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Overview: CPV and mixing
● The universe has more matter 

than antimatter…
● …but CPV in the SM is not 

enough to explain this asymmetry
● Precision measurements of CPV 

and mixing could discover extra 
asymmetry and new physics
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Overview: CPV and mixing in beauty
● : 

●  via isospin rules

● :
●  type 

decays
● Can be measured at 

tree level

● mixing phases 
:

● Interference between 
direct CPV and mixing

●  is often measured in 
, 

, etc

α
B → ππ

γ
B(s) → Dh(h)(h)

ϕs = − 2βs

βs
Bs → J/ψK+K−

Bs → DsDs
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What about charm?

● Reminder: observation of CPV in charm in 2019
● Direct CPV: Difference in  between  and 

● BSM CPV in charm may completely independent from the 
down-quark sector
● New rich area of investigation for experiment and theory

ACP D0 → K+K−

D0 → π+π−
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PRL 122 (2019) 211803 

https://doi.org/10.1103/PhysRevLett.122.211803
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Overview of recent results from LHCb
● BEAUTY:

● The  system and 
●  measurements

● CKM  with 

●  combinations for 

● CP-violating phase 

● The  puzzle

●  

●
● Searches for CPV in baryons
●

B0
s γ

Δms

γ B0
s

γ B+ → Dh
βs

Kπ
B0

(s) → h+h−

B+ → K+π0

Ξ−
b → pK−K−
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Other LHC experiments:  
CPV results from ATLAS are 
available as a poster during 

WIN2021

● CHARM:
● Time-dependent 
● Searches with neutral light 

mesons

●  or 

●
● Measurement of the mass 

mixing parameters in neutral 
charm

D0 → h+h−

D+
(s) → h+π0 → h+η

D0 → K0
S K0

S



Mixing and CPV in 
beauty at LHCb

● The  system and 

● The  puzzle
● Searches for CPV in baryons

B0
s γ

Kπ



Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

● Flavour tagging is needed to identify the initial state of the 
-hadron, especially if both  and  decay to the same final 
state 
 
 
 
 

● In charm, flavour is often identified by choosing  or  
decays from  decays 

b
B B

D0 D0

D*

PV

pp

X

X

X

SV
SS pion 
SS proton 
SS kaon

K+

OS vertex charge 
OS charm

SV

b → c 
 b → X l–

c → s

OS kaon

OS muon 
OS electron

TV

same side
opposite side

b

b
q

q

qu
X–
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K–

How do we measure mixing?
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Summary of  results at LHCbΔms
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LHCb-PAPER-2021-005

http://arxiv.org/abs/2104.04421


Data: 2015-2018 (6 )fb−1
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�1 if mixing occurs

1 if not mixed
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LHCb-PAPER-2020-030

JHEP 03 (2021) 137

Data: 2011-2018 (9 )fb−1

Δms (ps−1)

Flavour-specific final state: 
simplifies calculation of time 
dependent shape

�ms = 17.7683± 0.0051± 0.0032 ps�1
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RESULT:

B0
s → D−

s π+

Most precise  to date from Δms D−
s π+

http://arxiv.org/abs/2104.04421
https://link.springer.com/article/10.1007/JHEP03(2021)137


Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

) [ps]sm∆/π2 modulo (t
0 0.1 0.2 0.3

 
m

ix
A 

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5
LHCb

−π+π
+K−

s=Df
+π−π

−K+
s=Df

Measuring : recent results for γ B0
s

●  measured in the same  
study as 

● Two different fits to CP parameters:
● Model-independent fit:

● fit to decay time distributions
● separation of the two final states from mixing-

induced CPV

● Model-dependent analysis: simultaneous fit to 
5 mass combinations using amplitude of the 
form 

γ B0
s → D−

s h+π+π−

Δms
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Parameter Model-independent Model-dependent
r 0.47+0.08

� 0.08
+ 0.02
� 0.03 0.56± 0.05± 0.04± 0.07

 0.88+0.12
� 0.19

+ 0.04
� 0.07 0.72± 0.04± 0.06± 0.04

� (�) �6 +10
� 12

+ 2
� 4 �14± 10 ± 4 ± 5

� � 2�s (�) 42 +19
� 13

+ 6
� 2 42± 10 ± 4 ± 5
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LHCb-PAPER-2020-030

