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Recent measurements of the charge-parity asymmetry in the decay D° — K(;K(S) by CMS Collaboration,
Acp(K9KY) = (6.2 £3.04+0.2 £0.8)%, and by LHCb, Acp(D° - K9K9) = (1.86 & 1.04 £ 0.41)%,
suggest possible deviations from Standard Model expectations, which predict asymmetries below the
percent level. This singly Cabibbo-suppressed decay is particularly sensitive to new physics, as the leading
amplitudes vanish in the exact U-spin symmetry limit and the process is dominated by W-exchange
topologies. We investigate scalar diquark contributions to this decay, comparing color-sextet and color-
triplet representations. We find that the color-sextet diquark, characterized by a symmetric color
structure (CYP = CYP), avoids color suppression and can generate CP asymmetries in the range
0.5%—1.5% for a diquark mass of order 1 TeV. In contrast, the color-triplet contribution is strongly
suppressed due to destructive interference from its antisymmetric color structure. We further show that a
flavor hierarchy in the sextet couplings, with 4,, > 4,,, can simultaneously account for the observed
deviation from the U-spin sum rule in D° - K*K~ and D° — 7z 7~ and the measured CP asymmetry in
D® — K9K9. These results identify color-sextet scalar diquarks as viable candidates for explaining

enhanced CP violation in charm decays.

DOI: 10.1103/zjgc-123x

I. INTRODUCTION

Charge-parity (CP) violation is one of the most profound
phenomena in particle physics, playing a central role in our
understanding of the matter-antimatter asymmetry of the
Universe. Within the Standard Model (SM), CP violation
originates from a single irreducible complex phase in the
Cabibbo—Kobayashi-Maskawa (CKM) quark mixing
matrix. While this mechanism successfully explains the
observed CP violation in the kaon and beauty sectors, its
effects in the charm sector are predicted to be highly
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suppressed. This suppression arises from the hierarchical
structure of the CKM matrix, the Glashow-Iliopoulos—
Maiani mechanism, and the dominance of light quark
contributions in charm transitions. As a consequence, direct
CP asymmetries in singly Cabibbo-suppressed (SCS)
charm decays are generally expected to be at most of
order 10~* within the SM.

The experimental study of CP violation in charm
decays has recently entered a new era of precision,
driven by the large datasets collected by the LHCb and
CMS experiments. Of particular interest is the decay
channel D° — KK, which provides a uniquely sensitive
probe of new sources of CP violation. Recent measure-
ments by LHCb Collaboration have reported a direct CP
asymmetry [1,2]:

Acp(D® — KOK9) = (1.86 + 1.04 + 0.41)%,

while CMS has reported a consistent result at the percent
level. These values are significantly larger than the SM
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expectation, which is usually estimated to lie below 0.5%
due to the strong suppression of CP-violating amplitudes in
this channel [3].

The decay D° — K9KY is a very sensitive probe for new
physics (NP) [4]. In the SM, the leading tree-level ampli-
tude vanishes in the exact U-spin limit, leaving the decay to
proceed through suppressed U-spin-breaking effects and
loop-induced penguin diagrams [5,6]. This inherent sup-
pression minimizes the “background” of SM CP violation,
making the channel an ideal laboratory for identifying new
sources of CP violation [4].

Theoretical interest in charm CP violation has been
further stimulated by recent experimental indications of
deviations from U-spin sum rules relating the CP asym-
metries of the SCS decay modes D° — K*K~ and
D" — zt7~. Global fits to experimental data suggest a
violation of these relations at the level of approximately
2.70, with both asymmetries observed to be positive,
contrary to the leading-order SM expectation [7-9].
These observations point toward the intriguing possibility
of new physics contributions to charm decay amplitudes.

Among the various beyond standard model scenarios
proposed to explain enhanced CP violation in charm decays,
scalar diquarks provide a particularly compelling framework.
Scalar diquarks are easily introduced in many well-motivated
extensions of the SM, including grand unified theories [10],
based on gauge groups such as SO(10) and Eg, composite
models, and theories with extended color sectors. These states
transform as colored scalars under SU(3). and can couple
directly to quark pairs, generating new four-quark inter-
actions at tree level. Unlike SM contributions, which generate
primarily vector and axial-vector operators, scalar diquark
exchange can produce scalar and tensor operators, introduc-
ing new possible interference terms and C P-violating phases.

A key feature of scalar diquarks is how they transform
under the color gauge group, which determines their
interference properties with SM amplitudes. Specifically,
scalar diquarks transforming as color sextets possess a
symmetric color structure that allows constructive interfer-
ence with SM exchange amplitudes, while color-triplet
diquarks, characterized by antisymmetric color contrac-
tions, generating destructive interferences and are therefore
less effective in enhancing CP asymmetries. This differ-
ence between sextet and triplet scalar diquarks has impor-
tant phenomenological consequences for charm decays
dominated by exchange topologies, such as D — KgKg.

In this work, we perform a detailed and systematic
investigation of scalar diquark contributions to CP viola-
tion in charm decays, with a primary focus on the D° —
KgKg channel. We consider both color-sextet and color-
triplet scalar diquark representations and their effects on the
effective weak Hamiltonian governing charm transitions is
studied. We derive the resulting Wilson coefficients,
examine the induced operator structures, and estimate
the resulting CP asymmetries. The implications of

flavor-dependent diquark couplings and their ability to
explain the observed pattern of CP violation across
multiple charm decay channels is explored.

Our analysis demonstrates that color-sextet scalar
diquarks with masses in the TeV range and perturbative
couplings is able to generate CP asymmetries at the percent
level, within the range of current experimental measures. In
contrast, the color-triplet representation is suppressed due
to destructive color interference. We also show that a
hierarchical structure of diquark couplings can account
for the observed violation of U-spin sum rules and provide
an explanation of CP violation in both neutral and charged
kaon final states.

This paper is organized as follows. In Sec. II, we review
the Standard Model contributions to the decay D° — K3K?
and discuss the origin of CP violation in this channel. In
Sec. III, we introduce the scalar diquark framework and
derive the effective operators generated by diquark
exchange. Section IV presents a detailed phenomenological
analysis of scalar diquark contributions to CP asymmetries
in charm decays, including a comparison between color-
sextet and color-triplet scenarios. In Sec. V, we discussed
the experimental and theoretical constraints on diquarks
models. Finally, Sec. VI summarizes our results and
discusses their implications for future experimental
searches and theoretical developments.

II. STANDARD MODEL CONTRIBUTION

In the SM, the decay D° — K9K$ is a SCS process.
Unlike Cabibbo-favored decays which are dominated by tree-
level spectator diagrams, this channel proceeds primarily
through nonspectator topologies: the W-exchange (£) and
Penguin Annihilation (PA) diagrams [4]. The effective
Hamiltonian for the SCS charm decay is [5,11] (see Table I):

G 6
Hegr = 7; > iy (q 01 + 0% + Z; cl-Q,»).

q=d.s

Where Q;, O, are current-current (tree) operators and Q3 ¢
are QCD penguin operators, 4, = V7, V,, and C; are the
Wilson coefficients:

uq

Q? - (ﬁa}/”PLqﬂ)(Q/)’yﬂPLca) (1)

QZ = (ﬁa},MPLQa)(QﬂYyPLC/}) (2)

Q3 = (#a7"Prca) > (@, PLd)) (3)
q/

Q4= (ﬁayﬂchﬂ)Z(E/ﬂyﬂPngc) (4)
q/

Qs = (#ar"Prca) Y (@57,Prd)) (5)

q

035037-2



CP VIOLATION IN D — KK DECAYS: A ...

