues in the past.

In this paper we focus on Z’ models with an extra
U(1) gauge symmetry. In the literature, usually just
a specific charge assignment is chosen, without noting
that many other options could be equally possible. Here,
we provide a systematic investigation of general fam-
ily U(1) gauge symmetry and illustrate how to choose
charges consistently to get anomaly-free models without
introducing new fermions, except for three right-handed
neutrinos. For family universal models, there is only
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one non-trivial charge assignment, the well-known B—L
symmetry. For family non-universal models, however,
infinitely many solutions exist as linear combinations of
five independent anomaly-free bases. We also show how
some models can provide explanations for the anomalies
in B-meson decays.

This paper is organized as follows. In Section 2, we
discuss the consistent conditions for U (1)’ charge assign-
ment first, then give an example to show how a real-
istic model can be constructed to match the observed
fermion masses and mixings. In Section 3, we exemplify
one charge assignment in the context of anomalies in B-
meson decays. Finally, we give our conclusion.

2 Anomaly free
U(1)" models

family-nonuniversal

In this section, we give some general discussion about
anomaly-free conditions for U(1)’ models, without in-
troducing extra chiral fermions other than three right-
handed neutrinos. We denote the weak doublets and
singlets as follows, ¥Y=u,d,e,v,

) wl . Vi . )
Q;=<d}>, L’=< L) Y n =P,
L €L

with P, =(1—75)/2,Pr = (1+75)/2 and i =1,2,3 as the
family/generation index. The anomaly is proportional
to the completely symmetric constant factor,

DaB'y =tr [{Ta’TB}T'y}

T, is the representation of the gauge algebra on the set of
all left-handed fermion and anti-fermion fields, and “tr”
stands for summing over those fermion and anti-fermion
species. Note that the T's above may or may not be
the same since they depend on the referred gauge groups
and also the chiral fermions running in the loop of the
triangle anomaly-diagram.
The anomaly free conditions for the theory are given
by
3
0= Z(2quy+zu:+zd;), [SU(3)2U(1)],
i=1
3
0= Z(6zQi+32u; +32ax+221, +2c: +2,+ ), [global U(1)']
=1
3
0= S0(:3,—2:2 422 —22 +22), [UQ)2U(1)y],
=1
3
0= 2(6222 +325. 4325 +22) +22.+20.), [U1)7].
i=1
3
0= (32, +2,), [SU?U(1)],

=1

3

1 4 1 1 ) ,
0 = Z(EZQ1+§Zu:+§ZdT+§ZL7+ZET), [U(I)YU(l) ]
(4)

=1
So far, the discussion has been standard and the solution
space of the above equations is expected to be large since
we have more variables than equations. Interestingly, one
can easily check that the first four equations are satisfied
automatically if fermions are vector-like under the new
U(1)" gauge symmetry, namely

2Q, == Zur =2ty AL, =~ Zer = — 2y - (5)

i

With vector-like charge assignment, we only need take
care of the last two linear equations, which are actually
reduced to just one,

3 3
SZzQi:—ZzLi. (6)
i=1 =1

This equation is much easier to solve, but could have
multiple solutions. For example,
1) Family universal model:

zo=—21/3, (7)

which is the unique non-trivial solution, the well-known
B—L gauge symmetry.
2) Family non-universal models:

3 3
33 s0 =3 . ®)
i=1 i=1

where z; are not identical. Since we have six variables
but just one constraint, infinitely many solutions exist.
For example, we are free to choose just one generation to
be charged, the other two as singlets, or any assignments
for quark sector with a proper choice of charges for lep-
tons. Some models have been discussed in Refs. [60-63].
In general, we can have the charge assignment as in Ta-
ble 1, where a,b,c,d,e and f are arbitrary real numbers

Table 1. An example with anomaly-free realization
of U(1)" charges for SM chiral fermions. The
last column shows the U(1)" charges for three
generations, where a,b,c,d,e and f are arbitrary
real numbers. The U(1)’ gauge anomaly is can-
celed in the quark and lepton sectors separately if
c=—(a+b) and f=—(d+e), otherwise Eq. (9) has

to hold.
SU@3)e SU2)w, UMy vy
i 3 2 +1/3 zgi=(a,b,c)
uly 3 1 —4/3 2zyy =(—a,—b,—c)
di 3 1 +2/3 zgr =(—a,~b,~c)
Lt 1 2 -1 zri =(d,e, f)
l/li{ 1 1 0 Zyx =(—d,—e,—f)
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but satisfy
3(a+b+c)=—(d+e+f). (9)

