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Abstract:
Precise diagonalization of the mass matrices has become an obstacle in numerical studies. In this work we first propose

In models with vector-like quark doublets, the mass matrices of up and down type quarks are related.

a diagonalization method. As its application, in the Standard Model with one vector-like quark doublet we present
the quark mass spectrum and Feynman rules for the calculation of B — Xyy. We find that i) under the constraints
of the CKM matrix measurements, the mass parameters in the bilinear term are constrained to a small value by the
small deviation from unitarity; ii) compared with the fourth generation extension of the Standard Model, there is an
enhancement to the B — Xy process in the contribution of vector-like quarks, resulting in a non-decoupling effect in

such models.
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1 Introduction

Though the Standard Model (SM) has been verified
to be correct time after time, many new physics mod-
els beyond standard model are proposed to solve both
experimental and aesthetic problems, such as neutrino
masses, the 1 anomalous magnetic movement problem,
the hierarchy problem, etc. Many new models introduce
vector-like particles (VLP) [1] whose right-handed and
left-handed components transform in the same way un-
der the weak SU(2) x U(1) gauge group. The exten-
sion is acceptable because the anomalies generated by
the VLPs cancel automatically, and vector quarks can
be heavy naturally. VLPs also arise in some grand uni-
fication theories. For example, in order to explain the
little hierarchy problem between the traditional GUT
scale and string scale, a testable flipped SU(5) x U(1) x
model is proposed in Ref. [2] in which TeV-scale VLPs
are introduced [3]. Such models can be constructed from
free fermionic string constructions at Kac-Moody level
one [4, 5] and from the local F-theory model [2, 6].

However, when we do flavor physics with doublet
VLPs in these models [7, 8], a problem always appears
when we are dealing with the mass spectrum of quarks
and leptons. Let us start with the SM, in which all
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fermion masses come from the Yukawa couplings. Af-
ter spontaneous gauge symmetry breaking, we get two
separate mass matrices My, Mp for the up and down
type fermions. The mass eigenstates are obtained after
the diagonalization

Zg}MUUU:M[?, ZTDMDUD:MDDa (1)

where MP = diag.[m,,m.,m;], M5 = diag.[ma,ms,my).
The physical measurable parameters are m; and the so-
called CKM matrix

VCKM - U[T]UD (2)

Since My, Mp come from separate Yukawa couplings,
we can always set one of the matrices diagonal, for ex-
ample My, and use the CKM matrix to get the Yukawa
couplings

mq 0 0
Zp|l 0 my 0 | Vikw
O 0 my
Yiiv YSv YZv
=| Yhv YRv vEv (3)

D D D
Yiv Yoo Yigu

* Supported by Natural Science Foundation of China (11375001) and Talents Foundation of Education Department of Beijing

1) E-mail: wywang@mail.itp.ac.cn
2) E-mail: xiongzh@bjut.edu.cn
3) E-mail: zhaoxinyan925@emails.bjut.edu.cn

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Article funded
by SCOAP? and published under licence by Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy
of Sciences and the Institute of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd

093102-1



Chinese Physics C  Vol. 40, No. 9 (2016) 093102

for the calculation in flavor physics. Note that v is the
vacuum expectation value (VEV) of the Higgs, and Zp
is a random unitary matrix.

Such a trick cannot be used in the case of the partic-
ipation of a vector doublet, namely @ with gauge charge
3, 2, 1/6 and Q with gauge charge 3, 2, —1/6, resulting
in a bilinear term in the Lagrangian

MYQ-Q.

It is clear that in the model, there are the same input
parameters in the matrices My, Mp

U U U
Yijv Ypo Yo

U U U
M, — You Yypu Yyuo oo

v YVv YUv YYvu - |’

31 32 33

v v v
My My, My,

D D D
Yiijv  Yipvo Yizu

D D D
M — }/211) }/22’0 }/231) (4)
b YPy YPv YPu - |

31 32 33

v 1% 1%
-My —-Mj, —Mg;

The mass matrices for up and down type quarks are re-
lated to each other. Therefore, we cannot set one of
the matrices diagonal and the CKM matrix cannot be
obtained easily. The shooting method is always used
to treat such an obstacle. Random M; and M, are
generated to meet the requirements after diagonlization:
the mass of the eigenstate and the measurements of el-
ements of the CKM matrix. However this is too time-
consuming, and a precise solution for diagonalization is
almost unobtainable. Although this is just a numerical
problem, when one treats the VLP contributions to the
flavor physics seriously, diagonalization of quark matri-
ces will be the first and an important step.