PHYS. REV. D 114, 035037 (2026)

Q6 = (uayﬂPLCﬂ)Z(Z];jyﬂPng)‘ (6)

q

The usual O;_;y are generated in SM through electroweak

loop penguin and are strongly suppressed. It is why we should

not include them in that section. Using standard notation, the
full amplitude A(D° — K9KY) is expressed as [4]:

Gr A

MDY~ KK = lnna =] )

with Ay = (A, — 4g)/2

Ay =Y Ci({KsKs|Q:|D") — (KsKs|QF|DP)). (8)
i=1,2

The CP-violating piece (4,) is given by:

2 6
Ay = Zci<Q?> + Zci<Qi>- )

(i) Term 1 (Z%zl C;(0")): Represents the Tree/Ex-
change diagrams. It represents the “flavor-symmet-
ric” part of the exchange [12].
(i) Term 2 (Z?:3 C;(0;)): Represents the QCD pen-
guin loops.
Neglecting higher-order terms in the ratio |4,/4,4|, the
direct CP asymmetry is computed as [4]:

A A
adi, = Im(/lb) -Im<Ab>.
sd sd

(i) Weak factor: The first term, Im(/1 )& —6x 1074, is
a fixed Standard Model value defermined by CKM
matrix elements.

(ii) Strong factor: The second term, Im( d) =] Ab |sind,
depends on the magnitude of the amplitude ratio and
the relative strong phase (6) between them. In
Ref. [4], they suggested a ratio of |A, /Ay ~3 —

In the SM, a numerical estimate of the direct CP-violating
asymmetry in this channel is given by

ladit] 6 x 107 x (3 to 5) x sin§ ~ 0.2% to 0.4%.

TABLE L

III. SCALAR DIQUARKS IN BEYOND THE
STANDARD MODEL THEORIES

In this work, we investigate the impact of scalar diquark
exchange as a concrete and well-motivated NP scenario
capable of generating sizeable CP-violating effects in this
channel.

The classification of scalar diquarks based on their
transformation properties under the Standard Model gauge
group yields eight possible representations [13]. However,
the specific phenomenology of the D° — K9KY decay
imposes stringent theoretical and experimental constraints,
which eliminate the majority of these candidates [6,14].

In order to generate a sizeable NP contribution to
the CP asymmetry in this channel, the scalar diquark
model must satisfy the following four simultaneous
conditions:

(1) Simultaneous coupling to up- and down-type quarks:
The scalar must couple to both up-type and down-type
quarks in order to mediate the required ¢ — uss
transition through diquark exchange [10].

(2) Chirality mixing: To generate scalar and tensor four-
quark operators (in particular C; and Cy) and enable
the chiral interference mechanism responsible for
CP violation, the diquark must couple to both left-
handed quark doublets Q; and right-handed singlets
ug, dp [10].

(3) Flavor structure: The couplings in the up-quark
sector must be symmetric in flavor space to avoid
dangerous flavor-changing neutral currents and to
allow the required interference pattern [13].

(4) Consistency with flavor constraints: The model
must respect current experimental bounds, in
particular those from neutral meson mixing.
Crucially, the diquark must not induce tree-
level contributions to B, — B, mixing, which se-
verely constrains many diquark and leptoquark
scenarios [15].

Imposing these conditions directs us to scalar fields
transforming as weak isospin singlets with hypercharge
Y = 1/3, which can exist in two viable color representa-
tions: the color anti-triplet and the color sextet [13]. These
correspond to scalar fields transforming as

3~ (3’ 1,1/3)gy, and ¢~

(6,1,1/3)sm  (10)

Effective Hamiltonian operator groups within the Standard Model for D° — K9K9. The operator basis

and their phenomenological roles follow the standard AC = 1 framework [5,11,27].

Physical process

Role in D° — KgKg

Operator group Type

0, O, Current-current
03...04 QCD Penguins
07...0190 EW Penguins

W-exchange
Gluon loops
Photon/Z loops

Dominant; determines the branching ratio.
Main source of SM CP violation.
Isospin-violating; sensitive to heavy NP.
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under SU(3). x SU(2), x U(1)y. Unlike other represen-
tations which couple exclusively to right-handed quarks
(e.g., drdg) or purely to left-handed doublets, these
representations allow simultaneous couplings to both
chiralities. The corresponding interaction Lagrangian can
be generalized for both cases as:

1~
L= (EA,-L(Q’“)CQM€1J+/1§ 7Cdﬂ>r"ﬂ¢n+H.c., (11)

where a, f3, n are color indices, I, J are SU(2), indices, and
i, j are flavor indices. The tensor I, dictates the color

topology: for the antitriplet ¢;, it is proportional to the
totally antisymmetric tensor €,4,, whereas for the sextet ¢,
it represents a symmetric color tensor. The simultaneous
presence of A* and ¥ is the key feature enabling the chiral
interference necessary for CP violation, which is absent in
the SM. The symmetric color structure of the sextet
representation avoids the destructive color suppression
inherent to the antisymmetric triplet.

IV. PHENOMENOLOGY OF SCALAR DIQUARKS
IN D° > KK

In the SM, the decay D° — KK is strongly suppressed
compared to D® — K*K~. In the exact U-spin symmetry
limit, corresponding to the interchange s <> d, the ampli-
tude for D° — K°K° vanishes due to the cancellation of
leading contributions [5,16]. As a consequence, the SM
predicts a characteristic anticorrelation between the direct
CP asymmetries of the charged kaon and pion modes,

adit (DY - KTK™) +adn(D? - zta) =0, (12)
up to corrections induced by U-spin breaking [5,17].

The most stringent test of Eq. (12) is provided by the
LHCb determination of the direct CP asymmetries
extracted from a global combination of time-integrated
measurements, including AAcp, using Run 1 and Run 2
data [9]. The reported values are

adin(DY — K*K-) = (1.7+£57) x 107, (13)

dir

af (D0 - zta) = (2324+6.1) x 1074, (14)

Their sum is

alL(KYK™) + adit(ztz) = (30.8 = 11.4) x 1074, (15)
which deviates from zero at the level of approximately
2.70 [9]. Notably, both asymmetries are positive, in contrast
with the leading-order U-spin prediction.

A more general U-spin relation involving neutral kaons
can be obtained by decomposing the final states into U-spin
singlet and triplet components [5,18],

ADY - K*K™) + A(D° - ntn™)
£ VIA(D — KYKY) = 0, (16)

which highlights the special role of the D° — K$KY
channel in probing U-spin breaking and potential new
physics effects [16].

