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Abstract

We propose a gauged U(1)H horizontal symmetry around TeV scale that is a
subgroup of a SU(3)H horizontal gauge symmetry broken at O(1014) GeV. The
breaking generates right-handed Majorana neutrino masses through a SU(3)H
sextet scalar. A particular Majorana right-handed neutrino mass matrix explic-
itly determines the remnant U(1)H at low energy which only couples to b—s and
p— in the gauge eigenstate. The dangerous K — K™, D — D™ mixing and Bs —
+n— are kept to be safe because the relevant couplings are suppressed through
high powers of small mixing angles in the fermion rotation matrix. Our analysis
which applies to the general case shows that the Tevatron di-muon anomaly can
be explained through the Bs and Bd mixing while keeping all the other experi-
mental constraints within 90 % C. L. For the B meson decay, the Bs — p+ is
the leading leptonic decay channel which is several orders of magnitude below
current experimental bound
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Abstract

We propose a gauged U (1) horizontal symmetry around the TeV scale that is a
subgroup of an SU(3) ;; horizontal gauge symmetry broken at ©(10**) GeV. The
breaking generates right-handed Majorana neutrino masses through an SU(3) 5
sextet scalar. A particular Majorana right-handed neutrino mass matrix explic-
itly determines the remnant U(1), at low energy which only couples to b — s
and p — 7 in the gauge eigenstate. The dangerous K — K, D — D mixing and
B, — ptpu~ processes are kept safe because the relevant couplings are suppressed
through high powers of small mixing angles in the fermion rotation matrix. Our
analysis, which applies to the general case, shows that the Tevatron di-muon
anomaly can be explained through the B, and B, mixing while keeping all other
experimental constraints within 90% C.L. For B meson decays, the B, — p*7T
channel is the leading leptonic decay, which remains several orders of magnitude
below current experimental bounds.

Introduction

Horizontal gauge symmetry was proposed as an extension of the SM gauge
symmetries to unify all families of quarks and leptons [?, ?]. Given the three
families of quarks and leptons, SU(3) ; is the most natural choice for the horizon-
tal gauge symmetry. Interestingly, if one assumes all SM fermions transform
as 3 under SU(3)y, the anomaly-free condition requires three generations of
right-handed neutrinos n,_; 5 3 [?], while the right-handed neutrinos also play
important roles in explaining the origin of neutrino masses. Therefore, the
SU(3)y horizontal gauge symmetry model provides a natural scheme for the
seesaw mechanism [?] generating small masses for light neutrinos [?]. The Ma-
jorana neutrino mass term for the right-handed neutrinos explicitly breaks the
SU(3) g, thus it is often believed that the horizontal gauge symmetry should be
broken at a very high-energy scale My ~ 0(1014) GeV. Then it seems impossible
to test the SU(3) ; gauge interactions in low-energy experiments. However, this
is not always the case, as we will show in detail below. Even if some subgroup
of the SU(3) remains unbroken, the right-handed neutrinos can still acquire
large Majorana masses.

Since np transform as 3 under SU(3)y, the Majorana neutrino mass term
can arise from the vacuum expectation value (vev) of an SU(3); sextet xg:
£ D nf(xg)ijn; and M = (xg). The light neutrino mass is given by the
seesaw mechanism as m, = mpMz'm%E. In order to explain the neutrino os-
cillation data, suitable (x¢) and mp are required. For mp and the other SM
fermion masses, there must exist octet Higgs fields under SU(3)y to accommo-
date the correct mass hierarchy in quarks and leptons. In addition, to minimize
flavor-changing effects induced by the octet Higgses, we employ a scenario with
additional Higgses and singlet fermions [?] in which the m, and quark mass
matrices or lepton mass matrix are all independent. By taking a suitable gauge
choice of horizontal symmetry, we always choose My to be a diagonal matrix:
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A 0 O
Mr=(xs)=|0 B 0
0o 0 C

The (xg) structure explicitly determines the symmetry breaking. The SU(3); is
completely broken in a generic vacuum with A # B # C(# A). However, with a
specific vacuum of A = B = C for instance, the vacuum (y) is invariant under
an SO(3) symmetry and the breaking pattern is SU(3)y; — SO(3)y. Being a
symmetric second-rank tensor under SU(3), the sextet xg transforms as x4 —
UTxeU where U = e'"T" and T is the generator of the horizontal symmetry. A
general scheme to obtain the unbroken symmetry is derived from the condition
that if [T, {x¢)] = 0, then (x4) is invariant under the transformation defined by
T.

