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The CP asymmetry in 7 — K¢nv,, as measured by the BABAR collaboration, differs from the standard
model prediction by 2.8¢. Most nonstandard interactions do not allow for the required strong phase needed
to produce a nonvanishing CP asymmetry, leaving only new tensor interactions as a possible mechanism.
We demonstrate that, contrary to previous assumptions in the literature, the crucial interference between
vector and tensor phases is suppressed by at least 2 orders of magnitude due to Watson’s final-state-
interaction theorem. Furthermore, we find that the strength of the relevant CP-violating tensor interaction
is strongly constrained by bounds from the neutron electric dipole moment and D—D mixing. These
observations together imply that it is extremely difficult to explain the current 7 — Kgzv, measurement in
terms of physics beyond the standard model originating in the ultraviolet.
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Introduction.—The presence of the baryon asymmetry
in the Universe is one clear indication that there has to
be physics beyond the standard model (SM) of particle
physics [1], since CP violation within the SM, originating
solely from the CKM matrix [2], is far too small to explain
the observed asymmetry [3,4]. This need for additional CP
violation renders CP-violating observables particularly
interesting probes of beyond-the-SM (BSM) physics, with
potentially profound implications for the SM and the
physics of the early Universe.

CP violation was first observed in the neutral kaon
system [5]. K® and K° mix into the mass eigenstates K
and K;, which decay predominantly into 2z and 3z,
respectively. However, K°—K° oscillations induce the
CP-violating decays K; — zx at a level of O(1072). In
addition to this indirect mechanism, the SM also permits
direct CP violation, suppressed by another 3 orders of
magnitude compared to indirect CP violation [6,7].

The focus of this article is the CP asymmetry in the
decay width I" of 7 — Kz,

F(T+ - ﬂJrKSDT) - F(T_ - ”_KSl/f)

AL, = . 1
Tt > 2tKep,) + (e~ = 7 Kg,) (n)

In the SM the dominant contribution again arises indirectly
from K°-K° mixing [8], and the same statement holds for
the analogous decays of D mesons [9],
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I'(D" - ntKs) —T'(D™ - 77 Kj)
I'(Dt - ztKg) + (D™ —» 77 Ky)
— —4.1(9) x 10, 2)

D _
Acp =

where the experimental number refers to the average of
[10-13]; see [14]. In fact, the amplitude governing the
indirect CP violation can be extracted very accurately from
semileptonic kaon decays [15],

'K, »a¢tv,) —T(K, - nt¢0,)
(K, =7 ¢tv) + (K, - 77 ¢ 0,)
—3.32(6) x 1072, (3)

AL:

where £ = e, p, and, neglecting small corrections from
direct CP violation,

Agpt =AM = Ay (4)

In each case, the signs follow from analyzing the quark
content: for K; — n~¢*v, and ©* — 7t K0, the neutral
kaon is produced as K° = 5d, while D™ — 77K requires
K% = ds (in this case, however, there are corrections
from the Cabibbo-suppressed decay mode [16]). Indeed,
for the D-meson decay the corresponding prediction
AIC);,SM = —3.32(6) x 1073 agrees well with the experimen-
tal result (2). In contrast, while earlier searches had not
found evidence for CP violation [17,18], the latest result by
the BABAR collaboration [19],

AP = =3.6(2.3)(1.1) x 107, )
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revealed a striking disagreement with the SM prediction.
As pointed out in [20], since the intermediate Ky is
reconstructed in terms of a final-state z*z~ pair with
invariant mass around My and a decay time consistent
with the K lifetime, the prediction (4) might be altered by
the exact experimental conditions. However, the corre-
sponding shift to AZM = 3.6(1) x 107 even slightly
increases the discrepancy to 2.8¢ [19].

