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Abstract We calculate the new physics contributions to the branching ratios of the rare decays B — X111~

(I=e,n) induced by neutral Higgs bosons loop diagrams in the top quark two-Higgs-doublet model (T2HDM).

From the numerical calculations, we find that (a) the neutral Higgs boson’s correction to B — X171~ decays

interferes constructively with its standard model counterpart, but small in magnitude; (b) the neutral Higgs

contributions to the branching ratio of B — X 111~ decay can be neglected safely if their masses are larger

than 100GeV and tan 3 < 40.

Key words two-Higgs-doublet model, neutral Higgs bosons, semileptonic decays, branching ratio

1 Introduction

Flavor changing neutral current (FCNC) induced
B-meson rare decays occurred only at the loop level
in the Standard Model (SM) and the fact that their
branching ratios are tiny seems to be confirmed by
Since FCNC pro-

cesses strongly depend on virtually exchanged par-

the present experimental data.

ticles, they provide a test of the SM and strong con-
straints on the parameter space of new physics models
beyond the SM.

Among various rare B meson decay modes, B —
X,y decay has received resounding reception in the
interested theoretical physics community. From the
B — X,y decay, only the magnitude of C, instead of
its sign can be constrained by the relevant data. Re-
cently in Ref. [1], the authors investigated the branch-
ing ratio Br(B — X.1*17) in the Standard Model or
with the reversed sign of C,, and found that the re-
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cent data prefer a SM-like Wilson coefficient C,, (my,).

The B-meson semileptonic decays B — X171~ (1=
e, 1) are of special interest because it is amenable to
a clean theoretical description, especially for dilepton
invariant masses below the charm resonances, namely
in the range 1GeV? < mj < 6GeV2.

tion of the next-to-next-to-Leading Order (NNLO)
QCD corrections in the SM for B — X 171~ has been

2—6]

The calcula-

completed[ These semileptonic decays, on the
experimental side, have been measured by Belle and
BaBarl™ . At the forthcoming LHC-b or the future
super B factory experiments, the dilepton invariant
mass spectrum will be measured precisely, which will
provide strong constraints on the new physics beyond
the Standard Model.

In a previous paper[10
contributions to the B — X,y and B — X171~ de-

], we studied the new physics

cays induced by the charge-Higgs loop diagrams, and
found that a charge-Higgs boson with a mass lighter
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than 200GeV is clearly excluded by the data, but a
charged Higgs boson with a mass around or larger
than 300GeV is still allowed. In this paper, we will
concentrate on the calculation of new physics con-
tribution to the semileptonic decays B — X111~
(I=e,p) induced by the loop diagrams involving the
neutral-Higgs bosons that appeared in the T2HDM.

This paper is organized as follows. In Section 2,
we briefly review the top quark two-Higgs-doublet
model, then calculate the new penguin or box dia-
grams induced by neutral Higgs bosons, extracting
out the new physics parts of the Wilson coefficients
in the T2HDM and giving the related formulae for
branching ratio Br(B — X.1*17).
present the numerical results for the branching ratios
of the rare decays B — X 171~ in the SM and the
T2HDM.

In Section 3, we

2 Rare decays B — X I"l” in the
T2HDM

In this section, we present the basic theoretical
framework of the T2HDM and calculate the new
physics contributions to the Wilson coeflicients in-
duced by the loop diagrams involving the neutral
Higgs bosons.

The new physics model considered here is the
T2HDM proposed in Ref. [11] and studied for exam-
ple in Refs. [10,12—14], which is also a special case of
the 2HDM of type I, The top quark is assigned
a special status by coupling it to one Higgs doublet
that gets a large VEV, whereas all the other quarks
are coupled only to the other Higgs doublet whose
VEV is much smaller. As a result, tan (3 is naturally
large in this model.

The Yukawa interaction of the T2HDM can be

written as follows!™":

Ly = _ZL¢1E1R _@L¢1FdR —GL% G1 (1)UR -
Q.6:G1®ug +H.c. (1)

where ¢; (i = 1,2) are the two Higgs doublets with
q~5i = ine¢;; and E, F, G are the generation space
3 x 3 matrices; @1, and L;, are 3-vector of the left-
handed quark and lepton doublets; 1™ = diag(1,1,0);

1?9 = diag(0,0,1) are the two orthogonal projection
operators onto the first two and the third families
respectively.