To illustrate the feature of our proposal, we take a vacuum with C' = —B. This
vacuum (xg) = diag(A, B,—B) is invariant under the SU(3) generator )4 as

0 0 O

T =X = (0 0 1). Consequently, one can identify the unbroken U(1)y
01 0

gauge symmetry with generator 17" and it can survive to low energy, for instance

O(TeV), which may lead to interesting predictions in flavor-changing neutral

current (FCNC) processes.

It was also observed that if there exist horizontal gauge interactions, CP viola-
tion can be realized with only two generations. Explicit examples of CP violation
due to U(1); and SU(2)y; were discussed in [?]. If the above U(1)y is broken
at low energy, the horizontal gauge boson exchanges can induce additional CP
violations [?] at low energies through quark and lepton mixings.

In the last decades, huge experimental efforts have been made in improving the
measurements on CP violation in the B meson system. Very recently, the D{)
Collaboration at Tevatron has reported a large charge asymmetry in like-sign
di-muon events from both B, and B, decays with 6.1 fb™!:

Exp_N++_N__ -3

where N** (N~7) is the event number for bb — p*pu*X (u~p~X). Such a
large di-muon charge asymmetry has a 3.20 deviation from the SM prediction
ASM = (—2.370:%) x 107 [?] and many models have been proposed to account
for this anomaly [?, ?, ?, ?]. The CDF measurement gives A, = 8.0 + 9.0 +
6.8 x 1073 [?], using 1.6 fb~! of data, which has a positive value and large
uncertainties. Combining the above two results in quadrature (including the
systematic uncertainty), we have A, ~ —(8.5 + 2.8) x 1073.

At the Tevatron both B, and B, mesons are produced, hence A?, is related to
the charge asymmetries a?, and a$, in B, and B, decays by:
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Al = (0.506 + 0.043)a?, + (0.494 + 0.043)as,.

New physics (NP) contributions in B, mixing are strictly constrained (we will
show this more explicitly in the parameter fit later), so only large NP contri-
butions to the B, mixing (compared to the other meson mixings) are allowed.
For the NP contribution, if the mixing in the rotation matrix between mass
eigenstate and gauge eigenstate is not huge, then one would naturally expect
the U(1)y that maximizes b — s mixing as in Eq. (3). Indeed, for a CKM-like
rotation matrix, the gauge boson coupling matrix at tree level in the mass basis

behaves like:
A3 =
A2 =21 )

where \ is the Wolfenstein parameter [?] around the order of the Cabibbo angle
(A =~ 0.1). Clearly, the meson mixings between the first two generations are
highly suppressed. The NP also couples to leptons. However, their contribu-
tions to the B meson decay branching ratio to electron and muon are highly
suppressed (although A should be replaced by some small mixing of the lepton
rotation matrix). Therefore, we focus on the phenomenology in the B meson
mixing and decay.

The paper is organized as follows: in Section II, we propose the specific model
considered in this paper. In Section III we show phenomenological implications
of our model on flavor physics, with subsection III A related to meson mixing and
subsection III B related to meson decay. Section IV contains our conclusions.

II. The Model

The model starts with a gauged SU(3)y model at extremely high energy, with
all fermions transforming as 3 under SU(3),. The particle contents under
SU3)y x SU(2);, x U(1)y are:

qr, * (372a %)a UpR * (37 1a %)a
KL : (3a2a_1)7 dR : (37 1a_§)7
en:(3,1,-2), ngp:(3,1,0)

which is exactly vectorial and the SU(3); is therefore an anomaly-free symme-
try. It is crucial to have right-handed neutrino triplets, n,_; 5 5, for anomaly
cancellation [?]. The extension to Pati-Salam unification [?] may be straightfor-
ward.

