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Study of semileptonic decays B — #l*l~ and B — pl*1~
in nonuniversal Z' model
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Semileptonic B-meson decays induced by b — s(d)ITl~ flavor-changing neutral current (FCNC)
transitions are very important to probe the quark-flavor sector of the standard model (SM) and also offer a
probe to test new physics (NP). Although there exist a lot of precise results on b — sI*/ -induced
processes, there is a lack of sufficient data for b — dI™ [~ -induced decays. Here, we are interested to study
B — ™I~ and B — pl™I~ decays that proceed viaa b — dI*I™ transition at the quark level. In this work,
we investigate the differential branching ratio, forward-backward asymmetry, CP violation asymmetry,
and lepton polarization asymmetry in these two decay channels in a nonuniversal Z' model. We find a
significant deviation from the SM value of these physical observables for these decays which provide a
clear conjecture for NP arising from the Z' gauge boson.
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I. INTRODUCTION

In recent years, a broad amount of experimental data on
many observables of rare b-hadron decays have been
compiled by LHCb, ATLAS, and CMS experiments at
the LHC. Though we have found a puzzling list of
deviations between experimental and theoretical values
of flavor observables, there is no such direct evidence
for a new physics (NP) effect that shows a large discrep-
ancy from the standard model (SM). Some experimentally
observed parameters that show small inconsistencies from
the SM are the angular observable P; [1-5] of B —
K*u"u~ decay mode, the observation of more than 3o
deviation in the measurements of the decay rate of the
Bg — @uTu~ [6] process, the branching ratio of hadronic
decays b — sutu~ [7-9], and the observation of lepton
flavor universality (LFU) violation in Rx = %B(B' —
Ktutu™)/AB(B" - Ktete ) [10] and Ry = B(B —
K*utu)/AB(B - K*ete™) [11]. These deviations explain
several anomalies in rare B-meson decays particularly
which are induced by the flavor-changing neutral current
(FCNC) transition b — s(d). Thus, it is essential to study
these anomalies in various NP models as well as in a model-
independent way. Some of the NP models that can illustrate
these discrepancies from the SM are the models with an
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extra Z' boson [12,13] and/or additional Higgs doublets
[14] and the models with lepto-quarks [15-18], etc.

Rare B-meson decays which are induced by FCNC
transition b — s(d) play one of the most important roles
in the research area of particle physics, especially in the
flavor sector of the SM. These decays occur at the loop
level and generally are suppressed at the tree level in SM.
On the basis of many experimental observations, it is found
that the semileptonic rare B-meson decays are challenging
because of small branching ratio (O(107°) for b — s~
and O(107®) for b — dI* 1~ transition [19,20]) and due to
the presence of low p7 electrons and muons in the final
state which are very problematic to reconstruct, particularly
in hadronic environments. The exclusive semileptonic
decays B — MI*I~ (M is meson) require the concept of
B — M form factors in the full kinematic range 4m;*> <
q* < (mg —my)?. So, these semileptonic rare B-meson
decay channels have received special attention [21,22]. For
the semileptonic decay mode B — K(K*)ITI=, B — Il
B — pltl~, etc., the basic quark-level transition is
b — s(d)ITI~. Though there exist data for b — sI™I~
processes, the detection of decays having the b — d
quark-level transition is more problematic because of the
lower branching ratio. For the transitions b — dI*[~, three
CKM factors which are related to the 7, ¢¢, and uii loop are
of the order of 2* i.e., V,, Vi, Vo, Vi, and V,, Vi, ~ 24,
where 4 = 0.22. In addition, these c¢¢ and wuii loop con-
tributions are associated with different unitary phases
corresponding to real intermediated states. So, we get
the amplitude in such a form where different CKM phases
as well as different dynamical (unitary) phases are both
present. So the decays having this b — d transition have
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large CP violation quantities. It is also found that the
leading-order contribution for b — d quark-level transition
is smaller than that of the transition b — s. Hence, rare
semileptonic B-meson decays especially which are induced
by b — d FCNC transition give a signal for NP beyond the
SM. The effect of supersymmetry on some observables
of B— nt™t~ and B — pr™t~ two decay channels are
studied in [23], the decay modes —ze'e™ and B — pe'e”
are studied in the two Higgs doublet model [24], B —
zltl~ and B — pltl~ (I = 7, ) are discussed in the rela-
tivistic quark model [25], some of the angular observables
for the decay mode B — pu*yu~ are predicted in the SM
[26], and CP violation in the decay modes —ze™e™ and
B — pete™ has been studied in [27]. Here, we are
interested to study B — n/"l~ and B — pltl~ decays in
the nonuniversal Z' model.

The nonuniversal Z' model is one of the most important
theoretically constructed NP models beyond the SM
[28-33]. Since the Z' boson has not yet been discovered,
its exact mass is unknown. But the mass of the Z' boson is
constrained by direct searches from different accelerators
and detectors [34—36] which give model-dependent lower
bounds around 500 GeV. Sahoo et al. estimated the mass of

the Z' boson from BY — B} mixing in the range of 1352—
1665 GeV [37]. If the Z' boson couples to quarks and
leptons not too weakly and if its mass is not too large, it will
be produced at the LHC and can be detected through its
leptonic decay modes. The main discovery mode for a Z/
boson at the LHC is Drell-Yan production of a dilepton
resonance pp — Z' — [Tl + X [38-40]. The LHC Drell-
Yan data [38—40] constraints three quantities namely mass
of Z' boson (M), the Z-Z' mixing angle (6,) and the extra
U(1) effective gauge coupling (¢). At the ATLAS, the mass
of the Z' boson is constrained as M,, > 2.42 TeV [38] for
the sequential standard model (SSM) and M, > 4.1 TeV
[41] for the Eg-motivated Z),. Z' bosons decaying into
dilepton final states in proton-proton collisions with /s =
13 TeV have been recently studied by the CMS
Collaboration [39] and predicted the lower limit on the
mass of Z' boson as 4.5 TeV in the sequential standard
model and 3.9 TeV in the superstring-inspired model.
Using the current LHC Drell-Yan data, Bandyopadhyay
et al. [40] have obtained M, > 4.4 TeV and the Z-7Z'
mixing angle 6, < 1073, when the strength of the addi-
tional U(1) gauge coupling is the same as that of the SM
SU(2), . In a classically conformal U(1)’ extended standard
model [42], an upper bound for the mass of the Z' boson is
estimated as My <6 TeV. Basically, flavor mixing
between ordinary and exotic left-handed quark sector
induces Z-mediated FCNC but right-handed quarks dp,
sg and by have different U(1)" quantum numbers which
induce Z'-mediated FCNC while mixing with the exotic gg
[43—47]. The FCNC transition mediated by the addition of
the Z and Z' bosons occurs at the tree level in the up-type
quark sector [48]. In the Z' model, FCNC b —s—Z7'

