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Abstract.

Recent progress has demonstrated that the K — pTp~ decay carries clean short-
distance information, attainable from a measurement of time-dependence sensitive to K1 — Kg
interference effects. We review the ingredients that go into this proposed extraction, and discuss
the sensitivity to the CKM parameter 77 as well as to various NP scenarios.

1. Introduction

The experimental capabilities of the high-luminosity era raise new opportunities for employing
the unprecedented yields of strange particles, reaching O(10'3) particles per year. These
extremely high yields have the potential to enable measurements that were previously considered
unfeasible. One very appealing example, proposed recently [1, 2], is the extraction of clean short-
distance physics from a measurment of time dependence of the rare flavor changing neutral
current (FCNC) decay, K — putu~.

Since the vast majority of measurements used to determine the parameters of the CKM matrix
so far come from B physics, it would be a unique and crucial test of the standard model (SM)
to cross check these measurements using kaon physics, where significant room for deviations
from the SM still exists. The measurement of CKM parameters from kaon processes involves
severe theoretical and experimental challenges. On the theory side, so called ”long-distance”,
non-perturbative QCD effects, contaminate the theory predictions with large uncertainties, thus
preventing the extraction of clean CKM information from the experimental data.

For this reason, the kaon experimental program has been focused in the past decades on the
measurement of two specific golden modes — K+ — nTvv and K, — 7%vv — identified in the
1990’s for their complementary, clean theory predictions [3, 4, 5, 6].

The time-integrated K s — putu~ modes are both severely dominated by long-distance
effects, for which the SM predictions carry large uncertainties. —However, with current
experimental capabilities, it becomes possible to imagine measuring the time dependent rate,
['(K — ptu™)(t), from which additional information can be attained.

Recent progress has demonstrated that

(i) A measurement sensitive to interference effects in the time dependent K — ptpu~ rate can
be used to extract the clean short-distance mode, B(Kg — utu™)¢—g, which amounts to a
clean measurement of the CKM matrix element combination |VisVigsin(8 + Bs)| & |A2\7],
with current theory uncertainty of O(1%) [1, 2, 7].



(ii) A combination of the measurement of B(Kg — utu™ )= with a measurement of B(Kj —
70u0) results in a ratio that is a very clean test of the SM, in particular avoiding |V, |-related

uncertainties [8].

(iii) The same B(Kg — ptu~)y—o observable is a potent probe of NP scenarios affecting the
kaon sector, complementary to the sensitivity of Ky — 7%uw [9].

(iv) The phase shift characterizing the K — Kg oscillations in the K(t) — u™pu~ rate is also
cleanly predicted within the SM, up to a fourfold discrete ambiguity [10].

This recent understanding establishes that the K(t) — ptu~ decay is an extremely
compelling mode theoretically, distinguishing it as a third kaon golden mode. In the following
we summarize the main results from the literature regarding K (t) — p*p~ and its sensitivity
to short-distance parameters.

2. Measuring 7j from K — utpu~
2.1. The structure of T(K — ptu~)(t)

The time dependent decay rate of an initial neutral kaon beam is given in terms of four functions
of time [11]
1 /dr’ T, 4T
— (=) =ft)= Cre Pt 4 Cge st + 20y cos(Ampt — pg)e” g5t , (1)
Ny \ dt
where A is a normalization factor, I'z,(I'g) is the K1, (Kg) decay width, and Am is the K;-Kg
mass difference. The four experimental parameters,

{Cln CSv CInt.a 900}7 (2)
are directly related to the four theory parameters describing the system [2],
{|A(Ks)e=ol, A(KL)e=0l, |A(Ks)i=1], arg [A(Ks)j—g A(KL)e=0]} » (3)

where the subscripts £ = 0 (s-wave symmetric wave function) and ¢ = 1 (p-wave anti-symmetric
wave function) correspond to the CP-odd and -even (u*p ™) final states, respectively.
Under the following assumptions,
(i) CP violation (CPV) in mixing is negligible,
(ii) No scalar leptonic operators are relevant,
(iii) CPV in the long-distance physics is negligible,
which are all excellent approximations within the SM, we identify that the £ = 1 amplitude for

K, vanishes (since it is a CP-odd transition which cannot be induced by vectorial short-distance
operators),

|A(KL)e=1| = 0. (4)

Moreover, under the above assumptions the CP-odd amplitude, |A(Kg)s—o| is a pure short-
distance parameter.