Optimistically, this tension could be considered a hint for
BSM physics and it is natural to ask in a first step whether it
is possible to account for the difference with nonstandard
interactions. In general, for producing a nonvanishing CP
asymmetry one needs the interference of two amplitudes,

jef{l.2}, (6)

with relative strong and weak phases ¢° = o] — 65 and
0" = 6/ — o05. Both phases have to be nonvanishing, i.e.,

./4] _ |Aj|ei§‘;.ei5;.‘”

Acp & [A; + A|? = |A; + A,
= —4|A,||A;| sin & sin 6". (7)

Here the .;lj denote the amplitudes with opposite weak
phase. As argued in [21-23], due to the lack of a strong
phase, this excludes an explanation using scalar operators,
but new tensor interactions were found to be admissible.
In this paper we demonstrate that this conclusion relies
on erroneous assumptions for the zK tensor form factor,
provide the corrected expression of the CP asymmetry
in terms of the tensor Wilson coefficient, and study the
consequences for a possible BSM explanation of (5).

Kinematics and conventions.—We define momenta
according to

T(pf) - KS(pK) +7[(p7r) + V‘r(pu)1 (8)

with invariant mass s = (pg + p,)? of the 7K system. In
the following, we are only interested in the singly differ-
ential decay rate dI"/ds, which is obtained after integrating
over the remaining angular dependence of the three-body
phase space.

For effective operators and form factors we largely
follow the conventions of [24]. Because of parity con-
servation in the K — 7 matrix elements it suffices to
consider the effective Lagrangian

Lo = - % Vilev (571) (57,8) + ea(570) 51,752
+ cs(5u)(Df) + icp(3u)(vyst)
+ cr(56"u)(vo,, (1 +7s5)¢)] + Hec., 9)

where the Fermi constant G and the CKM element V
have been factored out, and we have ignored all operators
that vanish in the absence of right-handed neutrinos. The

Wilson coefficients are defined at the weak scale in such
a way that in the SM ¢y (My) = —c,(My) = 1 and all
others equal to 0. The hadronic matrix elements are
parametrized via form factors,

(K°(pg)a(pa)|5r*ul0) = (px = pa)'f+(s)
+ (px + ) f-(s),

M2 — M2
—E—fo(s),
mg —m,

(K°(pg)m™(ps)|5ul0) =

H v _ U M
(R(px)a(py)[sorul0) = i PELZZ PkPr g (o) - (10)
Mg
where

o) = o) - £ (1)

Taking everything together, we obtain for the differential
decay width for 7~ — Kgz~v, (see also [21,25,26])

1/2
0T _ oy, Py 2ok () = (M = M)
FlTust “EW 102473 m,s>

ds
m2 — )2
el (VP + WP + 5o

ISR + |P<s>|2], (12)

where 4,k (s) = A(s, M2, M%), A(a,b,c) = a*> + b* + >~
2(ab + ac + bc),

(m3 +25)Azx (5)
=" 13
=30t - a2y "
Sgw = 1.0194 [27-29] encodes the electroweak running
down to m,, and

mT(mS
T(s) = o 21 oy (5) (14)
s) = —c s).
m? +2s Mg T

In the SM case ¢y = —c4, = 1 (and ¢y = ¢cp = ¢y = 0) this
reduces to
dr 2y e Ak (8)(m?—s)2(ME — M2)?
e = GF|VMS| SEW 3 3
ds |gm 5127°m.s

X [E()If+(5)]> + [fo(s) P (15)

141803-2



PHYSICAL REVIEW LETTERS 120, 141803 (2018)

The general decomposition of the decay width (12) already
shows why the scalar-vector (pseudoscalar—axial-vector)
interference encoded in S(s) (P(s)) cannot produce a CP
asymmetry: the hadronic form factor f((s) factorizes, so
that the relative strong phase vanishes. This leaves the
interference with the tensor operator in V() and A(s) as the
only possible source for a strong phase. (The interference
of vector and scalar operator could still contribute to the
CP asymmetry due to long-distance QED corrections [30].
We estimate [AZEM| < 107*|Imcg|, which is strongly
suppressed due to the kinematic factor £(s), see (15), the
suppression of fo(s) compared to f,(s), and the QED
factor O(a/x). The branching ratio for 7 — Kgnv, itself
already excludes [Imcg| = 1, so that even without further
input the scalar contribution to A%, is of little phenom-
enological relevance.)