coupling is related to flavor diagonal couplings ggZ’
and, in this similar way, the Z’ boson is also coupled with
leptons like //Z’ [49]. The FCNC transition mediated by
both the Z and Z' bosons occurs at the tree level, and this
will hamper the SM contributions [46—48,50]. In this paper,
we study semileptonic rare B-meson decay modes B —
#ltl~ and B - pl™I~ (Il = 7,pu,e) in the nonuniversal Z’
model to probe the knowledge beyond the SM.

This paper is arranged as follows: In Sec. II, we present
general formalism where we discuss effective Hamiltonian
for b — dI [~ transition in SM and also define differential
decay rate (DDR), forward backward (FB) asymmetry,
polarization asymmetry and CP violation asymmetry
briefly. In Sec. III, we discuss the decay mode B —
zl*l™ in the SM and define the kinematic variables
associated with this decay. In Sec. IV, we discuss the
decay channel B — plTl~ in the SM. In Sec. V, the
contribution of the Z' gauge boson on the decay modes
B — #l"l~ and B — plti~ is discussed. In Sec. VI, we
present our predicted values of physical observables:
differential branching ratio, FB asymmetry, polarization
asymmetry, and CP violation asymmetry of B — zl™[~
and B — plTI~ decays with numerical and graphical
analysis. Finally, we present our conclusions in Sec. VIIL.

II. GENERAL FORMALISM

The semileptonic B-meson decay channels B — zl™[~
and B — pl*1~ involve a b — dI"[~ quark-level transition
[51]. Basically, the » — d transition involves three CKM
factors i.e., V,, V5, V., Vi, and V,,V*  which are com-
parable in magnitude and, hence, the cross sections have
significant interference terms between them. These terms
introduce the possibility of observing complex CKM
factors. In the SM, the effective Hamiltonian for the
transition b — dIT1~ is expressed as [51,52]

4Gpa . [ .
—=5 VoV ;c,»oi—ﬂu{cllol -0

+m%—@ﬂ, ()

He =

where we have used the unitary condition for the CKM
—V, Vi, and A, =27

ud
VisVia”
O, and O, are the current operators, Os........ O¢ are the
QCD penguin operators, and Og, O, are two semileptonic
electroweak penguin operators [51,53], G is the Fermi
coupling constant, and C; s are Wilson coefficients [51].
The operators {O;} are given in [54,55] by replacing s — d.
The other two operators Of and O} are represented as

matrix as Vi, Vi, +V, Vi, =~

O1 = (dyy,Prup)(igy* Prb,),
Og = (aayﬂPLua)(ﬁﬂy”PLbﬂ)v (2)
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where P; » = (1 F y5)/2. Here, we use the Wolfenstein
representation of the CKM matrix with four real parameters
4, A, n, and p, where 1 = sin - =~ 0.22 and 7 is the measure
of CP violation. So in terms of these parameters 4, can be
written as [23]

p(l=p)—n* . n
(I=pl+n* (1=p)+n

Now the QCD corrected matrix element can be written as

A, = +0(2%).  (3)

GFa
N

+ C(dy, PLb)(Iy"1) + Clo(c_lYpPLb)(z}”’le)}'

="y, v { 2cgff% (dic,,q"Pb) (Ty"1)

4)

The analytic expressions for all Wilson coefficients
(except CSfT [22,52,56]) are the same as in the b — s
analogue [27,51,52,55,57-61] and using the next-to-
leading-order QCD correction,

Cef = —0.315, Cio = —4.642, CM = 4.227,

(5)
and in next-to-leading approximation,

CST = CSM + 0.1240(3) + g7, 5)(3C, + C5 + 3C;
+ C4 + 3C5 + C6) +/1 ( (mwg) _g(ﬁluvg))

S04, 3)(C; +3C,)

x (3C, + C,) —
1
g(mb, )(4C3 + 4C4 + 3C5 -+ Cﬁ)

(3C3 + C4 +3Cs + Cq), (6)

@\l\)l\)l

ST = CSM 1 0.1240(8) + g, §
1 1
29("% §)(C343Cy) — 3

where

3
res 72

§—iny 24 lmVFtotal

% Z V_)ll)total ﬂgA
Ly

and

s )(3C1 -+ C2 + 3C3 + C4 + 3C5 + C6) +Au(g<l’hc, 3')

where 71, = —<. In the above equation, w(3) represents the

=
one-gluon correctlon to the matrix element of the operator
0Oy, and it can be represented as [62]

2 4 2
5+ 43 25(1 +3)(1 —28)
- In(1-=3§)— In$
3129 " Y a5 f
5+ 95 — 652

6(1—3)(1+25)"

and the function g(siz,,§) which arises from the one-
loop contributions of the four quark operators O; — Og
is given as

2

X{@@_yﬁ(ln(iyi:f;;)—m)

where y, = % g(m,, §) and g(7., §) describe the effects
of uiz and c¢ loops. So with this SM value of Cy, there are
two additional effective terms present in C§™—one is due to
the one-gluon correction to the matrix elements of the
operator Oy and another perturbative part arises from the
one-loop contribution of the four-quark operators O; — Og.
In addition to this short distance, this CST also receives a
long-distance contribution, which has its origin in the real
uii, dd, and c¢ intermediate states i.e., the p, w, J [y family
[52]. Now, by introducing the Breit-Wigner form of the
resonances prescribed in [63], Cgff can be written as

—9(/,,5))(3C, + Cy)