The Yukawa couplings for quarks are of the

form!*"
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{—ULVmDDR[G+ — tanﬂHﬂ +

UrX'"VDy[tan f+cot B|H' +h.c.}, (2)

where G* and G° are Goldstone bosons, H* are
charged Higgs bosons, while the C'P-even (H° h°)
and CP-odd A° are the so-called neutral Higgs
bosons. Here My and Mp are the diagonal up-
and down-type mass matrices, V is the usual
Cabibbo-Kobayashi-Maskawa (CKM) matrix and
X = MyUi1®PUg. U} is the unitary matrix which
diagonalizes the right-handed up-type quarks as de-
fined in Ref. [12].

The effective hamiltonian inducing the transition

b — slt1™ at the scale u has the following structure':

W= —%Vé‘@b ;[Oi(u)@(u) +Co, ()Q:i(w)],
(3)

where C;(p), Cq, (1) are the Wilson coefficients at the
renormalization point u = myw, O;’s (i = 1,---,10)
are the operators in the SM and are the same as

those given in Ref. [2], and @,’s come from exchang-

ing the neutral Higgs bosons in T2HDM and have
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been given in Ref. [16]. Gr=1.16639x 107°GeV 2 is
the Fermi coupling constant, and V' V;,, is the CKM
factor. We work in the approximation where the com-
bination (V*V,,;,) of the CKM matrix elements is ne-
glected. The top-quark and charm-quark contribu-

tions are added up with the results in the summed

form.
H*G* u,c,t u,c,t
u,ct HE W= H* {H*
H h,A° {H,h,A THO b0 A
i T ’ [T T
u,c,t Ht
b s b "‘u,c,t s b S
HEIGE :
{HO B0 A0 opoar  HS §W+
I 11 11 n 1
Fig. 1. The typical Feynman diagrams for the

decay B — X:171™ when the new physics con-
tributions from the loops involving the neutral
Higgs bosons in T2HDM. The box diagram in
the lower right corner is an example of the di-
agrams involving the charged Higgs boson.

i=c,t hO0

M\%V T —1—|—7(2Tv)ib
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mg

M,

2
M+

T 2
mho

m?(2m7, +mio —2ml,) (_1 N (

m; Vip

2 2
M Mio
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YTV
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In the framework of the SM, the rare decays
B — X, 1*1™ proceed through loop diagrams and are of
forth order in the weak coupling. The dominant con-
tributions to this decay come from the W box and Z
penguin diagrams. The corresponding one-loop dia-
grams in the SM were evaluated long time ago and
can be found for example in Refs. [17, 18].

In the T2HDM, the B — X171~ decays proceed
also via additional loops involving the charged and/or
neutral Higgs bosons exchanges. In Ref. [10], we have
given a detailed derivation of the lengthy expressions
of the T2HDM corrections to the relevant Wilson co-
efficients induced by the loop diagrams involving the
charged Higgs bosons. Here we first consider the neu-
tral Higgs bosons contributions to the Wilson coefli-
cients.

At the high energy scale puw ~ My, the lead-
ing contributions to Cy, come from the diagrams in
Fig. 1. By calculating the Feynman diagrams, we find
analytically that

(tan® B+ 1)) Bo(y:) — mzio By (;) -

my,

(cot® B+ 1)> (2C01 (5,1, wu+ ) — Cra (5, 91, wmr ) ) +
(2011(5517yi755H+) - 022 (:EiuyiaxH+)) +021($iayia$H+ ):| +