In the SM, the decay D° — K$K$ proceeds dominantly
through W-exchange topologies, whose leading contribu-
tion vanishes in the exact U-spin limit. The amplitude
therefore arises only at first order in U-spin breaking,

mg—my

Asm(D? = K$K) ~ eyAsys), €y~ . (17)

Aqcp

resulting in a highly suppressed branching ratio and CP

asymmetry [5,6]. This suppression makes the mode par-

ticularly sensitive to new physics contributions.
Experimentally, LHCb has measured [1]:

Acp(D° — KKY) = (1.86 £ 1.04 £041)%,  (18)
which constitutes the largest CP asymmetry observed in the
charm sector and is difficult to accommodate within the SM
[19]. New physics contributions transforming purely as
AU = 0 would preserve the anticorrelation

ACP(DO - K+K_) = —ACP(DO - 77,'+7T_),
and are therefore disfavored by Eq. (15). In contrast,
operators transforming as |AU| = 1 naturally violate the
U-spin sum rule and can generate the observed pattern [5].
A well-motivated realization of such operators arises
from scalar diquarks transforming as either a color sextet
(S) or color triplet (S3), whose flavor-dependent couplings

generate effective four-quark interactions [10,20],

Augheq

A=t a=dos (19)

A hierarchy 4,, > 4, naturally enhances CP violation in
D° - KYKY  while simultaneously reproducing the
observed pattern in charged final states.

The effective Hamiltonian governing the transitions
cii — qq (g = d, s) can be written as [10,21]

Lo = — Z ZNSM(CSI(Q?( +CY0Y),  (20)

q=d,s X

where

035037-4
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The complete set of dimension-six four-quark operators
relevant for ¢ — uggq transitions is

0 = (a7,PLq") @’y Ppc?),

0F = (a°y,PLq") (@ r"PLcP),

i*Prq’) (G PLc”),

i*Prq*)(g"PrcP),

“0,,PLq") (G0 PLc*),
/wPan)(qﬂG”DPLCﬁ );

PRC]ﬂ)(qﬂPRCa)

“Prq” )(C_]ﬂPRCﬂ)

“0,,Prq") (" 0" Prc®),

i10,,Prq*)(q’ 0" Prc’), (22)

:|

Q3_(
=
= (&
= (u"
= (u
= (u
= (u

10—(

with primed operators obtained by P; <> Pk. These oper-
ators can be classified according to their Lorentz and color
structure:

(1) Current-current operators:

OIS

which dominate in the SM.
(ii) Scalar operators:

q q q q
Q} ) Q4 ’ Q7 ) Q8 .
(iii) Tensor operators:

o5, Q. 05 o-

In the SM, only the operators Qf, receive sizable
contributions at the electroweak scale. The scalar and
tensor operators are either absent or highly suppressed,
resulting in small CP asymmetries in charm decays.

In contrast, scalar diquark exchange generates new
contributions at tree level. Integrating out the scalar diquark
¢ yields

AL*ﬂL
Cl==+C =149~ (23)
2N NsuM;
ﬂL*/IR
C) =—-C§=—-4Ci =4Cl, =5~ (24)
2N NsuM;,

while the remaining operators are not generated independ-
ently at tree level.

The sign and magnitude of the Wilson coefficients
depend crucially on the color representation of the diquark:

(i) Color sextet (6):

—

NP _ ~NP
C\P = C)P,

This symmetric color structure allows constructive
interference between color contractions, enhancing
exchange amplitudes such as D° — K9K?9.

(i) Color triplet (3):

NP __ NP
C\P = —CP.

The antisymmetric color structure leads to de-
structive interference, significantly suppressing its
contribution.

This distinction has important phenomenological con-
sequences. The color-sextet diquark efficiently generates
AU =0 and AU =1 operators and can substantially
enhance CP violation in exchange-dominated channels.
In contrast, the color-triplet diquark primarily contributes to
AU = 1 operators and produces smaller effects due to color
suppression.

The presence of new scalar and tensor operators, together
with the enhanced exchange amplitude in the sextet case,
provides a natural mechanism for generating large CP
asymmetries in D° — K3K9 while simultaneously affect-
ing other charm decay observables.

A. Scalar diquark contribution to direct CP violation
in D" - KgKg

1. Color-sextet case

In the color-sextet scalar diquark scenario, the relation
CNP CNP (25)

implies that the dominant new physics contributions arise
from the current-current operators O ,. Integrating out a
scalar diquark of mass Mg generates effective four-quark
operators contributing to the transitions ¢ — ugq (¢ = d, s),

Aughe
He = 16quq (01 + 03). (26)

The total decay amplitude for D° — K9KY receives both
SM and new physics contributions and can be written as

Awotal = AaASY + 1AM + Ay, (27)
where
Asd = vcs V;.w /Ib = VcbVZb’ (28)

and Ay denotes the diquark-induced contribution.

035037-5
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For a scalar diquark of mass Mg, the new physics
amplitude is

1

Ay = 5 [Hishls (KSK§|03|D°)
SMé ST™S H
= Aidhei (KSKS0%DO)]. (29)
The direct CP asymmetry is defined as
) A 2 _ .;l 2
= AL A (30)
| A" + [ A
which can be expressed as
) ZA—hImﬂsiny—l—ImA
gy, 21 B

1+ |de|2 ’

where
() Ry = Ay/(A4ASY) measures the relative size of
the new physics contribution,
(i) y is the CKM weak phase,
(iii) Tm(A,/A,,;) encodes the SM strong phase dif-

ference,
(iv) the new physics contribution is given by

Im(Anp) = 2rsin(¢np) sin(6), (32)

Ay

V= ———
SM |
ﬂSdAsd

(33)

¢np the new weak phase from the diquark couplings, and &
the relative strong phase between SM and new physics
amplitudes.

Since rescattering effects are expected to be significant in
D® — KUKY, large strong phases are plausible [4,11,22].
Assuming r ~ 0.01 and maximal weak and strong phases,
the resulting CP asymmetry can reach

ASL ~ 27 ~ 2%, (34)
consistent with current experimental measurements.

A summary of the predicted CP asymmetry as a function
of the diquark mass is shown in Fig. 1.

2. Color-triplet case
In the color-triplet diquark scenario, the antisymmetric
color structure implies
a = -y, 3
which suppresses the contribution from current-current

operators due to destructive interference. In addition, scalar
and tensor operators (O;_j9) generated by the diquark

with provide an additional source of CP violation.
Direct CP asymmetry ag¥ in D° - K2K2 vs. Diquark mass (M)
4.0
- Sg model prediction
- = S3model prediction
3.5

Direct CP asymmetry ags [%)]

0.0 T T T T

-
S ——
————————

T ———————————_—_—_—_—_—_—_—_—_—_—_—_—_—_—_ o o o

=== LHCb measurement (1.86%)
LHCb uncertainty range

Diquark mass Mo, [TeV]

FIG. 1. Direct CP asymmetry alf in D — K%K vs diquark mass M. The predictions for the color-sextet (Sg, solid blue) and color-
triplet (S5, dashed green) models are compared against the LHCb measurement. A suppression factor of 0.1 is applied to the S3 curve to

account for the destructive interference arising from the relation C7

- Y.
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The resulting direct CP asymmetry can be written as

AdL = rpsin(pkk) sin(87) + rp sin(PkR) sin(Sp), (36)

where the two terms correspond to contributions from left-
handed and chirality-flipping operators, respectively.
The relative amplitudes are given by

Aushes
4M3,

1
VeVl

(K$KS|0, - 0,|D")
(KSKS|Hsm|D%) |

(37)

Ay |
ﬁsdAELIiVI

rr =

1
Gp *
\/_% | VCS VllS |

Lx9)R
ALR

aM3

(KSK$|Qpwrp|D°)
(KSK[Hsu|D°)

rp X (38)

The phases

= Arg(haly). gk = Arg(Alak).  (39)
represent the new weak phases, while 67 p denote strong
phases generated by final-state interactions.

