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We study a model with a down-type SU(2) singlet vector-like quark (VLQ) as a minimal extension
of'the standard model (SM). In this model, flavor-changing neutral currents (FCNCs) arise at tree
level and the unitarity of the 3 x 3 Cabibbo—Kobayashi—-Maskawa (CKM) matrix does not hold.
In this paper, we constrain the FCNC coupling from b — s transitions, especially B, — putu~
and B — X,y processes. In order to analyze these processes we derive an effective Lagrangian
that is valid below the electroweak symmetry breaking scale. For this purpose, we first integrate
out the VLQ field and derive an effective theory by matching Wilson coefficients up to one-loop
level. Using the effective theory, we construct the effective Lagrangian for b — sy ™. It includes
the effects of the SM quarks and the violation of CKM unitarity. We show the constraints on the
magnitude of the FCNC coupling and its phase by taking account of the current experimental
dataon AMp_,Br[B, — utu~l, Br[B — X;y], and CKM matrix elements, as well as theoretical
uncertainties. We find that the constraint from Br[B; — " ~] is more stringent than that from
Br[B — X,y]. We also obtain a bound for the mass of the VLQ and the strength of the Yukawa
couplings related to the FCNC coupling of the b — s transition. Using the CKM elements that
satisfy the above constraints, we show how the unitarity is violated on the complex plane.

Subject Index B40, B51, B52, B56

1. Introduction

After the discovery of the Glashow—Iliopoulos—Maiani mechanism [1], this suppression mechanism
of the flavor-changing neutral current (FCNC) has been firmly verified in K, D, and B meson systems.
The unitarity of the Cabibbo—Kobayashi—-Maskawa (CKM) matrix [2—4] has also been verified. As
investigated in Refs. [5,6], CKM unitarity is consistent with current data, which characterizes one
of the most successful aspects in the standard model (SM).

As an extension of the quark sector, the vector-like quark (VLQ) is considered. Here, a VLQ is a
quark whose representations in the gauge group for left- and right-handed components are the same.
As models including VLQs, some new physics scenarios have been considered in the literature.
Such vector-like extensions of the SM include the universal seesaw model [7—12]. This scenario
introduces gauge singlet vector-like fermions to explain the hierarchical structure of fermion masses.
Furthermore, in the context of left-right symmetry, the seesaw mechanism induced by vector-like
fermions gives a solution to the strong CP problem [13].

The model with VLQ leads to rich phenomenology that can be testable in experiments [14-19]. In
particular, FCNCs induced by VLQ give rise to deviation from the SM prediction. Furthermore, the
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unitary relation of the CKM matrix, e.g. V%, Vis+ V7 Ves+ V5, Vis = 0, no longer holds. The unitarity
triangle is modified as a quadrilateral due to the correction that arises from FCNCs. On the other hand,
the direct detection of the VLQ is under way in collider experiments [20,21]. Then, the predictions
and constraints on the mass and couplings of VLQ from the flavor observables provide important
information.

In this paper, a model including one additional down-type VLQ is discussed. Integrating out the
VLAQ, one can find that tree-level FCNC arises from interaction with the Z and Higgs bosons. On the
basis of the effective field theory (EFT), we derive loop functions that correspond to the Inami—Lim
functions in the SM. In order to examine the FCNC, phenomenological analysis is carried out for
the b — s transition. Specifically, experimental data for B — Xy, By — putu~, and the mass
difference in the B,—B; system are utilized to constrain the model. The constraints on the magnitude
of the FCNC coupling and its phase are shown by taking account of the current experimental data
as well as theoretical uncertainties.

This paper is organized as follows: In Sect. 2, we integrate out the down-type VLQ and determine
the Wilson coefficients of the EFT up to one-loop level. The loop functions are summarized in Sect. 3.
In Sect. 4, a phenomenological analysis for the » — s transition is given. Section 5 is devoted to
summary and discussion.

2. Integrating out VLQ fields

In this section, we derive a low-energy effective Lagrangian by integrating out the VLQ fields. For
this purpose, we show a full Lagrangian which includes one down-type SU(2) singlet VLQ in addition
to the SM quarks. We assume that the mass of the VLQ is much larger than the electroweak (EW)
scale. Then the Lagrangian Lpy that is invariant under SU(3). x SU(2) x U(1)y is

Lrul = q1iDrq} + ubiDiady + diiDbdly + d3iDbd} + diiDbdy
— W1, pdy + yitq ¢y + Maddpy + yiub g +h.cl, (1)

where i = 1,2, 3 denotes the indices for generations, df, r are VLQs, and y,, and y, represent Yukawa
couplings of up-type and down-type quarks respectively. The matrix for the Yukawa coupling of up-
type quarks is taken to be real diagonal, while that of down-type quarks is a 3 x 4 matrix. M4 denotes
the mass of the VLQ. Note that the mixing term between the left-handed VLQ df and right-handed
SM down-type quarks d 1"3 is allowed in general. However, we can remove the mixing term by rotation
of the down-type quarks. Hence we can take the Lagrangian as Eq. (1). The covariant derivatives are
defined as follows:

a 1

A LT, Y

Diy = 0y +igs— Gy +ig— W), +ig'— =By, 2)
. A¢ . YuR

D]u?ﬂ = 8“ + lgs?Gﬁ + lg,TB/»L’ (3)
A , Yar

D%ﬂ = aM + lngGZ + lg/TB'u’ (4)

where 1%, T/, and Yy are Gell-Mann matrices, Pauli matrices, and the U(1)y hypercharge of a field
X (X = qr,up,dr), respectively.
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Fig. 1. The Feynman diagrams for the scattering of a quark / anti-quark pair into a Higgs pair (¢'g — ¢¢").
The left figure shows the diagram of the full theory in which the VLQ is exchanged, while the right figure
shows the diagram of the effective theory where the VLQ is absent and already integrated out.

2.1.  Matching full theory and effective theory

In order to obtain the higher-dimensional operators that represent the effect of the VLQ in the energy
scale between M4 and the EW scale, we integrate out the VLQ fields df,R in Eq. (1). At first, we
perform tree-level matching at VLQ mass scale My. In Fig. 1, we show the Feynman diagram (left
figure) for the scattering of a quark / anti-quark pair into a Higgs pair (¢'g — ¢¢T), in which
the VLQ is exchanged. We assume that the external particles have momenta much smaller than the
mass of the VLQ. Then the amplitude of the left figure can be reproduced up to O (M, 2) accuracy
by computing the Feynman diagram of the right figure with the following low-energy effective
Lagrangian [18,19,22-24]:

4%
i = a2 (f/L )D}‘é (#%ah). (5)

where i,j = 1,2,3.

The effective Lagrangian is written in terms of a dimension-six operator, and its coefficient is
determined so that it reproduces the amplitude of the left figure in Fig. 1 within the precision of
oW, 2). By using the equations of motion derived from the SM Lagrangian, we can rewrite the
effective Lagrangian of Eq. (5):

yiz’ yz4*
2
2M]

+5 (drad) {(0.)' 0 - 6" (0,0)

ﬁtree _

[2 (‘/L Y qL) {(Dug)" /0 — 01! (Du0)]

+ (¢*¢> (yizkyﬁd'z% +)ﬂk*%¢%)

G {J/’ @Hé) i+ iy (‘5”%)}

l\)l»—

+5 (0'0) d 447084, | ©)

Next we consider one-loop level matching between the full theory and the effective theory to

NI»—

obtain effective interactions that contribute to the radiative transition of the quarks. The procedure
is as follows:

(i) We calculate the amplitudes of the Feynman diagrams for the decay of qi into q’L and one of
the gauge fields B, W/, or G* at one-loop level (see the top figures in Fig. 2). These diagrams
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I

B, Wi, Gt

Fig.2. The Feynman diagrams for the decay of ¢/, into ¢, and one of the gauge fields B, W', or G at one-
loop level with the full theory (top figures) and the effective theory (bottom-left and bottom-center figures).
The circular marks denote the tree-level effective operator and the square mark denotes the new effective
operators.

include the VLQ in the internal line. In this calculation, we renormalize the amplitudes with
the MS scheme.

