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Abstract

We consider a model where the standard model is extended by the addition of a vector-like isosinglet
down-type quark b’. We perform a X2 fit to the flavor physics data and obtain the preferred central values
along with errors of all the elements of the measurable 3 x 4 quark mixing matrix. The fit indicates that
all the new-physics parameters are consistent with zero and the mixing of the b’ quark with the other three
is constrained to be small. The current flavor physics data rules out possibility of detectable new physics
signals in most of the flavor physics observables. We also investigate possible deviations in the standard
model Wtb couplings and bottom quark coupling to Higgs boson. We find that these deviations are less
than a percent level which is too small to be observed at the LHC with current precision.
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1. Introduction

The standard model (SM) consists of three generations of quarks, with two quarks in each
generation. However, there is no a priori reason for the number of quarks to be restricted to
six. It may be possible to have heavier quarks whose effects have not been detected yet. The
minimal extension of the SM in this direction can be obtained by adding a vector-like isosinglet
quark, either up-type or down-type, to the SM particle spectrum [1-15]. Such exotic fermions
can appear in E¢ grand unified theories as well in models with large extra dimensions. Since
these quarks are vector-like, they do not lead to chiral anomalies. Here we consider the extension
of SM by adding an isosinglet vector-like down-type quark 2'.

As of now there are no direct evidences of exotic quarks. The additional chiral quarks, such
as perturbative SM with fourth generation are excluded at the level of 5o by the recent LHC data
on Higgs searches, when combined with electroweak precision data and direct searches at the
LHC [16]. As vector like fermions do not receive their mass from a Higgs doublet, they are still
allowed by the existing experimental data and hence keep us interested.

The ordinary quarks with charge (—1/3) mix with the b’". Because the b, has a different I3,
from dy, s; and by, Z-mediated flavor changing neutral current (ZFCNC) appears at the tree
level in the left-handed sector. Thus the quark level transitions such as b — s, b — d, s — d can
occur at the tree level. The addition of a " quark to the SM leads to a quark mixing matrix which
is the 3 x 4 upper submatrix of a 4 x 4 quark-mixing matrix CKM4, which is an extension
of the Cabibbo—Kobayashi-Maskawa (CKM) quark-mixing matrix in the SM. This model thus
provides a self-consistent framework to study deviations of 3 x 3 unitarity of the CKM matrix
as well as flavor changing neutral currents at tree level.

Not all the elements of the CKM matrix are measured directly; the values of the elements V;,
(g =d, s, b) are determined from decays involving loops and by using the unitarity of the 3 x 3
CKM matrix. Hence one expects that due to the non-unitarity of the quark mixing matrix in the
ZFCNC model, sizable departures from the SM predictions may be possible. In this paper, we
explore the possibility of such deviations by performing a fit to current flavor physics data.

The addition of isosinglet down-type quark &’ modifies the couplings of SM bottom quark
with W, Z and Higgs boson. The deviations, if measured, can provide indirect evidence of vector
quarks. In this work we study such possible deviations and provide an upper bound on them.

The quark mixing matrix in the SM, which is 3 x 3 unitary matrix, is parametrized by three
angles, 012, 613, and 6»3 and the CP-violating phase §;3. The parametrization of 4 x 4 uni-
tary quark-mixing matrix requires three additional angles 014, 624, and 634 and two additional
CP-violating phases 814 and §24. In our analysis we use an exact parametrization of the CKM4
matrix [17-19]:
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C12€13C14 C13€14512 clasize”on siae”i01
—C23€24812 — 612624‘Y|3S236'5” C12€23C24 — 624S|2_S|3Sz36‘5” C13€24523 clasase 02
—craci3sigspgel 1400 —ciasiosigsyel O — s13s1as2ae” O30 =014)
—ciaceasize’®s +eusingy  —ciaciss — cscausiosizeln C13€23C34 C14€24534

—€12€13¢24514534€" %14

+C23512524534€ 0%
+c12813523524534€f (137020
—C12€13€24C348 1471

+c12023513534€7013
+ 23028125247 — 512523534
+ 12634513523 524! O137020)

— c12023504534€/0%

— C13024512514534€
+ 512513523524 834€! C13F020)

id14

—cr2e23¢34524€0% + C12523534
— C13024€34812514€7014
+ 2351251353411
+ 34512513523 524€1 G137820)

—C13523524534€"°%
(3155
— coas13s14534€ G4 701)

—C13€23534
—C13C34523524€
—cagcasiasigel Gemo)

824

C14C24C34

ey



A.K. Alok et al. / Nuclear Physics B 906 (2016) 321-341 323

with s;; = sin6;; and ¢;; = cos6;;. Thus all the elements of the measurable 3 x 4 sub-matrix of
CKM4 are expressed in terms of the nine CKM4 parameters. All the flavor observables, in turn,
can be written in terms of these measurable CKM4 elements.

In this work, we consider the following flavor observables:

The six directly measured magnitudes of the CKM matrix elements,

indirect and direct CP violation in K; — wm,

the branching ratio of K* — 7xTvvand K; — utu™,

various observables in Z — bb decay,

BY-BY and Bg—B’g mixing,

the time-dependent indirect CP asymmetries in Bg — J/¢¥ Kg and BS — J/v e,
the measurement of the angle y of the unitarity triangle from tree-level decays,
the branching ratio of the inclusive decay B — X /T/~ and of the exclusive decay B —
Kutu,

9. many observablesin B — K*u*tu~,

10. the branching ratio of BT — 7t utu™,

11. the branching ratios of B - u*u~, BY) - u*p~ and BY — ttu,,

NN R

12. the like-sign dimuon charge asymmetry Ab}iL,
13. the qblique parameters S, U and T, and
14. D-D mixing.

We compare the measured values of the above quantities to the theoretical expressions for
them in the standard CKM and do a x? fit to obtain the SM CKM parameters. Then we redo the
fit, using the corresponding theoretical expressions in the isosinglet vector-like down-type quark
model and obtain values for the SM CKM parameters as well as the new physics magnitudes 614,
6»4 and 034 and the new physics phases 614 and §24.