2
g(11,,8)(4C5 4+ 4C4 + 3Cs + Cq) + 6(3C3 + Cy +3Cs + Cg) + Y. )

[ (3C, + Cy 4+ 3C3 + C4 +3Cs + Cg) + 4,(3C; + Cy)}

mVBr(V — 1Y)y

B)BC +Cy)x > ol (10)

V=p,w §— mV + lmVFtotal
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m 3 VIt
g(rn,, 3) —>g(l’hc,§)——g . A( ) tota.l.
* V=_Ly'...... S V lmVFtotal
7
(11)
and

Br(V — It
iny? +lmVF

total

A A 3z
9l 3) = g(i,.3) [1——2 Y
a V=p,w s =

total

(12)

From Eq. (4) the expression of differential decay rate of
the decay process B — MI" [, obtained by the phase space
integration is given by [23]

dl'(B - MIt1™) mg 4m,
_ AV2(1,3, iy,
dsdz 7 (LS’
(13)
where § = =5, /iy, = 2Ly, = 22 are the dimensionless
mpg mg
quantities. A(a, b,c) = a* + b2 + ¢ —2ab —2ac — 2bc

is the triangular function. s is the momentum transferred
to the lepton pair which is the sum of the momenta of the /*
and /. my, is the mass of the meson particle M, and z =
cos 0 where 0 is the angle between [~ and B three momenta
in the CM frame of [*/~. From this differential decay rate,
we can define the expression of FB as [23,63]:

1 . dr 0 dr
Jo dz Bdz S0 dz dsdz

1 ;. dr 0 dar -
fo dz st ffl dz d5dz

Arg = (14)

To define polarization asymmetries, we first introduce
the unit vectors, S in the rest frame of /= for the polarization
of lepton [~ [23,64,65] to the longitudinal direction (L),
normal direction (), and transverse direction (7).

= (0.e0) = (0.2)

qXxXp_
St =(0,ey) = <O, >
w=0.ex) lgx p_|

= (0.ey xep). (15)

S";“ = (07 eT)

where p_ and q are the three momenta of /= and the photon
in the CM frame of the [T/~ system. Now boosting all three
vectors in Eq. (15), the longitudinal vector becomes

5 - (H, E”) (16)

my m1|P—|

Where the other two will remain the same. Now the
expression of polarization asymmetry can be written as

dris) _ dres,)
_ds _ d5 17)
dr(sy) 4 dr(=S,)’ (

& T &

P.(3) =
with x = L, N, T, respectively, for longitudinal, normal,
and transverse polarization asymmetry. We can also define
CP-violating partial width asymmetry between B and B
decay as

dr _ di

__ds ds
Acr = gr —ar (18)

ds ds

In the next sections, we calculate various measurable
quantities that we have discussed before.

III. B — #l*1- DECAY MODE IN THE
STANDARD MODEL

In order to investigate the B — #l*[~ decay theoreti-
cally, we have to determine the decay matrix element of
the weak current between the initial and final meson
states. It is essential to parametrize these decay matrix
elements in terms of invariant form factors. B — zl*i1~
decay involves the transition between the initial B meson
to scalar meson z. Using the form factors which are
elaborately discussed in Appendix B [23], the decay
matrix element of the weak current for the heavy to light
b — d weak transition between the initial B to final #
meson can be written as

Gra _
M7 = \/g” Vi VidA(ps), (Ir'l)

+ B(pp), (1) + C(lysh)}, — (19)

where
A= C§"F (¢*) —2C5"Fr(4*) (20)
B = C10F1(qz) (21)
2 mg® —mg’ 2 2
C=mCyy—Fi(q )+T(Fo(q )—Fi(q))

(22)

where F,, F; and F, are summarized in Appendix B and
values are given in Table X.

A. Differential decay rate (DDR)

From the above expression, we get the analytic form of
the differential decay rate of the decay as

dl'  Gp’mpg’a? 4in,?
%:%H/lbvtﬂ 12( 7r2> 1 _—zﬂ’

A

(23)
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where

2'\ 2
2, = A(1,5, m,2) (1 L2 )|A|2
S

21,2
n [ﬂ(l,s,mﬂ2)<1+ T
)

> + 24;@,2} |B|?

+6—|CP + 1221 (1 + § — i, 2)Re(C*B). (24)
mpg mpg
From Eq. (23), we can determine the expression of
differential branching ratio of the decay B — #l"/".

B. CP violation

To obtain the expression of CP partial width asymmetry,
first we have to write down the expression of decay rate I
and I" which is associated with the decays B — z/*[~ and
B — #lTI™, respectively. I' is obtained from Eq. (23),
whereas I can be calculated from the following expression,

dF(B i d ﬁ'l+l_) GF2m35a2 « 1 A
ds - 3% 29 x 7 |thvtd|2)“2(1’s’mﬂ2)

42
x\[1— a5 4 4lma,AL), (25)
S

e = {InGe)IF ) ~ 265 e Fr () ()

where

22
)M }/I(l,ﬁ,rh,,z)<1+ i ) (26)
mp + m, s

where &£, and &, can be obtained from the expression of
Cslt ie.

C§' =& + M. (27)

Hence, we can obtain the expression of CP violating
partial width asymmetry as

. —2ImA, A,
Acr) =5 otma, A, (28)

In this section, we have discussed two form factor
dependent kinematic variables DDR and CP violating
asymmetry for this decay B — xl"[~ whereas FB asym-
metry and polarization asymmetry are zero in the SM.

IV. B - pl*I- DECAY MODE IN STANDARD
MODEL

The decay channel B — pl™[~ involves the b — dITI~
quark-level transition. To the best of our knowledge, this
decay mode has been not studied experimentally yet. The

theoretical study of this decay is based on a type of effective
Hamiltonian approach where the heavy degrees of freedom
(e.g., gauge bosons and top quark) are integrated out [26].
This decay channel involves the transition from B meson to
vector meson p at the hadronic level. Now the matrix
element of the decay B — pl*[~ in terms of form factors
can be represented as follows [23]. These form factors are
described broadly in Appendix C.