(i1)) We calculate the same transitions as those of step (i) with the effective operator in Eq. (5)
obtained by tree-level matching (see the bottom-left and bottom-center figures in Fig. 2). In
this calculation, we also renormalize the amplitudes with the MS scheme.

(iii) We introduce new effective operators and determine their coefficients so that the renormalized
amplitudes in step (ii) match with those of the full theory computed in step (i)—see the bottom-
right figure in Fig. 2.

one—loop

We can obtain the following effective Lagrangian L at one-loop level:
—1
Log P = LK+ L8 + LU + LS, (7)

where

)/ i4% ,LLZ 3 — )
Liy = Yatd_ ‘ln_ + 2 4, D14},

16 2 2 Mf
y/ y14* T — )
+i 16,,2 §M2 <d*dz’e¢’+ﬂd*L/R¢>‘“> Dy (v odk+ vidug), (8)
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idx 2
Y, 7 Yo (1 11
ﬁgff g/2 yiiy [ﬂ.___d)(_]nu__k )}

167 2M2 2 36 2 \6 36
o Yer L__ Yur
X (qlLV“qlL) [—ZLV;JL + > ——€RYuer + ; qLvuqL + %URV;LL‘R

Yip— Y,
+ %dRVudR + i7¢ {¢TD/L¢ - (Dud’)T‘f’}]

e ) [J/d Vi a0 (viigdy + vidug) B" +he. } ®)

4 idx 2 — I
y 1. u 1n\y—- .
[:W — _p2d7d Z1n " i
B 8 Jen2aZ \6 a2 | 36 w5

ol ! ol ol
|:1L—)/MIL +qL— > Yuqr +i {(f)TED,LqS — (DM¢)T7¢}]

1 1 4
g16n2M2 12 {yii 14*‘IIL 7 G/w (yd¢dR +y d)uR> Wi T he. } (10)
4

4 idx S

y T (T 20\ (A _ A Y

EG gvz 16d 23/[2 36 (qiy”;qi) (CIL?VMQL + MRTVMMR + dREVudR
4

1

+ .
8 T6n2M?

(‘%) {yﬁ, 14*‘1]L 5 qu (y ody + ¥ ¢“R> G’ +h.c. } (11)
To derive the above expressions, we use the equation of motion in the leading order of the expansion
with respect to 1/M?2, namely that of the SM. In Egs. (9)—(11), F&", W/*’, and G** are the field
strength of U(1)y, SU(2), and SU(3),, respectively. The matching scale w is typically taken to
be the VLQ mass scale M4. The lepton doublet is denoted by /;. The effective Lagrangians £€ff,
Eéfo, and ng_f contain the effective operators that contribute to the decay of qi — q’LB, w!, and
G, respectively. Since we use the equations of motion, the effective Lagrangians also contain the
operators such as the four-Fermi operators that do not contribute to these processes.
Finally, the whole Lagrangian Lgg obtained by integrating out the VLQ fields is given as:

L = Lom + LEF + Loy toop, (12)
Lsm = quDLqL + ”RZDR“R + d;{,ZD [qu’L(/ﬁa';e +y3u§2¢q2 +h.c], (13)

where Eg%? is given in Eq. (5) or Eq. (6), and E%lg_lool’ is given in Eqgs. (8)—(11). In Eq. (12), the
kinetic term of the SM quark doublet ¢, is

Ly =g, {8+ Z'(w) iDrgh, (14)
- y/ y14>x< MZ 3
Ziguy =YX (L, w3 15

5/24



PTEP 2018, 043B10 T. Morozumi et al.

where the term Z// (11) comes from the first term in Eq. (8). To rewrite the kinetic term into a canonical
form, we perform the following rescaling of gy :

1 .
k= {ak’ + izk’w} ap- (16)

Then the kinetic term of the quark doublet becomes
EqK = qL lDLq (17)

In terms of the rescaled fields introduced in Eq. (16), the Yukawa interactions in Eq. (13) are changed:

. . 1 .. .
Vidi iy = {ak' - 52"%#)}y:;c/z%»u;e = Vg Guip. (18)
Yyd) bdy = {6’?’ Lz w)})/dq pdy = YiiqFpdy, (19)
where we redefine the SM Yukawa coupling as

. | ‘ R .
yjlz{akl—zzk’( )}yu, Yﬁlz{a"f—iz@(m})@. (20)

The rescaling of the field in Eq. (16) is absorbed into the Yukawa couplings. After the diagonaliza-
tion of the mass matrices based on these couplings, it contributes to the CKM matrix as one-loop
corrections. Since we only consider the charged current interaction in one-loop diagrams in the next
section, these corrections lead to two-loop order effects and they are neglected.

The tree-level effective operator in Eq. (5) is also changed by the rescaling in Eq. (16):

)/dy'4* (‘I_IL )D% (¢'a}) = {8 Z"f( )} )/dym {5” Zﬂ(“ )} (afe) Pt (¢'d)

Yk4 Yl4*

=i (ale) Dt («M a}). @

where we redefine the Yukawa coupling between the SM quarks and the VLQ as
Yk = {3’9 - Ezkf (u)} V. (22)

As we will see in the next subsection, this redefinition of the Yukawa coupling in Eq. (22) adds
O(m) corrections to the CKM matrix and the FCNC coupling. In the next section we will take
4
into account only leading-order contributions in 1/M?, and these corrections are neglected.
For the one-loop effective Lagrangian, the rescaling in Eq. (16) leads to two-loop order corrections

and we can simply take ¢; ~ ¢, in the one-loop effective Lagrangian.
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2.2.  Electroweak symmetry breaking

In this subsection, we derive the Lagrangian for the broken phase of the SM gauge symmetry. We
substitute the following forms for the Higgs doublet in the Lagrangian Eqs. (6)—(11):

_ X" 23
=\t htiovz) 23)
G ((v—i—h_—xii«))/«/z)_ o

Here we do not take into account the running effect from the VLQ mass scale to the EW scale for
the coefficients in the effective interactions in Egs. (6)—(11). For the effective Lagrangian Ltrff in
Eq. (6), we obtain

riee — m [h” ik g+ h.c} + 2}5{ 4M2 [h’; k] db(h + ix0) + h. c}
8 [;/l e +hc]+L [;/’ ’ku’dllgx++hc}
C 2My 4M2 2IMy  2M?
i + g i
[ 4M2 [h’ ) yrdiw, —i—hc] e 2M2h’ d/LyﬂdLZ +- (25)
where the ellipsis represents the terms including more than four fields, h’; represents )/;4)/"4*, and ¢,y

(sw) denotes the cosine (sine) of the weak mixing angle 6,,. The mass matrices of the up-type and
down-type quarks which correspond to Lsn in Eq. (13) are denoted by my, ¢ = vyy.q/ V2. Adding the
tree-level effective Lagrangian in Eq. (25) to the SM Lagrangian Lgy in Eq. (13), the mass matrix

of the down-type quarks changes into (6/ t— “Vvh/ Cf,) m’f . We diagonalize this mass matrix. At first,
4

we introduce 3 x 3 unitary matrices K; and K. These unitary matrices diagonalize the matrix m:

di — Kimd/m
[ LZPLTL s (K mgKp)™ = mlys™, (26)

diy = Kindl

where the prime indicates the mass basis of the SM. In this mass basis, the mass matrix of the
down-type quarks changes into

