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The decay 7 — nt 7z~ 2" is an ideal process in which to study flavor-conserving C and CP violation
beyond the Standard Model. We deduce the C- and CP-odd quark operators that contribute to 7 — 7+ 7~ z°
originating from the mass-dimension-six Standard Model effective field theory. The corresponding hadron-
level operators that generate a nonvanishing 7 = 0 amplitude at order p® in the chiral effective theory are
presented for the first time, to the best of our knowledge, in addition to the leading-order operators ascribed
to the I = 2 final state. By fitting the KLOE-2 and the most recent BESIII experimental data, we determine
the coefficients of the lowest-order I = 0 and / = 2 amplitudes and estimate the potential new physics

energy scale. We also perform an impact study of the future n — z+tz~z° experiments.
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I. INTRODUCTION

C and CP violation have long been regarded as essential
conditions in baryogenesis [1], which generates the
observed matter-antimatter asymmetry in the universe [2].
However, this baryon asymmetry of the universe cannot be
explained within the Standard Model (SM), because its
electroweak phase transition cannot be of first order [3,4]
and its mechanism of CP violation, through a single phase in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix, is far
from sufficient [5-9] to explain its size, though exceptions
may exist [9,10]. This motivates the continuing search for
new CP-violating sources beyond the SM (BSM). Previous
BSM CP-violation studies have focused mainly on flavor-
changing processes, such as in B, D, and K meson decays,
e.g., [11-22], and on electric dipole moments, e.g., [23-30],
which are flavor-conserving P- and T (CP)-violating
observables. But studies of flavor-conserving C and CP
violation are scarce. Considering the fact that the SM
CP-violating mechanism lies in the flavor-changing weak
coupling, the flavor-conserving C and CP violation might be
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more sensitive to physics BSM. An explicit example would
be a charge asymmetry in n — 72772~ 7% decay.

The decay n — 7~ z° is flavor conserving, and its parity
is conserved due to angular momentum conservation. This
decay can occur via either C-conserving butisospin-breaking
or C-violating processes [31]. The latter comes from the
interference of the C-conserving and the C-violating ampli-
tudes, which is proportional to the BSM C- and CP-violating
coefficients [32], rather than the coefficients squared as in the
branching ratio of a pure CP-violating process. Thus, new
physics may be more appreciable in 5 — 7tz z° decay,
making this channel an ideal arena to study flavor-conserving
C and CP violation at low energy.

The possibility of C and CP violation in - ztz~x
first received attention after the discovery of CP violation
through the K; — zntz~ decay in 1964 [33], to test the
validity of the proposed new interaction [34,35] inducing
the CP-violating K; decay. However, at that time the
C-conserving amplitude was incorrectly believed to go
through a virtual electromagnetic interaction [31,36,37],
which was later proved to be negligibly small [38—42], and
the process is dominated by strong interaction [43,44]. For
over five decades since then, C and CP violation in
n — ntn~z° decay was not further investigated by theo-
rists, with theoretical studies focusing on better descrip-
tions of the final-state interactions within the SM to extract
the light-quark mass ratio precisely [45-55]. Very recently,
theoretical studies of C and CP violation in  — 7z~ 7°
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decay have been made by Gardner and Shi [32] and Akdag
et al. [56], using different phenomenological frameworks,
in which similar patterns of the C-violating amplitudes with
I =0 and [ = 2 final states are obtained. In searching for
the origin of the CP-violating mechanism, Refs. [57,58]
derive all the C- and CP-odd quark-level operators from the
dimension-six SM effective theory (SMEFT) [59], while
Ref. [60] lists similar operators based on low energy
effective theory (LEFT). The latter work also matches
the operators to hadron level in chiral perturbation theory
(ChPT), and by combining with the results of Ref. [56], a
naive dimensional analysis (NDA) of the new physics scale
has been carried out. Here we improve upon this first
analysis through the use of SMEFT, as we shall explain.