MEP = [i €05 € PiaPA + €;B + (¢°q)(pp),Cl(Ir"])
+ [i €puap € P3G’ D + €,E + (€*q)(pp) , F]

x (Iy'1) + H(e*q)(Irs1), (29)
where
eff B
A=4 C; myT(s) + C§f 7(m:i zﬂp) (30)
eff
B=—2 T, (g = m 2)T(5) 3 5 -y A )
(31)
eff s
C=4 s7 mh{Tz(s) + mn(@}
e 7@2@%) (32)
D= Cm% (33)
E= 2 (my + m)A(s) (34)
F=Cy 7(;11/:24(:;)11,,) (35)
H=—Co g2 L 2 ) A (9)C (36

where V, A, Ay, Ag, Ty, T5, and T3 are summarized in
Appendix B and values are given in Table XI.

A. Differential decay rate (DDR)

Using this matrix element mentioned in Eq. (29) we can
write the expression of the differential decay rate as

dr GFZI’}’ZBS(X2 £ 1291 N oA D 47’,}\’112
%:mﬂlwvuﬂ 2(1,8,m,7 )\ /1 —
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with
27, 2 25
T, = 1+ )4(1,5,m,2) | 4mp23|A 1+12—"—|B?
= (125002 [P+ (14 125
2 2
+ ”iBZA(l,g,m,,2)|C|2+ = (1 — 1, +3")Re(B*C)] + 4mg?A(1,3,m,2) x (§ — 42| D|?
21, m,
2 [2(2r% + §) — 2(2i% + §) (10, ? + 3) + 24, (i, * — 2607 + §2) + 5(ih,* + 101,25 + 52)] Ep
mg? %8
2
+ 2’;132&,1(1, 8w, ) [ + 3)(A(1, 8, /%) + 28 + 27,%) — 2{2m* x (> — 58) + 3(im,* + §)}]|F|*
P
2A(1,8,1m,?
§,m, ) |H* + (m 7 L )[—mﬂ(m,} —58) + (2 +5) — 3(m,2 + 3)|Re(E*F)
P
1274 2mpih
+— (1,8, 2)Re(HE) + =27 A(1, 8,7, 2) (1 — in,? + $)Re(H'F) (38)
mpgi, nm,

Using Eq. (37), we can calculate the differential branching ratio of this decay mode.

B. FB asymmetry

Next we discuss the FB asymmetry Agg which consists of different combination of Wilson coefficients. The analysis of Agg
is very useful as it gives the precise information about the sign of the Wilson coefficients and the NP. In terms of form factors

Agp can be represented as
1225(1, 3, m,2) 1/ 1 — ¥123[Re(A* D) + Re(AE)]
Apg = — 5 . (39)

/4

C. CP violation
In the similar process, the expression of the differential decay rate of B — pl™I~ can be obtained as

dU(B — pltl™)  Gg*mp’d® s 2
e —3;2103 ViV 223(1,3,7,%) 1——(2 +4ImA,A,), (40)
where
V()P ( 65 1 ) A(1,5,7,%)
A, = |Im(£:&,)4 4 + (1 + A(s)* + LA
= [ {40150+ (1-4) (s + s A0 + e e )
1—m,2—35 <t T,(s)V(s)s
S22 o) |+ 2T e [ T o 07611+, 20 )
mﬂ l—l—mp
§ 1 3 A(1,8,71,2)
x (6 — + >+A (s)( (s) + - T(s))A L
< AM1,8,m,%) 2 2 1 273 L1+ imy,)
§ 1= =5 1= =5
(14 ) A1 (5) Tals) + 5 Ts(s) L+ Aa(9)To(s) (1 = i) ——15
P P P
274 2
x (1 il )A(l,s,ﬁz,,z) (41)
A

Using Egs. (37) and (40), we can calculate the decay rate of B — pl*I~ and B — pl* [, respectively. Putting these values
of decay rate, we get the expression of the partial width CP asymmetry as

—2ImA, A,
2, + 2Im4, A

u=p

Acp(3) = (42)
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D. Polarization asymmetry

Along with the FB asymmetry and CP violating asym-
metry we are also interested to study another form factor
dependent parameter polarization asymmetry (longitudinal
and normal), which is associated with the final state leptons
in this decay channel. The importance of polarization

|

asymmetry for various inclusive and exclusive semileptonic
decay modes are elaborately discussed in [64—68].

1. Longitudinal polarization

The longitudinal polarization can be expressed as

A 2 AN A 4ﬁ112 2 A A D\A 4ﬁ112
P = §24Re(A*B)(1 —m,> = 8)8( =1 + /1 ——— ) +4mp>A(1,5,7,7)§ {/ 1 ———Re(A*D)
§ §

|
—
>
o
|
W
SN—
S
—
>
X
o
+
>

2. Normal polarization

Normal polarization can be represented as

1+ 7,2 —3

PN :/11/2(1,3‘,1/?1/22) (§_4ﬁ112)” [ZIm(E*F> +’:\np2 -
m
P

+2Im(A"E + B*D)] : (44)

V. CONTRIBUTION OF Z' GAUGE BOSON ON
TWO DECAY MODES B — #l*l~ AND B — pl* I~

Theoretically, the nonuniversal Z' boson exists in various
extension of the SM by introducing extra gauge group
[28,29,33]. Such models are the SU(5) or Es model
[69,70], superstring theories, and the theories with extra
dimension. One fundamental feature of the Z’ model is that
due to family nonuniversal couplings, the Z' boson has
flavor-changing fermionic coupling at the tree level leading
to important phenomenological indications. In the nonuni-
versal Z' model, FCNC transition for b — dI*[~ process
occurs at the tree level due to the presence of the non-
diagonal chiral coupling matrix. The detail analysis of this
model is discussed in [30]. Basically, NP effects in the
nonuniversal Z' model arise in two different ways: either by
introducing new terms in Wilson coefficients or by modi-
fying the SM structure of effective Hamiltonian. In this
paper, it is desired to change two Wilson coefficients Cgff
and C;y by considering the off-diagonal couplings of
quarks as well as leptons with the Z' boson. Here, we

5 2
m,

)+ (B, + 2,28 + 332))} +

1 [ 4mp?
+ - (3 /1= ) [2Re(B*E) X (1+my* +2m,28 + 52 — 2(M,* + 8)) + mp*Re(C*E)(1 — 3(in,* + 3)
N

x (Re(B*F) x (1 —im,? —3) + Re(C*F)

