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We study the rare decays B, — 7" €€, p™¢*€~ and B)— €*¢~ ({ =e, pn) in the R-parity
violating supersymmetric standard model. From the latest upper limits of B(B;} — #*€*€~) and
B(BY — €*¢~), we have derived new upper bounds on the relevant R-parity violating couplings products,
which are stronger than the existing ones. Using the constrained parameter space, we present the R-parity
violating effects on the branching ratios and the forward-backward asymmetries of these decays. We find
that B(BY — ¢*¢~) and B(B;; — p*¢*€") could be enhanced several orders by the R-parity violating
sneutrino and squark exchanges, respectively. The R-parity violating effects on the dilepton invariant mass
spectra of B} — w"€*{~, p*€*{~ and the normalized forward-backward asymmetry Apg(B; —
7€) and Apg(Bf — pT€*€") are studied in detail. Our results could be used to probe the
R-parity violating effects and will correlate with searches for the direct R-parity violating signals at

the future experiments.
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L. INTRODUCTION

In the standard model (SM), rare B decays B, —
7T, pt€TET and By — €14 (£ =e, ) are in-
duced by b — d¢*€~ flavor changing neutral current
(FCNC) and expected to be highly suppressed. These
decays could be an important testing ground of the SM
and offer a complementary means to search for new phys-
ics by probing the indirect effects of new interactions.

The physical aspects of these decays are similar to the
b — s€* €~ decays, which, due to its much larger rates,
have been studied much more extensively in the SM [1-4]
and its various extensions [5—10]. In addition to the b —
s€* €~ decays, the b — d€* €~ decays would serve an
independent test for new flavor changing interactions.
Experimental progresses aimed to such semileptonic
FCNC decays have been made by BABAR [11] and Belle
[12] with the measurements of the forward-backward
asymmetry (Apg) of B— K*¢*{~ and the branching
ratios of both B — K*¢*€¢~ and K€"{~. Furthermore,
the radiative b — dy penguin processes B — py and wy
have been measured by BABAR [13] and Belle [14]. Along
with these progresses, BABAR, Belle and CDF have begun
to probe b — d€* €~ decays. Recently, BABAR has made a
search for B— 7€ ¢~ and B} — €" ¢~ decays [15]. It is
interesting to note that the new upper limit of B(B —
w0 €7)<9.1 X 1078 at 90% C.L. [15] has improved
the previous upper limits [16] by 4 orders of magnitude.
Meanwhile, the upper limit of B(B) — u* u~) has been
improved to be B(BY— pu*pu7) <1.5X 1078 at 90%
C.L. by CDF [17]. These renewed upper limits from
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BABAR [15] and CDF [17] will provide powerful con-
straints on new physics.

In the literature, many useful observables in B —
ptlt€~ and B — 7€t €~ decays, such as branching ratio,
CP-asymmetry, forward-backward asymmetry etc., have
been investigated in the framework of the SM [18], the two
Higgs doublet models [19-21] and supersymmetry models
(SUSY) [22]. With the new upper limits, it would be very
worthy to study these decays in other new physics models
to derive bounds on the relevant parameters.

In this paper, we will study these decays in the R-parity
violating (RPV) supersymmetric standard model [23-25].
The phenomenological constraints on the RPV couplings
have been studied extensively in B decays [26]. At first, we
will update the SM expectations of these decays with the
up-to-date inputs, such as the new light-cone QCD sum
rules results for B — 7(p) form factors [27] and the elec-
troweak parameters [28]. To make realistic estimations, we
have taken into account of the uncertainties of the input
parameters by varying them randomly within 1o variance.

The decays B, — p*¢*¢~,B;f — 7" ¢* ¢, and B} —
€7 €~ are all induced at the parton level by the same set of
the RPV coupling products in the RPV SUSY. From the
latest experimental data and the theoretical parameters, we
will derive the new upper limits on the relevant RPV
coupling products. Then we will use the constrained pa-
rameter space to predict the RPV effects on the branching
ratios of By — p™¢*¢~, B — a"¢*¢", and BY—
€€~ decays, and the forward-backward asymmetries of
Bl — p™€¢*{~ and B} — w*€T{~. Moreover, we will
compare the SM predictions with the RPV predictions
about the dilepton invariant mass spectra and the normal-
ized forward-backward asymmetries in B} — pt€1{"
and B — 7t€" €~ decays.
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The paper is organized as follows. In Sec. II, we derive
the expressions for B — p*€"¢~, B} — #7¢*{", and
Bg — ¢*¢~ processes in the RPV SUSY. In Sec. III, our
numerical analyses are presented. We display the con-
strained parameter spaces which satisfy all the upper limits
of B(B; — w*€*¢") and B(BY — €*€~), and then we
use the constrained parameter spaces to present the RPV
effects on Apg(B — p™€ "), Apg(B) — 7€),
BBy — 7€ €"), BB — pT€*€7), and B(B)—
€7€7). We also show the RPV effects on the dilepton
invariant mass spectra and the normalized forward-
backward asymmetries in B — p*€*€¢~ and B} —
€€ decays. Section IV is devoted to our summary.

