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The electric dipole moment (EDM) of baryons provides a sensitive probe of CP-violating interactions
beyond the standard model. Motivated by the recent BESIII measurement on the A hyperon EDM [Ablikim
et al., arXiv:2506.19180.], we present the first perturbative QCD analysis of the A EDM form factor to
elucidate its origin in CP-violating quark dipole interactions. In particular, we derive a QCD factorization
formula that relates the A EDM form factor to quark EDMs and chromoelectric dipole moments through
convolutions with light-cone distribution amplitudes of A. These connections allow us to extract constraints
on CP-violating dipole couplings from current and future hyperon EDM measurements. Our numerical
analysis demonstrates that the A EDM exhibits unique sensitivity to the strange-quark chromoelectric
dipole moment, providing complementary information to that obtained from the neutron EDM.

DOI: 10.1103/1x3y-qbcx

It is well known that the standard model (SM) has
CP-violating interactions characterized through a nonzero
phase in the Cabibbo-Kobayashi-Maskawa matrix ele-
ments. This phase successfully accounts for the observed
CP violation in meson systems at high-energy experiments.
However, the SM phase alone is insufficient to explain the
large baryon-antibaryon asymmetry of the Universe when
combined with the standard cosmological model. This
limitation has motivated the long-term pursuit of new
sources of CP violation beyond the SM and their exper-
imental exploration.

The existence of a nonzero electric dipole moment
(EDM) of a particle is a clear signal of CP violation.
Since EDMs predicted by the SM, arising from the
Cabibbo-Kobayashi-Maskawa phase, are extremely small,
the existence of an EDM would imply new CP-violating
interactions beyond the SM. While the EDMs of the
electron and neutron have been extensively studied both
theoretically and experimentally (see Refs. [1,2] and
references therein), experimental investigations of hyperon
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EDMs are scarce. In fact, prior to the recent measurement
by the BESIII Collaboration [3], the only upper bound on
the A hyperon EDM had been established more than
40 years ago [4].

In general, a large number of events is required in high-
energy experiments to probe CP-violating effects or to test
CP symmetry. It has been proposed in [5,6] to study the A
EDM d, by using large data samples of the J/y — AA
decays collected with BESIII detector. Recently, the BESIII
Collaboration has analyzed this decay and obtained a new
upper bound on d, [3],

- 8.6 x 107" < Re(d,) <3.3x 107 cm,
225% 1071 < Im(dy) < 7.2 x 10~ cm. (1)

This result represents a significant improvement of nearly 3
orders of magnitude over the previous limit in [4]. With
more accumulated data or at the planned Super Tau-Charm
Factory [7], further improvements are expected.

With the new result of d,, an important question arises:
how do CP-violating interactions among elementary par-
ticles like quarks generate a nonzero d,? The answer is
essential for constructing new physics models beyond the
SM. In this Letter, we consider the possibility that quarks
possess a nonzero EDM and a nonzero chromoelectric
dipole moment (CEDM), and study their contributions
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to d,. These dipole moments are introduced through a
CP-violating effective Lagrangian as

i i )
Lep= Z <_§dqqy56;qu;w_EdeqSGMuG” 61>, (2)

q=u.,d,s

where d, and Zlq denote the quark EDM and CEDM,
respectively. ¢ is the quark field of u, d, and s. F** or G* is
the field strength tensor of photon field or gluon field,
respectively. CP violation is indicated by the existence of
the EDM form factor defined as

(O|J#|A(P,))A(P, A))
= d\(Q)V(P, A)ys0"q,U(P,2) +---,  (3)

where J# is the electromagnetic current. U and V are the
spinor for A and A, respectively. Q is the invariant mass of
the AA system. The - - - represent CP-conserved contribu-
tions. It should be emphasized that the defined d, (Q) is not
exactly the static EDM of A. It depends on Q. The static
EDM corresponds to the value at Q =0, whereas the
BESIII result in fact corresponds to d,(Q) evaluated
at Q =M Jy-

Using QCD low-energy effective field theories or lattice
QCD, the contributions of the quark EDMs and CEDMs to
the neutron EDM have been extensively studied [1,2].
These studies concern the static neutron EDM, i.e.,
evaluated at Q = 0. In contrast, the A EDM d, is extracted
from the decay discussed above at an energy scale much
larger than the nonperturbative scale Agcp. As aresult, it is

difficult to determine the contributions of d, or Ziq to d, at

large Q using effective field theories or even quark models.
|

To our knowledge, there is no lattice study of d, currently.
In addition, we note that, in the quark model, d, receives a
contribution only from d, with dy = d; at Q =0 [8].
Inspired by the recent BESIII measurement [3], we
present the first perturbative QCD prediction of the A
EDM form factor d,(Q) in the high-energy limit
0> Agcp and derive the contributions from quark