We then turn on to predict observables that are expected to be affected by the b" quark, while
still being consistent with the above measurements. We examine following observables: (i) the
branching fraction of K; — 70D, (ii) the branching fraction of B — X vv, (iii) direct CP
asymmetry in B — (K, K*)u* ™, and (iv) deviations in the standard model Wb couplings
and bottom quark coupling to Higgs boson.

The paper is organized as follows. In Sec. 2, we define the model, list the input values of
various quantities used in the fit and discuss the definitions of x 2 for each individual observable.
The results of the fit are presented in Sec. 3. Using the results of the fit, the predictions for
several observables, which are to be measured, are given in Sec. 4. We conclude in Sec. 5 with a
discussion of the results.

2. Flavor changing couplings of Z boson to down-type quarks

In SM the quark content is represented by:

t
<Zi),MR’dR;(§I£>»CR,SR§<bIL>JR,bR- ()

The left handed quarks are represented as doublets and the right handed quarks are represented as
singlets under SU(2);,. Here we extend the quark sector by adding an SU(2) singlet vector-like
quark of charge (—1/3), labeled b’. The mixing of this quark with the SM quarks of charge
(—1/3) leads to a different structure for the CKM matrix. The 3 x 3 mixing matrix connecting the
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Table 1

Experimental values of flavor-physics observables used as constraints. For V,,;, we use the weighted average from the
inclusive and exclusive semileptonic decays, V;ZC =(44.1+3.1) x 10~% and V&G =(323£3.1) x 10~4. When
not explicitly stated, the inputs are taken from the Particle Data Group [30]. The asymmetric experimental errors are
symmetrized by taking the largest side error. Also, wherever there is more than one source of uncertainty, the total
error is obtained by adding them in quadrature.

[Vua| = 0.97425 £ 0.00022 B(B — X1 )jow = (1.60 £ 0.48) x 1070 [22]

[Vius| = 0.2252 4 0.0009 B(B — Xl )pigh = (0.57 £0.16) x 1076 [22]
[V.q| =0.23040.011 10% GeV? x <§>(3 > Kt )ow = 18.7 £3.6 [23]
[Ves| = 1.006 & 0.023 10° GeV?2 x (j—’g)(B = Kt high = 9.5+ 1.7 [23]
|Vyup| = 0.00382 = 0.00021 BBT > atutu™)=(2.60+0.61) x 1078 [24]

[Vop| = (40.9 £ 1.0) x 1073 Bkt —atup)=1.7+£1.1) x 10710

y = (68.0 £ 11.0)° BKp — putu™)<25%x1072 [25]

leg | x 103 =2.228 +0.011 B(Bs — utpn™)=(2.9+0.7) x 1072 [26-28]
€/e=(166+23)x 1074 BBy — ptp™)=(3.9+1.6) x 10710 [26-28]

AMy = (0.507 £0.004) ps~! [20] B(B — )= (1.14£0.22) x 104 [20]

AMy = (17.72 £0.04) ps—! [20] Ab = (—4.96 £ 1.69) x 1073 [29]

87y ¢ = 0.00 £0.07 [20] $'=0.05+0.10

Sy/y kg = 0.68£0.02 [20] U =-0.03+0.10

Rp, = 0.21629 £ 0.00066 [21] T =0.0140.12

AFB =0.0992 £0.0016 [21]
Ap =0.923 £0.020 [21]
Re=0.1721£0.003 [21]

charge (2/3) quarks to the charge (—1/3) quarks of the SM is no longer unitary, but is a submatrix
of a 4 x 4 unitary matrix. Without loss of generality, we can choose the interaction and mass
eigenbases of charge (2/3) quarks to be the same. Hence the up-type mass matrix is diagonal
and real. The mass matrix of the charge (—1/3) quarks, in the interaction eigenbasis, is a general
4 x 4 complex matrix M, which is put in a diagonal form by a bi-unitary transformation of the
form M, = VLTM Vk. The unitary matrix Vy, appears in the charged current interactions, when
they are rewritten in the quark mass eigenbases. The first three rows of V; = V are measurable
in principle and the top 3 x 3 sub-block is no longer unitary. This leads the flavor changing
couplings of the Z boson to the down-type quarks, which are given by

V4 g 3
LFCNCZ_mUjkdjLVMdkLZM‘ 3)

Uj are defined in terms of the first three elements of the fourth row of Vi as Uy =
—Vde4s, Usp = —V;} Vap and Uy = —Vde4b.

The current experimental values for the 72 flavor physics observables enumerated in the in-
troduction are listed in Tables 1 and 2. The theoretical expressions for these observables require
additional inputs in the form of decay constants, bag parameters, QCD corrections and other
parameters. These are listed in Table 3.

For the fit, we define the total x 2 function as

2 2 2 2 2 2 2 2 2
Xiotal = XCKM 1 Xjex| T Xérje T Xk onvvn T Xy syt T Xz T XpY + Xpo

2 2 2, 2 2 2
t Xsin2p T Xsin2g, T Xy T X x, 141~ T Xpok pt =t Xk it -

2 2 2 2 2 2
t Xp+nt utp~ + XBq—uL*u* T Xporv T XAgL + XOblique +Xb - “4)
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Table 2

Experimental values of B — K* u? ™ observables used as constraints. They are taken from Refs. [31,32]. Here the
errors have been symmetrized by taking the largest side error. Also, wherever there is more than one source of uncertainty,
the total error is obtained by adding them in quadrature.

g% =0.1-2 GeV? g% =2-4.3 GeV? g% =4.3-8.68 GeV?2

< 2> (0.60 +0.10) x 107 (dz)_(030:t005)x10 7 <d2> (0.49 £0.08) x 107
( 1) =037+0.11 (F)=0.74£0.10 (F)=0.57+0.08
(Py)=—0.19£0.40 (Py)=—0.29 4+ 0.65 (P1)=0.36+0.31

(P)) =0.03+0.15 (Py) =0.50 £ 0.08 (Py) = —0.2540.08
(P})=0.00£0.52 (P})=0.74£0.60 (P})=1.18£0.32
(Pl)=045+0.24 (Pl)=0.2940.40 (Pl)=—0.19£0.16
(P})=0.2440.23 (P})=-0.1540.38 (P})=0.04%0.16
(P{)=—0.12£0.56 (P§)=—0.3+0.60 (P ) =0.58 +0.38

g% =14.18-16 GeV? g% =16-19 GeV?