As we have already discussed the sextet breaking in the introduction, here we
focus on the Yukawa interactions for the other SM fermions and the Dirac
neutrino mass matrix. In conventional SU(3), models, to break the SU(3)y
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as well as SU(2); x U(1)y, one usually introduces one H : (1,2,1) and four
D : (8,2,1) to generate all the SM fermion mass hierarchies. However, the
(8,2,1) Higgs will induce large FCNC [?] if the Higgs is light. To avoid the
too-large FCNC problem, another proposal is to introduce (8,1, 0) Higgses [?]:

@él) : (87 170)7 H: (1727 1) (Z = u,d,e,u)

In addition, to generate effective Yukawa couplings, a new set of SU(2), singlet
fermions is introduced:

Up:(3,1,3), Ur:(3,13),
Dy :(3,1,—2), Dp:(3,1,—2),
E;:(3,1,-2), FEgp:(3,1,-2),
N; :(3,1,0), Ng:(3,1,0).

These singlet fermions form invariant Dirac masses and act as messengers to
generate the necessary Yukawa interactions. We take the up-type quark mass
matrix as an example. Since the octet Higgs is no longer an SU(2); doublet,
q;up® is forbidden and the up-quark Yukawa interactions only arise as:

Lo U0 Mig + MyU,Ug + G UgH + A\, ugH,

where g;up H is universal. After integrating out the heavy fermion fields U}, Uy,
the effective up-quark Yukawa coupling reduces to:

’Ceﬁ" D) ﬂR()\uéw + (<(I)(u >MU )zg) q;-

The same mechanism also applies to the mass generation of down-type quarks,
charged leptons, and Dirac neutrinos. By assigning the (®g o ) independently,
the mixings and masses in different fermion sectors are completely independent
of each other and one can easily accommodate hierarchies and mixings in SM
fermions and the Dirac neutrinos. This also enables us to choose the Dirac
neutrino mass matrix other than a nearly-diagonal structure.

After electroweak symmetry breaking, the effective Yukawa coupling of ®*) also
arises: <H>M§1ﬂR<I><8”>uL. Then, the <I>§;) exchanges induce FCNCs in general.
We have checked that they satisfy the strongest constraint from K — K mixing
marginally. However, actual effects depend on the mass spectrum of the CIJ(Si>
and hence we do not discuss them in this paper.

Another consequence is that both up and down quark mass matrices become
Hermitian: ml, = my,, mg = my. Thus, the CP violation in strong interactions
due to quark mass matrices, arg{det(m,,)det(m,)}, is absent at least at tree
level [?]. In addition, the Hermitian mass matrices also require the rotations
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U;,Ug in the mass diagonalization UzmuUR to be equal: U, = Up. In this
case, the horizontal gauge boson couples to vector currents of quarks and leptons.
As a consequence, pseudo-scalar bosons like B, or B, do not decay to a pair of
leptons. However, this is only the result of our specific choice of mass generation
model for quarks and leptons. In the following analyses, we assume more generic
rotation matrices and take Up and U; to be independent of each other to
estimate the predictions.

I11. Phenomenological Implications in Flavor Physics

The horizontal gauge interaction is real but family-dependent. After mass diag-
onalization, other flavor violation entries as well as new CP violation can arise.
The Lagrangian of gauge interactions is:

Ly =gu@iy"q, (LZ), + L < R) = gug" (VTV} qZ), + L < R,

where VqL stands for the rotation for left-handed ¢-type quarks and 7T is the
generator of U(1)y interaction given in Eq. (3).

Flavor-changing interactions in the SM can only be measured via electroweak
charged current interactions. Therefore, for the SM fermion rotation matrices,
only the left-handed ones get constrained from the CKM matrix: (V,2)TVEF =
Ve and one cannot determine VX and V! respectively. The other rotations
are completely unknown. For simplicity of the discussion here, we will assume
that all magnitudes of the left-handed mixings are CKM-like but the complex
phases are O(1), and unconstrained right-handed mixings have a similar struc-
ture. Therefore, we have the mixing matrix in the mass eigenstates as:

4 3

= o e~ (s e 7Y
This U(1); gauge interaction maximizes the mixing between the second and
third generations. The mixing magnitude in By, B,, and K is of order (1 :
A2 : \%). The D° — D° mixing is also suppressed at order A\’ compared with
B, mixing. This U(1)y is consistent with the phenomenological constraints
among different meson mixings. If one assumes the lepton doublet and right-
handed singlet rotations are similar to the quark sector, one can also compute
the leptonic decays of mesons. For instance, the B, — p*p~ decay partial width
has a A* suppression.

