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The exclusive By — yITI~ decay is analyzed in the framework of a family nonuniversal Z' model
by calculating the differential branching ratio, double lepton polarizations, and forward-backward
asymmetries. Our results are compared against those of the Standard Model. The predictions of this
work are hoped to be tested in the near future at LHCb.
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I. INTRODUCTION

The rare decays in the SM proceed via the flavor-
changing neutral current (FCNC), which are forbidden at
the tree level. The rare decays are one of the best grounds
for testing the predictions of the Standard Model (SM) at
quantum level. Moreover, these decays are also very
promising for establishing new physics beyond the SM
indirectly. With operation of the LHCb, new windows are
opened for searching of rare decays. Recently, LHCb and
CMS Collaborations [1,2] have announced the observation
of B, — putu~ decays. This decay is helicity suppressed,
and its matrix element is proportional to the lepton mass.
The branching ratio for the y*u~ channel is 1.8 x 107 in
the SM. In this sense, the observation of this decay is a
great achievement in particle physics.

Another rare decay that can be measured in LHCb is the
B, = ¢"¢ "y transition. The main feature of this decay is
that the helicity suppression is overcome. For this reason,
despite that the width of this decay has an extra factor of
fine structure constant a, it is comparable to the decay
width of the pure leptonic B, — ##~ channel. Indeed, it is
shown in [3] that the B, — "¢~y decay can have a larger
branching ratio compared to that of the B, » '/~
channel. As has already been noted, B, — #*#~ and
consequently B, — £7¢~y decays are both sensitive to
the existence of new physics beyond the SM. One possible
extension of the SM is the family nonuniversal Z’' model,
which contains family nonuniversal U(1) gauge sym-
metries. Such type models appear in some low-energy
manifestations of the string theory [4] and E¢ models [5].
Detailed information about this model can be found in [6].

In the framework of this model Bq—Eq mixing,
B - Xutu~, B, - utu~ decays [7]; B - K*¢T¢~ [8],
B, — ¢utu= 91, B— K £T¢~ [10], A, - Acte [11],
and ¥, — XuTu~ [12] processes have already been inves-
tigated, respectively. In the present work, we study the rare
B, — £T¢"y decay.

The work is organized as follows: In Sec. 2, we present
the matrix element for the B, = "¢y decay. In Sec. 3,
the expressions of the differential branching ratio, double
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lepton polarization, as well as forward-backward asymme-
tries are presented. The last section is devoted to the
numerical analysis and discussions.

II. THE MATRIX ELEMENT FOR THE
B, —» ¢y DECAY

As is well known, the B, — £7¢~ decay is described by
the b — s£T¢~ transition at the quark level. In the SM, the
effective Hamiltonian for the b — s£ ¢~ transition can be
written in the following form [13,14]:

aemGF o) — 7
W Vi Vi {Cgff(ﬂ) [57,4(1 - Vs)b]f}’,/

+ Cio(W)[57,(1 —y5)bZy,y5¢

= 2C3(0) Zymyfso (1 + mb]?yﬂf}, ()

Heff =

where V,, and Vj; are the elements of the Cabibbo-
Kobayashi-Maskawa mixing matrix, Cy(u), C§(u)
and C&(u) are the Wilson coefficients. If the mixing
between Z and Z' is neglected, the contribution coming
from Z’ can be described by just modifying of the Wilson
coefficients without introducing any new operator struc-
ture. The expression of the effective Hamiltonian describes
the contribution of the Z' boson. It can be written in the
following form [15,16]:

2G BL B -
A F * sb2 ¢t <
H” = Vi,V 1 —y5)bly,(1 —ys)C
\/E thV ts thv;ks syﬂ( yS) Yy( 7/5)
L BB (1= y5)bZy,(1 + y5)¢ )
thv;ks 7/4 75 y/l Vs s

where BL, = |BL,|e's and BLX correspond to the inter-
action vertex of Z' with quark and leptons, respectively.

In order to take into account the contributions coming
from the Z’' boson, it is sufficient to modify the Wilson
coefficients C§' (M) and C1o(My) in Eqgs. (1) and (2) as
follows:
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4 BL,
Csff - 9t = Cst — 22 (28.82) L (BL, + BR,)
ag wVis
4 BE
Ci— C% = Cyy + (28 82)—2_(BL, —B%), (3)
thvts

where ay is the strong coupling constant. It should be noted
here that C; receives no contribution from Z’, and the
evolution of C§* and C'jj from weak to u = m,, scale should
be the same as in SM.

