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I. INTRODUCTION

The quark level flavor changing neutral interaction b — su™u~ is forbidden at
the tree level in the standard model (SM) and can occur only at the one-loop level.
Therefore it can serve as an important probe to test SM at loop level and also
constrain many new physics models beyond the SM. This quark level interaction
is responsible for the purely leptonic decay By — ptu~ and also the semi-leptonic
decays B — (K, K*)utp~. The semi-leptonic decays have been observed by BaBar
and Belle [1, 2, 3] with the following branching ratios:

B(B— Kptp™) = (5.7122) x 1077,
B(B — K*'utp™) = (11.0729) x 107" (1)

These values are close to the SM predictions [4, 5, 6]. However there is about 20%
uncertainty in these predictions mainly due to the errors in the determination of the
hadronic form factors and the CKM matrix element |Vi|.

The decay B, — p* ™ is highly suppressed in SM. Its branching ratio is predicted
to be (3.35+0.32) x 1072 [7, 8, 9]. This decay is yet to be observed experimentally.

Recently the upper bound on its branching ratio has been improved to [10]
B(By — ptp™) <58 x107% (95% C.L.), (2)

which is still more than an order of magnitude above its SM prediction. By — utpu~
will be one of the important rare B decays to be studied at the upcoming Large
Hadron Collider (LHC) and we expect that the sensitivity of the level of the SM
prediction can be reached with ~ 1 fb=! of data. [11, 12].

Many new physics models predict an order of magnitude enhancement or more in
B(Bs — p 7). These include theories with Z' mediated vector bosons [13], as well
as multi-Higgs doublet models that violate [13] or obey [14] natural flavor conserva-
tion. In [15], it was shown that the new physics mediated by vector bosons is highly
constrained by the measured values of the branching ratio of B — (K, K*)utpu~. As
a result, an order of magnitude enhancement in B(B, — pu* pu~) from new physics
vector or axial vector operators is ruled out. On the other hand, such an enhance-

ment from the scalar/pseudoscalar new physics (SPNP) operators is still allowed,



since the most stringent bound on the SPNP operators comes from B(B; — u* ™)
itself. In particular, multi-Higgs doublet models or supersymmetric (SUSY) models
with large tan 8 can give rise to such an enhancement.

Apart from the branching ratios of the purely leptonic and semi-leptonic decays,
there are other observables which are sensitive to the SPNP contribution to b — s
transitions. These are forward-backward (FB) asymmetry Agp of muons [16] in
B — Ku™ p~ and longitudinal polarization (LP) asymmetry Ay p of muons in By —
= [17]. Both these are predicted to be zero in the SM. Therefore, any nonzero
measurement of one of these asymmetries is a signal for new physics. In addition,
these asymmetries are almost independent of form factors and CKM matrix element
uncertainties, which makes them attractive candidates in searches for new physics.
In this paper we investigate what constraints the recently improved upper bound on
B(Bs; — p*p~) puts on the possible SPNP contribution to Agpg and App. Do SPNP
operators enhance these observables to sufficiently large values to be measurable in
future experiments?

The paper is organized as follows. In section II, we study the effect of possible
SPNP contribution to Arg. In section III, we calculate the possible A;p enhance-
ment due to SPNP, and point out some interesting experimental possibilities. In

section IV, we present our conclusions.

II. FORWARD-BACKWARD ASYMMETRY IN B — Ku* u~

There are numerous studies in literature of the FB asymmetry of leptons in the
SM and its possible extensions [18, 19, 20, 21, 22, 23, 24]. In the SM, the FB
asymmetry of muons in B — Kputpu~ vanishes (or to be more precise, is negligibly
small) because the hadronic current for B — K transition does not have any axial
vector contribution. However this asymmetry can be nonzero in multi-Higgs doublet
models and supersymmetric models with large tan 3, due to the contributions from
Higgs bosons. Therefore FB asymmetry in B — Kyt~ is expected to serve as an
important probe to test the existence and importance of an extended Higgs sector
21, 24]. Any nonzero measurement of this asymmetry will be a clear signal of new

physics.



