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ABSTRACT: Due to a recent more precise evaluation of V4 and V,s, the unitarity condition
of the first row in the Cabibbo-Kobayashi-Maskawa (CKM) matrix: |Vig|?+|Vis|?+|Vis|? =
0.99798 +0.00038 now stands at a deviation more than 4¢ from unity. Furthermore, a mild
excess in the overall Higgs signal strength appears at about 20 above the standard model
(SM) prediction, as well as the long-lasting discrepancy in the forward-backward asymme-
try A%B in Z — bb at LEP. Motivated from the above three anomalies we investigate an
extension of the SM with vector-like quarks (VLQs) associated with the down-quark sector,
with the goal of alleviating the tension among these datasets. We perform global fits of
the model under the constraints coming from the unitarity condition of the first row of the
CKM matrix, the Z-pole observables A%B, Ry and T'y,q, Electro-Weak precision observ-
ables AS and AT, B-meson observables Bg—Eg mixing, BT — 77¢*¢~ and B® — utu~,
and direct searches for VLQs at the Large Hadron Collider (LHC). Our results suggest
that adding VLQs to the SM provides better agreement than the SM.
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1 Introduction

The Standard Model (SM) particle content includes three families of fermions under the
identical representation of the gauge symmetries SU(3), x SU(2)z x U(1)y. Each fermion
family includes a quark sector (up-type and down-type quarks) and a lepton sector (charged
leptons and a neutrino). The well-known quark mixing in crossing between the families is an
indispensable ingredient in flavor physics. One can rotate the interaction eigenbasis to the
mass eigenbasis in the quark sector through a unitary transformation, and it generates non-
zero flavor mixings across the families in the charged-current interactions with the W boson.
The quark mixing for the three generations in the SM can be generally parameterized by the
3 x 3 Cabibbo-Kobayashi-Maskawa (CKM) matrix V¥, [1, 2]. Since V2, is composed
of two unitary matrices, unitarity of the CKM matrix shall be maintained. The existence
of additional quarks beyond the three SM families shall extend the CKM matrix to a larger
dimension. In such a case, the unitarity of original 3 by 3 submatrix will no longer hold.



The recent updated measurements and analyses of V4 and Vs are briefly outlined as
follows. The most precise determination of |V,,4| is extracted from the superallowed 0" —0%
nuclear § decay measurements [3, 4]

0.97147(20)

‘Vudyz = )
1+ A}

(1.1)
where AE accounts for short-distance radiative correction. Recently, according to the
dispersion relation study with experimental data of neutrino-proton scattering, the inner
radiative correction with reduced hadronic uncertainties A}, = 0.02467(22) was reported
in ref. [5]. It significantly modified the value of |V,4| = 0.97370(14) [4]. On the other
hand, one can use various kaon decay channels to independently extract the values of | V]
and |V,s/Vyuq|. Based on the analysis of semileptonic K13 decays [8] and the comparison
between the kaon and pion inclusive radiative decay rates K — uv(y) and m — pv(vy) [9],
the values of |V,s| = 0.22333(60) and |V,s/Vy4| = 0.23130(50) are obtained in ref. [4]. As
a result, the matrix-element squared of the first row of V%%M

Va2 4 [ Vs |2 + Vi |* = 0.99798 £ 0.00038,, (1.2)

which deviates from the unitarity by more than 40 [4, 5.1 If this deviation is further
confirmed, it may invoke additional quarks to extend the CKM matrix.?

After the final piece of the SM, Higgs boson, has been discovered in 2012 [13, 14], the
precise measurements of its properties become more and more important. The SM can fully
predict the signal strengths of this 125 GeV scalar boson so that deviations from the SM
predictions can help us to trace the footprint of new physics beyond the SM. Recently, the
average on the Higgs-signal strengths from both ATLAS and CMS Collaborations indicated
an excess at the level of 1.50.2 If one looks more closely into each individual signal strength
channel, one would find that mild 1o excesses appear in the majority of channels. After
taking into account of all available data from the Higgs measurements, the average of the
125 GeV Higgs signal strengths was obtained [17]

Jiitiges = 1.10 +0.05. (1.3)

One simple extension of the SM with an SU(2) doublet of vector-like quarks (VLQs) with
hypercharge —5/6 can be introduced to account for the excess by reducing the bottom

'Reduction in the extracted value of V,q4 is due to the reduction of uncertainty in Ag, which is made
possible by a dispersion-relation based formulation of the y— W box contribution to the neutron and nuclear
beta decays [6]. However, the value is to be taken cautiously before jumping to a conclusion, because one has
to include properly the quasielastic contribution from one-nucleon knock-out as well as advanced correction
from two-nucleon knock-out. On the other hand, a recent proposal to study A¥% on lattice can be found in
ref. [7].

2 Another explanation for this deviation involves new physics in the neutrino sector with lepton-flavor
universality violation [10]. Especially, they emphasized the measurements of |V,s| from the above kaon
decays are inconsistent with the tau decays [11, 12]. We will not discuss this discrepancy of |Vis| in
this work.

3The average of the Higgs signal strengths of all production and decay channels from ATLAS and CMS
Collaborations are parias = 1.131‘8:83 [15], and pems = 1.17 £0.10 [16].



Yukawa coupling at about 6% from its SM value [17]. Since the h — bb mode takes up
around 58% of the 125 GeV Higgs total decay width, the above extension can reduce the
total Higgs width and universally raise the signal strengths by about 10% to fit the data.

Finally, the measurement of the forward-backward asymmetry A%B of the bottom
quark at the Z° pole has exhibited a long-lasting —2.40 deviation from the SM predic-
tion [9]. Again, this anomaly can be reconciled by introducing an SU(2) doublet VLQs
with hypercharge —5/6. The mixing between the isospin 75 = 1/2 component of VLQs
and the right-handed SM bottom quark with mixing angle sin g ~ 0.2 can enhance the
right-handed bottom quark coupling with Z boson. Meanwhile, the left-handed bottom
quark coupling remains intact [17]. However, the mixing between VLQs and the SM bot-
tom quark is under severe restrictions from other Z%-pole observables, for example, the Z
hadronic decay width I'paq and the ratio of Z partial width into bb relative to the total
hadronic width, Rp, are both consistent with SM predictions. Earlier attempts in this
direction can be found in refs. [18, 19].

All the above three discrepancies can be explained with additional heavy quarks, which
mix with the SM bottom quark. In order to guarantee the anomaly-free condition, one
economical way is to introduce VLQs. The review of various types of VLQs can be found
in ref. [20]. In this study, we need to modify both left-handed and right-handed down-
quark sectors in order to alleviate the above three anomalies. In general, both left-handed
and right-handed mixing angles are generated and related to each other for each type of
VLQs though one may be suppressed relative to another. It means that we need at least
two types of VLQs to simultaneously explain these anomalies. We show that the minimal
model requires coexistence of both doublet and singlet VLQs, By, r and b’L’7 R

This paper is organized as follows. In section 2, we first write down the general model
and study the interactions between VLQs and SM particles, especially the modifications of
couplings to W, Z, and h bosons. Then we boil down to the requirements of the minimal
model. The various constraints from relevant experimental observables are discussed in
section 3. In section 4, we perform the chi-square fitting and show numerical results, in
particular we discuss the allowed parameter space that can explain all three anomalies. We
summarize in section 5.