(dz)_(056j:010)><107 ;’2> (0.41 £0.07) x 1077

(

(F)=0.33+0.09 (FZ) 0.38 +£0.09
(Py) =0.07 £0.28 (P)) =—0.71£0.36
(Py) = —0.50 £ 0.03 (Py) = —0.32+0.08
(P}) =—0.18 £0.70 (P}) =0.70£0.52
(P y=—0.79£0.27 (Pl) = —0.60 £0.21

P})=0.18£0.25 (P]) =—0.3140.39
(P y = —0.40 £ 0.60 (Pg) =0.12£0.54

Table 3
Decay constants, bag parameters, QCD corrections and other parameters used in our anal-
ysis. When not explicitly stated, we take the inputs from the Particle Data Group [30].

GF =1.16637 x 1075 GeV~2 1k, = (5.116 £0.021) x 1078

sinZ Oy =0.23116 T+ = (1.2380 +0.0020) x 1078 s
a(Mz) = 135 ne = 1.43+0.23 [33]

as (M) =0.1184 Ner = 0.496 & 0.047 [34]

mi(my) = 163 GeV 1t = 0.5765 [35]

me(me) = 1.275 4 0.025 GeV fx =0.1561 £0.0011 [36]

mp,(mp) =4.18 +0.03 GeV Bk =0.767 £0.010 [36]

My =80.385 GeV AMg = (0.5292 £ 0.0009) x 10~2 ps~!
My =91.1876 GeV fp = (0.209 + 0.003) GeV [37]

Mg = 0.497614 GeV Bp =1.184+0.07[38]

M+ =0.89594 GeV ke = 0.94 4 0.02 [39,40]

Mp, =5.27917 GeV fpa = (190.5 +4.2) MeV [37]

Mp, =5.36677 GeV fis = (227.7 £4.5) MeV [37]

Mps =5.27926 GeV fg0 /BBS = (0.216 £ 0.015) GeV [37]
Mp = 1.864 GeV fgo /339 = (0.266 & 0.018) GeV [37]
my, = 0.105 GeV B(B—>X(£v)_(1061:|:017)>< 10—2
me = 1.77682 GeV B(KT — 70%tv) = (5.07£0.04)%
7, = (1519 £0.007) ps B(K* > ptv)=(63.56 +£0.11)%
v, = (1.497 £ 0.026) ps me/mp = 0.29 £0.02

Tp+ = (1.641 +0.008) ps ng =0.57 (6]
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In our analysis x> of an observable A is defined as
2
A — AS
2 exp
Xa=\| e | (5)
( A )

where the measured value of A is (Ag, £ Ag,). The individual components of the function

Xt%)tal’ i.e. the x2 of different observables that we are using as inputs, are defined in the following
subsections.

2.1. Direct measurements of the CKM elements

The contribution to the x? from the direct measurements of the magnitudes of the CKM
elements is given by

2 <|V,”| —0.2252>2 <|Vud| — 0.97425)2 <|VCS| — 1.006)2

Xckm = 0.0009 0.00022 0.023
(|vcd| —0.230)2 <|vu,,| —0.00382)2 <|vc,,| —o.o4o9>z ©
0.011 0.00021 0.001 '

2.2. Indirect CP violation €x in K —

The mixing induced CP asymmetry in neutral K decays is described by the parameter |ek|,
which is proportional to Im(M}f). To calculate the contribution to x2 from |ex|, we use the
quantity

lzﬁnz(AMK)exp|€K|

mix = ~ )
G% M3, fimg Byke
With the theoretical and experimental inputs given in Tables 1 and 3, we find
Kmix, exp = (1.69 £0.05) x 1077, ®)
The contribution to x2 from |ek | is then
Kmix — 1.69 x 107742
2 mix 2
= , 9
Ko = (T w07 ) ®
where
5 nc—1.43>2 <nc,—0.496)2
= ) 10
n ( 0.23 + 0.047 (19

Using the expression for |ex| given in [5], it is straightforward to find an expression for Kp;x.
In order to take into account the error in the QCD corrections 7. and 7. which appear in the
theoretical expression of |ex |, we consider them to be parameters and have added a term, X%,
in x2. We held the other QCD correction 7, fixed to its central value because its error is very
small.
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2.3. Direct CP violation €' /¢ in K| — nm

The ratio €’/e measures direct CP violation in K; — w7 and has been measured quite
accurately by NA48 [41] and KTeV [42,43] collaborations. The current world average is
(16.6 & 2.3) x 10~*. However, the SM prediction is subject to large uncertainties. Within the
SM there is destructive interference between the QCD penguins and the electroweak penguins
contributions. This one hand makes the theoretical predictions challenging but on the other hand
makes this observable sensitive to new physics which, in general, is expected to contribute to
Z penguins rather than the QCD penguins. Therefore in spite of large theoretical uncertainties,
€' /e is expected to provide useful constraints on new physics parameters [44,45]. This ratio is
sensitive to Im(Uyy) [4,6] and hence is included in our analysis.

The dominant sources of uncertainties in the theoretical prediction of €’ /¢ is due to two non-
perturbative parameters Bé/ % and Bg/ ? that parametrize the matrix elements of the dominant
operators Qg and Qg, respectively. These parameters are calculated within the framework of
lattice QCD or the large N-approach [46,47]. Using the recent results by the RBC-UKQCD
lattice collaboration [48,49], (¢'/€)sm is predicted to be (1.9 £ 4.5) x 10~* [50] which is sub-
stantially more precise than the previous estimates of (¢//€)sy and differs from the experimental
measurement at the level of 30.

The contribution to x2 from €’/ is given by

X le—166x1074\"

Yo =\"2ax10+ ) T (1n
where
1/2 2 3/2 2

. (B 057 By* —0.76
Pl e I e

' 0.19 0.05

A 2 2
L ((Ser—148x 1072\ ay/? = (—2.92) )
8 x 102 0.12 '

In order to include the error in quantities Bé/ 2, Bg / 2, Qeff and aé/ 2 which appear in the theoretical
expression of €'/¢, the term th is added to Xz/ = The theoretical expression for €’/e in ZFCNC
model is taken from Refs. [4,6] whereas the numerical values of the theoretical inputs are taken
from [50].
2.4. Branching fraction of the decay K+ — wTvv

Unlike other K decays, K™ — mw v is dominated by the short-distance (SD) interactions.
The LD contribution to K+ — 7 v is about 3 orders of magnitude smaller than that of the SD
[51,52].