2 2
Tmj ji 4 i ik p-kn mn v rmn m
K" - —2;/d> myKg' = (5 — ——hlf )md, (27)
( 4M? 4M
where
(KTthL)mn — KTm]y/d y14*Kin :yélm4y;1114* _ hgnn. (28)

The mass matrix in Eq. (27) is not diagonal. In order to diagonalize the mass matrix including the
contributions of O (v? /M f), we introduce unitary matrices V7 and Vg,

" =v,"d" : v

- m n /

g VP (5 Y hg""> mly Vel =ms, (29)
R — 'R “R 4
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where the double prime denotes the mass basis of the model with VLQ. The physical masses of the
down-type quarks are denoted by mgp = (m;, m, my). The mixing angles of these unitary matrices
are of the order of O(v?/M. f). Hereafter we omit the double prime on the quark fields of the mass
basis and %, denotes the %/, in the right-hand side of Eq. (28). Finally, we obtain the following
Lagrangian after the transformation in Egs. (26) and (29):

ﬁSM‘Fﬁg?F=£0+£A+£W+£Z+£Xi+£h+ﬁxo+"', (30)

where the ellipsis represents the terms that contain more than four fields. Each part of the Lagrangians
is given below:

Lo = wlidu +dPidd? — |migind + nidPd ), (31)
L= —e [Qﬁyﬂul’ + Qdd_Py“dp}AM, (32)
g = uyi
&gt o2 Yy g (Lo 2 54 | g4
EZ = uy 2L QMSW u dpy ZZNCL + QdSW(S d ZpLa (34)
Cy
g =i i
L= Vg (L =) 5+ b (33)
g R
Ly =— M AP Z3¢ (miR + mlyL) dh, (36)
ig —
Ly = 3 dr ZL (miR — m)L) d¥ xo. (37

In Egs. (31)~(37), L and R denote the chiral projection operators, L = %,R = HTVS The elec-
tromagnetic charges of up-type and down-type quarks are denoted by O, and O, respectively. The
3 x 3 CKM matrix Vcgwm is defined as

2
\%
Vi =K |1 —-——=h;) V. 38
CKM L( 2 fd) i3 (33)

The FCNCs arise from the 3 x 3 non-diagonal matrix Zxc in the Z, 4, and yg interactions in Egs. (34),
(36), and (37). The matrix Zyc in the neutral currents is defined as follows:

2 2
i v v 4004
Inc=V, (1——=hg | Vi =1 — —=hg+ OO /M). 39
NC L( o0 d) L 2M3d (V' /My) (39)
Using Eqgs. (38) and (39), we obtain the relation between the CKM matrix Vcgwm and the matrix Znc
up to O(v2/Mf):

> VeV = 2t (40)

i=u,c,t

Equation (40) shows that the unitarity of the CKM matrix for the three generations does not hold
due to the deviation from the unit matrix of the matrix Znc in Eq. (39). Taking the limit of M4 — o0,
the unitarity relation is restored.
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Next we rewrite the one-loop level effective Lagrangian Egs. (8)—(11) in terms of the mass basis
defined in Eq. (29). Below we write the part of the dipole operators and omit the other parts of the
effective Lagrangian:

o+l = o o (1= 300 i 07 - 20) Vil
lere ;3?-< 1+ 0us) & (5% — Z08) ot
# 1242 0 Vi (87 — Z88) Vot
- [Qddp (679 — Z8L) ml o dS L

g Gr

P P4\ pigx -
TN = 3ﬁd 7 (87 = Z30) Vekmmuo g "

G
+ 165_? 3j_u’ VP (879 — Z8L) mlor,, dAW Y 4., (41)

G ;A4 )
==y oVl (5 2 Vo oG
" Tt 5yt O~ R M oG b *2)

where the field strengths Z*", F!{", and W*"" are defined as
ZMW = hzy —gvzH,  FNY = 9RgY — VAt WER = grwE —gvEr, (43)

respectively. Note that the coefficient of the photon dipole operator with the down-type quarks is
consistent with the case of the full theory calculation up to O (M, 2) [25].

3. Effective Lagrangian for AB = 1,2 and b — sy ™ processes

In order to analyze the B meson system, we derive the effective Lagrangian for the AB = 1,2
and b — sy ™ processes in the model with VLQ. Here we focus on contributions derived from
the effective Lagrangian in Eq. (30). There are three sources for the effective Lagrangian. The first
contribution is the same as the case of the SM. The second contribution corresponds to the diagrams
that include the FCNC couplings. The third contribution comes from the violation of CKM unitarity.
In the following computations, we use the 't Hooft-Feynman gauge.

3.1. AB =1 process

First we consider the AB = 1 process to calculate the branching ratio of the By — ™ 1~ process in
the next section. The diagrams that contribute to the effective Lagrangian up to O(Znc) are shown
in Fig. 3.

The bs — ™ process occurs at tree level in the model with VLQ since there is the tree-level
Z FCNC among the down-type quarks. In one-loop level, the contribution comes from the Feynman
diagrams in Figs. 3(a) and (b) that are also present in the SM. However, these amplitudes include
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14

W

Fig.3. The Feynman diagrams that contribute to the bs — ptu process. Diagrams (a) and (b) are the same
contributions as the SM. Diagram (c) is the new contribution in the model with VLQ.

(a) Wt E (b)

Fig. 4. The Feynman diagrams that contribute to the AB = 2 process in the model with VLQ. Diagram (a)
is same as in the case of the SM, but the additional contribution arises from Diagram (@) by the violation of
CKM unitarity.

the additional contributions due to the violation of CKM unitarity. Since these contributions are
suppressed by the loop factor €?/(167%) compared with the contribution of the tree diagram in
Fig. 3(c), we neglect the contribution from the violation of CKM unitarity in the computation of the
bs — 't~ process. Then the effective Lagrangian for bs — ut ™ is given as follows:

- _ V2Gra 752 AN o
Lor(bs — ) = =20 Yoo 11— —2— DNC byt | [ATyuc]. (44)
TS, aemYo(Xs) A
where 1, = V(’ﬁ;‘M Vi, and dep = e?/(47) denotes the fine structure constant of the

electromagnetic interaction. The Inami—Lim function Yy (x;) is [26,27]

3 x 3 X2
— _|__
8xi—1 8 —1)2

1
Yo(xi) = g%~ Inx;, (45)
where x; = (m; /Mp)?. The first term in Eq. (44) comes from the diagrams in Figs. 3(a) and (b)
with the CKM unitarity relation for the SM (3 )»ZS = 0), that is, the SM contribution. The
second term of Eq. (44) comes from the diagram in Fig. 3(c), so this term is the new contribution in
the model with VLQ.

i=u,c,t

3.2.  AB =2 process

Next we show the effective Lagrangian for the AB = 2 process in order to compute the mass
difference of the By meson in a later section. In Refs. [28-31], the AB = 2 process was computed up
to (’)(ZI%IC) and O(Znc - dem/(41)). The diagrams that contribute to the AB = 2 process are given

in Fig. 4.
From the diagrams in Fig. 4, we obtain the effective Lagrangian for the bs <> 5b process as [28-31]:
= — GFr dem £ \2
Legr(bs <> 5b) = ﬁ 47TS%/ ()‘bs) So(xr)

