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The rare semileptonic B, — D, ,£"¢" decays are studied in the universal extra dimension with a single extra dimension scenario.
The sensitivity of differential and total branching ratios and polarization asymmetries of final state leptons to the compactification
parameter are presented, for both muon and tau decay channels. Considering the ability of available experiments, it would be useful

to study these effects.

1. Introduction

The decays induced by flavor changing neutral current
(FCNC) b — s,d transitions play an important role in testing
the standard model (SM) and also they are very sensitive
to the new physics. The decays of B, ;, mesons have been
intensively studied since the observation of the rare radiative
b — sy decay [1], and it will make the B physics more
complete if similar decays of B, meson are included.

The B, meson is the ground state of a family of mesons
containing two different heavy flavor quarks, b and ¢. Com-
pared with the ¢¢ and bb bound states which have implicit
flavors, the B, meson has explicit flavor and decays weakly.
B, 4, decays are described well in the framework of the
heavy quark limit. The flavor and the spin symmetries must
be reconsidered while discussing B,.. B, was first observed
by CDF Collaboration [2] and, due to those outstanding
properties, B, decays have received great attraction since then
(for more about the Bc physics, see for example [3]).

Considering the experimental facilities, the high centre of
mass energies at the Large Hadron Collider (LHC) enables
the experiments, such as LHCb, to study the production,
properties, and decays of the B, meson. At the LHC in pp
collisions, B, is mainly produced through the gluon-gluon
fusion process gg — B, + b + ¢ and the production

cross-sections of the B, mesons have been calculated in the
fragmentation approach and complete order oc;1 approach.
At +/s = 8 TeV approximately 10°B is obtained [4, 5]. In
addition, at \/s = 14 TeV and the design luminosity 10'°B,
events per year are estimated [6, 7]. The available experi-
mental facilities and their future improvements encourage
studying the B, meson phenomenology including the rare
decays.

In the rare B meson decays, new physics contributions
appear through the modification of the Wilson coefficients
existing in the SM or by adding new structures in the SM
effective Hamiltonian. Among the various extensions of the
SM, extra dimensions are especially attractive because of
including gravity and other interactions, giving hints on the
hierarchy problem and a connection with string theory.

The models with universal extra dimensions (UED) allow
the SM fields to propagate in all available dimensions [8-
11]. The extra dimensions are compactified and the compact-
ification scale allows Kaluza-Klein (KK) partners of the SM
fields in the four-dimensional theory and also KK excitations
without corresponding SM partners. Throughout the UED,
a model including only a single universal extra dimension is
the Appelquist-Cheng-Dobrescu (ACD) model [12]. The only
additional free parameter with respect to the SM is the inverse
of the compactification radius, 1/R. In particle spectrum of


http://orcid.org/0000-0002-6451-6730
https://doi.org/10.1155/2018/7302797

the ACD model, there are infinite towers of KK modes and
the ordinary SM particles are presented in the zero mode.

The experimental and theoretical discussions on the free
parameter have been taken a significant part in the literature
and the lower bound was commonly taken as 1/R > 250 GeV/
or 1/R > 350 GeV [13-17]. An analysis of the electroweak pre-
cision tests with inclusive [18] and exclusive [19] rare radiative
B decays is conducted, where the later one also includes the
experimental results of B — K¢ ¢~ and the lower bound is
estimated as 1/R > 600 GeV'. Later analysis using the ATLAS
and CMS data leads to 1/R > (700 — 715) GeV [20, 21]
and another discussion on the UEDs including the 126 GeV’
Higgs puts this limit as 1/R > 500 GeV [22]. Under above
discussion on the compactification factor, we will take the
1/R > 500 GeV in this paper.

The effective Hamiltonian of several FCNC processes [23,
24], semileptonic and radiative decays of B mesons [25-33],
and FCNC baryonic decays [34-36] have been investigated in
the ACD model. Polarization properties of final state particles
in semileptonic decays, which is an powerful tool in searching
new physics beyond the SM, have also been studied widely
besides the other observables in these works, e.g., [17, 25, 29,
33].

The main aim of this paper is to find the possible effects of
the ACD model on some physical observables related to the
B, — (D,,D)€*¢™ decays. We study differential decay rate,
branching ratio, and polarization of final state leptons, includ-
ing resonance contributions in as many as possible cases. We
analyze these observables in terms of the compactification
factor and the form factors. The form factors for B, —
(D,, D)€" ¢~ processes have been calculated using different
quark models [37-40] and three-point QCD sum rules [41].
In this work, we will use the form factors calculated in the
constituent quark model [37].