Experimentally, the charge asymmetry in § — 7772~ 7°
decay can be identified by observing the population
asymmetry A; p in the Dalitz plot distribution with respect
to the mirror line t=u with 1= (p, + pp)> and
u=(py +pp)* [61]. Other C-asymmetry observables
include the quadrant asymmetry A, and sextant asymmetry
Ag, which probe the final / =2 and I = 0 states [31,36],
respectively. Except for three early experiments [62—64]
that reported C-asymmetry signals, with a significance of
less than 30, no C violation is observed in other
experiments [61,65-70], including the recent high statistics
measurements from KLOE-2 Collaboration [71] and
BESIII [72]. Future 5 related experiments with much
higher statistics from the JLab Eta Factory (JEF)
experiment [73-76], REDTOP [77-79] Collaboration,
and the eta factory of the High-Intensity heavy-ion
Accelerator Facility (HIAF) in China [80] are on the way.

In this work, we begin with the BSM C and CP-odd
quark-level operators pertinent to 7 — 7z + 7~ 7" decays from
the dimension-six SMEFT [59], in which the coefficients
are suppressed by the new physics scale as 1/AZ. This is
different from the 1/A* scaling behavior in the LEFT
work [60], because LEFT cannot resolve the difference
between A and the mass of the SM weak gauge bosons.
Next, we develop the hadron-level operators at order p? in
ChPT accounting for the / = 2 final state, as well as the
lowest-order operators generating a nonvanishing /7 =0
amplitude at order p®. Although examples of the former are
presented in Ref. [60], the latter are presented here for the
first time. With the / = 0 and / = 2 ChPT amplitudes, we
fit the KLOE-2 data [71] together with the most recent
BESIII data [72] directly to obtain the coefficients of the
order p? and p® amplitudes, which are used to estimate the
potential new physics scale. Finally, an impact study of
future 5 — 772~ 7° experiments is carried out, which
provides some guidance to the upcoming #x factory
experiments [73-80]. According to our study, it should
be possible to observe C and CP violation in  — 7+ 7~ 2"
decay in the near future.

This paper is organized as follows. In Sec. II, we
introduce the quark-level operators and the matching to

ChPT operators contributing to C and CP violation of
n — nta~x°. In Sec. 111, we explain the fitting procedure to
determine the coefficients of C-violating amplitudes with
specific final-state isospin. Then we carry out NDA of the
new physics scale from these coefficients and also an
impact study for future experiments in Sec. IV. A brief
summary is provided in Sec. V.

II. C- AND CP-ODD OPERATORS

In this section, we first briefly recall the derivation of the
C- and CP-odd flavor-conserving quark-level operators
from SMEFT, and then show their matching to ChPT
operators, from which the lowest-order / =2 and I =0
C-violating amplitudes of # — ztz~z" are obtained.

The SMEFT Lagrangians read

C.
-y Shon 0
1

where the operators OP have mass-dimension D > 4 with a
suppression by the new physics scale A and C; are the
corresponding dimensionless Wilson coefficients. The
SMEFT shares the same gauge symmetries and building
blocks as the SM, which are the SU(2), left-handed
doublets g, = (up,.dy,)" and I, = (v;,.e.,)"; the
right-handed singlets ug,, dg,, and ek, with p denoting
the generation; the Higgs field ¢; the SU(3), gauge field
G,; and the SU(2), x U(1)y gauge fields W} and B,. In
the particular case of n — #tn 7% the dimension-five
operator [81] does not appear since it breaks the lepton
number and contains only Higgs and lepton fields. Thus,
we need to start from dimension-six operators. In
Refs. [57,58] we have already investigated all the dimen-
sion-six SMEFT operators obtained in Ref. [59] and
derived the P- and CP-odd as well as the C- and
CP-odd quark-level operators at the scale just below the
weak gauge boson mass. Here we present the essential
procedure for the readers’ convenience and list the lowest-
dimensional C- and CP-odd operators that contribute to
n—ntn

The dimension-six SMEFT operators [59] most pertinent
to flavor-conserving C and CP violation [57,58] can be
expressed as the T-odd combination

i r
Q= F{QLPG”D[IHI(CP

tu(/))Blﬂ/ + Im<CZ;Wq;)TI W{w]@“Rr

+ g0 [In(C ) By + Im(Chly )T, Wi Jpdg,
—H.c.}, (2)

where 7; are Pauli matrices; ¢ = it,¢"; and C, 5., Chip,,»
c”
quWe>
subscripts indicating the operator constituents and super-
scripts indicating the generations of the quark fields.

