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Abstract

The HyperCP Collaboration has presented the branching ratio ofΣ+ → pµ+µ− to be(8.6+6.6
−5.4 ± 5.5) × 10−8 and suggested a new boson

P 0 with a mass of 214.3 ± 0.5 MeV to induce the flavor changing transition ofs → dµ+µ−. We demonstrate that to explain the data, the new
particle cannot be a scalar but pseudoscalar based on the direct constraints fromK+ → π+µ+µ− andKL → µ+µ−, respectively. Moreover, we
determine that the decay width of the pseudoscalar should be in the range of 10−7 MeV with the lifetime of 10−14 s.
 2005 Elsevier B.V. All rights reserved.
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According to the report of the HyperCP Collaboration[1],
the observation of three events for the decayΣ+ → pµ+µ−
reveals the possibilities of new physics, as the branching ratio
Br(Σ+ → pµ+µ−) = (8.6+6.6

−5.4 ± 5.5) × 10−8 is claimed to be
larger than the prediction within the Standard Model[1–3]. The
analysis in Ref.[1] has found an unexpectedly narrow dimuon
distribution, which cannot be explained by the form factors used
to deform the phase space due to their mildly momentum de-
pendences[2,3]. The plausible explanation can be the threshold
effect which is induced asmµ+µ− = (pµ+ + pµ−) is approach-
ing to the pole of some unknown intermediate boson, suggest-
ing a two-bodyΣ+ → pP 0, P 0 → µ+µ− decay shown in
Fig. 1a, with theP 0 mass beingmP 0 = 214.3 ± 0.5 MeV [1]
and the branching ratio[1]

(1)
Br

(
Σ+ → pP 0,P 0 → µ+µ−) = (

3.1+2.4
−1.9 ± 1.5

) × 10−8.

If the effect is true, the flavor-changing neutral current (FCNC)
of the s → d transition is discovered at tree level. Clearly,
the most important task is to check the reality of the exper-
iment. Note that the observed events are only three and the
physical properties of this unknown particle remain ambiguous.
Nevertheless, the investigations can proceed via the decays of
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K+ → π+µ+µ− andKL → µ+µ− since they share the same
effective four-fermion interaction at quark level as shown in
Fig. 1. In this Letter, we will explore the constraints on the new
particle suggested by the HyperCP Collaboration by relating
the three decay modes.

We start with the general effective four-fermion interaction
for s → dµ+µ− in Fig. 1by including all possible scalar-type
currents, given by

(2)LNP = λij

q2 − m2
P 0 + imP 0ΓP 0

d̄Γi sūΓj v + H.C.,

whereq = pµ+ +pµ− , ΓP 0 is the decay width,u (v) denotes the
µ− (µ+) spinor andλij are the combined coupling constants
with i, j = S andP for Γi,j = 1 andγ5, representing scalar and
pseudoscalar currents, respectively. We stress the necessity of
the decay widthΓP 0 in Eq. (2) for the threshold enhancement
around the pole nearmµ+µ− = 214.3 MeV. In Eq.(2), there are
four kinds of couplings throughS ⊗S, P ⊗P , S ⊗P andP ⊗S

currents. Note that the latter two are parity-odd terms with the
physical states being the mixtures of scalar and pseudoscalar
[4]. Moreover, the last one could also violate CP symmetry
through the longitudinal muon polarization inKL → µ+µ−
[4]. However, we shall not consider CP violation in the present
Letter.
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Fig. 1. Diagrams for (a)Σ+ → pP 0, P 0 → µ+µ−, (b) K+ → π+P 0, P 0 → µ+µ− and (c)KL → P 0, P 0 → µ+µ−.

We now applyLNP in Eq. (2) to the decay ofΣ+ →
pP 0,P 0 → µ+µ−. The amplitude is found to be

AΣ+ ≡A
(
Σ+ → pP 0,P 0 → µ+µ−)

(3)= λij

q2 − m2
P 0 + imP 0ΓP 0

〈p|d̄Γis|Σ+〉ūΓj v .

To evaluate the amplitude, we parametrize

(4)〈p|d̄s|Σ+〉 = fSūpuΣ, 〈p|d̄γ5s|Σ+〉 = gP ūpγ5uΣ,

where the form factors are given by[5]

(5)fS = f1
(
q2)mΣ − mp

ms − md

, gP = g1
(
q2)mΣ + mp

ms + md

,

with [5,6]

f1
(
q2) = f1(0)

(
1− q2

m2
V

)2
, g1

(
q2) = g1(0)

(
1− q2

m2
A

)2
,

f1(0) = −1.0, g1(0) = 0.35,

(6)mV = 0.97 GeV, mA = 1.25 GeV.