In this paper, we will first propose a general method
to solve the obstacle in models with vector-like quark
doublets. As its application, we will study the rare B
decay B— X,y in the SM with one vector-like quark
doublet. The paper is organized as follows. We show
the details of the trick in Section 2. The simple applica-

spectrum, Feynman rules and Wilson coefficients, as well
as the numerical analysis for calculation of B — Xy, is
shown in Section 3. A summary is given in Section 4.

2 Diagonalization trick for vector quark
doublets

Firstly, we address the problem of how to deal with
the diagonalization of an N x N matrix My and Mp:

ZHEMyUy =ME, Zi MU, = ME (5)

in which M}, M} are the diagonal mass matrices for up
and down type quarks, respectively. Note that NV should
be greater than 3 and the first three elements in the mat-
ices should be the three generations of quark multiplets
in the SM. Other elements with N > 3 are the new mul-
tiplets introduced in new physics beyond the SM. Then
we have

U U U
Yiv Yivo Yigu Myin
U U U
You Ynv Yy Myan
_ U U U
MU— }/31’1) }/32’1) }/33’1) MUSN 5
v v v
My, My, My, Mynn
D D D
Yiiv Yi5v Yizv Mpin
D D D
Yiv Yi5v Y50 Mpan
_ D D D
Mp= Yiiv Yz Y5 Mpsn . (6)
v v v
_MNI _MN2 _MNS Mpnn

The last line of the two matrices has the same parameters
except for the last elements.

Considering that there are some of the same param-
eters in My and Mp, we find that a very simple way is
to add the two matrices in Eq. (6)

My +Mp = (Zy M Ucknx + ZpMp) U}, (7)

The left side of the equation is

tion to the B — X,y process, including the quark massl

Yiv+Y{v Yju+Y5v Y1[:§U+Y1§U Muyin+Mpin
Yijv+Y0v You+Yhv Ygu+Yyiv Myan+ Mpan

My+Mp=| Yivo+Y{v Yjv+YZv Yiv+YZv Mysny+Mpsy |- (8)
0 0 0 Mynn+Mpny

Obviously, the mass inputs from bilinear terms van- |in which Ma, Mg, Mg are (N—1)x(N—-1), (N—-1)x1
ish. We can denote the matrix in this form as and 1 x (N —1) matrices correspondingly.
M, Mg ) To prepare for the diagonalization, we choose the di-

My +Mp=Myp = < M, M, 9) agonal mass matrix elements of quarks (m,,me,my,---
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mx), (Ma,ms, My, -+ ,my) and a matrix Uckmy, which
are determined partly by experimental measurements as
input parameters

UCKMN — U[T]UD — < ( CKM)3><3 )

Uud Uus Uub
— Ucd ch Ucb e (10)
U Us Up

UNN

Note that the above Zy, Zp, Uy, Up are unitary matri-
ces, but (Uckwm ), 5 18 not an ordinary CKM matrix Vg
which is non-unitary in this case. Detailed dicussion will
be shown in the following section.

What we need to do next is to generate a unitary
matrix Up. In a similar way we denote Up as

Ubs
Up= .
v < Ubnn )

Multiplying both sides of Eq. (7) by the matrix Up, wel

UDA

Une (11)

*
UDN2

MCUDO MCUDNN
== (ZUM[?UCKMN_FZDMDD) .

[ MaUpa+MpUpg MaUpg +MpUpnny
MUDUD -
(12)
From the above equation, we can get the last line of Up
simply by inputting M, MY, Uskun and random Zy,
ZD:

(ZUM[?UCKMN +ZDM3)

last line
= ( McUpo McUpyw )
=MoUpy, (13)
where
UDN:( UDNl UDN2 UDNN ) (14)

is a unit vector in N dimensions.