) X (14 i 2(i,% = §) — 21,2

} / s, (43)

consider the extension of the SM by a single additional
U(1)" gauge symmetry. In the gauge basis, the U(1)’
currents can be written as [30,71,72]

Ju =Y witley,, Put ey, Prlv. (45)
LJ

where the sum extends over all quarks, and leptons y; ;

and €rs, denote the chiral couplings of the new gauge

boson. It is assumed that the Z' couplings are diagonal but
nonuniversal. Hence, flavor-changing couplings are
induced by fermion mixing. FCNCs generally appear at
the tree level in both the LH and RH sectors. Explicitly, we
can write

B/: = (VWe,,V¥) Bt = (Vhe, Vi), (46)

ij ij

The Z'bd couplings can be generated as
Léne = —9 (Bhdyy, b + BY dry,br)Z" + Hee., (47)

where ¢ is the gauge coupling associated with the U(1)’
group, and the effective Hamiltonian can be written as

8G,

Hgf/f = W (psbc_iL}’ybL +,0§1,6_1R7,4b1e)
X (plilLyuly + pRIRYlR)s (48)

where
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TABLE 1. Numerical values of Z' coupling parameters and
weak phase [83,84].

Scenarios By, x 1073 @qp In Degree
S 0.16 =0.08 —33+45
S, 0.12 £0.03 —23+21
/
L _9Mz 1
Prp = ) By (49)

The current LHC Drell-Yan data [38,39] constrain the
parameters: the mass of the Z' boson (M), the Z-Z'
mixing angle (6,), and the extra U(1) effective gauge
coupling (¢/) which are discussed in the Introduction.
Using the current LHC Drell-Yan data, Bandyopadhyay
et al. [40] obtained M, > 4.4 TeV and the Z-Z' mixing
angle 6, < 1073. Recently, Bobovnikov et al. [73] derived
the constraints on the mixing angle from resonant diboson
searches at the LHC at /s = 13 TeV, of the order of a few

x10~*. The value of |%| is undetermined [74]. However,

generally one expects that | % | ~ 1 if both U(1) groups have

0.1 for the TeV-scale Z' [43,47]. The combined results of

dBr/ds

dBr/ds

FIG. 1.

the four LEP experiments [75] have also proposed the
existence of Z' boson with the same couplings to fermions
as that of the standard model Z boson If |B§b| ~ |V Vil
then we get the order of pff, as pff, ~O(1073). By
neglecting Z — 7' mixing and consideringthat the cou-
plings of only the right-handed quarks with Z' are diagonal
[48,49,76-82], we can write the new modified Z' part of the
effective Hamiltonian for the transition b — dI*1~ as

uz = 26ry %9 BaySi dy, (1 —y5)bly*(1 —ys)l
eff \/j th thV u 5 5
B
+V‘Z” Si dy, (1= ys)bly* (1 +y5)l|. (50)
1.
where BL, = |BL,|e~"a indicates the off-diagonal left-

handed couplings of the quark sector with the Z' boson and
@gp 18 the new weak phase. The contributions of Z' on the
current operators, semileptonic electroweak penguin oper-
ators, and QCD penguin operators remain the same as those
of the SM. In Egq. (50), the modified forms of C&f and C
are given. Hence, the effective Hamiltonian given in
Eq. (50) can be summarized as follows,

L. DBRS1
Lkl DBRS2
Kl DBRSM

The dependence of differential branching ratio df‘ (DBR) on coupling parameters S;; and D, ; for the decays (a) B — nt'7™,

(b) B — zuu~ and (c) B — meTe™ for SM (DBRSM), scenario-1 (DBRS1) and scenario-2 (DBRS2).
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TABLEIIL.  Values of differential branching ratio in Z’ model for 4Gp

7 _ _ x 7 7
scenarios S; and S, with S;; = 0.04 and D;; = —0.04. He = NG VipViglhas €5 0ot Aap CTyOros (51)
Decay mode DBRgy, x 108 DBRgy » x 108 h
wi
B — arttr 2.6 [23] S, 3.88
S, 3.451 —
B — nutu~ 1.566 S, 227 A=~ (52)
S, 1.634 VbV 1
B — mete” 1.556 S, 2.244 )
s, 1.621 C§' = |Bap|Sie, (53)
and
CIZO = [Ba|DrL (54)
TABLE III.  Values of CP partial width asymmetry in Z’ model
for scenarios S, and S, with S;;, = 0.04 and D,;; = —0.04. Here,
Decay mode ACP ACP /
Y Sl SM+Z Sp=Sh+SE and Dy =SL—SE. (55
B— ntt1 0.0051 [23] S 0.0062
S, 0.00608
B - mutyu- 0.0059 s 0.0062 S% and SR represent the couplings of the Z' boson with the
S, 0.0061 left- and right-handed leptons, respectively. In Eq. (51),
B o gete 0.0059 s, 0.00629  the Z' contributions of C§ and Cy, are given. The total
S, 0.0061 contributions (SM and Z' model) on two Wilson coeffi-

cients Cy and Cj, can be written as

Acp(8)

. 00085
<\m/
5
= by L ACPS1
= I ACPS2
008 K ACPSM

Si 0.0s
(c)

FIG. 2. The dependence of CP violation asymmetry Acp(8) on coupling parameters S;; and D, ; for the decays (a) B — nz 77, (b)
B — nuTu~ and (¢) B — meTe™ for SM (ACPSM), scenario-1 (ACPS1) and scenario-2 (ACPS2).
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dBr/ds

dBr/ds

The dependence of differential branching ratio % (DBR) on coupling parameters S;; and D, for the decays (a) B — prT 7,

(b) B = putp~ and (c) B — peTe™ for SM (DBRSM), scenario-1 (DBRS1) and scenario-2 (DBRS2).

FIG. 3.

Cloal — Ceff 4 NP, (56)
Clot = €y + O, (57)

with
CNP =ny, €7, (58)
N =~y C%. (59)

The NP contributions of the nonuniversal Z' model on
the different observables: differential branching ratio, FB
asymmetry, CP partial width asymmetry, and polarization
asymmetry (longitudinal and normal) for the two decay
processes B — nlTI~ and B — plTI~ are analyzed in the
next section.