JHEP 03 (2021) 137

Data: 2011-2018 (9 )fb−1
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Measuring :  decaysγ B → D(*)h
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Data: 2011-2018 (9 )fb−1

● Measurement of 
multiple neutral D 
modes:
● GLW: 

● ADS: 

●  and other CPV 
results:
● 9 CPV parameter 

results for D
● 19 results for 

● RESULT:

D → K+K−, π+π−

D0 → K+π−

ACP

D*

LHCb Combination, 68.3% CL

� from B+ : (64+4
�5)

�

� from B+, B0, B0
s : (67± 4)�
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First measurement of the CP-violating phase in  
decays

B0
s → J/ψ(e+e−)ϕ

● Different systematic uncertainties compared to same 
decay with : independent check

● Mass fit for  is divided into three categories based 
on whether the electrons are Bremsstrahlung corrected

J/ψ → μμ
J/ψϕ
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LHCb-PAPER-2020-042

https://arxiv.org/abs/2105.14738 


Data: 2011-2012 (3 )fb−1
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● Unbinned 4D fit: Bs decay time and 
3 helicity angles
●  is a mixture of two 

CP-even components and one CP-
odd component

● RESULTS: 
 
 

● Consistent with  result 
and with SM

B0
s → J/ψϕ

J/ψ → μμ

�s = 0.00± 0.28± 0.05 rad

��s = 0.115± 0.045± 0.011 ps�1

�s = 0.608± 0.018± 0.011 ps�1
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Light hadrons, the  puzzle and CPVKπ

●  decays can be useful for many CPV parameters:
●  contributes to measurements of 

● Combined U-spin measurements of  and  
can measure  and 

● The  puzzle:
● Isospin arguments imply , 

but current average of the difference is nonzero at 5.5  

● New results for  and  are now 
available

B → h1h2
B0 → π+π− α

B0 → π+π− B0
s → K+K−

γ βs

Kπ
ACP(B0 → K+π−) = ACP(B+ → K+π0)

σ

B0 → K+π− B+ → K+π0
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Observation of CP violation in two-body  -meson decays to charged 
pions and kaons

B0
(s)

● Time-dependent study in  and :
● Comparison of two methods of calculating asymmetries

● First observation of time-dependent CPV in  (> )

K+K− π+π−

Bs 6σ
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LHCb-PAPER-2020-029

JHEP 03 (2021) 075


Data: 2015-2016 (1.9 )fb−1
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C⇡⇡ = �0.311 ± 0.045 ± 0.015,

S⇡⇡ = �0.706 ± 0.042 ± 0.013,

AB0

CP = �0.0824± 0.0033± 0.0033,

A
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A��
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● Time-integrated  of : calculated from time-
dependent asymmetry with integrated PID, detector 
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Measurement of CP Violation in the decay B+ → K+π0

● Compared to : extra 
contribution from colour-suppressed 
diagrams

● Measured: 
 
 
 
where  and  are calculated from 

 

B0 → K+π−

Aprod Adet
B+ → J/ψK+

14

LHCb-PAPER-2020-040

PRL 126 (2021) 091802

Data: 2016-2018 (5.4 )fb−1

in Run I

01/12/2020 21

• Long lifetime characteristic signature
• All run I software triggers rely on secondary vertex
• Cannot be reconstructed for 

with only one charged track
• Trigger on the presence of an unrelated secondary 

vertex in the event (8-11% efficiency)
• Extremely high combinatorial background: 
• signal events observed in Run I
• Motivated the development of a 

dedicated trigger for Run II
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● RESULT: 
 
 
 
 
 

● World average difference in  is now at ACP 8σ

ACP (B
+ ! K+⇡0) = Araw(B

+ ! K+⇡0)�AB
prod. �AK

det.

