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Why Study Charm Mixing and CPV
What should you remember tomorrow, or a year from now?

Flavor physics, generically, allows searches for manifestations of New
Physics at the highest energy scales by studying rare and forbidden
decays and and searching for CP violation beyond that described by the
Kobayashi-Maskawa phase of the CKM matrix.

CP violation in D0, K 0, Bd and Bs mixing provide
complementary sensitivities to BSM physics;
LHCb is collecting fully reconstructed charm samples 100× to
1000× larger than previous experiments, and expects to
collect another 10× to 50× more in Run 3;
We are already probing mass scales higher than can be
searched for directly at the LHC.

Direct CPV provides complementary insights related to new amplitudes.

Combining time-dependent amplitude analyses with measurements
of correlated decays at DD threshold, including amplitude analyses,
will lead to significantly improved precision by 2025.
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Flavor Constrains BSM Physics

Operator Bounds on Λ in TeV (cNP = 1) Bounds on cNP (Λ = 1 TeV) Observables
Re Im Re Im

(s̄Lγ
μdL)

2 9.8× 102 1.6× 104 9.0× 10−7 3.4× 10−9

ΔmK ; εK
(s̄R dL)(s̄LdR) 1.8× 104 3.2× 105 6.9× 10−9 2.6× 10−11

(c̄Lγ
μuL)

2 1.2× 103 2.9× 103 5.6× 10−7 1.0× 10−7

ΔmD; |q/p|D, φD
(c̄R uL)(c̄LuR) 6.2× 103 1.5× 104 5.7× 10−8 1.1× 10−8

(b̄Lγ
μdL)

2 6.6× 102 9.3× 102 2.3× 10−6 1.1× 10−6

ΔmBd ; sin(2β) from Bd → ψK
(b̄R dL)(b̄LdR) 2.5× 103 3.6× 103 3.9× 10−7 1.9× 10−7

(b̄Lγ
μsL)

2 1.4× 102 2.5× 102 5.0× 10−5 1.7× 10−5

ΔmBs ; sin(φs) from Bs → ψφ
(b̄R sL)(b̄LsR) 4.8× 102 8.3× 102 8.8× 10−6 2.9× 10−6

Table 1: From [3]. Bounds on representative dimension-six ΔF = 2 operators [4, 5]. The bounds
on Λ are evaluated assuming an effective coupling 1/Λ2 (i.e. setting cNP = 1). Alternatively, the
bounds on the respective cNP are obtained assuming Λ = 1 TeV. In the last column we list the
observables used to set such bounds; the observables related to CPV are separated from the CP
conserving ones with semicolons.

2 Physics Motivation

LHCb was designed to study heavy flavor physics. Its primary goal is to look for evidence of
BSM phyics in CP violation and rare decays of b- and c-hadrons. Although the Standard Model
provides a coherent mathematical description of the strong, weak, and electromagnetic forces, and
describes the ensemble of experimental results extremely well, it is incomplete. The underlying
electroweak symmetry, in which the fundamental fermions and all the gauge bosons are massless,
must be broken. The Higgs mechanism is the simplest electroweak symmetry breaking (EWSB)
mechanism. The quarks, leptons, and weak bosons acquire their masses via their interactions with
the Higgs field. Possible extensions of the SM include multi-Higgs models, supersymmetric models,
varieties of technicolor models, models with extra dimensions, etc. In addition, other models predict
new generations of (heavy) fermions, additional gauge bosons, Majorana neutrinos (which are their
own antiparticles), and other phenomena which sit squarely in the realm of discovery science. Most
BSM scenarios predict new particles at the EWSB mass scale - from somewhat above the W -
and Z-boson masses to the TeV range. ATLAS and CMS discovered the first Higgs-like boson in
2012 [1, 2]. They will determine its exact nature and directly search for additional new, massive
particles in LHC’s Run 2. LHCb will probe even higher mass scales, and a broader spectrum of
flavor couplings, by studying the manifestations of new particles via quantum loops.