VI. NUMERICAL ANALYSIS

In this section, we discuss DBR, FB asymmetry, CP
asymmetry and lepton polarization asymmetry for the
decay modes B — #l*[~ and B — pl™ [~ in the frame work
of the nonuniversal Z' model. To evaluate these observ-
ables in the Z/ model, we have fixed the numerical values

dBr/ds

L. DBRS1
Ll DBRS2
il DBRSM

of the coupling parameter |B,;,| and the weak phase ¢y,

But the values are strictly constrained from BY — BY
mixing. These values are taken from [83,84] where NP
effects to Bg — Bg(q = d, s) mixing in terms of coupling
parameters and weak phase are discussed and encapsu-
lated in Table I for two different scenarios S| and S,. The
numerical values of all input parameters shown in
Table IX of Appendix A are taken from [23,85].
Putting these values in the expressions of different
observables discussed in the above sections, we have
shown the variations of the parameters with the coupling
parameters S;; and Dy .

TABLE IV. Values of differential branching ratio in Z' model
for scenarios S| and S, with S;; = 0.01 and D;; = —0.09.

Decay mode DBRg;,; x 103 DBRgy 7 x 108
B prte 3.9 [23] s, 5.835
S, 5.089
B — putyu 4.444 S 5.037
S, 4.697
B — pete” 4.440 S, 5.026
s, 474
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(b)

L. AFBS1
Ll AFBS2
E AFBSM

FIG. 4. The dependence of forward backward asymmetry (FB) Apg($) on coupling parameters S;; and D;; for the decays (a)
B — prtt, (b) B— puTu~ and (c) B — pete” for SM (AFBSM), scenario-1 (AFBS1) and scenario-2 (AFBS2).

For our calculation, we have taken the maximum values
of the coupling parameter of the Z' boson with the quark
sector, i.e., By, and the new weak phase, i.e., @4, from the
two scenarios given in Table I to get the maximum effect of
the Z/ boson on the different physical observables of two
decay modes. So we formulate two sets of scenarios of
the numerical values of the coupling parameters which are
as follows:

Set-1

The ranges of the coupling parameter B, and weak
phase ¢, are given in S;. To get the magnified impact of
the Z' boson, we have taken the maximum value of these
two parameters as By, = 0.24 x 1073 and ¢ ), = 12°

Set-1I

The values of coupling parameter B, vary from
0.09 x 1073 to 0.15 x 10~ and the weak phase ¢, is
from —44° to —2° which are given in S,. Now, we take the
maximum value of these parameters as B, = 0.15 x 1073
and @ 4, = —2°

With all these numerical data, we proceed further.
Considering the total contribution of Wilson coefficients
C$t and Cjy given in Egs. (53) and (54), we show
graphically the variation of asymmetry observables for
the decay modes B — #l™l~ and B — plTI~ with the

different values of S;; and D;; at a fixed value of § as
0.7. First, we represent the variations of two parameters
DBR and CP partial width asymmetry for the decay
B — zl™1* and then the variations of DBR, FB asymme-
try, CP partial width asymmetry, and lepton polarization
asymmetry (longitudinal and normal) for the decay
B — pltl™.

From Fig. 1, we have found that for § = 0.7, initially
DBR slowly increases, touches the SM value at a large
value of coupling parameters, and then crosses the SM
value with further increase in the coupling parameters

TABLE V. Values of forward backward asymmetry in Z' model
for scenarios S| and S, with S;; = 0.02 and D;; = —0.05.

Decay mode AFBgy, AFBgy .7

B - ptte —0.072 [23] S —0.0256
S, —0.0296

B — putyu —0.0795 Si —0.0575
S, —0.0669

B — pete™ —0.0797 S —0.0592
S, —0.0684
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Acp(8)

L. ACPS1
Ll ACPS2
El ACPSM

FIG. 5. The dependence of CP violation asymmetry Acp(3) on coupling parameters S;; and D;; for the decays (a) B — pz'z—, (b)
B — putu~ and (¢) B — pete™ for SM (ACPSM), scenario-1 (ACPS1) and scenario-2 (ACPS2).

Sy and Dy ;. This deviation of DBR from the SM value
provides a clear conjecture for NP. The values of the
differential branching ratio for §; and S, with S;; = 0.04
and D;; = —0.04 are shown in Table II. For different
values of S;; and Dy, the values of DBR are plotted in
Fig. 1. The enhancement of DBR for the decay B — #z" 7~
shown in Fig. 1(a) is significantly large in comparison to
the other two decays, i.e., B — zu*u~ and B — mete™,
this may indicate the lepton flavor nonuniversality.
Again the maximum variation of DBR for three decays
B—nattt™, B autu~, and B — meTe~ shown in
Fig. 1(a)-1(c), respectively, is observed for the S; scenario.
Hence, we can say that with the higher contribution of
the coupling parameter and weak phase, the differential
branching ratio increases.

The values of CP partial width asymmetry for S; and S,
with S;; = 0.04 and D;; = —0.04 are shown in Table III.
For different values of S;; and D;;, the Acp(3) is plotted
in Fig. 2. From Fig. 2, we have found that for § = 0.7,
initially Acp(8) slowly increases and crosses the SM value
with increase in the coupling parameters S;; and D; ;. This
deviation of Acp(8) from the SM value gives a signal for
NP. The enhancement of CP for the decay B — nz'7~
shown in Fig. 2(a) is significantly large compared to the

other two decays, i.e., B — mu"u~ and B — me*e™, which
points towards the lepton flavor nonuniversality.

Now we show the variations of the physical observables
for the decay B — pl*l~. The dependence of the differ-
ential branching ratio (DBR), forward backward asymme-
try (FB), CP partial width asymmetry (Acp(5)), and
longitudinal and normal polarization asymmetry (P (5)
and Py(3)) on coupling parameters for the decays
B — plTI~ are represented in Figs. 3-7, respectively.
For particular values of S;; and Dy, the values of these
observables are shown in Table IV-VIII, respectively.