2
8Yo(x) ZU.  dms? [ ZE — —
1+ : - z [bLVMSL] [bu/ SL], (46

SoGe) AL aemSo(r) \ AL, g )
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Fig.5. The Feynman diagrams that contribute to the b — sy process. The diagrams in (@) are the same
contributions as the SM. The additional contribution arises from the diagrams in (@) by the violation of
CKM unitarity. Diagram (b) is the new contribution in the model with VLQ. Diagram (c) is the counterterm
determined by the quark self-energy and Z—photon, x,—photon mixing diagrams in Fig. 6.

where

Sote = 3 (% ’ 19 1 3 1 @)
=5\ =1) ™ T4 T an -1 2 —1)2

is the Inami—Lim function [26]. Also, Yo (x;) is given in Eq. (45). The first term in Eq. (46) comes from
the diagram in Fig. 4(a) with the CKM unitarity relation. The second term in Eq. (46) is obtained
from the violation of CKM unitarity in the diagram in Fig. 4(a) in addition to the contribution from
the diagram in Fig. 4(b). The CKM unitarity relation is used for the one-loop Z FCNC vertex in
Fig. 4(b) since the O(ZI%IC - Wem/(47)) contribution is neglected. The third term comes from the
diagram in Fig. 4(c). Note that the effective Lagrangian in Eq. (46) contains only the Inami-Lim
functions which are gauge-parameter independent [31].

3.3. b — sy™ process

Finally we derive the effective Lagrangian for the 5 — sy ™ process to evaluate the B meson
radiative decay B — Xy . In addition to the contribution from the effective Lagrangian in Eq. (41),
the diagrams in Fig. 5 also contribute to the » — sy process. The effective Lagrangian for the
b — sy process has been calculated in terms of the full theory [25,32], while the effective Lagrangian
for the b — sy ™ process has not been calculated. Here we will give the effective Lagrangian for
both b — sy and b — sy ™ in terms of the effective theory.

In the model with VLQ, there are no FCNCs by the quark—quark—photon interaction at tree level.
Therefore the leading-order contributions that contain the FCNC couplings come from the violation
of CKM unitarity in the diagrams in Fig. 5(a) and the one-loop diagram in Fig. 5(b) [25,32]. In
order to obtain the effective Lagrangian for the » — sy ™ process, we compute the amplitudes
of the diagrams in Fig. 5. We introduce several counterterms when we renormalize amplitudes for
Figs. 5(a) and (b). As mentioned in Ref. [25], the counterterms of the renormalization for the quark
fields remove the divergence of the diagrams in Fig. 5(a) with the CKM unitarity and that of the
diagram in Fig. 5(b). However, these counterterms cannot remove all the divergence arising from
these diagrams. There still remains the divergence that comes from the violation of CKM unitarity
in Fig. 5(a). Therefore we have to introduce another counterterm. We consider the renormalization
for the neutral gauge bosons Z and 4 [33]. The bare fields Zé‘ and Ag are related to the renormalized
fields as follows:
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Wj:? Xj:7 Ci) t

Z, X0 g

Fig. 6. The diagram where a photon mixes with a Z or x, at one-loop level. ¢* denotes the Faddeev—Popov

ghost.
Z5\ _ (VZzz NZza )\ (ZH 48)
Ay ] \VZaz Zan ) \4* )

where ,/Z;; (i,j = Z, A) are the renormalization constants. The divergence coming from the violation
of CKM unitarity in the diagrams in Fig. 5(a) is exactly cancelled by the counterterm given as

Z& Sy bz~ Zza - Z3 Sy LbAM. (49)

The renormalization constants «/Zza and v/Zx7 are determined by the diagrams in Fig. 6, where the
Z (or xp) and photon mix at one-loop level.

The finite part of the transition amplitude of the diagram in Fig. 6 contributes to the effective
Lagrangian for the » — sy ™ process. Finally, we can obtain the effective Lagrangian Lgg (b — sy)
for the on-shell photon and the effective Lagrangian Lgg (b — sy™*) that vanishes for the on-shell
photon as follows:

Legb — sy) = (b — sy) + Lyg(d — sy) + EEff(b — 5Y), (50)
Leg(b — sy*) = cg (b — sy™) + L (b — sy™) + LEG (B — sy™) + LMX(h — sy*), (51)
where the indices “CC” denote the contributions from the diagrams in Fig. 5(a) with the CKM unitar-
ity relation, namely the SM contributions. Also, the indices “uv” and “NC” imply the contributions
from the violation of CKM unitarity and the diagram in Fig. 5(b), which include the neutral current

respectively. The index “Mix” indicates the contributions from the Z—photon and yp—photon mixing
diagrams. Concretely, these effective Lagrangian are obtained as:

Gre

LG = 5y) = = 2L 3 0 1QuFux) + P ) S OmpR - ml) S, (52)
i=c,t
LY (h GFe vb b yay
Eff( — sy) = 8«/— 5 NC Qu SOy (mpR + mgL) DF (53)

LY§b—sy) = —£=04 ) {ZS" 2 Fr7rp, )

8\/_7-[ p=d.s,b

780452 (8% + 87)Fy(r,) }§a,w (myR + mL) bF"”

Gre

i —L= 04 Z L QustFyrp)soyn (87 mpR + 87m,L) B, (54)
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and

Lo~ sy™) = =2 f 5 D M () + fir ()} S0 LbB,F " (55)
i= Cl
Gre 2 4 16 )
Gre
ng(];(b — sy*) = F 2Qd Z {Zlffczﬁbcfzz(rp,wp)
8f p=d.,s,b
780452, (5”’ n 8Pb) f2(r) }§vabaMFj”, (57)
Gre 1 w? 4
LYX(p — sp*) = /32 ;,bc[(mc +3)ln >+ 3¢ 2
W
112
~20, (1 —40,s2) In ﬁ} SyuLbd, FH. (58)
t

The Inami-Lim functions in Egs. (52) and (55) are given as follows [26]:

x; (24 3x; — 6)61-2 + xl-3 + 6x; In x;)

F, (x) = 59

u(-xl) 4(Xi _ 1)4 ) ( )
x;(1 — 6x; + 3xl-2 + 2xi3 - 6xl-2 In x;)

FW(xi) = 4(X _ 1)4 5 (60)
e ~ xi{18 = 29x; + 10x7 +x3 4 (32 — 18x;) Inx;} 4 . flnx 61)
e 6(x; — 1)4 3o — DT 3T

12 — 11x; — 8x% 4+ 7x3 + 2x;(12 — 10x; + x2) Inx;
iy o) = xi{ X; x4+ 7x; + 2x( x; + x7) Inx;} 62)

6(x; — 4 ’

where the subscripts “u” and “W” indicate the contributions that are proportional to the electromag-

netic charge of the up-type quarks and the /¥ boson respectively. The functions Fzz, Fz, and F}, in

Eq. (54) are given as!

Fzz7(rp, wp) = Fi(rp) + Fa(rp) + F3(wp), (63)
Fz(rp) = 2F1(rp), (64)

2
l—rp—|—2rplnrp
(1—rp)?