The average (or integrated) FB asymmetry of muons in B — Kputpu~, which is
denoted by (Arg), has been measured by BaBar [2] and Belle [25, 26] to be

(App) = (0.157033 4 0.08) (BaBar), (3)

(Apg) = (0.10£0.14 + 0.01) (Belle). (4)

These measurements are consistent with zero. But on the other hand, they can be

as high as ~ 40% within 20 error bars.

A. Calculation of App

We consider new physics in the form of scalar/pseudoscalar operators. The ef-

fective Lagrangian for the quark level transition b — su*u~ can be written as
L(b— spu™pu~) = Loy + Lsp, (5)

where
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are the new physics scalar and pseudoscalar couplings respectively. In our analysis
we assume that there are no additional CP phases apart from the single CKM phase.
Under this assumption, Rg and Rp are real. Within SM, the Wilson coefficients in

eq. (6) have the following values:
CM = 0310, CS" = +4.138 + Y (¢?) , Cyo = —4.221 , (8)

where the function Y (¢?) is given in [27, 28].

The normalized FB asymmetry is defined as
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In order to calculate the FB asymmetry, we first need to calculate the differential

decay width. The decay amplitude for B(p) — K(p')u" (p+)u~ (p_) is given by
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where g, = (p — '), = (p+ + p—),. The relevant matrix elements are
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Here, k = my/mgp, z = ¢*/m% and my, = mp/mp. In this paper, we approximate
mb by 1.
Using the above matrix elements, the double differential decay width can be

calculated as
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Also, m,, = m,/mp and 0 is the angle between the momenta of & meson and p~ in
the dilepton centre of mass frame. The kinematical variables are bounded as
—1<cosf <1,
A2 2
4mH§z§(1—k) )

The form factors fy o can be calculated in the light cone QCD approach. Their
q* dependence is given by [18]

f(2) = £(0) exp(crz + e22” + c32%) | (16)

where the parameters f(0), ¢y, ¢ and ¢3 for each form factor are given in Table I.

The FB asymmetry arises from the cos term in the last line of eq. (14).

f(0) a Ca c3
fr 03197009 1465 0372 0.782

fo 03197003 0.633 —0.095 0.591

fr 035570018 1478  0.373  0.700

TABLE I: Form factors for the B — K transition [18].

The calculation of FB asymmetry gives
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From eq. (17), it is clear that App(2) is proportional to m,(~ 0.02), and to the
scalar new physics coupling Rg. In the minimal supersymmetric standard model
(MSSM) and two Higgs doublet models, Rg itself is proportional to 72, and tan? 3.
Hence a large FB asymmetry is possible only for exceptionally large values of tan 3.

The average FB asymmetry is obtained by integrating the numerator and de-
nominator of eq. (17) separately over dilepton invariant mass, which leads to

20g 1, B Rs [ dzan(2) ¢(1,k% 2) 27001, B Rs [ dzai(2) ¢(1, k2, 2)
D(B — Kuty~) a B(B — Kytp~) '

(Arp) =

(1)
where B(B — Kputp™) is the total branching ratio of B — Kyt p~. The numerator
in eq. (21) can be calculated to be

27300 My, 35 Rs /dz ay(2) ¢(1, k%, 2) = (5.25 x 107%)(1 £ 0.20) Ry , (22)

whereas the total branching ratio, including the contribution of SPNP operators, is

given by [20]
B(B — Ku*tp™) = [5.25+ 0.18(R% + Rp) — 0.13Rp| (1 £0.20) x 1077 . (23)

In the SM calculation of B(B — Kpu* ™), two vector form factors, fy and f,, as

well as the tensor form factor fr appear. The SPNP contribution, on the other hand,