TABLE VI.  Values of CP partial width asymmetry in Z' model

for scenarios S| and S, with S;; = 0.09 and D;; = —0.02.

Decay mode ACPgy ACPgp 7

B - prtt 0.013 [23] Y 0.0136
S, 0.0127

B — putu 0.0116 S 0.0141
S, 0.0130

B — pete” 0.0116 S, 0.0141
S, 0.0130
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Ll PLS1
Ll PLS2
K PLSM

FIG. 6. The dependence of longitudinal polarization asymmetry P; (3) on coupling parameters S;; and D;; for the decays (a)
B — prtt™, (b) B— puTu~ and (c) B — pete” for SM (PLSM), scenario-1 (PLS1) and scenario-2 (PLS2).

From Figs. 3(a)-3(c), similar observations [like Figs. 1(a)—
1(c)] are found for the enhancement of DBR for decay
modes B — pttt~, B = putu~, and B — pete™, respec-
tively. Table IV shows the values of the differential branching
ratio forthe decay B — pt™t,B = putu~,and B — peTe™
with SLL =0.01 and DLL = —0.09.

In Fig. 4(a), we find that for § = 0.7, Apg(§) enhances
significantly with the increase of coupling parameters S;
and D;; in B - prtt~ decay for two scenarios. But in
Figs. 4(b) and 4(c), Apg(8) increases slowly and crosses the
SM value with the increase of Z' coupling parameters for
B - putu~ and B — pete” decays, respectively. This
deviation of Apg(§) from the SM value provides a clue for
NP. The deviation of the B — pr'z~ decay is significantly
large compared to B — puTu~ and B — pete” decays.
This may indicate the lepton flavor nonuniversality. In
Figs. 4(a)-4(c), we find that the variation of Agg () is more
for S; compared to S,. Hence, we can say that with the
higher value of the coupling parameter and weak phase,
Apg(8) increases. Table V shows the values of forward
backward asymmetry for scenarios 1 and 2 with S;; =
0.02 and D;; = —0.05.

In Fig. 5(a), we find that for § = 0.7, Acp(8) slowly
increases and crosses the SM value with an increase in the

coupling parameters S;; and D;; in B — pt™z~ decay.
This variation is significantly large for S;. For S, Acp(5)
touches the SM value at the higher value of coupling
parameters. In Figs. 5(b) and 5(c), Acp(8) also increases
slowly and crosses the SM value with the increase
of Z' coupling parameters for B — pu*u~ and B —
pete decays, respectively. This deviation of Acp(3)
from the SM value provides a clue for NP. This may
indicate the lepton flavor nonuniversality due to unequal
enhancement of Aqp(3) for B - prtt~, B — putu~ and

TABLE VII.  Values of longitudinal polarization asymmetry in
7/ model for scenarios S, and S, with S;; =0.01 and
DLL - _0.02.

Decay mode PLgy PLgy 7z
B— pric 0.109 [23] s, 0.119
S, 0.124
B — putu —0.26 Si —0.145
S, 0.0671
B — pete” —0.26 S, —0.145
S5 0.0671
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00s -0.03

Py(8)

Ll PNS1
I PNS2
Kl PNSM

FIG.7. The dependence of normal polarization asymmetry Py (3) on coupling parameters S;; and D;; for the decays (a) B — pr'7,
(b) B = putp~ and (c) B — peTe™ for SM (PNSM), scenario-1 (PNS1) and scenario-2 (PNS2).

B — pete™ decay modes. Figs. 5(a)-(c)we find that the
variation of Acp(§) is more for S; compared to S,. Hence,
we can say that with the higher value of coupling
parameter and weak phase, Acp(5) increases. The values
of CP partial width asymmetry for S; and S, from the SM
value with S;; =0.09 and D;; = —0.02 are shown in
Table VI.

From Figs. 6, we have found that for § = 0.7, initially
P (3) increases sharply and crosses the SM value with the
increase in the coupling parameters S;; and D;;. This

TABLE VIII. Values of normal polarization asymmetry in Z’

model for scenarios S§; and S, with §;; =0.06 and

DLL - _0.01.

Decay mode PNgy PNy iz

B — prtr 0.016 [23] St 0.134
S, 0.0724

B — putu 0.0416 Si 0.169
S, 0.031

B — pete™ 0.0416 S 0.170
S, 0.0311

deviation of P (3) from the SM value gives a signal for NP.
The enhancement of P; (§) for the decay B — prz~ shown
in Fig. 6(a) is significantly large and touches the SM value at
different values of coupling parameters compared to the
decays B — putu~ and B — pe™e™ shown in Figs. 6(b) and
6(c), respectively. This points towards the lepton flavor
nonuniversality. Again the maximum variation of P; (§) for
three decays B = pt't~, B— putu~ and B — pete
shown in Figs. 6(a)-6(c), respectively, is observed for S;
scenario. Hence, we can say that with the higher value of
coupling parameter and weak phase, P;(§) increases.
Similar observations are also found for the normal polari-
zation asymmetry. The variations of normal polarization
asymmetry are shown in Figs. 7(a)-7(c) for the decay modes
B— prtt™, B— putu~ and B — pete”, respectively.
Tables VII and VIII show the values of the kinematic
observables i.e., P; (§) and Py(3) for scenario 1 and 2 with
SLL = 001, DLL - —002 SLL - 006, DLL = —001,
respectively.