EDMs d, and CEDMs Ziq. Our analysis is based on the
collinear factorization framework for hard exclusive proc-
esses [9—17], which has been widely applied to various
hadronic form factors (see, e.g., Refs. [18-26]). Within this
framework, d,(Q) is expressed as a convolution of
perturbatively calculable coefficient functions with the
light-cone distribution amplitudes (LCDAs) of A, which
encode its nonperturbative partonic structure. Using these
formulas, we perform numerical estimates and investigate
the constraints on the quark EDMs and CEDMs from the
BESIII result. Our analysis shows that the A EDM offers a
unique opportunity to probe the strange-quark CEDM, in
contrast to the neutron EDM.

We start by introducing the LCDAs of A. For our
purpose, it suffices to compute d,(Q) at leading power
in 1/Q. At this order, only the leading twist or twist-3
LCDAs are needed, where the lowest Fock component of
A, consisting of s, u, and d quarks, is involved. We work in
a light-cone coordinate system, in which a vector a* is
expressed as a* = (a*,a,d,) with a* = (a® + a*)/V/2.
Two  light-cone  vectors, n* = (0,1,0,0) and
" =(1,0,0,0), in the system are introduced. For a A
moving in the z direction with the momentum P, the
leading twist or twist-3 LCDAs are defined as [27]

didl,dAs . .
gt [ SRR s ) Ol )y )55 () A(P))

(27)*

= Va([X(r - Pc)aﬁ(Vs U)y + Ax([X]) (7 - PVSC)aﬁUy + TA({X])(P”i%uC)aﬁ(V”VS U)y e (4)

where p* = (P,0,0,0) and --- stands for higher-twist
terms. The Latin letters denote color indices and the Greek
ones denote the Dirac indices. U is the spinor of A with the
momentum p, i.e., the mass of A is neglected. V,, A,, and
T  are LCDAs of A. They depend on x| , 5 as the momentum
fraction of corresponding parton, or quark. The dependence is
denoted collectively as [x]. There is a constraint from the fact
that A is an isospin-0 baryon. This gives

VA(x1, %0, x3) = =V (x1, %3, %),
AA(X1,X2,X3) = AA(X1,X3,X2)7
TA(X1,X2,X3) = —TA(X1,X3,X2)- (5)

The physical meaning of the LCDAs can be found if we
express the state of A in helicity basis [28],

it = [y - n(ad ]t

+ [VA(]) + Ax (@) lutats1)

—zn({x])wwsw}, ©)

with the notation [d*x] = dx,dx,dx;5(1 — x| — x5 — x3).
The upper index 1 or | denotes the + or — helicity,
respectively. Through charge-conjugation transformation of
Eq. (4) or Eq. (6), one can obtain LCDAs of A, denoted as Rs
Aj and T 3.

In the high-energy limit, the mass of A is neglected. The
Dirac structure in Eq. (3) flips the A helicity, so the
amplitude vanishes for A = A due to helicity conservation
of massless fermions. Thus, only matrix elements with
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A # 2 need to be considered. Calculations of such helicity-
flip matrix elements have their own interest in QCD. While
helicity-conserving matrix elements related to the Dirac
form factors have been studied (e.g., the recent one-loop
calculations of nucleon Dirac form factor F; [23,24]), there
are only few results for helicity-flip form factors, even at
tree level. Known examples include the nucleon Pauli form
factor F,, first calculated in [18], and certain gravitational
form factors [19,20]. In these cases, because QCD inter-
actions conserve quark helicity, orbital angular momentum
effects must be included, requiring twist-4 LCDAs to
generate nonzero contributions. For F,(Q), this gives an
asymptotic scaling F,(Q) ~ Q7. In contrast, the dipole
interactions in Eq. (2) flip quark helicities directly, and thus
flip the helicity of the A relative to the A. As a consequence,
d(Q) receives nonzero contributions already from twist-3

|

LCDAs, leading to the scaling behavior d (Q) ~ Q*. This
scaling agrees with the general power-counting rules for
exclusive processes [29,30], and our explicit calculation
confirms it.