Model-independent BSM constraints from measurements of mixing and CP violation can be
derived following the method developed by Isidori, Nir, and Perez [4]. They assume new fields
are heavier than SM fields and construct an effective Lagrangian. Then they “analyze all realistic
extensions of the SM in terms of a limited number of parameters (the coefficients of higher dimen-
sional operators).” They determine bounds on an effective coupling strength Λ of the interaction
in the limit that the dimensionless couplings cij between flavors are unity. Table 1, taken from by
Isidori and Teubert [3], summarizes the the picture today. The critical point is that kaon, Bd, Bs,
and D0 mixing and CPV measurements provide powerful constraints that are complementary to
each other and often more powerful than those from direct searches.

Similarly, the very rare decays Bs → μ+μ− and Bd → μ+μ− probe parameter space in a large
variety of supersymmetry and supergravity models [6] powerfully. Recent evidences of Bs → μ+μ−

reported by LHCb [7] and CMS [8] at the roughly the rate anticipated in the SM have been
combined in a joint analysis to provide a measurement of the branching fraction, B(B0

s → μ+μ−) =
(2.8+0.8

−0.6) × 10−9, consistent with the most recent SM prediction, B(B0
s → μ+μ−) = (3.65 ± 0.23) ×

10−9 [9]. The same analysis finds B(B0
d → μ+μ−) = (3.9+1.6

−1.4) × 10−10 where the SM prediction is

B(B0
d → μ+μ−) = (1.06 ± 0.09) × 10−10. The combination of the B0

s and B0
d results is consistent

with SM predictions in two dimensionis with confidence level near 5%.

2

Flavor Structure in the SM and Beyond
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Table above from Isidori and Teubert,
Eur.Phys.J.Plus 129, 40 (2014).
Bounds on representative
dimension-six ∆F = 2 operators.

Image to the left from M. Neubert,
EPS-HEP-2011.
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Direct CP Violation
adapted from Khodjamirian and Petrov, PLB 774 (2017) 235 - 242

Observables sensitive to CP-violation are most often written in terms of asymmetries

aCP(f ) =
Γ(D → f )− Γ(D → f )

Γ(D → f ) + Γ(D → f )
, (1)

formed from the partial rates of a D-meson decay to a final state f and of its
CP-conjugated counterpart. · · · the asymmetry in Eq. (1) could be a function of time,

if D0D0-mixing is taken into account. The measured time-integrated asymmetry
contains a direct component, [which] occurs when the absolute values of the D → f
decay amplitude, which we denote by Af ≡ A(D → f ), and of the corresponding

CP-conjugated amplitude Af ≡ A(D → f ) are different. This can be realized if the
decay amplitude Af can be separated into at least two different parts,

Af = A
(1)
f e iδ1e iφ1 + A

(2)
f e iδ2e iφ2 , (2)

where φ1 6= φ2 are the weak phases (odd under CP), and δ1 6= δ2 are the strong
phases (even under CP). The CP-violating asymmetry is then given by

adirCP(f ) ∝ A
(1)
f

A
(2)
f

sin(δ1 − δ2) sin(φ1 − φ2). (3)

The amplitude pattern of Eq. (2) naturally emerges in SCS nonleptonic decays such as

D0 → K−K+ and D0 → π−π+. [as penguin amplitudes augment tree amplitudes]
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Tree Amplitudes and Penguin Amplitudes
Strong and Weak Phases
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Neutral Meson Oscillation and CP Violation in Mixing

Some Theory and Expectations

Mixing in a Nutshell

▸ Mixing in Neutral Mesons: mass≠flavor eigenstates

▸ Mass Eigenstates: ∣D1,2⟩ = p∣D0⟩ ± q∣D0⟩,∣p∣2 + ∣q∣2 = 1

x = m2−m1

Γ
, y = Γ2−Γ1

2Γ
, Γ = Γ1+Γ2

2

CP Violation

▸ Direct CPV: ∣AfAf
∣ ≠ 1

Af = ⟨f ∣H∣D⟩,Af = ⟨f ∣H∣D⟩
▸ CPV in Mixing: ∣ q

p
∣ ≠ 1

Weak Phase: φ = arg ( q
p
) ≠ 0

▸ CPV in Interference between Mixing and Decay:

arg ( q
p
AfAf

) ≠ 0

Expectations
▸ Only up-type quark system with mixing

▸ Mixing enters at 1 loop level in SM, GIM
and CKM suppressed

▸ Non-perturbative long-range effects may
dominate short-range interactions,
difficult to calculate