Assuming perturbative couplings /1,-Lj’R ~0.1 and a
diquark mass of order 1 TeV, both contributions are
parametrically similar. However, due to destructive color
interference in the triplet case, the overall CP asymmetry
remains significantly smaller than in the sextet scenario.

A summary of the predicted CP asymmetry as a function
of the diquark mass is shown in Fig. 1.

3. Compatibility with D" - K*K~ and D° — n*x~
An important consistency check of the color-sextet

diquark scenario comes from its impact on the singly
Cabibbo-suppressed modes D° — K*K~ and D° — 77 7~.

X Color-sextet representation (Sg)
10

For a representative new physics amplitude ratio r ~ 1%,
one can estimate the induced CP asymmetry using the
framework of Ref. [10]. In particular, for the K™K~
channel, one obtains

Al (DY - KYK™) = 0.8%, (40)
which is significantly larger than the SM expectation
and within the range suggested by current experimental
measurements (see Table II).

Since the diquark couplings are, in general, flavor
dependent, they naturally generate |AU| =1 operators,
thereby violating the U-spin sum rule discussed previously.
In particular, a hierarchy

Aud > /1us9 (41)
can simultaneously reproduce the observed positive pattern
of CP asymmetries in both K™K~ and n*z~ channels,
while also enhancing the asymmetry in D° — K9K§.

The sensitivity of different decay channels depends
strongly on their underlying topologies. The decay D° —
K9KY is dominated by exchange (E) topologies and is
exceptionally sensitive to new physics, since the leading
tree-level amplitude vanishes in the U-spin limit. In con-
trast, the decays D° — K*K~ and D° — z*z~ are domi-
nated by color-allowed W-emission (7”) topologies.

In these emission-dominated channels, the color-sextet
diquark, which satisfies C\P = C)¥, enhances the emission
amplitude through constructive interference without color
suppression. This leads to sizable CP asymmetries while
preserving consistency with other charm observables.

Figure 2 illustrates the characteristic hierarchy of CP
asymmetries induced by the sextet diquark across different
decay modes:

Color-triplet representation (S3)

= Theory D® - k2K Exp. KK Band

= = Theory D? »K*K~

«« TheoryD®-nm*m-

10°

101 4

Direct CP asymmetry |adk| [%]

1072

Exp. m* n~ Band

Exp. K*K~ Band

= Theory D° - KZk? (Suppressed)
= = Theory D? »K*K~

<« TheoryD®-nm*m~

10 15 2.0 2.5 3.0 35 4.0 45
Diquark mass Mo, [TeV]

Diquark mass Mo [TeV]

FIG. 2. A comprehensive multi-channel comparison showing the absolute asymmetries for D° — K9K9, D° — KTK~, and
D° — 7tz under both the S (left panel) and S (right panel) scenarios.
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TABLE II. Comparison of predicted direct CP asymmetries in
the S¢ diquark model (for M, ~ 1 TeV) with Standard Model
expectations and experimental measurements.

Decay SM Experimental
channel expectation  Sextet model result

D’ - KYKY <1074 0.5%—-1.5% (1.86 £ 1.12)%
D’ - KK~ <107* 0.7%—-0.8% (7.7+£5.7) x 1074
D — nta~ <107 0.6%-0.7% (23.2+£6.1) x 107
AAcp ~0 —0.1% to —0.6% —(0.645+0.180)%

(i) D° — K%KY: This channel exhibits the strongest
sensitivity to new physics. Because the leading SM
amplitude is suppressed in the U-spin limit, the
diquark contribution can dominate, leading to asym-
metries in the range 0.5%—1.5% for a diquark mass
around 1 TeV.

(ii)) D° — K*K~: This channel is dominated by color-
allowed emission. The diquark interferes with the
SM amplitude, producing asymmetries of order
0.7%—-0.8%.

(iii) D° — z*z~: This decay exhibits similar behavior,
with asymmetries of comparable magnitude. The
flavor hierarchy 4,, > 4,, naturally allows both
kaon and pion asymmetries to be positive, in agree-
ment with the observed violation of the U-spin
sum rule.

V. EXPERIMENTAL CONSTRAINTS ON
DIQUARKS MODELS

In this section, we review the different constraints on
diquark models in such a way to show that our benchmark
values for the model parameters are not excluded by
processes like neutral meson mixings, rare and radiative
decays, constraints from collider searches, quantitative
assessment of U-spin breaking, theoretical motivation for
the flavor hierarchy, effects of operator mixing and
renormalization group evolution, and finally consistency
with other nonleptonic charm decays.

A. Constraints from neutral meson mixing

The scalar diquark couplings introduced in Eq. (11)
generate AF = 2 contributions to neutral meson mixing at
the one-loop level through box diagrams in which two
diquarks and two quarks circulate in the loop.

We shall study the diquark contributions to D° — D° and
K® — KY mixing.

Let us first start to compute the diquark contribtution to
D° — D° mixing. The leading AC = 2 operator generated
by box diagrams with internal s and d quarks is

OAC=2 = (aoyk P c®)(@ly, PLcP), (42)

with Wilson coefficient defined as:

CAC:Z(M(I)) ~ (’15&)2(’153)2 + (ﬂsd)z(ﬂfd)z
1287 M3,

flxg),  (43)

where x, = mé /M2 < 1 for light quarks, and the Inami—
Lim loop function satisfies f(x,) — 1 in this limit [23].

For perturbative couplings 4~ 0.1 and My =1 TeV,
this gives

(0.1)*

~8x 1074 Gev~2.
12822(10° GeV)2 ~ ° ©

The off-diagonal mass matrix element is related to the
hadronic matrix element via

1

MP)| = —
‘ 12| 2mD

|CAC:2<DO|OAC:2‘DO> |’

with (D°|OAC=2|D0) ~8 f2m? B, ~0.056 GeV?, using
fp =212 MeV, mp = 1.865 GeV, and Bp ~0.75 [24].
This yields

|MP,|\p & 1.2 x 10715 GeV.

The experimental constraint from heavy flavor averaging
group is [MP)| < 7.7 x 10713 GeV at 95% CL [25], so our
estimate lies safely below the experimental bound by a
factor of ~6.

Let us now to proceed in the same way for K° — K°
mixing. The diquark generates a AS = 2 operator through
box diagrams with internal u# and ¢ quarks. The relevant
Wilson coefficient is

L 9L 3L 4L
C2(0Mg) BT (1), (a4
where g(x,) is the corresponding loop function for a charm
quark in the loop, with x, = m2/M2 ~2x107% for
Mg =1 TeV, giving g(x.)~x.Inx, ~ -3 x 107> [23].
The additional m?2/ M3, suppression renders the kaon mixing
contribution further suppressed by 4 orders of magnitude
relative to the DY — D° mixing case. More explicitly,

(0.1)* x3x 1073
1287%(10° GeV)?

CA5=2(Mg) ~ ~2x 10718 GeV2.

This is well below the constraint from ey, which requires
|CA5=2] < 10713 GeV~? [26]. We therefore conclude that
neutral meson mixing does not place meaningful constraints
on the preferred parameter space of the model.