II. THE THEORETICAL FRAME FOR B} —
a7, B — pT€" ¢ AND B} — ¢* ¢~
A. The decay branching ratios in the SM
1. The semileptonic decays Bt — 77 €*{~ and B* —
prete
In the SM, the effective Hamiltonian for the b — d€ €~
decay can be written as [3,29,30]

4G y
My == ,dv,b{zcm)@ (W)
F Y IO, - @§“>(u>]}, ()
i=1
where A}, = “/,b—v" The explicit form of all operators

O,(u) and the Wilson coefficients C {(u) calculated in
the naive dimensional regularization (NDR) scheme can
be found in [3]. The effective Hamiltonian leads the QCD
corrected matrix element for b — d€* €~ [3,29]

GFCY
NoY s
+ Cio(by, PLd)(y*yst)

- 2ﬁz,,C$ff<l3iaW,qTPLd>((7y“€)},
N

2)

MM(p— dete) =

v,bv,d{cef%mmd)(we)

with P g = (1% y5)/2, s =¢* and ¢ =p, + p_ (p+
are the four-momenta of the leptons). We take m;/m; = 0,
but keep the leptons mass. The hat denotes normalization
in terms of the B-meson mass, mg, e.g. § = s/m3, i, =
my/mg.

CS(w) contains the one-gluon corrections to Qg (w(5)
term) [31] and the corrections of four-quark operators ©,_¢
and (93"2 in Eq. (1) [32], which can be written as [29]

Csff(u) = & + A&y, 3)

with
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£ - CNDR[ (“) (s)}+g(mc,f)(3cl+cz

1

1
+3Cs + Cg) — —g(O, H(C5 + 3Cy)

§(3C3 + Cy + 3Cs + Cy), (@)

& = [g(m,, 3) — g(0, H)]BC, + Cy). (&)

In addition to the short distance contributions, b — df ™€~
decay also receives long distance contributions from both
on- and off-shell vector mesons, which can be incorporated
in C& by the replacement [33,34]

my I'(V; — £1¢7)
s —my +ilymy,

(6)

This issue has been extensively discussed in the literature
[35,36].

With these formulas, one can derive the decay ampli-
tudes for BY — 77 €* ¢~ and p* €€~ decays. Recently
the form factors for B — 7 and B — p transitions have
been improved in the framework of light-cone QCD sum
rules [27], with one-loop radiative corrections to twist-2
and twist-3 contributions, and leading order twist-4 cor-
rections. Using the form factors defined in [27] and the
matrix in Eq. (2), we get the following amplitudes for
Bl — w¢*{" and B — p"€*{" decays:

377
g(m,, §) — g, §) — z
a; V=gl

GFa % 0
MSM(B — M€+€ ) \/277 dV[me[Tllu(e’y”@
+ T, (Eytyst)] (7)
where for B — 7wt €7(",
T, =A@®)p, + B($)q, (€))
T2, =C@®p, + D), )
and for B, — pt€t¢~,
T 1, = AB)€upape™ Paph — iB(SE,
+iC(S)(e" - pp)p, +iDB)(€" - pp)g,, (10)
Tou = EG)€,pupe™ pyph — iF(S)e,
+iG(3)(€" - pp)p, + iHBS)(€" - pp)g,, (11)
with p = pg + py(M = 7+ or p™*).
The auxiliary functions in T~ 1,2 are defined as [6]
2m
A@ =GOSO+ GG, A
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R R ~ 2m R R 1 . . . .
B'(3) = C§"(9)f-(3) — b(l— M) CSTfr(8),  (13) fﬂﬂ:=§CwK1*‘mﬁA46)—(l—‘mﬁAdﬂ
— 21, Ag(8)]. 23)
(5) = § 14
C'8) = Crof + ) a4 The kinematic variables (8, i) are chosen to be
D'(8) = Cyof-(3), (15) $=¢ =+ +p)0 (24)
= (pp— P-)* — (pg — P+ )% (25)
A(S) = T — STV (8) + CeﬁTl( $), (16)  which are bounded as
p
Qme)?* =§=(1 —m,)? (26)
B(3) = (1+ rhp)[Cg“(ﬁ)Al(f) —a(3) = a = a@s), 27)
2mb 2 g )Cefsz(s):| (17) with 71, = my/mpg and
l’f’lz
i(3) = /\<1 — 4%’), (28)
3
. 1 . A (a
C) = —— [(1 — 1, ) G ()45 (5)
) A=A w2, 8) =1+ mb, + 8§ =25 — 2w (1 + ).
" 1 —
2,1y + "0 | as) (29)
Note that the variable & corresponds to 6, the angle be-
tween the three-momentum of the €* lepton and the B
~ 1 " X A A A in the dilepton center-of-mass system (CMS) frame
D(3) = —[Ceff 1+ mIAL) — (1 — m)A meson in the dilep y ,
©) §[ 5 O+ 70 )A () = (1= 77, )Ax(5) through the relation i = —i(s)cosf [37]. Keeping the
— 210, A (8)) — 21, CSTT5(8) ], (19) lept+on mass, t+he double differential decay branching ratios
B™ and B*" for the decays B} — 7 €* ¢~ and B, —
5 p 1€, respectively, are found to be
E(§) = ———CyyV(5), (20) 2 pat G2 a’m3
1+ i, C B = 7, ZEEER Y, Vi PLIATE + ICP)O - 22)
dsdii 2
242 A2 &
F(§) = (1 + 1i,)CioA1 (8), @) TICTPAm 2 + 2. =)
+ Re(C'D™)8mA(1 — i2,) + | D/ 2425},
1 30
G() = ——— CroA), 22) G0
1+ 7 ﬂ
|
d*BS,, G2aim] . o[IAl2 ) |E]? A
dﬁdsbitvl = Tp 511 Blv,v .b|2{ A+ a2) + 4m%)\) + —(s()\ + %) — 4m2/\)
e a2+ Sn%i+ (§ +2m2) + |[FI> (A — a* + 8ﬁ1i+ (§ — 4m?2))] — 28 a[Re(BE*) + Re(AF™)]
e,
p
A . N N N R " R N
e _zy+mpu—w2+m@@+2m}—sM—d 2U%@CXL— +—9M—u%
ot
Az ;,hZ
+ Re - + —5)(A — +4m - — Re —ms.)]+ S SAL
Re(FG™)((1 (A — %) + 4mgA)] ) = Re(GH™)(1 — 7t} .)] |I¥|2rn2€ SA
p p*