Gp =1.166 x 107° GeV~2 |mp, = 5.366 GeV

a=7.297 x 1073 mp = 5.279 GeV

7B, = (1.437T0530) x 107125|V}, = 1.0

7, = 1.53 x 107125 Vis = (40.6 £2.7) x 1073

m,, = 0.105 GeV fB. = (0.259 & 0.027) GeV [29]

my = 0.497 GeV

TABLE II: Numerical inputs used in our analysis. Unless explicitly specified, they are

taken from the Review of Particle Physics [30].

is only through f,. We have made the assumption that the fractional uncertainties
in all the form factors are the same. The |V;s| dependence in the numerator and
denominator of eq. (21) cancels completely, whereas the errors due to the form
factors uncertainties cancel partially. We conservatively take the net error in (Apg)
to be 30%, leading to

5.25 x 1072 Rg
[5.25 + 0.18(R% + R%) — 0.13Rp| x 107

(Arp) = (1£0.3). (24)

B. Constraints on (Apg) from B(Bs — ut p™)

We now want to see what constraints the present upper bound on B(Bs — pu* pu™)
puts on the maximum possible value of (Arg). The present experimental upper limit
on B(Bs — ptp~) is an order of magnitude larger than the SM prediction. In such
a situation, the SM amplitude for this decay will be much smaller than the new
physics amplitude and hence can be neglected in determining the constraints on
new physics couplings, Rs and Rp. In other words, we will assume that SPNP
operators saturate the present upper limit. Therefore we need to consider only the

contribution of Lgp to the decay rate of By — pu*p~.



The decay amplitude for B, — p* p~ is given by

aG N _ _
M(Bs = ptu”) = 2\[F VisVis{0 [575b] Bs) [Rsti(p)v(pa) + Rpti(pu)ysv(pa)] -
(25)
On substituting )
— meB
B,) = —i———== 2
(O 53sb] B) = —i b (26)
we get
_ ;oG . f.m7 _ _
M(By = ptp™) = —ig \/; VaVis o +ﬁ; [Rsu(pu)v(pp) + Rpt(pu)vsv(pe)]

(27)
where m; and mg are the masses of bottom and strange quark, respectively. The
calculation of the branching ratio B(Bs; — u* u~) gives

GFa mBSTBS

B(Bs — pu u”) = G

VaVial® f5, (RS + Rp) - (28)

Here we have neglected terms of order mg/my, and approximated mg, /m; by 1.

Taking fp, = (0.259 £ 0.027) GeV, we get
B(B, — pp™) = (1434 0.30) x 1077 (R% + R%). (29)

Equating the expression in eq. (29) to the present 95% C.L. upper limit in eq. (2),
we get the inequality
(Re + R%) <0.70, (30)

where we have taken the 20 lower bound for the coefficient in eq. (29). Thus, the
allowed region in the Rs—Rp parameter space is the interior of a circle of radius
~ (.84 centered at the origin.

In [31], it was shown that the SPNP operators cannot lower B(B — Kutpu™)
below its SM prediction. Therefore from eq. (24), the maximum value of (Arg) with
the current upper bound on B(B — Kyt p~) is 1.34% at 20. If B(Bs — putp™) is
bounded to 1078, the 20 maximum value of (Apg) will be 0.56%.

A naive estimation suggests that the measurement of an asymmetry (Agrg) of a

decay with the branching ratio B at no C.L. with only statistical errors require

¥~ () &
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number of events. For B — Ku*tu~, if (App) is 1% at 20 C.L., then the required
number of events will be as high as 10'® | Therefore it is very difficult to observe
such a low value of FB asymmetry in experiments. Hence FB asymmetry of muons

in B — Ku*p~ will play no role in testing SPNP.

