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We consider the Standard Model (SM) with the addition of a U(1)" gauge symmetry and a complete
fourth family of quarks and leptons which are vectorlike with respect to the full SU(3). x SU(2), X
U(1)y x U(1)" gauge symmetry. The model provides a unified explanation of experimental anomalies in
(9—2), aswell as b — s£7¢~ decays. We find good fits to the deviations from the SM, while at the same

time fitting all other SM observables. The model includes a new Z' gauge boson, a U(1)’-breaking scalar,
and vectorlike leptons all with mass of order a few hundred giga-electron-volts. It is consistent with all
currently released high energy experimental data; however, it appears imminently testable with well-
designed future searches. Also, precision flavor experiments, especially more accurate direct determi-
nations of Cabibbo-Kobayashi-Maskawa matrix elements, would allow probing the best fit points.
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I. INTRODUCTION

The Standard Model (SM) is very successful, explaining
most experimental results. However, there are experimental
discrepancies with some SM predictions. One is the anoma-
lous magnetic moment of the muon, (g — 2),. The current
experimental measurement [1,2] shows the discrepancy,

(1.1)

Other discrepancies are reported in observables related to
b — s¢"¢~ processes. The observables testing lepton
flavor nonuniversality, Rx and Rg., deviate from the SM
prediction [3.4], even though the most recent data are
consistent with the SM at 2.5¢ [5] or have large error bars
[6]. There are also deviations from the SM predictions for
semileptonic branching ratios [7-10] and angular distribu-
tions [11-17].

It is interesting that all the observables for b — s£+¢~
can be explained by new physics (NP) contributions to the
effective Hamiltonian [18,19],

Aa, = a,® — aM = 268(63)(43) x 10711,

4GF A,

M = =3 in

ViVis > (CL045+ CLOY). (12)
a=9,10
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where £ = e, u, 7 and the operators are defined as’'

O = [y PLblFr,t). Ol = (57 PLb)[Prarst). (13)

Of = [sy"Ppbl[ey,£).  Of = [sy"Prbl[ey,rst]. (1.4)
The analyses before Moriond 2019 [21-29] and after
Moriond 2019 [30-37] show that several patterns of NP
contributions explain the discrepancies significantly better
than the SM. In all cases, there should be a sizable negative
contribution to C%.

The muon anomalous magnetic moment Aa, can be
explained by introducing vectorlike (VL) leptons which
exclusively couple to muons [38—41]. A way to address the
b — s£*¢~ anomalies is to introduce a Z' gauge boson
which couples to muons and down-type quarks. For
instance, U(1),, gauge symmetry and VL quarks [with
U(1),., charge] are introduced to control the flavor depen-
dent couplings of the Z’ boson [42,43] [see Ref. [44] for a
more general discussion of U(1)" gauge symmetry]. It is
shown in Refs. [45-49] that both of the Aa, and b —
s¢t ¢~ anomalies are successfully explained in models with
VL leptons, VL quarks, and a Z’ boson.

Box-diagram contributions involving new fermions and
scalars can also account for the b — s£T£~ anomalies
[50-53]. They may even include particle candidates for
dark matter [54-58]. These extensions, however, typically

'Effective operators for fitting the process b — se™e™ were
first given in Ref. [20].
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induce deviations from the SM predictions for lepton flavor
violating (LFV) decays, Higgs decays, and B,-B, mixing.

In this paper, we propose a model with a complete fourth
family of fermions which are VL under both the SM and a
U(1)" gauge symmetry. Similar models with chiral U(1)’
gauge symmetry are considered in Refs. [42,48]. In these
models, the SM families typically have sizable couplings to
the Z’ gauge boson in the gauge basis. AVL U(1)’ where a
new singlet scalar [59] or the singlet VL neutrino are dark
matter candidates has been studied [60]. However, the
parameter space there is very restricted, so Aa, was not
addressed. In our present model, all Z' couplings to the SM
fermions are controlled by the mixing of the SM families
with the VL family. We find that a certain pattern of
mixings can simultaneously address both Aa, and the
b — s¢T¢~ anomalies.

We analyze this model involving all three SM families.
This allows us to explicitly discuss both the Cabibbo-
Kobayashi-Maskawa (CKM) matrix and exotic particle
production from quarks and gluons at the LHC. We find
points in the parameter space which explain the muon
anomalies and all other observables by using a y? fit. The
purpose of this paper is to demonstrate the existence of
points which are consistent with the anomalies, as well as
all other SM observables, and study the expected phenom-
enology at these points. A more detailed analysis of the
expected phenomenology in a wider parameter space is
delegated to future work.

The rest of this paper is organized as follows. The model
is introduced in Sec. II; then, we discuss the most relevant
observables for the muon anomalies in Sec. III. In Sec. IV,
we show the best fit points of our y? analysis and study their
phenomenology. Section V is devoted to our conclusions.
Values of the input parameters and all observables calcu-
lated in this analysis are listed in the Appendix.

II. MODEL

A. Matter content and masses

In this paper, we study a model with a complete VL
fourth family and U(1)" gauge symmetry. The quantum
numbers of all fields are listed in Tables I and II. The
SM SU(2), doublets are defined as g¢;; = (u;, dy;),
l;; = (vpiver;), and H = (Hy, H_). The new doublets
are Q= (Uy.D}), Ly = (N}.E}). O = (~Dh. U),

TABLE L. Quantum numbers of SM particles. Here, i = 1, 2, 3
runs over the three SM families. Electromagnetic charges are
given by Oy =T} +Y;/2.

qLi Ug; dgi Ipi eri  Ugi H
SUB)e 3 3 3 1 1 1 1
SUQ2), 2 1 T2 1 1 2
U(ly  1/3  —4/3 2/3 -1 2 0 -l
u(1y 0 0 o 0o 0 o0 0

and Ly = (=E%, N%). The model is trivially anomaly free
since the U(1)’ charge assignment is completely vectorlike.

In the gauge basis, there are no couplings between the
SM families and the Z’' boson. These are induced in the
mass basis by mixing effects. The Yukawa couplings in
the gauge basis are given by

‘CYukawa = ACSM + EH + £¢ + L:@ + H.c., (21)
where
Ly = figiyiiqriH + driyiiariH + eriyilH

+ DRiylr'llej[:]» (2.2)

Ly =2,UrQ H + A4DrQ H + A, EgL H + 2,NgL H
+ 2,0rHU — 2,0xHD; — A,LRHE; + X,LgHN/,
(2.3)

£¢ = ¢(’1‘Q/QRQL - l\gURUL - il‘;DRDL

4 ILLgL, — AEERE, — ANNRN,), (2.4)

Ly = (I)()“iQQRCILi + AFLgly;)
— @ (Wi Uy + APdg;Dy + AFeg,Ep + AN Dg; Ny ).
(2.5)
Here, we have used H := io,H* = (H:,—H{)and i, j=1,
2, 3 run over the three SM generations.

The scalar fields acquire vacuum expectation values
(VEVs) given by vy := (H), v, = (¢), and vg = (D).
The charged lepton mass matrix then is given by
/’llE'Uq;

/1e Uy j"E/ 7}(/)

Yijlu 0;
é?QMzBeEZ(éRi Eg Ek) 0;

Mrve Ay Ay

eLj
x| E} |, (2.6)
Ep
where A, B =1, ...,5. We define the mass basis via
2L]a = [(UD) agleclss  [rla = [(UR) ]asler]p:
(2.7)
with unitary matrices that satisfy
(Ug)MeU§ = diag(my,my.mp,mg, mg,).  (2.8)

Here, mg, and mp, are masses for the extra charged leptons,
which are predominantly the VL leptons of the gauge basis.
The mass matrices for the up and down quarks are obtained
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TABLE II. Quantum numbers of the new VL fourth family and new scalar fields.

O U Dp L, Ep Ng Ok UL Dy Ly E. N. ¢ @
SU(3)c 3 3 3 1 1 1 3 3 3 1 1 1 1 1
SU(2),. 2 1 1 2 1 1 2 1 1 2 1 1 1 1
U(l)y /3 -4/3 2/3 -1 2 0 -1/3  4/3 -=2/3 1 -2 0 0 0
u(1) -1 1 1 -1 1 1 1 -1 -1 1 -1 -1 0 -1

from M¢ by formally replacing ¢ — u, E — U, or ¢ — d,
E — D, respectively.