Upon neglecting direct CP violation in the SM, the total
CP asymmetry can be written as [21]

7,BSM 7,SM
_Acp tAc
- 7,.BSM 4 7,SM ’
1+Agp "AGp

T
CcP

(16)

where
TBSM _ sind7|cr|
? " I,BR(t— Kgnv,)

x / " ds'x(s")|f - (s")[|Br(s")[ sin[6. (") = 67 (s")],

K

(17)
Szk = (Mn' +MK)27 and

1 (s)(m2 = 5)?
2563 m2M s>

Moreover, &7 denotes the phase of cy relative to
cy =—c4 =1, and 6, (s), 67(s) are the phases of f, (s)
and By (s).

Hadronic form factors.—In [21] it was assumed that
Br(s) is constant in such a way that only the phase of f, ()
remains and produces a sizable CP asymmetry via (17).
That this assumption is incorrect can be argued in several
ways. In the context of a vector-meson-dominance picture,
the form factor f, () is dominated by the isospin-/ = 1/2,
spin-1 resonances K*(892) and the K*(1410), Breit-
Wigner (BW) approximations of which are indeed used
to parametrize the experimental decay width for the 7 —
Kgmv, process [31]. However, spin-1 resonances can be
described equivalently by vector or antisymmetric tensor
fields [32,33], so that the same resonances that contribute to
f+(s) appear in By(s) as well, most notably the K*(892).

Beyond the model approach, this conclusion can be
derived by analyzing the unitarity relation for the form
factors. For the vector current, such constraints from
dispersion relations are frequently used to derive a para-
metrization of the form factor with good analytic properties

K(S) - G%|VMS|2SEW (18)

[30,34-37]. In particular, zK intermediate states generate
an imaginary part according to

i (5)
s

FoOF )00 = se). (19)

Im f(s) =

where the 7K partial waves f7(s) (with angular momentum
[) obey the elastic unitarity relation

12
tm 71(5) =25 1) Po(s — se). (20)

and can thus be parametrized in terms of the 7K phase
shifts & (s),

fi(s) = 1/5 1) sin 81 (s). (21)

l/rl( (S)

The unitarity relation for the form factor (19) then implies
that, in the elastic region, the phase of f (s) has to coincide

with 5{/ *(s), a manifestation of Watson’s final-state theo-

rem [38]. In this way, 5%/ *(s) can be considered a model-
independent implementation of the K*(892), which indeed
decays almost exclusively to the Kz channel.

In fact, the tensor form factor obeys the exact same
unitarity relation,

Im Br(s) = Br(s)[f{*()]'0(s = smx),  (22)

which simply reflects the fact that the K*(892) is equally
well described by a vector or an antisymmetric tensor
field. The relation (22) can be derived explicitly from the
7K loop integral using standard Cutkosky rules. To actually
construct a parametrization for Bz(s) this relation is not
sufficient because it does not determine the normalization.
However, it shows that as long as zK states dominate
the unitarity relation, the phases of f, (s) and Br(s) are
identical, so that the corresponding CP asymmetry
vanishes. This statement is exact as long as inelastic
states, most notably zzK, are negligible. The next reso-
nance, K*(1410), decays predominantly via K*(1410) —
K*(892)n — Kz, and this indeed requires inelastic con-
tributions that result in a nonvanishing CP asymmetry.
Given the dominance of the K*(892) resonance, the
cancellation in the elastic region strongly suppresses the
amount of CP asymmetry that a tensor operator can
produce.

Empirically, information on the form factor f, (s) can
be derived from the 7 — 7nK¢v, spectrum [31], which is
strongly dominated by the K*(892) resonance. For the
modulus of the form factors in (17) we can therefore ignore
any inelastic corrections and use the elastic solution of the
unitarity relation,

141803-3



PHYSICAL REVIEW LETTERS 120, 141803 (2018)

|f+(s)/ f+(0)]

08 1 12 14 16
Vs [GeV]

FIG. 1. |f,(s)/f.(0)] from [31] (black solid line) in compari-
son to the Omnes factor (24) (red dashed line).

fi(s) = f1(0)Q(s),  Br(s) = Br(0)Q(s).  (23)

in terms of the Omnes factor [39]

The phase shift 5(s) can be identified with 5:/ *(s), and be
approximated by a BW phase with parameters as deter-
mined in [31]. The resulting modulus is virtually indis-
tinguishable from the experimental fit below the K*(1410)
resonance, see Fig. 1, and the relative size of the two
resonance peaks serves as an indication for the size of the
inelastic effects.