PIAVAN _ _
—1) [(‘14‘@(00#54‘1)) 011(9517yia$H+)+Co1(£UiayiaiﬁH+) +

1S

(cot26+1)) X
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OQS (MW) = 2 (OQl (MW) +OQ2 (MW))a (6) = yln[:c] — zln[y] —ln[z]
mlgs COI (337%2) = 9
(I—z)(1-y)(1-=z)
My, = 1
Co,(My) = Co, (M Co, (M 7 = —
Q. (M) g ( @ (M) = Co, (M), (7) Cu(z,y,2) 209 =7
2
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where fac YR K Vi Vi (Vi Vi), I—o0-2) n[z],
T+ = myy /Mg, x = mi /Mg, yi = m?/mi,, and Con(2,y,2) = g—#ln[y]—k (10)
Q'vo = Q;0 = tanf(—cot ) for ¢(t) quark. The one- ( 1_96)( ~Y)
loop integral functions that appeared in Cg, (M) mln[z],
and Cg, (Myw) can be written as Ot ) _3r+5y+2-3
2(T,Y,2)=
_ 6(1—y)2(1—2)2
Boy) = 1+ nly, R
o iy
y (In[z] In[y] 31-z)(1-y)*
B (z,y)= - ) 1
z—y\l—az 11—y In[z]
(9) 31—z)(1—2)3?
_ vy,
Co(y) = 1—y + (1—y)2 nfyl, Neglecting the strange quark mass, the effective
1-3y y? Hamiltonian Eq. (3) leads to the following matrix el-
Culy)= 4(1—y)? 201—y)? Infy], ement for the rare decays B — X 171~
aerrlG e
B M= > /o Fth { C i swwpl,(l—i—%)bl%l—i—
y—3 1 Cov 57 (1 =75)blul + C5, 57, (1 =75)bl,s0 +
ChW) = 1= o Infy],
(1-y)* 2(1-y) . . _ >
CQIS(I—F’Ys)bZZ—FOQzS(l+’}/5)bl’}/51 . (11)
Chm) = oL p Ly
al 2(l-y)  (1-y)? v with ¢ the momentum transfer.
O (y) = —11+7y—2y? 6 n[y] The Wilson coefficients can be evolved from the
* (I-y)? (I—y)* 7 electroweak scale pw ~ My down to the low-energy
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scale 4 ~ my, according to the renormalization
group equation[s]. The mixing of the operators O,
(i = 1,2,---,10) in the SM has been studied and
the anomalous dimension matrix (ADM) has been
given in Refs. [3—6]. Neglecting the mixing between
O;(i=1,2,---,10) and Q;(i = 1,2,---,10), the effec-
tive Wilson coefficients including the charged Higgs
bosons contributions at the low scale u =m, can be
found in Ref. [10].

The operators 0;(i = 1,---,10) and Q;(: =
3,---,10) do not mix into ¢, and @, and there is no
mixing between ); and Q2[19]. Therefore, the evolu-

tion of the Wilson coefficients Cg, and Co, is
CQi (/Lb) = 77712/230Q¢ (MW) ’ (12)

where n = a,(Mw)/a ().

In order to eliminate the large uncertainties due

to the factor m{ and the CKM elements appearing in
the decay width for B — X, 1717, it has become cus-
tomary to normalize the decay to the semileptonic
decay rate. The integrated branching ratio in low-g?2
region can be written as!® 2%
Bry = Br(B — X.Iv) J R(3) | (13)
where § = ¢*/m} with §,=1/m? and §, =6/m?, R(5)
is the differential decay rate for the decay B — X 171~
and has been derived in Ref. [16]

2

d
T (b=s*)

AN _azm V[;Vcb
RG) = Srp s e |
(1—3)2 4\
e (-F) pe. A
where
D) = 457 (14 %) (142) +

~ 2
|Cett |2 (1+§) (1+28) +
~eff |2 a 2r
|C5o | 1—87‘—&—284—? +
~eff Freffx 2r
12Re(C5" Cg™) 1+? +
3 . 3 .
5100, P(8—4r)+ 5|Cq, *3+

6Re(CEI Oy, )ri/2 (15)

me/my, f(z) = 1—822+

820 — 28 —242*Inz is the phase-factor, and r(z) =~

2 1
_20.() [(ﬂz—?’z> (1—2)%—%] is the single gluon

— 2 2 —
Here r = my/mi, z =

1

37
QCD correction to the b — cev decay.

3 Numerical result

In numerical calculations, we will use the follow-

ing input parameters
mq= 5.4MeV, m,=150MeV, my, =4.6GeV,

m.= 1.4GeV, m(m;)=165.9GeV,

mp, = 5.279GeV, mg, =5.367GeV, (16)
A= 0.853, A=0.225, p5=0.20-+0.09,
7= 0.3340.05,

where A, A, p and 7] are Wolfenstein parameters of
the CKM mixing matrix.