and C%sz are the related Wilson coefficients with
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We have omitted terms with two weak gauge fields since
they will prove to be of higher mass-dimension. After the
electroweak symmetry is spontaneously broken, so that the
Higgs field acquires its vacuum expectation value, we
rotate B, and W}, to the physical fields Wi, Z,,, and A, and

obtain

V2vi

A? I
+ Im(quZ(p)dea””dRPOMZU
+ \/Elm( qqu))aLpaﬂDuRraﬂW;
+V2Im(Cly, )ity 0 dg,0,W, ] + Hee.,  (3)

Q~

(CI’I’

qqu;)uLPG uRPa Z

where CZuZ(/; [CquuW(p SWCtu(p} CZdZ(/; [CWCZ;W¢+
SWquB(/)} and 6y is the
Weinberg angle. We also omit all the terms with A,
because we suppose quark operators should dominate
BSM effects in n — ztz~z". The operators of Eq. (3)
are CP-odd, but they do not have definite P or C
|

s, = sinfQy, c,, = cos Oy,

transformation properties since the weak gauge bosons
couple to both vector and axial-vector quark bilinears. We
then integrate out W+ and Z when the energy is just below
their mass and make the following replacements:

W;_)\/iM de}/ﬂ qupa (4)
w

Wi > —9 i y,V,d (5)
" \/EM%V LpY;t px%Lx>

N 12 ] 1
Zy M2 [”LPW <2 3 >”Lp+de7ﬂ< 5 3w v )dLp

2 1
HirpYy < 3 2) Ugp + dprﬂ <3 )dRp} ) (6)

where g; = g/ cos @y, V,, are the CKM matrix elements,
and we sum over the generation indices, omitting the
t quark. Finally, we pick out the lowest mass-dimensional
flavor-conserving C- and CP-odd quark-level operators as

iv2v [ g
Q¢P ~ A2 {41‘;2( <CZLI¢)Z(/))MPO- vsip +Im<quZ(p)d o 75d ) (dﬁ/,,}’5d r7u75ur)
9 r
+4M Im(CguW(/z qu(/;)[d o" Lt 9 ( ryﬂvrpd )_ u 0” d 9 (dp}/y )]
g , , _
_4M2 Im(Cgqu) + quW(p)[dpaﬂ yS”raﬂ(urynyVrpdp) + u,0" YSd ( pyﬂySV pur)}}‘ (7)

Given our interest in n — 77~ 2%, we let p = r = 1 and

then, according to their flavor structure, we write down the
operators in three kinds:

W0 yswi0, (v rsw;) (8)

w0 ysw 0, (W iy, yswi) + iy 0 yswid, (Wi rsw;) (i),
)

0"y 10, (W iy i) — i 0 w0, (v w;) (i#)),  (10)

where y; denotes the quark field with flavor i and V,; = 1.
Using the equations of motion, integration by parts, and
Fierz identities [82], it can be proved that these three

operators can be converted into one single form
<>

wi0,yswiy iy ysyj, where we employ the Hermitian
derivative iy 0,y = Wi(9,y) — i(d,w)y. Thus, we rewrite
Eq. (7) for use in first-generation processes as

vg 1 <

QFF NM—ZPCijl/_/i 0 YsWVs 1" Ysv . (11)
W

where the Wilson coefficients c¢;; are real with flavor

ij
indices and we use the coefficient vg/(M7,A*)c;; since
g7z~ g and My ~ M . The structure of this quark-level
operator, which is dimension-seven in itself, has also been
reported in the early literature [83—-87] and is adopted in
Ref. [60], but only with SMEFT can the new physics scale
dependence be properly handled. Please note that in
Ref. [60], they start from LEFT and trace their operators
back to dimension-eight SMEFT, which has a different
(1/A*) dependence on the BSM scale.