We proceed first to calculate the contribution from
EDMs of quarks. A typical diagram for a contribution
from d; is shown in Fig. 1(a). At large Q, hard gluon
exchange between any pair of quark lines is required, and
the different possible exchanges lead to a total of 14
diagrams. Because the three quarks are in a color-singlet
state, the contributions involving the three-gluon vertex are
zero. Letting the virtual photon line attach to the u quark or
d quark, we obtain the contribution from d, or d,,
respectively. There are 14 diagrams for the contributions
from d,, or d,;. Calculating these 42 diagrams, we derive the
following contributions from EDMs of quarks:

10 2
Q)| = cg% [ @131 {a, [ DVA () = A Ax D) (. D) + ) Ax ()
= AN(EDVADBDC [, DD] + (da + d) Va(lx) + A D) TR (1) (. DD }. (7)
I
with the perturbative coefficient functions at the leading d A(Q)‘ = eg,Cp 4ra / [d3 A [d3y} { a‘vﬂs([x}, )
order of ay, CEDMs o4

-1 < 1 1 1 >
- — - T _ _ +_ _ )
2xX3y,y3 \X3Y2 X1V Xo)y
-1 1 1 1
M, (4. b)) = (5555 55)

X1X3Y1Y3 \X2Y3  X1Y3 X112

2 1 1
+ 55 ( + ) (8)
X35 \X3Y3  X1)1

where Cp = 2/27 is the color factor, and x;,3(y;,3) are
the momentum fraction of s(5), d(d), and u(it), respec-
tively. A momentum fraction with a bar denotes x = 1 — x.
We have used the property of Eq. (5) and charge-con-
jugation symmetry to simplify our results of the perturba-
tive coefficient functions.

We turn to the contributions from quark CEDMs. A
typical diagram involving d, is given in Fig. 1(b). Again,
because of the color structure the contributions involving
the three-gluon vertex and the two-gluon part in the dipole
interactions in Eq. (2) are zero. Because of the helicity
conservation, the CEDM of gluons or the CP-violating
Weinberg operator [31] will not contribute at leading twist.
For each CEDM d,(q = u.d,s) there are 56 diagrams.

Calculating these diagrams, we have the result from Zlq,

-2 1 < 1 1 1 >
X3y 20x3y3 \G¥y XYy oy )

x [VaEDVA(D]) = Ax(1) Ax (1))
+ Va(BD) + AGDITR(DD
x |2y, ) + A6 DD} (9)

with the perturbative coefficient functions

R P >+ o

1 X3Y3  X2)2 x2x3y2y3
1
“odo (5 5m) Fove
X1Y1 \X3Y3 xzyz x3y3x2y2
wu{ (o 5)
x1y1 X%)’3 )’2 x2y2x3y3
Ha(lx]. b)) = -0, — | +
Xz)’z xsys X1y X3Y3X1Y1
-0l (5 1) o
+
Xo¥y \X3¥3  X1)1 xlxs)’l)’%
-0 (5 )+
X2Y2 X1 X1Y1X3Y3

(10)

where Q,(q = u,d, s) is the electric charge of the quark in
unit of the positron charge e. The function 7, is obtained
from 7{,, by the exchange Q,, <> Q. Fromourresults, d, (Q)
scales like Q‘4 as expected. Furthermore, the factorization
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FIG. 1. (a) A typical diagram for the contribution from the
EDM d,. The photon vertex with a cross circle is the EDM vertex.
(b) A typical diagram for the contribution from the CEDM d,.
The gluon vertex with a crossed square represents the CEDM
vertex.

structures in Egs. (7) and (9) can be simply verified by using
the helicity basis of A in Eq. (6) and that of A.

The factorization formulas summarized in Egs. (7) and
(9) are the main results of our Letter. The total contribution
from all quark CP violating dipoles to d, is the sum

dr(Q) = dA(Q) +d\(Q) - (1)

EDMs CEDMs

With these analytical results, we can perform a numerical
estimation on d, (Q) at Q = M, and infer the constrains
on the quark EDMs and CEDMs using the BESIII result
[3]. However, it should be kept in mind that to our formulas
there are corrections from higher orders of a,(Q) and from
higher-twist contributions suppressed by 1/0Q. These cor-
rections could be substantial at O = M, because Q is not
very large. These corrections may need to be further studied
and are neglected here.