<latexit sha1_base64="r3Hk3uJbITd6JUsnns0ZE/NN5xE="></latexit>

ACP (B
+ ! K+⇡0) = 0.025± 0.015± 0.006± 0.003

<latexit sha1_base64="SNxUr5QvyqVzVSLT4pWhXxGzXdE="></latexit>

ACP (B
+ ! K+⇡0)�ACP (B

0 ! K+⇡�) = 0.115± 0.014

<latexit sha1_base64="Uv0dvGjbyKgE7k/u8ZZ4AnhQ8qQ="></latexit>

ACP (B
+ ! K+⇡0)�ACP (B

0 ! K+⇡�) = 0.115± 0.014

<latexit sha1_base64="Uv0dvGjbyKgE7k/u8ZZ4AnhQ8qQ="></latexit>

ACP (B
+ ! K+⇡0) = 0.025± 0.015± 0.006± 0.003

<latexit sha1_base64="SNxUr5QvyqVzVSLT4pWhXxGzXdE="></latexit>

https://doi.org/10.1103/PhysRevLett.126.091802


Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

Search for CP violation in  decaysΞ−
b → pK−K−

● CP symmetry breaking has not been 
observed in the baryon sector ( )

● Large CPV is present in  decays
● Dalitz analysis is used to identify 

resonances in the  decay 
products

● CPV is consistent with zero

Λ0
b

B → 3h

pK−K−
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LHCb-PAPER-2020-017

https://arxiv.org/abs/2104.15074


Data: 2011-2016 (5 )fb−1
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2011-2012

2015-2016Component ACP (10�2)
⌃(1385) �27± 34 (stat)± 73 (syst)
⇤(1405) �1± 24 (stat)± 32 (syst)
⇤(1520) �5± 9 (stat)± 8 (syst)
⇤(1670) 3± 14 (stat)± 10 (syst)
⌃(1775) �47± 26 (stat)± 14 (syst)
⌃(1915) 11± 26 (stat)± 22 (syst)

https://arxiv.org/abs/2104.15074


Mixing and CPV in 
charm at LHCb

● Time-dependent 
● Searches with neutral light mesons
● Measurement of mass mixing in neutral charm

D0 → h+h−
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Search for time-dependent CP violation in  and D0 → K+K−

D0 → π+π−

● Mixing is small: allows a 
linear expansion in 

● Cross-checks using 

● Corrections for 
momentum-dependent 
asymmetries from D* tag

● Removing contaminations 
from  decays

● RESULTS: 
 
 

ACP

D0 → K−π+

B
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LHCb-PAPER-2020-045

http://arxiv.org/abs/2105.09889 


Data: 2015-2018 (6 )fb−1
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Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

Search for CP violation in  and  decays D+
(s) → h+π0 D+

(s) → h+η

● Looking for cross-checks of isospin 
sum rules
● In SM,  is expected to 

be 0

● RESULTS: 
 
 
 
 
 
 

●  is consistent with 
SM

● All  consistent with 0

ACP(D+
(s) → π+π0)

ACP(D+ → π+π0)

ACP
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Figure 1: Distribution of the (left) m(h+⇡0) and (right) m(e+e��) mass for (top) D+
(s)! ⇡+⇡0

and (bottom) D+
(s) ! K+⇡0 candidates, summed over all categories of the simultaneous fit.

Projections of the total fit result and individual fit components are overlaid. This includes
D+

! h+⇡0 decays in dashed red, D+
s ! h+⇡0 decays in solid grey, pure combinatorial decays

in dashed black and real-⇡0 combinatorial background in dotted green. The misidentification
background is too small to be seen in these distributions.

as the D+
(s) candidate mass henceforth. The m(h+h0) and m(e+e��) mass distributions

are shown for D+
(s) ! h+⇡0 and D+

(s) ! h+⌘ candidates in Figs. 1 and 2. The fits are

performed for D+
(s) ! h+⇡0 candidates in the ranges 1750 < m(h+h0) < 2100MeV/c2

and 90 < m(e+e��) < 180MeV/c2, and for D+
(s) ! h+⌘ candidates in the ranges

1775 < m(h+h0) < 2100MeV/c2 and 470 < m(e+e��) < 640MeV/c2.
The fits are performed simultaneously on candidates in categories that depend on the

running period, the presence of bremsstrahlung photons, charged-hadron type (pion or
kaon) and the candidate charge. All D+

(s)! h+⌘ candidates were collected during Run 2.