Now we show the matching of the quark-level operators
in Eq. (11) to ChPT ones; we neglect all QCD evolution
effects in evolving the quark-level operators to the chiral
matching scale A,. Following Refs. [60,88-91], the C- and
CP-odd ChPT operators are constructed by rewriting the
quark-level operators in chiral irreducible representations
and replacing the quark fieldjs with chiral building blocks
coupled to the spurions /11(-” and 4, /g ; with flavor indices
i,j€u,d,s. After carefully examining all the possible
forms, we find the following three operators with a nonzero
contribution to # — 77z~ 2% at order p* and at leading
order in the number of colors N..:
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ivg 1
cfr =2

p M2 /\2 ll
+ 9 ((4

[91 <(}Lz‘DZUT U/IL.J‘UT

D,U'D*UA, ;U + 2D, UD* U g ;0)

+ A D*UU A, ;U) — He.)

—H.c.)
(12)

Here the large N, extension [92-99] has been applied to include #' and U = exp (®/F,) with

A+ \@n + 20
V2n~
V2K~

S
Il

which is useful for future use. The effective coefficients g;
are of mass-dimension-five. We note a similar result can
be found in Ref. [60], though we differ in the contribution
of a g3 term. With Eq. (12) in hand, the spurions can be
set to their physical values, /Ig'),/lL/R,u = diag(1,0,0),
A0 4y ka = diag(0,1,0), and 27,2, 5., = diag(0,0, 1).
Expanding Uf) to ®*, these three operators together

produce the following C- and CP-odd # — n" 7z~ 7" inter-
action

ivg

e, A2F4 2N o7’ (zt 0,7~ — 20, ),

(14)

where

2
j\/pz—4\/;(cuu—cud—cdu+cdd)(—g1+92—93)- (15)

The corresponding amplitude is

M (s.t.0) = i3 L/\/pz(t_u) -

‘M—%VAng ia(t —u), (16)

ivg 1
cfr = Y9

T A

A+ \/%n—ﬂo

\/§ﬂ+ \/§K+

V2K? :

CURDEL

where s = (p,+ + p,-)? and a is of mass-dimension —2.
Generally the ChPT amplitude does not map to a certain
final state with specific isospin, but we can decompose it
into an / = 0 amplitude and / = 2 amplitude according to
their isospin structures [60,100] as

(13)
V2K°
|

MEy =

AN [~ ME(t,5,u) + ME(s, 1, u)

—Mf(u,t,s)],
(17)

1
ME = —mwfu,s,u) F2ME (s, 1u) + ME (u.1,5)).
(18)

Thus, we see that M;ﬁzo ,»=0and ./\/ll 2 )= —\/_/2M¢

This demonstrates that the order p> amplitude only
contributes to the / =2 final state. Actually, it is well
known that the lowest-order nonzero I = 0 amplitude first
appears at order p® [35]. To better understand the / = 0
case, we also investigate the order p® ChPT operators that
contribute to the / = 0 final state. Among the numerous
order p® operators, we find that all operators with three U
yield a vanishing / = 0 amplitude, whereas the following
operators with five U have a nonzero contribution:

cijlf1(20,0,0,U' U2, 0** UTUPT* + 479,0,0,0U" 1x0* ¥ UU U — Hec.)

+/2(40,0,0,U"U0** U 2gUo’ U™ + 470,0,0,0U #*0* U\, U' U — H.c.)
+/3(40,0,0,U"0* U U2, U" + 270,0,0,U0** U U UT2x U — H.c.)
+ f4(20,0,0,U"0**UU ag*UU" + 470,0,0,000*U' U2, 0’ U'U — H.c.)

+/5(40,0,0,U"UA0"* UT* UUT + 470,0,0

+£6(20,0,0,UTU#* U Agor UTT + A

,UU Agd**Uo’UTU — H.c.)