Next we use the unit vector to generate the total
Up. Since M and Mg are random matrices, Up can
be random too. The unit vector Upy_; of Up can be
determined as

Upyv_i=| —
PV ( VNUpniP+|Upnal?

It is clear that the vector is orthogonal to Up  and
normalized to 1. Then we use the first three elements
of Upy and Up y_; to generate Up y_,. We normalize
the algebraic complements of the first line of the 3 x 3
matrix. Step by step, we can finally get (Up,, Up,, -+,
Upxy_1) and form a special U3

Up,
Ug: Upn_o
Upn_s
Upy
Upn Up12 Upis Upin
0
= UD(N72)1 UD(N72)2 UD(N72)3 0
Upv-1y1 Ubpv-1)2 0 0
Upni Ubno Upns Upnn

(16)

From the above steps, we see that (Up;, Up,, -,
Upy_1) can be rotated into any other orthogonal N —1
vectors to construct a random matrix M 4 and Mg, and
only Up, must be kept unchanged. Therefore, a gen-
eral unitary matrix can be realized by multiplying by a

U*
DN1 0 > ' (15)
VU1 2+ Up o ?
|unitary N x N matrix Ug,
U 0
Up=UrUS = ( RON* X ) Us (17)

in which Ugy_; is a (N —1) x (N — 1) unitary matrix.
We finish the work by

Ul =UcknunUph (18)
My =ZyMPUL (19)
Mp=Z,MEUL

At this stage, we would like to summarize our method
here

e Step 1: Choose (M, Me, My, -+, Mx, M, Mg, M, +
my) and Uckmy and generate random unitary ma-
trices Zy and Zp as the inputs for the model;

e Step 2: Determine the last line of matrix
ZUM[?UCKMN'FZDMDD as

Mo ( Upwi Upwa =+ Upnw ) (21)

and normalize it into a unit vector Up y.
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e Step 3: Use the unit vector Up 5 to generate other
N—1 unitary vectors (Up;, Up,, -+, Upy_4), and
form a special U

s T
Up= ( Up; - Upy_y, Upy_; Upy ) - (22)

e Step 4: Generate a N — 1 unitary matrix Ugy_;

to form a unitary matrix U which is

URN*I 0
Up= : 23
R < 0 1) (23)

then, a general Up is obtained by

Up=UrUj. (24)

e Step 5: Use these equations

U[T; = UCKMN U;a
My =ZyMEUL,
Mp=Zp,MEU}L, (25)

to get the inputs for the flavor physics.

We see that by this trick we can skip the inputs of
the bilinear mass terms M)Y,;. In physical analysis, the
masses of eigenstates mx_ v in the VLP models are input
freely. Zy and Zp can be generated randomly, Uy and
Up can also be scanned the most generally if we vary
Ur randomly. Thus the method can do the most general
scan in the parameter space of mass matrices in models
with VLPs for numerical studies, which will be shown in
the following section.

3 B — X,y process in extension of the
SM with one vector-like quark doublet

3.1 Standard Model with vector-like quarks

As an application of the method, in this section we
study the VLP contribution to B — X,y in a very simple
VLP extension of SM, as a demonstration. In Table 1,
we list the gauge symmetry of the matter multiplets, in
which the first two columns show the quarks in the SM
and the last two columns show the VLPs with the anti-
gauge symmetry. Note that we ignore partners of the

last two columns whose gauge symmetry is exactly the
same as the first two columns of the SM. As discussed
in the introduction, these VLPs can be heavy naturally.
Since the gauge symmetry of Higgs H = (h™, h%)T is
(1, 2, 1/2), the Lagrangian for two quarks of the model
is written as:

,a:YdQHdR+YuQ'HUR+YVUVQHVuL +YVdVQ 'HVdL
+M@VA'Q+MUVULUR+Md‘7(1LdR+h.C.7 (26)

in which A-B = €YA;B;. The first line of the La-
grangian is Yukawa terms, and the second line is the
bilinear terms. Note that Y, Y3 are 3 x 3 matrices, and
without the bilinear terms, the model will be almost the
same as the fourth generation standard model (SM4).