2 Standard model with extra vector-like quarks

In this work, a doublet and singlet of vector-like quarks (VLQs) are introduced:

b’—% _1
Brr= ( ,4> b 2, (2.1)
p 3 ’
L.R

with hypercharges (Y/2)s, , = —5/6 and (Y/2)b/L/R
U(1)y symmetry. The upper component of the doublet and the singlets have the same

= —1/3, respectively, under the SM

quantum numbers as the SM down-type quarks, and thus they are allowed to mix with the
SM down-type quarks if nontrivial Yukawa interactions exist among them. It was pointed
out that the Yukawa interaction between B; and br will induce a mixing between the



right-handed 0%, and bg, and so reduce the bottom Yukawa coupling. At the same time, it
will increase the coupling of the Z boson to the right-handed b quark [17]. The reduction
in the bottom Yukawa coupling gives rise to a decrease in the Higgs total decay width, and
thus can help alleviate the overall Higgs signal-strength excess, while the increase in the
Z coupling to the right-handed b quark can bring the prediction of the forward-backward
asymmetry AII’; g down to the experimental value. On the other hand, the mixing between
b}, and by, is suppressed due to the absence of Yukawa interaction between Bpr and by,
and so the modification of CKM matrix is negligible. However, the Higgs-induced Yukawa
interaction between b’L” r and the SM down quarks will give a larger left-handed mixing
than the right-handed one. Thus, the non-negligible left-handed mixing can further modify
the original 3 x 3 CKM matrix and the extra VLQs can extend the CKM matrix to 5 x 5
to restore the unitarity.

2.1 Yukawa couplings and fermion masses

The generalized interactions between VLQs, SM quarks, and the Higgs doublet are ex-
pressed as

—Ly = Q) Hya;; Dy + Q) Hyu;; Up, + BYH g5 DY, + M B} BY,
+Q7%ngb”i b;/% —+ MQ@ /1% + mg,j@D%j -+ @ﬁgBng bl]% + F%ff gBRbZ b/[// + h.c.
(2.2)

where U, D represent the SM up- and down-quarks with ¢, j = 1,2, 3 as the flavor indices,
and superscript 0 indicates flavor eigenstates, for which the SM Yukawa matrix y, q have
been diagonalized. Note the implicit sum over the repeated indices in the above equation.
The dual of Higgs field H = ity H* carries Y/2 = —1/2, where 75 is the Pauli matrix.

After the electroweak symmetry breaking (EWSB), H = (0,v/v/2)7, the mass matrix
of the down-type quarks becomes

DO yav/vV2 0 & Do
(Dopo o) Mmoo | =(DOviwm) & M & || (2.3)
- b - ms & M b

R R

where & = v/v/2 (gB1, 982, gB3) is a 1 x 3 row vector, & = v/V2 (gyr1, gyr2, gur3)” is a
3 x 1 column vector, &3 = gBLb/év/\/i, 4 = gBRb/L/v/\/i and mg = (ms1, ms2, Mms3) isa 1x3
row vector.

Since both MM and MM are symmetric matrices, they can be diagonalized as

VEMMIV] = VeaMIMVE = M3, = diag(m3, m2,m3, m§, mi,) (2.4)
and
D DO
v =VRL b0 (2.5)
1 110
b R,L b R,L



where the mass eigenstates are related to the flavor eigenstates via the unitary matrices
Vr,r- Similarly, for the up-type quarks the mass eigenstates are related to the flavor
eigenstates by

U, =WLUY, Up=WgrUY. (2.6)

Since the VLQs do not mix with up-type quarks, the up-type quark mass matrix remains
the same as in SM.

Due to the discrepancies between the mass matrix and Higgs interaction matrix, the
Higgs couplings of down-type quarks will be modified from the SM Yukawa couplings,

9BLb"

.gB’L gBRbL

gv'i o 1 0 1/
Lo D0 Vi ; Db+ 2260 DY b+ 22D0 bph + R BY b + BY, b h
V2 i AN V2 V2 V2
+h.c.
- ya/vV2 0 &/v Dy,
=D,V 0 | a0 &/ |Vi| b, | b+ e
0 &/v O b
Dy,
= (D, 0, 00)Y | v, |n+he (2.7)
g

The coupling for brbrh can be extracted out from the matrix element (Y )33, for example.
Since we only introduce the vector-like quarks that can mix with the bottom quarks, the
Higgs couplings to the up-type quarks will stay the same as the SM ones.

2.2 Modifications to the W couplings with SM quarks

The charged-current interactions via the W boson with the SM quarks and vector-like

quarks are
g Dr g 0
W 7 W = T T
—Lw O E(UL,(J,O)W/\/LV{ o et %(DL,b’L,bZ)Vm" vy | Wi
v 0
0
+ 9% (DR Vg, V) Vi | vl | WF + 1
\/i R,0p,0Rp)VRY Pr I -C.
0
Dy, 0
- —W(UL,O v vESL | v, | Wi+ XD, ) (VP + VePr) | o | W
+h.c (2.8)
where P, p = H;ﬁ We define the 5 x 5 CKM matrix as
viM 0
VS =WVl = (Vekn)axs Vi. (2.9)
0 122



Since the VLQs do not modify the up-quark sector, we simply extend the 3 x 3 matrix
Wr in eq. (2.9) to a 5 x 5 matrix. The exact parameterization of Vgﬁ’M will be shown in
appendix A.

We further parameterize the charged current interactions in the following simple
form [21],
aw

V2

where ¢ includes all SM quarks and VLQs. AiLj and Al}; are summarized as follows

(@i ALq) + gy AR ) W,F + hec. (2.10)

—Lw D ij

Abp, = WiV])as, Aflp, =0, A =Vigs, A, =Vasu (2.11)

where « = 1 to 3, § =1 to 5, and (U,Us,Us) = (u,c,t),(Dy,Ds, D3, Dy, D5) =
(d,s,b,b',0").

2.3 Modifications to the Z couplings with the SM quarks

In the SM, since the couplings between the Z boson and fermions are the same for each
generation of up-type and down-type quarks, there are no tree-level flavor-changing neutral
currents (FCNC). Conversely, if the new vector-like bottom quarks have different T3 —
Qfxy values from the SM down-type quarks, interesting FCNC couplings can appear at
tree level.

According to T3y — @y, the Z boson couplings with the SM down-type quarks and
VLQs are

L —3+3z, 0 0 Dy
—L 2 gz(Dr, V1, 0" )y Ve 0 S4iz, 0 VI W |2
0 0 %xw v
tz, 0 0 Dp
+9zDRUp V)" Ve | 0 L+ie, 0 |VE| b, | 2,
0 0 lay v,
ol AP 1 4 / oA 1 4 /
+920' 17" (=5 + 32w | PLZu + 920 7" (=5 + 3% ) PrZp (2.12)

where Q¢ (T3¢) is the electric charge (third component of isospin) of quarks, the gauge
coupling gz = ga/ cos Oy, T, = sin? @, is the sine-square of the Weinberg angle 6,,. Again,
the Z boson couplings to the SM up-type quarks are exactly the same as in the SM and
are not modified by VLQs.
We further parameterize the Z boson couplings with SM down-type quarks and VLQs
in the following simple form [21],
97 _

—EZ D) ?qZW/M[XILJ/PL + XZI;LPR — 2Qi5ijxw]quu, (213)

where XZ% and Xg' are summarized below,

3
L * * R * L R
XDBD[S’ - — ZVLBiVLﬂ’i + VL54VL6’47 XDﬁDB’ - VR54VRB/4, Xp/p/ - Xp/p/ =1
i=1

(2.14)



2.4 Minimal models

In this subsection, we would like to narrow down to the most relevant couplings to the
experimental anomalies.