It is important to note that the color structure of AF = 2
depends on if we use a sextet or a triplet diquark. For the
sextet (CNP = C)P), the mixing operator is generated
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through the coherent sum of both couplings. The final
structure does not change the order of magnitude of the
results. In case of the triplet, due to color antisymmetric
structure, both contributions will destructively interfere and
our estimation in such a case can be seen as an upper limit
on the new physics contributions.

B. Constraints from rare and radiative decays

The scalar and tensor four-quark operators Q;—Q
generated by diquark exchange at tree-level mix under
QCD renormalization into electromagnetic and chromo-
magnetic dipole operators.

1. Radiative charm decays

The electromagnetic dipole operator mediating
c— uyis
em, ,_
05 = 167;2 (10" PRc™)F . (45)

Its Wilson coefficient at the charm scale receives a con-
tribution from operator mixing with the scalar operators
Q;’A generated by the diquark at y = Mg,. The anomalous
dimension entry governing this mixing is of order
Y73 ~ O(ay), so the induced coefficient at y = m,. is [27]:

. a, . (M3
G () = o (2) O M), )

me

where CYP(Mg) ~22/(NsuM3%) is the tree-level
scalar Wilson coefficient. For 1~0.1, Mg =1 TeV,
a,/(4r) ~0.03, and In(M3/m?) ~ 13, we obtain

(0.1y2
No(10° GeV)?
~4x 1072 GeV—2.

5N (m,) ~0.03 x 13 x

The induced branching ratio for D° — yy scales as
Br ~ |C5™12m2 £ mptp ~ 10714, which lies more than 7
orders of magnitude below the current experimental bound
Br(D° — yy) < 3.8 x 107® from BESIII [28].

Similarly, the process D° — #*#~y induced via the off-
shell photon is suppressed by an additional factor of a/x.
We therefore conclude that radiative charm decays are
safely satisfied in the preferred parameter space.

2. Rare kaon decays

The diquark couplings 4,;, and 4,; also generate a
AS =1 dipole operator mediating s — dy through the
same operator-mixing mechanism. The Wilson coefficient
at p ~my is

)*uslud
NSMM%D '

(M5
CfN(my) = n ( m‘;)

With In(M%/m?) ~ 19 and the same benchmark couplings,
we find C5™' ~ 6 x 10 GeV~2. The resulting contribu-
tion to Br(K; — yy) and Br(Kg — yy) is of order 10716, far
below the experimental values [29].

Constraints from K; — pu*u~ and K+ — zvp, which are
dominated by short-distance Z-penguin and box contribu-
tions, are even less sensitive to the diquark-induced dipole
mixing at this order. We conclude that rare kaon observables
do not constrain the parameter space of the model.

C. Constraints from collider searches

Since the scalar diquark @® carries color charge, it
couples to gluons through its covariant kinetic term and
can be produced at the LHC both in pairs via QCD
interactions and singly in association with a quark jet
via the Yukawa-like coupling A.

1. Pair production

The pair-production cross section pp — ®® is deter-
mined by the color representation of the diquark and its
mass, independently of the Yukawa couplings /;;. For a
color-sextet scalar at \/E = 13 TeV, next-to-leading-order
QCD predictions give [15,30]

~ 1-5 fb,
Mg=1TeV

o(pp — D)

c ~(.05-0.2 fb, (47)
My=1.5 TeV

with a rapid falloff at higher masses. Each diquark decays
into a quark pair ® — ¢ggq, yielding a four-jet final state.
Searches for pair-produced resonances decaying to dijets
by ATLAS and CMS with the full Run 2 dataset
(L ~ 139 fb~!) exclude color-octet and color-sextet scalars
with masses below approximately M¢ < 900 GeV [31,32].
Our benchmark value Mg = 1 TeV lies just above the
current exclusion boundary.

2. Single production

The single-production process ¢gg — ®g proceeds
through the Yukawa coupling A and has a cross section

2

o(pp = @g) x Wﬁo(Mq»S),
®

where 6 encodes the parton-level kinematics and parton
distribution function convolution. For A~0.1 and
Mg = 1 TeV, a parton-level estimate using leading-order
matrix elements gives g ~ 0.1-1 tb, comparable in
magnitude to the pair-production rate. The dominant decay
® — ggq then yields a dijet signature. The most stringent
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TABLE III.  Summary of LHC constraints on the color-sextet scalar diquark parameter space. Exclusion limits are
at 95% CL.

Search channel Experiment Excluded region Status at Mg = 1 TeV, 1 =0.1
Pair production — 4 jets CMS/ATLAS » <900 GeV v Allowed

Single production — dijet CMS/ATLAS o xBrz 1-10 b v Allowed

Dijet contact interactions CMS A <8 TeV v Allowed

dijet resonance searches from CMS and ATLAS at 13 TeV
exclude new resonances with production cross sections
above o x Br 2 1-10 fb for masses in the range 1-3 TeV,
depending on the color representation [32,33].

For 4 = 0.1, our single-production cross section lies
below this sensitivity threshold throughout the mass range

of interest. A quantitative summary is presented in
Table III

D. Quantitative assessment of U-spin breaking

The U-spin breaking parameter is defined as

mg—my 90 MeV
Err = ~ ~
Y7 Agep 330 MeV

0.27, (48)

where we use m (2 GeV)~95 MeV, my(2 GeV) =~
5 MeV [29], and Agcep =330 MeV as a representative
hadronic scale. This value of &, is consistent with estimates
in the literature [5,16]. The direct CP asymmetry in D —
K9KY within the SM receives its leading contribution at
first order in gy, as established in Eq. (17). Using the
general expression for the direct CP asymmetry [21],

Im /I—b X Ay
lsd Asd
and taking the CKM weak factor | Im(4,/4,4)| ~ 6 x 107

and the amplitude ratio |A,/Ayy| ~3 — 5 from Ref. [21],
we obtain the maximum SM prediction

|agp (D — K§KY)| < 2ey x . (49)

aM(D° - K9K?)| ~0.16%, (50)

max
where we have set sin d = 1 to obtain the most conservative
(largest) SM estimate. This maximum is reached only under
the simultaneous assumption of maximal strong phase and
the upper end of the amplitude ratio.The experimental
measurement Acp(D?— K9K9)=(1.8641.12)% exceeds
this maximum SM estimate by more than 1 order of
magnitude, even under the most favorable assumptions
for U-spin breaking. This demonstrates unambiguously that
SM U-spin breaking alone cannot account for the observed
asymmetry, and that a new physics contribution is required.

The situation for the charged modes is complementary.
In the SM, the leading-order U-spin prediction gives
acp(D® - KTK™) ~ —acp(D° — ntx~), with both asym-
metries of order e, x |Im(,/As;)| ~ 107 The observed

values

acp(D® — KTK™) = (7.7+£5.7) x 1074,
acp(D° - 7t7n7) = (23.24+6.1) x 1074

are both positive, with a sum deviating from zero at 2.70,
in conflict with the leading-order U-spin anticorrelation.
While higher-order U-spin breaking at O(e?,) could in
principle modify the anticorrelation, such corrections are
suppressed by an additional factor of & = 0.27 relative to
the leading contribution and cannot account for the
observed pattern.