In order to include B(K T — mTvb), we define

Kgep — 7.37 x 1073\2
2 slep 2
e | TR ) +id (13)

where

(14)

5 XM —10.6x 10742 /X" —7.1 x 10742
= =)+ =)
1.5x 10~4 1.4 x 10~4
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Using Tables | and 3, we obtain

272 sin* O B(KT — 7tvD)
a?rg B(Kt — 70%etv)

Here we have used rg+ = 0.901 & 0.027 which epitomizes the isospin-breaking corrections in

relating the branching ratio of K+ — 7 v to that of the well-measured leading decay K+ —

70%*tv. Using the expression for B(K+ — wHv1) given in [5], it is straightforward to find an

expression for Kgep. In order to include the error in quantities X Zl and X Ql which appear in the

theoretical expression of B(K ™ — mTv), we consider them to be parameters and have added a
term, X}z(, in xz.

= (7.37+4.77) x 107>, (15)

K slep =

2.5. Branching fraction of the decay K; — pn*u~

Unlike KT — ntvv, K — puTu™ is not dominated by clean SD effects. The LD and SD
contributions are comparable in size. In order to extract bounds on the SD contribution to the
branching ratio of K; — u™ ™, it is extremely important to have a theoretical control on
the K; — yy form factors with off-shell photons. A conservative bound of 2.5 x 10~ on
B(K; — ™) from SD was obtained in Ref. [25]. We use this bound to constrain the ZFCNC
parameters. In order to include B(K; — utu™), we define

Kiep — 3.39 x 10—6)2 )

2 _
XKWM*#“( 3.78 x 106 + X (16)
where
YL —2.94 x 1074\2
2 _ (InL ) 17
XV ( 0.28 x 10—* ' a7
Using the input Table 1, we obtain
2 gind +,,—
OwB(K
Kiep = M OWBWKL = 1 DTRY _ (5 39.13.78) x 1079, (18)

o?B(K+ — ptv)rg,

Using the expression for B(K; — u* ™) given in [5], the theoretical expression for Kiep can
be easily obtained. The quantity Yy, appears in the theoretical expression for B(Ky — u ™).
In order to include error in Yyz, we consider it to be a parameter and have added a term, XI%NL’

in x2.
2.6. Z — bb decay

The b-b' mixing in ZFCNC model modifies the Zbb coupling at the tree level. This affects
observables such as R, A?B, Ap and R.. The theoretical expressions of these observables in the
ZFCNC model are given by [12]

Ry = RSM (1 _ 1.820|V4b|2) ,
AL, = ALSM (1 —0.164 |v4,,|2) ,
Ap =AM (1 —0.164 |v4b|2) ,

R, =RM (1 —0.500|V4b|2), (19)
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where the SM predictions are obtained from a fit in Ref. [30]. The x 2 contribution is then given
by

5 _<R,,—0.21629)2 <AI;B—0.0992>2 <A,,—0.923>2 (RC—O.1721)2

Xzvh = 0.00066 0.0016 0.020 0.003
(20)
2.7. Bg—ég mixing (q =d, s)
The theoretical expressions for M ?2 (g =d, s) in the ZFCNC model is given by [2]
G%M%VMB sz ébq 2
2
M = B [(sz} v,b) a (v;; v,b) Ugp +b Uqb} , @1)
where
Y 2212 g
_ gt po 22 5 22)
S(xr) GFM S(x;) nB

Here S(x;) and Y (x;) aIe the Inami—Lim functions [53], while np and 77 3 are the QCD correction
factors. To calculate X for B, B mixing, we use the quantity

q 6n2AM
mlx 2 2 (23)
Gy My, Mp, Bbqu npS(x)
With the inputs given in Table 1, we get
Bliyexp = (6.56 £0.77) x 1072, (24)
By ix.exp = (148 £0.14) x 107, 25)
Then one gets
—6.56 x 107
2 m1x
- ’ 26
XBy ( 0.77 x 103 ) (26)
BS. —1.48 x 10732
2 mix
- : 27
X9 ( 0.14 x 103 ) (27)

2.8. Indirect CP violation in Bg — J/¥ Ks and BS - J/Y o

In the SM, indirect CP violation in Bg — J/¥ Kg and B? — J /¥ ¢ probes sin2f and
sin 28y, respectively. With NP, we have

Im(M{) Im(M},)
Sijwks =~ Sijwe=— - (28)
My M3, ]

The theoretical expressions for M » (¢ =d, s) in the ZFCNC model are given in the previous
subsection. Using the experlmentally measured values of Sy,y kg and Sj/y ¢ given in Table 1,
we get

S —0.68\2 S —0.00
2 J/v K 2 IV
Xsin2g = (()ST) ’ Xsin28, = (T) . (29)
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2.9. CKM angle y

In the Wolfenstein parametrization, the CKM angle y = tan~!(5/p), which is the argument
of V. Therefore the x? of y is given by

2 (813 — 68 (/180)\2
V‘( 11 (7 /180) ) ’ (30)

2.10. Branching ratio of B — X171~

The effective Hamiltonian for the quark-level transition » — s ™ [~ in the SM can be written
as

4G 0
Her = ——= ViV Y Cilw) 0i(w) 31)

where the form of the operators O; and the expressions for calculating the coefficients C; are
given in Ref. [54]. The Zbs coupling generated in the ZFCNC model changes the values of the
Wilson coefficients Cg 19. The Wilson coefficients Cg)tlo in the ZFCNC model can be written
as[11]

i=1

U.
C;ot _ CSH _r *Sb (4sin® Oy — 1)
a ViV
x Ugp
cot — o — — 285 32
10 10 a ViV -

The theoretical prediction for the branching fraction of B — X,u™t 1™ in the intermediate
g? region (7 GeV? < g2 < 12 GeV?) is rather uncertain due to the nearby charmed resonances.
The predictions are relatively cleaner in the low-g2 (1 GeV? < ¢ < 6 GeV?) and the high-¢>
(142 GeV? < g% < m%) regions. We therefore consider both low-¢2 and high-¢? regions in the
fit. The latest Belle measurement uses only 25% of its final data set [55]. The BaBar Collabo-
ration has recently updated the measurement of B(B — X, [*[™) using the full data set, which
corresponds to 471 x 10® BB events [22].