First, we consider non-zero couplings gz, 9ot while M o are at TeV scale. According
to ref. [17], the tensions of Higgs signal strength and A%B can be alleviated by the gg,
coupling from the doublet VLQ. Then the CKM unitarity violation mainly due to the |V,4]
is relevant to gy from the singlet VLQ. Other parameters in eq. (2.2) are set to zero. It
simplifies the down-type quark mass matrix and Vr g as

000 0 A cko0 0 —sh 100 0 0

000 0 0 010 0 0 010 0 0
M=|100m 0 0 |, Ve=| 00cky —sk, 0 |, Ve=|00c —sf o[,

00A M; 0 0 0sk & 0 00sf ot o

000 0 M sbo 0o 0 ck 000 0 1
(2.15)

where 2 = /1 — (s527)2, &P = /1 = (s5)2, and
A A A

s g L - (2.16)

Sqp > —F—————, Sy Y —5——5, S5 = —,
34 /7M12+A2 34 M12+A2 15 ﬁM22_|_A2

with A = ¢ \8/3'; and A = gb\%v. Here we have taken the liberty that the first two generations
of the SM down-type quark masses are set at zero. If the couplings gg,, gy, are about O(1),
the parameters follow the ordering Mjo > A, A > m. It also implies s§4 < 5{,?4, due to

the suppression factor O(m/Mj) on sk,. After diagonalizing the mass matrix, the mass of

the bottom quark is
2

9 m
my = ———————. 2.17
T+ (A2MD) (217)
According to eq. (2.7), the coupling for (h/v)brbg is given by
L R L R chh
mcsyC3y — A534C34 >~ my (218)

V1+ (A2/ME)
This gives rise to a reduction factor in the Higgs Yukawa coupling by Chryp =
cf /\/1+ (A2/M?), and thus the enhancement of Higgs signal strengths. The modifi-

cation of the CKM matrix is indicated by eq. (2.9). The first row of first three elements of
Vgﬁ’M violates unitarity as
SM L |2 SM 2 SM L |2 SM 2 .L \2 SM 2 .L \2
‘Vud 615’ + ‘Vus + ’Vub C34’ =1- |Vud (315) - ’Vub (334) : (219)
However, the unitarity for the first row of Vg%sM can be restored with the other two
elements

Vub’ = VquMSél Vub” = VfdM81L5 . (2.20)

If sk ~ sk, we anticipate the contribution from V;» will be dominant.



Finally, from eq. (2.13) the Zbb couplings are modified as

1 12 2, 1 1 p2 1
@ =gz 5k’ ~sb)+ o) Pr=ar (30 o) 220
Since s enhances (¢°)g, it alleviates the tension between A% 5 observation and SM pre-
diction.

Second, we include one more non-zero coupling ey~ Then the mass matrix and unitary

transformations matrices are

000 0 A
000 0 O
M=]100m 0 A |,
00A M; O
000 0 M
ck 0 0 0 —sh 10 0 0 0
0 1 0 0 0 01 0 0 0
Vo | —sfssis 0 chsedy —chsshy —shels |0 Ve~ | 00 cbefy —cfisd —sf |
0 0 s& ck sk 00 sk ko sk
cgssts 0 cysss —sis  cisels 00 0 —si clf
(2.22)
where A’ = gf%v, B =11 = (s5™)2, kB = /1 - (s™)2, and
R mA/ L A/
Sgp N ——————, Sgr ¥ —————
BT/ MEE AR B/ MZ A7
R mAs
S ~
B MR () +2AM1034334 (A2 + M3)’
A'M.
255 (2.23)

L
S ~ .
(A% + M) — M3(chy)? — 28" Macls sk

Here we diagonalize MM via a 4-step block diagonalization procedure. We have used
rotation matrices with the order of R(65), R(635), R(034), and R(045) to block diagonalize
MM? in each step and finally V7, and Vg can be approximated by eq. (2.22). The mass
of the bottom quark my, =~ mck, (cftcf ck) and the coupling (h/v)brbg is given by

R

L L\/.R R L C34
~ (mczy — Aszy)(cascayc 2.24
(megy 31)(Cc35C34C35) = T+ (2 2/M2) ( )

which is the same as eq. (2.18). The first three elements in the first row of V53, violate

unitarity as

—|VquM (334 {|VuSdM\ (635) (515) | (C§4) (535) +2R9[V VSM*]C34C§5315535}
(2.25)



Similarly, the unitarity in the fist row of V?;;?M can be restore by the other two elements

SM L SM L L SM L L
Var = Vip 831 Varr = Vi €35515 + Vap €314535 - (2.26)

Once again, the contribution from V.~ is the dominant one. Then the Zdd, Zbb, Zdb
couplings are given by

1,2 1 1
(gd)L =49z <—20{/5 + 3$w> , (gd)R =gz <3$w> ,
1 2, 12 2 2 21 1 1 p2 g2 1
(9" = gZ{—2 [cé—, (ch —s%1) + 535 st ]+ 393w}, (9")r = 9z (20;?5 s+ 3xw> ,
1
(6" = gz (sbostocls ). ("R = 0. (2.27)

The FCNC is generated from (¢%)7, and shall be constrained by Bg—Eg mixing, B — mfT¢~
and B® — uTp~. More details are shown in the following sections.

3 Constraints

3.1 CKM measurements

According to the dispersion relation study with experimental data of neutrino-proton
scattering in ref. [5], the inner radiative correction with reduced hadronic uncertainties,
AY, = 0.02467(22), significantly redetermined the value of |V,4|. The values quoted from
PDG 2018 [9] and ref. [4] are

[Vus| = 0.22333 £ 0.00060 [4

[4]

Vius/Vaua| = 0.23130 % 0.00050 [4]

[Vaua| = 0.97370 +0.00014 [4]
[Vis| = 0.00394 £ 0.00036 [9], (3.1)

which we use in our chi-square fitting. As a result, the unitarity condition of the first
row of the CKM matrix reads |Vig|? + |Vus|? 4 [Vip|? = 0.99798 £ 0.00038, which deviates
from unitarity by more than 40 [4]. The respective b’ and b” from the doublet and singlet
vector-like bottom quarks can ameliorate the above unitarity problem by extending the
CKM to a 5 x 5 matrix, then the unitarity requirement becomes |Vyq4|? + |Vis|? + [Vaus|? +
’Vub"Q + |Vvub”‘2 =15

3.2 7 boson measurements

Once the d, s, b couplings to the Z boson are modified, we find that the following observables
are modified:

4The Zss coupling remains unchanged from the SM value, because we keep the 9oy =0, and thus no
mixing between VLQ and s-quark in the following discussion. Non-zero of Goy 18 strongly constrained by
K-K mixing observables.

®Notice that the contribution from |V, | is much more suppressed than |V, |, so the modification for
the CKM unitary mainly comes from |V,;| in our fitting below.