(€19

2. The pure leptonic decays BS — €+ €~

In the SM, the purely leptonic decays Bg — 1€~ proceed trough electroweak penguin diagrams with Z exchange as
well as W box diagrams. The photon penguin contribution is forbidden by the conservation of electromagnetic current. The
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effective Hamiltonian for these decays is [38]

G o

SM( RO +p—) — _ F e

ﬂeff(Bd—>€ £7) 73 w6y,
XV, Vi Y (x)(bd)y -4 (€€)y 4,

(32)

where x, = m?/m3,, which leads to the branching ratio

BM(B, — (") = 1 — 452

16
X MSM(Bd g €+€_)|2

G% a, 2
~ B (47Tsin29W> T mims,
1—- 4ﬁ1%|V,dV;kb|2|Y(x,)|2, (33)

In the SM, as shown by Eq. (33), the decays are suppressed
by helicity conservation (the factor m?/m%) in addition to
the small V,;. However, they are very sensitive to new
physics with pseudoscalar interactions.

B. The decay amplitudes in the RPV SUSY

In the most general superpotential of the minimal super-
symmetric standard model, the RPV superpotential is
given by [23-25]

Wy = wiliH, + gLl B+ ALy 0,D;
lx\f’Dk]UfD; A 34)
where i, j, k = 1, 2, 3 are generation indices and ¢ denotes

a charge conjugate field. L;(Q;) are the lepton(quark)
SU(2); doublet superfields, E¢, U°, and D¢ are the singlet
superfields, respectively. The bilinear RPV superpotential
terms u,L;H, can be rotated away by suitable redefining
the lepton and Higgs superfields [25]. However, the rota-
tion will generate a soft SUSY breaking bilinear term
which would affect our calculation through penguin level.
The processes discussed in this paper could be induced by
the tree-level RPV couplings, so that we would neglect
subleading RPV penguin contributions in this study. The A
and A’ couplings in Eq. (34) break the lepton number, while
the A” couplings break the baryon number. There are 27
Al couplings, 9 Ay, and 9 A, couplings. Ay are
antisymmetric with respect to their first two indices, and
)‘/[/k] are antisymmetric with j and k. All the processes
considered in this paper involve terms in the RPV
Hamiltonian with two leptons and two quarks as external
fields. From Eq. (34), the Hamiltonian of b — d¢*¢~
process due to the squarks and sneutrinos exchange are

PHYSICAL REVIEW D 77, 014017 (2008)

]zk)llm
Z (d Y*Prd, )(€17MPL€)

)t'*
+Z{ Uk (3 Pred, (P LC;)

R
g{cfpf

Aijk/\imn ] -
Sk (anLdm)(ejPRm}. (35)
The RPV Feynman diagrams of B} — 7 ¢*¢~, B, —
pT €€, and B — €* € are displayed in Figs. | and 2,
respectively.

From Eq. (35), we can obtain the RPV decay amplitude
for B — w4t ¢~

MFo (B — 7€) = Y(l(Bp + B )(1 = ¥5)C5)
+ Yﬂ(Ek(l - 75)@)
+ Y50 (1 + y5)E)), (36)
where
ARy me
Z jl3 kll B (§), (37)
A NS 2 —m>,
Yo = 3 AT O 39
my — my
A* )l/ + + 2 - 2+
V=3 IO MMy (39)
ms., mp — mgy

with m,;, and m, are the quark’s running masses at the scale
my,.

For B} — p*€*{~, the RPV amplitude is

MBS — ptete) = T3M({7k7”(1 —vs5){))

+ @61 = y5)¢))

+ L1+ y5)E)), (40)
where
T3, = 10)€,0p€" P ﬁ . — iJ(§)e, +iK(3)

X (€ - pp)p, + iL(S)(€" - pp)d,, (41)

(a (b)

FIG. 1 (color online). The RPV contributions to B} —
7 (p*)€* €~ due to the sneutrino and squark exchange.
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g,

m@
|
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e

(a) (b)

e

FIG. 2 (color online). The RPV contributions to B} —
due to the sneutrino and squark exchange.