The theoretical predictions for B(B — X I [7) are computed using the program Superlso
[56,57], in which the higher-order and power corrections are taken from Refs. [58,59], while
the electromagnetic logarithmically-enhanced corrections and Bremsstrahlung contributions are
implemented following Refs. [60] and [61], respectively.

The contribution to Xt%tal is

) B(B = XsIT 1 )iow — 1.6 x 107042
XB—x,101- = ( 0.49 x 10-6 )
B(B — X 1" 17 )high — 0.57 x 107612
, 33
+ ( 0.23 x 10— ) (33)

where we have added a theoretical error of 7% to B(B — X! 17 )iow, Which includes cor-
rections due to the renormalization scale and quark masses, and a theoretical error of 30% to
BB — X 171 " high» Which includes the non-perturbative QCD corrections.
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2.11. Branching ratio of B— K u™ u~

The predictions for the branching ratio of B — K ut ™ are relatively cleaner in the low-g>
(1.1 GeV? < ¢2 < 6 GeV?) and the high-¢2 (15 GeV? < ¢2 < 22 GeV?) regions. We include
both regions in the fit. We use the recent LHCb measurements of (dB/dg?)(B — K u* ™)
[23]. The theoretical expression for (dB /dg*)(B — K ut ™) in the SM are taken from
Refs. [62,63] modulo the modified Wilson coefficients given in Eq. (32).

We include factorizable and non-factorizable corrections of O(«;) in our numerical analysis
following Refs. [62,64] in the low-¢2 region. In the high-¢? region, we make use of the improved
Isgur—Wise relation between the form factors [63]. The contribution to Xt%)tal fromB — K utp~
is

(4E)(B— K u* pniow — 187 x 107,

2 —_—
XB*K“W‘_( 6.67 x 109 )
(45)(B — K wF phigh = 9.5 x 107 5 N
+( 332 x 109 ) ’ (34)

where we have included a theoretical error of 30% in both low- and high-g? bins. This is mainly
due to uncertainties in the B — K form factors.

2.12. Constraints from B — K* u™ =

A possible indicator of new physics in b — s sector could be the measurement of new angular
observables in B — K* u+ = at the LHCb [32,65]. Here, we include all measured observables
in B— K* ut u~ in the low- and high—q2 regions. The experimental results for B — K* u* ™
decay are given in Table 2.

The complete angular distribution for the decay B — K* u™ u~ is described by four inde-
pendent kinematic variables: the lepton-pair invariant mass squared g2, two polar angles 0,, and
0k, and the angle between the planes of the dimuon and Kr decays, ¢. The differential decay
distribution of B — K* ™ 1~ can be written as

d*T[B — K*(— Km)pt ] 9 )
=35, 7@ 0.0k, 9), 35
dq? dcos 6 dcosOx do 327 4”61 0k, ¢) (35)

where the angular-dependent term can be written as
J(qz, 61,0k, ) = Jlssin2 Ok + chcos2 Ok + (stsin2 Ok + chcos2 Ok )cos 20
+ J3 sin? Ok sin? 6cos 2¢p + J45in 20 sin 26;cos ¢
+ Jssin 20k sin0;cos ¢ + (Jgs sin’ O + J60C052 Ok )coso;

+ J78in 20k sinG;sin ¢ + Jgsin 20k sin 26;sin ¢ + Josin® O sin” 6;sin 2¢ . (36)

The J;’s depend on the six complex K* spin amplitudes AL R Ali’R , A(])“ ‘R and A,. For example,
2+ ﬂ )

iy =——L[AL P+ 1AF P+ 1AR P + 14721+ o ’R e(AT AR+ AL A . (37)

We can also define the optimized observables like Py, P2, P;, Ps, P¢, Pg [66]. These observables
are form factor independent observables and having reduced hadronic uncertainties at leading
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order in corresponding effective-theory expansions. These form factor independent observables
integrated in ¢ bins can be defined as, for example:

[ dg13 + J3]
= bin _
2 f dqz[JZs + JZs]

bin

< Py >pin=

where J;’s can be obtained from J;’s by all weak phases conjugated.

For B — K* ut ™, we use the observables (d3/dq?), P, P, Py, P, P, Pg and Fp in the
low-g2 bins 0.1-2 GeV?2, 2.0-4.3 GeV?, 4.3-8.68 GeV?, and the high-g? bins 14.18-16 GeV?>
and 16-19 GeVZ2. The observables Apg, F; and P, are related as Apg = —%(1 — Fr)P,. These
observables are highly correlated in most of the bins [67]. This is the reason why we use Fy,
instead of Afp, in the fit as it does not show a strong correlation with P>. The SM theoretical
expressions for all observables in B — K* u u~ are given in [66] and could be adapted to
the ZFCNC model by modification of the Wilson coefficients values, Eq. (32). These predic-
tions have errors associated with them. Excluding uncertainties due to CKM matrix elements,
the main sources of uncertainties in the low-g? region are the form factors, unknown 1/m;, sub-
leading corrections, quark masses, and the renormalization scale ;. Also, in the high-¢ region,
there is an additional subleading correction of O(1/myp) to the improved Isgur—Wise form fac-
tor relations. The theoretical error for each B — K* u* 1~ observable 0/, is incorporated in
the fit by multiplying the theoretical result by (1 £ X ;), where X; is the total theoretical error
corresponding to the jth observable. This can be easily estimated using Table II of Ref. [68].
The theoretical predictions for all B — K* u* 1~ observables are computed using the program
Superlso [56,57].

For each bin, we compute the flavor observables. The Xz’ which includes the experimental
correlations, is defined as

Xlzg_)K* = Z [ Z (O;XP _ O;h) (Ubin);kl (0]<:,xp . Oltch)] , (38)

bins Jj,ke(B—>K*utu= obs.)