0,0,0,0U0*0*U2,0°UU — H.c.)
+£7(20,0,0,0"U*UT 0¥ UL, U + 270,0,0

UUT0"* U’ UT2xU — H.c.)],

P
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where f; are of mass-dimension-one. Note that these p°®
operators contribute to both / =0 and / = 2 final states
after expanding the U field. The corresponding interaction
vertex relevant to the / = O final state is

ivg 1
M—ZW 8/\/[)661][((6”61,6'07[1)(6”6”77])(a()ﬂK)l’], (20)
w 0

where I,J, K = +,—,0 and

2
Np" = g(cuu

X(fi+fot+fs—fa—fs—fe+[f7). (21)

— Cya = Cau + Caq)

The structure of Eq. (20) is, in fact, well known, e.g.,
Ref. [35]; however, it is derived here from SMEFT and
ChPT for the first time to the best of our knowledge. The
resultant order p°®7 = 0 amplitude is expressed as

¢ep . UG 1
M = lM—%VAZ—FgN”ﬁ(S —)(u—1s)(t—u)
=ifi(s —1)(u—s)(t —u), (22)

where f is of mass-dimension —6.

In Egs. (16) and (22), the effective coefficients @ and f
depend on the new physics scale A. Thus, determining «
and g from experimental observables helps to estimate the
potential new physics scale. The total amplitude square that
is directly related to the experimental measurements can be
written as

M) = [ M (s, 1,0)P
+ 2Re[MC (s, 1, u) - ME (s, 1, u)*]
+ O(a?, %), (23)

where MC is the I = 1 C-conserving amplitude and M¥
indicates the C-violating amplitudes. The second term is
the interference of the C-conserving and C-violating
amplitudes that contributes to C and CP violation of
n— ntr 7" decay.

III. DETERMINING a AND g FROM
EXPERIMENTS

In this section, we describe our procedures to determine
a and p from experimental observables. The experimental
Dalitz plot distribution of # — 772~z is usually described
by variables X and Y defined as

T.—T, V3
X =32 z = —1), 24
v3 0, 2m,7Q,,(u 2 (24)

3T, 3

Y =
Oy 2m,Q,

[(m, — mp)—s]—1, (25)

where Q, =T+ + T, +T,0 =m, =2, 7" —myoand T,
is the z'’s kinetic energy in the 5 rest frame. Since

X,Y€(0,1), the amplitude squared can be expanded in
X and Y as

|IM(s,t,u)|* =No(1 +aY +bY?* +cX +dX*+eXY
+fY3+gX?Y +hXY? +IXP +---),  (26)

where N, is a normalization factor and a, b, c, ... are called
Dalitz plot parameters. Since the C transformation on the
amplitude switches ¢ with u, which is equivalent to
switching X with —X, the nonzero coefficients of terms
with X in odd power, i.e., ¢, e, h, and [ in Eq. (26), would
imply C and CP violation in this decay. Reference [32]
constructs the / = 0 and / = 2 amplitudes by reassembling
the C-conserving I =1 amplitude from next-to-leading
order (NLO) ChPT and fitting the mock data generated
using the C-violating parameters c, e, h, and [ reported by
KLOE-2 [71] to determine the decay pattern. In compari-
son, the work of Ref. [56] uses dispersion theory to form
the amplitudes and fits the whole Dalitz plot distribution of
n — xta~7°. In this work, we construct the C-violating
amplitudes from SMEFT and ChPT without any phenom-
enological input, and we adopt two procedures to determine
a and S from the n — 7zt 7~ 2" data. One is to fit the left-
right asymmetric distribution directly, and the other is to
use the integrated asymmetries A, and Ag. We first explain
the fitting procedure in what follows.

KLOE-2 [71] and BESIII [72] provide the binned Dalitz
plot distribution in (X, Y) space. The left-right asymmetric
distribution of the Dalitz plot can be obtained through
subtracting each of the binned data at the X > 0 side by the
other side with opposite X and the same Y, i.e.,

NE (X, Y) =5 [N(X,. Y) = N((=X0 Y] (X,>0). (27)

1
2
where (X;, Y;) is the coordinate of the center of the ith bin

and N, (X;, Y;) represents the number of events in bin i. The

asymmetric events Nf»t (X;,Y;) can be related to the theo-
retical amplitudes as

1

Niot [IME(X.Y)]PdXdY ’

N [;2Re[ME(X, ¥) - ME (X, ¥)*]dxdY 8)

where N represents the total number of events in the
whole phase space and [; means that the integral region is
within the ith bin. For the denominator on the right-hand
side, since the integral region is the whole phase space, only
the C-conserving part of the amplitude square survives, and
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The comparison of the experimental left-right asymmetric distribution with the theoretical result using the order p> amplitude

in Eq. (16), with a determined from fitting the KLOE-2 [71] (left panel) and the BESIII [72] (right panel) data separately.

we apply the NLO ChPT form [43] as done in Ref. [32] in
our fit.