1. Total hadronic width. At tree level, the change to the decay width into dd, s3, or
bb is given by

M
5I‘3§}\f _ [pBSMudsb _ FSM,al,s,b] (1 + O‘S<7TZ)> _ (3.2)

tree tree
With this modification, the total hadronic width is changed to

Tt = Thaq + 0T M 4 6T FM 4 sTPSM (3.3)

2. Rp. The Ry is the fraction of hadronic width into bb, which is given by

M 4 o PSM
- sSM

R .
" DEM + OTRSM 4 GIBSM - gTPSM

(3.4)

3. A'ISB. There is a large tension in the forward-backward asymmetry of b quark pro-
duction at the Z resonance between the experimental measurement and the SM
prediction,

Ay =3 (997 = (@)%, (@)= ()%
47 (997 + (9% (") + (0"%
The couplings of fermions to the Z boson are basically given by 15 — Qx,, in the SM.
For the electron it is simply

(3.5)

It was pointed out in ref. [17] that the interaction term gBSF%ﬁ % from the doublet
vector-like quark By, g is able to reconcile this tension.

For the second minimal model, where gg,, by, Ar€ NON-ZETO couplings, the modifica-
tions of (¢°);, and (¢°)g can be found from eq. (2.27). If we further assume sk, sk, < 1,
cf ~ 1 and apply (ck)? =1 — (sk)?, (¢°)1 and (¢°)r can be simplified as

9z | 9z 9z
(0" = =5 + Faw+ - (s35)°

2 3 2
——— ——

g M 5(9")r

9z 9z
(9")r = 3w + 7(331%4)2 :
~——

Both 33]?4 and 33’?5 can reduce the the forward-backward asymmetry A%B of the quark at
Z-pole. They are good to fit the measured A%B at a lower value from the SM prediction.

~10 -



On the other hand, sk reduces R, but s¥, increases R,. We can use both to maintain R,
at the SM value. This is achieved in the leading order by

1 1 1 1 1
200+ 20 =0 (5 ) (5650°) + gl =0

Therefore, we require (sf)? = (i - 1) (s%)? in order to maintain Rj at the SM pre-

2T
diction. A rough estimation is possible by setting zy = %, and so (sf)? ~ 5(sk)2.
Unfortunately, we will see from the Fit-2b in section 4 that the B-meson observables are
too restrictive to fulfill this relation. Subsequently, mixing angles are chosen to fit the

anomaly in Abg.

3.3 125 GeV Higgs precision measurements

The data for the Higgs signal strengths for the combined 7 + 8 TeV data from ATLAS
and CMS [22] and all the most updated 13 TeV data were summarized in ref. [23]. The
overall average signal strength is pmiges = 1.10 = 0.05 [23], which is moderately above the
SM prediction. Using a total of 64 data points, the goodness of the SM description for
the Higgs data stands at x2/d.o.f. = 53.81/64, which gives a goodness of fit 0.814. A
reduction in the total Higgs decay width can provide a better description of the Higgs
data with x2/d.o.f. = 51.44/63, corresponding to a goodness of fit 0.851 [23]. The p-value
of the hypothesis of the single-parameter fit (Al'tot) equals 0.12 when the SM is the null
hypothesis. Although it is not significantly enough to say they are different, it may still
give a hint that the single-parameter fit is indeed better than the SM. In this work, the
reduction in the Higgs total width is achieved by a slight reduction in the RH bottom
Yukawa coupling which can be found from the matrix element (Y)s3 in eq. (2.7) and
predominately from the doublet vector-like bottom quark interaction term 93387%1? b%.ﬁ

3.4 Electro-Weak Precision Observables(EWPOs)

The Electro-Weak Precision Observables (EWPOs) can be another important indirect con-
straint for the mixings and masses of the VLQs. The EWPOs can be represented by a set
of oblique parameters S, T" and U. We apply the data from Particles Data Group (PDG)
2018 review [9] with a fixed U = 0, and the best fits of S and T" parameters are

AS =0.02+0.07, AT =0.06 % 0.06. (3.6)
where AS and AT are defined as
AS=S— SSM7 AT =T — TSM . (3.7)

We consider the 30 allowed regions of AS and AT parameters in our fitting.

50nce vector-like bottom quarks are heavier than 1TeV, their contributions to gg — h and h — v are
tiny. We will ignore these effects in our fitting.
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The general form of S parameter can be represented as [21, 24, 25]

N, N
s = %Z{(\ AL P4 | AR )by (i) + 2Re(AB AR 0o (s )
17.]
1 *
= {(| XE P+ | X Pt + 2Re (XEXE D) | 59)
where N, = 3, y; = M2 , My, are the quark masses, and AiLj’R, XZ%’R are defined in egs. (2.11)
zZ

and (2.14) respectively. On the other hand, the functions inside S are

Vi (y1,92) = % - élogZ;
Y- (y1,92) = _26/1/%
(. 3) = 5(yfg+ y3) — 233/13/2 3y1y2(y1 + y2) —3:1/? -4 log /1
(y1 —v2) 3(y1 — y2) Y2
) = Vo g - (T ] 69)

The contributions from ¢ and b quarks in the SM for the S parameter can be represented as

Sem = év {1 - 3log(mtj>] . (3.10)

Similarly, the general form of T" parameter can be represented as [21, 24, 26]
Ne L |2 R 2 L pRx
= Torst 2 <| A 1P+ 14y )9+(yi’yj) —|—2Re(Aiinj )‘97(%,%)

1 *
_2[< XEP+ | xB 2).9+(yl-,yj) +2Re(XZ-§X5 )e(yi,yj)] } (3.11)

where the functions inside T' are

2
0+ (y1,92) = y1 +y2 — Rt AL 10g<y1> (3.12)
Y1 — Y2 Y2
_.I_
0—(y1,y2) = 2\/y1y2 [yl Y2 <y1> —2] . (3.13)
Y2 Y2
The contributions from ¢ and b quarks in the SM for the T" parameter can be represented as
N,
T ——— 0 , 3.14
M= ors 2 +(Yts Yb) - (3.14)

3.5 The mixing of Bg-?g

The non-vanishing Yukawa terms QigiH gy; Uy, from the singlet VLQ produce FCNC, pre-
dominately among the left-handed down-type quarks with the Z boson. The FCNC cou-
pling d;-b;-Z gives an additional contribution to Bg-ﬁg mixing by exchanging a Z boson

- 12 —



in s-channel. The overall expression including the SM ¢-W box diagram and Z boson
FCNC is [27]

2G g

= ﬁBBfémBWBTBdetd—db +UR| = 1.87 x 10° [UZy_ap + Ugs| (3.15)

Ld

where USQtd—db is from the SM contribution of top-W box diagram, and —Ug, = V74 VL15
from the Z boson FCNC induced by the singlet VLQ. On the other hand, the FCNC
contribution from the doublet VLQ, Vi,V 14, is much smaller than that from the singlet
VLQ, because the pattern of the mass matrix which suppresses the left-handed mixing
angle for doublet VLQ with down and bottom quarks [17]. The prefactor was obtained by
substituting the numerical values: the /Bpfp = 225 + 9MeV [9] from lattice calculation;
the QCD correction np = 0.55 [28]; the By lifetime 75, = 1.520(4) ps = 2.31 x 102 GeV !
and mass mp, = 5.27963(15) GeV [9]; and Fermi constant Gp. The expression for SM
contribution is given by [29]

Grm? .
U32td7db = <2\@7:;/> ytf2(yt)“/}dvib|27 (3.16)

where y; = m7/m3, and the loop function [29]

f2(y)£1_1(1*Q)2

3y(l+y) [1 1 2y i ln(y)} '

Taking the most updated experimental values of |[Vi| = 1.019 4+ 0.025 and |Vi4| =
(8.1 £0.5) x 1073 [9], the SM reproduces the central value of the current experimental
measurement [9]

Zdlexp = 0.770 £ 0.004 . (3.17)

However, the theoretical uncertainty is much larger than the experimental one. For conser-
vative limit we require the new physics contribution to be less than the SM contribution,
which implies

\Ugy| < 6.42 x 1074, (3.18)

that is much weaker than the constraints from BT — 7+¢*¢~ and B — p*x~ in the next
two subsections. In addition, due to large theoretical uncertainties we do not use this data
in our global analysis.