" . Bi—p*a
. — )‘i.ikMBl _iAo o) A2 2 (42)
v - 4m,27iL 2 my +my s
o), = A"")"”[’A D i 2} 3)
4m17iL 2 my, + my

and the auxiliary functions above are found to be

p At [2VE (8
15) = — ,3 kil (S)m%; , (44)
- 8m”L mg + m,+
N AL gt
J(8) = é;J‘[(mB+m,,+)Af" @) 45)
i iy,

P L AB;’—»;)* ~
K(S'\) _ _ élS kil |: 2 (S) m129:|, (46)
- m,;_ mpg + m,+
iL
/\Il /\/* 2m + +_, R - R
L) = =3 S T 0 - A 0 ]
7 mﬁ,-L s

(47)

For the pure leptonic decays B — €7¢~, the RPV
amplitude is

MFE(By— 7€) = Qu(6p5(1 = y5)L))
+ Qﬁ(gk(l - 75)@)
+ QL+ ), (48)
where
N g AL
0; = ifB Bk ktl, Oy = —ifp,us, 2131»
8mu,L ‘ Izl: 4mViL
. )‘?k')‘§13
Q5 = lfB,,MBdZﬁ%L» (49)
and MB(I = m:l‘f%d :
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Generally, the RPV couplings can be complex and their
phase may induce new contributions, so we write them as

Aljk)\lmn
A} Almn |)\l/k)‘

|)‘tjk/\lmn|ei¢k”,

e, (50)

ijk lmnle

and ¢y € [—r, 7] is the RPV weak phase.

C. The branching ratios with RPV contributions

Using the formulas presented above, we get the follow-
ing results for the double differential decay branching
ratios for the decays B, = M €4~ (M*™ =7 orp™),

PB B LB LB LB (51)
dsda dsdin  dsda - dsda  dsdi

Since it is always assumed in the literature for numerical
display that only one sfermion contributes at one time, we
have neglected the interferences between different RPV
coupling products, but kept their interferences with the SM
amplitude, as shown in the following equations.

For the B} — 7w €*{~ decay,

. 4
d*BT _ _ mp

—2{Re(WA'Y%)(A — %) + Re(WC'Y%
L =y S RWAY,)(A — i) + Re(WC'Y)

X[—=(A = a%) — 4mg(2 + 2m2 ., — 3)]

+ Re(WD'Y))[—4m3(1 — m2.)]

+ Y Pmp[A — 22 + 22 + 2%, — )]},
(52)

BT my e .
Tids = T8 3 Re(WA'Y;)(2riit) + Re(WC'Y})

X (1 = 2. )(=2ig) + Re(WD'Y73)(—21i5)
+ Y5128 — 2mp)}, (53)

2B .
Tida = 875 Re(WA'YT)(2rgit) + Re(WC'YT)
X (1 = m2,)(2img) + Re(WD'Y})(213)
+ Y5125 — 213}, 54)
and W = — 20\79 V* A

For the B} — p* €€~ decay,
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d*B? my
dsdii

293
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- {Re(WAI*)[s(/\ + ) + 42A] — Re(WEI)[3(A + &%) — 42A] + |I2[5(A + 22)]

+ 45 i[Re(WAJ*) + Re(WBI*) — Re(WEJ*) — Re(WFI*) + 2Re(1J*)]

+——[Re(WBJ*)(A —
p+

+ |J2(A — a2

+4m2)) — 2Re(JK*)(A — 22)(1 —

— Re(WGK*)(A — 42

4 Af

m
pt

dsz’,’;+ m} Az .
TR 277‘:3{ C [Im(WBD%)
p
SATV2a(1 = w2 = §) + Im(WCP3)AV 20

— Im(WGD3)A2(1 — )

+ Im(WF®%)A1/2

+ 10,126 - 2n%%)}, (56)

2
A f [Im(WB®%)
mp

C(ATV2a(l = w2 = §) + Im(WCPF)A2a
—Im(WF®;)A'2 + Im(WGPE)A/2(1 — )]

d*BY my,
dsdi 27 3

+ L8 —2m€)} (57)
The normalized forward-backward asymmetries is de-
fined by

ﬂ FB(B - M€+€7)

/ [ PBEoMe )
ds
(58)

dsd cosf
[ dcost

Since there is no term containing # with an odd power as
shown by Eq. (30), the Apg is zero for B} — 7 €€~
decays in the SM. The RPV effect via squark exchange on
A (B — 7€ €7) also vanishes for the same reason as
shown by Eq. (52), while the sneutrino exchange contribu-
tions to Agg, as shown by Egs. (53) and (54), are propor-
tional to m, which are tiny for € = ¢, u.

The total decay branching ratios of the pure leptonic Bg
decays are given by

sign(cosf)d cosﬂ

+ 8> (8 — 1ing)) — Re(WBK™)(A — &?)(1 — it
20— §) + 2] +

+ 432 + 22, — §)) + KPP — a2

+ 812, (5 — 4m3)

+ =8 + Re(WFK")((A — @*)(1 — 7, — 3)

m); [Re(WCK*)(A — i1?)