The numerical analysis requires nonperturbative input
from the A LCDAs, which have been determined using
QCD sum rules [28,32-34] and lattice QCD [35-39]. The
simplest choice is the asymptotic forms, given as [32]

An([x]) = fafas([X]) = 120f y 12053,
VA([x]) = Ta([x]) = 0, (12)

with f, = 6 x 1073 GeV?. Interestingly, we find that with
the asymptotic forms, d, only receives contributions from
the s quark. We have

dy =172 x 107*d, 4+ 2.06 x 10~ %ed,. (13)

However, it is inconsistent to use the asymptotic forms for
finite Q, because these forms correspond to the scale in the
limit 4 ~ Q — oo. Itis noted that the asymptotic forms arise
as the first term of conformal partial wave expansion of
LCDAs in terms of orthogonal polynomials P, [40]. In the
following, we include the next term in this expansion.

With the next term, the A LCDAs take the following
form [35]:

V :__\/7.](‘15
\/7][‘15

+ 7 (x5 + x3 — 2x1) (@10(1) + @11 (1))],

= 7\/7faq

where @, @10, @11, 719 are known as the shape parameters,
with their one-loop x dependence given in [35]. We first
adopt the shape parameters extracted from QCD sum rules
in the Chernyak-Olglobli-Zhitnitsky analysis [28]. At
1o = 2 GeV, they read [35]

Poo(po) = 4.69 x 1073, yo(up) = 1.39 x 1072,
¢11(/l0) =1.05 x 10_3, 7[10(//!0) =132 x 10_3, (15)

x3 = X2)[@10(1) = 311 (W],

2fl’oo )

—X2)710(1), (14)

in units of GeV?. Using these values and evolving to
u=Q =M, we obtain

dy = 1.94 x 1073d, + 1.47 x 1074(d,, + d,)
+1.78 x 10™%ed, 4+ 7.39 x 105ed,
—9.53x105¢d,,. (16)

We also consider the shape parameters determined from
lattice QCD [36,37], obtained at py = 2 GeV [37],

Poo(po) =475 x 1073, ¢pyo(ug) = 0.563 x 1072,
¢11(/l0) =0.242 x 10_3, 71'10(//!0) =0.237 x 10_3, (17)

again in GeV?. Using these lattice results at y=Q =M, s
we find

dy =529 x 1074d, + 4.61 x 1075(d,, + d,)
+6.21 x 1075%ed, + 1.98 x 1075¢d,
—2.14x10%¢d,. (18)

Comparing these results with Eq. (13), one sees that the
contributions from EDMs and CEDMs of u and d quark
become nonvanishing once higher terms in the conformal
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expansion of the LCDAs are included. In our analysis,
corrections from higher orders in @, and from higher-twist
contributions suppressed by powers of 1/Q are neglected.
The main uncertainty arises from the input of the A
LCDAs, whose full functional forms are not yet precisely
known. For the following analysis we will adopt the
lattice-based input, as they are derived from first-principle
calculations. While traditional lattice methods have accu-
rately determined the first few moments of the A LCDAs
[36,37], recent advances using large-momentum effective
theory [41,42] enable access to the LCDAs without relying
on moment expansions. In fact, one of the three A LCDAs
has already been investigated in this framework [38,39].

It is constructive to compare our results for A with those
for the neutron EDM d, induced by quark EDMs and
CEDMSs. The calculations based on QCD sum rules and
lattice QCD show that [1]

d, = —(0.20 £ 0.01)d, + (0.78 £ 0.03)d,
+ (0.0027 £ 0.0016)d, — (0.55 + 0.28)ed,
— (1.1 40.55)ed,, (19)

where we have neglected the QCD @ term. Here, dipole
couplings contribute to d,, at Q = 0 much more strongly
than to dy at Q = My, and there is no contribution from

d,. If the dipole couplings are assumed to be of the same
order, the strange-quark EDM d; makes a negligible
contribution to d,,. In contrast, our numerical results given
in Egs. (16) and (18) show that not only the d; contribution
to d, is dominant under the same assumption, but also d,
yields a nonzero contribution. This indicates that the upper
bound of A EDM can provide a unique channel to constrain
the strange-quark CEDM d,.