III. LONGITUDINAL POLARIZATION ASYMMETRY IN By — ut pu~

The longitudinal polarization asymmetry of muons in B, — pu*u~ is a clean
observable that depends only on SPNP operators. It vanishes in the SM, whereas
its value is nonzero if and only if the new physics contribution is in the form of scalar
operator. Therefore any nonzero measurement of this observable Ay p will confirm
the existence of an extended Higgs sector. The observable A;p was introduced in
ref. [17], though the corresponding analysis in the context of K; — uu~ had been
carried out earlier [32, 33, 34, 35]. In this section, we will determine the allowed
values of App consistent with the present upper bound on B(Bs — ptpu~), and
explore the correlation between these two quantities.

The most general model independent form of the effective Lagrangian for the
quark level transition b — sutp~ that contributes to the decay B, — pu ™ has the
form [36, 37]

Grao . _ _
L= 2 (ViVi) {Ra(57, 0) (s 1)

B 20/ 21
+Rs(5v5b)(fipe) + Rp(5750)(Lys 1)} (32)

where Rp, Rg and R, are the strengths of the scalar, pseudoscalar and axial vector
operators respectively. Note that the effective Lagrangian in eq. (32) is essentially
the same as the effective Lagrangian given in eq. (5). Here we have dropped C; and
Cy terms which do not contribute to By — pu* p~. In addition, the R4 in eq. (32)
is the sum of SM and new physics contributions.

In SM, the scalar and pseudoscalar couplings RSM and REM receive contributions
from the penguin diagrams with physical and unphysical neutral scalar exchange

and are highly suppressed:

() 5. (33)

W

SM _ pSM
R" = Rp™
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Also, RSM = Y (z)/sin? Oy, where Y () is the Inami-Lim function [38]

V()= 3 [i :f t G ?fl)Z lnx} , (34)

with @ = (m;/My)?. Thus, R3M ~ 4.3.

The calculation of the branching ratio gives [17, 36]

2 2 2 2 2
m 4dm m
B(Bs, — utp) = 2m, Ry — —2* R 11— —* B: R
PRV [P G (R I S
(35)
where
G%az 2 4m2
as = —2— ViV |" 75, fo.mp, 1 — : (36)
6473 ! sz5

Here 75, is the lifetime of B,. Eq. (35) represents the most general expression for
the branching ratio of B, — u*pu™.

We now derive an expression for the lepton polarization. In the rest frame of
ut, we can define only one direction ?_, the three momentum of x~. The unit
longitudinal polarization 4-vectors along that direction are

s = (0, ) = (0, i%)

Transformation of unit vectors from the rest frame of u* to the center of mass frame

(37)

of leptons (which is also the rest frame of Bs meson) can be accomplished by the
Lorentz boost. After the boost, we get

wo_ (P BT
= (I By

+
K my, ’ mu‘?—|

s (38)

where F, is the muon energy.
The longitudinal polarization asymmetry of muons in By, — pu™ ™ is defined as
P(ez) — T(=¢1)

AT = .
M T(ep) + T(=ép)

(39)

Thus we get [17]

amg [ _m3,
A )
Ap = (40)

4m? m? 27
Bs _ H Bs
‘le‘RA mp+ms RP (1 mQBs ) ‘ my+ms S
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Arp

FIG. 1: App vs Ry plot for B(By — utp~) = (5.8,3.0,1.0) x 1078

with AT, = A7, = App. It is clear from eq. (40) that Azp can be nonzero if and
only if Rg # 0, i.e. for Arp to be nonzero, we must have contribution from SPNP
operators. Within the SM, Rg ~ 0 and hence A;p ~ 0.

Using eq. (35), we can eliminate R4 and Rp from eq. (40) in favour of the physical
observables B(Bs; — u* p~) and a;. We get [17]

2a 4m?
Ap = + : 1——£x
LE B(Bs — ut po) my,
mQBs RS B(BS — :u+ /JJ_) _ 1 _ 4mi mQBs RS ’ (41)
mp + M Qs mQBS My + My

Eq. (41) represents a general relation between the longitudinal polarization asym-
metry App and the branching ratio of By — u*pu~.

