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Abstract

LHCDb collaboration has recently announced a measurement of the difference of
time-integrated CP asymmetries between D — K4+K— and D — #25;+#25;—.
This result provides the evidence of large direct CP violation in D meson and
reveals some important implications on underlying new physics. It is shown
that the direct CP violation in D meson can be enhanced by R-parityviolating
supersymmetry, while CP violations in K and B mesons are suppressed by this
newphysics, which is in consistence with previous experiments. Constraints on
the model parametersand some consequences are also discussed.
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Abstract

The LHCb collaboration has recently announced a measurement of the difference
in time-integrated CP asymmetries between D° — KTK~ and D° — 77—
decays. This result provides evidence for large direct CP violation in the D
meson system and reveals important implications for underlying new physics.
We demonstrate that direct CP violation in D meson decays can be enhanced
by R-parity violating supersymmetry, while CP violations in K and B mesons
remain suppressed by this new physics, consistent with previous experimental
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results. Constraints on the model parameters and associated consequences are
also discussed.
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Introduction

New physics may be discovered either through direct searches at colliders or via
indirect observations in precision measurements at “low” energies. The key moti-
vations for CP violation (CPV) measurements at LHCb are precisely to conduct
precision tests of the Standard Model (SM) and to search for new physics. CP
violation in D mesons is highly suppressed in the SM, providing a background-
free environment for new physics searches. Furthermore, hadrons containing
charm quarks represent the only playground for studying CP violation in the
up-type quark sector, as top quarks decay before hadronization. Hadrons built
from u or @ quarks, such as 7° and 7, are their own antiparticles, and therefore
no CP violation occurs in these systems.

Recently, the LHCDb collaboration announced a measurement of the difference
between CP asymmetries in two D meson decay channels [?]: Aqp(D° —
K"K )—Agp(D? — mtr~) = [0.21(stat.)+0.11(syst.)]%. This measurement is
robust against systematic uncertainties and is primarily sensitive to direct CP
violation. The result deviates significantly from SM predictions, which place
this quantity at the order of 107* \cite{2-5}. Although ATLAS and CMS have
not found evidence for new physics, this large CP asymmetry at LHCb may
provide a hint of underlying new physics.

In this work, we present a tentative interpretation of the enhanced direct CP
violation in D mesons within R-parity violating (RPV) supersymmetry, while
leaving CP violation in K and B mesons nearly unaffected, since SM predictions
for these systems are consistent with experimental data. In Section II, we pro-
vide a brief estimate of direct CP violation in the SM, which allows us to extract
essential RPV parameters. Section III presents our conclusions and discusses
relevant implications.

II. R-Parity Violating SUSY and Direct CP Violation in D
Decay

Before discussing R-parity violating supersymmetry, we briefly review the SM
calculation for this CPV observable \cite{2-5}. In the SM, CP violations in
DO(DO) — K+ K~ decays are significantly suppressed by CKM parameters, loop
effects, and the GIM mechanism. At the quark-gluon level, the 777~ case is
depicted in Fig. 1 [Figure 1: see original paper], with the K™K~ case described
by the same diagrams with the replacement d — s. CP violation in these decays
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arises from interference between the tree amplitude (Fig. 1 left) and the penguin
diagram amplitude (Fig. 1 right). The CP asymmetry is defined as [?]:

r-T _ 2Im(afap)
[ N

cpP =

where ap and ap represent the tree and penguin amplitudes, respectively. For
DY — 7wta~, we have ap(D° — nfn7) = V,,VAT and ap(D® — nfn) =
ViV P. To O(ay), the direct CP asymmetry can be simplified as:

The tree-level diagram amplitude is:

T(D® - ntm™) ~ — Vi(mto™ |d'yﬂcu7”75d|D0>

\/* Vud

where the hadronic matrix elements are parameterized as:

<7T7‘ﬂ/7,u,75d|0> =1 7'rpy,
(n¥]dv,c|D°) = [ () (ppo + Pt )y + F-(6*)(Ppo — Pri )

The imaginary parts of penguin diagrams arise from cuts on internal lines in-
volving on-shell particles and thus long-distance physics, making them difficult
to estimate. Nevertheless, we can first calculate the penguin diagram assuming
the gluon momentum is spacelike (which is calculable), then carefully analyti-
cally continue the momentum to timelike to extract the imaginary part. While
the result is not as accurate as in QED, it can still be considered a reasonable
estimation. The result is:

(mu + md)

DD = wh) = i, (1) LV, Vi (i, D)

\[ Vub

(me —mg)(m, +my)

where g is the typical energy scale in this transition. Substituting the relevant
expressions, the final result is:

Aep(D? — ntn™) =

Qg (/’[’) (mu + md) Im ( Vuch*b

~ 0.0086
27 (mc - md) Vudvc*d> %

V.,
Aep(D° — KTK-) = 0‘82(7“) E’;ﬂfz)) Im (V o ) 0.0087%

us " cs
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where we have taken u = m,, a,(m,) = 0.396, A = 0.2253, A = 0.808, nn = 0.341,
my = 493.677 MeV, m_ = 140 MeV, m (m,.) = 122 MeV, m, = 1290 MeV,
mg(m,) = 6.1 MeV, and m,(m,) = 3.05 MeV [?, ?]. The U-spin relation
APM(DY — KT K™) ~ ASM(D® — 7+ 77) is guaranteed by approximate SU(3) p
symmetry. The difference between the two asymmetries is:

AASM — ASM(DO 5 K+ K ) — ASM(D® — nta) &~ 0.02%

While uncertainties due to nonperturbative QCD might be considerable [?, 7],
the experimental central value from LHCb remains difficult to understand within
the SM.