On the other hand, the mixings between the second generation quarks and new VLQs
are irrelevant in this study. In order to avoid the stringent constraints from the mixing
of Do—ﬁo, K O—FO, and BS—ES mesons, we suppress all the interaction terms between the
second generation quarks and new VLQs for simplicity.” The more general study can be
found in ref. [32].

"For this reason we do not attempt to explain the experimental anomalies in b — slTI~ decays
(refs. [33, 34]) in our model.
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3.6 The BT — nt{t(~

The FCNC coupling (¢%);, generated from eq. (2.27) contributes to the B* — 7+ ¢+¢~ [30]
through the effective Hamiltonian

viq _ _Gr ™)L 17 - _ _
Hoa ™ = =5~ 10" (1= e)b] {1+ dow) [fyl] + [fynsl]} - (3.19)

Incorporating with the SM contribution, the differential branching ratio is given by [30]

dBr G2LM3, [ a2
gt o) = ZEEB YN (02 m2)3e2 (02 |2
g2 BT = ) = g () NG mE P
A
X <yc§,P+Atcgvp+C§’LQ12+ yclo+01V0LQ\2> . (3.20)

with the SM Wilson coefficients C&P ~ 3.97 + 0.031, C‘Z)"P ~ 0.84 — 0.88i, and Cip ~
—4.25. Follow the effective operator notations from ref. [30], the VLQs induced Wilson
coefficients are

db db
viq _ (97)o(—=1+4zy) (21 viq _ (@)L (27
Cy = 7 ) Ci = 7 an ) (3.21)

here A = (VM (VERM Ty A = (VERM)ua (VERM)pr @ = 1/137, and

2\ 2 2 2 4
2
(1_ q2> - m27T<1+ q2>+mz
MB MB MB MB
0.26

§q) = (1— 2/M2.)(1 - 0.53¢2/MZ) (3.22)

>
—~
)
\'l\’)
3
[\
Il

The above expression is valid in a conservative range of 1 < ¢?> < 6 GeV?2. By performing
the integration of the differential branching ratio, we obtain the SM contribution [31]

Br(BT — ntputp sy = 7.104+2.13 x 1077, ¢ C [1,6] GeV?2. (3.23)
Within 1o it is consistent with the measurement from LHCb [35]
Br(BT — 7 ut u )paen = (4557100 £0.15) x 1077, ¢® C [1,6] GeVZ  (3.24)

In the following chi-square fitting, we combine both the experimental error and 30% theo-
retical uncertainty from the SM [30] to give conservative constraints.

3.7 The B° — utp~

The C%LQ operator also contributes to the BY — p = through the expression [31]
_ GEo?|ViVial? Amj,

_ VL
Br(B” — wu7) = g mm imiy [1— 158 o+ B, (3:25)
B

where fp = 225MeV. In our framework, the (¢%)g = 0 from eq. (2.27) guarantees no
mixing among the right-handed d and b quarks and thus C defined in ref. [31] is zero.
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The updated experimental result from PDG gives [9]
Br(B® — T )exp = (1.4719) x 10719, (3.26)

which is consistent with the SM calculation Br(B° — u*pu~)sy = (1.45 + 0.07) x 10710,
here we estimated 5% theoretical uncertainty [31].

3.8 Direct searches for the vector-like bottom quarks

The vector-like bottom quarks can be pair produced by QCD processes or singly produced
via a t-channel Z boson exchange at hadron colliders. Assuming that the new vector-
like bottom quarks can only decay to SM particles, there are three possible decay modes:
V(') = Wt b'(b") = Zb, and V' (V") — Hb. The searches for pair production of vector-
like bottom quarks only depend on their masses, decay patterns, and branching ratios.
According to ref. [36], the ATLAS Collaboration has published their combined searches
for pair production of vector-like bottom quarks with the above three decay modes. The
SU(2) singlet vector-like bottom quark b” is excluded for masses below 1.22 TeV, and the
SU(2) doublet vector-like bottom quark B = ('~1/3, p'=4/3)T" is excluded for masses below
1.14 TeV. Other recent searches for pair production of vector-like bottom quarks from CMS
Collaboration can be found in refs. [37, 38|, and those constraints are similar to ref. [36].

On the other hand, the searches for single production of vector-like bottom quarks
depend not only on their masses, but also on their mixing with SM down-type quarks.
Recently, the ATLAS Collaboration has published their searches for single production of
vector-like bottom quark with decays into a Higgs boson and a b quark, followed by H — ~y
in ref. [39]. Again, this constraint is roughly the same as the above ones. Similarly, the
searches for pair production and single production of vector-like quark p’ with electric
charge —4/3 can be found in refs. [40, 41]. A lower mass limit about 1.30 TeV at 95%
confidence level is set on the p/. In order to escape the constraints from these direct
searches at the LHC, we can increase my, m,, and my to be above the lower bounds of
the mass constraints. Therefore, we safely set their masses at 1.5 TeV in the analysis.

4 Fitting

Five data sets are considered in our analysis. Totally, we used 75 data points: 64 from
125 GeV Higgs signal strengths; four from CKM; three from A%B, REXP , I'had each; two
from AS, AT; and two from Br(B* — 77¢7¢~) and Br(B" — p*u~). They are summa-
rized in table 1.