▸ x , y expected to be ≲ 0.5%

▸ CPV expected to be O(10−3) in SM

▸ If enhancement of CPV is seen, could be
caused by New Physics

What and Why How Background Studies Next Steps and Proposal

Theory

u

c

d , s, b d , s, b

c

u

W

W

A. Davis University of Cincinnati

D0 − D̄0 mixing and CPV from B → µD∗X 6 / 16

D0 D
0

⇡+, K+

⇡�, K�

A. Davis

Charm Mixing and CPV at LHCb 11 / 9

Short Range Long Range

A. Davis

Mixing and CP Violation in Charm Decays at LHCb 2 / 13

|P1,2〉 = p|P0〉±q|P0〉 ; p2 +q2 = 1

x ≡ ∆m

Γ
y ≡ ∆Γ

2Γ

|M|2 ∝ 1

2
e−Γt

{
|Aα|2

(
cosh y Γt + cos x Γt

)
+ |Aα|2 |q

p
|2
(

cosh y Γt − cos x Γt

)
+ 2

[
<
((

q

p

)∗
AαA∗α

)
sinh y Γt −=

((
q

p

)∗
AαA∗α

)
sin x Γt

]}
.

10 

Time-Evolution of D0→Kπ Decays 

and δ is the phase difference between DCS and CF decays. 

DCS and mixing amplitudes 
interfere to give a “quadratic”  
WS decay rate (x, y << 1): 

where 

RS = CF WS = DCS 

K+π- 
DCS 

D0 

D0 

for x , y � 1 (valid for D0, not for Bs):
doubly Cabibbo-Suppressed (DCS) ≈ ∝ e−Γt ;

pure mixing ∝ e−Γt × (Γt)2

interference ≈ ∝ e−Γt × Γt
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Time Evolution of D0 → Kπ

10 

Time-Evolution of D0→Kπ Decays 

and δ is the phase difference between DCS and CF decays. 

DCS and mixing amplitudes 
interfere to give a “quadratic”  
WS decay rate (x, y << 1): 

where 

RS = CF WS = DCS 

K+π- 
DCS 

D0 

D0 

mi , Γi ⇔ weak eigenstates ; x ≡ ∆m

〈Γ〉 ; y ≡ ∆m

2 〈Γ〉 ; τ ≡ 1

〈Γ〉
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CPV in Mixing

〈D0|H|D0〉 = M12 −
i

2
Γ12 ; 〈D0|H|D0〉 = M∗

12 −
i

2
Γ∗12 ,

q

p
=
−2 (M∗

12 − 1
2

Γ∗12)

Γ (x − iy)
; λf ≡

q

p

Af

Af

= −
∣∣∣∣ q
p

∣∣∣∣ Rf e
i(φ+∆f )

(
→ −ηCPf

∣∣∣∣ q
p

∣∣∣∣ e iφ )

∣∣∣〈f |H ∣∣∣D 0(t) 〉
∣∣∣2 ≈

e−Γt

2
|Af |

2
{
RD +

∣∣∣∣ p
q

∣∣∣∣ √R
D

[
y cos(δ + ϕ)− x sin(δ + ϕ)

]
(Γt) +

∣∣∣∣ p
q

∣∣∣∣2 x2 + y2

4
(Γt)2

}

∣∣∣〈f |H ∣∣∣D0(t) 〉
∣∣∣2 ≈

e−Γt

2
|A

f
|2
{
RD +

∣∣∣∣ q
p

∣∣∣∣ √RD

[
y cos(δ − ϕ)− x sin(δ − ϕ)