We therefore conclude that the data in all three
channels—D® — K$K9, D° - K*K~, and D° >zt 2z~ —
cannot be simultaneously explained by SM U-spin break-
ing alone. The color-sextet diquark provides a natural
mechanism to generate the required |AU| =1 contribu-
tions that violate the U-spin sum rule in the observed
direction.

E. Theoretical motivation for the flavor hierarchy

The flavor hierarchy 4,, > 4, introduced in Eq. (41) is
not a phenomenological ansatz but admits a natural
theoretical motivation at two levels.

1. Cabibbo structure

The simplest observation is that the diquark couplings 4;;
connect quarks of definite flavor in the mass eigenstate
basis. If the diquark coupling matrix inherits the same
hierarchical structure as the Cabibbo—Kobayashi—-Maskawa
matrix—as is natural when the diquark couples to quark
currents written in the mass basis—then the ratio of
couplings to first- and second-generation down-type quarks
is controlled by the Cabibbo angle 6:

Aus [Vis| 0225

Jwa |Vua| 0974

=~ sinf. ~ 0.23.

This implies A,;/A,; ~ 1/sin0q ~ 4, precisely the hier-
archy required to simultaneously reproduce the observed
CP asymmetries in D° — K9K9, D°— K*K~, and
D® — nF ™. The hierarchy is therefore of the same order
as the Cabibbo suppression already present in the SM, and
requires no additional tuning.
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2. Froggatt—Nielsen realization

A concrete UV realization of this structure is provided by
the Froggatt—Nielsen (FN) mechanism [34], in which a
spontaneously broken flavor symmetry U(1)gy generates
hierarchical Yukawa couplings through powers of a small
expansion parameter ¢ = (0©)/M, ~ Ac ~ 0.2, where O is
the flavon field and M, is the flavor-breaking scale.
Assigning FN charges n; to each quark field and ng to
the diquark, the couplings are generated as

lij ~ glnitnjtne|

With the standard charge assignments n, = n; =0 and
ny, = l—consistent with the observed light-quark mass
hierarchy m,/m, ~ ¢! [34,35]—one obtains

Ayg ~ glnel Aus ~ glnol+1

giving

A

M ven0.2,
ud

in precise agreement with the phenomenologically required
hierarchy.

We therefore conclude that the flavor hierarchy 4,; > 4,
is not ad hoc but emerges naturally from well-motivated
models for flavor-symmetry breaking, and is of the same
parametric size as the Cabibbo suppression observed in the
SM quark mixing matrix.

F. Operator mixing and renormalization
group evolution

The Wilson coefficients generated by diquark exchange
at the high scale y = Mg must be evolved down to the
hadronic scale g~ m.~1.5 GeV relevant for D-meson
decays. This running is governed by the renormalization
group equations

d -, _as(ﬂ)

7TC(n). (51)

where 7 is the anomalous dimension matrix of the operator
basis. The solution at one loop is

A -

6(#) = U(/h M@)C(M<1>)’

ax(Mq))>?T/(2ﬂo)
o (p) ’

00 Ma) = (

with fy = 11 —2n;/3 and n; = 4 active flavors between
m, and Mg. The anomalous dimension matrices for the
scalar and tensor operator sectors generated by the diquark
are distinct from those of the standard current-current basis
of Buchalla, Buras, and Lautenbacher [27]. For the color-
mixed scalar operators QF, defined in Eq. (11), the one-

loop anomalous dimension matrix in QCD with N, =3
reads [36,37]

) (—6CF 6/N, > <—8 2 )

et =\ 6c, —6/N.)  \8 —2)°
where Cp = (N2 —1)/(2N.) = 4/3. The eigenvalues of
Vscalar are ¥y = O and y_ = —10, giving a factored evolution

Cou () = (a;(l(‘;[j)yi/@ﬁwcﬁ(ﬂfl@),

where C3,. = C3 = C, are the diagonal combinations. For
the tensor operators Q;{G, the anomalous dimension matrix
is diagonal at one loop [36]:

e )0
Tewor =\ 0 2cp—2n, ) \o -4)

To evaluate the numerical impact of the running, we use
a;(Mgp =1 TeV) ~0.088 and a,(m,.) ~0.39 [29], giving
a,(Mg)/ay(m,.) ~=0.23. The resulting evolution factors are
summarized in Table IV.

TABLE IV. Predicted direct CP asymmetries in the color-sextet diquark model (M¢ ~ 1 TeV, 4,,~ 0.2,
Aus/ Aua ~ sin @) compared with experimental bounds. CF = Cabibbo-favored, SCS = singly Cabibbo-suppressed.

Channel Type S¢ Prediction Experimental bound Status
D® - K9K$ SCS, E 0.5%-1.5% (1.86 £ 1.12)% 4
D° - KTK~ SCS, T 0.7%—-0.8% (7.7 +£5.7)x 107* 4
D’ = zta~ SCS, T 0.6%—-0.7% (23.246.1) x 107 4
DY — 7%7° SCS,E+T 0.5%-1.0% <5% 4
Dt — ata0 SCS, AI =3/2 <0.1% <0.3% v
Dt — Koz+ CF <0.05% <0.4% 4
DY —» K n* CF <0.05% <0.1% 4
DY — K*K° SCS, T+ A 0.1%-0.3% (—0.02 £ 0.46)% 4
D} — 7Ky SCS, E+A 0.2%—0.4% Not measured e
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The most significant effect is the amplification of the
scalar combination C5_ by approximately 55% towards the
charm scale. Since this combination governs the chiral
interference responsible for CP violation in the sextet
scenario, the running effect is constructive: the CP asym-
metry predicted at y = m,. is enhanced relative to the naive
estimate at Mq. The tensor operators experience only mild
modifications of order 10-20%.

The corresponding anomalous dimension matrix and
evolution factors have been extensively studied in the
literature [27,37], and the qualitative effect is a moderate
enhancement of the color-allowed combination C; 4+ C, of
order 20-30% between M ¢ and m., further supporting the
viability of the sextet scenario. In summary, QCD renorm-
alization group evolution between Mg and m,. does not
suppress the new physics contributions; on the contrary, it
amplifies the scalar operators most relevant for CP viola-
tion by O(50%), rendering our estimates of Acp
conservative.

G. Consistency with other nonleptonic charm decays

To provide a broader test of the color-sextet diquark
scenario, we check its consistency with the observed CP
asymmetries in additional nonleptonic charm decay chan-
nels for which experimental data are available.

We classify the relevant channels according to their
dominant decay topology, which determines the sensitivity
to the new physics operators. The key distinction is
between exchange-dominated (E) and emission-dominated
(T) topologies. The color-sextet diquark with CY* = C)?
generates constructive interference in exchange amplitudes
without color suppression, making exchange-dominated
channels the most sensitive to new physics. In emission-
dominated channels, the diquark contribution competes
with the larger SM tree-level amplitude and produces
smaller relative effects.

1. Isospin relations and D° — z°n°

The three pion modes D° — z7z~, D° — 7°2° and

Dt — 7zt 70 are related by isospin decomposition [5]:

A(D® - 7%2%) = 1 [A(D° - 7+ 7™ ) —V2A(DT - 7t 20)].

V2

The channel D™ — 77 2° is a pure Al = 3/2 transition;
since the color-sextet diquark generates operators of
definite isospin |AU| < 1, its contribution to this channel
vanishes at leading order. The experimental bound
|Acp(D* — 72°)| < 0.3% from BELLE II [38] is there-
fore automatically satisfied.