After the electro-weak symmetry breaking, we can
get the mass matrices of up and down quarks in the ba-
sis of (u, ¢, t, V,) and (d, s, b, Vy):

Yllv Y12,U YIB,U Ml
Y21v Y22,U YQS,U M2
My = u31 u32 u33 ‘; )
Yo YPv YPv  M?
—Mé —]\422 —M% Yy v
Yile Y20 YBv M}
Y2y Y22y Y2y M2
Mp= d31 d32 d33 (; ) (27)
Yo YiPv YiPv o Mj

MLy M M} Yy

where v is the VEV for H. The first three elements of the
last line of the matrices have the same parameter, mak-
ing the scan of the parameter space very difficult. These
two matrices can be diagonalized by unitary matrices U
and Z,

ZIMyU, = diag.[m, me, me, mx],
ZIMpUy = diag.[ma, mq, my, my]. (28)

The product of the two matrices is denoted as
Uckma = U]l Uy, (29)

which is a unitary 4 x 4 matrix. We stress that the trick
we introduced in the above section seems to just give us
a numerical tool for quark masses and some quark mix-
ing matrices, but it is important in studying the flavor
physics in such models.

A simple extension of the standard model with one vector-like quark doublet

Table 1.

SU(3), SU(2), U(1)

U 1

= 3,2 =

Q ( D >L b b 6

3,1 2

u z

R s 4y 3

1

d 3,1, ——

" 3

SU(3), SU(2), U(1)
\@:(% >R 3,2,—%
A - 2
Var 31, —15
Var, 3,1, 3
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For studying VLP contributions to B — X,y, we
now present the Feynman rules for the interaction of
tdyx*, x =W, G and d,d;Z in the Feynman gauge which
read:

5900 Ptk (0)Pal, (x=W,2), (30)
2
i g
\/Qmw

[92(i,5)Pr+95(6,5) Pr] (x=G)  (31)

where
3
IR DU {CIEE A
9% (i,5) Z YImoZ MU + Yvav ZE U, (33)
k,m=1
3
050 == 3 YT ZUL YUY (34)
k,m=1
Zs - 1 2 ., ij *4iy T4
gL(Z,]):—m 1—§sm Ow | 0¥ U0 |,
w
(35)
Z(: s 1 2 ., ij *di r74j
gR(z,j):—m —gsin Ow oV + 22737, (36)
w

Note that U(1)gy interaction is not changed by the
VLPs, thus the vertices of photons and quarks are still
the same as those in the SM. From the above mass ma-
trices and Feynman rules, we can see that the model has
two points to be explored:

1) The CKM matrix is obtained from the W*u,d,
vertex in Eq. (32)

3
Vilowa = Y _U™MUR =Ubna —USMUY,  (37)

m=1

which is non-unitary for indices i, j ranging from 1 to 4,
but the summation of index m is from 1 to 3. Vi,
is also a 4 x 4 matrix of which the upper left elements
(i,j #4) are a physically measurable value of the CKM
matrix V as in the SM. This is the key difference between
VLP models and the SM4. Nevertheless, the loop-level
flavor change neutral current (FCNC) will be changed by
the Yukawa interactions, then the prediction of process
B — X,y may be changed significantly.

2) The last terms in Eqs.(32)—(36), which we call the
“tail terms”, violate the gauge universality of fermions
and cause tree-level FCNC processes induced by the pro-
cesses such as b — sl*1™, so the constraints on the param-
eter space need to be explored.

3.2 Enhancement in b — s transition

In this subsection we focus on VLP contributions to
the rare B decay B — X,y. The starting point for rare

B decays is the determination of the low-energy effective
Hamiltonian obtained by integrating out the heavy de-
grees of freedom in the theory. For b — s transition, this
can be written as

10

Ve Y GO0 +CL (O ()] (38)

Hesr =
" \/_ i=1

where the effective operators O; are same as those in the
SM defined in Ref. [9]. The chirality-flipped operators
O; are obtained from O; by the replacement ys — —vys
in quark current [7]. We calculate the Wilson coefficient
C, at matching scale my,. The leading order Feynman
diagrams are shown in Fig. 1 and C; reads

C7(mw)
o Z[ N(5,2)g% (1,3) Alz,)

=1

957 (1,2)g7 (i,3)