As a special case, we could also imagine that anomalies
are canceled separately in the quark and leptons sectors,
namely > zg,=0=>"z, if c=—(a+b) and f=—(d+e).
Such a parametrization includes some well-studied mod-
els, such as a=b=c=0 and d=0,e=— f#0 corresponds
to L,—L,, d=—-e#0 and f=0 for L.—L,, and so
on. Note that Eq. 6 is linear, so any linear combinations
of anomaly-free realizations would also satisfy this equa-
tion, like #(B—L )y (L,—L, }+2(L.~L,)+... . The solution
space for Eq. (9) is five-dimensional, so we can choose the
following five independent solutions as the bases,

L.-L,, L,~L,, B,—B., B.—B,, B—L. (10)

As emphasized above, we are restricting ourselves to
extended models with only three additional right-handed
neutrinos. If more particles are to be introduced, require-
ments on the charge assignment should change corre-
spondingly. For example, one could also introduce more
SM-singlet Weyl fermions x; with U(1)’ charge X, in
cases where SM fermions are vector-like in U(1)’, giving

B(a+bto)+(dtetf)=0,> X;=0,> X?=0. (11)

Some fermion x; actually could be a dark matter (DM)
candidate. For instance, a Majorana mass term Xj Xxx
would be induced after U(1)’ symmetry breaking by a
SM-singlet scalar S with U(1)’ charge 2X,, since inter-
actions like x§ xS are allowed. Vector-like y,, is another
popular scenario for DM where the Dirac mass term 5, xx
is allowed. In both cases, Z, symmetry can protect the
stability of DM.

To build realistic models with correct SM fermion
masses and mixings, we need to introduce some scalar
fields H; to spontaneously break gauge symmetries. The
scalar contents would be highly dependent on the charge
assignments for these chiral fermions. In the most gen-
eral cases, for the quark sector we can introduce sev-
eral Higgs doublets with hypercharge Y=—1 and U(1)’
charges, a—b,a—c and b—c, to make renormalizable Yukawa
interactions, giving the desired quark masses and CKM
mixing matrix. In the lepton sector, Higgs doublets with
U(1) charges, d—e,d— f and e—f, suffice to give lepton
masses and neutrino mixing.

Below, we shall give an example with explicit charge
assignment to illustrate how consistent models can be
constructed [60]. Let us focus on the quark sector first.
We shall use the following setup:

20,=(1,1,-2). (12)

The above symmetry can be regarded as 3(B,—B.)+
6(B.— B:), expanded in the five bases of Eq. 10. Some
phenomenologies have been studied first in Ref. [60], and

later in Ref. [35] along with L,—L, symmetry in the lep-
ton sector. Here, this model is introduced just for illus-
tration and will be referred to in comparison with the
model for the B-anomaly in Section 3.

With the above U(1)" charges, a SM Higgs doublet
H, with zero U(1)’ charge can cause spontaneous elec-
troweak symmetry breaking to generate the masses of
all the SM particles, but not correct flavor mixing. To
see what happens in the quark sector, we can write the
gauge-invariant Yukawa terms as

2
Ly, = Z (yfjQL,iH1UR,j+yngL,iH1dR,j)
i,j=1

+y§3QL,3H1UR,3+yg3QL,3H1dR,3+h-Ca (13)

where yfj’d are the Yukawa couplings. After H; gets a
vacuum expectation value (VEV), the resulting mass ma-
trices for v and d have the following form:

x x 0
Migw x x 0
00 x
This kind of mass matrix cannot give the correct CKM
matrix, since the third generation will not mix with the
other two. Now if we have two more Higgs doublets,
H, with U(1)" charge —3 and Hj3 with +3, the following
Yukawa term are allowed:

LH2/3 = Y13Qu,1 Houg 3+Y53Qu 2 Houg 5+y5 Qu s Hsug 1

+y3u2QL,3H3uR,2+y(113QL,1H3dR,3+y(213QL,2HSdR,3
+yg1QL,stdR,1+y§2QL,3HQdR,2+h~C- (14)
When both H,,3 get VEVs, these terms contribute to

the mass matrices with

0 0 x
0 0 x
x x 0

Hyy/s
M, 7~

: . . Hy):
Now diagonalizing the total mass matrices, M HM, %/,

would result in three-flavor mixing. Note that we can-
not replace Hs(H;) with Hy(H,) in Eq. (14) because the
U(1)y symmetry would forbid that, although only one of
them is necessary to give three-flavor mixing. In the case
of no H; or Hz not getting a VEV, the mass matrices
are:

00 x 000
M2l 00 x |, M2~ 000
000 x x 0

Three-flavor mixing can still arise after diagonalization
of Mf ld—i-/\/l{i 2. One can easily discuss leptons, since sim-
ilar physics appears. For example if z, =(0,1,—1), extra
Higgs doublets with charges £1 and/or +2 would be able

033104-3



Chinese Physics C  Vol. 42, No. 3 (2018) 033104

to achieve the required lepton masses and mixing.