The phase &, (s) cannot be directly taken from experi-
ment, which is only sensitive to the modulus, and its
extraction requires the use of a fit function that preserves
the analytic structure of the form factor. This is not the case
for the fit function used in [31] (a superposition of BW
functions with complex coefficients), see Fig. 2, and indeed
the corresponding phase cannot be physical because it does
not vanish at threshold and violates Watson’s theorem long
before the K*(1410) can possibly have an effect. Still, the
deviation between the phase found to be compatible with
the spectrum [31] (blue dot-dashed line in Fig. 2), and the
elastic phase (red dashed line in Fig. 2) provides a useful
indication of the size of inelastic effects. As a simple
estimate of the inelastic contribution 57¢(s) to &, (s) we
add the BW phase for K*(1410) - K*(892)z with a
coefficient that allows for a similar phase motion in the
vicinity of the K*(1410), to arrive at the band shown in
Fig. 2 (consistent with more refined estimates along the
lines of [30,34-37]).

Assuming that inelastic contributions in &7(s) are of
similar size (but potentially opposite in sign), we
take 8, (s) — 87(s) ~ 25" (s). With this at hand, using

4
3 -
J2f
1t
O i 1 1 ! !
0.8 1 1.2 1.4 1.6
Vs [GeV]

FIG. 2. &, from a BW approximation for the K*(892) (red
dashed line) in comparison to the phase from the experimental fit
[31] (blue dot-dashed line). The band represents our estimate of
inelastic effects; see the main text for details.

BR(z = Kgnv,) = 4.04(13) x 1073 [31], B;(0)/f(0) =
0.676(27) from lattice QCD [40] (see [41] for an earlier
calculation), and f,(0)|V,,| = 0.2165(4) as well as par-
ticle masses and couplings from [15] (see also [42]), we
estimate for the CP asymmetry (17)

|AZRM| < 0.03(Im ¢, (25)

about 2 orders of magnitude less than for the maximum
hadronic phase assumed in [21].

Limits on Im cy.—To further appraise (25) we now turn
to phenomenological constraints on Imcz. By exploiting
SU(2) invariance of the weak interactions very strong
limits follow from the electric dipole moment (EDM) of
the neutron and D-D mixing, as we demonstrate in the
following.

At a high scale A > v, where v =246 GeV is the
vacuum expectation value of the Higgs field, the tensor
operator contributing to 7 — Kgzv, arises from the follow-
ing SU(3) x SU(2) x U(1) gauge-invariant Lagrangian,

Ly = Cahcdl:ia%ueRh€ij51'£c0'”y”Rd +He., (26)

where L; and g; denote the lepton and quark SU(2),
doublets, er and up are the charged lepton and up-quark
SU(2), singlets, i, j are SU(2), indices, and a, b, ¢, d are
generation indices. (In the notation of [43,44] this is the
operator Q;?qu.) The tensor operator in (9) is generated
from

Ly = Cs301((0,0,,R7) (56" Ru)
- Vys(%0,,R7) (16" Ru)] + H.c., (27)
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u u C u

FIG. 3. Diagrammatic representation of the electromagnetic
dipole operator contributing to the neutron EDM produced by
inserting the (7o, R7)(iic"*Ru) operator (left), and the contri-
bution to D-D mixing originating from the double insertion of
the operator (76, R7)(¢0* Ru) (right, the second permutation is
omitted).

where R = (1 +y5)/2, in the second line terms involving
the charm and top quark have been neglected, and the
Wilson coefficient Cs3,; is related to ¢y by