+ 232 + 212, — 5))]

AL—Re(WHL") + |LI25/2 + Re(WFL*) = Re(JL") — Re(WGL*)(1 — 2.) + Re(KL*)(1 — 2. )]}

(55)

1
|Ksml?
X [2Re(Ksm Q) + [Q412]

BB, — £+() = BM(B, — e+e—){1 +

1 1
+ b T Re(Key Q) —
|KSM|2|: (Ksm V)me

+ |Q;7|2<12 - 12>:|
2my  mg,

1 1
LT Re(ken Q) —
|KSM|2|: M my

1 1
i3]
mg  mp,

Or @
V2 2 sin26y,

(59
with

Koy = — ViaVi, Y(x)(if ). (60)
From Eq. (59), we can see that B(B} — ¢*¢~) could be
enhanced very much by the s-channel RPV sneutrino
exchange, but not so much by the f-channel squark

exchange.

III. NUMERICAL RESULTS AND ANALYSES

With the formulas presented in previous section, we are
ready to perform our numerical analysis. First, we will
specify the input parameters. Then we will use the latest
up-limits of BB, — 7" €*¢~) and B(BY — €*¢") to get
the constraints on the relevant RPV couplings. Finally, we
will show the distributions of the branching ratios and the
forward-backward asymmetries of these decays in the con-
strained RPV parameter space.

In the Wolfenstein parametrization of the CKM matrix
elements, one has
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TABLE I. Fit for form factors involving the B — 7(p) tran-
sitions valid for general g% [27].

F(3) F(0) Ay r mlze r m%it fit Eq.
fB=™ 0258 0.031 0.744 5.32%2 —0.486 40.73  (63)
fg_'” 0253 0028 1387 5322 —1.134 3222 (63)
g_'” 0.258 0.031 0.258 33.81 (65)
vB=r 0323 0.030 1.045 5.32%2 —0.721 3834 (63)
Ag_"’ 0303 0.029 1.527 528> —1.220 3336 (63)
Af_'p 0.242  0.023 0240 37.51  (65)
Af_)p 0.221 0.023 0.009 0212 40.82 (64)
T?_)p 0267 0023 0897 5322 —0.629 3804 (63)
Tf_’p 0.267 0.023 0267 38.59 (65)
ff_'ﬁ 0.267 0.024 0.022 0246 40.88 (64)
yy =YV _ DXL o056
VioVia 1—p—in

The parameters A, p and 7% have been updated by
CKMfitter Group [39], which read

A =0.225687000088, B =0.213700%,
' ) (62)
7 = 034870012,

In our numerical analysis, we have used |V,V;|=

[Vial = (8.2710:35) X 1073 [39].
For the semileptonic decays B} — #*{*€¢~ and B} —
p €€, we will use the form factors of light-cone QCD
sum rules (LCSRs) results [27], which are renewed re-
cently with radiative corrections to the leading twist

TABLE II.

PHYSICAL REVIEW D 77, 014017 (2008)

wave functions and SU(3) breaking effects. For the g?
dependence of the form factors, they are parametrized in
terms of simple formulas with two or three parameters. The
form factors V, Ay, Ty, f+, and f7 are parametrized by [27]

"

F(3) 2
S) — .
1—§/m%  1—§/m2,

(63)

For the form factors A, and T, it is more appropriate to
expand them to the second order around the pole [27]

o T n
F(5) = + . 64
O == a5/ &)
The fit formula for A, T, and fj is
A 2
FG$)=—F"-"—. 65
The form factor T5 can be obtained with T5(§) = lf:’” X

[T5(8) — T»(8)]. The values of all the corresponding pa-
rameters for these form factors are listed in Table I, the
uncertainties induced by F(0) [27] are also considered in
the following numerical data analyses.

The values of other input parameters used in the numeri-
cal calculation and the experimental upper-limits are given,
respectively, in Tables II and III. In the numerical calcu-
lations through the paper, we will take into account of the
1o uncertainties of the parameters with relative large error
bars.

With these inputs, we get the SM predictions in
Table III, where the 1o error bar are obtained simply
with a Gaussian distribution treatment of the outputs
caused by the uncertainties of input parameters. To get

Default values of the input parameters and the =10 error bars of the sensitive

parameters used in our numerical calculations in addition to the ones discussed in text.

mg, = 5.279 GeV, mp, = 5.279 GeV, my, = 80.425 GeV,
mq+ = 0.140 GeV, m o = 0.135 GeV, m, = 0.776 GeV,

i, (1) = (4.20 + 0.07) GeV,

i, (2 GeV) = 0.0015 ~ 0.003 GeV, 71,(2 GeV) = 0.003 ~ 0.007 GeV,
m, = 0.511 X 1072 GeV, m,, = 0.106 GeV, m, py. = 174.2 = 3.3 GeV. (28]

7p, = 1.530 ps, 75, = 1.638 ps.
sin26y, = 0.22306, a, = 1/137.
fz, = 0.216730% GeV.

(28]
(28]
[40]

TABLE III.

The SM predictions and experimental data of branching ratios for the upper limits
for BY— €*¢~ and B; — w*€* € [15,1741].