+ > ZCzB(iUz)
Guolr G/ Wk (2 G(s
My, My, mp
My, * o 7’72 » 7”3
4 M 9V (6,2)gY (i,3) E(x )+MD(@)
my
(39)

where z; =m? /mj, and the loop functions A(z), B(z),
C(z), D(x), E( ) are listed in the Appendix A. The first
two lines are similar contributions to those in the SM,
while the last lines are from the tail terms. Note that
the contribution of the right-hand diagram in the second
line of Fig. 1 is zero in the SM. The terms with 1/m,,
in the above equation are extracted to compose the op-
erator O,. There are two differences in the calculation
of B — X,y processes compared with the SM. One is the
tail terms of the gauge or Yukawa interactions, the other
is the new type of Yukawa interactions listed in Eqs. (33,
34), which cannot be written into the simple form in the
SM such as
gg SM(7’72) My, Vis, gG SM(Z 3)=—m,Vip. (40)
In the model with three generations of quarks, the
CKM matrix unitarity is already used in the calcula-
tions of the loop-level FCNC-induced rare B decays. For
consistency, in numerical analysis the constraints on the
CKM matrix elements are not from processes occurring
at loop level, such as rare B decays, but from the tree-
level processes shown in Table 2 [10, 11]. Since there are
no tree-level measurements of Vi4, V;s now, we use the
above inputs and the unitarity to get a 3 x3 unitary ma-
trix at first. The method is that we scan (Via, Vis, Van)
randomly (keeping |Viq|*+|Vis|*+|Vap|> =1 ) in the range
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listed in Table 2, then we define two parameters «, § and
solve them by the equations

VA (Vg +a) +ViE(Vee +8) + Vi Vi =0,
[Vea +al® + Ve + 817 + Ve |* = 1. (41)

~

s b s b s
! ] ! ]
G\\g/G G _ w w /G
N o ~

Fig. 1. Leading order Feynman diagram of the
B — Xgy process.

Table 2. The CKM matrix elements constrained
by the tree-level B decays.

absolute value direct measurement from
Vaa  0.97425+0.00022
Vas 0.2252+0.0009
Vap  0.00415+0.00049
Vea 0.230+0.011
Ves 1.006+0.023
Veb 0.0409+0.0011

Vib 0.894+0.07

nuclear beta decay
semi-leptonic K-decay
semi-leptonic B-decay
semi-leptonic D-decay
(semi-)leptonic D-decay
semi-leptonic B-decay
(single) top-production

(Via, Vis, Vi) are obtained by the unitarity relation with
(Vaa, Vas, V) and (Vig, Vg, Vi, ). After that we multiply
the 3 x 3 unitary matrix with three matrices

1

cos 0y, sinf,;

(42)

—sinfy; cosfy;

in which ¢ =1, 2, 3 and max(|04], 04|, |fs3]) <0.01m,
to generate a 4 X 4 unitary matrix Uckma. Voxwa are
obtained by Eq. (37). All the corresponding elements
should satisfy the experiment bound list in Table 2 and
Vid, Vis (|Vis| = 0.04, which is consistent with the fit-
ting results in Ref. [10]) can be obtained too. With
these inputs in hand, the first task is to check the
scale of the mass parameters of the model, such as My,
myx,my. From the Zbb vertexes in Eq. (35) and Eq.
(36), we can see that in order to keep gauge univer-
sality of quarks, the tail terms in the Feynman rules
must be much smaller than the SM-like terms, namely
|Z3 7 05 (UL, 55 < sin Oy Thus in the numeri-
cal studies we require

|Z8ali=1280 Unializa 28 <1077 (43)

Note that though these elements are greater than A* (pa-
rameter in the Wolfenstein parameterization [12]), they
are much smaller than the product of Vi, Vekus (al-
most equals 1), thus the requirements are suitable for
indicating the contraints from the deviation from uni-
tarity.