C3321 = _\/EGFVM‘\'CT = _Vus % . (28)
In this way, SU(2) symmetry relates the tensor operator
relevant for 7 — Kgzr, to a neutral current operator
involving the 7 and the up quark only. The renormalization
group (RG) evolution [45] of this operator then produces an
up-quark EDM d,, (u),

i _
‘CD = _Edu(ﬂ)uGﬂDySMFﬂw (29)

via the diagram shown in Fig. 3. Solving the RG following
[46-48] we find

em, V2, A
dy(u) = 2 2 m cr(u) log;

A
~3.0 x Imcp(p)log—x 1072'e cm.  (30)
U

Using the 90% C.L. bound d, = g4(u)d,(n) <
2.9 x 107%%¢ cm [49,50] and the recent lattice result [51]
g4 (u =2 GeV) = —0.233(28) we obtain (4, = 2 GeV)

Imey(p,)| < ——x— <107, (31)

where the last inequality holds for A 2 100 GeV. This
bound is based on the assumption that there are no other
contributions to the neutron EDM canceling the effect of
cr. However, for values of Imcy(u,) ~0.1 required to
explain the tau CP asymmetry, the c; contribution alone
would predict a neutron EDM 4 orders of magnitude larger
than the current bound, requiring an extraordinary cancel-
lation at the level of one part in 10%.

Such a cancellation could, in principle, occur with
operators related to the flavor structure Csz;; in (26),
since the neutron EDM is sensitive to the combination
Vdmel! + v, Im ¢3!, where ¢3! = ¢ and c}! is defined
analogously to (28). However, yet another combination

0.10

0.051

\\ 1 [ neom

=
S 0.00f M
2 T — D-D, ¢=-r1/4
(] D-D, ¢=ri/4
-0.05/, 0 g0
~0.10 ‘ ‘ ‘
-010 -005 000 005  0.10

Im{c3']

FIG. 4. Allowed regions in the Im c2'-Im c}! plane from the
neutron EDM and D-D mixing (for ¢p = +z/4 and A = 1 TeV),
compared to the favored region from the 7 — K¢av, CP
asymmetry. The exclusion regions for ¢p = +x/4 differ due to
the asymmetric form of the fit result in [53].

appears in D—D mixing, which is very sensitive to the
imaginary part of the Wilson coefficients (as for example
defined in [52]),

o —Lo a2 (Veact 4+ Veged' )2 (32)
2 2 3 Fﬂ_2 g/"r us\V cd®T estT ) >

where we have neglected the effect of external momenta,
i.e., the mass of the charm quark. Using the global fit of
[53] and assuming the phase of V¢! + V¢3! to be equal
to ¢ = £x/4 (in general, the constraint is diluted by
\/|tan ¢| and therefore disappears for ¢ = +x/2), this
leads to the situation depicted in Fig. 4. Since (32) requires
the insertion of two effective operators, the leading con-
tribution here is of dimension 8, while in an ultraviolet
complete model there is in general already a dimension-6
contribution, making the bounds from D—D mixing even
stronger than the one shown in Fig. 4. To evade all bounds,
one would therefore not only have to cancel the cy
contribution to the neutron EDM at the level of 1074,
but also tune the combination V 4c + V ¢3! close to
purely imaginary to evade the constraint from D—D mixing.

Conclusions.—In this Letter we examined nonstandard
contributions to the CP asymmetry in 7 — K ¢zv,. We find
that at the dimension-6 level only the tensor operator can
lead to direct CP violation, with negligible QED correc-
tions from the scalar operator. However, the effect of the
tensor operator is much smaller than previously estimated
as a consequence of Watson’s final-state-interaction theo-
rem. Therefore, a very large imaginary part of the Wilson
coefticient of the tensor operator would be required in order
to account for the current tension between theory and
experiment. In fact, we find in a model-independent
analysis that this is in general in conflict with the bounds
from the neutron EDM and D—D mixing, making a BSM
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explanation (realized above the electroweak breaking scale)
highly improbable.

Nonetheless, a confirmation of the current BABAR
measurement by Belle and/or Belle II would have in-
triguing consequences. In the absence of fine-tuning, it
would point towards the existence of light BSM physics
(realized below the electroweak breaking scale) so that
our model-independent bounds could be evaded. We hope
that the present analysis provides additional motivation to
pursue such a measurement.
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the Swiss National Science Foundation (Grant
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