]
(Γt) +

∣∣∣∣ q
p

∣∣∣∣2 x2 + y2

4
(Γt)2

}
.

no direct CPV + x, y � 1 → tanϕ ≈
(

1−
∣∣∣∣ q
p

∣∣∣∣ ) x

y

[
|M12|, |Γ12|, arg

(
Γ12

M12

)
→ x, y,

∣∣∣∣ q
p

∣∣∣∣ , arg

(
q

p

)]
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LHCb Detector [2008 JINST 3 S08005]The LHCb detector

7

[2008 JINST 3 S08005]

Covers 4% of solid angle but 
contains 25% of bb̅ pairs
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Production and tagging asymmetries

At LHCb, we use 2 independent tagging methods :

Prompt Semileptonic
D∗+→ D0π+ B− → D0µ−νµX

  

PV

D⁰
π⁺D*⁺

PV

D⁰

B⁻

ν
μ

μ⁻

pp pp

X
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Some LHCb Measurements of Direct CPV

Most precise measurements to date

Based on Run 1 data
Updated analyses with Run 2 data under way

ACP(D0 → K+K−) = (0.4± 1.2± 1.0)× 10−3
[Phys. Lett. B 767 (2017), 177-187]

ACP(D0 → π+π−) = (0.7± 1.4± 1.1)× 10−3
[Phys. Lett. B 767 (2017), 177-187]

∆ACP(D0→ h+h−) = (1.0± 0.8± 0.3)× 10−3
[Phys. Rev. Lett. 116, 191601 (2016)]

∆ACP measured first; then ACP(KK ); then ACP(ππ) extracted;

systematic errors for ∆ACP are smaller than for either channel alone;

statistical errors are also smaller – tighter cuts were used to extract
the absolute ACP(KK ).

→ next up – a historical context, and then on to the latest
time-dependent results.
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Mixing + CPV: Context and History
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The interpretation of experimental results often depends on prior knowledge
and impact on underlying physics parameters.

These plots illustrate the status of charm mixing/CPV results compiled by the

Heavy Flavor Averaging Group, circa April 2013 (before LHCb’s first Kπ

mixing + CPV results were announced [PRL 111 (2013) 251801].
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AΓ with D0 → hh decays
Phys. Rev. Lett 118, 261803 (2017)

ACP(h+h−; t) ≈ Adir
CP (h+h−) + AΓ(h+h−)

(
t

τ

)
+

[
< O(10−6)

(
t

τ

)2
]

Adir
CP (h+h−) ≡ ACP(t = 0) =

∣∣A(D0 → h+h−)
∣∣2 − ∣∣∣A(D

0 → h+h−)
∣∣∣2

|A(D0 → h+h−)|2 +
∣∣∣A(D

0 → h+h−)
∣∣∣2 ,

AΓ(h+h−) =
ηCP

2
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y
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(∣∣∣∣qp
∣∣∣∣+

∣∣∣∣pq
∣∣∣∣) sinϕ
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9.0 M D → K−K+ & 3.0 M
D → π−π+ from 3 fb−1 of Run 1
data (collected 2011-2012)

prompt D∗+ → D−π+ + cc

cut on m(Kπ); study ∆m

combinatorial background is
sideband-subtracted

asymetry is measured in decay time

intervals spanning [0.6, 20] τ(D0).
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AΓ with D0 → hh decays: Experimental Challenges
Phys. Rev. Lett 118, 261803 (2017)AΓ with D0→hh decays - Challenges

Instrumental Asymmetries 
• Soft pion charge reconstruction asymmetry 

Time dependent correction due to correlation between soft 
pion kinematics and D0 decay time 

• Reweighed the soft pion kinematic to recover left-right 
asymmetry of the detector 
Validated on D0→K-π+ decays 

D0 from B decays (Secondaries) 
• Undetected B decays mimic a larger D0 decay time 

Dilutes the asymmetry 
• Applied requirement of the D0 pointing to PV 

Residual background from B decays estimated with a 
model calibrated by the yield of secondaries at higher 
decay time

!8Maurizio Martinelli - Mixing and Indirect CPV in Charm at LHCb | 6.7.2018Notable LHCb Results
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AΓ with D0 → hh decays: Results
Phys. Rev. Lett 118, 261803 (2017) + JHEP 04 (2015) 043

The data are consistent with hypothesis
that CP symmetry is exact (in this
measurement) at the level of 3× 10−4.