It is well known that CP violation in D meson decays provides a clean probe of
new physics, which has drawn considerable attention \cite{3,4,6,10-14}. In light
of the recent experimental result for AA.p, we expect that such new physics
would enhance direct CP violation in charm quark decays \cite{15-18} while
leaving beauty and strange quarks nearly unaffected. We will show that RPV
SUSY can provide such an opportunity.

In supersymmetry, the general trilinear RPV superpotential is:

Wipy = €ag (AgpLO LY B + N, LoQT DS + N, U DDy,

where A, 5., )\;jk, and )\;’jk are completely free parameters. Here L and E°¢ (Q, U°
and D¢) correspond respectively to the lepton doublet and anti-lepton singlet
(quark doublet and antiquark singlet) left-handed superfields. Charm quark
nonleptonic decays can be induced by A" and A’ terms [?, ?]. The relevant

Lagrangian is:

For simplicity, we assume baryon number conservation and consider only the A’
terms. The new charm quark decay diagrams are shown in Fig. 2 [Figure 2: see
original paper].

We find that the following requirements are essential to explain the LHCb CPV
anomaly: (1) Among various )\;jk couplings, only two terms are introduced:
A12 and Ajge, with Aj;5 real and A|,, complex. (2) The following relation is
assumed:

2
’ ’ g .
Im(A]1)Im(Ajg) ~ 162 Im(V,,,V3)

where g is the weak interaction coupling, and the numerical factor is inferred
from the SM calculation above.
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Because of this relation, the new RPV tree diagrams are negligible compared to
the SM tree diagram:

Trpy(D® = K*K™)  Im(V,, V%)

us " cs

<1

Consequently, RPV contributions to the branching ratios of various D and K
decays are negligible compared to their SM values.

With all necessary ingredients prepared, the calculations are straightforward.
First, consider the D° — 7* 7~ transition. The total amplitude is:

A(D? — 7tr7) = aM 4+ PV 4 oM 4 oBPY

where ofFPV(D? — 7t77) = A 5\]95. Due to the hierarchy in Eq. (15), the
total direct CP asymmetry simplifies to:

Im{(af + af"™)* (03 + of"V)

Following analogous procedures, the imaginary part of the RPV penguin dia-
gram is:

G
I@fPV(D° — ) = T2 (m) £, S5 o (1,0

The total direct CP violation in the D® — 777~ transition is therefore:

Acp(D® — 7tm7) ~ 0.35%

A similar calculation yields the total CP violation in the D° — K+t K~ transi-
tion:

App(DY = K*K~) ~ 0.36%

Thus, our requirements indeed produce a considerable enhancement of direct CP
violation in D meson decays. To maintain consistency with current experiments
on K and B mesons, we must keep new contributions to these sectors suppressed.
B meson decays are unaffected because only Aj9, and Aj;, have been introduced.
For K mesons, the RPV interactions )\;jkﬁz(fkui would generate new diagrams
for s — duu with s-quarks as internal lines. However, direct CP violation in K
decays remains unaffected, since the internal quarks cannot all be on-shell and

thus no imaginary part arises through these additional diagrams. Furthermore,
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strict experimental constraints on lepton flavor violation are evaded, as only
the first generation of leptons and their SUSY partners participate in the new
interactions.

IT1. Conclusions

In this paper, we investigate supersymmetry without R-parity as an interpreta-
tion of the recently observed large AAyp = App(D° — KYK™) — Aqp(D° —
mtn™) at LHCb, which corresponds to 3.5¢ significance. We find that significant
enhancement of CP violation in D mesons is feasible after introducing specific
R-parity violating terms Ajoy and Ajqs.

Phenomenological implications are discussed below:

1. There are many constraints on RPV parameters [?]. Among them, the
following is particularly relevant to this work:

Az <211 x 1072 (mOGQV)

md~R md~R

Combining this with Eq. (13), we obtain the relation mg > 13 TeV. This
strongly constrains the parameter space of RPV SUSY. After introducing Ao,
and Aj;9, some exotic phenomenology emerges [?]. At the LHC, both pair
production of scalar quarks (pp — GG) and single production (pp — Ge followed
by ¢ — ¢’ +e) have large cross sections and exotic final states. The signal can be
distinguished from backgrounds (mainly Z+jets) by reconstructing the invariant
mass of ¢ from one jet and an electron, together with delicate kinematic cuts [?].
It is expected that the LHC could discover this exotic signal or further constrain
the model’ s parameter space.

2. For singly Cabibbo-suppressed decay modes such as Dt — 7t + K9, we
expect direct CP violation of the same order to be observed. In addition
to direct CP violation, there is a small enhancement in D° — D° mixing
from new physics. However, this effect is negligible compared to the SM
contribution, since the new couplings are CKM-suppressed, as shown in
Eq. (14). Similarly, mixing in the K system remains essentially unaffected.

Although still far from a complete theoretical description, RPV SUSY provides a
very natural mechanism to induce differentiated CP violations, as up-type and
down-type quarks are treated differently in RPV terms. This is essential for
extending the SM, which cannot easily explain why D mesons are more special
than K and B mesons. As experimental data accumulates, more fundamental
mechanisms may be discovered that could explain why the A; i parameters take
the specific structure shown in Eq. (13).
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