SM prediction value

Experimental data

BB, w7 utuT)
BB} — wtete)
BB, —p pnu)
B(B — pteter)
BBy — puu)
BB, —ete)

(2.03 £0.23) x 1078
(2.03 +£0.23) X 1078
(433 +1.14) x 1078
(5.26 = 1.37) X 1078
(1.33 £0.12) x 10710
(3.11 £0.27) X 10715

<2.8 X 1077 (90% C.L.) [15]
<1.8 X 1077 (90% C.L.) [15]

<1.5X 1078 (90% C.L.) [17]
<6.1 X 1078 (90% C.L.) [41]
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conservative (realistic) constrains on RPV effects, we
would take the whole possible regions of the distributions
due to the variances of input parameters as the SM pre-
dictions, which are listed in Table V. We find our result
BB — 7€ €7) =(2.03 +0.23) X 108 is smaller
than the value 3.27 X 1078 in Ref. [19]. The difference is
mainly due to the updated values for form factors and
CKM parameters.

As in the literature, we assume that only one sfermion
contributes at one time with a mass of 100 GeV. For other
values of the sfermion masses, the bounds on the couplings
in this paper can be easily obtained by scaling them by
factor f2 = (wo’”ﬁ)z_ In Table I1I, the relevant experimen-
tal upper limits [15,17,41] are listed for comparison. We
can see that the experimental upper limits of B(B; —
€ €") are just one order above the SM expectations,
which will constrain RPV SUSY parameter space signifi-
cantly. Although the present limit of B(B — u* u™) are
2 orders of magnitude higher than the SM prediction, the
upper-limit will also yield strong bounds since the decay
BY — w*u is very sensitive to new pseudoscalar inter-

actions beyond the SM.
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Now we turn to the RPV effects. The decays to B, —
pt e, Bf — 7€ €, and B} — €€~ involve the
same set of the six RPV coupling products. Combining
the upper-limits of B(B; — @+ ¢*¢~) [15] and B(BY —
€7€7) [17,28] listed in Table III, we get constraints on the
six RPV coupling products. Subject to the constraints, the
random variations of the parameters as discussed previ-
ously lead to the scatter plots displayed in Fig. 3. From the
figure, we can see that the RPV constraints on A}, A%}, and
A5 AL, are sensitive to their RPV weak phases, which
implies significant interferences between the squark con-
tributions and the SM ones. As depicted by Figs. 1 and 2,
the squark contribution amplitudes are of b(V + A)dé(V —
A){ current structure after Fierz transformations, which are
similar to the SM amplitudes. For the constraints on A’A*
of sneutrinos are insensitive to their phase ¢Rp' We sum-
marize all the constraints in Table IV, where the recent
updated bounds [42] are listed for comparison. It is shown
that our bounds are more restricted than the previous ones.
We note that the strong constraints on A} ; A7}, and A} ;A5
are mainly due to the upper-limits of B(BY — 7t €*{7),
which are just one order higher that the SM expectations,
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FIG. 3. The allowed parameter spaces for the relevant RPV couplings constrained by the measurements listed in Table III, and the

RPV weak phase is given in degree.
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TABLE IV. Bounds for the relevant RPV couplings products by B;" — 7" ¢* ¢~ and B} —
€€~ decays for 100 GeV sfermions. For comparison, we list previous bounds which are also
obtained with the sfermion masses of 100 GeV.

Couplings Bounds [Processes] Previous bounds [Processes] [42]
|A] 5 AT = 11X 1074 [Bmeic] =26X1072[B,—ete]
| A% =7.4x 1076 fFrocc ] =41X1075 [B;— e*e]
| ALl =74x10°0 Jocal =41X107° [By—ete]
|AS5 AL | =13x1074 JBoww ] =54%X104[By— p'p]
A A% | =37x10°° [B[fgf:”f:;l] =62X107° [By— u*u]
| Al Al =37x10°° JHow e 1) =62X107°[B;— pn'p"]

and the constraints on other four RPV coupling products
from the sneutrino exchange are mainly due to the upper-

limits of B(BY — €*¢€7).

Using the constrained parameter spaces shown in
Table IV and Fig. 3, one can predict the RPV effects on
the other quantities which have not been well measured yet
in these processes. We perform a scan over the input
parameters and the new constrained RPV coupling spaces
to get the allowed ranges for B(B;) — p™€¢*¢~), B(B} —
70 C), B(BY—€T¢7), Aw(Bf — 77 €7€¢"), and
Agg(B) — p™€*€~) with the different RPV couplings
products. The numerical results are summarized in Table V.

For Table V, we have the following remarks.

(i) As shown by Fig. 2(b), the contributions of Aj;AT}

and Ay;A5, to B(BY—ete ) and B(BY—
ut ), respectively, arise from t-channel squark
exchange. After Fierz transformation, the effective
Hamiltonian due to the ¢-channel squrk exchange is
proportional to by*Prd{y «Prt, which contribu-
tions to B(BY — €*€~) are suppressed by m?/m3
due to helicity suppression. Therefore, B(BY —
ete”, u"u”) will not be enhanced so much by
the z-channel squark exchanging RPV contributions.
In other words, the bounds on these two RPV cou-

(i)

(iii)

pling products are due to the upper-limits of
BB} — 7w*€T€"). With the bounds, the RPV
squark exchanges could enhance B(BY— e'e™)
and B(B) — u* ™), to the utmost, to 6.7 X 10714
and 3.9 X 1077, respectively. However, the effective
Hamiltonian of s-channel sneutrino exchange would
be b(1 * y5)d€(1 F vs)€, whose contributions are
not suppressed by m?/m3. Therefore, both B(BY —
eTe”) and B(BY — u* ) could be enhanced to
order of 1073 to saturate their experimental upper
limits by A;;;1 A%, and A5, A%, respectively.