The SM CKM matrix is parameterized using the Wolfenstein parameters [9]

1—)\%/2 A AX3(p —in)
VEN, = ) 1—-)22/2 AN (4.1)
AN(1 — p—in) —AN? 1

with
A = 0.22453 £+ 0.00044, A = 0.836 £ 0.015,
p = 0.12230 51, n = 035510017, (4.2)
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Experimental Data SM values 2 (SM)
[Higes = 1.10 4 0.05 1.00 53.81 [23]
(ALp)™™" = 0.0992 +0.0016 0.1030 + 0.0002 5.29 [9]
RIXP = 0.21629 + 0.00066 0.21582 £ 0.00002  0.49 [9]
Thad = 1.7444 + 0.0020 GeV 1.7411 £ 0.0008 2.35 [9]
CKM: |V,s| = 0.22333 £ 0.00060 0.22453 + 0.00044 24.50 [4, 9]
[Vius/Vual = 0.23130 + 0.00050 0.23041 £ 0.00045

|Vaa| = 0.97370 4 0.00014 0.97446 + 0.00010

[Vas| = 0.00394 + 0.00036 0.00365 =+ 0.00012

EWPOs: AS = 0.02 + 0.07 0 1.08 [9]
AT = 0.06 + 0.06 0

Br(Bt =m0t 07)| 2.6 Geve = (4.557100 £0.15) x107° (7.10 +£2.13) x 1072 1.15 [35]
Br(B® —putp~) = (1.4715) x 10710 (1.45 4 0.07) x 1071 0.00 [31]

Table 1. Experimental data used in the current analysis: (i) the overall Higgs-signal strength
representing 64 individual channels of signal strengths, (ii) 3 Z-pole observables .AIISB7 Ry and Tyaq,
(iii) four data from the CKM matrix, (iv) AS and AT from EWPOs, and (v) branching ratios of
Bt — 7t¢*¢~ and B® — ptu~. Note that the BS—ES mixing data is not used in this analysis.

quoted from the global fit [9]. The SM values of [VSM|, [VSM/VSM||VSM| = and |V,
are listed in table 1, and the uncertainties from global fit in SM are included in our chi-
square analysis. In fact, the SM does not fit well to the above datasets, as it gives a
total x2(SM)/d.o.f. = 88.946/75, which is translated into a goodness of fit only 0.130.
Viil> = 1 is
always held from our analytical parameterization. The unitary violation only happens on
Zi:d,s,b ’VW‘Q

According to the minimal model of additional VLQs with various options on the pa-

Note that during the parameter scan, the unitarity condition of Ei:d,s,b,b’,b”

rameters in subsection 2.4, we perform several fittings to investigate if these models can
provide better explanations for the data. Without loss of generality we fix the VLQs mass
at 1.5 TeV, which is above the current VLQs mass lower bounds from ATLAS and CMS
searches [36, 39, 41-44].

e Fit-1: varying gp, and oy while keeping gy =0, My = M; =1.5TeV.

e Fit-2a: varying gs,, oy and oy while keeping M} = My = 1.5TeV. But NOT
including the constraints B* — 7t¢*¢~ and B — p*p~ in the x? fitting.

e Fit-2b: same as Fit-2a, but including the constraint B* — 7t¢*¢~ and B® — ptpu~
in the x? fitting.

For Fit-1, keeping gy = 0 can guarantees the flavor-changing coupling (g%, from

eq. (2.27) to be zero. Therefore the constraints from Bg—ES mixing, BT — 7¢T¢~, and
B — p*p~ are irrelevant. Both the values of Br(BT — 77/7¢~) and Br(B° — utpu~)
are exactly the same as the SM predictions. After performing the fit to the data, Fit-1
gives a minimal chi-square value of x2. /d.o.f. = 63.124/73 and thus a goodness of fit
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Figure 1. Fit-1: the best fit (cyan triangle) gives x2, = 63.124. The contour panels show
regions for Ax? < 2.3 (red), 5.99 (green), and 11.83 (blue) above the minimum.

= 0.789. Comparing with the SM fit Fit-1 has a p-value of 2.5 x 107% against the SM
null hypothesis. It is shown in both table 2 and figure 1 that the best-fit points prefer a
non-zero value of gg, = +£1.177 and gy = £0.335 at a level more than 2.50 and 40 from
zero, respectively. Furthermore, the bottom-quark Yukawa coupling deviates from the SM
prediction by more than 20, and the best-fit points give Chy, = 0.98, which is about 2%
smaller than the SM value. It helps to enhance the overall Higgs signal strengths. In
fact, the Higgs signal-strength dataset prefers bottom Yukawa coupling 6% smaller than
the SM value [17]. Since the RF*F was quite precisely measured and consistent with the
SM prediction, the deviation of the bottom-Yukawa coupling cannot exceed more than a
couple of percent. From the (Vp15,Vr34) panel of figure 1, since V5 ~ sf5 X gy and
VR3a ~ sk oc gg,, it does not show correlation between gs, and gy~ In the (Vrsa, AS)
and (Vgs4, AT) panels, they show that the best-fit regions are consistent with the oblique
parameters from electroweak precision measurements.

In Fit-2, both couplings oy and Gpy can vary from zero. In this case, according to
eq. (2.27), flavor-changing coupling (g%);, is induced and therefore is constrained B+ —
770 ¢~ and B® — pTp~ (BY-BY mixing is not included in any of the fits.) In figure 2
for Fit-2a, which has not included these flavor-changing constraints in the global fit, it
allows both couplings oy and Gy to significantly deviate from zero. Indeed, we see that the
best-fit points prefer gp, = £1.651 and gyy = £0.614, and (s¥)? ~ 5(sk)? are correlated
in (Vr35, Vrs4) panel. This is in accordance with our discussion at end of subsection 3.2,
where the VLQs contributions to R} cancel among themselves, meanwhile .A% p anomaly is
explained by (¢%)z. Since the VLQs contributions to R; are canceled, the bottom-Yukawa
coupling now is allowed to deviate from the SM by more than 6%, and the best-fit points
give Chpp = 0.96, which deviates form the SM prediction by more than 3o0. Hence, Fit-2a
can further lower the minimal chi-square than Fit-1, and gives 2, /d.o.f. = 59.185/70 and
thus a goodness of fit equals to 0.818. Unfortunately, there exist constraints from Bg—Bg
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Figure 2. Fit-2a: the best fit (cyan triangle) gives x2, = 59.185. In Ug-Ax? panel, the hatched
region is excluded by Bg-ﬁg mixing. The contour panels show regions for Ay? < 2.3 (red), 5.99
(green), and 11.83 (blue) above the minimum.

mixing, Bt — 7t¢T¢~ and B® — ptpu~, which will restrict simultaneously large non-zero
values of Goy and 9oty In order to study the effects from those B physics constraints, we
further include both B* — 77¢*¢~ and B® — pu*p~ in the Fit-2b.

In figure 3 for Fit-2b, we can understand how the constraints from B+ — 7 t/T(~
and B? — utpu~ affect the allowed parameter region. In the (gbg, Ax?) panel, the coupling
oy 18 restricted to be small within 30, more precisely, it requires | gbg\ < 0.076. Since %
is restricted close to zero, the best-fit points and the corresponding Chgp of Fit-2b overlap
with Fit-1. In the same panel, we can observe there are two local minima at gpy ~ £0.6
at 4o, which is correlated to gy ~ 0 in (gbrlr,AXQ) panel. From the (Ug, Ax?) panel,
we know that the flavor constraints from BT — 774"/~ is more stringent than BY-BY
mixing due to more precise theoretical uncertainty in the former. Around the minimum,
we can identify the two-tine fork shape structure, and it is due to the interference between
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Figure 3. Fit-2b: the best fit (cyan triangle) gives x2,;, = 62.275. In Ug-Ax? panel, the hatched
region is excluded by Bg-?g mixing. The contour panels show regions for Ax? < 2.3 (red), 5.99
(green), and 11.83 (blue) above the minimum.