Gauge bosons will get their masses through the Higgs
mechanism. When H, and Hj get VEVSs, the U(1)’ gauge
symmetry is also broken. If the U(1)" gauge coupling is
comparable to the electroweak coupling, the Z’ boson is
expected to have a mass around the electroweak scale,
which is highly constrained. To get a heavy Z’ boson,
an electroweak singlet scalar S with U(1)’ charge z, can
be introduced. Then the following vacuum configuration
would break the gauge symmetries to U(1).pm,

()= (00/v2) =123 (S)=v./VE  (15)

The kinetic terms for scalars are
3
Ly=) (D"H,)"(D,H;)+(D"S)"(D,S),
=1
where D, is the covariant derivative.  From this
Lagrangian, the W* mass can be simply read out,
vi+vi+v3/2. Neutral gauge bosons, on the other
hand, are generally mixed, but it is possible to make Z’
heavy when v, > v; such that experimental constraints
from Z—Z' mixing can be safely evaded, since the mix-
ing is proportional to vZ/v?; see Ref. [64] for a general
review.
The interaction for vwZ’ can be obtained from
gZ;JZ/, where g is the gauge coupling constant of U(1)’
and the current J7, in the gauge eigenstates is given by

3
J;/:ZZI&ZV# [ejJLPL_FG?RPR} ¢ia¢:uad,€ﬂ/~ (16)

P i=1

The above €. “/"s are the U(1)’ charges z,, for fermions
oF /% Rotating the fermion fields with unitary transfor-
mations such that their mass matrices are diagonalized,
we get

w;{ = (VWR)ijwfj{’wi:(leL)ijgpg’ (17)

where W=U, D,e,v are the mass eigenstates. The CKM
matrix is given by VCKM:VJL Vp,, and the neutrino mix-
ing matrix by Vpuns :V;TL V... The rotation of fermion
fields in Eq.(17) leads to

3
Sy = Z Z iy |:(V;L EwVWL)ij P

v=(U,D,e,w)i,j=1
+ (V;Rewv%)ij PR} ;. (18)

We have used €¥ = €Yt = ¢¥®, since we are considering
the vector-like charge assignment. One can immediately
notice that generally VeV ot I if € ot I, namely family
non-universal gauge interactions. In our previous exam-
ples, we have €% o diag(1,1,—2) or diag(0,1,—1), and
we expect flavor-changing effects to arise. Since only

Vekm or Vpyns is experimentally measured, the individ-
ual matrix V,, . is unknown. Thus the resulting prod-

ucts Vi

Y
vy g€ Vi, are also unknown.

3 Phenomenologies and anomalies in B-
meson decays

In this section, we discuss how the above framework
can address recent anomalies in B physics. Since left-
handed fermions have the same charges as the right-
handed ones, we can reparametrize

€V =2y, I+diag (0, 2y, — 2y, s Zys — 2y, ) =20, [+0€?, (19)
where zy=(a,b,c¢),2,=(d,e, f), and

6€w Vl/)L,R)ij

vir _ (14w - i
Bij = (VwL1R€ M/)L,R) j_Zwl(Sij+(V¢L,R

= Zwl 52J+5B5L’R. (20)

Flavor changing processes can happen when §e¥ #0 or
5B;§L’R’ # 0. Note that elements in the matrix jBYLR
are not necessarily smaller than z,, for a general setup,
since z,, can be zero if fermions in the first generation
are U(1)" singlets.