VII. SUMMARY AND CONCLUSIONS

In recent years, semileptonic decays of bottom hadrons
are in the focus of many theoretical and experimental studies
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due to increasing experimental evidence of NP. Several
exclusive semileptonic decays mediated by b — s/~ have
shown significant deviations from SM predictions. But it is
not clear whether these deviations are due to physics beyond
the SM or just hadronic artifacts [§6—89]. So it is necessary
to give a lot of attention to the decays mediated by the
b — dI"lI- FCNC transition. Recently, the LHCb [90]
has observed BT — z7uTu~ decay with branching
ratio B(BT - atptu~) = (1.83 £0.24 £ 0.05) x 1078
and the CP asymmetry Acp(BT — ztputu™) = (—0.11+
0.12+0.01), where uncertainties are of a statistical and
systematic nature. To the best of our knowledge, the B —
plt1~ decay has not been studied experimentally. In this
paper, we have discussed several kinematic observables for
b — dI"I~ mediated decays B — nl*l~ and B — pl[T[” in
the SM and the nonuniversal Z' model. We have shown
several plots of physical observables with respect to 7’
coupling parameters assuming p = —0.07, n = 0.34, and
§ = 0.7. From the significant enhancements of the param-
eters DBR, FB asymmetry, CP partial width asymmetry,
lepton polarization asymmetry for the decay process B —
pl™I~ and DBR, and CP violation asymmetry for the decay
mode B — #l"[~ in the nonuniversal Z' model, we can
conclude that the Z' model plays an important role in
modifying the SM picture and gives signal for NP beyond
the SM. Furthermore, it is found that the enhancement of
the observables for the decay B — n77t~ and B — prc™
is different from other decays i.e., B - zu*u~, B —
mete™ and B — putu~, B — peTe™, respectively, which
may indicate the lepton flavor nonuniversality. It is
expected that the measurements of these kinematic observ-
ables will provide a good hunting ground to determine the
precise values of the coupling parameters of Z/ boson with
leptons and quarks. Furthermore, the ratio of b — sIt/~
and b — dI"]~ decays is also important to study the
hypothesis of minimal flavor violation [91]. We hope
the observation of B — #l*[~ and B — pl*[~ decay modes
at the upcoming upgraded LHCb and/or at the Belle 11
detector will be very useful for searching the new physics
beyond the SM.

ACKNOWLEDGMENTS

We thank the reviewers for suggesting valuable
improvements to our manuscript. P.N. and S.S. would
like to thank SERB, DST, Government of India, for

financial support through Grant No. EMR/2015/
000817. P.M. gratefully acknowledges the DST,
Government of India for providing INSPIRE

Fellowship (IF160115) for her research. We also acknowl-
edge T. Bandyopadhyay, Tata Institute of Fundamental
Research, Mubmai, India, for useful discussions.

APPENDIX A: INPUT PARAMETERS

TABLE IX. Numerical values of input parameters [23,85].

Parameters Value

m, = my 10 MeV
my, 4.8 GeV
m, 1.4 GeV
m, 176 GeV
mp 5.26 GeV
m, 0.135 GeV
m, 0.768 GeV
Vi Vi 0.011

a 1/137

Gr 1.17 x 107 GeV~2
m, 1.77 GeV
75 1.54 x 10712 5
p —-0.07

n 0.34

APPENDIX B: FORM FACTORS FOR
THE B — n TRANSITION

The form factors which are used to determine the matrix
element of B — zltl~ decay process are given by
Coleangelo et al. [92]. The matrix elements are in terms
of form factors as follows [23,92]:

<”(Pn)|6_17uPL,Rb|B(PB)>
- er-a,n@

W%"”fqﬂwo(q%—w»} (B1)
q

<”<pn')|c_li6;quPL,Rb|B(pB>>
1 Fr(q%)
mpg+ m,

=5 {@ps =), = (my* —m,?)q,}

(B2)
To get the matrix element for the scalar current, we have
to multiply Eq. (B1) by ¢,

(2(p2)|APbIB(py)) = ﬁ (ma? — m2)Fo(g?).

(B3)
The definition of form factors given in Eqs. (B1)—(B3) is
represented as

Fo(q?) = Fol0)

=T (B4)
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TABLE X. Numerical values of form factors [23]. TABLE XI. Numerical values of form factors [23].
Form Factors Value Form facors Value
Fy(0) 0 V(0) 0.47
F1(0) 0.25 A, (0) 0.37
F7(0) —0.14 A5(0) 0.4
Ap(0) 0.3
7,(0) 0.19
T,(0) 0.19
T5(0) —-0.7
F1(0)
Fi(¢?) = —5 =, B5
l(q ) 1 — q2/5‘32 ( )
where ¢? is in the units of GeV? and the values of F;,(0),
) F(0) F1(0), and F7(0) are encapsulated as follows.
R (o Tk R
4 7> APPENDIX C: FORM FACTORS FOR
THE B — p TRANSITION
2
Fr(gd) = M my,. (B7) We use the form factors given by Coleangelo et al. [92]
(mg +m,) for the transition B — p [23]:
|
dy,P,b|B =i v*aﬂv(qz) 1 A (a2
(P(P,)|dy PLb|B(pg)) = i €Euup € PEq W—E €,(mp +m,)A(q”)
Ai(g®)  2m,
— (€ 9)(2pg — q),———————=L(€" 9)[A3(¢*) — Ap(q?)] ¢, Cl1
(€ q)(2ps Q)ﬂm8+mp 7 (€ 9)[A3(q%) — Ao(q*)] (C1)
<p(pp)‘C_liaﬂquPL.Rb|B(pB)> =-2i e;wa[f €U*p%qﬁT1 (q2) + [e/j (m32 - mpz) - (E* Q) (2PB - q)ﬂ]TZ(q2)
2
=+ (e* ————(2pp — T5(q%), C2
(€ 0|0~ Gy 20 = | T )
[
where € is the polarization vector of the p meson. Now to 44(0)
get the matrix element for the scalar (pseudosacalar) Ay(q?) = % (C7)
current, we have to multiply both sides of Eq. (C1) by 1—q°/48
q". Hence, we get N
mg+m mg—m,
_ m, ) As(q®) = %Al(qz) - %Az(qz), (C8)
(p(p,)|dPRrD|B(pp)) = —m—b(e* 9)Ao(q").  (C3) 4 ’
. . T,(0)
In the above equations, the definitions of the form factors T1(q*) = —5 == (C9)
are represented as follows: 1-4¢°/53
v(0) T,(¢%) = T>(0)(1 - 0.02¢%). (C10)
V(g}) = —F, C4
T5(q*) = T5(0)(1 + 0.005¢?). (C11)
A1) = A1(0)(1 - 0.023¢?). (cs) 3 ’
The values of V(0), A;(0), A5(0), Ay(0), T,(0), T»(0),
Ar(g%) = A5(0)(1 +0.03447). (C6)  and T5(0) are tabulated as follows:
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