VLQs and SM contributions for Bt — 7#¢*¢~ from eq. (3.20). Finally, comparing with
Bt — nt0t¢~, the BY — pTp~ gives similar but weaker constraint on (¢%). We can also
find in table 2 that both the values of Br(Bt — 7+¢*¢~) and Br(B° — p*p™) in Fit-2b
are largely reduced by three orders of magnitude compared with Fit-2a. On the other
hand, we observe that the value of Br(B™ — 77¢T¢~) in Fit-2b is indeed closer to the
measurement from LHCD in eq. (3.24) than the SM prediction in eq. (3.23), because the
central value in eq. (3.23) is more than 1o larger than the central value in eq. (3.24). Once
both theoretical and experimental uncertainties are reduced in the future with almost the
same central value in Br(BT — 7t¢T¢7), it will be a smoking-gun signature for adding

VLQs to the SM.

For discovery prospects of the doublet+singlet VL.Qs, there are some signatures which
can be searched for at the LHC. The VLQs can be pair produced via QCD processes, such
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Cases Fit-1 Fit-2a Fit-2b
Vary gy, gy Vary gs,, gy Vary g, gy
Parameters vty 9oy
95, L1T7505% 165170505 LAT610,0
9 0.3351 001 03397003 03351000
o 0 0.6141 511 0.0063805%
M [TeV] 1.5 1.5 1.5
My [TeV] L5 1.5 1.5
Chib 0.98270905  0.960T005  0.982F99%
Xiiggs 52.46 51.38 52.46
Al 0.10129 0.09943 0.10129
Ry 0.21732 0.21676 0.21732
Tiot 1.7428 1.7415 1.7428
AS 0.05 0.11 0.05
AT 0.03 0.07 0.03
Br(BT — 7t¢t¢7) | 710x107? 3.87x107%  4.92x107°
Br(BY — pfut) | 145x 10719 136 x 1077  0.74 x 10710
x?/dof 63.124/73 59.185/70 62.275/72
goodness of fit 0.789 0.818 0.786
p-value 2.5 x 1076 2.7 x 1076 1.2 x 1079

Table 2. The best-fitted values in various fits and the corresponding chi-square per degree of
freedom and goodness of fit. The p-value for each fit hypothesis against the SM null hypothesis
is also shown. For the SM, we obtain x?(SM) = 88.946, x?/dof = 88.946/75, and corresponding
goodness of fit = 0.130. Notice the condition 7;_; . 4 [Vuil? = 1 is held during the fitting.

as gg,qq — 'V, V0", p'p'. Due to the off-diagonal Yukawa interactions and mixing between
VLQs and SM quarks, the VLQs can decay via

b — Zb,Zs, Zd, hb, hs, hd
b — Wt,We,Wu
p — Wb Ws, Wd.

Here, we assume the mass degeneracy of b and p’ from the doublet VLQ to avoid the decay
mode b — p'W or p’ — b/W. Even though there is slight mass splitting between b and p’
of order O(10) GeV due to the mixing effect, the decay p’ — ¥'W or b’ — p'W can only
give very soft leptons or jets, which are very difficult for detection at the LHC.

The decay branching ratios of VLQs, for example, from the best-fit points for Fit-1
and Fit-2b from table 2 are

BR(W — Zb) ~ BR(W — hb) ~ 0.5,
BR(b — We) = 0.05,

BR(p/ — Wb) ~ 1.00
BR(b — Wu) = 0.95
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and for Fit-2a,

BR(V — Zb) ~ BR(Y — hb) ~ 0.5, BR(p' — Wb) ~ 1.00
BR(V — Wt) = 0.765, BR(VY — We) =0.005, BR(Y — Wu) = 0.230,

The above relation BR(V — Zb) ~ BR(V — hb) comes from the equivalence theorem, in
which the longitudinal mode of gauge bosons behaves like the Goldstone boson in the limit
My 1 1y > myg . Therefore, one clear signature at the LHC from pair produced b'b’ is

VY — (bX)(bZ) — (bX)(beTe7),

where X could be either h or Z. Such charged lepton pair(s) plus jets searches have been
performed at the 13 TeV LHC [37, 44]. Here we roughly estimate the current sensitivity
on the lower mass limit of &’. The event rate with at least one charged lepton pair is

N=o(pp = bV)x L xe

where € = 0.0028 taking into account the branching ratios of ' and Z — ¢T¢~. Then using
£ = 36.1fb~! and requiring N < 2, we obtain

a(pp — b'V) <201b.

By adopting the VLQ pair production cross section, the above upper limit translates into
the lower mass limit of My 2 1.1 TeV.

Other decay modes of VLQs from pair production have been searched for by ATLAS
and CMS Collaborations in refs. [36, 38, 42, 43]. The lower mass limits of VLQs are
around 1TeV from these searches. Single VLQ production via the electroweak interaction,
which depends on the size of mixing between VLQ and SM quark, was investigated in
refs. [41, 45]. We emphasize the predicted gp, and gy values in table II all give skl ~
g8sv/(V2M1) ~ 0.14 and sk ~ gbzlzv/(\/ng) ~ 0.04, that can be measured from the
single VLQ productions via Zb(Wwu) fusion and ready to be tested in the near future. For
example, the single p’ produced from the Wb fusion has been studied by the ATLAS [41].
Assuming BR(p' — Wb) = 100% and varying |s%| between 0.17 and 0.55, the lower mass
limit of p’ can be set from 800 to 1800 GeV.

A distinctive signature of our proposed model from other phenomenological models is
the singlet VLQ decay mode b” — W ~u. On the other hand, most of experimental searches
at the LHC were focused on the mixing between VLQs and the third generation quarks.
Hence, we stress the searches for the mixing between VLQs and the first generation quarks
are also well-motivated in this work. The sizeable or dominant BR(b” — W~u) can be a

distinguishable feature of our scenario.

5 Discussion

We have advocated an extension of the SM with vector-like quarks, including a doublet
and a singlet, in aim of alleviating a few experimental anomalies. An urgent one is a severe
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unitarity violation in the first row of the CKM matrix standing at a level more than 4o
due to a recent more precise evaluation of V4 and V,s. Another one is the long-lasting
discrepancy in the forward-backward asymmetry A%B in Z — bb at LEP. Furthermore, a
mild excess in the overall Higgs signal strength appears at about 2o above the standard
model (SM) prediction,

In this work, we have performed global fits of the model under the constraints coming
from the unitarity condition of the first row of the CKM matrix, the Z-pole observables
.A%B, Ry and T'yaq, Electro-Weak precision observables AS and AT, B-meson observables
Bg—Eg mixing, Bt — 7¢*t¢~ and B® — utpu~, and direct searches for VLQs at the LHC.
We found that the extension with a VLQ doublet and a singlet can improve the fitting to
the datasets, especially the improvement to the unitarity condition of the first row of the
CKM matrix with two additional entries in the first row.

We offer the following comments before closing.

1. By extending the CKM matrix to 5 x 5 with the extra VLQs, the unitarity condition
in the first row is fully restored.

2. Without taking into account the B-meson constraints the best-fit (see Fit-2a) can
allow the bottom-Yukawa coupling to decrease by about 6%, which can then ade-
quately explain the 20 excess in the Higgs signal strength. At the same time, it can
also account for the .A%B without upsetting R, due to a nontrivial cancellation be-
tween two contributions. However, the resulting branching ratios for BT — 7/t~
and B — ut ™ become exceedingly large above the experimental values.

3. However, including the B-meson constraints the allowed parameter space in Gpyy s
restricted to be very small due to the presence of the FCNC in Z-b-d.