As a consequence of the U(1)" charges, only the three
standard generations of right-handed (RH) neutrinos have
Majorana masses,

1
_ i J c
‘CMaj = - UR,MMaij./-‘

: (2.9)

The neutrino Dirac mass matrix is obtained from M¢ by
formally replacing ¢ - n and E — N. The Majorana
masses are assumed to be O(10'*) GeV, thereby explain-
ing the tiny observed neutrino masses via a standard type I
seesaw mechanism. As usual, three generations of left-
handed (LH) neutrinos have tiny masses of O(v7;/My,;),
while three generations of RH neutrinos have huge masses
O(M ). Unlike in the standard type I seesaw case, there
are four more degrees of freedom here, which form two
Dirac fermions with masses of O(TeV). The mixing of
those with the other neutrinos is negligible as it is sup-
pressed by the Majorana mass terms.
The neutral scalar fields are expanded as

1 1
Hy= vy + h+iay), D=0y +—(y +ia,),
0 H ( h) (] \/z()( )()

7
¢:U¢+G. (210)

The CP-odd degrees of freedom, namely a;, and a,, get
eaten by the gauge fields, and only the real components &
and y are physical. We assume that ¢ is a real scalar field.
We parametrize the masses for y and o as
my =4,y and my = 2,vj. (2.11)

Here, we have introduced the effective quartic couplings 4,
and A,. The scalar y should not be much heavier than the Z’
boson, as long as the effective quartic coupling stays
perturbative and the new gauge coupling ¢ is not tiny.
Importantly, the couplings of y are responsible for the mass
mixing of SM particles with the VL families. Consequently,
to the extent that this mixing is necessary to fit the muon
anomalies, y contributes significantly in our fits. On the
other hand, v, could be very large compared with vq as
long as the Yukawa couplings to ¢, e.g., 45 and £, are
small enough to prevent the VL fermions from decoupling
much above the tera-electron-volt scale. The scalar ¢ can

thus be heavy and therefore irrelevant for current observ-
ables. Indeed, contributions from ¢ will be negligible at the
best fit points shown below.

B. Yukawa and gauge couplings

The real scalar fields couple to the charged leptons as

1 1
:—héRYé‘eL +_)(ERY)€(eL +H.C.,

—Lvukaw 2.12
Yukawa \/i \/E ( )
where, in the gauge basis,
J’fj 0, 0; Oij 0; /1?
Yi’ = O] /16 O N Y)e( = Oj O 0 s
0, 0 7, /1/4 0 O
(2.13)

and completely analogous coupling structure for the
quarks. The Yukawa coupling matrices in the mass basis
are given by
VS = (Us)'YSUS, where S=h,y. (2.14)
Combining LH and RH fields a la f4 = (f4, f4), the W
boson couplings are given by

ﬁW:iWﬂﬁV”(PSPL‘f’PSPR)d

V2

+ vy*(PsP; + PsPg)e] +Hc.,,  (2.15)
where we have used the flavor space projectors
Ps :=diag(0,0,0,0,1), and Ps:=15— Ps. (2.16)
The couplings in the mass basis are’
v =L (unyipsud, g =L (Un)ipsud, (217
9q, \/E( L) 5Vl Ygp \/5( R) sUR» ( . )
o =L (unyipsus. g =-L(un)ipsug. (218
gfL—\/i( 1) PsUE, ng—\/E( ®) PsUg.  (2.18)

*Note that here and in the following we neglect effects of
O(v}/Myy,j), implying that we can treat the left- and right-
handed neutrino rotations separately.
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Note that there are also right-handed charged current
interactions, unlike in the SM.

The extended CKM matrix is a 5 x 5 matrix,

‘A/CKM = (UZ)”DSUZ- (2.19)

The 3 x 3 CKM matrix for the three SM families is not

unitary because of the mixing with the VL family. We

remark that also the 5 x 5 matrix Vcgy is not unitary.
The Z boson couplings are given by

Ly = izﬂ Z J_CYM[(TgPS - Qfs%V)PL

Cw f=u,d.en

+ (T{Ps — Q53 PRl (2.20)
The couplings for a fermion f = u, d, e, n in the mass basis
are given by

) g
9, = o (U1)'PsUL = Qys3].

~7 g

= [(UR)TPsUL — Qys3). (2.21)

Finally, the couplings to the Z’ boson are given by

Ly=9gZ, > Fr(Q;,PL+Q)Po)f

f=ud.ev
=7, > Iy P+ oFPR)f. (2.22)
f=u,d.en

where the fermions in the mass basis are denoted by f‘ and
the charge matrices are

Q}L = Q}R = diag(0,0,0,—1,-1). (2.23)
In the mass basis,
9%; = g/(U{)*Q.’fL U{ and g}%}; — g/(U{e)TQ/RUf’
(2.24)

implying that all couplings between Z' and the SM
fermions are controlled by the mixing matrices.
Altogether, we find that the model has nonunitary CKM
mixing and tree-level flavor changing neutral currents
mediated by Z, Z'; the SM Higgs boson; as well as by
the new boson y. In addition, W bosons also acquire
couplings to the right-handed charged currents of SM
fermions, which are constrained by measurements such

Here, we abbreviate the (co)sine of the weak mixing angle as
sw(cw)s T3f and Q are, respectively, the third component of
weak isospin and the electromagnetic charge of the fermion f;
and five-dimensional identity matrices 15 in flavor space are
implicit where appropriate.

L e B e e e o e e L s e e e e e e A e
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FIG. 1. Scale of the U(1)" Landau pole as a function of ¢ at
1 TeV.

as neutrino-nucleon scattering [61]. All of these effects are
in general severely constrained by experiments. However,
we find that in our model all those effects are controlled by
O(mj% /M%) coefficients, implying that they are generally
suppressed. We prove this analytically in Appendix A. In
agreement with this, both the unitarity of the 3 x 3 CKM
and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix as
well as the absence of all tree-level flavor violating effects
for SM fermions are restored in the limit of a heavy VL
family. That is, the model approaches the SM in the
decoupling limit.

C. Renormalization group equation evolution
of the U(1)’ gauge coupling

The U(1)’ gauge coupling constant ¢ should be suffi-
ciently small at the tera-electron-volt scale such that it stays
perturbative under renormalization group equation running
up to a scale where UV physics, such as a grand unified
theory (GUT), emerges. The one-loop beta function for ¢ is
given by

dg/ B g/3 63
dinpg  162* 3~

(2.25)

This gives rise to a scale of the Landau pole for ¢/,

A exp ( 2472 )
fry ,U 1 €X -5 |
¢\ 659 (uz )

where u, ~1 TeV is the typical scale of the model.
Figure 1 shows the scale of the Landau pole in depen-
dence of ¢(uy) at the tera-electron-volt scale. For
example, ¢ (1 TeV) <0.35(0.48) is required for Ay~

10'°(10'%) GeV. In our numerical analysis, we focus on

(2.26)
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a situation where the model is correct up to a typical GUT
scale of 10'® GeV, such that ¢/(1 TeV) < 0.35 is required.

ITII. OBSERVABLES

In this model, Aa, is explained by one-loop contribu-
tions involving the Z’ boson and VL leptons. NP contri-
butions to Cg)l’f) are provided by tree-level Z' exchange. NP
contributions will also affect observables which are cur-
rently consistent with the SM such as Br(u — ey),
Br(z — py), Br(z — upy), B,-B, mixing, etc. The most
relevant observables for the muon anomalies will be
discussed in the following. An in-depth discussion of these
and further observables is postponed to future work.

A. Aa, and U(1)’ charge assignment

The dominant Z'-boson contribution to Aa, is given by
(see e.g., Refs. [40,62])

g Re(]
2 2
87[ mZ/a 1.2

52’% =~ - ME eR]”E )mE GZ( a)

(3.1)
where x, = m%a/ m%, and the loop function is given by

x% 4+ 3x — 6xIn(x) — 4

Gz (x) = 2(1 —x)3

(3.2)

The dominant contribution of the scalar y is given by

5)(“/4 32”2m)2( ;2 E y)mE GS(ya)
(3.3)
where y, = mj /my and the loop function is
x2 —4x +2In(x) +3
Gy(x) = () (3.4)

(1-x)°

There are also new contributions from loops involving the
SM bosons and the VL fermions, but these are negligible.