To illustrate how it affects B meson decay, we exem-
plify the following anomaly-free charge assignment

ZU:(OaO71)a ZL:(O7qM7_3_qu)' (21)

This assignment can be expanded by the bases in
Eq. (10),

(B_L)_(Bu_Bc)_Q (Bc_Bt HLe_Lu HQ;HQ) (LM_LT ), (22)

which is a nice example in the sense that it involves all
five anomaly-free bases. If ¢, = —3/2, the lepton sec-
tor has some kind of L,+ L, symmetry. If |¢,| < 1,
only the third generation is effectively U(1)’-charged.
We should emphasize again that it is free to change the
above assignment by adding any linear combinations of
other anomaly-free solutions. For example, we could
use zy; = (1,1,—1) which is just the sum of the above
charges with (1,1,—2) mentioned earlier. However, these
two models give different signal strengths in experiments,
such as LHC dijet events, therefore they are subject to
different constraints.

The b — s transitions are usually analyzed in terms
of the following effective Hamiltonian

_%mb‘@;%;(aawgomhc. (23)
Here V is the CKM matrix and o =1/137 is the fine-
structure constant. Note that the coefficients C; and
C! are scale-dependent, governed by the renormalization
group equation. They are first calculated at high scales
and then run to a lower scale, which is usually taken as
the bottom quark mass m, for decay processes. We just

Heﬂ =
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list some relevant operators for our later discussions:
Oo= (57, PLb) (I7"1), Oy =(5v,Pab)(Iv"1),
O10= (57, PLO)(In"y5l),  Oo=(57,.Prb) (In"750).

In general, all the above operators can be generated.

Since anomalies are closely related to Oy, we calcu-

late the induced coefficient for Oy by Z’-mediated new
physics

Cé\”):

g* 0By (Bii+Be) [[Gr VaVia
2M2, V2o o]

To resolve the anomalies, CJ'F should be around =~
—1.1 [6, 7], which can be translated into

My
D e e
9\/‘5BsbL (Bii+Bii)|
The above formula is generally applicable to any non-
trivial charge assignment. In some cases, we can simplify
it further. For instance, since Bs/™ are elements in the
diagonal, we could expect BfL~q,, if |g,[>(3+g,|, or no

rotation in the charged lepton sector (Vpans=V,, ), and
Eq. (25) can be approximated as

MZ/

g4/ |qu5BsEt))L|

Now with the charge assignment as in Eq. (21), we ex-
plicitly have 6Bi* =(V} )23(Vp, )33 If the CKM matrix
comes solely from the rotation of down quarks, we would
have 6 BY¥ =V,, V% and

My

g\/lQMl

Other coefficients can also be calculated similarly. Also,
if g, #—3, we would expect new physics effects to show
up in B—=K®™tt1~. Since we mainly focus on O-related
anomalies in B-meson decays to muons, we shall neglect
other operators as long as the setup does not violate cur-
rent limits. For example, we can freely choose BfL=BfR,
which results in CNF=0=C,)".

Z' may also mediate B,—B, mixing in the above sce-
nario, since the operator (5, P.b)? is inevitably induced,
which actually gives the most stringent limit at the mo-
ment. Current bounds [65] can be put on the following
quantity:

9*10BR"” _ 1 My
: —Z 512 TeV
Mz, STV O g T
for BLY =V, V,r~0.04. (28)

(24)

~24 TeV. (25)

~35 TeV. (26)

~7 TeV. (27)

Comparing with Eq. (27), we can safely evade this con-
straint for |¢,| 23 and resolve B anomalies at the same
time.

In Fig. 1, motivated by B physics anomalies, we plot
several contours with CN? ~—1.1 in the M, /g and § BL®

plane for |g,|=1,3 and 5. They are shown by the dashed
purple, dot-dashed red and dotted blue lines, respec-
tively. The region above the black line is excluded by
B,— B, mixing. As expected from Eq. (26), increasing
|g,| would allow a larger parameter space. For small
|g.l, Z' could then be tested by other means.

0.15
g, =1/
0.10 / la,1=3,"
S8 ’
o
//Bs' BS‘,,
0.05
g, |=5
0.00
10 15 20
Mz/g [TeV]
Fig. 1. (color online) contours with C§'F ~—1.1 in

the Mz /g and 5B£L plane for |¢.|=1,3,5, shown
by dashed purple, dot-dashed red and dotted blue
lines, respectively. The region above the black line

is excluded by Bs— Bs mixing.