4. Last but not least, the extra 5 physical CP phases in V%?M matrix can be a trigger
for electroweak baryogenesis. In order to generate the strong first-order electroweak
phase transition, one needs to add an extra singlet complex scalar [47, 48]. On the
other hand, adding extra Z’ boson as in the ref. [31] would be possible to cancel the
FCNC contributions from VLQs. Therefore, a gauge U(1) extension of our minimal
model with a singlet complex scalar may simultaneously alleviate the constraints from
B meson observables and explain the matter-antimatter asymmetry of the Universe.
However, this extension is beyond the scope of this work and we would like to study
this possibility in the future.
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A Parameterization of the full Vs matrix

In this appendix, we display parameterization of the full Vgﬁ’M matrix in the main text.

For the general n x n CKM matrix, there are n? — (2n — 1) = (n — 1)? physical parameters
in the corresponding matrix. For example, there are 3 rotation angles 012,613,023 and 1
CP phase ¢ in the 3 x 3 CKM matrix of SM. For the 5 x 5 CKM matrix, there are 16
physical parameters. Except for the previous 4 parameters in the 3 x 3 CKM matrix, we
assign the extra 12 parameters as 7 rotation angles 014, 615, 024, 025, 034, 035,045 and 5 CP
phases @1, ¢a, ¢3, da, ¢5 in the 5 x 5 CKM matrix.

We first parameterize the original 3 x 3 CKM matrix in the usual form

Vud Vus Vub
3x3
Vexkm = | Vea Ves Ve
Via Vis Vi
1 0 0 Cc13 0 813671'6 ci2 S12 0
= 0 C23 S23 0 1 0 —S812 C12 0
0 —893 C23 —8136“s 0 C13 0 01
—id
C12C13 S12€13 S513€
_ _ _ 0 _ 0 (A 1)
= 5§12C€23 — C12813523€" (1223 — $12513523€ 523C13 ) .

i i
512823 — €12513C23€"°  —C12823 — S12513C23€"°  €23C13

with s;; = sinb;; and ¢;; = cosf;; [46]. Then we can further parameterize the full 5 x 5
CKM matrix based on V%?M as

Vud Vus Vub Vub’ Vub”
Vea Ves Veo Ve Ve
Véim = | Via Vis Vo Ve Vi
Via Vs Vo Vi Vi
Virrg Vs Vipry Vg Vg

00 100 0 0 10 0 00
Viis 00 010 0 0 01 0 00
= 00 001 0 0 00 0 10
0 0 010 000 C45 S45€_i¢5 00 c35 0 s35
0 0 001 000 784561-(!)5 C45 00 —S835 0 C35
10 0 00 1 0 00 0 1 0 0 0 0
01 O 00 0 C25 00 8258_i¢4 0 Co4 0 824€_i¢3 0
00 c34 s34 0 0 0 10 0 0 0 1 0 0
00 —834 C34 0 0 0 01 0 0 —8246i¢3 0 Co4 0
00 0 01 0 —s95¢ 00 a5 0 0 0 0 1
C15 000 515672@52 C14 00 51467“)1 0
0 100 0 0 10 0 0
0 010 0 o 01 0 0], (A.2)
0 001 0 —512€1 00 cg O
—S15€_i¢2 000 C15 0 00 0 1
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where

Vud =

Vus =

Vub =
Vub’ =

Vub” =
Vea=

Vcs =
Vo=
Ve =

‘/Cb” =
Via=

Vts =
Vib=
th/ =

Vipr =
Vira=

‘/t’s:
Vo=
‘/t/bl:

Vi =
Vira=
‘/t”s =
Vi =
Vi =
Vs =

c1a(crzcrsers — €% 515 (671‘6025513835 + e Pe13812825))

—€'1s1y (67%3 S24 (613025512 - 61'(4’476)813525535) + €7i5024035813534) (A.3)
C24 (613625812 - €i(¢4_5)813525835) — (9379 30513504534 (A.4)
671-5634635813 (A5)
€_i¢1814(012013015 —e'P5y5 (6_i5025813835 + €_i¢4013512825))

+ciq <€_i¢3 824 (613625812 - 61(4)4_6)813825835) + 6_i5024035513834) (A.6)
c15(e " eass13sss + e "e13519805) + e P crac1315 (A7)

is i —i is
—C14 (015 (023812 +e 012813823) +e' %515 (013025823835 + e P ss <012023 —e 812813823)))
i —i is i
—€' 1514 (013024035823534 + e P35y, (625 (612623 —e 812813823) —e ¢4013823525335)) (A.8)
i i
el '3 1303552352483 (A.9)

i§
C24 (625 (012623 —¢ 512813823) - 013823525535) -

€13€34€35523 (A.10)
—i is
—€ ¢1$14 (615 (023512 +e 012513823)

i —i is
+€'2 515 (c13025503535 + €~ 505 (cro023 — €70512513503) ) )

+c1a(c13024035523534 + €99 594 (co5 (c12003 — € 512513503) — €9 C13523525535) ) (A.11)
—e iP25y5 (023812 + €i6012813523) +cis5 (013025823835 e Pasy5 (012023 —6i5812513523)) (A.12)
cra(c1s(s12823 — €i5€12623813) — e85 (cr3cascassss — e " s05(c12803 + €i5023812813)))

—e" " s14(c1302302435530 — €7 594 (co5 (C12503 + €i6023512813) + "% er3e3895535) ) (A.13)
—c24(c25(c12523 + €% cags12513) + "% c13ca3505535) — €'?Pcr3ca3Cans24534 (A.14)

€13C23€34C35 (A.15)
—i i5
e~ S14 <015 (812523 —-¢ C12€23813)

7 —1 i
—e" 515 (c13¢23C05535 — € P4 505 (12503 + €70 ca3s12513) ) )

+e1a(c13c2302435530 — €7 504 (co5 (C12503 + 6i6023812813) — €' 13003805535 ) (A.16)

6_i¢2815 (812823—6i6012023813) + Ci15 (013023025835 —€_i¢4 S25 (012823 + 6i6623812813)) (A17)

i(pa—bs i —igs
—e@2795) ¢y yepsean 515545 — €951 (024 (csacas — € ¢ $34535545)

—ei(¢47¢37¢5)035824825345) (A.18)
—€"(P479%) oy 35505545 — €% 524 (caacas — € P 534535 545) (A.19)
—Ca5534 — €' C34835545 (A.20)
C14 (624 (csacas — € "7 s34535545) — 6i(¢4_¢3_¢5)C35524825345) — /0279179 ey a5 514815545

(A.21)
e " 15005035545 (A.22)
—e" P cyqco5035ca5515 + €771 514 <024 (casssasss + € csasas) + 6i(¢47¢3)035045524525) (A.23)
—e' P eaqcascansas + €' 7% 504 (a5 834835 + €99 C34545) (A.24)
—C34C45535 + €9 534545 (A.25)
—C14 <024 (casszasss + €' csasas) + 6i(¢47¢3)035045524825) — €927 cysea5e45514515 (A.26)
C15C25C35C45 (A.27)
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Notice that there is some freedom to arrange the positions of extra 5 CP phases in those
matrices. We assign there is no CP phase in the rotation matrices of 034 and 635 in this
study. On the other hand, since we don’t involve the vector-like up-type quarks ¢, ¢”
inside the model, only the measurable 3 x 5 sub-matrix of VgifM is corresponding for our

study here.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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