Figure 2 shows typical values of the muon mass mi,
and the Z’ contribution to §a,. For illustration, ¢ = 0.25,
my = A5Fvg = AyFvs = 500 GeV, and y5,vy =0.1 GeV
have been fixed, while all other couplings except 1, and 4,
are set to zero. We see that |[4,] 2 0.4 and 4, < 107 are
required in order to obtain Aa, 2 107° and m, ~ 0.1 GeV.
This illustrates how the muon mass is affected by the
mixing and enhanced above m, ~ 0.1 GeV for 4, 2 1073,

We see that the Higgs coupling A, must exist in the model
to explain Aa,. This explains the nonuniversal charge
assignment in Table II; the U(1)’ charges of VL fermions
need to be opposite for SU(2); doublets and singlets in

FT T T T T T T T T T T T T T T T

6za,=4.20x107°

6za,=2.68x107°

6za,=1.16x107°

0-0 1 1 1 1 1 1 1 1 1 1 1 1 1 I I 1 I
-3.5 -3.0 -25 -2.0

LOg10(/\e)

FIG. 2. The muon mass m, and dza
and 4.

. in dependence of 4,

order to allow the coupling 4. For this reason, the U(1)’
gauge symmetry is incompatible with SU(S) unification.
However, it is still compatible with the Pati-Salam gauge
group SU(4) x SU(2); x SU(2)g.-

B. Br(?; — ¢jy)
The branching fraction of #; — ¢}y is given by [63]

1

Br(Z; > £j7) = r, 10244

(I or +lorl). (3.5

where m, and I'y, are the mass and total decay width of the
lepton #;, while a, is the electromagnetic fine-structure
constant. The dominant contributions arise from Z’ or y
exchange, and they are given by

v 3 (e R 1 G )

a=12 7
mg

s 915, 781, Gs(0)
X

+ (3.6)

and o, which is given by formally replacing L — R and
% - (f’{ )T in the above expression. Other contributions,
involving the SM bosons or ¢, only amount to subpercent
corrections at our best fit points.

C. Wilson coefficients for b — s#*+¢€~

The Wilson coefficients defined in Egs. (1.2) are

given by
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V24r 11,

R e e AN ATNCE)
e AN A AMEE:
cf=-2i L sz Tl + L (39)
Ch=-o L -, )

4GF a, V,bV,*S 2m2

where i = 1, 2, 3 for £ = e, u, 7, respectively.

We refer to the recent two-dimensional analysis of
Ref. [30] and adopt the best fit values of the Wilson
coefficients as
(I) ReCy = —0.7 £ 0.3,

ReC!y = 0.4+025;  (3.11)

(II) ReCly = —1.04 £ 0.24, ReC/g” =0.48 £ 0.30.

(3.12)

Note that the Z' should not introduce sizable Wilson
coefficients for the electron because that would generically
also induce a sizable violation of lepton flavor in y — ey.
Although it has been pointed out that some flavor universal
contributions seem to be favored [30,31,34], we do not
discuss this possibility in the present paper.

D. Neutral meson mixing

There are strong constraints on neutral meson mixing
[64,65]. The relevant effective Hamiltonian is given by

AF 2 a
eff E :C

where (i,a) = (1, VLL), (1, VRR), (1, LR), (2, LR), (I,
SLL), (2, SLL), (1, SRR), (2, SRR). The four-Fermi
operators are defined as

(3.13)

QYW = (Fy,Pf*) (FPyPLf").
QYRR — (Fay, Py f*)(FPy" Py fP), (3.14)
OR = (Foy,PLf*)(F y"Prf?),
QLR (FaPLfa)(FﬁPRfﬁ) (315)
Q?LL _ (F"PLf“)(FﬂPLfﬂ),
O3 = (Feo, PLf*)(Flo"PLf"),  (3.16)
Q?RR _ (F"’PRf“)(FﬂPRfﬂ%
O = (Feo,, Prf*)(F/o" Prf?).  (3.17)

Here, a and f are color indices, and (F, f) = (b, d). (b, s),
(s,d) or (c,u) for B;-B,, Bs-B;, K-K, or D-D mixing,
respectively. We focus here on B, B (g = d, s) mixing

since these are the most relevant for the b — stt¢~
anomalies.

The Wilson coefficients induced by Z’ or neutral scalar
exchange, including O(a,) QCD corrections, are given

by [66]
2 11\ ¢4 ¢%
OVl () = |14+ 5 (—210g72 4 ) | L9 (313
) = |1+ (2 )| 22 @y
2/ 1 gZ/gZ’
CR(Y) = [1+% (1 mz 1 L YR
! () [ +477.'< g /42 6 m%,
3a,) Yivk
—(-2% , 3.19
(247:) 2m? (3.19)
my .\ 99k s\ Yivk
CR(u) =5 (—6log "4 — 1 | ILIk _ (1 - %) JLk
2 ) 47r< o8 W m, 4rc) 2m;
(3.20)
m2 9\ ¥y
C(u) = -1+ % (3102 + 2 )| 2L (321
==+ (e 3) 2 EE o
, 1 21\
() = =5 (= —log % + - | 2222 (3.2
W =-2 "1l Ty 4m? (322)
where
gg’ [gi]y(’ g% @5,;]31(’ ){:[?ﬁ%’ )/I(?:[?Z]Z%’
(3.23)

and k = 1(2) for B,)-By) mixing, respectively. The
analogous Wilson coefficients CYR® and C}5R are obtained
by formally replacing L — R. The off-diagonal element of
the B,(¢ = d,s) meson mass matrix is given by

MTZ(Bq) = M%A*(B

ZC“ )(B,|Qf (1)|B,).

q
2 qua

(3.24)

where the first term is the SM contribution and m B, is the

meson’s physical mass. The SM contribution for Bq—Bq
mixing is given by

2

G N
MR (B,) = 12;2 m%V(j'Sq))ZSO(xt)r/Bmqulz?qBBq-

(3.25)

Here, A\ = V3,V So(x, = m? /M%) ~ 2.32 is the Inami-
Lim loop function [67], ng = 0.55 +0.01 [68,69] quanti-
fies the short distance radiative corrections, while f B, and
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TABLE 1III. Numerical values of the operators Of ==
(M|Q¢|M)/(2my;) at up = 1 TeV. The corresponding right-right
(RR) operators have the same values as the left-left (LL)
operators.

OY"(ug) OFR(up) O5R(up)

O (up) O3 (up)

K-K 0.00159  —0.159 0.261 -0.0761  —-0.132
B,-B, 0.0465 —0.186 0.241 -0.0909  -0.167
B,-B, 0.0701 —0.264 0.338 —0.136 -0.252
D-D 0.0162 —0.157 0.227 -0.0845  —-0.152

Bsq denote the corresponding decay constant and SM
hadronic matrix element. The SM and necessary beyond
the SM hadronic matrix elements are calculated by lattice
collaborations, and their values at 1 TeV according to our
own evaluation are listed in Table III. Values for K-K and
D-D mixing are also listed for completeness. All hadronic
matrix elements for Kaon oscillations and the value of
f%qf?Bq have been taken from Ref. [70], while those for

f%quq_S) and Bg_s) have been taken from Refs. [71,72]

and Ref. [73], respectively. The QCD running between the

respective lattice scales and 4 = 1 TeV has been calculated

based on the anomalous dimensions shown in Ref. [74].
The observables for Bq—Bq mixing are defined as

AM,; = 2|M 5 (B,)|, Syk, = sin (Arg[M5(B,)]).

(3.26)

AMS = 2|M12(BS>

. Syp = —sin (Arg[M 5 (By)]).
(3.27)

The mass differences AM,; and AM, are measured with
high accuracy, and theoretical uncertainties are prevailing.
The dominant theoretical uncertainties arise from the CKM
elements, hadronic matrix elements, and next-to-leading
order QCD corrections. Altogether we find 15.6% (14.1%)
relative uncertainty for AM, (AM,). Note that, unlike
the analyses in e.g., Refs. [65,75], we cannot reduce the
uncertainties by assuming the exact unitarity of the CKM
matrix here, simply because CKM unitarity is not guaran-
teed in our model. We therefore have to rely on the
measured CKM matrix elements and their respective errors.
Despite the possible CKM nonunitarity, we still use
formulas for the SM contributions which are obtained
under the implicit assumption of exact CKM unitarity (i.e.,
a working Glashow-Iliopoulos-Maiani mechanism). This
adds some additional theoretical uncertainty which is hard
to quantify. As the CKM matrix at our fit points is still
approximately unitary to the observed degree, we neglect
this additional uncertainty.

We find that the pattern (I) of the Wilson coefficients for
b — stT¢~ [cf. Eq. (3.11)] is disfavored because this

would cause large Z' contributions to AM,. A large
negative contribution ReCj together with a positive
Recg‘ requires a relative sign difference between Re [95;4]23
and Re[g7 | .. Since the hadronic matrix element O® is
sizable and negative, this would imply a large and positive
left-right contribution to AM,. However, as the current
SM prediction is already larger than the experimental value,
the Z' coupling with ReC¢' is strongly disfavored. For this
reason, we could not find any good fit points for the
pattern (II).