The relations between the experimental and theory parameters can be simply written then
as

Cr = |A(KL)=ol?,

Cs = |A(Ks)e=ol* + Bl A(Ks)e=1]?,
Cint. = D|A(Ks)e=ol|A(KL)e=0l,

o = arg [A(Kg)j—o A(KL)e=0] ,
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Figure 1: The expected approximate time dependence of the K — p*pu~ rate within the SM,
using the coefficients of Eq. (5), normalized such that Cp = 1, for two values of the phase-shift,
©0, consistent with SM predictions (see section 4 for details). The difference between the dashed
magenta and the solid black curves is a measure of interference effects.

where
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and D is the dilution factor,
. NKO - N?O (7)
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From Eq. (5), one can extract of the pure short-distance parameter, |A(Kg)s—o|, using a fit to
the experimental parameters (together with knowledge of the dilution factor, D),

1 Cl2nt. _ 2
DC |A(Ks) =0l - (8)

We note that including corrections from CPV in mixing is possible, without harming the
extraction of short-distance information, as demonstrated in Ref. [7].

Figure 1 shows the expected time dependence of the K — ptpu~ rate within the SM,
illustrating the strength of the interference terms, which are the key to the extraction of Eq. (8).

2.2. SM prediction for B(Ks — pu*p™ )e=o

Once we have demonstrated how |A(Ks)/—o|? can be extracted from a measurement of the time
dependent rate, we would like to formulate it in terms of SM CKM parameters. Within the SM,
the branching ratio, B(Kgs — ut ™ )s—g, related to the amplitude of interest via

TSB;L

B(Ks — p"p" )= = T6mme

|A(KS)e=ol”, 9)



is predicted to an excellent precision. The prediction, in terms of Wolfenstein parameters, is
given by [2, 7]

TsBu |2GEm3,
16mmg 2

B(Ks — ptp )P = femgm, Yy x A2X°q | (10)

where Y} is a loop function, dependent on z; = m?/ m%,[, We note that,

e The only hadronic parameter relevant here is the kaon decay constant, currenly measured in
charged kaon decays, introducing an O(1%) uncertainty from isospin breaking corrections.
This uncertainty may even be reduced in the future using lattice results.

e The CKM combination is almost identical to that appearing in B(Ky — 7°v). We have [8],

_ S
BUs = pp )imo] ™ _ 15502 () (Y (11)
B(Kp — nvp) ’ 0.225 X))

where the \ dependence enters due to the fact that the hadronic form factor for Kj, — 70w

is measured together with a factor of |V

e The current numeric SM prediction reads [7]
B(KS — M+'u_)§i/[0 = 1'70(0'2)QCD/EW(01)fK(19)param. X 10_137 (12)

where the non-parametric uncertainties are of the order of ~ 1%.
e Including effects of CPV in mixing results in an additional (parametric) uncertainty of order

3% [7].

3. K(t) = ptu~ beyond the SM

The observable reviewed in the previous section, B(Kg — u™ ™ )s—o, can also serve as a probe
of possible new physics (NP) scenarios affecting the kaon sector [9]. Currenly, the relevant
experimental upper bound is set by the LHCb collaboration [12],

B(Kg— ptp™) = B(Kg = p ™ )e—o + B(Ks = ptp )=y < 2110717, (13)
and can be conservatively read as a bound on the £ = 0 mode alone,
B(Ks — ptu )e—o < 2.1-1071°, (14)

Compared to the SM prediction given in Eq. (12), this leaves much room for possible NP
contributions,

B(Ks — utp™ )= B(Kg — -
3.1. Model-independent effective operator analysis
The relevant effective hamiltonian can be written as
M ZCOZ, (16)

where the operators contributing to K — pu™p~ are:



e Vectorial operators
Ovir = (Quy"Qr)(LryuLr); Ovir = (?LVMQL)(ER%L@’R), (17)
Ovrr = (dpy"dr)(LrvuLr); Ovrr = (drY"dR)(€RVueR),

e Scalar operators

Ostr = (Qrdr)(€rLy), (18)

Osrr = (drQr)(Lrer).

The general expression for the Kg — (u™ 1™ )y—o rate, in units of the SM expectation, is then
given by

1

R(Ks = pu p )—o= |14+ ="
( S nop )EO ( |C‘S/I\I/EL’SIDQCt

[AS (IC8Frlsin©spr + [CYRzlsinOsps) (19)
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m2 /m
Aog= K/ 70 20
s 2(ms +myq) (20)

+ ‘C\Ijgﬂ sin @VLL — |C‘1>IER‘ sin @VLR — |C‘1>IEL‘ sin @VRL + |C‘1>IER‘ sin @VRR

where Ag is the so-called scalar enhancement factor,

©; is the basis independent phase between the mixing and the Wilson coefficient,

= Larg (1) — arg(CNP
@z =9 arg <p) arg(C,» ) ’ (21)

and [2]

|C‘S/1\I/JIL’ sin gct =

Gr 2ozY(wt)Im (_ V?;V}d> ‘

E T sin%v ViVea

It is important to note, that the scalar operators, Ogrr and Oggy,, induce both the £ = 0 and
the ¢ = 1 final states, since they include both pseudo-scalar (P) and scalar (.S) leptonic currents.
Only the combination (Oggrr, + Osrr) can in general protect the assumption of |A(Kp)p—1| =0
(Eq. (4)).