A. Meson Mixing

At the energy scale m,,, the effective Hamiltonian responsible for neutral meson
mixing (and in particular B, — B, mixing) through the tree-level exchange of
YARSTY
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H = CEE(m,)OFE + CER (m,)ORF + CER (m,)OEF + CEE (m,,) OLF,

where the AF' = 2 operators are given by:

OiLjL = V" Pra; ¢ Pra;,
OZ‘R = (ji'VuPRqJ‘ (ji”Y#PRQja
0{3‘R = ‘Z"Y“PLQJ‘ (jﬂ”Pqu,
éiLjR = CfiPLq]' QiPRQj»

and the Wilson coefficients at the M, scale are (C’NZ—%R(MZ/) =0):

2
g ’

2
g ’
CHF(My) = 2-(G1 )k,
Z/

2
g ’ ’
CHP(My) = 375 @)1 n

where g5 is the horizontal gauge coupling at the M, scale and M, is the
horizontal gauge boson mass.

In order to calculate the B physics observables, one must take into account
the running effects of the four operators above. The relation between these four
operators at the M, and m, scales is presented in Appendix A. After obtaining
the Wilson coefficients at the m; scale, by using the relevant hadronic matrix
elements [?]:

)

2
LL/RR| 7 mquBq LL/RR
(B0 "R B ) ~ —5 "By /

bq q

2
(BJOERIB Y ~ — > (_Ba ) g2 pLR
a¥bg 17q 12 \my, +m, Bal By By
1 mp

2
ALR| D \ ~ q 2 RLR
<Bq|0bq ‘Bq> ~ 5 (mb +mq) mquBqBBq )

2 2 LR ., BLR . RRR _ pLL —
we use mBq/(mb +m,)? ~ 1 and assume BBq o BBq A~ BBq = Bp, = Bp,
Then we obtain:

_ 2 1 1~
My = (BH\B,) =~ 1%, mp, B, |CHF(0)+ O () — 3CER () — 0L ).

chinarxiv.org/items/chinaxiv-201708.00135 Machine Translation


https://chinarxiv.org/items/chinaxiv-201708.00135

ChinaRxiv [$X]

From the discussion above, the flavor off-diagonal coupling between the horizon-
tal gauge boson Z’ and the first two generation quarks is highly suppressed (for
a CKM-like rotation matrix, it is at least A® suppressed), so we will neglect the
new physics contributions to the K — K and D — D mixings. The Z’-b-s and
Z'-b-d couplings, on the other hand, are either unsuppressed or A suppressed,
hence we expect large new physics contributions to modify the magnitudes and
phases of M1d2/ * where M1dz/ * are off-diagonal mixing matrix elements in Eq. (23).
We can parametrize such effects by:

d/s d/s 3
M12/ = (M12/ )SMAd/sv As = |Ad/s|6 .

The experimentally measured observables are summarized as follows: Amyg,
and Al';,, measure the mass and decay width difference between the heavy

and light mass eigenstates of the B;,, mesons. agl/ ® is the charge asymmetry in

semileptonic By, decays. [, or 8, measure the time-dependent CP-violating
phases in the hadronic B decay channels B; — J/¢YKg or B, — J/¢¢. They
are shifted by the CP-violating phases in B, or B, mixing:

Amd/s = Am§%|Ad/s|,

Ard s
o651+ 63) = gt
S

Syr = sin(26, + PR,
BEP = B — .

The theoretical inputs are listed in Table I. All decay constants and bag param-
eters are taken from Ref. [?] which uses more recent decay constants and bag
parameters with much smaller uncertainties. All other SM inputs are from [?]
or [?]. Notice that we use the calculations for Amp = 2|M7,|gy and ¢ from
Ref. [?].