AΓ(KK) = (−3.0± 3.2± 1.0)× 10−4

AΓ(ππ) = (−4.6± 5.8± 1.2)× 10−4

A complementary analysis of the same
data using per-event acceptance
calculations produces compatible results.

Combining these results with those from a
statisically independent sample
(B → D0µ−X )

AΓ = (−2.9± 2.8)× 10−4
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D0 → Kπ Samples: Prompt and Doubly-Tagged (DT)
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DT WS Mixing/CPV: Method
LHCb-PAPER-2016-033 (in prep.)

▸ Measure time dependent WS/RS ratio of D0 → Kπ

R(t)± = WS(t)±
RS(t)± ≃ R±

D +√
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Dy

′± t
τ + x ′±2+y ′±2

4
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τ
)2

▸ Use:
B → µ−D∗+X
D∗+ → D0π+S
D0 → Kπ

▸ Doubly Tagged: µ− and π+S tag the D0 production flavor

▸ Extremely clean

▸ Complements previous measurement using “prompt”
D∗+ → D0π+S
PRL 111, 251801 (2013)

▸ Goal: Measure Mixing/CPV parameters with DT only
sample and combination of prompt and DT
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D0 → Kπ Mixing and CPV Measurements

R±(t) =
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= R±D +

√
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4
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τ
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PRL 111 (2013) 251801; PRD 95, 052004 (2017)
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D0 → Kπ Mixing and CPV Measurements
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Impact: Run 1 Kπ Mixing + CPV Measurement
[PRL 111 (2013) 251801]
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D0 → Kπ Mixing and CPV Measurements – 2018 Update
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Impact: 5 fb−1 Kπ Mixing + CPV Measurement
[PRD 97 (2018) 031101]
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Time-Dependent Amplitude Analysis of D → Kπππ
[Prospects: Dominik Muller, CERN-THESIS-2017-257]

In the decays D → K∓π∓π±π±, the strong phase depends on the position in
phase space.

The variation of the strong phase can be determined by doing an
amplitude analysis of the CF (DCS) decays. [See, for example, LHCb,
Eur.Phys.J. C78 (2018) no.6, 443.]

The phase corresponding to δ in the equation below [derived for
D → Kπ] depends on both the strong phase variation across phase space
of the CF and DCS amplitudes and an overall phase difference that
cannot be determined from uncorrelated decays.

Because y ′′ = y cos(δ + ϕ)− x sin(δ + ϕ) varies across phase space,
mixing measurements become linearly sensitive to both x and y .∣∣∣〈f |H ∣∣∣D 0(t) 〉

∣∣∣2 ≈ e−Γt

2
|Af |2

{
RD +

∣∣∣∣pq
∣∣∣∣ √RD

[
y cos(δ + ϕ)− x sin(δ + ϕ)

]
(Γt) +∣∣∣∣pq

∣∣∣∣2 x2 + y2

4
(Γt)2

}
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Time-Dependent Amplitude Analysis of D → Kπππ
[Prospects: Dominik Muller, CERN-THESIS-2017-257]

Physics reach studied by simulating the LHCb 2015/2016 data set:

The numbers of right- and wrong-sign decays, and the S:B ratios, are
taken from the data, for which the integrated luminosity is ∼ 2/fb.

The acceptance for the WS sample is determined from the signal in the
RS sample and the RS model extracted from Run1 data
[LHCb, Eur.Phys.J. C78 (2018) no.6, 443].

The WS backgrounds are modeled from RS signal and sidebands.