This paper is organized as follows. In Section 2, we give
the effective Hamiltonian for the quark level processes b —
(s,d)et ¢ with a brief discussion on the Wilson coefficients
in the ACD model. We derive matrix element using the form
factors and calculate the decay rate in Section 3. In Section 4,
lepton polarizations are evaluated and the last two sections
are dedicated to our numerical analysis, discussion on the
obtained results, and conclusion.

2. Theoretical Framework

The effective Hamiltonian describing the quark level b —
(s,d)€€” processes in the SM is given by the following [42]:

Gra

_ « | eff (=1 v
H off = \@Tth'th [C9 (@v.Lb)eye
+Cyo (q'y,Lb) 0y"yst 1)

v
~2¢ m, (q'iam%Rb> Zy"e] ,

where g = pp — Pp, is the momentum transfer and g’ = s, d.

New physics effects in the ACD model come out by the
modification of the SM Wilson coefficients appearing in the
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above Hamiltonian. This process can be done by writing
the Wilson coefficients in terms of 1/R-dependent periodic
functions, the details of which can be found in [23, 24]. That
is Fy(x,) in the SM is generalized by F(x,, 1/R) accordingly:

Flxog) =Rl + YE(px) @
n=1

where x, = m;/m;,, x, = m’/m;, and m, = n/R. Here,
m,, is the mass of KK particles with n = 0 for the ordinary
SM particles. These modified Wilson coefficients can widely
be found in the literature and the details are discussed in
Appendix.

In the ACD model, a normalization scheme independent

effective coefficient C;f f can be written as follows:

1 1
c (Vb’ ﬁ) =n'?c, (Mw’ ﬁ)
8 /1423 16/23 1
+5 (1 = )C8<MW>§) 3)

1\e .
+C, (l/‘w» E) Zhiﬂu'-
i=1

The coefficient C;ff has perturbative part and we will
also consider the resonance contributions coming from the
Ceff

9

conversion of the real cc into lepton pair. So, is given by

Cgff (s', %) =Cy <[4, 1_13> <1 + %T([/l)w(sl)>

+Y (y, s’) +Cy”° (y, s') ,

(4)

where s’ = g*/m;. For C, in the ACD model and in the naive
dimensional regularization (NDR) scheme, we have

Y (x, 1/R
c9<y,%):P§DR+—(xt /)—4Z< )

x —_—
2 t>
sin“0Oy, R

(5)
+ PgE <xt, %)

where Pé\IDR = 2.60 £ 0.25 and the last term, PzE(x,, 1/R), is
numerically negligible.

The perturbative part, coming from one-loop matrix
elements of the four quark operators, is

Y (1) = h(,5") [3C, () + C, () + 3C5 (1) + Cy (1)

+3C; (1) + Co (1] - 3 (1,5') (4, (1) +4C, (1)

(6)
+3C; (1) + Co (1) — 3 (0.5') [C (1) + 3C, ()

+ = (3C; () + Cy (1) +3Cs () + C (),

O | b

with y = m_/m,,. The explicit forms of the functions appear
above equations can be found in [43, 44]. The resonance
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contribution can be done by using a Breit-Wigner formula
[45]:

3 al (V; — €€ )my
Cy” = Pl _lmz i [3C, (w)
em Vi=y;>""'b Vi VitV (7)

+C, () +3C; () + Cy (1) +3C5 (1) + C ()] -

The normalization is fixed by the data in [46] and « is taken
2.3.

The Wilson coeflicient C, is independent of scale i and
given by

Cio= 5 (8)

3. Matrix Elements and Decay Rate

The matrix elements for B, — qu€+€7 can be written in
terms of the invariant form factors over B, and D,,. The parts
of transition currents containing y; do not contribute, so the
nonvanishing matrix elements are as follows [47]:

(g (b, ) [Tica’elBe (ps)

B fr (qz)

= g, (B, + Boy), @

()] Y
(Dy (o, ) 40| B (ps)) = £ (47) (P, + P, ),

+ f(4°) 4

The transition amplitude of the B, — D€ ¢~ decays can
be written using the effective Hamiltonian and (9) as follows:

Ga
2\2n

ViV {Ey"e [A (s, + P, )M + Bqﬂ] (10)

M (B, — Dyt =

+ Oyt ysl [C (PBC +Pp, )H + DqH” ,
with

€ 2 €
A=cdlf g 2mefr cefr

mpg +mp,
¢ q
2my, (mé mD,>fT
B=CJ'f - — =,
q (mBC +mp /)
C= C10f+’
D=Cyf..