We now explore the correlation between App and B(Bs — put p~). It is quite
obvious that when B(Bs — u™ p~) > 1078, we can neglect the SM contribution in
obtaining the bounds on Rg and Rp. However if B(Bs — u* ™) is of the order of
the SM prediction, then we will have to take into account the SM contribution as

well. Therefore it is reasonable to consider both the cases separately.
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FIG. 2: Plot between |Arp| and B(Bs — ptp™) for different Rg values, when B(B; —
pt =) > 1078, The region B(Bs — u p~) > 5.8 x 1078 is ruled out by experiments to
95% C.L..

A. B(Bs—ptp7)>1078

We first consider the constraints on Aypp coming from the present upper bound
on B(B, — ptp~). Fig. 1 shows the plot between Arp and Rg for three different
values of B(B, — put p17) 3 1078, Fig. 2 is a plot between |Azp| and B(B, — utpu™)
for various allowed values of Rg. The bands in Figs. 1 and 2 are mainly due to the
uncertainties in CKM matrix element |Vis| and decay constant fg..

We see from Fig. 1 that the maximum possible value of A;p consistent with the
present upper bound on B(Bs — ptp~) is 100%, i.e. the present upper bound of
B(B; — putu~) does not put any constraint on App. Indeed, B(By, — ptp~) will
be unable to put any constraint on Ap even if it is as low as 1075.

Thus we see that the recently improved upper bound on the branching ratio of
By, — ptp~, which provides the most stringent bound on SPNP couplings, fails
to put any bound on App. Therefore App is more sensitive to SPNP operators as
compared to B(Bs — pt 7). Any nonzero measurement of Ay p will be evidence for

an extended Higgs sector.
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We would like to emphasize another important point: The measurement of
B(Bs; — pp~) will only give the allowed range for the values of the SPNP couplings
Rg and Rp. However the simultaneous determination of B(Bs — putu~) and App
will allow the determination of new physics scalar coupling Rg (see Fig. 2) and this

in turn will enable us to determine the new physics pseudoscalar coupling Rp.

B. B(Bs—putp) <1078

LHC is expected to reach the SM sensitivity in B, — pu* u~. In fact, it may
even go 50 below the SM prediction [11]. Therefore it is worth considering the
case when B(Bs; — pt ) is of the order of the SM prediction. In this section we
study the correlation between App and B(Bs; — ptp~) under the assumption that
B(Bs — pt ™) is close to its SM prediction.

Taking Ra = R5M, eq. (35) gives

B(B, = pu* 117) = a,[28.8(R% + R%) — 9.7Rp + 0.81] , (42)

which leads to

o _ 0.035 B(Bs — pt )
Qs

R% + (Rp — 0.165) (43)

This corresponds to a circle in Rg — Rp plane with centre at (Rg = 0, Rp = 0.165)
and radius given by r = /0.035 B(Bs; — pt u~)/as -

Fig. 3 shows the plot between A;p and Rg for three different values of B(B; —
ut ™) < 1078, Fig. 4is a plot between |Azp| and B(Bs — utp~) for various allowed
values of Rg. It is obvious from fig. 3 that App can be 100% even if B(Bs, — putu™)
is close to its SM prediction.

We now consider three exciting experimental possibilities, all of which can be

accounted for with SPNP.

1. B(Bgs— p* u™) is consistent with SM but App # 0

It is possible to have a non-zero value of App even if B(By — uu~) is equal to

its SM prediction. We can re-write eq. (35) in the following form:

B(By — pu™ ™) = as[(bsar — bp)? + V3], (44)
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1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

|A Lpl
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B(Bs --> W) x 10°

FIG. 4: Plot between |App| and B(Bs — u*u~) for different Rg values, when B(Bs —
put ™) < 1078, The vertical shaded band corresponds to 1o theoretical prediction within
the SM. The region B(Bs — u" =) > 5 x 107 is not ruled out; here we just concentrate

on the region near the SM prediction.
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where

m A4m?2  m?2
bSM = QmuRiM s bp = iRp s bs = 1— — K B

—* Rg. 45
my + My my_ my + myg s (45)