Systematic uncertainties are studied from many sources, then doubled.
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Correlated Ψ(3770)→ DD Decays
Measure Relative Strong Phases of CF and DCS Amplitudes

Measuring correlated DD decay rates at the Ψ(3770) allows the determination of
relative strong phases such as δKπ, δKππ0 , and δKπππ .

We want to calculate the correlated amplitude for the D and the D to decay to the
states α and β at times t1 and t2 respectively, where the times are measured in the
center-of-mass (CM) system and t = 0 is the time of the e+e− → cc production.
Because the Ψ(3770) is JPC = 1−− state, we anti-symmetrize the amplitude with
respect to charge conjugation.

M =
1√
2

[
〈α|H|D0(t1)〉〈β|H|D0

(t2)〉 − 〈β|H|D0(t2)〉〈α|H|D0
(t1)〉

]
(4)

The time evolution of the D0–D0 system is described by

i
∂

∂t

(D0(t)

D0(t)

)
=

(
M− i

2
Γ

)(D0(t)

D0(t)

)
, (5)

where the M and Γ matrices are Hermitian, and CPT invariance requires
M11 = M22 ≡ M and Γ11 = Γ22 ≡ Γ.
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Flavor Eigenstates Evolve with Time (again)

The two eigenstates D1 and D2 of the effective Hamiltonian are

|D1,2〉 = p|D0〉 ± q|D0〉 , |p|2 + |q|2 = 1 . (6)

The corresponding eigenvalues are

λ1,2≡m1,2−
i

2
Γ1,2 =

(
M− i

2
Γ

)
± q

p

(
M12−

i

2
Γ12

)
, (7)

where m1,2, Γ1,2 are the masses and decay widths. The proper time evolution of the
eigenstates of Eq. 5 is

|D1,2(t)〉 = e1,2(t)|D1,2〉, e1,2(t) = e [−i(m1,2−
iΓ1,2

2
)t]. (8)

A state that is prepared as a flavor eigenstate |D0〉 or |D0〉 at t = 0 will evolve

|D0(t)〉= 1

2p

[
p(e1(t)+e2(t))|D0〉+q(e1(t)−e2(t))|D0〉

]
(9)

|D0(t)〉= 1

2q

[
p(e1(t)−e2(t))|D0〉+q(e1(t)+e2(t))|D0〉

]
. (10)
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Forms of M and |M|2

After a bit of algebra we can write the matrix element as

2
√

2M =

(
q

p
AαAβ −

p

q
AαAβ

)
[e1(t1)e2(t2)− e1(t2)e2(t1)] (11)

+
(
AαAβ −AαAβ

)
[e1(t1)e2(t2) + e1(t2)e2(t1)]

which has the form

2
√

2M = X (e11e22 − e12e21) + Y (e11e22 + e12e21) . (12)

From this one calculates

8|M|2 = e−Γ(t1+t2) × { XX∗ (cosh yΓ∆t − cos xΓ∆t) (13)

− 2<(XY ∗) sinh yΓ∆t + 2=(XY ∗) sin xΓ∆t

+ YY ∗ (cosh yΓ∆t + cos xΓ∆t }

where ∆t = t2 − t1 is the (signed) difference of proper decay times.
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|M|2 in the Small (x , y) Limit

For xΓ∆t, yΓ∆t � 1 this can be approximated by

4|M|2 = e−Γ(t1+t2) ×
{

XX∗
[

(x2 + y2)

4
(Γ∆t)2

]
(14)

− <(XY ∗) yΓ∆t + =(XY ∗) xΓ∆t

+ YY ∗
[

1 +
(y2 − x2)

4
(Γ∆t)2

]}
Y is the unmixed amplitude

X is the mixing amplitude

XY ∗ controls the interference terms in the mixing rate

This can be compared to the WS rate for a D whose flavor is tagged at t = 0:∣∣∣〈f |H ∣∣D0(t) 〉
∣∣∣2 ≈ e−Γt

2
|Af |2

{
RD +

∣∣∣∣qp
∣∣∣∣ √RD

[
y cos(δ − ϕ)− x sin(δ − ϕ)

]
(Γt) +∣∣∣∣qp

∣∣∣∣2 x2 + y2

4
(Γt)2

}
.
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Some General Observations

Each of X and Y is the difference of two products of amplitudes; the

difference reflects the charge conjugation symmetry of the initial D0D
0

state.