The Wilson coefficient CS in the SM is given by [17]:

A 8
C(my,) = W%C7(/"W) +3

3 (77% - ﬂ%)cs(ﬂw)

8
+ Cy(uw) Z hin“, “)

i=1

where

<14 16 6 12
a; =
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Cz(ﬂw) =1,

Colhaw) = 3 Dol,).

Cy(uw) = —%Eo(x,).

Dy(x;) and Egy(x;,) are to be functions of (x;) and
x, = m?/m3,. m? and m3, are the top quark and W boson
masses, respectively. Dy(x,) and Ey(x,) are defined as

(8x; +5x7 —7x,)  x*(2—3x,)

Dy(x,) = — Inx,,
o(x:) 121 —x,)° 21 —x)*
x,(x? —5x,—2) 3x7
Eo(x,) = — Inx,. 5
o(x;) 20— x ) TR 5)

The coefficients a; and h; in Eq. (4) are given as

0.4086, —0.4230, —0.8994, 0.1456> ,

23'23°23" 23’
3
h; = <2.2996, —1.0880, — =, 1 —0.6494, —0.0380, —0.0186, —0.0057> , ©6)
and the parameter # is defined as
n= Ay (/’[W) ,
O (ﬂb)
with
0.118
as(x) =

1 - Radin)

The expression for the Wilson coefficient CS(3) is given as [17]

C§(8) = C3PRn(8) + h(z,8)(3C, + C3 +3C5 + C4 +3Cs + C4) — Eh( $)(4C3 +4Cy +3Cs + Cy)
1 2
—Eh(O, $)(C5 4+ 3Cy) +§(3C3 + C4 +3Cs + Cy), (7
I
P W B _
where § = g~ /mj, m, = m,/mp and Yolx,) = Xp % 4+ 3x; x|,
8 lx,—1 (x,—1)?
Yo(x,) 18x} — 163x] +259x7 — 108x
CNDR PNDR — 47 P.E _ t t t t
+—— Sin20,, o(x,) + PEE(x;). Zy(x;) 144(x, — 1)
32xF —38x) — 15x% + 18x, 1
Note that the small contribution coming from Ppr is 72(x, — 1) ) Inx. (8

neglected in further numerical analysis. In the naive
dimensional regularization scheme, we have P)PR =
2.60 +0.25 [17], and the remaining two functions Y (x;)
and Z(x,) are expressed as

The coefficients #(5), w(8), h(y.$), and h(0, ) in Eq. (7)

are given as
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where y =1 or z=m./m;, and Li,(8) is the Spence
function.

The remaining Wilson coefficients C;(j = 1,
given as

...6) are

8
Sk =16,
i=1

and the constants kj; have the values

1 1
k': _a__70707070 )
1i (2 B >

11
ko = 0,0,0,0
2i — (22 >

1
ks; = (_ﬁ G 0.0510, —0.1403, —-0.0113, 00054>

1 1
ky = (— TR 0.0984,0.1214,0.0156, 0.0026> .

ks; = (0,0,—0.0397,0.0117,—0.0025, 0.0304),
ke; = (0,0,0.0335,0.0239, —0.0462, —0.0112).

The Wilson coefficient C§* receives also long-distance
effect contribution coming from real cc. In the phenom-
enological Breit-Wigner ansatz, the long distance part Y; p
is defined as

32C0) OV, = ¢ )my,
Yip=——5 Z S — p—— YL (10)
Ty T T Ry,

where CO = 3C1 + C2 + 3C3 + C4 + 3C5 + C6 and K; is
the phenomenological factor for the lowest two resonances,
which is predicted to be k;,, = 2.3 [18]. After these
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preliminary remarks, we can now proceed to study the
problem under consideration.

As we already noted, the B, — "¢~y decay can be
obtained from B; — #T#~, which is described by b —
s¢T ¢ transition, by radiating the photon from any internal
and external charged particles. Having the effective
Hamiltonian for the b — s£*#~ transition, our next prob-
lem is to find the matrix element for B, — ¢y decay.
We have following three different contributions:

(1) The photon is emitted from the initial quark fields
(i) The photon is emitted from final charged leptons.
(iii) The photon is radiated from charged particles in

the loop.

The contributions of the diagrams when photon is
emitted from internal charged particles is proportional to
factor m? /m3,. For this reason, this contribution can also be
safely neglected. The contributions of the diagrams when
the photon is emitted from the final state charged lepton
(this part is the so-called Bremsstrahlung part and is
proportional to the lepton mass, which follows from
helicity arguments). The matrix element corresponding
to this contribution is

aGF
2V2x

M]Z

Vi ViserfgCio2my {7 ( gPB PBS) }

2p1k szk
(1D

where Py is the B meson momentum and f is the decay
constant of the B meson.