For D° — 7%2%, the exchange topology contributes a
larger fraction of the total amplitude compared to
D® — 7 z~, making this channel more sensitive to the
diquark. Using the isospin relation and our estimate

Acp(D° = nt77) ~0.6%-0.7%, we predict
‘ACP(DO g 7T071'0)| ~ 05%—10%,

consistent with the current experimental bound |Acp| < 5%
from CLEO [39]. This channel provides an important
future test of the model, as the bound is expected to
improve significantly at Belle II and LHCb Upgrade II.

2. Cabibbo-favored channels

In Cabibbo-favored (CF) decays such as Dt — K'z*
and D — K=z, the dominant SM amplitude is of order
Gr|V sV%,|, which is unsuppressed. The diquark contri-
bution is proportional to A.gd,q/ M2 or A A,/ M2, and its
ratio to the SM amplitude is suppressed by an additional
power of A2 ~ 0.05 relative to the SCS case. We therefore
predict

|Acp(DT = K°z%)| £0.05%,
|Acp(D° = K=77)| < 0.05%,

consistent with the experimental bounds |Acp(D" —
K°z")| <0.4% and |Acp(D° - K=7zt)| <0.1% from
LHCb [40,41]. These channels serve as important null
tests of the model.

3. D decays

The D} — K*K° channel is sensitive to the couplings 4,
and .. Given the flavor hierarchy 4,, > 4,,, the diquark
contribution to this channel is suppressed relative to the
D® - KYKY case by afactor of (A,,,/A,q)* ~ sin O¢ =~ 0.05.
We predict

|Acp(Df = KTK°)| ~ 0.1%-0.3%,

consistent with the LHCb measurement Acp(Df — K K?) =
(—0.02+0.46)% [40]. For Dj — z*K9, which pro-
ceeds through a topology similar to D° — K%K9 but
with an internal ¢ — s transition, the prediction is
|Acp| ~ 0.2% — 0.4%, currently unconstrained at this level
of precision.

4. Summary

The predicted CP asymmetries across all channels are
collected in Table IV. In all cases where experimental
measurements are available, the color-sextet diquark
scenario is consistent with the data. The most sensitive
future tests will come from improved measurements of
D° - 7%2° and D} — 7K, where the model predicts
asymmetries at the 0.5% level, within reach of LHCb
Upgrade II and Belle II.
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VI. CONCLUSION

We have investigated the phenomenological effects of
scalar diquarks on CP violation in the decay channels
D° - KYKY, K*K=,n*zn~. It is well known that the
expected Standard Model asymmetries in these channels
remain below the percent level. We have shown that the
introduction of a Sg scalar diquark with a mass of order
1 TeV and perturbative couplings can naturally generate CP
asymmetries at the percent level, consistent with current
experimental observations for D° - K9K?9.

A comparative analysis of S¢ and S; scalar diquark
representations demonstrates that the Sq scalar diquark
provides the most viable explanation of the data. Its
symmetric color structure, characterized by the relation
CY = CYP, avoids the color suppression present in
exchange amplitudes with S5 scalar diquark. As a conse-
quence, it allows for constructive interference with the SM
contribution. This leads to an enhancement of the D° —
K9KY decay amplitude and of the corresponding CP
asymmetry. In contrast, the color-triplet representation,
which implies CYP = —C}P, induces destructive color
interference and its effect on D — K$K CP asymmetry
is suppressed.

Moreover, the flavor-dependent structure of the diquark
couplings, which allows for having the hierarchy 4,,;, > 4,4,
provides a coherent description of CP violation across
multiple charm decay channels. This hierarchy enhances
the asymmetry in D° — K9K$ while reproducing the
observed pattern of positive direct CP asymmetries in

D — K*K~ and D° — 7" z~. In addition, it can generate
the observed deviation from the U-spin sum rule.

As a conclusion, the S scalar diquarks are well-moti-
vated candidates for explaining enhanced CP violation in
charm decays. Such states arise naturally in grand unified
theories based on gauge groups such as SO(10) and Eg.
Future precision measurements of CP asymmetries in
charm decays, as well as direct searches for scalar diquarks
at high-energy colliders, will provide important tests of this
scenario and further clarify the origin of CP violation in the
charm sector.

ACKNOWLEDGMENTS

We dedicate this work to the memory of our esteemed
colleague, Dr. Gaber Faisel, who sadly passed away at the
beginning of this project. We are deeply grateful for his
foundational insight regarding the diquark contributions to
the D — K¢Kg¢ decay, which motivated this research.
The work of S.K. is partially supported by Science,
Technology & Innovation Funding Authority (STDF)
under Grant No. 48173. The work of D.D. is supported
by Secretaria de Ciencia, Humanidades, Tecnologia e
Innovacién (SECIHTI) and Sistema Nacional de
Investigadoras e Investigadores (S. N. 1. 1.), Mexico.

DATA AVAILABILITY

The data that support the findings of this article are
openly available [2].

[1] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
02 (2026) 253.

[2] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
211803 (2019).

[3] A. Hayrapetyan et al. (CMS Collaboration), Eur. Phys. J. C
84, 1264 (2024).

[4] U. Nierste and S. Schacht, Phys. Rev. D 92, 054036 (2015).

[5] Y. Grossman, A.L. Kagan, and Y. Nir, Phys. Rev. D 75,
036008 (2007).

[6] H.-Y. Cheng and C.-W. Chiang, Phys. Rev. D 85, 034036
(2012).

[7] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
211803 (2019).

[8] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 131,
091802 (2023).

[9] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 104,
072010 (2021).

[10] C.-H. Chen, C.-Q. Geng, and W. Wang, Phys. Rev. D 85,
077702 (2012).
[11] J. Brod, A. L. Kagan, and J. Zupan, J. High Energy Phys. 10

(2012) 161.

[12] While the physical decay involves strange (s) and down (d)
quarks, theorists use the u-quark operator as a reference
point to isolate the flavor-symmetric part of the exchange
diagram [4].

[13] G.F. Giudice, B. Gripaios, and R. Sundrum, J. High Energy
Phys. 08 (2011) 055.

[14] E. Golowich, J. Hewett, S. Pakvasa, and A. A. Petrov, Phys.
Rev. D 76, 095009 (2007).

[15] L Dorsner, S. Fajfer, A. Greljo, J. Kamenik, and N. Kos$nik,
Phys. Rep. 641, 1-68 (2016).

[16] T. Feldmann, S. Nandi, and A. Soni, J. High Energy Phys.
06 (2012) 007.

[17] M. Gronau, Phys. Lett. B 730, 221 (2014).

[18] G. Hiller, M. Jung, and S. Schacht, Phys. Rev. D 87, 014024
(2013).

[19] R. Aaij, A. S. W. Abdelmotteleb et al. (The LHCb Collabo-
ration), J. High Energy Phys. 02 (2026) 253.

[20] S. Fajfer, J. F. Kamenik, and I. NiSandZi¢, Phys. Rev. D 85,
094025 (2012).

[21] U. Nierste and S. Schacht, Phys. Rev. D 92, 054036
(2015).