N
where (ah’"> " are the inverse of the covariance matrices for each bin which are computed using
J

the correlation matrices given in Ref. [67].
2.13. Branching ratio of BT — v ut u~

The decay BT — s+ ut ™ is the first measurement of any decay channel induced by b —
d it ™. The measured branching ratio of BY — 7T ut ™ is (2.3 £ 0.6 £ 0.1) x 1078 [24].
The effective Hamiltonian for the quark level transition b — d u™ u™ along with the modified
Wilson coefficients in the ZFCNC model can be respectively obtained from Eqgs. (31) and (32)
by replacing s by d. The theoretical expression for B(B™ — 7™ u* ™) in the ZFCNC model
is obtained using the expressions given in Ref. [69]. The contribution to xétal is

B(Bt Tutpu)—23x1078\2
BT —>naTuTu) X ) ’ (39)

o
KBttt = = 0.66 x 10-°

where we have included a theoretical error of 10% in B(B™ — m+ 1™ ™) which is mainly is
due to uncertainties in the BT — 7+ form factors [70].
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2.14. Branching ratio of By — pu* u~ (g =s,d)
The branching ratio of B; — u* ™ in the ZFCNC model is given by

G%-(XZMB m2 sz 7B
BBy — ™ pu7) = e ViVl 1= 4l ME)ICIT @0)

where C E%t’s is defined in Eq. (32), and C ;%t’d is given by

w Ugp
clovd — o 41
10 0 a Vi Vip “D
In order to include B(B; — ut u™) (¢ =s,d) in the fit, we define
1673B(B, — u* =
7 B(By — u u) @)

Biepq = .
o Gro?Mp m? f2tp [1 —4(m2 /M%)
F By Jhg Y By I By

Using the inputs given in Tables 1 and 3, we obtain Bieps exp = 0.025 £ 0.006 and Biepd,exp =
0.0048 = 0.0020. The contribution to x2., from B(BY — put 17) and B(B) — ut j17) is then
given by

ng —Sutp= = ( BICPE).EO(;OZS )2 ( Blepdo.go(;(())mg ) 2 “3)
2.15. Branching ratio of B — tv
The branching ratio of B — 7 v is given by
2 2 2
BB — tv)= % (1 — Z—%) Tl Vb P Tpe. 44)
In order to include B(B — 1 V) in the fit, we define
Botaum = ——— o TV 45)

GEMpm? f2tp(1 —m2/M3)?

Using the inputs given in Tables 1 and 3, we obtain Bpaynu,exp = (1.779 £0.352) x 1073, The
contribution to Xt%)tal from B(B — t v) is then given by

BBtaunu — 1.779 x 1073 )2

Koo = 0.352 x 103 (46)
2.16. Like-sign dimuon charge asymmetry A.ZS?‘L
The CP-violating like-sign dimuon charge asymmetry in the B system is defined as
p Ny N,
SL= W , 47)

where N, fi is the number of events of bb — pu** X. This asymmetry can be written as a linear
combination of the asymmetry in B; and B; sector:
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AYy =AY + i AY (48)
where A% = Im(T{8/M1) (g = s.d). with ¢, = 0.594 % 0.022 and ¢}, = 0.406 +
0.022. Afl has been measured by the D@ Collaboration. The measured value is (—4.96 +
1.53 +£0.72) x 103 [29] which deviates by 2.7¢ from the SM prediction of A%, which is
(—2.4440.42) x 1074,

The theoretical expression for AgL is given in Ref. [71]. The contribution to x? from AgL is
given by

= (B REY @)
where
4 —0.594 s —0.406
X02=<CSL0.022 )2+(CSL0.022 )2
—105\2  b—02\2 sc—(—53.3)\2
+(a 18 )+< 0.1 )+(C 12 )) : (50)

The term xf is added to include errors in ch and cg, as well as in quantities a, b and ¢ which
appear in the theoretical expressions for AZL [71].

2.17. The oblique parameters S, U and T

The contribution to X2 from oblique parameters is given by

5 _(S—O.OS)2 (U—(—O.Ob‘))2 (T—O.Ol)2
Xovliqee = \ ™ 10 0.10 0.12
The theoretical expressions for S, U and T given in Ref. [72].

(D

2.18. D-D mixing

The fit is expected to have very weak dependence on b’ mass as the theoretical expressions
for all the observables discussed in the above subsections, except the oblique parameters, are
independent of the mass of 5" quark. In order to include the dependence of 4’ mass in the fit, one
should include constraints from D—D mixing [73], despite the fact the we do not have a reliable
estimate of the SM contribution to D—D mixing [74-83]. The new physics contribution to M 1D2
in ZFCNC model, which is due to box diagram involving heavy &', can be reliably estimated
[84,73].

In order to include constraints from D—D mixing, we follow [38] and use a model independent
bound on the new physics mixing amplitude, M S’ NP obtained in [85]. The contribution to x>

from D—D mixing is given by

Diix — 2.68 x 107012
2 mix
XD _( 335x 106 ) ’ (52)
where
1272\ NP »
mix =(2.76 £3.43) x 107°. (33)

G% fABpMpM3,
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Table 4

The results of the fit to the parameters of CKM and ZFCNC.

Parameter SM myy =800 GeV myy = 1200 GeV
012 0.2273 £ 0.0007 0.2271 £ 0.0008 0.2270 £ 0.0008
013 0.0035 £ 0.0001 0.0038 £ 0.0001 0.0038 £ 0.0001
023 0.0397 £ 0.0007 0.0391 £ 0.0007 0.0391 £ 0.0007
813 1.10+0.10 1.04 +0.08 1.04 +0.08

014 - 0.0151 £0.0154 0.0147 £0.0149
024 - 0.0031 £ 0.0039 0.0029 £ 0.0036
034 - 0.0133 £0.0130 0.0123 £0.0122
814 - 0.114+0.22 0.114+0.23

824 - 3.234+0.24 3.234+0.27
x2/d.o.f. 82.42/60 70.99/63 70.96/63

Table 5

Magnitudes of the 3 x 4 CKM elements obtained from the fit.