The matrix element for the B, — £T¢ "y decay when
photon is radiated from initial quarks can be written as

(ZGF
2V2n

x {c;mz?y,,ﬂy(k)wy,,(l o )blB(p +K)
+ %2y, st (y(k)|5y, (1 —y5)b|B(p + k))
. ny, - _
- 26 Er, 5,1 +75)blB(p + k>>}.

(12)

M, = (y[Hex|B) = Vi Vis

The matrix elements in the above-expression are defined
in terms of the form factors as follows:

(r(k)[57,(1—75)b|B(p +k))
= %{e,me;qﬂkggwa +ile; (k-q)— (e
(v(k )ISl wdy(1+75)b|B(p+k))
= m_é{eﬂbﬂo'e:;qikﬁgl (¢%) +ile;(k-q)

— (& q)k,]f(g*)]}, (13)

" Q>k;t]f(q2>}7
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where ¢, and k,, are the four vector polarization and the four vector momentum of the photon, respectively, and a(@?), f(q%),
g1(g%), and f,(q?) are the transition form factors.
The matrix element for the B, — £ ¢~y decay is the sum of M, and M,; i.e., M = M, + M,. Using Egs. (11)—(13)

for the differential decay width, we get

dr aGF 2 a 1 1-4r 4r
— = | —V,Vi| ——mnl — 3d\/1—72 Al> + |B]*)(1 — 2
45 2/an bV 1s (2”)37’”371' 12é x’dx 1_xmB[(| I>+ |B]?)( x+2r)
1—4r 1+,4/1-7
+ (IC)* + |D)*)(1 — x — 4r)] —2C10f3r/ x?dxRe(A)In
S 1— 1 — 4r
1—x
1 1—4r 4 2 1+ 1—% 2 4
_4|fBC10|2r_2/ dx <2+_r__—x>1n71+—(1—x) [— , (14)
mg Js X X 1— 1_14% X 1—x

where the fp is the leptonic decay constant of the B meson, x = % is a dimensionless parameter with E, being the photon

2
energy, and r = :Z—é The lower limit of integration over x comes from imposing a cut § on the photon energy (for details,
B

see [3]).
In further numerical analysis, we use the results of [3] for the form factors, which are given as

1 GeV 0.8 GeV. 3.74 GeV? 0.68 GeV?
9(q*) = PR fla*) = 9(q*) = P fil@?) = A5 (15)
(1-3%) (1—ﬁ) (1—45%) (1-%)

Since Z' boson contributions are introduced by just modifying the Wilson coefficients C§ and C |, the expressions of the
doubly and singly polarized leptons are the same as given in [19-21], in which the exphc1t expressions are as follows:

1 (1 |
Pr(8) = W{ FEmE{(1=58)*(Z) +Z4) — 28+ (1 +8°)0%|Z5 + [28 — (1 +3%)0*|Z6 } | F|? _Z—rhfmeBg[g(l +58)0?
+m3(1—38)(2 =28 =202 4+ 280% + v* + 501 Zg — m3 (1 — %) v’ Zo|Re[(A] + B})F]
—3;2%32(1—S)z(l—vz)zRe[ATBl+A§Bz]—§mé3“(1—§)2(1+3v2)(lA1|2+|Az|2+|31|2+|Bz|2)}, (16)
4
Pux(5) = 755 a3 V(1 = F)2ImIALF — BFIT; — dnfama/3(1 = 5)(1 = VT= ) Im{(43 + By)FL). (17)
Py (3) —ﬁ{fgm%\/_(l — $)0Xm[—AF + BiF|Z, + 4nf pmpV3(1 — 3)(1 — V1 —02) Im[— (A} + B3)F]},  (18)
1 4
Pur(s) = 557 { 75 P (1= )0l + S)FPITs + T+ Lafyma V1 = 5)(1 = V= 2)
Re[(A% — B})F] + 2mpi,Re[ATA, — BiB,] — %ﬂmeBx@(l +3)(1 = V1 —1®)Re[(AT + B;)F}}, (19)
4
Pr.(3) = Aéﬁ) {—\}Ef%m%mf(l $)o[(1 4 3)|FPPI(Z> + Za) —;”meB\/g(l =51 —-V1-2)

x Re[(A} — B3)F] — 2mpi, Re[AA, — BiB,] — %nmeB\@(l +35)(1 = V1 — v?)Re[(AT + BT)F]}, (20)
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A ! A A * * ~ A * *
Pyr(3) = AG) {2f3m%mf<1 — 8)*0Im[~A{F + B{F|(Zy — o) — 2f gmyis(1 — 3*)vIm([(A5 + B3)F|(Zg — Z)