It is noted that the momentum dependences are expressed as the
double-pole expansions.

To test possibilities of new physics fromΣ+ → pP 0,P 0 →
µ+µ−, we study the decays ofK+ → π+µ+µ− andKL →
µ+µ− due toLNP in Eq.(2). The amplitudes ofK+ → π+P 0,
P 0 → µ+µ− andKL → P 0, P 0 → µ+µ− are given by

AK+ = λij

q2 − m2
P 0 + imP 0ΓP 0

〈π+|d̄Γis|K+〉ūΓj v,

(7)

AKL
= λij

q2 − m2
P 0 + imP 0ΓP 0

× [〈0|d̄Γis|KL〉 + 〈0|s̄Γid|KL〉]ūΓj v,

respectively. Here, we have definedAK+ ≡ A(K+ → π+P 0,

P 0 → µ+µ−) andAKL
≡ A(KL → P 0,P 0 → µ+µ−). It is

noted that there are no contributions from〈π+|d̄γ5s|K+〉 and
〈0|d̄s|KL〉+ 〈0|s̄d|KL〉 due to the parity conservation in strong
interaction. Therefore,K+ → π+µ+µ− can only be used to
constrain the couplings ofS ⊗ S (P ), while KL → µ+µ− to
those ofP ⊗ S (P ). The matrix elements in Eq.(7) by means
of equation of motion are found to be

〈π+|d̄s|K+〉 = m2
K − m2

π

ms − md

f+,

(8)〈0|d̄γ5s|KL〉 + 〈0|s̄γ5d|KL〉 = i
√

2fK

m2
K

ms + md

,

wheref+ � 1 andfK = 160 MeV[7].
To proceed, we first concentrate onS⊗S (P ) couplings. The

experimental measurement for the decay ofK+ → π+µ+µ− is
[7]

(9)Br(K+ → π+µ+µ−) = (8.1± 1.4) × 10−8.

It has been demonstrated that the dominate contribution for
the decay is from the one-photon exchange in the Standard
Model, which can be referred, such as in Ref.[8]. Since the
partial branching ratio of the three-body decay is proportional
to |A|2/m3 · τ , where|A|2 is the squared amplitude andm (τ )
is the mass (lifetime) of the mother particle. For theS ⊗ S (P )

currents, from Eqs.(3)–(7)we have

(10)|AK+|2/|AΣ+|2 � 0.25,

(1/m3
K)/(1/m3

Σ) � 14 andτK+/τΣ+ = 1.5 × 102. After inte-
grating the phase space, we find that

(11)
Br(K+ → π+P 0,P 0 → µ+µ−)

Br(Σ+ → pP 0,P 0 → µ+µ−)
∼ O

(
102) (

O
(
103))

for theS ⊗ S (P ) currents. Note that the estimation of the ratio
in Eq. (11) is independent of the property of the new parti-
cle. When Br(Σ+ → pP 0,P 0 → µ+µ−) is in the range of
O(10−8), in any case, Br(K+ → π+P 0,P 0 → µ+µ−) should
be of O(10−6–10−5) if the interaction isS ⊗ S (P ), which is
clearly out of the limitation in Eq.(9). As a result, the tree level
flavor-changings → dµ+µ− transition resulting from the new
physics ofS ⊗S (P ) currents is unambiguously ruled out based
on the data ofK+ → π+µ+µ−.

We now turn to the new physics fromP ⊗ P and P ⊗ S

currents. Currently, the experimental measurement onKL →
µ+µ− is [7]

(12)Br(KL → µ+µ−) = (6.87± 0.12) × 10−9,

which is almost saturated by the absorptive (imaginary) part,
dominated by the measured mode ofKL → γ γ with Br(KL →
γ γ ) = (5.56± 0.06) × 10−4 [7], i.e., Brabs(KL → µ+µ−) =
(6.66±0.07)×10−9. However, there is still a possibility of the
cancellation among the short-distance amplitude and the real
part of the long-distance part[9,10]. Nevertheless, it is believed
that the new physics contribution to the decay branching ratio
cannot excess of O(10−9) [9]. To be conservative, we shall use

(13)BrKL
≡ Br

(
KL → P 0,P 0 → µ+µ−)

� 10−9

as our working assumption to constrain the new physics.
Beginning with a rough estimate, if we assume thatΓP 0 �

1 MeV, we find that the ratio of BrKL
and BrΣ+ ≡ Br(Σ+ →
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