Quantity SM myy =800 GeV myy = 1200 GeV
[Vual 0.9743 £ 0.0002 0.9742 £ 0.0003 0.9742 £ 0.0003

[Vis | 0.225 £0.001 0.225 £0.001 0.225 £0.001

[Vus| (3.50£0.10) x 1073 (3.80£0.10) x 1073 (3.80£0.10) x 1073
\m - 0.0151 £0.0154 0.0147 £0.0149
[Vedl 0.225 £0.001 0.225 £0.001 0.2249 + 0.0008
[Ves| 0.9735 £ 0.0002 0.9736 £ 0.0002 0.9736 £ 0.0002
[Venl 0.040 £ 0.001 0.0391 £ 0.0007 0.0391 £ 0.0007

[Vep | - 0.0031 £ 0.0039 0.0029 £ 0.0036
[Vial 0.0080 £ 0.0004 0.0074 £ 0.0004 0.0075 £ 0.0004
[Vis| 0.039 £ 0.001 0.0385 £ 0.0007 0.0385 £ 0.0007
Vil 1 0.9991 +£ 0.0002 0.9991 + 0.0002
[V - 0.0133 £0.0130 0.0123 £0.0122

3. Results of the fit

The results of these fits are presented in Table 4. The results of the fit for the SM are consistent
with those obtained in Ref. [30]. The results for ZFCNC model correspond to a b’ mass of
800 GeV and 1200 GeV. The best fit values of the parameters of the upper 3 x 3 sub-block of
CKM4 matrix are not affected much by the addition of a vector-like isosinglet down-type quark
b" and are essentially the same as the SM CKM fit parameters. On the other hand, the new real
parameters 614, 624, 634 are consistent with zero. This also is consistent with the observation that
no meaningful constraints are obtained on the new phases 814 and 824: since vanishing 614, 624
imply vanishing V,;r, Ve, respectively, the phases of these two elements have no significance.
Therefore we see that even if we invoke violation of unitarity by adding a vector isosinglet
down-type quark &’ to the SM particle spectrum, the constraints coming from the flavor physics
sector does not allow any sizable deviations from the unitarity of 3 x 3 CKM matrix.

The magnitude of elements of the 3 x 4 quark mixing matrix, obtained by using the fit values
presented in Table 4, are given in Table 5. Clearly all new elements of the quark mixing matrix
are consistent with zero. Furthermore, the 30 upper bound on the new CKM elements V,,;, V.
and V, are 0.07, 0.02 and 0.06, respectively indicating that the mixing of the b’ quark to the
other three is very small.
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Table 6

Magnitude of ZFCNC couplings.

Quantity myy =800 GeV myy = 1200 GeV
|Uys! (0.27 +5.89) x 107 (0.15+1.91) x 107
[Ugp| (2.05+2.84) x 1074 (1.84 £2.56) x 1074
|Usp| (0.23£5.17) x 1072 (0.12£1.51) x 1073

It is obvious from Table 5 that the values of CKM elements V;; and V;; in ZFCNC model
remains almost the same as compared to their SM predictions. However, the allowed range of
Vb gets slightly inflated. Because of this, the measured and predicted values of branching ratio
of B — tv are in better agreement with each other in ZFCNC model in comparison to SM.
This can be seen by comparing the X}_’Z?A)t , contribution to the total Xéin in ZFCNC model with
that of SM. In SM, ng_ﬂ , = 2.47 which reduces to 0.91 in the ZFCNC model indicating an
improvement over the SM value.

The s — d, b — d, and b — s transitions, which are the relevant ones for K and B
decays, get contributions from terms involving the SM bilinears )L; P = Vlj Vik (i € {u,c,t}
and j,k € {d,s,b}) and the new physics couplings Uj; which are expressed in terms of )f}k
WUjk = —ij Var = —A‘j‘.k). The values of the SM bilinears do not get much affected by the ad-
dition of the b’ quark. This is due to the fact that the SM CKM parameters remains almost
unaffected. The allowed values of ZFCNC couplings Usg, Ugp and Uy, are given in Table 6. It
can be seen that there are large errors on them. For example, the new physics coupling relevant
for rare K decays, Uys, is obtained to be (0.27 £ 5.89) x 1072, Although the best fit value is
2.7 x 107° indicating tight constraint, due to large errors the 1o upper limit gets inflated upto
6.16 x 107>, This is because these couplings are determined using the complicated functions of
the nine CKM4 parameters with highly-correlated errors (by adding all errors in quadrature).

The fit indicates that |Up| << |V} V;p|. Therefore new physics contribution in b — s sector
is expected to be small in ZFCNC model. This can be seen, for example, from the study of
observable P; in bin [4.3-8.68] GeV?. The discrepancy between the experimental measurement
and the SM prediction of P5’ in this bin is around the 4o level. In the SM fit, X’2’§ contribution to

the total X;in is 16.94 indicating the disagreement between the experimental measurement and
SM prediction. In ZFCNC fit, we find xf,, = 17.00, which is almost the same as in the SM.
5

The like-sign dimuon charge asymmetry in the B system, AgL, receives contribution from
both b — s and b — d sector. The experimental measurement of AlgL is 30 away from the SM
prediction. In the SM fit, XiIEL contribution to the total Xiin is 7.73 indicating this discrepancy.

In ZFCNC fit, we find Xfx” = 6.68, indicating only a slight improvement over the SM value.
SL

4. Predictions for other observables

We now turn on to predict some of the observables which are expected to deviate from their
SM predictions due to addition of a " quark. In ZFCNC model, the flavor changing neutral
current transitions occur at tree level in the down sector whereas in the up sector, they occur
at loop level. Hence the flavor signatures of ZFCNC model are expected to be coming from
observables in the K and B sector. Given the tight constraints on new physics couplings obtained
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here, it will be interesting to see whether large deviations from SM is still allowed for some of
the observables.
4.1. Branching fraction of K; — 7°vv

The branching fraction of K; — 70, which is governed by CP violation, in ZFCNC model
is [6]

1k, @’ B(KT — 10T

Bk, — 7%b) =rg
Prge 27 2sin® 0w | Vi |2

)

x Y [X}VL Im(A5,)

I=e,u,7

7°Im(Ugs) ]2

V2G My ?
where r, is the isospin breaking correction in relating K; — 7%7b to Kt — 7%19. ny is
the NLO QCD correction, its value is estimated to be 0.994 [86]. The function Xo(x;) (x; =
m%/M‘%V) is given by

+ ¥ Xo(x)Im(A,) (54)

Xt 2+x, 3X[ -6
Xo(x:) = —[—
o) = T, T e

The SM prediction for the branching ratio of K; — =
B(K; — 7%p) = (2.274+0.28) x 10711, (55)

lnx,].