E. Neutrino trident production

The so-called neutrino trident production v, — v, pup off
a nucleus is a rare process that has been observed at a rate
consistent with SM expectations [76—78]. This process can
also be mediated by Z’ exchange and therefore constitutes
an important bound on NP scenarios [42,79-83]. The ratio
of the cross section including NP at the CCFR experiment
can be estimated as [83]

ocerR (14 4s}, + Agy,)* + 1.13(1 = Agh,,.)?
oM R (1+4s3,)%+1.13 ’
(3.28)

with a current experimental limit of 6/6M = 0.82 4- 0.28
at 95% C.L. The effective four-Fermi couplings Agpiy in
our model are given by

1
V.A , ' ,
AGpjn = NI 197 ),,, (195 )0 £ 19,120). (3:29)
where [gf’]bm is defined in the flavor basis,
g =gU.,0,U.,. (3.30)

This constraint is particularly relevant for light Z"’s and
quickly becomes insensitive to NP once the Z’ is heavier
than a few 100 GeV.

F. Gauge kinetic mixing

A potentially light Z’' boson can experience sizable gauge
kinetic mixing with the U(1)y gauge boson, namely the Z
of the SM. The Z-Z' mixing parameter ¢ is estimated as

2 m%m?
o9 100 (m_ Q> (3.31)
67 my;  my;

where m, (F = L, E, Q, U, D) are the VL mass terms for
the VL fermions and gy is the U(1)y gauge coupling
constant. Current experimental limits are summarized in
Ref. [84]. Values of & ~ 0.05 cannot be ruled out if the Z’ is
heavier than a few hundred giga-electron-volts.
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TABLE IV. Values of selected observables at the best fit points A and B.

Parameters Point A Point B Remark

7 25.1 24.9 Nipp = 65, Nops = 98
q 0.266 0.306 <0.35 for Ay = 10'° GeV
(Vs v¢) [TeV] (1.31, 4.36) (0.872, 2.92)

Observables Point A Point B Data

Aa, X 10° 2.56 2.43 2.68(76) [1]
Br(u — ey) x 1013 3.58 2.10 <4.2 90% C.L.) [1]
Br(z — uy) x 108 1.96 x 1073 491 x 1072 <4.4 (90% C.L.) [1]
Br(z — pup) x 108 3.03 x 107 7.42 x 1073 <2.1 90% C.L.) [1]
ReC’; —-0.725 —-0.571 —-0.7(3) [30]
ReC‘f0 0.320 0.316 0.4(2) [30]
AM, [ps‘l] 0.612 0.599 0.507(81) [1]
AM [ps‘l] 19.4 19.8 17.8(2.5) [1]
Syk, 0.688 0.686 0.695(19) [85]
Sy 0.0374 0.0363 0.021(31) [85]

IV. RESULTS
A. x? Fitting

We minimize the > function

2 (x) = ZM

1 oj

(4.1)

where x is a point in the parameter space, while y;(x) is the
value of observable / with central value 9 and uncertainty
o;. Observables we fit to include the SM fermion masses,
CKM matrix element absolute values and relative phases,
SM particle branching fractions (including flavor violating

decays), neutral meson mixing, Aa,, Cg,),lo, and some
others. In total, we consider 98 observables, and they
are all listed in Appendixes B and C.

In total, there are 65 input parameters represented by x in
our analysis. The bosonic sector has five parameters,

mgy, U¢, ‘d, AX’ j‘o‘? (42)

which are the Z' mass, the VEV of ¢, the U(1)" gauge
coupling constant, and the effective quartic couplings
defined in Eq. (2.11), respectively. All other parameters
are Yukawa couplings as defined in Egs. (2.2)—(2.5). For

the neutrino sector, we only consider the couplings /1,(1/) and
A% which are relevant for the new tera-electron-volt-scale
state. The remaining Yukawa couplings y;, A;V as well as
the heavy Majorana masses are not varied in our analysis
because these are relevant only for the details of masses and
mixings of the SM neutrinos (and the RH Majorana
neutrinos). Thus, effects suppressed by the Majorana
masses are neglected. We expect that the number of
parameters in the neutrino sector is sufficient to explain
the observed neutrino mass squared differences and the
PMNS matrix without changing any observables studied in

our analysis. We assume that all Yukawa couplings are real
except for y!s and y§;’. Altogether, there are then 60 real
parameters for the Yukawa couplings. All Yukawa cou-
plings and effective quartic coupling values are restricted to
be smaller than unity. Furthermore, as already discussed
at the end of Sec. II, ¢ < 0.35 is required so that the
gauge coupling ¢ stays perturbative up to approxi-
mately 10'® GeV.

B. Best fit points

We find two best fit points A and B with y*> = 25.1 and
y> =249, respectively, for 98 — 65 = 33 d.o.f. The values
of all observables and the corresponding input parameters
are listed in Appendixes B and C. The values of selected
observables are shown in Table IV. Masses and dominant
decay modes of new particles are summarized in Tables V
and VL

TABLE V. Masses, total widths, and branching fractions (Br) at
point A. Decay 1 (2) denotes the (next to) dominant decay mode.

Mass Width

(GeV) (GeV)  Decay 1 Br Decay 2 Br
Z' 494.7 0.7723 uu 0.4058 177 0.3529
X 1314 2.290 NN, 0.2934 Ep 0.1477
c 4345 3.667 Ut 0.2516 Db 0.2476
E, 2672 2.x10°° hu 0.6774 Zu 0.1693
N, 359.2  0.5505 WE, 1.000 Wu 0.0000
E, 4424 1.783 ZE, 0.8646 WN, 0.1084
N, 4357 0.0019 Wu 0.3745 Zv 0.1872
D, 2120 1.535 Z'b 0.4514 Wt 0.3629
U, 2120 1.538 Z't 0.4552 ht 0.1840
D, 2947 1.029 WU, 0.4983 ZD, 0.2493
U, 4252 1.042 WD, 0.4901 ZU, 0.2450
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At both best fit points, deviations from the SM in Aa,
and Cy, (', are explained by NP contributions. Besides a
dominant positive loop contribution to Aa, involving the
7', there is a slight cancellation from a negative contribu-
tion of the scalar y at both points. All observables are fit
within their 20 ranges at both points, except for Aa,,
which cannot be explained in the SM either; see e.g.,
Refs. [86-92]. We could not find points which have Aa,
near the experimental value while LFV processes, espe-
cially Br(u — ey), are sufficiently suppressed. The only
observables with pulls exceeding 1o are Br(u — ey),
AMp - and some absolute values of CKM elements.
Interestingly, the NP correction to B,-B,; from Z'-boson
exchange is sizable, while B,-B, mixing is within its 1o
range (taking into account the experimental uncertainties
for |Vi,| and [V ).

The 3 x 3 CKM matrix of the SM families, [Vckwm];; =
[Vexml: ;» is almost unitary with deviations smaller than

VimVerm = 13] £ 5.1(1.9) x 1078, (4.3)

at the point A(B). The full 5 x 5 CKM matrices at the best
fit points are shown in Appendixes B and C.

C. Phenomenology

We now discuss the phenomenology of this model at the
best fit points. Since the Z’ gauge boson and the VL leptons
are comparatively light, constraints from direct searches
at the LHC and from muon flavor physics are both very
important.

1. Z' physics

The Z’'-boson mass is 494.7(377.1) GeV at the best fit
point A(B). There are strong limits on such a comparatively
light Z’ from direct searches at the LHC. Other important
constraints on the Z’ mass arise from the so-called neutrino
trident production as well as from gauge kinetic mixing
with the Z boson. However, we will see that, despite its
relative lightness, the Z' boson is still sufficiently heavy to
evade these bounds.

General LHC limits on Z' bosons responsible for
b — s¢T¢~ anomalies are studied in Refs. [93,94]. The
most stringent bound from the LHC on our model comes
from resonance searches in the dimuon channel,

pp—=>7Z - utu. (4.4)
This is particularly pronounced in our model, as the
dominant decay modes of the Z' are Z' - ytu~ and
Z' — vv, as shown in Tables V and VI. Exclusion bounds
are given in Ref. [95] based on 139 fb~! of data. We have
calculated the fiducial cross section, as defined in Ref. [95],
using MADGRAPH5_2_6_5 [96] based on a UFO [97] model
file generated with FEYNRULES_2_3_32 [96,98]. The
fiducial cross section is 0.477(0.482) fb at the point A(B).

TABLE VI. Masses, total widths, and branching fractions (Br)
at point B. Decay 1 (2) denotes the (next to) dominant decay
mode.