We use Eq. (28) to fit the KLOE-2 [71] and BESIII [72]
data. For Mf in Eq. (28), we either use the order p? [ = 2
amplitude only or the order p? amplitude together with the
order p®I =0 amplitude. Adding the order p®I =0
amplitude to the order p? amplitude is in principle not
proper since the order p* amplitude has not been included.
However, the order p® amplitude is a higher-order correc-
tion, and we include it to see roughly what the I = 0 effects
might be. Figure 1 illustrates the fitting with the p?
amplitude only for different selected X. The data points

are N ft obtained from the experimental data using Eq. (27),
and the yellow line represents the fitted theoretical
C-asymmetric distribution with the band indicating the
uncertainty at +16. One can see that both the KLOE-2 data
(left panel) and the BES-III (right-panel) data are basically
consistent with zero and that the BES-III data have larger
errors, which is understandable since they involve smaller 7
decay samples. The fitted lines are also consistent with zero
within two sigma. All the fitting results together with the
y*/d.o.f. are listed in Table I. Similar to what we have

TABLE 1. Determined values of a and f together with the

y*/d.of. by fitting the left-right asymmetric distribution of
KLOE-2 [71] and BESIII [72].

KLOE-2 BESIII KLOE-2 + BESII
a/GeV=2  —0.031(14)  0.009(36) —0.026(13)
7*/do.f 1.00 0.97 0.99
a/GeV=2  —0.033(15)  0.011(37) —0.027(14)
B/GeV~o -7(12) 14(29) —4(11)
2*/do.f 1.00 0.97 0.99

learned from Fig. 1, the values of a and f are consistent
with zero within two sigma. In this case, their uncertainties
are more significant than the central values and can be
treated as the upper limits of the experimental constraint.
Again, the errors of a and f from the BESIII data are about
3 times those from KLLOE-2, which is as expected since the
statistics of BESIII are about 1/10 of KLOE-2. The results
from BESIII and KLOE-2 are consistent within errors, so
the joint fitting is feasible. One can also conclude that
adding the order p® amplitude has little effect on the a
values, which means the order p® amplitude does indeed
behave as a higher-order effect. The large uncertainties in
mean that the experimental data provide much less con-
straint on the decay to the / = 0 final state.

Now we switch to the second procedure in which we
use the integrated charge asymmetries A, and Ag. The
quadrant asymmetry A, and the sextant asymmetry Ag of

the  — 7t 77" decay are defined as

_ Ny+Ne—Ng—Np
Ny+Nc+Ng+Np’

Ag (29)

_ N+ Npy+Ny—Ny—Npy— Ny

s (30)

where the different partitions are illustrated in Fig. 2. We
can use A to deduce a and Ag to determine f3, respectively.
KLOE-2 [71] and BESIII [72] report their measurements of
Ag and Ag as ABFOF = (+1.8 £4.573%) x 1074, AKLOE —
(0.4 £4.5734) x 1074, AFFS=(-3.5£13.141.1)x107*,
and ABES = (=7.0 £ 13.1 £ 0.9) x 10~*. Accordingly, we
use the expression
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FIG. 2. Different partitions of the Dalitz plot data used in
the quadrant A, and sextant Ay asymmetries defined in Egs. (29)
and (30), respectively.

NX—/|M(X, Y)|[2dXdy, (31)
X

where X denotes the partitions, and Egs. (29) and (30) are
used to calculate the theoretical asymmetries with o and f to
be determined. The resultant & and $ are shown in Table II.
One can see that the « values are consistent with those from
fitting the left-right asymmetric distribution within errors,
though the uncertainties are slightly larger in this procedure.
Determining f from Ag can, in principle, result in a better
signal since only the order p® amplitude is included.
However, as we see, the resultant value is not better con-
strained. This again suggests that the present data cannot yet
provide a precise constraint on the I = 0 channel.