Ov is given by [87,88]

The present experimental upper bound on its branching ratio is 2.6 x 1078 at 90% C.L. [89],
which is about three orders of magnitude above its SM prediction.

Using Table 4, we get Im(Uyy) = (1.83 & 16.40) x 1075, for m;y = 800 GeV, which gives
B(K; — 7%b) = (0.03 £4.29) x 107! At 20, B(K; — 7n%v9) < 8.61 x 10!, indicating
that large enhancement in B(K; — 7%v¥) above its SM value is not possible in the ZFCNC
model.

4.2. Branching fraction of B — Xsvv

In the SM, the decay B — X, v is dominated by the Z° penguin and box diagrams involving
top-quark exchange, and is theoretically clean. The branching fraction for B — X;vv in ZFCNC
model is given by

2 iV Vi X () |
o B(B — X,eb) 1l ,; tbA 0( t)Al

[Vep| f (me)i(me)

where X (’) (x;) is the structure function in ZFCNC model given by [11]

B(B — X,vb) = (56)

274 sin® Oy

c 2
7T sin” Ow U, )
OlV;; th

The factor 1 &~ 0.83 represents the QCD correction to the matrix element of the b — svv
transition due to virtual and bremsstrahlung contributions, f(i.) is the phase-space factor
in B(B — X.ev), and k(i) is the 1-loop QCD correction factor. The SM prediction for
B(B — X,vv) is (2.28 4+ 0.19) x 107>, while in the ZECNC model, this branching ratio is
predicted to be (2.27 £ 0.55) x 1073 for m; = 800 GeV. Therefore a large enhancement in the
branching fraction of B — X vv is not allowed.

X = Xo(w) + (
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4.3. Direct CP asymmetry in B — (K, K*) u* u~

In the SM, the direct CP asymmetry in the b — s ™ 1~ modes is expected to be very small.
Indeed, in SM the Wilson coefficients C7 and Ci¢ are real, while the Wilson coefficient Cgff
becomes only slightly complex due to the on-shell parts of the uu and cc loops, which are pro-
portional to V, Vs and V} V., respectively. This complex nature of Cgff is the only source of
CP asymmetry in the SM.

Here we consider direct CP asymmetry in the branching ratio of B — (K, K*) u* ™ which
is defined as

B(B— (K, K utu™)—B(B— (K, K utu)
B(B— (K, K*)utu )+B(B— (K, K*)utu)’

Acp = (57)
where B represents the branching ratios of the given mode. Within the SM Acp ~ (’)(10’3) [90].
The interference between the Cgﬁ term and the new physics coupling terms can enhance Acp up
to £0.15 [91]. Due to large errors, the present measurements for these modes are consistent with
the SM prediction of small CP asymmetry [92].

Due to the extended quark mixing matrix, there are additional CP violating phases in the
ZFCNC model. Therefore one expects to have large enhancement in the CP asymmetry. However
due to tight constraints on the new physics couplings, the enhancement can only be up to 3—4
times that of the SM which could be too small to be observed at the LHC with current precision.

4.4. Deviations in Wtb coupling

Due to the non-unitarity of the quark mixing matrix, one can expect deviation of |V;;| from
unity in this model. In the SM, |V;;| is determined using the unitarity condition. The direct de-
termination of | V| without assuming unitarity is possible from the single top-quark-production
cross section. The CDF and DO measurement gives |V;p| = 1.03 &= 0.06 [93] whereas the LHC
measurements gives |V;p| = 1.03 & 0.05 [94]. Although the present measurements have large
errors, they do not rule out large deviations of |V}, | from unity. We find |V;,| = 0.9991 & 0.0002.
Thus, at 30, we have |V;p| > 0.99. Therefore this model cannot account for any large deviation
of | V;p| from unity. The possible deviation in the Wb coupling, i.e., |V;p| — 1 is 0.0009 £ 0.0002.
Thus at 3¢, deviations in bottom coupling to W can be only be up to 0.2% which is too small to
be observed in the single top production at the LHC [94].

4.5. Deviations of the bottom couplings to Higgs boson

The Lagrangian of the SM bottom quark modified by the mixing with vector-singlet " quark
is given by [12]

gmyp _
Ly=— Xpptt H, 58
H 2y bb (58)

where Xpp =1 — |V4b|2. Hence within the SM, X;;, = 1. Therefore, possible deviations of the
bottom quark couplings to the Higgs boson is given by

AXpp = Xpp — (Xpp)™M = Xpp — 1= —|Vap|*. (59)
Using our fit results, we get

AXpp=—(0.17£0.34) x 1073. (60)
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Thus at 30, the possible deviation in the Higgs Yukawa coupling is <0.2% which is again too
small to be observed at LHC with the current precision.

5. Conclusions

In this paper we consider the minimal extension of SM by addition of an isosinglet, vector
like down-type quark b’. Using input from many flavor-physics processes, we perform a 2 fit to
constrain the elements of the 3 x 4 quark-mixing matrix and the ZFCNC couplings. The fit takes
into account both experimental errors and theoretical uncertainties.

We conclude the following:

e The best-fit values of all three new real parameters of the CKM4 matrix are consistent with
ZEero.

e The values of V;s and V;4 in this model are close to their SM predictions.

e The mixing of the b’ quark with the other three is constrained to be |V,;| < 0.07, |V | <
0.02, and |V;p| < 0.06 at 30.

e The tree level ZFCNC couplings are constrained to be small. At 30, Uys < 1.8 x 1074,
Ugp < 1.1 x 1073 and Uy, < 1.6 x 1074,

e Large enhancement in the branching ratio of K; — 7°vv and B — X vV is not allowed.

o Large enhancement in direct CP asymmetry in B — (K, K*) u™ ™ is not allowed.

e The deviations in Wtb coupling as well as SM bottom quark coupling to Higgs is too small
to be measured at the LHC with current precision.

0

Therefore we observe that the current flavor physics data puts tight constraints on ZFCNC
model. The possibility of detectable new physics signals in most of the flavor physics observables
is ruled out for this model.
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