Finally, the following dilepton mass spectrum is obtained
by eliminating angular dependence in the double differential
decay rate:

2 2
dr_Gocch o
a_ 2125 bVt

% |2
ql \/XVA Dq’ (12)

where s = qz/mlz3 A=1+72+5>—2r—2s—2rs,r = mé*/mlz3 s
c s c

v=4/1- 4m§/smf3c and

4 4

Ap, =S, (3-v*)A(1AF +IC?)

qV
+dm’ sQ+r—ys) 1-+ |C|2
pseer-a(i-R)er

+ 16m§cm§s |D|2

+32m3 m, (1 —r)Re (CD").

4. Lepton Polarization Asymmetries

Studying polarization asymmetries of final state leptons is
an useful way of searching new physics. Therefore, we will
discuss the possible effects of the ACD model in the lepton
polarization. Using the convention in [48, 49], we define the
orthogonal unit vectors S; (i = L, T, N) for the longitudinal,
transverse, and normal polarizations in the rest frame of £~

as follows:
N
1= (0%,) = <o, %) ,

Pe

S5=(021) = (0.2 x L), (14)
Pn, xP

Sv=(02n)={ o — |
qu, x Pe’

— — -
where p, and p,, are the three momenta of £~ and D,

meson in the centre of mass (CM) frame of final state leptons,
respectively. The longitudinal unit vector S is boosted by
Lorentz transformation:

- |P€| E,p
L (N S0 B o
Spem < e '77)@' , (15)

while vectors of perpendicular directions remain unchanged
under the Lorentz boost.
The differential decay rate of B, — D,€"¢" for any spin

direction 77 of the £~ can be written in the following form:
dr(v")
ds

-1 <Z£> [1+ (B2, + Pyey + Bey) -7 ),

(16)
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TaBLE 1: B, — D, ; decays form factors calculated in the constitute quark model.
B. - Dt e F(0) a b
C S
f. 0.165 -3.40 3.21
f- -0.186 -3.51 3.38
fr —-0.258 -3.41 3.30
B, —» D& F(0) a b
f. 0.126 -3.35 3.03
f- -0.141 —-3.63 3.55
fr ~0.199 -3.52 3.38
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FIGURE 1: The dependence of differential branching ratio on s with and without resonance contributions for B, — D £"¢™ in the SM and the
ACD Model for 1/R = 500 GeV. (The subscript R represents resonance contribution.)

where (dI'/ds), corresponds to the unpolarized decay rate,
the explicit form of which is given in (13).

The polarizations P, , Py, and Py in (7) are defined by the
following:

_dl(n” =e)/ds—dl' (n” = —e;) /ds

~dU(n =¢)/ds+dl (n" =—e;)/ds’ a7)

P (s)

Here, P, and P; represent the longitudinal and transversal
asymmetries, respectively, of the charged lepton ¢~ in the
decay plane, and Py is the normal component to both of
them.

The straightforward calculations yield the explicit form of
the longitudinal polarization for B, — D, ;€" ¢ as follows:

_ 16 M
P = ﬁm;w\Re [AC"], (18)

and the transversal polarization is given by the following:

B 4m%cmen\/§ (r_l)R

Py A e[AC*] + Re[AD"]|. (19)

The normal component of polarization is zero so we have
not stated its explicit form here.

5. Numerical Analysis

In this section, we will introduce numerical analysis of
physical observables. Some of the input parameters used in
this work are my = 6.28GeV, mp = 1.968GeV, mp, =
1.870 GeV, my, = 4.8 GeV, m, = 0.105GeV, m, = 1.77 GeV,
IV, Vil = 0.041, [V,,V,5| = 0.008, Gp = 1.17 x 107> GeV >
and 7 = 0.46 x 107" 5 [46].

To make numerical predictions, we also need the explicit
forms of the form factors f,, f_, and fr. In our analysis, we
used the results of [37], calculated in the constituent quark
model, and g* parametrization is given by

) = F(0) ’
(q ) l_a(qz/m]ch)_l_b(qz/méc)Z

where the values of parameters F(0), a and b for the B, —
(D,, D) decays, are listed in Table 1.

In this work, we also took the long-distance contributions
into account. While doing this, to minimize the hadronic
uncertainties, we introduce some cuts around J/y and y/(2s)
resonances as discussed in [17].

In the analysis, first the differential branching ratios are
calculated with and without resonance contributions and s
dependence for the SM and 1/R = 500 GeV are presented
in Figures 1 and 2 for B. — (D, D)¢*£". One can notice the

(20)
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FIGURE 2: The dependence of differential branching ratio on s with and without resonance contributions for B. — D£*¢" in the SM and the

ACD Model for 1/R = 500 GeV'.
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FIGURE 3: The dependence of branching ratio on 1/R with and without resonance contributions for B, — D £"¢". (The subscript R represents

resonance contribution.)

change in the differential decay rate and difference between
the SM results and new effects in the figures. The maximum
deviation is around s 0.32(0.39) in Figure 1 and s
0.36(0.40) in Figure 2 for u(7). The deviation is ~10% and less
for 1/R > 500 GeV. Considering the resonance effects, the
differential decay rates also differ from their SM values.