At present there is no experimental data for B, —
p €€~ decays. It is interesting to note that
B(B;f — p*€*€~) could be enhanced to order of
107% by the t-channel squark exchange within the
bounds due to the upper-limits of B(B;, —
7€T€7), however, it is not sensitive to the
s-channel sneutrino exchanges within the con-
strained parameter space.

Apg(By — mrete”) and App(By — 7t u”)
are zero in the SM. The RPV contributions to the
asymmetries due to squark exchanging are also zero,
while the sneutrino exchanging RPV contributions
are also too small to be accessible at the LHC.

TABLE V. The results for B(B) — ¢*¢7), BB, — p™€™ ¢, 7" ¢"¢"), and Agp(B;) — 7w*(p*)€*€") in the SM and the RPV
SUSY. The RPV SUSY predictions are obtained by the allowed regions of the different RPV couplings products. In the RPV coulpings,
g =1 and 2 for £ = e and u, respectively.

SM value

I
/\gil

!
/\gi3

13
)‘igg’\m

0/
/\igg)\il?a

B(BY — ete™)
BB} — mtete)
BB — ptete)
Awp(Bf — mete)
App(By —pete)
BB)— uu”)
BB, —»mtutp”)
BB, —=p ptu)
App(By =7 pu )
ApB, = pptu)

[2.2,3.7] X 10715
[1.4,2.6] x 1078
[2.8,9.7] x 1078
0
[0.14, 0.23]
[0.96, 1.56] X 10710
[1.4,2.6] X 1078
[2.8,8.4] X 1078
0
[0.14, 0.23]

[0.002, 6.7] X 10714
[0.57,18.0] X 1078
[3.8586.8] X 1078
0
[—0.13, 0.82]
[0.01,38.9] x 10710
[0.22,27.92] X 1078
[3.5780.4] X 1078
0
[ —0.13, 0.46]

[0.008,6.1] X 1078
[1.6,15.5] x 1078
[2.9,10.2] x 1078

[—-7.2,6.7] X 107

[0.14, 0.23]

[0.01,1.5] x 1078
[1.7,5.3] X 1078
[2.8,9.1] X 1078

[—1.1,1.1] x 1072

[0.14, 0.23]

[0.008,6.1] X 1078
[1.7,13.8] X 1078
[2.8,10.2] X 1078

[-7.2,7.2] X 107

[0.15, 0.23]
[0.01,1.5] x 1078
[1.6,5.4] x 1078
[2.8,9.1] X 1078
[-1.1,1.1] x 1072

[0.14, 0.24]
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(iv) It is found that the squark exchanging RPV contri-
butions have significant impacts on Agg(B; —
ptete™) and Agg(B} — ptu™ ™). While, the
RPV contributions due to the sneutrino exchange
affect Apg(Bf — ptete”) and Aps(B, —
ptut ) slightly.

For each RPV coupling product, we present the distri-
butions and correlations of branching ratios and forward-
backward asymmetries within the constrained parameter
space in Fig. 3. Numerical results are shown in Figs. 4-6,
where correlations between the physical observable B,
A g and the parameter spaces of the different RPV cou-
pling products by the three-dimensional scatter plots. The
dilepton invariant mass distribution and the normalized
forward-backward asymmetry are given with vector meson
dominance (VMD) contribution excluded in terms of
dB/d§ and dApg/ds, and included in dB’'/d§ and
d Atg/ds, respectively. From Figs. 4—6, one can find the
correlations of these physical observable with the RPV
coupling products.

Now we turn to discuss plots of Fig. 4 in detail. The
three-dimensional scatter plot shows Agg and B corre-
lated with |Aj;3A7;] and its phase ¢y . We also give
projections on three vertical planes, where the
|A1;3AT;11-¢g, plane displays the constrained regions of
A 5ALG, as the second plot of Fig. 3. From plots of
Fig. 4(a)—4(c), we can find that B(B} — e*e™), B(B;f —
mrete”) and B(B} — pteTe”) are increasing with
[ 5AT] on the B-[Aj;A7| planes, and B(B, —
mTete”) can be enhanced to its present experimental
upper limit. Figure 4(d) shows that Agg(B} —
ptete™) is decreasing with |A] ;A7 | on the Agp(B, —
ptete )-|A] ;A% | plane. It is shown that B(BY — e*e™),
B(B} — ptete”) and Agg(B} — pTete™) are sensi-
tive to ¢y, with the first two increasing with | Rpl while
the last one decreasing, whereas B(B,) — wm e e™) is
insensitive to (;/JRP. From Figs. 4(e) and 4(f), we can find
that the Aj;;A};, contributions are significantly larger than
the SM contributions at the all § regions with theoretical
uncertainties included. While for dB(B,} — pTe*e™)/ds,
the RPV effect is significant at the low § region. Especially
from Fig. 4(i) and 4(j), we find the RPV contributions to
dﬂg])g(B,j — ptete”)/ds are quite different from the
SM expectations. All the above observations can be ex-
tended to Fig. 5, but for squark #;; contributions to B) —
utu Bl -7 utn,and B} — ptut u, instead.