Mass Width

(GeV) (GeV)  Decay 1 Br Decay 2 Br
zZ' 3771 0.1112 Hy 0.5193 177 0.4793
X 1354 9.x107° My 0.8094 bs 0.0945
o 2915 5.575 E,E, 0.2688 E\E, 0.1486
N, 280.2 0.0003 Wu 0.5232 Zv 0.2578
E, 5719 04464 U 0.5495 Z'u 0.3684
N, 580.7 0.4718 xv 0.5427 Z'v 0.3741
E, 1174 23.07 WN, 0.4698 ZE, 0.2340
D, 1548 0.3587 Z's 0.2889 xS 0.2874
U, 1548 0.3594 Z'c 0.2833 xc 0.2818
D, 2902 0.1854 Z'b 0.4448 xb 0.4432
U, 2915 0.0441 WD, 0.3897 hU, 0.1969

This is roughly 4 (6) times smaller than the experimental
limit for the respective Z’ masses [95]. The production cross
sections are very suppressed because the Z' couplings to the
SM quarks are at most O(1072). We stress that both of our
fit points realize solutions to the observed anomalies where
the dimuon coupling of the Z’ is maximal, while the Z'bs
coupling is minimal.

The ratio of neutrino trident production at CCFR is 1.014
(1.006), very close to the SM and well in agreement with
the experimental constraints. The gauge kinetic Z — Z’
mixing at the best fit points is estimated as & ~ 2.0 x 1073
(7.6 x 107*) and therefore also well below the experimen-
tal bounds.

2. Lepton flavor physics

In general, a variety of charged LFV processes is present
in this model. As discussed in Sec. III B, loops involving Z’
or the scalar y together with VL leptons can lead to
chirally enhanced contributions to ¢, — £,y processes.
Furthermore, also LFV tree-level Z’' exchange is possible
and could induce £ — ¢£,¢5 processes. The LFV cou-
plings here arise from the mixing between the SM families
and the VL family. Although these LFV processes exist in
principle, they can easily be suppressed by certain patterns
of Yukawa couplings such as /1§’E > Ag'E , ﬂf‘E and gauge
eigenstates which are otherwise closely aligned with the
mass eigenstates. Specific textures of the Yukawa cou-
plings like this could be explained by flavor symmetries.

At the best fit points, we find that from all possible
charged LFV processes only Br(u — ey) is close to its
experimental upper bound. Just like for Aa,, the dominant
contribution to u — ey originates from the chirally
enhanced Z' loop with heavy leptons, with an O(10%)
cancellation arising from the y-loop contribution.

The SM-boson decays may in general also be affected by
mixing effects. Models with VL leptons mixing to the SM
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families often affect the LFV Higgs-boson decays such as
h — pz, and also changes in the rates of lepton flavor
conserving decays, see e.g., Refs. [40,46,99]. However, in
the generic parameter regions of our best fit points, there is
no significant contribution from the mixing to these
processes. As analytically demonstrated in Appendix A,
this comes about because mixing between the SM families
and the VL family is only induced by the U(1)’-breaking
scalar @ instead of the Higgs boson. Thus, the Higgs-boson
decays to SM generations are very much aligned with the
SM. The same is true for the couplings of the Z boson
which are very SM-like for the three SM generations.

3. Quark flavor physics

There is much literature discussing the correlation
between the b — s£*#~ anomalies and B,-B; mixing since
these are induced by common operators; see e.g., Ref. [65].
The recent lattice results [70,72,100,101] imply that the SM
contribution to AM is slightly larger than the experimental
central value. The Z’-boson contribution to Cj also gives a
constructive correction to AM,, so AM, tends to deviate
from the central value even more. However, the theoretical
uncertainties are large, so this is currently not the tightest
bound on the model.

We stress that, unlike the case for the charged leptons, all
of the SM quark families must mix in the up and/or down
quark sectors to explain the observed CKM matrix. This
implies that there can be sizable NP contributions not only
to B,-B, mixing—as commonly considered in the context
of b — s£T¢~ anomalies—but also to B,-B,, K-K, and
D-D mixing. Even if the Z' contributions to the latter are
much smaller at face value than those to B,-B, mixing, the
NP effects can still be significant, as also the SM con-
tributions are further suppressed. This is demonstrated by
our two best fit points where AM, ~ 0.6 ps~! is about 1o
larger than the experimentally observed value.

In general, we note that future, more precise determi-
nations and overconstraining of the CKM elements gives
very important tests for this model, complementary to other
probes. Currently, there are several tensions with current
data at the approximately lo level, cf. the tables in
Appendixes B and C. Very recently, it has been argued
that experiments may be in favor of CKM nonunitarity
[102]. While it has to be carefully evaluated whether these
hints hold up, we remark that our model is in principle very
well equipped to explain such effects.

4. Collider signals of vectorlike fermions

The VL leptons tend to be light in order to explain Aa,,.
If the VL lepton is lighter than both the Z’ boson and the
scalar y, as for example the lightest charged VL lepton E; at
point A, it decays to a SM boson and a SM lepton, as
usually considered as a signal for VL leptons [103—109]. At
point A, the lightest VL lepton E; is approximately a weak

singlet, and it decays to hu, Zu, and Wv with branching
fractions of about 70%, 15%, and 15%, respectively. Given
the analysis of Ref. [104], which is based on LHC run 1
data, the VL lepton at point A is not excluded. The LHC
run 2 data were studied to search for a weak doublet VL
lepton decaying to a SM boson and a tau lepton in
Ref. [105]. The limit from this analysis is expected to be
much weaker for a weak singlet VL lepton decaying to a
muon and a SM boson. We hope that a VL lepton of this
type will be searched for by a dedicated analysis based on
LHC run 2 data.

In contrast, if the VL lepton is heavier than y and/or Z/, it
tends to decay to them. For example, at point B, the lightest
charged VL lepton E; predominantly decays to yu, and y
subsequently decays to dimuons or ditops, if kinematically
allowed. An expected signal in this case is
pp = EVEy = phy(=p'u) +uy(=ptu).  (45)
This signal is very clean with six muons and two pairs of
dimuon resonances. Furthermore, (E|, N,) forms approx-
imately a weak doublet, such that the pair production cross
section is enhanced compared to the weak singlet case.

In addition to the lightest VL leptons, also the heavier
VL Ieptons produce distinctive signals. These tend to decay
to the lighter VL leptons, with the emission of a large
number of light leptons. For instance, at the point A, the
pair produced E, gives a dramatic signal,

pp = EJE5 » ZE| + ZE7 = Zu" (h)Z) + Zu~(h/Z),
(4.6)

with up to ten leptons in the final state. These high-
multiplicity lepton signals could provide a strong probe of
this model.

The VL quarks are also detectable at the LHC. Limits for
VL quarks are studied in Refs. [110,111] using the LHC
run2 data, but the decay patterns of the VL quarks in our
model are much more complicated than the ones assumed
in these analyses. Furthermore, even the lightest VL. quark
has a mass of 2.1(1.5) TeV at the point A(B), which is
heavier than the experimental lower bound of 1.4 TeV
[I11]. In fact, the VL quarks are typically much heavier
than both the Z’ or y. They decay to a Z’ or y and a SM
quark with comparable branching fractions. The signal
from the pair production of the VL quarks is thus two (top)
jets together with two resonance signatures. An interesting
signal arises again for the case in which a boson decays to
dimuons,

pp = Q0 — jetZ (= ptp”) +jetZ (= urum),  (47)
where Q is one of the VL quarks. Again, this should give
very clean signals at the LHC. Finally, note that the VL
quarks can also induce missing energy signals like squarks
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when both of a pair of produced VL quarks decay
as Q - jetZ'(— w).

V. CONCLUSION

We have studied a model with a complete fourth family
of vectorlike fermions which are charged under a new
U(1)" gauge symmetry. We find parameter points at which
the experimentally observed deviations in the muon anoma-
lous magnetic moment Aa, and b — s £~ processes are
explained without altering too much those observables that
are consistent with the SM predictions.

The model can be embedded into more unified pictures,
like grand unification and/or string models, and it has a
straightforward supersymmetric extension. To this extent, it
is important that all observables can be consistently
explained with small U(1)" gauge coupling ¢/, such that
the coupling remains perturbative up to a typical GUT scale
approximately 10'® GeV. An important consequence of
demanding a resolution to Ag, is that the U(1)" charge
assignment for the VL family is not compatible with an
SU(5) GUT, but instead with a Pati-Salam gauge symmetry.