To introduce the contributions of the ACD model on the
branching ratio, we present 1/R-dependent ratios with and
without resonance cases in Figures 3 and 4. The common
feature is that as 1/R increases, the branching ratios approach
to their SM values and vary in the following ranges for 1/R >
500 GeV:

Br(B, — Dy'u”) = (1.151 - 1.255) x 10~/

Br(B, — D.r'77) = (0.293 - 0.324) x 10’

Br (B, — Du'u”) = (0.290 - 0.317) x 10~°

Br(B, — Dt"77) = (0.077 - 0.078) x 10",
(1)

Here, the first value in any branching ratios above is
corresponding to the SM, while the second one is for
1/R = 500 GeV, without resonance contributions. A similar
behavior is valid for resonance case which can be followed by
the figures.

Adding the uncertainty on the form factors may influence
the contribution range of the ACD model. However, the
variation of the branching ratios, calculated with the central
values of form factors, in the ACD model with the SM values,
can be considered as a signal of new physics.
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FIGURE 5: The dependence of longitudinal polarization on s without resonance contributions for B, — D £"¢".

The polarization properties of final state leptons give
useful clues for new physics. Hence, the dependence of longi-
tudinal polarization on s without resonance contributions is
given by Figures 5 and 6. The longitudinal polarization differ
from the SM values slightly. The maximum deviation can be
found to be less than 5%.

In order to clarify the dependence on 1/R, we eliminate
the dependence of the lepton polarizations on s, by consider-
ing the averaged forms over the allowed kinematical region
as

J,(l—mnq, Jmg,
(2my/mpg, )?
<PI> B (1-mp, , [mp,

)2
1 (d%/ds) ds

: P, (d9B[ds)ds
(22)

The 1/R-dependent average longitudinal polarizations are
given in Figures 7 and 8. As it can be seen from the figures,

the maximum deviation is 2% for u channels and 3% for
B. — (D, D)t"17, respectively, at 1/R = 500 GeV'.

The variation of transversal polarization with respect to
s is given by Figures 9 and 10. In y channels the difference
is negligible. In 7 channels up to s ~ 0.46(0.48) for B, —
D,(D)¢"¢" decays, respectively, the effects of the UED can
be followed. Although the deviation with the SM values is
very small, finally, the average transversal polarization can be
observed by Figures 11 and 12.

6. Conclusion

In this work, we have studied B, — D (D)£*¢" in the frame-
work of a single universal extra dimension and calculated the
contributions to some physical observables.

As an overall conclusion, considering the lower bound
on the compactification factor which is 1/R > 500 GeV,
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there still appears acceptable difference on the differential and
integrated branching ratios compared with the SM results.

The polarization effects in y channels are either irrelevant
nor negligible while in 7 channels some small effects are
obtained. Under the discussion in this work, studying these
decays experimentally can be useful for understanding new
physics.

Appendix
Wilson Coefficients in the ACD Model

In the ACD model, new contributions appear by modifying
available Wilson coeflicients in the SM. The modified Wilson
coefficients can be expressed in terms of F(x,,1/R) which
generalize the corresponding SM functions Fy(x,) according
to

Fleo2)=R) e 3B (ox) ()
n=1

R

where x, = mtz/m‘z,v, X, = mf,/m‘z,v, and m,, = n/R.

The necessary modified Wilson coeflicients used in this
work have already been calculated in [23, 24] and we will
follow them.

Instead of C,, an effective, normalization scheme inde-
pendent, coefficient C;ff (1/R) in the leading logarithmic
approximation is defined as

e 1 1
C7ff <.”b> E) = ’116/23C7 (Mw’ E)

(Sxf + Sxt2 - 7xt)
D(’) (x) = -

-0.56
—~ —0.57 -‘\
I |
" \
Q \
T -058F \
A \\
£ os9 ] NS
v \\\\\
—0.6 | ]
200 400 600 800 1000
1/R (GeV)
— SM
--- ACD
8 / 1up3 1623 ( 1 )
+ 2 - Cs (o =
3 (’7 n ) 8 | Hw R
N8
+C, <VW> E) zhiﬂai
i-1
(A.2)
with = o, () /s (1,) and
«. (m
a, (x) = s (mz) (A3)