We have applied two procedures to determine « and f.
We use the values determined by jointly fitting the
KLOE-2 and BESIII left-right asymmetric distribution as
our primary results, ie., a=—0.027(14) GeV~? and
B = —4(11) GeV~°. For the BSM scale estimation in the
next section, we estimate the upper limits of their absolute
vales at 90% confidence level (C.L.) as

la] <0.05 GeV~2, (32)

18] <22 GeV~S. (33)

Given the limitations of our current data in determining

a constraint on / = 0 BSM effects, we pause to consider

how else these effects could be constrained. Here we

TABLE II.  Values of « and # determined by Ay and A, from
KLOE-2 and BESIII, respectively.

KLOE-2 BESIII
a/GeV~2 (Ap) —0.00790%3 0.013 £ 0.048
B/GeV~° (As) —1.05% e} 18.33 + 33.66

note the possibility of constraining the [ =0 sector
through the study of  — 7%¢+#~ decay, though the current
experimental limits on the latter give comparable
constraints [101].

IV. NEW PHYSICS SCALE AND IMPACT STUDY

With the upper limits of |a| and ||, we utilize NDA for a
rough order-of-magnitude estimate of the new physics
scale. When matching the dimension-seven quark-level
operator in Eq. (11) to meson-level ones, an effective low
energy constant multiplies each operator, and according to
NDA [102-107] its natural size is expected to be

11
FAN3— — (34)
CHER A

where m is the number of meson fields and n denotes the
number of derivatives in the ChPT operator. Thus, for
the order p? operators in Eq. (12), the coefficient g; has the
order of F’ ?)A)(' Analogously, for the operators at order p% in
Eq. (19), fi ~ F§/A;. Assuming there is no unexpected
fine-tuning in the ultraviolet completion of SMEFT, c;;
should have an order of unity. Therefore, from Egs. (15)
and (21), we have N » ~ FA, and N s ~ F§/A;. Based
on Egs. (16) and (22), the new physics scale is finally
related to @ and f as

A 1 1/2
Ap~ (P52 ) (35)
r My, |a\

vg  1\1/2
Ao~ |—"— , 36
» (M%VAg Iﬁl) (36)

where A > and A s represent the new physics scale derived
from the coefficients of p? and p® amplitudes, respectively.
Note that our resulting A is proportional to —1/2 power
of the amplitude coefficients which is different from the
LEFT work of Ref. [60]. In Sec. III we estimate the upper
limits of |a| and |3 at 90% C.L. as |a| < 0.05 GeV~2 and
|B] <22 GeV~. Utilizing Egs. (35) and (36) we have

A, 2 0.8 GeV, (37)
Ay 2 0.03 GeV, (38)

where we use v = 246.22 GeV, My = 80.37 GeV, g =
0.653, and Fy = 92.28 MeV as reported in Ref. [108],
noting that their empirical errors are unneeded since we
care only about the order of magnitude. It is understandable
that APG is very small, because as mentioned in Sec. III, the
current experimental data have little constraint on . The
scale of the p? coefficient is much larger than that of the p°
coefficient, but still obviously lower than the expected new
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physics scale, which implies that the current experiments
are not yet precise enough to provide a reasonable estimate
of the new physics scale. However, our analysis is valid to
estimate the possibility that the C and CP violation of
n — =7~ 7" could be observed by the upcoming 7 experi-
ments. An impact study from the order p? coefficient is
performed as follows, from which one can see that the low
limits of A are driven by the relevant low statistics of
present data as shown in Fig. 3.