In the present paper, we have displayed two good fit
points which demonstrate that this model can explain the
muon anomalies without spoiling other observables. The
explanation of the anomalies is correlated with other
beyond the Standard Model predictions for observables
including lepton flavor violation, neutral meson mixing,
deviations from the SM CKM matrix, and rare meson
decays. The CKM matrix in the model easily fulfills
unitarity at the currently observed level but is in general
nonunitary. Hints for CKM nonunitarity found in a recent
analysis could thus easily be accommodated and would
give strong motivation to further consider this model.
Distinct signals at the LHC in Z’ — pu and pair production
of VL leptons and VL quarks together with clean and
distinct (resonant) multilepton final states are predicted and
provide important means to test the considered param-
eter space.

In general, there are upper bounds on the VL fermions in
order to explain the muon anomalies in this model. It will
thus be interesting to have a global study of how wide a
parameter space is consistent with current and future
experiments. More details of our analysis and more global
features of this model will be discussed in an upcom-

ing paper.
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APPENDIX A: ANALYTICAL ANALYSIS

We discuss the analytical expressions for the couplings
in the mass basis. We diagonalize the mass matrix in
Eq. (2.6) perturbatively by exploiting m, < M,, where m,
and M, represent the typical mass scales of charged leptons
and VL leptons, respectively.

Let us define the unitary matrices,

z n 0 ze. ng 0
U= (0 TE ) = (BT T (Al
0, 0 1 0, 0 1

J

with the four-component vectors

1 /A 1 [AEw
nL:=~—< ‘I)), np = < “’), (A2)
ML i%,*v,/, ME l ’U(/,

and zg, z;,, which obey the conditions

ZzinL = ZTEinE =0, ZziZLj = ZZ‘{,ZEj = 511 (A?))
Here,
M, = Z AE203, + |26 203,
My = Z 203, + 252 (A4)
The rotated mass matrix is
v Yrvm 0
M= U MUY = Vi, 0H dovy Mg |, (AS)
Oj ML /IIEDH
where
ce . T ne R V)
Yij =2y 2L, YR, = RgY R,
Vi, = ”TE)A’KZLjy Ao = "Tsye”b (A6)
with
e 0.
y¢ = <y” ) (A7)
0; 4
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In this matrix, y7;, ¥, g, and . are of the order
O(my/vy), while M;, Mg~ M,. Here, we assume
A;vy < my, in order for the muon mass to be explained
without fine-tuning. Note that A, v can be as large as the
VL lepton masses if A, ~ 1 and the VL leptons are lighter
than approximately 500 GeV. Hence, it cannot be treated as
an expansion parameter in general.

Since the vectors z; = [uz];z;, and zf, = [ug];z,, for
arbitrary 3 x 3 unitary matrices u; and ug, also satisfy
the conditions in Eq. (A3), we can always find a set of
vectors z; , Zg, that diagonalize the SM Yukawa matrices,
y§; = diag(y{, 5, ¥§). The mass matrix for the SM families
then is almost diagonal except for the mixing with the VL
family induced by ¥; and V. In order to explain the muon
anomalies, there should be a sizable mixing among the
muon and the VL leptons, while the mixing with the
electron and tau can be suppressed in order to avoid lepton
flavor violations which are strongly constrained by experi-
ments. The simplest way to achieve this is by imposing the
hierarchy A%‘E > Aff m, /vy is
expected.

We can show that the unitary matrices

. In this case, ¥, Vg, ~

| 0; —/125’2,-”%1/[41_ Vi,vu
Ul =15+ R 3,0y /My 0 0
: _ijUH 0 0
m2
+ 0<~—’/”>, (A8)
M3
Oij _A'/ej}R,-v%—I/ME Vr.VE
Uk =Ts+—= | 2pvi/Mp 0 0
’ ~V&, U 0 0
m
+ O(—f> (A9)
M3
block diagonalize the mass matrix as
1% i
e !/
Up MU = diag (yuvH + V& V1, MLME/l oy
B 2 M
+(9(’fl—§>, ( et Mr )) (A10)
My My vy

Here, higher order corrections for the heavy states have
been neglected. The perturbative corrections to the mass
matrix of the SM families are estimated as

2

/1/
}’R)’L/MLME eVH
2
N~—;ﬂle/UH
3
Aoy 300GeV 2
=2.2x107 GeV < - . (A1
X ¢ X(174GeV)< i1, ) (A1)

For typical parameters, this is much smaller than the
electron mass. Finally, we define unitary matrices U%’ R =
diag (13, u; g) which diagonalize the mass matrix of the VL
family,
vy M
T eYH E ST

u ( i1, ﬂ’evH)uL = diag(mg, ,mg,). (A12)
Altogether, the fields in the mass basis ¢;, ép can be
written as

eL—UeéL —U ULULeL, eR—U eR —U URUReR

(A13)
We can now use this in order to study the scalar and gauge-

boson couplings in the mass basis. Using Eqgs. (A1) and
(A8), one can show that

2 2
US)TYIUS .. = 3¢ + 20, —%— +(’)
[(Ug) L] )’z] MLM )’R)’L

(A14)
and
m2
[(UZ)TP5Uz]ij =6+ O(M—§>’
my
(wi'Psuil, = o). (A15)

The sizes of the perturbative corrections are estimated as

2 m/24
A=V V. ~ A==
MLM Rebs =0 g2
=12x1077 x Ao ) (300 GeV 2
- 1.0 M, ’
(A16)
2 m? 300 GeV'\ 2
T < —35% 1075 x (76’) . (A7)
M2 R ;

Therefore, the Higgs-boson coupling matrix is effectively
diagonalized simultaneously with the mass matrix, and the
left-handed neutral current gauge interactions of the SM
families in the mass basis are to good accuracy proportional
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to the identity. In principle, there are also right-handed
current corrections of the Z-/W-boson couplings to the SM
fermions which are tested by precision measurements of
Z- and W-boson properties (see e.g., [1]) neutrino-nucleon
scattering [61], and so on, but their size is too small to be
testable by these experiments.

The quark sector mass matrices can be diagonalized in a
completely analogous fashion with the same conclusions.
A significant difference with respect to the lepton sector can
arise due to the heavy top quark mass. The relevant
expansion parameter of the perturbation then is m,/M o

|

which only becomes less than or approximately equal
to 0.1 if VL quark masses exceed approximately 1.5 TeV.
However, in particular, for the up-type quarks, we may

alternatively assume a hierarchy of couplings, /1,.Q Vs
W < 290y, Wv,, which leads to the same conclusion.

APPENDIX B: DETAILS OF BEST FIT POINT A

1. Input parameters

The input parameters for the boson sector are

my = 494.696, vy = 4356.63, g =0.266224, A, = 0.999975, A, = 0.997241. (B1)
The mass matrices are
—0.000486577 1.51118 x 107® 1.99873 x 10~° 0 —1.14426 x 10°°

—1.98226 x 107° —0.252886 —0.00083412 0 —179.053
M, =] -5.17686 x 10~°  0.0000939331 —1.74617 0 —0.0268504 ,  (B2)

0 0 0 —3.80325 x 1077 276.103

—0.0000358853 314.243 —0.0370005 —173.903 —172.644

0 0 0 —0.816618 —4356.63
M, = : (B3)
—0.0000358853 314.243 —0.0370005 —173.903 0.181800

—0.00210998 0.118413  1.44892 . ¢~0-0260154i 0 —5.43376

0.00415738 —-0.612239 0.701898 0 —0.168839
M, = | 0.00168153 - ¢~1:906431 (132278 —174.104 0 -30.2055 |, (B4)

0 0 0 0.0122855  4251.92
—0.0725549 —34.1972 —-344.810 -2091.71 —19.5774
—0.000539915 —0.00944158 0.143965 - ¢!:62963i 0 —0.465179

0.0105179 0.00784947 —1.28759 0 8.33584

M, =] 0.0124618 - ¢~198605 0.130429 —-2.58136 0 17.9036 (B5)
0 0 0 —0.000110584 —2946.22
—0.0725549 -34.1972 —-344.810 —-2091.71 26.9254

Entries involving the three families of right-handed neu-
trinos are omitted here because these are suppressed by
the huge Majorana mass and are irrelevant for our analysis;
see Sec. IV.

2. Observables

In Tables VII-X, we show results for observables at
the best fit point A. When quoted with reference, we have
fitted the corresponding observable to experimental data.

|
Otherwise, we have fitted to the tree-level SM prediction,
which is indicated by “Ref” = “SM” Eight observables,

namely the real and imaginary parts of CS:YO), are not shown

because they are at most about 1071°. More details on the
fitting procedure will be given in our upcoming global
analysis.

For convenience, we also state the extended CKM matrix
at the best fit point A. It is given by
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TABLE VII. Observables for charged leptons at point A.