1= By (& (my) /2) In (m/x)

where in fifth dimension « (m,) = 0.118 and S, = 23/3.
The coefficients g; and h; are

14 16 6

a; = S A a0
! (23 2323
12
- 5,0.4086, —-0.4230 , —0.8994 ,0.1456)

3 (A.4)
h; = (2.2996,—1.088,—;,
- ﬁ, —-0.6494 , —0.0380, —0.0186 , —0.0057 )
The functions in (A.2) are
C, (pw) = 1,
&)= () s

Dy Ly L
€t ) =¥ (o)

Here, D'(xt, 1/R) and E'(xt, 1/R) are defined by using (A.1)
with the following functions:

(A.6)

3 +
12(1-x,) 2(1-x,
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x, (x* = 5x, -2 3x2
Ej(x,) = - ¢ - )+ u Inx, (A7)
4(1-x,) 2(1-x,)
D () x, (=37 + 44x, + 17x] + 6x;, (10 — 9x, + 3x7 ) - 3x,, (21 — 54x, + 17x7 )
Xpr Xy,) =
nee 36 (x, - 1)°
B (-2 +x, +3x,) (xt +3x7 +x2(3+x,) = x, (1 +(~10 + x;) xt)) ot X (A8)
6(x, - 1) 1+x,
X, (2 -7x, + 3xfl) X,
+ n
6 1+x,
% ( ) Xy (—17 - 8x, + xf -3x, (21 - 6x, + xf) - 6xfl (10 - 9%, + 3xf))
n\X »Xp) =
' 12 (x, - 1)°
N (1+x,) (x, +3x2 + x> (3+x,) - x, (1+(~10 + x,) xt)) 1 St % (A9)
2 (x, — 1)4 1+x,
1 X,
=% (1+x,)(-1+3x,)In n +”xn.
Using [19] or following [23] one gets the expressions for the My R | (! 12 32 s/2
sum over n as + 4 L dy (y +2y7T -3y )
< x, (37 + x, (44 + 17x
ZD; (xt>xn) - _ t( t( - t)) X, (1 N 3xt) 1
=1 72(x, - 1) - coth (TMyR/y) - ———3-] <R,—5>
(x, - 1)
MR | (!
e “ dy b (143x) - (1+ (<10 + ) x,)]
° (%, - 1)
(2y1/2+7y3/2+3y5/2) 1 1
: th (mM,, R -](R,—>——[(3+x)
c coth (mMy,R+/y) 2) " (e 21) t
(-2 +3x,) x, (1 + 3x,) R 3 (3+x)
+ o(x 1) J(R=5 —(1+(—10+xt)xt)]]<R,—)+ :
(x, - 1) 2 (x, - 1)
1
- —— [x (1 +3x,) = (-2 + 3x,) (A.10) ' ( g)
6(x,—1) J{R, >
1
(14 (=104 x,) x,)] I(R, 5) (A1)
] where
+ ———— [(-2+3x,) (3+x,) )
6(x,—1) J(Ra) = J dy y* [coth (M R\/y)
3 (3+x,) ’ (A12)
(1 (104 x) )] (R ) - = ~ 3 coth (R v5)].
2 6 (x,—1) '
The Wilson coefficient C, in the ACD model and NDR
]<R §>] scheme is
)
Y (x,,1/R 1
} Gy () =Ry TRy (L
an sin“0y, (A13)

X x, (=17 + (-8 + x,) x
ZE; (xt’ xn) =-= ( ( 3 t) t) + PEE (xt’ l)
st 24 (x, - 1) R
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where Pé\]D R

functions Y(x,, 1/R) and Z(x,, 1/R) are defined as

1 [ee]
Y (02 ) = Yo () + Y G (30%,)
n=1

1

250 %) = Za () + 1.6, (505)

-4
Yo(xt)zﬁ |:xt_+

3x
t 5 Inx,
x; =1

(x, - 1)
18x} — 163x; +259x; — 108x,
144 (x, - 1)°

Zy (%) =

32x) —38x; - 15x; + 18x, 1
+ i Inx,
72 (x, - 1) 9

C, (x;x,) = Lz [xf -8x,+7
8(x, - 1)

+ (3 +3x, + 7x, — x,x,) In

xt+xn]
1+x,

and

. x, (7 - x,)
’;Cn ('xt’xn) = 16 (xt _ 1)

—M[3(1+xt)]<R,—l>

16 (x, —1)° 2
+(x, —7)](R,%>].

The p independent C,, is given by

Y (x,1/R)

C10 = .2
sin“0y,

where Y(x,, 1/R) is defined in (A.14).
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