On account that the value of « is statistically consistent
with zero and the uncertainty indicates the experimental
precision, we use its upper limit using its uncertainty as
la| 0.1 GeV~? in the impact study. Thus, the current
estimation of the new physics scale would be A 2 1.7 GeV.
Since the scale is just a rough order-of-magnitude approxi-
mation from NDA, it is reasonable to consider a =1 order-
of-magnitude deviation as its uncertainty. Suppose, e.g.,
A p? should increase from 10 GeV to 1 TeV; then, according
to Eq. (35), the upper limit of a, which is estimated by its
uncertainty, should decrease by a factor of 107, Since the
uncertainty of « is proportional to the experimental
statistics, it should improve by 108—at least. Generally,
if we think A should increase by 10" times, the exper-
imental statistics would need to improve by 10*" times.
Note that, as pointed out in the first section, for a pure
CP-violating process, rather than the interference effect we
study in # — 7tz 2" decay, the required experimental
improvement would be 108" times.

The data we use in this analysis are from the KLOE-2
Collaboration [71] with a sample of 4.7 x 10% n — z* 7~ 7°
decays and BESIII Collaboration [72] with a sample size of

10°
104.
10°4 i
— 11
> J 4
U 1024
e 1
< o]0 i
10°4 ] 1 [ |
> i -—-- BESIII(2023)
10041 | o --- KLOE-2(2016)
P L
10-14 11 i --- REDTOP
1 1 1 1
10° 107 10° 10! 10'3 10%5 10Y7 10'° 10%
N
FIG. 3. The predicted relation between estimates of the new

physics scale and experimental statistics for n — ztz~7° decay,
where the pink area with slashes means the energy region where
new physics could occur, estimated to be A > 1 TeV, and the
blue band is our theoretical result with uncertainty. The blue,
green, purple, and red dashed lines indicate the statistics from the
BESIII [72], KLOE-2 [71], HIAF [80], and REDTOP [77-79]
experiments, respectively.

6.3 x 10° events. Supposing that the new physics lives at a
scale above 1 TeV, it means future experiments need to
reach a sample size of at least 10'* to observe C and CP
violation in n — 77~ 2° decay. We illustrate the relation
between experimental statistics and the estimated new
physics scale in Fig. 3, in which the pink area with slashes
means the energy region where new physics could occur
and the blue band is our theoretical result with uncertainty.
Future experiments are expected to be made at the JLab Eta
Factory(JEF) of Jefferson Lab [73,75,76], by the REDTOP
Collaboration [77-79], and by the collaboration from the
HIAF eta factory [80], etc. Among them, the REDTOP
Collaboration plans to have as much as 10'*  events in
three years of running, or about 2.3 x 10 # - 7zt 72~ 2%
samples. The HIAF Collaboration [80] plans to have over
1013 5 events per year, which is about 6.9 x 10!> 5 —
= 7° events for a three-year period of running. We draw
the statistics of BESIII [72], KLOE-2 [71], HIAF [80],
and REDTOP [77-79] from left to right, respectively,
in Fig. 3. One can see that the new physics potential of
studies of C and CP violation is promising and could
possibly be observed in the upcoming HIAF and REDTOP
experiments.

V. SUMMARY AND OUTLOOK

The decay # — nt 2~z is an ideal process in which to

study flavor-conserving C- and CP-violating physics BSM.
We have shown the key procedures involved in deriving the
quark-level operators pertinent to C and CP violation in
n— a7’ decay, originating from the dimension-six
SMEFT operators. Then, besides the order p2 meson-level
C- and CP-odd operators corresponding exclusively to the
I =2 final state, the order p® operators producing the
nonvanishing / = 0 amplitude at lowest order are presented
for the first time to the best of our knowledge. By directly
fitting the asymmetric distribution of the Dalitz plot of
n—ata a’ from KLOE-2 [71] and BESII [72]
Collaborations, the upper limits of the order p> and p°
amplitude coefficients @ and f from using chiral effective
theory are determined without theoretical model uncertain-
ties. Based on NDA, we perform an order-of-magnitude
estimate of the new physics scale. A corresponding impact
study of future n experiments is also carried out and
shown in Fig. 3. Considering future experiments with much
higher statistics, such as planned by the REDTOP
Collaboration [77-79] and at the HIAF eta factory [80], it
seems promising that C and CP violation in 5 — 7tz 2°
decay could be observed in the near future.
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