From the data of the radiative decay B — X,y
and B° — B® mixing, we found strong constraints on
the parameter space of the T2HDM"?. Here we will
consider these constraints in our choice for the free
parameters of the T2HDM.

On the experimental side, the average of the mea-
sured branching ratios of B — X171~ (1=e, ) for the
low dilepton invariant mass region (1GeV? < mj =
¢*> <6GeV?) as given in Ref. [1] is

Br(B—X,I"17) = (1.60£0.51) x 10~%.  (17)

At NNLO level, the SM prediction after integrating

over the low-¢? region reads

Br(B—X,I"1") = (1.58£0.08|,,, £0.07|,,, £
0.04|ckn +0.06],,, 4+ 0.18] ., ) x 1070 =

1.58+0.13+0.18 x107¢ . 18
Hw

where the errors show the uncertainty of input pa-
rameters of my, A, p, 7 and my,, and for m,/2 <
t, < 2my,. The last error corresponds to the choice
of uw =120GeV, instead of pw = My. Since here we
focus on the new physics corrections to the branching
ratios of B — XTI~ decay, we will take pw = My in
the following unless stated otherwise.

The new physics corrections to the branching ra-
tio of B — X117 (1 = e,p) in T2HDM are shown
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in Fig. 2 and Fig. 3. The band between two hori-
zontal dot lines refers to the data within lo error:
Br(B —X,1*17)=(1.60+£0.51) x 10~°; while the solid
line corresponds to the central value of the SM pre-
diction at NNLO level: Br(B — X 1717) =1.58x107°.
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Fig. 2. Plots of the branching ratios of B —
XJT1™ vs the mass my+ in the SM and
T2HDM for § = 0°, myo = 160GeV, myo =
115GeV, mao = 120GeV and for tan = 10,
tan 8 = 30, tan 8 = 40, respectively.
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Fig. 3.
XJIT1™ vs the mass mao for § = 0°, my+ =
300GeV, myo = 160GeV, myo =115GeV, and
for tan 8 =10, 30, 40, respectively.

Plots of the branching ratio of B —

In Fig. 2, the dot-dashed and dashed curve little
above the solid line (SM prediction) are the T2HDM
predictions for tan 3 = 40 and 30 respectively, when
only the new physics contributions from neutral Higgs
bosons are taken into account (the case A), while
the dot-dashed and dashed curves below the solid
line (SM prediction) show the corresponding T2HDM

predictions when the new physics contributions from

both the neutral and charged Higgs bosons are in-
cluded (the case B). For tan < 10, the new physics
contributions in both case A and B are always very
small and can be neglected safely.

In Fig. 3, we show the the mao dependence of
Br(B — X,1*17) for § = 0°, my+ = 300GeV, muo =
160GeV, muo = 115GeV, and for tang = 10, 30,
40, respectively. Again, the dot-dashed and dashed
curve little above (below) the central solid line are
the T2HDM predictions for the case A (case B) and
for tan 8 =40 and 30 respectively. For tan3 < 10, the
curves in the T2HDM cannot be separated with the
solid line (SM prediction).

For the CP-even neutral Higgs boson H® and h°,
we have the similar results. The neutral Higgs bosons
contributions to the decays B — X 171~ are always
very small if their masses are heavier than 100GeV
as suggested by the direct experimental searches.

To summarize, we have calculated the new physics
contributions to the rare B meson decays B — X171~
induced by the loop diagrams involving the neutral
or charged Higgs bosons in the top-quark two-Higgs-
doublet model, and compared the theoretical predic-
tions in the SM and the T2HDM with currently avail-
able data. From the numerical results and the figures,
we found the following points.

(i) The neutral Higgs contributions to the branch-
ing ratio Br(B — X,It17) interfere constructively
with their SM counterparts, but small in magnitude.
The charged Higgs, however, can provide large new
physics contribution to both B — X,y and B — X 111~
decays.

(ii) The neutral Higgs contributions to the branch-
ing ratio of B — X,1*1~ decay can be neglected safely
if their masses are larger than 100GeV and tan 5 < 40.

(iii) Within the considered parameter space of
the T2HDM, the theoretical predictions for Br(B —
X ]I*17) always agree well with the measured value

within one standard deviation.
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