Name Value Data Uncertainty Pull Ref.
m,(mz) (GeV) x 10* 4.86579 4.86576 0.00049 0.068 [112]
ﬂ(mz) (GeV) 0.102719 0.102719 0.000010 0.015 [112]
m.(my) (GeV) 1.74617 1.74618 0.00017 0.029 [112]
Br(u — eup) 0.99997 0.99997 0.00010 0.001 SM
Br(u~ — e"ete™) x 1013 0.000 0 7.8 0.000 [1]
Br(u — ey) x 1013 3.581 0 33 1.093 [1]
Br(z — ewD) 0.178510 0.178510 0.000018 0.000 SM
Br(z — uwb) 0.173612 0.173612 0.000017 0.001 SM
Br(z~ = e"ete™) x 108 0.000 0 2.1 0.000 [1]
Br(r~ — e pte™) x 108 0.000 0 1.2 0.000 [1]
Br(t~ — uetu~) x 108 0.000 0 1.3 0.000 [1]
Br(z~ - p M tu) x 108 3.0 x 1073 0 1.6 0.000 [1]
Br(t~ — e ptu) x 108 0.000 0 2.1 0.000 [1]
Br(r~ — puete™) x 108 0.000 0 14 0.000 [1]
Br(z — ey) x 108 0.000 0 2.6 0.000 [1]
Br(z — uy) x 108 2.0 x 1072 0 34 0.000 [1]
Aa, x 10" —1.4x1078 —8.700 3.6 2.417 [86]
Aa, x 10° 2.56 2.68 0.76 0.154 [1]
TABLE VIII. Observables for SM bosons at point A.
Name Value Data Uncertainty Pull Ref.
Br(Wt — efv) 0.10862 0.10862 0.00011 0.000 SM
Br(W* — utv) 0.10862 0.10862 0.00011 0.000 SM
Br(W+ — 1) 0.10855 0.10855 0.00011 0.000 SM
Br(W — had) 0.652 0.666 0.025 0.550 SM
Br(W* — ¢3) 0.309 0.324 0.032 0.463 SM
Br(Z — ete™) x 10% 3.333 3.333 0.0062 0.000 SM
Br(Z — utp™) x 102 3.333 3.333 0.0062 0.000 SM
Br(Z — t*77) x 10? 3.326 3.326 0.0062 0.000 SM
Br(Z — had) 0.676 0.677 0.025 0.014 SM
Br(Z — unn + cc)/2 0.1157 0.1157 0.0043 0.000 SM
Br(Z — dd + s5 + bb)/3 0.1483 0.1483 0.0056 0.000 SM
Br(Z — c¢) 0.1157 0.1157 0.0043 0.000 SM
Br(Z — bb) 0.1479 0.1479 0.0056 0.000 SM
Br(Z — eu) x 107 0.000 0 4.6 0.000 [1]
Br(Z — et) x 10° 0.000 0 6.0 0.000 [1]
Br(Z — ur) x 108 0.000 0 7.3 0.000 [1]
A, 0.1468 0.1468 0.0015 0.000 SM
A, 0.147 0.147 0.015 0.000 SM
A, 0.1468 0.1468 0.0015 0.000 SM
A 0.941 0.941 0.094 0.000 SM
A, 0.6949 0.6949 0.0069 0.000 SM
A, 0.9406 0.9406 0.0094 0.000 SM
Hop 0.976 0 1.3 0.751 [1]
Hor 0.981 1.12 0.23 0.607 [1]
Hpp 0.841 0.950 0.22 0.495 [1]
Hyy 1.01 1.16 0.18 0.859 [1]

(Table continued)
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TABLE VIIL (Continued)

Name Value Data Uncertainty Pull Ref.
Br(h — ete”) x 10° 4.8 x 107 0 1.2 0.000 [1]
Br(h — eu) x 10* 0.000 0 2.1 0.000 [1]
Br(h — er) x 10° 0.000 0 4.2 0.000 [1]
Br(h — ur) x 103 0.000 0 8.7 0.000 [1]

TABLE IX. Quark masses and CKM matrix at point A.

Name Value Data Uncertainty Pull Ref.
m,(mz) (GeV) x 103 1.28 1.29 0.39 0.024 [112]
m.(my) (GeV) 0.623 0.627 0.019 0.186 [112]
m,(mz) (GeV) 171.78 171.68 1.5 0.060 [112]
my(mz) (GeV) x 103 2.74 2.75 0.29 0.036 [112]
ms(mz) (GeV) x 103 53.85 54.32 2.9 0.162 [112]
my(my) (GeV) 2.85 2.85 0.026 0.036 [112]
1Vl 0.97447 0.97420 0.00021 1.307 [1]
[V s 0.22447 0.22430 0.00050 0.338 [1]
V.| x 103 3.59 3.94 0.36 0.961 [1]
Vel 0.2243 0.2180 0.0040 1.581 [1]
Vs 0.974 0.997 0.017 1.374 [1]
|Vep| x 10 4.13 4.22 0.080 1.112 [1]
V.| x 10° 8.83 8.10 0.50 1.455 [1]
|V,s| x 102 4.05 3.94 0.23 0.485 [1]
7 0.999 1.02 0.025 0.794 [1]
a 1.50 1.47 0.097 0.292 [1]
sin 28 0.698 0.691 0.017 0.440 [1]
Y 1.25 1.28 0.081 0.382 [1]

TABLE X. Observables for quarks at point A.

Name Value Data Uncertainty Pull Ref.
AMy (ps™') x 103 4.616 5.293 22 0.312 [1]

ex x 103 2.24 2.23 0.21 0.038 [1]
AMpg, (ps7") 0.612 0.506 0.081 1.304 [1]
Syk, 0.688 0.695 0.019 0.368 [85]
AMp (ps7') 19.43 17.76 2.5 0.673 [1]
Syp x 107 3.740 2.100 3.1 0.529 [85]
|xB| x 10° 5.3 x 107 0 5.0 0.000 SM
RY 1.157 1.000 3.4 0.047 [113]
R¥%. 1.158 1.000 34 0.046 [114]
Rp -y 0.860 1.509 1.4 0.457 [1,115,116]
Rp 0.862 0.750 0.16 0.709 [1,115,116]
I, 1.49 1.41 0.17 0.485 [1]
Br(t - Zq) x 10* 0.000 0 3.0 0.000 [1]
Br(t — Zu) x 103 0.000 0 1.5 0.000 [1]
Br(t — Zc) x 103 0.000 0 1.3 0.000 [1]
ReCj -0.725 —-0.700 0.30 0.082 [30]

(Table continued)
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TABLE X. (Continued)

Name Value Data Uncertainty Pull Ref.
ImCy —7.5x1073 0 0.10 0.075 [30]
Re(, 0.320 0.400 0.20 0.398 [30]
ImCY, 3.3x 1073 0 0.10 0.033 [30]
ReC’Q" 3.2x 1074 0 0.10 0.003 [30]
ImCq' —4.8x107° 0 0.10 0.000 [30]
ReCY) —1.4x 107 0 0.10 0.001 [30]
ImC’) 2.1 %1075 0 0.10 0.000 (30]
Br(B — Krt17) x 103 1.2x 107 0 1.8 0.000 [117]
0.974475 0.224469 0.003594 - ¢~ 1:25247i 0. 0.
0.224324 . 3140951 0.973639 0.041311 0. 0.
Vekm = | 0.008827 - 70385988 () 040516 - ¢=3-12266i 0.999139 0.001086 - ¢!219%%  0,000008 - 311382

0.000010 - €>75752  0.000044 - 2020825 0.001084 - ¢=313701
0.000003 - e>77°10 0.000012 - 245064 0,000287 - ¢=311355

0.9999()2 . ¢1-22180i
0.003122 - ¢!:24590i

APPENDIX C: DETAILS OF BEST FIT POINT B

1. Input parameters

The input parameters for the boson sector are

my = 377.090, vy = 2915.42, g = 0.305856, A, = 0.155278, A, = 1.00000.
The mass matrices are
0.000486573 1.13824 x 1078 4.04521 x 107° 0 -4.59216 x 107°
1.53811 x 1077 —0.13295 0.0515715 0 —360.594
M, = | —0.0000578552  0.000174906 —1.74549 0 —0.142312
0 0 0 —0.000263151 1099.09
—1.26999 x 107° 337.256 0.0262194 472.383 —174.012
B ( 0 0 0 2.30874 280.271 )
"\ =1.26999 x 1076 337.256 0.0262194 472.383 —16.3708 )’
0.0105038 0.494412  0.0290073 - ¢~0-532076i 0 —0.30203
—0.00667761 —0.384139 —0.110669 0 7.16682
M, = | 0.450446 - ¢~177965 895794 —171.499 0 —13.1159
0 0 0 —0.00998379 —2915.41
—0.0540921 —104.906 71.9157 1542.31 —4.45885
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—0.0111889 0.0531604  0.0128086 - ¢~ 0481607 0 0.0871297
0.00257029 0.00163007 —0.0514564 0 —-1.52119
M, = | 0.00240628 - ¢!-70936!  0.0308145 —2.85816 0 —-65.9271 |. (C5)
0 0 0 0.0101523  2901.32
—0.0540921 —104.906 71.9157 1542.31 3.43706