The RPV sneutrino exchange contributions to B} —
p T, B — 7w ¢* €, and B — ¢* € are very simi-
lar to each other. We would take A}, A} 5 contributions as
an example, which is shown by Fig. 6. Figures 6(a) and 6(b)
show that both B(B) — u*u~)and B(B;, = 7w u*u")
are increasing with [A%,Al;5| on the B-|A},, Al;| planes,
but insensitive to ¢y , and B(BY — w*u~) can be en-
hanced to ~1.5 X 10~ which saturates its present upper

PHYSICAL REVIEW D 77, 014017 (2008)

limit. As shown by Figs. 6(c) and 6(d), both Agg(B;} —
ptutu")and BB} — ptu™ u™) are insensitive to the
RPV sneutrino contribution. The scatters of points in
Figs. 6(c) and 6(d) are due to theoretical uncertainties.
The similar situation is also found for the distributions of
dApg(B; — p ' p7)/ds and dB(B,; —
ptutu)/ds. From Figs. 6(g)—6(j), one can find that
the present theoretical uncertainties in our numerical cal-
culation are still very large, and the RPV sneutrino ex-
change contributions are indistinguishable from the
uncertainties. Figures 6(e) and 6(f) are the distributions
of dB"(B;} — 7" u* u™)/ds, which show the RPV con-
tributions distinguishable only in the high § region.

As known, to probe new physics effects, it would be very
useful to measure correlative observables, for example,
BB} — p*€*¢”), BB} — 7€*¢"), and B(B,—
€7 €7), since correlations among these observables could
provide very strict bound on new physics models.

It should be noted that the present upper limit of
B(Bf — 7w €"€7) <9.1 X 10~® made by BABAR [15]
is based on just 208.9 fb~! data, which is already just
one order higher than the SM expectation. Up to this
Fall, Belle and BABAR have recorded as much as
709 fb~!' and 500 fb~! data, respectively. Searches with
these data will surely improve the upper limits for these
decays to large extent, which will give much stronger
constraints on the RPV SUSY parameter spaces. On the
other hand, the decays with enhancement of the RPV
SUSY might be accessible at BABAR and Belle, especially,
the B)) — p™€* ¢~ decay. For such a measurement, a good
p" — 7" 7" subvertex reconstruction is necessary to dis-
tinguish it from the much more copious decay B™ —
K**¢*¢~ — (K*7°)¢* ¢, and may be a challenging
task at BABAR and Belle. In the near future at the LHCD,
these decays might be measured with much larger data
samples.

IV. SUMMARY

We have studied B, — 7#7€¢"¢~, B} — p™€¢*¢~, and
BY — €" €~ decays extensively in the RPV SUSY. From
the latest experimental upper limits of B(B,) — 7" €*{")
and B(BY — ¢*€7), we have obtained the constrained
parameter spaces of the RPV coupling products, and found
these constraints are robust and stronger than the existing
ones, which may be useful for further studies of the RPV
SUSY phenomenology. Using the constrained parameter
space, we have given the RPV impacts on the branching
ratios B(BY — ¢*€7), B(B;f — w*¢*¢"), and B(B; —
pT€*t€”), and the forward-backward asymmetries
Ag(Bf — 7€ €7) and Apg(Bf — p™ €T €7).

It is shown that B(BY — ¢*€7) is very sensitive to the
RPV s-channel sneutrino exchange, but not to z-channel
squark exchange, which could be enhanced to ~107% by
the former. On the contrary, B, — p* €€~ is very sensi-
tive to 7-channel squark exchange, and B(B, — p*€*{")
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could be enhanced to ~107°, which could be tested at
BABAR and Belle.

Furthermore, we have shown the RPV effects on dilep-
ton invariant mass spectra and the normalized forward-
backward asymmetries in B — 7t¢*¢~ and B} —
p €€~ decays. In the constrained parameter space, it is
found that the RPV couplings Aj;Af and Aj;;A% of
squark exchanges could result in the distributions of
dB(B} — p*€*€7)/ds and d Apg(B,; — pt€T€7)/ds
significantly different from the SM expectations. The other
four RPV couplings due to the sneutrino exchanges give
distinguishable contributions to dB(B, — 7 €*€~)/ds
at high § region. But for the B, — p* €€~ decays, the
sneutrino exchange contributions to dB/d$ and d A pg/d$
are indistinguishable from the theoretical uncertainties.

With the operation of B factories, many measurements
of rare B decays have put strong constraints on new physics
scenarios beyond the SM. With the near future experiments
at the LHCb, one can access many more rare decays with
high statistics, which will give more stringent bounds on

PHYSICAL REVIEW D 77, 014017 (2008)

the products of the RPV couplings. From measurement of
the correlated decays, one may eventually establish indi-
rect evidence for specified new physics model or rule it out.

The results in this paper could be useful for probing the
RPV SUSY effects and will correlate strongly with
searches for the direct RPV signals at future experiments.
Negative experimental evidence for the deviations from the
SM expectations in these decays would result in strong
constraints on these RPV couplings.
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