- gmB(l —§)%vIm[—mpS(AB; + A;Bz)]}, (21)

a 1 A A * * A P * *
Pry(3) = —= {szm%mf(l — 8)?0Im[A}F — B{F|(Zy — Zo) — 2f pmyii(1 — 3%)vIm[(A; + B3)F|(Zg — Zo)

AG)
+§m3(1 — 3)2vIm[—mg3(AiB, +A;Bz)]}, (22)
Pan(5) = 57 { AL+ )T = (1= DITIFP 4 S50 — 3P CRelA By + ASBD ) 2
Prr(5) =557 { T3~ (1 =3P =0T 1= =45 (1 = )T, = (1 =) (1 =5 Tt (1 =) (1= )T P
—4f gmyiny(1—5)°Re[(A} +B})F|(Zs —Zo) +mpitrs(|A, [ +|As]> + B, [ +| B, [*)]
Sm(1- 92 (RelAiB +A§Bz])}, (24)

where

A(8) = 16mpin, (1 — 3)*(Re[mprin, (A{B, + A3B,)]) + (1= 3P [mE3(3 + v?)(JA P + [As* + [Bi[* + | B2 )]

1
—Ef%m%|F|2{(1 = 8)20%(Zy +I,4) — (1 + 82 +280°)T5 — [1 — §(4 — 3 — 20%)|Z¢}

+ 2f gmpi Re[(AT + B})F)[8(1 4 8) + m3(1 — 82)02Tg + m3(1 — 3)(1 — 33)L,).

In the expressions given above, v = /1 — 42 /5 is the lepton velocity, and

_ eff 5
a1 = 4105 = 5 ) () + (G16) = o5l
220G e e
Ay =A,(8) = T(mb —my)fi(q”) + <C9 (8) = Co(8))f(a°).
By = B1(5) = = my + ) () + (G6) + Cua(5))o(a?),
_ eff 5
B2 = B:(8) = > my = ma(a?) + (G(5) + Cuo) ()

F=F(38) =4m,Cy(3).

where 7, is determined as

where
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F-—° Fy= © Fy= : P
(k) (pa k) 2 (pi k) (py k) T (prk)(pa k) TR
z 1 z 22 1
Fs= R . Fo= . Fe= B
: (Pl 'k)2 ° (Pl 'k)2 ! (Pz k)2 s Pk ’ p1k

Finally, we present the expressions of the polarized forward-backward asymmetry, which are very sensitive to the new
physics effects. The explicit expressions for Agp are given as

1 4
ALL = A {—4m123§(1 —3)*vRe[ATA, — BiB,] + rh—fvamBg(l —3)(1 —2?)InRe[(A} — B;)F]},

1 ~ A * * * *
AFB—K{ 3 BV (1= 820 (1= 0?) (mATB, + A3B) = fym V(1 = 5)(+myIml(A] — A3 — B — BS)F

—S(AT+ A3 - By + Bzm)u},

1
AYE = 2113 my V' §3 v(1 — v?)(—Im[A% B, + A3B,]) — mglm[(A% + A5 — Bt + B})F
~5(A - A~ By —Bé)F]h}
1 A 8 A ~ A * *
A = {3 (1= S TRIAL P+ Ao+ B + B+ S i V5(1 = 9 (Relai B -+ 4385)
\/—meBmf(l =) =8)(|FP)T1 + T2)] = fompV3(1 = 3)v’Re[(A; — B3) F'] T4
+f3m%\/§(1 —3§)%(2 — v*)Re[(A; +B*1‘)F]J4}. (25)
|
J; represent the following integrals Among the remaining input parameters of the family
nonuniversal Z' model, using the latest improvement
1 0 measurements on B meson decays in [22] for the Z-
J / Gi(z)dz — / Gi(z)dz, coupling parameters, |BL |, BL,, and BE, are obtained:
|BL | <0.96 x 107 (Scenario 1), |BL|<0.42x 1073
(Scenano 2) with ¢L =—92 430" Here Scenarios 1
where

and 2 correspond to cases that BR® =0, BL, = BR|

respectively. Using the bound on the mass of the Z’ boson

V1—22 V1—-22 with what follows from the analysis of the B — u* /f
RN N decay (see, for example, [23] and LHC data [1]), for the B
and BR parameters, we get what is presented in Table I