The components of the decay rate proportional to the real and imaginary
parts of XY ∗ corresponds to the interference of the direct and mixing
amplitudes to a common final state.

The relative time-dependence dependence of the interference term is
proportional to y ′ Γ∆t where y ′ = y cos δ + x sin δ with XY ∗ = Ce iδ (C
and δ real).

The phase δ depends upon the phase of p/q and also on both the final
state α and the final state β.

The interference term is odd in Γ∆t while the pure mixing and unmixed
terms are even in Γ∆t. Thus, the interference term disappears when
considering only time-integrated decay rates.
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CP Eigenstates versus Kπ

Correlated decays to a CP eigenstate and a hadronic non-CP eigenstate are somewhat
more complicated. Consider the final state (K−π+,K−K+).

Aα = A(D0 → K−π+) = ae i(δ+φ)

Aα = ke iδKπAα
Aβ = A(D0 → K−K+)

Aβ = Aβ
The mixing and direct amplitudes for (K−π+,K−K+) are

X =

(
q

p
ke iδKπ − p

q

)
AαAβ

Y = (1− ke iδKπ )AαAβ
As is well-known, the time-integrated rate is dominated by the term

YY ∗ = (1− 2k cos δKπ + k2)AαA
∗
αAβA

∗
β

which depends linearly on cos δKπ . Using some external inputs and several CP

eigenstates from 2.9 fb−1 of data, BES-III reports a preliminary value

cos δKπ = 1.03± 0.12± 0.04± 0.01 [Hai-Bo Li, Moriond QCD, 2016].
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CP eigenstates versus Kππ0

With the notation

A(D0 → K−π+π0) = Ar ζ(s12, s13)

A(D
0 → K−π+π0) = Ar ζ(s12, s13) = ke iδKππ0 Ar ζ(s12, s13)

the time-integrated rate for the final state (K−K+,K−π+π0) will be dominated by

YY ∗ =
(
ζζ∗ + k2ζζ

∗ − 2k
[
<(ζζ

∗
) cos δKππ0 + =(ζζ

∗
) sin δKππ0

] )
|Aβ|2|Ar |2 .

Notionally, Ar is an overall (integrated) magnitude of the amplitude for the CF decay
and ζ describes the variation over phase space. Note that this measurement is
sensitive to both cos δKππ0 and sin δKππ0 . .

Presumably, the amplitudes Ar ζ(s12, s13) and Ar ζ(s12, s13) will be measured with good
precision by Belle-II.

Conceptually, the corresponding equation applies for (K−K+,K−π−π+π+) with
δKππ0 → δKπππ and ζ(s12, s13)→ ζ(~pi ) where ~pi denotes the location of the decay in
its 5-dimensional phase space.
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DD → (K−π+,K−π+π0) [same-sign hadronic]

Here we will write
Aα = A(D0 → K−π+)

Aα = k1e
iδ1Aα

Aβ = A(D0 → K−π+π0) = Ar ζ

Aβ = k2e
iδ2 Ar ζ

so that

X =

(
q

p
k1k2 e

i(δ1+δ2) ζ − p

q
ζ

)
ArAβ

Y =
(
k2 e

iδ2 ζ − k1 e
iδ1 ζ

)
ArAβ .

It follows that

YY ∗ =

(
k2

2 ζζ
∗

+ k2
1ζζ
∗

−2 k1k2

[
<(ζζ

∗
) cos(δ1 − δ2)−=(ζζ

∗
) sin(δ1 − δ2)

] )
|Aα|2 |Ar |2 .