Since the scanning in the parameter space is free, we
set mx = 1172 GeV (mass of top quark plus 1000 GeV)
and scan my in the range of (4.2,1004) GeV (mass of
bottom quark plus 1000 GeV), and Z, 4, U, 4 randomly
(ignoring the C'P phases). My is defined by

My =max(|Mg|, [M3]|, [MG))- (44)

The result for My, versus My is shown in Fig. 2, which
checks the mass input of the vector doublet. We can
see that My increases as my goes up. However My is
much smaller than mx and my. Small mixings lead to
the parameter Mg, which determines the mixing between
SM quarks and vector-like quarks, also being suppressed.
This is in agreement with the deviation from unitarity
being suppressed by the ratio m/mx y where m denotes
generically the standard quark masses, which is a typical
result of VLP models. [13-17]

20
18F
16F
141
12F
10F

M, /GeV

8
6
4 F
2
0

_ ISR, A ! = 1
0 200 400 600 800 1000
my/GeV

Fig. 2. My versus My under constraints

|Z§fd|%:1,2,37 |U§,id|12:1,2,3 <107*.

The second task is to check the VLP contribution
to B— X,y. We find the Wilson coefficient of the FCNC
operator O is not so suppressed as the mixing. The new
contributions, from the terms of the last line in Eq. (39),
are suppressed by the mixing, whereas the terms of first
line are almost the same as the SM. The enhancement
comes mainly from the ¢§(4,3)/m,, terms which come
from the Goldstone loop in the b —s transition. (The
right-hand diagram in the first line and diagrams in the
second line of Fig. 1) In order to show the enhancement
clearly, we define two factors
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G4 G(4.9)* GVb ,GVsx
K1: gR( 73)gL( ? ) — gR gL , (45)
mxm, Vip V2 mx i, Vi, Vit
U43U42* UVbUVS*
Vin Vi Vo Vs

in which K, denotes the deviation from the unitarity of
a 3 x 3 CKM matrix, while K; shows the enhancement
of the contribution from vector-like particles. K, is in
fact obtained from the coefficient of the first term in the
second line of the analytical expression of C;(my) in Eq.
(39) when ¢ =4. It will be changed into exactly K, in case
of the SM4. Note that other terms with ¢§(4,3)/my, can
give enhancement too. We chose factor K, for a typical
demonstration since it seems that it will be suppressed
by mx. Results are shown in Fig. 3 in which the left
panel shows K, and K, versus My while the right panel
shows |Cr(mw)| versus K. From the left panel, we can
see that though K, increases as My increases, it is still
much smaller than Vi, V%, implying that deviation from
unitarity is negligible. However, the factor K; can be
enhanced up to order O(1) by the increase of My . From
the right panel, we see that K; enhances C; up to a value
much larger that the result of the SM. The reason for the
enhancement mainly comes from the new type of Yukawa
couplings. Combining Eqgs. (28, 33, 34), one can get a
similar form to that of the SM4

9?(472):[]42
mx CKM4
1 3
+— MmUm2z:44 _ MLr‘nU42 Z::m4
T PO 2;m)
+(YVd_YVu)U§2Z::44’U 9 (47)
&) ]
El
<
)
0 2 4 6 8 10 12 14 16 18 20
my /GeV
Fig. 3. (color online)K;, (red A) K,

|Z§,id|12:1,2,37 |U§,id|12:1,2,3 <107

_ *43
- UCKM4

1 3
_m_b [Z (MémU:M4Z§3 +M£mU:44Z£n3)
m=1

+H(V0 =Y UM 25 | (48)

Since mx =~ Yy v, Z2*, U ~ 1, one can easily obtain
that
g (4,2)
mx
The suppression of Z3* (order of m/mx y) in Eq. (48)

(49)

42
~ VCKM4'

is enhanced by terms with factors such as V“U, ete.,
my
resulting in
(4,3
D) Vit (50)
my

Thus the term Vj,, V. satisfying the unitary constraint
Vin Ve + Ve Vg + Vi Vig + Vi Vi, =0 (51)

is enhanced greatly by heavy VLPs, then the factor leads
the enhancement to C;. This is different from those in
the SM4 in which the contribution from the fourth gen-
eration can be neglected.