All experimental measurements used to compare with our model outputs are
listed in Table II. For the like-sign dimuon charge asymmetry, we use Agl A
—(8.5 4+ 2.8) x 1073, which combines the D) measurements with the CDF mea-
surements. For B¥*P and AT, measured by both CDF and Df) [?, 7, ?, 7], we
use the combined results.

The experimental constraints on the parameter space of our model are presented
in Fig. 1 and Fig. 2. The parameters |G;,| and Arg(G,,) are quite similar to
the parameter h, in Ref. [?] except for an overall factor. For illustration, we
choose parameters for B, couplings |G} ,| = |Gp.|/20 and Arg(Gy,) = Arg(G,),
in which there are sizable contributions to Als’l while the agl contribution is
negligible. In contrast to Ref. [?], it is clear from the upper right plot in Fig. 1
that there is no region allowed by all experimental constraints within 1. The
best-fit region for the phase Arg(G;,) C (w/2,3m/4) is quite consistent with
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the one found in Ref. [?]. However, since Ref. [?] essentially marginalizes over
'}, in the range 0 — 0.25 ps~! and uses the best-fit points where AT is about
2.5 times larger than the prediction, the goodness of fit in our result is reduced
significantly compared to the one in Ref. [?].

B. Meson Decays

The new horizontal gauge boson can also mediate meson hadronic decays or
leptonic decays at tree level. In this section, we choose to discuss the two
leading processes, b — scc and b — su® 7T respectively, to illustrate how meson
decays constrain the horizontal gauge interaction. Other transitions always have
additional powers of A suppression.

The effective AF = 1 Hamiltonian responsible for neutral meson decay is:

Hapo1 =C5Q3 +C5Q5 + C73@3 + C~5é5,

and for leptonic decays like Bgs — 0T

HT = CoQqy + C1pQ10 + CoQy + C1oQ10,

where i, j = e, u, 7 are lepton flavor indices.

In the case of b — scc transition, the SM contribution at tree level is induced
via weak charged current with a CKM factor V, V% ~ A2. Reading from the
effective couplings, the horizontal gauge boson mediated b — scc has a factor of
GG, ~ A?. The SM and horizontal gauge interaction contributions are at the
same order of A, and one can simply compare their couplings and gauge boson
masses to estimate the ratio. As discussed in the previous section, the U(1) is
broken at ()(TeV), which results in a suppression factor of (g /g)*(m$,/M32,) ~
10~8. Consequently, the contribution to b — scc from the new horizontal gauge
boson is completely negligible.

In the case of neutral meson mixing, the SM leading contribution is from box di-
agrams while the horizontal gauge boson contribution is at tree level. Therefore,
even if the new horizontal gauge boson is of order TeV, it can still significantly
change AM. For decay processes where SM tree-level contributions exist, the
above argument always applies, so we won’ t discuss constraints from such de-
cays.

Since the horizontal gauge boson also couples to leptons, there is again tree-level
contribution to meson leptonic decays. Within the SM framework, B, pure
leptonic decays are realized via electroweak penguin diagrams with Z/vy* —
£t¢~, and therefore there is no lepton flavor violation at all. The constraints
on leptonic decays are mostly on leptons directly decaying from B mesons. If
there exists a 7 in the final state, T decay will complicate the search due to D*
decays. Therefore, the leading constraints are:
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Br(B, — pfu") <4.7x 1078,
Br(B, = efe) <54 x 1077,
Br(B, — e*pu™) < 6.1 x 1076,

In our model, the horizontal gauge boson has maximal coupling to b,s and
i, 7, and the leading leptonic decay constraint is from B, — p*7T. But as we
mentioned, B, — p*7T does not exist in SM physics at leading order and it
only arises from new physics contributions.

Using (0|5y#~;b| B°) = i fp's, one can compute the decay branching ratio as:

[z m% g g2 2 m2 ’
0 B, H -
Br(B, = u*r7) =715I'(BY — ptr7) = - ( 1 %/) (1 - —3 ) ;

where the Wilson coefficients Cg ¢ = 9% /M2,. To estimate the decay branching
ratio, we take M, ~ 103 GeV, gy ~ 0.02 and substitute m, = 4.7 GeV,
m, = 1777 GeV, fg = 230 MeV, mp = 5.3 GeV, 75 = 1.6 ps, obtaining
Br(B, — p*r%) ~ 1.2 x 107°.