Fé(rp) = , (65)

! The terms linear to Zg%. in Eq. (54) and the loop functions F(r,) and F(r,) in Eqgs. (64) and (65) do not
agree with the corresponding terms of Eqgs. (23) and (24) and the loop function FN(r,) of Ref. [25].
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where r, = (mﬁ/Mz)2 and w, = (mZ/Mh)Z. The functions F'|, F,, and F3,

4 =91y + 515 4 6r,(1 — 2r,) In 7,

Fi(rp) = : (66
P 12(1 — rp) )
—20 + 397, — 2472 + 573 + 6(=2 + 1) Inry
Fy(rp) =1 25(1 — ’{’ 7 , (67)
p
—16+45wp—36w +7w + 6(— 2+3wp)lnwp
F3(wp) = —wp (68)

24(1 — wp)4

come from the diagram Fig. 5(b) where the exchanged particles are Z, xo, and 4, respectively. The
functions fzz and fz in Eq. (57) are obtained as follows:

fZZ(rp, Wp) Efl(rp) +f2(rp) +f3(Wp)a (69)
fZ(rp) = 2fi (rp)a (70)

where

2+ 27r, — 545 +25r, —6(2 — 9, + 6r7) In7,

fi(rp) = 180 =) ; (71)
_ —16+45rp—36r +7r + 6(— 2—|—3rp)lnrp

flp) =1 361 =1y (72)

Sswp) = o (wp). (73)

The effective Lagrangians for the b — sg™ process can be obtained by replacing the external photon
line which attached to quarks with the gluon line in Fig. 5. They are obtained as follows:

)\‘a
LEC(h — sg) = ng Z K Fulai)Sopy (myR + myL) —-bG ™, (74)
i= C‘t
Grgs 2 A4
L¥(b — sg) = : ﬁ,,sz 3ZS 50,0 (mpR + msL) —bGW, (75)
Grgs b
ngcf(b — sg) = 5 Z {ZifCZﬁCFZZ(rp,wp)
84272 o

a

A
e Qs (67 + 8 F2(ry) 500 (mpR + myL) =G

Gr gs

)\’a
422 Z XCQusi 7 ()50 <5pbmbR+5SpmsL> G, (76)
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and
Gng ; _ 24
L£C(h — sg*) = — § AL £ () Sy L=—bd, GV, 77
Eff g 8«/57‘[2 = sbﬁl i)SVv 5 o (77)
Grgs g [ 2 4 e
b (b — sg*) = _Sﬁyjz NC (—5 + 3 lnxu> svaEbaﬂGa’“} , (78)
Grg ) b
LY — sg*) = - E {ZﬁczﬁcfZZ(’”p’Wp)
82m2 “~~
p=d.s,b
78 0,452 (8P + PP 5 Lk—aba G 79
+ ZncQasy, + Jz(rp) Sy 5 Dou . (79)

4. Analysis of B,—B, mass difference, B, — "1~ and B — X,y processes, and
violation of CKM unitarity

In this section, we will make numerical calculations for the mass difference of the By meson AMp_,
the branching ratio of B — u+ ™ and the branching ratio of the inclusive radiative decay of the B
meson B — Xy in the model with VLQ. In addition to these processes, we consider the constraint
from Eq. (40). We will use the new physics parameters defined as

Zsb Zsb
r = |5C|, O =arg | 5E (80)
)‘sb )st
in the following computations.
4.1. BB, mass difference
We can obtain the mass difference of the By meson in the model with VLQ as [28-31]:
My, = ZE 2 g 15000 |1y 181 00 (81)
Bs - \/567'[5%) 778 BSmBS 0(Xt sb 1sbs Ush) 1,

where np, By, and fp_ represent the QCD factor, the bag parameter of the By meson, and the By meson
decay constant, respectively. Here we use the QCD correction of the SM. The numerical values for
the parameters in Eq. (81) are shown in Table 1.

Table 1. The input parameter values.

a l(my ~My) 1303423 [40] a,(Mz) 0.1181 4 0.0011 [44]
My 80.385 4 0.015 GeV [44] M, 91.1876 + 0.0021 GeV [44]
Gr 1.16638 x 107°GeV™>  [44] sinf, 023129 [44]
Meis 1.28 +0.03 GeV [44] myys  4.18700; GeV [44]
M pole 173.54 1.1GeV [44] m, 105.6584 MeV [44]
mg 5.27963 4 0.00015GeV  [44] M, 5.36689 & 0.00019 GeV [44]
5, (1.505 4 0.005) x 10725 [44] AMg,  (1.1688 £0.0014) x 10 MeV  [44]
Br[B — X.eV;lgy (10.140.4) x 1072 [44] Ny 1.0113 [35]
s 0.5510 + 0.0022 [34] fs, 2251+ 1.54+2.0MeV [5]
B, 1.320£0.016 +£0.030  [5] Vs 0.22508+{:90039 [5]
Vs 0.003715 5900060 5] Ves 0.973471% 500067 [5]
Vo 0.04181+55028 [5]
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The function A1 (rg, 6sp) is given as

16Y0(x;) 8Yo(x) >  8ms? 5
A ,0 =14+ ——— 6 — 26
[ A1 (Fsp, Osp) | |: + So ) Fsp €OS Ogp + So00) oS0 () cos 205 ( Ty,
2 2 2 %
64 Y 4
— o O(Xt)rgb cos Oy + T rfb . (82)
UemSo (xt) SO(xt) UemSo (xt)

We cannot use the SM value for the product of the CKM matrix elements |A§ »| in the model with
VLQ since the new physics parameters ry, and 6, affect the determination of the CKM matrix
elements. Instead, we determine |A;b| by using Eq. (81) in the following computations. Therefore,
|A§b| is obtained as a function with respect to the new physics parameters r, and 6gp,.

4.2.  Branching ratio of By — utu~
The branching ratio of the By — ™ process in the model with VLQ is given as follows:

Br[B; — 'U“+H“_]VLQ

G} ( Qem 2 2100 |2 2 Amj, 2
= 15 —L- Y 1— —2 AL 17 A (rep, Os) 12 83
B e (nsﬁ,) Iny Yo |f3,|” ms,m, " A5 182 (rgp, O3 (83)

where ny is the next-to-leading-order (NLO) QCD correction [34,35]. The lifetime of the B; meson
is denoted by 7. These values are shown in Table 1. The function Aj (7, 6p) is

Aoy )| = | 1 — 255 6+ |50 a1 (84)
Fsbs =|1—- —Y y4cos — T .
2\Tsb, Ush 2om Yo (x7) sb sb om Yo (x7) sb

4.3.  Branching ratio of B — X,y

The B meson inclusive radiative decay B — Xy is governed by the effective Hamiltonian at the
b-quark mass scale u = O(my) [34,36],

V2

where O; and C; (i = 1,...,6) denote the four-Fermi operators and their Wilson coefficients,
respectively. The effective operators O7,, and Ogg are given by

6
G
Heg (b — sy) = ——F)»éb |:Z Ci(n)Oi(w) + C7, ()07 (1) + CSG(M)O8G(M):|, (85)

i=1

e _
Ory = g—5mpsopn(1 + ys)bF!", (86)

a

A
Osg = %m;ﬁ?qﬂ(l + ys)bGIHY. (87)

In the calculation of the branching ratio for B — Xy, it is convenient to introduce the so-called
“effective coefficients” Ci(o)eff [37,38]. The effective coefficient for the effective operator O7, at the
scale u = O(myp) is given as [34,38,39]

=

8
0)eft 160 8 16) (0 0 :
) = nB €)M + 5 (n¥ =0 ) CQMw) + € i) Yok, (88)
i=1
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where n = as(My) /o () with ag = gsz/(47r) and

3 1
h; = (2.2996, — 1.0880, 7 T Ir —0.6494, —0.0380, — 0.0185, —0.0057), (89)
14 16 6 12
ai=\=, ==, ==, — =, 0.4086, —0.4230, — 0.8994, 0.1456 ). (90)
23723 23 23

In Eq. (88), the indices “(0)” mean the leading-order contributions. Since we do not take into account
the running effect from the VLQ mass scale to the EW scale, we obtain the Wilson coefficients C;?/)

and CéoG) at the EW scale (taken as M) as:

) (M) = CN (M) + Y (M) + CNFP? (M), o)
C (M) = CM M) + CIXE (M) + CYR2 (M), (92)

where the Wilson coefficients,

1

C M) = = [QuFulxr) + Fir )], (93)
1

Cig (M) = =5 Fulx), (94)

come from the SM contributions in Eq. (52). The Wilson coefficients

b
CNPI(M _CNPl M. _% ZIS\IC 95
sb
b
CNP] M _CNPl M _iZIi]C 96
8G(W)_ 8(;(4)—24 Ata ()
sb

are obtained from the VLQ contributions in Egs. (41) and (42). The Wilson coefficients C%\Iyp 2 and
CyGPZ are given as follows:

CRP2(My) = C¥ (M) + Ch5 (M), ©7)
CY2 (M) = C(Mw) + CYS (M), (98)
where
= — — — . = — — S .
Ty w > \3 u 6 )\gb , Ty w 3 dSyy )Mgb )

(99)

1 Z% c 1 0 A

CioMw) = 5 -7~ Cys My) = 2 (1 = Qusy) - =

)‘sb 3 )‘sb

The Wilson coefficients with the suffix “uv” come from the effective Lagrangian in Eq. (53), whose
origin is the violation of CKM unitarity. The Wilson coefficients with the suffix “NC” are obtained
from the effective Lagrangian in Eq. (54) by taking the limits 7, — 0 and w,, — 0. Here we neglect
(’)(ZI%IC) terms. The Wilson coefficients Cg/, and C;;IGC can be obtained from the effective Lagrangian
corresponding to the b — sg diagrams.
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In our numerical calculation, we use the NLO expression for the branching ratio Br[B — X;y]
given as [40]

NP NP
Br[B — X,y] = Br[B — X.eVelexp - Rquark (8) (1 — L4 %ﬂ’) (100)
my - my
where SQ/P and 8%‘; are non-perturbative corrections for the semi-leptonic and radiative B meson

decay rates, respectively. The quantity Rgyark at NLO is summarized in Ref. [40] as

N O A A Y

T[b — Xceve] vy, Te@

Rquark (8) = F@) {IDP? +4(8)}. (101)

The function g(z) withz = mip ole/ mlzj’ pole corresponds to the phase space factor for the semi-leptonic
decay. The function £'(z) contains the NLO correction for the semi-leptonic decay and the difference
between the pole mass and the MS mass of the b-quark. The § is the lower cut on the photon energy
in the bremsstrahlung correction:

E, > (1-8)EM = —5)%. (102)

The term A(§) originates from the bremsstrahlung corrections and the virtual corrections [40—43],

as(mp)
A= {e Mb (74+2Iné)Ins __ } ‘C(O)eff b)‘ 4 s(ﬂb) Z C(O)eff(pb )C(O)eff(ﬂub)f](a), (103)
L= 1
i<j
where the functions f;;(8) can be found in Ref. [40]. The term |D|? in Eq. (101) is constituted by
the NLO Wilson coefficient for 07, and the virtual corrections for b — sy [40-42]. Here, D is
defined as

o m
D— C(O)eff( )+ ) (1p) C(l)eff )+ZC(0)eff(Mb) rl+yl(70)eff1n_b ’ (104)
47 P "

where C%,) °ff (4p), 7, and y(o)eff can be found in Ref. [40].

In our numerical calculation, we take w, = myp, E,, > 1.6 GeV, and neglect the O(a) correction to
the new physics contributions. Therefore the Wilson coefficients CNP
in the first term in Eq. (104).

s and C;\;P%G are only included

4.4.  Violation of CKM unitarity

The violation of CKM unitarity is shown in Eq. (40). For p = b,q = s, we obtain the following
relation:

M AS AL = Z5% (105)

This relation can be rewritten as follows:
c 12
A
bs (1 — o |Zbs
A

t
bs

u u
bs
c

bs

CoS Y5 +

2
) =1 — 2rg cos O, + 12, (106)
bs
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Im
A
. > Re
)‘bis‘
Z8%
Abs

Fig. 7. The violation of CKM unitarity, Eq. (105), in the complex plane. We multiply the relation in Eq. (105)
by a factor of 1/A;.

where we define
)\‘u
Vs = arg [—ﬂ]. (107)
The relation in Eq. (105) leads to a quadrilateral in the complex plane, as shown in Fig. 7.

4.5. Numerical analyses
In the following numerical analyses, we obtain constraints on FCNC couplings by using the current
experimental data of rare B decays, By — utu~ and B — Xsy. We also take account of the
quadrilateral constraint Eq. (106) and Fig. 7. The values of the input parameters used in the numerical
analyses are shown in Table 1.

At first we analyze the branching ratio of the By — u*u™ process by using the expression in
Eq. (83). Note that the branching ratio depends on the new physics parameters 7y, and cos 6y,. We
equate Br[B; — u* 1~ lvLg in Eq. (83) with the experimental value,

Br[B; — nF i lviq = BrlBs = 1 Jexp. (108)
As the experimental value, we adopt the branching ratio measured by LHCb [45]:
Br(By — 1 i Texp = (3.0 + 0.6j8;§) x 1072, (109)

In Fig. 8, we show the dependence of Br[B; — ,uﬂf]VLQ on the absolute value of the FCNC

coupling ZI{I’JC | . The different colors of the dots in the scattered plots represent the different ranges for
the value of the new physics parameter |6|. The colored region satisfies the quadrangle constraint
Eq. (106) with 0 < y; < 2m. Note that the expression of the branching ratio and quadrilateral
constraint depend on 6, through its cosine, and the plotted regions do not depend on the sign of 6.
The experimentally allowed range of the branching ratio in Eq. (109) is shown as the gray shaded
region. The horizontal solid line corresponds to the central value of the experimental branching ratio
in Eq. (109). In Fig. 8, as ‘Zf\f’c‘ approaches zero, Br[B; — ,uﬂf]VLQ comes close to the SM

prediction [35],
Br[B; — pn T lsm = (3.23 £0.27) x 107°. (110)
As |ZI{IIE| increases from zero to 3 x 10~4, Br[B; — wt w” lvLq decreases for |0g| < /2, while it

increases for 7/2 < |0 < 7. As | Z52.| becomes larger, Br[Bs — T 1~ Jvio increases regardless
NC g Q g
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Fig. 8. The dependence of Br[B; — u* it~ ]yLq on the FCNC coupling |Zf§1bc | The different colors of the dots
represent the different ranges for the value of |0,;|. The colored region satisfies the quadrilaterl constraint
Eq. (106) with 0 < y, < 2m. The experimentally allowed range of the branching ratio in Eq. (109) is shown as
the gray shaded region. The horizontal solid line corresponds to the central value of the experimental branching
ratio in Eq. (109).

of the range of |6| since the third term in Eq. (84) is dominant. The dependence on |6,| for
smaller |ZI{II’C| can be also understood from Eq. (84), since the coefficient of the term linear in 7, is
proportional to cos Ogp.

Next we analyze the branching ratio of the B — Xy process by using the expression in Eq. (100).
Here we denote the branching ratio in the model with VLQ as Br[B — Xs¥vLq. The new physics
parameters g, and O, are included in the Wilson coefficients in Egs. (91) and (92). In order to obtain
constraints on g, and 6y, we take account of the current average [46],

Br[B — Xy lpxp = (3.32 £0.15) x 1074, 111
p

of experimental data [47—-53]. In Fig. 9, we show the dependence of Br[B — XsylvLg on |ZI{II’C |. The
different colors of the dots in the scattered plots represent the different ranges for the value of the
new physics parameter |0,3|. The colored region satisfies the quadrilateral constraint Eq. (106) with
0 < ys < 2m. The experimentally allowed range of the branching ratio in Eq. (111) is shown as the
gray shaded region. The horizontal solid line corresponds to the central value of the experimental
branching ratio in Eq. (111). In Fig. 9, as |Znc| approaches zero, the value of Br[B — XsvIvLg
comes close to that of the SM prediction at NNLO accuracy [54],

Br[B — Xyylsm = (3.36 £0.23) x 107%. (112)

We note that the number of light-blue dots is much less than that of the red ones, since the quadrilateral
constraint for /4 < 0y, < m/2 is tighter than that for 0 < 6y, < 7/4. For the smaller ‘ZI{I% , the
filled regions with colored dots are almost the same as each other. Thus, Br[B — Xy ]vLq depends

on |0s| weakly compared with Br[B; — w1 lvig.