In the numerical scan, we vary Z,q and U, q ran-
domly, keeping the constraints of [V |7, , 5, [Ut%liz1 2.5,
scan mx and my in the range of (1,2000)GeV. Apart
from the CKM limits, we use the B — X,y process to con-
strain parameter space. The branching ratio of B — X,y
is normalized by the process B — X eV,:

ViV |* 6
[Ven|? mf(2)

Br(B — X.y) =Br™(B — X.ev,)

[C5 ()1 4G () ] (52)
0.50 . . . :
0.45F ]
0.40F £

|G; (my)|

SM value

0.10 ! " L " h
107 10+ 107 1072 107! 1
K,

(green O) versus My and enhancement of |C7(mw)| case of
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Here 2 = %, and f(z) =1-82>+82°—2°-242"Inz is

the phase—sgace factor in the semi-leptonic B decay. The
method of running of the operators from my scale to
i, scale can be found in Ref. [7]. We use the following
bounds on the calculation [10]

Bre*(b— cev,) = (10.724+0.13) x 102,
Br(B — X,y) = (3.55+0.24+0.09) x 10~*.

The numerical results show that C7°T(y,) is much

smaller than C£% (1), so we do not present the formula
of C2°™ (mw) here.

The branching ratio as a function of my is shown in
Fig. 4, from which we can see that Br(B — X,y) can be
enhanced much more than the experiment bound. Then
the measurements of FCNC processes can give a strin-
gent constraint on the vector-like quark model, especially
when the masses of vector quarks are much greater than
the electro-weak scale. A few remarks should be made:

1) There is one point of view on the unitarity of the
CKM matrix where the 3 x3 ordinary quark mixing ma-
trix is regarded as nearly unitary, and deviation from uni-
tarity is suppressed by heavy particles in the new physics
beyond the SM. In other word, one admits that the ex-
tended CKM matrix elements exist, but they approach
to zero while mass scale of the new physics approaches
to infinity. All the new physical effects should decouple
from the flavor sector and what should be checked is if
3x3 unitarity is consistent in all kinds of flavor processes.

2) Another point of view is that, as in the SM case,
the 3 x 3 ordinary quark mixing matrix elements are
only extracted by experiments in the measurements of
tree and loop level processes. The unitarity should be
checked, and experimental measurements on the ele-
ments of the matrix can be used as the constraints to new
physics beyond the SM. In the numerical analysis, the el-

(53)
(54)

K,

200 300 400 500 600700 800 1000

2000
my/GeV

Fig. 5.

ements of the CKM matrix are regarded as inputs. Thus
what should be done is to scan the parameter space gen-
erally under these constraints, and no prejudice should
be imposed. Then the enhancement effect in B — X,y
will be more clear.

0.1 T T T T T T
S
<
[
ot
1
a
~
]
0.03F ]
0.02 1 1 1 1 1 1
0 5 10 15 20 25 30 35
M,/GeV
Fig. 4. B — Xyy prediction in random scan.

A large area of parameter space is excluded by the
measured branching fraction of B— X,y as shown in
Fig. 4. The enhancement effect of the VLPs can be seen
in Fig. 5, in which the left panel shows the enhancement
factor K; versus mx while the right panel shows K,
versus myx. From the right panel we can see that devia-
tion from unitarity is very small and almost unrelated to
mx since we are doing a general scan of Z, 4 and U, 4.
However as we see from the left panel, as mx increases,
Br(B — X,y) measurement will constrain the enhance-
ment factor and then constrain the input parameters of

B
200 300 400 500600700 800 1000 2000

my/GeV

(color online) Enhancement factor and deviation from unitarity versus mx, where red A are excluded by

the bound of B — Xsy measurements, in which the green [ are the surviving points .
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mx. Overall, the enhancement can be summarized as
when the mass of the vector-like particle increases, it
will increase the mass parameter my and thus give an
enhancement factor under very small deviation from uni-
tarity. This should be a special point when we study the
vector-like quark models.

4 Summary

In models with vector doublets, there exist bilinear
terms in the Lagrangian, making general scans of the
Yukawa coupling very difficult. In this paper, we show a
trick to deal with the scan. Our scan method is exact and
efficient. We use this trick to study a very simple exten-
sion of the SM with vector-like quarks. We studied one
of the most important rare B decay processes, B — X,v,

Appendix A

e The loop functions for calculating the Wilson coeffi-
cients at the matching scale are the following:

_ 55—170x+1272° 4z —172° 4 152°

A@) =50 6=zt no
_ 2 _ 2
B(x)= 7+5x+ 8z 2x+3x Inz,
36(1—2)® ' 6(1—x)?
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