Here we have taken R4 = R3M, i.e. we have considered new physics only through

the SPNP operators. Now if B(Bs; — pu~) is equal to its SM prediction, then

as[(bsar — bp)? + b = as by, , (46)
which leads to
(bp — bsn)? + b% = bzasr (47)
or 5 5
R% + |Rp— wbw} = <M2meSM) . (48)
mBs mBs

Eq. (48) represents a circle in Rg— Rp plane with center at (0, (my, + m)bsar/m3;_).

The circle representing eq. (48) passes through the origin (Rs = Rp = 0), which
corresponds to the SM. However, in general the points on the circle have nonzero
Rg, and hence imply nonvanishing Ay p. Therefore it is possible to have a nonzero
value of App even if B(By — ptp~) is equal to its SM prediction. Thus App can
still serve as an important observable to search for SPNP even if B(By — ptp™) is

observed to be very close to its SM prediction.

2. LHCDH fails to find Bs — p p~

If LHCD fails to find By — pu™ u~ or puts an upper bound on its branching ratio
which is smaller than 2 x 1072 (50 below SM prediction), this scenario can still be
accomodated within the SPNP.

The interference between the SPNP and SM operators can decrease the branching
ratio B(Bs — ptp~) far below its SM prediction. In fact it can be seen from
eq. (35), B(Bs — ptp~) can even vanish, provided the following conditions are
satisfied simultaneously:

2my,my

Rs =0, Rp==—"t"Ry=001R,. (49)

Bs

From Fig. 4, it can be seen that for low Rg values, it is indeed possible to suppress

B(Bs — p* u~) much below its SM value.
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3. Both B(Bs — ut u™) and App are consistent with the SM

The lepton polarization asymmetry is a result of the interference of the scalar
term with pseudoscalar / axial vector, as can be seen from eq. (40). Therefore it
vanishes when either bg or (bp —bsyr), defined in eq. (45), vanishes. Thus there exists
the interesting possibility of nontrivial SPNP even when both B(Bs, — p* ™) and

Ay p are consistent with the SM. This occurs when

bS:O7 bPZQbSMv (5())

or bs = bsy, bp = bsar, (51)

as can be confirmed from eq. (47). Therefore, the absence of SPNP is not guaranteed
simply by the consistency of these observables with the SM; more channels need to

be examined to rule out this possibility completely.

IV. CONCLUSIONS

An order of magnitude enhancement in B(Bs — pp~) is possible only due to
SPNP operators. Apart from B(Bs — p*pu~), observables such as FB asymmetry
of muons in B — Kyt u~ and LP asymmetry of muons in B, — ptpu~ are also
sensitive to SPNP operators. In this paper we consider the constraints on possible
SPNP contribution to these observables coming from the present upper bound on
B(Bs — ptu”).

We find that B(Bs; — u* ™) puts very stringent constraint on SPNP contribution
to (App) and restricts its value to be less than ~ 1%. Such a small FB asymmetry
is almost impossible to be measured in experiments. In the literature, (App) of
muons in B — Kput pu~ has been considered a promising measurement for probing
SPNP operators. Our results show that the present upper bound on B(B, — u* ™)
makes searching for SPNP through (Arg) a futile exercise.

On the other hand, the present upper bound on B(B; — ptpu~) does not put
any constraint on Ay p. Indeed, App can be 100% even if B(Bs — p ™) is close to
its SM prediction. App is sensitive only to SPNP operators and hence its nonzero

value will give direct evidence for a non-standard Higgs sector.
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A simultaneous determination of B(Bs — p*tp~) and App will enable us to

separate the new physics scalar and pseudoscalar contributions. Therefore it is worth

considering this observable in experiments to probe the extended Higgs sector.
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