2. Observables
Tables XI-XIV show the observables at the best fit point B. The extended CKM matrix is given by

0.974460 0.224533 0.003631 - ¢=1-2148% 0. 0.
0.224393 - ¢=3140%5i 0.973619 0.041392 0. 0.000001 - ¢!:63235i
Vekm = | 0.008717 - 70389908 . 040627 - ¢=312277i 0.999136 0.000623 - ¢=1-397081(0,000022 - ¢!-63174i

0.000005 - ¢=2000271 0,000025 - €!-49881  0.000622 - e~161953  0.999999 . ¢~0066018i () )(0FY - 0021202
0.000002 - 20187 0,000011 - "33 0.000265 - ¢~63172  0,001107 - €3054% 0000001 - 314158/
(Co)

TABLE XI. Observables for charged leptons at point B.

Name Value Data Uncertainty Pull Ref.
m,(mz) (GeV) x 10* 4.8658 4.8658 0.00049 0.007 [112]
m,(mz) (GeV) 0.102719 0.102719 0.000010 0.045 [112]
m.(my) (GeV) 1.7462 1.7462 0.00017 0.039 [112]
Br(y — ewp) 0.99995 0.99997 0.00010 0.229 SM
Br(u~ — eete™) x 1013 0.000 0 7.8 0.000 [1]

Br(u — ey) x 1013 2.100 0 33 0.641 [1]

Br(z — ewd) 0.178510 0.178510 0.000018 0.000 SM
Br(z — uwb) 0.173608 0.173612 0.000017 0.229 SM
Br(z~ = e7ete™) x 108 0.000 0 2.1 0.000 [1]

Br(r~ — e pute”) x 108 0.000 0 1.2 0.000 [1]

Br(z™ = u~etu”) x 108 0.000 0 1.3 0.000 [1]

Br(t™ — u utu~) x 108 7.4 %1073 0 1.6 0.005 [1]

Br(z™ = e ptu) x 108 0.000 0 2.1 0.000 [1]

Br(r~ = puete™) x 108 0.000 0 1.4 0.000 [1]

Br(z — ey) x 108 0.000 0 2.6 0.000 [1]

Br(z — uy) x 108 4.9 x 1072 0 34 0.014 (1]

Aa, x 1013 0.000 —8.700 3.6 2417 [86]
Aa, x 10° 243 2.68 0.76 0.332 [1]

TABLE XII. Observables for SM bosons at point B.

Name Value Data Uncertainty Pull Ref.
Br(W — etv) 0.10862 0.10862 0.00011 0.000 SM
Br(W* — utv) 0.10862 0.10862 0.00011 0.023 SM
Br(W* — tv) 0.10855 0.10855 0.00011 0.000 SM
Br(W — had) 0.652 0.666 0.025 0.550 SM
Br(W+t — ¢5) 0.309 0.324 0.032 0.464 SM

(Table continued)
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TABLE XII. (Continued)

Name Value Data Uncertainty Pull Ref.
Br(Z - ete™) x 10? 3.333 3.333 0.0062 0.000 SM
Br(Z — utp™) x 10? 3.333 3.333 0.0062 0.000 SM
Br(Z —» tt77) x 10? 3.326 3.326 0.0062 0.000 SM
Br(Z — had) 0.676 0.677 0.025 0.014 SM
Br(Z - uii + ct)/2 0.1157 0.1157 0.0043 0.000 SM
Br(Z - dd + s5 + bb)/3 0.1483 0.1483 0.0056 0.000 SM
Br(Z — cc) 0.1157 0.1157 0.0043 0.000 SM
Br(Z — bb) 0.1479 0.1479 0.0056 0.000 SM
Br(Z — eu) x 107 0.000 0 4.6 0.000 [1]
Br(Z — er) x 10° 0.000 0 6.0 0.000 [1]
Br(Z — ur) x 10° 0.000 0 7.3 0.000 [1]
A, 0.1468 0.1468 0.0015 0.000 SM
A, 0.147 0.147 0.015 0.000 SM
A, 0.1468 0.1468 0.0015 0.000 SM
Ay 0.941 0.941 0.094 0.000 SM
A, 0.6949 0.6949 0.0069 0.000 SM
A, 0.9406 0.9406 0.0094 0.000 SM
P 0.977 0 1.3 0.752 [1]
Her 0.981 1.12 0.23 0.606 [1]
Hpp 0.843 0.950 0.22 0.488 [1]
;4,, 1.00 1.16 0.18 0.863 [1]

Br(h — ete) x 10° 4.8 x 1070 0 1.2 0.000 [1]
Br(h — eu) x 10* 0.000 0 2.1 0.000 [1]
Br(h — e7) x 103 0.000 0 42 0.000 [1]
Br(h — ur) x 10° 0.000 0 8.7 0.000 [1]

TABLE XIII. Quark masses and CKM matrix at the point B.

Name Value Data Uncertainty Pull Ref.
m, (mz) (GeV) x 103 1.28 1.29 0.39 0.031 [112]
m.(mz) (GeV) 0.629 0.627 0.019 0.096 [112]
m,(mz) (GeV) 171.52 171.68 1.5 0.112 [112]
my(mz) (GeV) x 103 2.74 2.75 0.29 0.032 [112]
my(my) (GeV) x 10° 54.33 54.32 29 0.002 [112]
mb(mz) (GeV) 2.85 2.85 0.026 0.052 [112]
[V .l 0.97446 0.97420 0.00021 1.236 [1]
[V s 0.22453 0.22430 0.00050 0.467 [1]
[V x 103 3.63 3.94 0.36 0.859 [1]
V.l 0.2244 0.2180 0.0040 1.598 [1]
|V sl 0.974 0.997 0.017 1.375 [1]
|V x 107 4.14 4.22 0.080 1.010 [1]
|Vl x 103 8.72 8.10 0.50 1.233 [1]
|V, x 10? 4.06 3.94 0.23 0.533 [1]
[Vl 0.999 1.02 0.025 0.795 [1]
a 1.54 1.47 0.097 0.640 [1]
sin 2/ 0.704 0.691 0.017 0.768 [1]
4 1.21 1.28 0.081 0.845 [1]
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TABLE XIV. Observables for quarks at point B.

Name Value Data Uncertainty Pull Ref.
AMy (ps™') x 103 6.015 5.293 2.2 0.333 [1]
ex x 103 221 2.23 0.21 0.081 (1]
AMy, (ps7™) 0.599 0.506 0.081 1.139 [1]
Suk. 0.686 0.695 0.019 0.475 [85]
AMp (ps™') 19.81 17.76 2.5 0.826 [1]
S,y x 10 3.627 2.100 3.1 0.493 [85]
X2 | x 103 2.0x 1072 0 5.0 0.004 SM
RY 1.133 1.000 3.4 0.040 [113]
R 1.133 1.000 34 0.039 [114]
R, 0.877 1.509 1.4 0.445 [1,115,116]
Rp 0.864 0.750 0.16 0.722 [1,115,116]
T, 1.49 1.41 0.17 0.485 [1]
Br(t — Zq) x 10* 0.000 0 3.0 0.000 [1]
Br(t — Zu) x 103 0.000 0 1.5 0.000 [1]
Br(t — Zc) x 10° 0.000 0 1.3 0.000 [1]
ReC) -0.571 -0.700 0.30 0.431 [30]
ImC} ~1.0x 1072 0 0.10 0.103 [30]
ReCY, 0.316 0.400 0.20 0.421 [30]
ImCY, 5.7 x 1073 0 0.10 0.057 [30]
ReCy' —2.5x 107 0 0.10 0.002 [30]
ImC¢' 1.9x107* 0 0.10 0.002 [30]
ReC 1.4 x 107 0 0.10 0.001 [30]
ImC% —1.1x107* 0 0.10 0.001 [30]
Br(B — Kt77) x 10° 1.2x 1074 0 1.8 0.000 [117]
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