By taking any Wilson coefficient to be O(1/A2), where A is the scale of NP, we learn that a
measurement of B(Kg — ut ™ )s—o that saturates the current experimental upper bound would
be sensitive to NP scales of up to A ~ 40TeV for vectorial operators, and up to A ~ 130 TeV
for scalar operators.

(22)

3.2. The relation between Kg — (utpu™)e—o and K1 — n0v

Of the six operators, Oy rr, and Oypgr contribute additionally to K — 7% . The general

expression for K, — 7n°0v, assuming diagonal couplings in flavor space, is given by:

1 ONP VAsin Oy rri + [(CNP Vil sin Oy prq -
RIK; — ') = - Z <1+|( Vi)l sin VLSLICI—F"( VERL)i| S VRL,Z> . (23)
3 M |CY) | sin by

where R(X) denotes the rate of X in units of the SM prediction. Comparing Eqs. (23) and (19), it
is apparent that Kg — (1) e—o provides NP sensitivity complementary to that of K — 7n%vp,
in particular exhibiting sensitivity to RH leptonic currents and to scalar operators.



3.3.

Ezxplicit NP toy models

We review two examples of simple though non-generic toy models, in which B(Kgs — p*u™)e—o
is enhanced compared to the SM expectation. See Ref. [9] for more examples and details.

(i)

Scalar leptoquark : S1(3,1,4/3)
The relevant Lagrangian terms are given by

& =C G —
Lg, D g12 Sidppr + g22 S157ur + hec., (24)

with ¢ = C@T, C = iv?70. After integrating out the leptoquark field, the following
dimension six operator emerges,

912952 ~C \,— o\ _ 912952 _
2M222 (drur)(Iirsyk) = 4M222 (SrY"dRr)(BRVulR) - (25)
S Sy
In the language of the effective operators of section 3.1, this model induces the operator
Ovrr, with CHE = %. The rate of Kg — ("1™ )e=o, in units of the SM rate is given
1
in this model by
912922 sin © ’
. 12922 g
R(Ks — utp )?; = |1+ — (26)
0 4]\4%1 |CSM, | sin

where, as in Eq. (21), the angle © g, is defined as the phase between the Wilson coefficient
and the mixing,

Og,

1 q "
B arg <p> — arg(g12932)- (27)

and |CSM, | is defined in Eq. (22).

Direct collider searches for leptoquark states, as well as K° — K° mixing measurements
place constraints on the viable parameter space of this model. However, there exist allowed
ranges, for which all constraints are satisfied and the bound on B(Kg — putu™)e—g is
saturated,

|g12g22] = 9.3-1073 AND |cos O | < 0.08. (28)

Hence, the S; model can saturate the experimental bound of R(Ks — ptp)e—o < 103,
without violating the constraints from mixing and direct searches.

Scalar doublet (2HDM)
Another example of a simple model that can contribute to Kg — (1™ )s—g is a two-Higgs-
doublet model (2HDM), in which a second scalar doublet is added to the SM,

_ @;) . (29)

If ¢o couples to either (5.dg) or (dpsg), and to (fiLug), it would contribute to Kg —
(T 1™ )e=o. Without loss of generality, we can align the neutral state with the down-type
mass eigenstates. The relevant Lagrangian terms are then,

o ~ (1,2)

[SIE

Lo D N | ¢o(dr)i(dr); + ¢ (UL)eVii(dr)j + hoc.| + sy | dofinpr + ¢ vy ur + hoc.| ,(30)




with (i,7) = (1,2),(2,1). After integrating out the & fields, the effective dimension six
operators Ogrr, Osrr are generated, with coefficients
_MiA%T _ M5

CoLr = TR CorL = e (31)
) ¢

The contribution to R(Kg — utu™ )= is given by Eq. (19),

. e . 2
m%(/mu (|)\§ll Solsin Oy, + |>\C1[2)\22‘Sm@¢1z)> (32)

RKS—>M+M7<I>: = |1+ -
( )Z 0 (ms +md) M£|C‘S/1\L/IL|SIH0@5

where
_ 1 q d e *
@¢21(12) = 9 arg ]; - arg()‘21(12))‘22 ) : (33)

Although these models inevitably induce K° — K9 mixing at tree-level, B(Kg — putp™)e—o
can still be significantly enhanced, saturating the current experimental bound. If no
symmetry protects the relation )\‘112 = )\gl, these models will generally lead to non-
zero |A(Kp)e=1|, breaking the assumption of Eq. (4). Even in this case, the total rate,
B(Kgs — upu™), could still exhibit significant enhancement compared to the SM, signaling
NP is at play.