To demonstrate this, in Fig. 2 we present the constraints
on the strange-quark EDM d, and CEDM d, derived from
the current experimental bounds on the A EDM d, [3] and
the neutron EDM d,, [43]. To extract the limits on d, and gls
from d, in Eq. (3), we employ our perturbative prediction
in Eq. (18). For the neutron EDM, we use the central values
from Eq. (19) together with the experimental upper limit
|d,| < 1.8 x1072% ¢ cm reported in [43]. As an estimate,
we presumably can neglect the contributions from CEDM
of u and d. For the quark EDMs, we consider two
scenarios: (i) a hierarchy with d; > d,,, d,;, motivated by
the generic scaling d, o m, in many new-physics models
[2], and (ii) a SU(3) flavor-symmetric model with d, =
d, = d;. In both scenarios, the d, and d,; contributions to
d, are negligible, yielding nearly identical limits on d, and
d,. The only differences arise from the additional con-
straints imposed by d,. The resulting bounds in two
scenarios are displayed in Figs. 2(a) and 2(b), respectively.

We observe that the A EDM bound is particularly
sensitive to s-quark CEDM d,, while the neutron EDM

2

Scenario T
1
g
<«
s 0
X
=g [
1| o
—92 .
—4 -2 0 2 4
ds (><10’23 e cm)
(a)
2
[ Limited by dy
Scenario IT [ Limited by dn
B Limited by dy&dy
1
g
o
3
s of ]
z
e [
-1
-2
—4 -2 0 2 4
ds (x107% ¢ cm)
(b)

FIG.2. Constraints on the s-quark EDM d, and CEDM d, from
the measurements on the A and n EDMs. (a) Scenario I:
dy,>d,,d,. (b) Scenario II: d; =d, = d,;.

bound provides a more stringent constraint on s-quark
EDM d;, excluding complementary regions of parameter
space. Interestingly, the A EDM bound alone does not
restrict d, to a finite range: when d and d, are expressed in
the same scale units, the constraint would appear as an
elongated band in the (d, Els) plane, reflecting the strong
linear correlation between the two couplings. This corre-
lation is substantially reduced once the neutron EDM input
is included. Since d,, in Eq. (19) does not depend on d,, and
its experimental upper limit is much tighter than that of d,,
it provides the dominant restriction on d,. Combining this
with the A EDM constraint, we obtain the following bound
on the s-quark CEDM:

|d;| <1.4x 107 cm. (20)

Importantly, the sensitivity to d, revealed here underscores
the unique role of the A EDM in probing strange-quark
CP-violating CEDM, which remains inaccessible to the
neutron EDM. This feature persists even without the
assumptions adopted in our analysis.

Before giving our summary, a discussion of the upper
bound in Eq. (1) reported by BESIII [3] may be useful for
further studies. The contribution from d, to the decay

J/w = AA is through J/y — y* = AA [5]. To the
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conversion of J/y — y*, the EDM d,. of charm quark may
also contribute. However, if J/y is a parity eigenstate, or
parity is conserved in the formation of J/y from
ete™ = J/y, ie., one neglects the weak interaction and
those CEDMs in Eq. (2), the contribution vanishes. When
parity-violating interactions are included, the effect is
expected to be negligibly small. In addition, CP-violating
effects may also arise from the strong-interaction decay
J/w — AA through the CEDMs of light quarks. Since the
experimental limit applies to the sum of CP-violating
effects, assuming this contribution from CEDMs in the
decay is either negligible or not cancelled by d, partially or
entirely, the upper bound on d, has been derived in Eq. (1).
These CEDM contributions could be estimated if one
applies the collinear factorization of QCD to the decay.

Finally, let us close this Letter with a summary.
Motivated by the recent BESIII measurement (Q > Agcp)
[3], we have performed the first perturbative QCD analysis
of the A EDM form factor d,(Q), tracing its origin to
CP-violating quark dipole interactions. We have estab-
lished a QCD factorization formula that expresses the
dx(Q) form factor with the convolution of hard scattering
coefficients and the A LCDAs. With the input of LCDAs,
we predict a numerical relation between the A EDM and the
quark EDMs and CEDMs. This relation enables direct
constraints on these CP-violating dipole couplings from
current and future A EDM measurements. Our numerical
analysis shows that the A EDM is particularly sensitive to
the strange-quark CEDM, yielding information comple-
mentary to that inferred from the neutron EDM. The
framework can be readily extended to other hyperon
EDMs, where future measurements and combined analyses
would provide robust constraints on CP-violating dipole
interactions beyond the SM. It would be also interesting to
compare such bounds with those expected from high-
energy experiments at the future electron-ion colliders
[44-46] and lepton colliders [47,48].
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