The corresponding equation applies for (K−π+,K−π−π+π+) with δKππ0 → δKπππ

and ζ(s12, s13)→ ζ(~pi ) where ~pi denotes the location of the decay in its 5-dimensional

phase space.
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Measuring Relative Strong Phases Simultaneously

The extension of the coherent decays formalism to other DD → (multi-body,
multi-body) final states such as (K−π+π0,K−π−π+, π+), (K−π−π+π+,K0

Sπ
−π+),

(K−π−π+π+,K0
Lπ
−π+), etc., is generally tedious, but straight-forward.

Final states where one D is observed decaying into K0
S (L)

π−π+ are special. The

relative strong phase in such decays is constrained by the CP eigenvalue of
intermediate resonances such as K0

S (L)
ρ0, so is not determined empirically.

The relative strong phase between the CF and DCS amplitudes for a final state f , δf ,
can be measured using the events where that final state is observed along with CP
eigenstate. The ensemble of cos δf and sin δf for a variety of final states f can be
additionally constrained by using same-sign events DD → (f , f ′).

For example, the strong phases δf for f = Kπππ, Kπ, Kππ0 can be measured using

(K−π−π+π+,K−K+)

(K−π−π+π+, π−π+)

(K−π−π+π+,K−π+)

(K−π−π+π+,K−π+π0)

(K−π−π+π+,K0
S (L)

π−π+)

and all the corresponding decays with K−π−π+π+ replaced by K−π+ and K−π+π0.
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Overview: Mixing and CPV in Neutral Charm Decays

Time-dependent measurements are required to measure mixing and

CPV.

Continued studies of D → Kπ, KK , &ππ decays by LHCb will
provide high precision constraints.
A time-dependent amplitude analysis of D → Kπππ by LHCb
promises to provide very competitive measurements.
Time-dependent amplitude analyses of D → K 0

Sπ
+π− by LHCb and

Belle-II will provide very sensitive measurements. CPV parameters.

A time-dependent amplitude analysis of D → Kππ0 by Belle-II
should provide sompetitie measurements.

Correlated DD measurements by BES-III are critical for measuring

(x , y) rather than (x cos δf , y sin δf ). These measurements will allow

cos δf and sin δf to be extracted with good precision.

Targeted final states (f ) include Kπ, Kππ0, Kπππ.

The targeted final states must be measured pairwise, with each

other and with CP eigenstates.
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Simultaneously Fitting All the Data

Building an open-source framework for simultaneously fitting all the data, and
publishing the underlying data, has several potential benefits:

model-dependent systematic uncertainties become properly correlated;

as improved amplitude models are developed, the ensemble of results can
be refit transparently, across all measurements;

using common decay descriptors for amplitudes minimizes errors when
two measurements (nominally) use the same amplitude model;

using common, open software encourages careful review of code and
models, by members of the experiments and others who are interested;

using common, open software and publishing the underlying data will
allow more stringent consistency checks across data sets.

Using such a framework has many social/political challenges, including:

to what extent do experiments collaborate when adding data sets?

when will experiments using the software publish their underlying data?

who decides when new versions of the software are merged/released?

how is credit allocated when new results are published?
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A common framework could be built using GooFit
already used for πππ0, K 0

Sπ
−π+, and Kπππ studies; has Python bindings
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https://github.com/GooFit/GooFit
https://indico.cern.ch/event/587955/contributions/2938087/


To Take Away

We are measuring direct CPV in charm decays with sensitivities in the
range 10−3 − 10−2. Standard Model predictions are in the range
10−4 − 10−3.

We are measuring the particle – antiparticle differences in mixing rates
(CPV in mixing) in D0 → Kπ at the few percent level.

The super-weak constraint (that all CPV in mixing originates in
|M12|, |Γ12|, and arg(Γ12/M12) dramatically reduces the uncertainties
on both |q/p| and arg(q/p) . This constraint should apply for mixing
with CF and DCS final states.

The limits from these measurements constrain BSM physics at high
mass scales and complement the limits from direct searches.

We anticipate > 4× as much reconstructed charm in Run 2 as in Run 1,
and another 10×−50× as much in Run 3.

Measuring CPV in mixing at the per mille level will require
complementary contributions from LHCb, Belle-II, and BES-III
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