The only relevant search for B; — p*7+ is from CLEO [?], giving Br(B; —
putrT) < 3.8 x 107, Due to the horizontal gauge boson coupling, the B, decay
partial width has an additional A2 suppression, so our prediction is well below
the experimental bound. One can also estimate B, — p"p~ using the above
result. The B, — p*u~ channel has a factor of A\* suppression, making the
prediction about two orders of magnitude lower than the current experimental
bound.

Other possible rare decays that can be induced by the horizontal gauge boson
include FCNC decays in the top quark, for instance ¢ — ¢/u + pu*77. However,
given the large M, , the three-body decay is highly suppressed:

2

4+, F m? 91211 —13
It —c/u+psr7) = 09,5 \ 272 ~1.7x 107" GeV.
Z/

Even at a top factory like the Large Hadron Collider, it is impossible to observe
such rare decay events.

IV. Conclusion

The dimuon asymmetry reported by the D@ Collaboration is much larger than
the SM prediction, which suggests new sources for CP violation. In this pa-
per, we propose the possibility to explain such an anomaly through tree-level
exchange of a gauged U(1)y horizontal symmetry in B meson mixing. The
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U(1) i horizontal symmetry is a remnant symmetry of SU(3), broken at My ~
O(10') GeV through a sextet scalar which gives neutrino mass. Such a U(1)y
gauge boson only couples to b — s and g — 7 in the gauge eigenstate, which
suppresses all other dangerous meson mixings and B meson decays after flavor
rotation. For a general flavor rotation matrix, we find there is a parameter re-
gion around the phase Arg(G},) C (m/2,3mw/4) which fits the data at 90% C.L.
For B decays, the dominant enhanced channel is B, — p*7T. Nevertheless,
such an enhanced decay channel is still one order of magnitude smaller than the
current experimental bound.
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Appendix A: RG Running of the AB = 2 Operators

In the previous section, the Wilson coefficients are given at the M, scale, while
to calculate physics processes involving low-energy mesons, one needs to cal-
culate the relevant Wilson coefficients at the low-energy scale. The running
contains two steps: the first step is from the M, scale to m, where six flavors
contribute to the running of ay, and the second step is from m, to m,, where
only five flavors contribute. We summarize the running effects of the relevant
AF = 2 operators below [?].

The operators belonging to the LL/RR, LR sectors are:

Qrr = (5,7"PLb )(gﬁV“PLbﬁ)a

Qrr = (87" Prb, ) (557" Prbg),

Qrr = (3,7 Prb )(557”]33%)»
(s

Qrr = (5,Pb )(S,BPRbﬁ)'

The running relations are:

Crr() = N()]Crr (1),
<QLR(Mb)> _ (7711(%) 7712(/%)) (QLR(M))
Crr(m) N1 (1) M2z () ) \Crr (i)
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The variables 7, are defined as ratios between strong coupling constants at
different scales. Given the U(1), gauge boson is around 10 TeV, we have two
different running regimes for «, taking into account the threshold correction
due to the top quark.

For the running between the B physics scale and the top quark:

For the explicit form of 7, we list both the LO (with subscript (0)) and NLO
(with subscript (1)) expressions:

() =,

iy () =i,

nis (1) =0,

nsy () =3 2%,

nsy () = s 2%,

0 (y) = 1.6273(1 — )l

iy () = 0.9250n, %1%,

my () = 138752 — 5 21/%%),

s () = (—11.7329 + 0782950/ *,

sy (1) = (7.9572 — 8.88225%)ms >4/%% 4 (—2.0994 + 1.17441?).

Similarly, for the running between the top quark mass scale and the horizontal
gauge boson scale, one can replace all i, pt; by fiy, it M, in the above equations,
where all the 7, are replaced by:

aS(lu’MZ/)

Ng =
° as(ut)

The explicit LO and NLO expressions for this running regime are analogous to
those above with appropriate modifications for the different number of active
flavors.
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