In the left figure of Fig. 10, we show the region allowed by the experimental data for the parameters
rs and O,. The blue dots satisfy both the constraint from Br[By — ut ™| Exp and the quadrilateral
constraint Eq. (106) with 0 < y, < 2m. The green dots satisfy both the constraint from Br[B —
Xy lexp and the quadrilateral constraint. The values of 7y, and 6,5, in the region where the blue and
green region overlap satisfy all three constraints. The blue region has the shape of a ring. The region
inside the ring is excluded because g, and 6y, in this region lead to predictions of Br[By — u* ™|

20/24



PTEP 2018, 043B10 T. Morozumi et al.

4.0 4.0

® 0<lfy|<2

L :‘le‘gsblsg

3. 3. . iy : :
8.0 0.5 1.0 1.5 2.0 8.0 0.5 1.0 1.5 2.0
|ZbIx 103 1Rl x10°

Fig. 9. The dependence of Br[B — X,y lvig on |Z&.|. The different colors of the dots represent the different
ranges for the value of |6,;|. The colored region satisfies the quadrilateral constraint Eq. (106) with 0 < y, < 2.
The experimentally allowed range of the branching ratio in Eq. (111) is shown as the gray shaded region. The
horizontal solid line corresponds to the central value of the experimental branching ratio in Eq. (111).

1
0.500

0.100

0.050
® Br{B - Xy

4 b4
Ml

® Br{By - u*y] 0010

0.005

0.001 SN L Pty ...-.»--4
100 500 1000 5000 10

T'sb My [GeV]

Fig.10. (Left): The region allowed by the experimental data for the parameters 7, and 6,,. The blue dots satisfy
both the constraint from Br[B, — u* 1" gy and the quadrilateral constraint Eq. (106) with 0 < y, < 2.

The green dots satisfy both the constraint from Br[B — X, lexp and the quadrilateral constraint. (Right): The

constraint on the VLQ mass M, and the product of the Yukawa coupling [y%'y%**|. The blue region satisfies the

constraints from Br[B, — u*u~ ]gy, and the quadrilateral constraint Eq. (106).

smaller than the experimental value. One finds that the stringent constraint on the parameters r, and
O comes from Br[By — ut i Jexp.

Using the definition of Znc in Eq. (39), we obtain a constraint on the VLQ mass M4 and the product
of the Yukawa coupling |yjl4yfl4*|. This result is shown in the right figure of Fig. 10, where we use
v = 246 GeV [44]. Since the constraint on 7y, and 0, from Br[B, — p* ™ JExp 1s stronger than that
from Br[B — Xsy Jexp (see Fig. 10 left), we show the region with blue dots where (Mj, ijl“yg“*l)
satisfy the constraint from Br[B; — u™ ™ Jexp and the quadrilateral constraint Eq. (106). One finds
that the lower limit on the VLQ mass is around 5.5 TeV for ‘ yfl4y24*| ~ 1.

Finally, we show the violation of CKM unitarity on the complex plane in Fig. 11. The definition
of each side is the same as that of Fig. 7. In order to obtain Fig. 11, we choose ry, = 0.018 and
|6sp| = /6 and use the central values of the CKM matrix elements in Table 1. The side for )\'Zs is

connected with the real axis at (1,0). The left figure is the case of 6y, = /6, while the right figure
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Fig.11. The violation of CKM unitarity on the complex plane. In order to obtain these figures, we choose
(7sp,05) = (0.018,77/6) in the left figure and (ry, 65,) = (0.018, —7/6) in the right figure.

is that of ;5 = —m /6. One can see that the side for ZI{IbC can be as large as that for Ay, and the sign
of 0, affects the value of the angle S, in Fig. 7.

5. Summary and discussion

We have studied the model that includes one down-type SU(2) singlet VLQ in addition to the SM
quarks and shown the constraints on the model parameters from Br[B; — utu~], Br[B — Xyy1,
and the quadrilateral relation. In order to analyze this model, we used the effective theory derived by
integrating out the VLQ field. We assume that the mass of the VLQ is much larger than the EW scale.
We matched the effective theory with the full theory not only at tree level but also at one-loop level,
and obtained the effective operators related to the radiative transition of the quarks. These operators
correspond to the contribution from the diagrams including the VLQ in the internal line. One can
find that the coefficient of the photon dipole operator with the down-type quarks is consistent with
the case of the full theory calculation given in Ref. [25].

The other contributions to the radiative transitions come from the violation of CKM unitarity and
the diagrams that include the FCNC couplings among the SM quarks. We obtained the effective
Lagrangian for the b — sy ™ process arising from these contributions.

From our numerical results, we obtained the constraints on the FCNC coupling ZI{IbC and the new
physics parameters (g, 05) defined in Eq. (80). We found that the dependence of Br[B — XsyIvio
on O, is weaker than that of Br[By — u™ 1~ lvLQ, and the constraint on the model parameters r,
and 6y, from Br[By — ™ ] is more stringent than that from Br [B — X. 57 ]. One can discriminate
the cases of different |6y | through Br[B; — u* ], as shown in Fig. 8. When |ZI{II’C| is of the order
of 1074, Br[B; — '] becomes small (large) for |6 =~ 0 (|65 =~ 7) compared with that of
the SM. In Fig. 11, we showed the violation of CKM unitarity on the complex plane when we chose
rsp = 0.018 and |055| = /6. The difference in the sign of 6, affects the angle f;, therefore we
have to investigate the constraint from the observables related to S to further restrict the form of the
violation of CKM unitarity.

Although we focused on the case of b — s transitions, the effective Lagrangian obtained in
this paper can be applied to the FCNC transition for other combinations of the down-type quarks.
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The four-Fermi operators in Egs. (9)—(11) and the effective Lagrangian for the off-shell photon
contribute to b — s/T1~ processes, including B — K*IT1~.

Finally, we add a comment on the renormalization group effect. One cannot neglect the effect
when the VLQ mass is much heavier than the EW scale. When M4/Mpy ~ 100, one may expect
about 10% corrections to the Wilson coefficients. Moreover, the expressions for the FCNC coupling,
CKM matrix elements, and down-type quark masses will be modified. Including them, we will carry
out the precise analysis elsewhere.

Acknowledgements

This work is supported by JSPS KAKENHI Grant Numbers JP16H03993 and JP17K 05418 (T.M.). This work
is also supported in part by Grants-in-Aid for Scientific Research [Nos. 16J05332 (Y.S.), 24540272, 26247038,
15H01037, 16H00871, and 16H02189 (H.U.)] from the Ministry of Education, Culture, Sports, Science and
Technology in Japan.

Funding
Open Access funding: SCOAP>.