Since Z’ couples to both quarks and leptons, dilepton
and dijet searches for heavy resonances at colliders can
probe Z’. The expected signal strength depends on

o (Ff—2)xBr(Z —f']), (29)
where ¢ is the cross section for Z’' production, f and
f' are SM fermions, and Br denotes the decay branch-
ing ratio. For hadron colliders, we shall integrate the
above quantity over the quark parton distribution func-
tions (PDF's) (throughout our calculations, we have used
MMHT2014 [66] PDFs). In the case of charge assignment
for quarks, (0,0,1), hadron colliders such as LHC with
energy /s=13 TeV have less discovery potential for Z’,
since Z' would couple weakly to the first two generations
through quark mixing only, but strongly to the third gen-
eration, which has small PDF's. A future 100 TeV hadron
collider has a better chance because the production rate
is increased thanks to the enhancement of the PDF's of
bottom and top quarks. In Fig. 2(a), we give the ratio of
7' production from bottom and top quarks in our model
to that from light quarks if Z’ also couples to u and d.
We have normalized the cross section to a 3 TeV Z’ at
LHC with /s=13 TeV. As shown, Z’ from the bottom
channel is reduced by a factor of O(10%) at /s=13 TeV
and O(10?) at 4/s=100 TeV. Because of that, the limits
from hadron collider searches are relaxed dramatically
and Mz <1 TeV would still be allowed, which can be
inferred from Fig. 2(b), where we show dilepton searches
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for a Sequential SM (SSM) Z’ (SSM Z’ is identical to
SM Z except for the mass) as the dashed black line. The
region above the solid red curve is excluded by dilepton
searches [67]. However, if the signal strength is reduced
by 10 or 100, the exclusion limit would be shifted to
~2.4 TeV (dashed blue) and 1.2 TeV (dot-dashed pur-
ple), respectively. Since in the model discussed, the cross
section is lowered by O(10%), taking the branching ratio
into account would give Mz 2 O(600 GeV), with some
dependences on ¢,. Similarly, constraints from dijets are
also weakened.

In comparison, the charge assignment (1,1,—1), |

10*

My=3TeV

)

10

~udiudiy T

-
(=)
=]

T g~ T T T g

<" btiudss

o(\s)/a (13)
3

-
<
©

ol ol o ol ool vl vl ol v v vkl i

10’

-
o
~

s"2[TeV]
Fig. 2.

which is the linear combination of (1,1,—2) in Section 2
and (0,0,1), will give different results. In such a case, Z’
can couple to light quarks and the cross section for pro-
duction can be sizable. If g is at the same order as the
weak coupling, the limit would be similar to the dilep-
ton search at LHC with /s=13 TeV for SSM Z’' My 2,
3.4 TeV [67, 68] and dijet channel M/ >3.4 TeV [69] for
g=0.5. These limits might fluctuate, since the values of
the decay branching ratio of Z’ would be different from
those in Z¢g,,. In general, direct searches at colliders
are complementary to the bound from B,— B, mixing,
Eq. (28).

—— ATLAS 13TeV dilepton limit|

10°

,,,,,,,, Z'ssw signal strengt h/10

N - - Z'sgu signal strengt h/102

2
\

XBr(Z—I'T)[pb]

>
R
I

1076

o [

2 3 4

Mz[TeV]

w

(color online) (a) Various ratios of the production cross section for Z’ as functions of energy +/s, normalized

by the cross section when Z’ couples to light quarks u and d at LHC with y/s=13 TeV. The solid black curve shows
the ratios of the contribution from u and d to that from b and ¢. The dotted vertical line indicates /s=13 TeV.
(b) The mass limit for SSM Z’ (dashed black line) from dilepton searches shifts when the signal strength is reduced
by factors of 10 (dashed blue) and 100 (dot-dashed purple).

4 Conclusions

Motivated by the anomalies in semi-leptonic B-meson
decays, we have discussed an explanation in models with
general family U(1)" gauge symmetry. We have presented
a systematic investigation on how to consistently assign
charges to SM chiral fermions with three right-handed
neutrinos. If fermions in the standard model are vector-
like under this new U(1)’ symmetry, their charges in Ta-
ble 1 have to, and only need to, satisfy the condition
given in Eq. (9). Generally, infinitely many anomaly-free
family non-universal models exist, as linear combinations
of five independent anomaly-free bases. If both bottom
quark and muon couple to this new U(1), typically the

| anomalies in B-meson decays can be explained.

We have also discussed several other experimental
searches for such models, including Z’-mediated effects
in B,— B, mixing, dilepton and dijet searches for heavy
resonances at colliders. Some viable parameter space has
already been probed by these searches. Future searches
in colliders and other B-meson decay modes should be
able to provide more powerful information on the physi-
cal parameters and test different scenarios for Z’ charge

assignment.

YT is grateful to Koichi Hamaguchi, Chengcheng
Han and Kazunori Nakayama for enlightening conver-
sations.
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