V1—27? V1 —z? 2 In Flg 1, we present the dependence of the differential

o ’ (26) decay rate on ¢> for B, — £+*¢ "y for the e, u, and 7

channels. For completeness, the result for the SM is also

shown in the same figure. From this figure, we see that the

III. NUMERICAL ANALYSIS

For performing the numerical analysis, we use the
following input parameters entering into the expressions
of the branching ratio, double lepton polarization, and

TABLE 1. The values of the Z'-model parameters for two
different scenarios. For mass of Z’' boson, we put mz = 3 TeV.

forward-backward asymmetries: m, = (173.5 4+ 0.6) GeV, |BL,| x 1073 (pé(o) BL, x 1072 Bf x 1072
= (484 0.1) GeV, m = (146 +0.05) GeV, my = 7 o0 = ” "
_ -3 . — —1. .
(80385 £ 0.015) GeV., m, = (105.658) x 107 GeV, ', 04 oy 30 Y 0

IV, Vi| = 0.041, and G = 1.17 x 10~5 GeV2.
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dr
lO‘gx—A(B—>yr*‘r‘)

dr
10°x —(B->yete)

, dr
10X —(B—>yu* ")

0 5 10 15 20 5 10 15 20
4*(GeV?) 4*(GeV?) 4*(GeV?)

FIG. 1 (color online). The dependence of the differential decay rate of the B — yI*I~ on g> for u, 7, e leptons.

~0.9975 F —065F
~070 F
-0.9980 F ] 0.2
~ ~ -075F r~
'3 * =
S 09985 | ] 1 <
< ~0.80
) i [ o
2 _09990F S -oss) 2
- &
& ~090 f &
~0.9995 -
~095 |
~1.0000 .
5 10 15 20 5 10 15 20 5 10 15 20
¢*(GeV?) 7*(GeV?) 4*(GeV?)

Paxn(B-yr' 1)
Prr(Boyu*u”)
Prp(B-yr*t)

10
7*(GeV?) 7*(GeV?) 7*(GeV?)

10

10

FIG. 2 (color online). The dependence of the P, , Pyy, and Pyy polarizations of the B — yI*1~ decay on ¢> for 4 and 7 leptons.

differential branching ratios seem to be quite sensitive to g regions Z' gives considerable contributions to the Pyy
the existence of Z/, but only at the “low ¢>” region. and Pyy polarizations. In this region, a careful study
Therefore, careful analysis of differential decay rate in  of these polarizations can be useful in conforming the
the low ¢> region can be useful for establishing the  existence of Z'.
existence of the Z’ boson. The dependence of the polarized forward-backward
In Fig. 2, we depict the dependence of the double lepton ~ asymmetry A;; on ¢ for the y and 7 channels is presented
polarizations P;;, Pyy, and Py on ¢ for the 4 and 7 in Fig. 3. From these figures, we observe that at the low g*
channels. It follows from these figures that at low and high  region, the values of A, ; are different for both channels in

05t SM —
St

Aps(Bo—yp' )
AR5(B,»yT*TT)

0 5 10 15 20
¢*[GeV?] 4*[GeV’]

FIG. 3 (color online). The dependence of the ALL polarizations of the B — yI*I~ on ¢* for u and 7 leptons.
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the SM and Z’' models, especially for the S2 scenario. This
observation can serve as a useful tool in the search of the
Z' boson.

IV. CONCLUSION

In the present work, we studied the B, — £#+¢ "y decay
in the family of nonuniversal Z’ model. We investigated the
possible contributions of the Z’ boson to the branching
ratio, double lepton polarizations, as well as polarized
forward-backward asymmetries. We observe that studying
these polarization effects in the low energy region 4m? <
g* < 8.0 GeV? can give useful information in discriminat-
ing the contributions of the Z' boson. The aforementioned
measurable quantities are quite sensitive to the Z’

PHYSICAL REVIEW D 89, 095016 (2014)

contributions, and discrepancies between the prediction
of the SM and the family of nonuniversal Z’ models can be
an indication for the existence of the Z’' boson. We hope that
the measurement of this channel can possibly be realized in
the near future at LHCb since its branching ratio is of the
same order as that of the B, —» #*#~, which has already
been observed at LHCb. Checking then the predictions of
the family of nonuniversal Z’' model might be helpful in
confirming the existence of the Z’ boson.
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