References

[1] S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev. D 2, 1285 (1970).
[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963).
[4] M. Gell-Mann and M. Lévy, Nuovo Cim. 16, 705 (1960).
[5] J. Charles et al. [CKMfitter Group], Eur. Phys. J. C 41, 1 (2005) [arXiv:hep-ph/0406184] [Search
INSPIRE].
[6] M. Bona et al. [UTfit Collaboration], J. High Energy Phys. 03, 049 (2008) [arXiv:0707.0636 [hep-ph]]
[Search INSPIRE].
[71 Z.G. Berezhiani, Phys. Lett. B 129, 99 (1983).
[8] Z. G. Berezhiani, Phys. Lett. B 150, 177 (1985).
[9] S. Rajpoot, Phys. Lett. B 191, 122 (1987).
[10] S. Rajpoot, Phys. Rev. D 36, 1479 (1987).
[11] A. Davidson and K. C. Wali, Phys. Rev. Lett. 59, 393 (1987).
[12] Z. G. Berezhiani and R. Rattazzi, Phys. Lett. B 279, 124 (1992).
[13] K. S.Babu and R. N. Mohapatra, Phys. Rev. D 41, 1286 (1990).
[14] G. Barenboim, F. J. Botella, and O. Vives, Nucl. Phys. B 613, 285 (2001) [arXiv:hep-ph/0105306]
[Search INSPIRE].
[15] F.J. Botella, G. C. Branco, and M. Nebot, J. High Energy Phys. 12, 040 (2012) [arXiv:1207.4440
[hep-ph]] [Search INSPIRE].
[16] A.K.Alok, S. Banerjee, D. Kumar, and S. Uma Sankar, Nucl. Phys. B 906, 321 (2016)
[arXiv:1402.1023 [hep-ph]] [Search INSPIRE].
[17] A. K. Alok, S. Banerjee, D. Kumar, S. U. Sankar, and D. London, Phys. Rev. D 92, 013002 (2015)
[arXiv:1504.00517 [hep-ph]] [Search INSPIRE].
[18] K. Ishiwata, Z. Ligeti, and M. B. Wise, J. High Energy Phys. 10, 027 (2015) [arXiv:1506.03484
[hep-ph]] [Search INSPIRE].
[19] C. Bobeth, A. J. Buras, A. Celis, and M. Jung, J. High Energy Phys. 04, 079 (2017) [arXiv:1609.04783
[hep-ph]] [Search INSPIRE].
[20] G. Aad et al. [The ATLAS Collaboration], J. High Energy Phys. 08, 105 (2015) [arXiv:1505.04306
[hep-ex]] [Search INSPIRE].
[21] A. M. Sirunyan et al. [CMS Collaboration], arXiv:1708.02510 [hep-ex] [Search INSPIRE].
[22] F. del Aguila, M. Pérez-Victoria, and J. Santiago, Phys. Lett. B 492, 98 (2000) [arXiv:hep-ph/0007160]
[Search INSPIRE].
[23] F. del Aguila, J. Santiago, and M. Pérez-Victoria, J. High Energy Phys. 09, 011 (2000)
[arXiv:hep-ph/0007316] [Search INSPIRE].

23/24



PTEP 2018, 043B10 T. Morozumi et al.

[24]
[25]

[26]
[27]
[28]
[29]
[30]
[31]

[32]

C.Y. Chen, S. Dawson, and E. Furlan, Phys. Rev. D 96, 015006 (2017) [arXiv:1703.06134 [hep-ph]]
[Search INSPIRE].

L. T. Handoko and T. Morozumi, Mod. Phys. Lett. A 10, 309 (1995); 10, 1733 (1995) [erratum]
[arXiv:hep-ph/9409240] [Search INSPIRE].

T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981); 65 (1981) 1772 [erratum].

G. Buchalla, A. J. Buras, and M. K. Harlander, Nucl. Phys. B 349, 1 (1991).

G. C. Branco, T. Morozumi, P. A. Parada, and M. N. Rebelo, Phys. Rev. D 48, 1167 (1993).

G. C. Branco, P. A. Parada, T. Morozumi, and M. N. Rebelo, Phys. Lett. B 306, 398 (1993).

G. C. Branco, P. A. Parada, T. Morozumi, and M. N. Rebelo, Nucl. Phys. Proc. Suppl. A 37, 29 (1994).
G. Barenboim and F. J. Botella, Phys. Lett. B 433, 385 (1998) [arXiv:hep-ph/9708209] [Search
INSPIRE].

C.-H. V. Chang, D. Chang, and W.-Y. Keung, Phys. Rev. D 61, 053007 (2000) [arXiv:hep-ph/9811354]
[Search INSPIRE].

K.-i. Aoki, Z. Hioki, R. Kawabe, M. Konuma, and T. Muta, Prog. Theor. Phys. Suppl. 73, 1 (1982).
G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. Mod. Phys. 68, 1125 (1996)
[arXiv:hep-ph/9512380] [Search INSPIRE].

A. J. Buras, J. Girrbach, D. Guadagnoli, and G. Isidori, Eur. Phys. J. C 72,2172 (2012)
[arXiv:1208.0934 [hep-ph]] [Search INSPIRE].

B. Grinstein, R. Springer, and M. B. Wise, Nucl. Phys. B 339, 269 (1990).

M. Ciuchini, E. Franco, G. Martinelli, L. Reina, and L. Silvestrini, Phys. Lett. B 316, 127 (1993)
[arXiv:hep-ph/9307364] [Search INSPIRE].

A. J. Buras, M. Misiak, M. Miinz, and S. Pokorski, Nucl. Phys. B 424, 374 (1994)
[arXiv:hep-ph/9311345] [Search INSPIRE].

A. J. Buras, arXiv:hep-ph/9806471 [Search INSPIRE].

K. Chetyrkin, M. Misiak, and M. Miinz, Phys. Lett. B 400, 206 (1997); 425 (1998) 414 [erratum]
[arXiv:hep-ph/9612313] [Search INSPIRE].

A. Ali and C. Greub, Phys. Lett. B 361, 146 (1995) [arXiv:hep-ph/9506374] [Search INSPIRE].

C. Greub, T. Hurth, and D. Wyler, Phys. Rev. D 54, 3350 (1996) [arXiv:hep-ph/9603404] [Search
INSPIRE].

N. Pott, Phys. Rev. D 54, 938 (1996) [arXiv:hep-ph/9512252] [Search INSPIRE].

C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40, 100001 (2016).

R. Aaij et al. [LHCD Collaboration], Phys. Rev. Lett. 118, 191801 (2017) [arXiv:1703.05747 [hep-ex]]
[Search INSPIRE].

Y. Amhis et al. [Heavy Flavor Averaging Group], Eur. Phys. J. C 77, 895 (2017) [arXiv:1612.07233
[hep-ex]] [Search INSPIRE].

B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 77, 051103 (2008) [arXiv:0711.4889 [hep-ex]]
[Search INSPIRE].

J. P. Lees et al. [BaBar Collaboration], Phys. Rev. Lett. 109, 191801 (2012) [arXiv:1207.2690
[hep-ex]] [Search INSPIRE].

J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D 86, 052012 (2012) [arXiv:1207.2520 [hep-ex]]
[Search INSPIRE].

A. Limosani et al. [Belle Collaboration], Phys. Rev. Lett. 103, 241801 (2009) [arXiv:0907.1384
[hep-ex]] [Search INSPIRE].

T. Saito et al. [Belle Collaboration], Phys. Rev. D 91, 052004 (2015) [arXiv:1411.7198 [hep-ex]]
[Search INSPIRE].

A. Abdesselam et al. [Belle Collaboration], arXiv:1608.02344 [hep-ex] [Search INSPIRE].

S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87, 251807 (2001) [arXiv:hep-ex/0108032]
[Search INSPIRE].

M. Misiak et al., Phys. Rev. Lett. 114, 221801 (2015) [arXiv:1503.01789 [hep-ph]] [Search INSPIRE].

24/24