4. A SM prediction for the phase-shift in the oscillating K — "y~ rate

As recently demonstrated [10], the phase-shift, g, defined in Eq. (1), is closely related to the
following ratio of rates,

['(Kp — ptu)
Ry, = 34
K= KL ) 3
This can be seen by using Eq. (5) to write
cos? gy — (TMAES) i AWK ))” (EmlAKL) o)) 35)
|A(K ) e=0[*|A(KL)e=0]? |A(KL)e=0*

where we have used the fact that the A(Kg)¢—o amplitude is pure imaginary (CP-odd).

The numerator in Eq. (35) is the absorptive long-distance contribution to Ky — pu*u~, which
is dominated by the two-photon intermediate state, K — vy — p™p~. This results in a very
clean prediction,

02
cos? oy = B?ED ) (36)
Ky,
where Cqpp describes the vy — pp~ transition, and is given by
am 1-p
CED:“10g<”>+OO¢2 . 37
Q BB 156, () (37)

Plugging in values for Cqgrp and for R, [13], we arrive at the model-independent prediction,
cos® pp = 0.96 = 0.02exp, & 0.024 (38)

where the theory error includes higher order QED corrections, which we take to be ~ a ~ 1%,
and an estimate of contributions of additional intermediate states (3w, w7y) to the absorptive
contribution, also estimated at ~ 1% [14].

This result for cos? ¢ holds a four-fold discrete ambiguity for the value of ¢y itself, which is
relevant for the time dependent rate of Eq. (1). Determining the sign of cos ¢y requires knowledge
of the sign of the absorptive contribution, which cannot be concluded model independently.



4.1. Model dependent determination of sgn|cos ¢g)

Within the framework of chiral pertubation theory, and using typical parameter values inspired
by the large-N¢ limit, the sign of the absorptive long-distance contribution to Kj — u*u™,
relative to the short-distance contribution, can be determined.

Using results in the large-N¢ limit, Refs. [15, 16] find destructive interference between the
short-distance and the local long-distance contributions. This, in turn, implies that within
this framework the sign of cosg is set by the sign of the short-distance contribution to the
K1 — ptp~ amplitude, relative to that appearing in Kg — (u* ™ )s—o,

sgn[coscpg} = sgn[tanﬁgp}, (39)

where 0sp is the weak phase of the short-distance K° — (4~ )s—g amplitude. Within the SM,
we have

ViV, ViVeaYnL/Ys
tan 3y, = tan [arg (— ts Ttd +V:SV YL/ t)} <0, (40)
csVed
implying that
(€08 00] pgen, = —0-98 +0.02. (41)

The remaining two-fold discrete ambiguity in the sign of sin g, cannot currently be removed
by theory considerations, due to the large uncertainty associated with the prediction for the
dispersive long-distance contribution.

5. Conclusion

The field of leptonic kaon decays has recently received a lot of attention in the literature.
Various aspects of K — pp~ within the SM have been considered in Refs. [1, 2, 7, 8, 10], and
implications for physics beyond the SM have been studied in Refs. [17, 18, 9, 19]. Advances
in calculating K, — putpu~ and K — 77 on the lattice can be found in Refs. [20, 21, 22].
On the experimental side, the LHCb collaboration recently found an improved bound on
Kg — ptp~ [12] and Kgp — 2(ptp™) [23].

We have reviewed the significance of a future measurement of I'(K — p* ™) (¢), from which
clean short-distance CKM infomation can be extracted, marking it as a third kaon golden mode.
Recent results on this front call for dedicated feasibility analyses by the relevant experimental
collaborations. The time dependent K — p*pu~ rate can be used to extract two parameters,
{|]A(Ks)e=ol|, ¢o}, which are cleanly predicted within the SM, thus providing two novel SM
tests. Viable NP scenarios exist, which affect this proposed measurement considerably, making
it a potent probe of physics beyond the SM, with complementary sensitivity to that of the
K — 7% mode.
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