035037-13


https://doi.org/10.1007/JHEP02(2026)253
https://doi.org/10.1007/JHEP02(2026)253
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1140/epjc/s10052-024-13244-0
https://doi.org/10.1140/epjc/s10052-024-13244-0
https://doi.org/10.1103/PhysRevD.92.054036
https://doi.org/10.1103/PhysRevD.75.036008
https://doi.org/10.1103/PhysRevD.75.036008
https://doi.org/10.1103/PhysRevD.85.034036
https://doi.org/10.1103/PhysRevD.85.034036
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevLett.122.211803
https://doi.org/10.1103/PhysRevLett.131.091802
https://doi.org/10.1103/PhysRevLett.131.091802
https://doi.org/10.1103/PhysRevD.104.072010
https://doi.org/10.1103/PhysRevD.104.072010
https://doi.org/10.1103/PhysRevD.85.077702
https://doi.org/10.1103/PhysRevD.85.077702
https://doi.org/10.1007/JHEP10(2012)161
https://doi.org/10.1007/JHEP10(2012)161
https://doi.org/10.1007/JHEP08(2011)055
https://doi.org/10.1007/JHEP08(2011)055
https://doi.org/10.1103/PhysRevD.76.095009
https://doi.org/10.1103/PhysRevD.76.095009
https://doi.org/10.1103/PhysRevD.76.095009
https://doi.org/10.1007/JHEP06(2012)007
https://doi.org/10.1007/JHEP06(2012)007
https://doi.org/10.1016/j.physletb.2014.01.035
https://doi.org/10.1103/PhysRevD.87.014024
https://doi.org/10.1103/PhysRevD.87.014024
https://doi.org/10.1007/JHEP02(2026)253
https://doi.org/10.1103/PhysRevD.85.094025
https://doi.org/10.1103/PhysRevD.85.094025
https://doi.org/10.1103/PhysRevD.92.054036
https://doi.org/10.1103/PhysRevD.92.054036

DELEPINE, KHALIL, and RAMIREZ

PHYS. REV. D 114, 035037 (2026)

[22] A.F. Falk, A. L. Kagan, Y. Nir, and G. Perez, Phys. Rev. D
65, 054034 (2002).

[23] T. Inami and C. S. Lim, Prog. Theor. Phys. 65, 297 (1981);
65, 1772(E) (1981).

[24] Y. Aoki et al. (Flavour Lattice Averaging Group (FLAG)
Collaboration), Eur. Phys. J. C 82, 869 (2022).

[25] Y.S. Amhis et al. (HFLAV Collaboration), Phys. Rev. D
107, 052008 (2023).

[26] A.J. Buras and E. Venturini, Acta Phys. Pol. B 53, 6-A1
(2021).

[27] G. Buchalla, A.J. Buras, and M. E. Lautenbacher, Rev.
Mod. Phys. 68, 1125 (1996).

[28] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 105,
L071102 (2022).

[29] R. L. Workman et al. (Particle Data Group Collaboration),
Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[30] M. Kramer, T. Plehn, M. Spira, and P. M. Zerwas, Phys.
Rev. D 71, 057503 (2005).

[31] A.M. Sirunyan et al. (CMS Collaboration), Phys. Rev. D
100, 112007 (2019).

[32] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 108,
112005 (2023).

[33] A.M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 08 (2018) 130.

[34] C.D. Froggatt and H.B. Nielsen, Nucl. Phys. B147, 277
(1979).

[35] L.E. Ibanez and G.G. Ross, Phys. Lett. B 332, 100
(1994).

[36] A.J.Buras, M. Misiak, and J. Urban, Nucl. Phys. B586, 397
(2000); B1002, 116529(E) (2024).

[37]1 A.J. Buras and J. Girrbach, Acta Phys. Pol. B 43, 1427
(2012).

[38] 1. Adachi et al. (Belle-II Collaboration), Phys. Rev. D 112,
L031101 (2025).

[39] N. K. Nisar et al. (Belle Collaboration), Phys. Rev. Lett.
112, 211601 (2014).

[40] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 104,
L031102 (2021).

[41] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 112,
202001 (2014).

035037-14


https://doi.org/10.1103/PhysRevD.65.054034
https://doi.org/10.1103/PhysRevD.65.054034
https://doi.org/10.1143/PTP.65.297
https://doi.org/10.1143/PTP.65.1772
https://doi.org/10.1140/epjc/s10052-022-10536-1
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.1103/PhysRevD.107.052008
https://doi.org/10.5506/APhysPolB.53.6-A1
https://doi.org/10.5506/APhysPolB.53.6-A1
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/RevModPhys.68.1125
https://doi.org/10.1103/PhysRevD.105.L071102
https://doi.org/10.1103/PhysRevD.105.L071102
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRevD.71.057503
https://doi.org/10.1103/PhysRevD.71.057503
https://doi.org/10.1103/PhysRevD.100.112007
https://doi.org/10.1103/PhysRevD.100.112007
https://doi.org/10.1103/PhysRevD.108.112005
https://doi.org/10.1103/PhysRevD.108.112005
https://doi.org/10.1007/JHEP08(2018)130
https://doi.org/10.1007/JHEP08(2018)130
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1016/0550-3213(79)90316-X
https://doi.org/10.1016/0370-2693(94)90865-6
https://doi.org/10.1016/0370-2693(94)90865-6
https://doi.org/10.1016/S0550-3213(00)00437-5
https://doi.org/10.1016/S0550-3213(00)00437-5
https://doi.org/10.1016/j.nuclphysb.2024.116529
https://doi.org/10.5506/APhysPolB.43.1427
https://doi.org/10.5506/APhysPolB.43.1427
https://doi.org/10.1103/3kqk-ldm4
https://doi.org/10.1103/3kqk-ldm4
https://doi.org/10.1103/PhysRevLett.112.211601
https://doi.org/10.1103/PhysRevLett.112.211601
https://doi.org/10.1103/PhysRevD.104.L031102
https://doi.org/10.1103/PhysRevD.104.L031102
https://doi.org/10.1103/PhysRevLett.112.202001
https://doi.org/10.1103/PhysRevLett.112.202001

	CP violation in D&rarr;KK decays: A comparative analysis of triplet and sextet diquarks
	I. INTRODUCTION
	II. STANDARD MODEL CONTRIBUTION
	III. SCALAR DIQUARKS IN BEYOND THE STANDARD MODEL THEORIES
	IV. PHENOMENOLOGY OF SCALAR DIQUARKS IN D0&rarr;KS0KS0
	A. Scalar diquark contribution to direct CP violation in D0&rarr;KS0KS0
	1. Color-sextet case
	2. Color-triplet case
	3. Compatibility with D0&rarr;K+K- and D0&rarr;&pi;+&pi;-


	V. EXPERIMENTAL CONSTRAINTS ON DIQUARKS MODELS
	A. Constraints from neutral meson mixing
	B. Constraints from rare and radiative decays
	1. Radiative charm decays
	2. Rare kaon decays

	C. Constraints from collider searches
	1. Pair production
	2. Single production

	D. Quantitative assessment of U-spin breaking
	E. Theoretical motivation for the flavor hierarchy
	1. Cabibbo structure
	2. Froggatt-Nielsen realization

	F. Operator mixing and renormalization group evolution
	G. Consistency with other nonleptonic charm decays
	1. Isospin relations and D0&rarr;&pi;0&pi;0
	2. Cabibbo-favored channels
	3. Ds decays
	4. Summary


	VI. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