The D+
(s)! h+⇡0 candidates are split into three running period categories, 2011, 2012 and

Run 2, where the centre-of-mass energies were 7, 8, and 13TeV, respectively. Candidates
with either zero or one bremsstrahlung photon per e+e� pair are split into two categories
as they have di↵erent mass resolutions. The fits are performed on candidates with ⇡+ and
K+ mesons simultaneously to allow the signal yields in either category to determine the
misidentification-background yields in the corresponding category.

Two-dimensional probability density functions (PDFs) are used to model di↵erent
contributions within the mass windows. These contributions can be categorised as signal
decays, misidentification background, partially reconstructed low-mass background and
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Figure 2: Distribution of the (left) m(h+⌘) and (right) m(e+e��) mass for (top) D+
(s)! ⇡+⌘ and

(bottom) D+
(s)! K+⌘ candidates, summed over all categories of the simultaneous fit. Projections

of the total fit result and individual fit components are overlaid. This includes D+
! h+⌘ decays

in dashed red, D+
s ! h+⌘ decays in solid grey, pure combinatorial decays in dashed black and

partially reconstructed background in dotted magenta. The misidentification background is too
small to be seen in these distributions.

combinatorial background. The total yield and raw asymmetry of all signal and background
components are free to vary in the fits. A component for D+

s ! ⇡+⇡0 signal is included in
the fit, but due to the negligible yield no corresponding raw asymmetry is measured. The
PDFs are assumed to be the same for positively and negatively charged candidates, but
otherwise allowed to di↵er for the other categories of the simultaneous fit. In the fit to
D+

(s)! h+⇡0 candidates the same raw asymmetries are shared between di↵erent running
periods.

The signal modes are modelled by the sum of a two-dimensional Gaussian function
and two two-dimensional Crystal Ball functions [32]. The shape parameters and fraction
of each function are determined from fits to simulated decays passing the full selection. To
account for residual correlations between m(h+h0) and m(e+e��) resulting in part from
radiative tails, the mean h0 (D+

(s)) mass is allowed to vary quadratically as a function of

the D+
(s) (h

0) mass in the fits to D+
(s)! h+⇡0 (D+

(s)! h+⌘) candidates. When performing
fits to data, freely varying scaling factors are applied to the widths of the PDFs, and freely
varying o↵sets are added to the mean positions and quadratic correlation coe�cients to
account for di↵erences between data and simulation. Di↵erent parameters are introduced
for each running period and bremsstrahlung category. When determining PDFs from

6

ACP (D
+ ! ⇡+⇡0) = (�1.3± 0.9± 0.6)%,

ACP (D
+ ! K+⇡0) = (�3.2± 4.7± 2.1)%,

ACP (D
+ ! ⇡+⌘) = (�0.2± 0.8± 0.4)%,

ACP (D
+ ! K+⌘) = (�6 ± 10 ± 4 )%,

ACP (D
+
s ! K+⇡0) = (�0.8± 3.9± 1.2)%,

ACP (D
+
s ! ⇡+⌘) = ( 0.8± 0.7± 0.5)%,

ACP (D
+
s ! K+⌘) = ( 0.9± 3.7± 1.1)%,

<latexit sha1_base64="+6AJ4vFKioqU43rffvZWCqqWRu4="></latexit>

●  and  reconstructed in  mode 
(including  with )

● Simultaneous fit to  and  to 
account for misID

π0 η e+e−γ
γγ γ → e+e−

h = π h = K

http://arxiv.org/abs/2103.11058


Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

Measurement of CP asymmetry in  decaysD0 → K0
SK0

S

●  decay channel is sensitive to different 
amplitudes than  modes

● Independent data categories:
● depending on track types for the 

● depending on whether  is from PV or not

● Simultaneous fit to  and each 

● RESULT: 
 

● Compatible with no CP at 2.4

K0
S K0

S
h+h−

K0
S

D*
m(D*) − m(D0)

m(K0
S )

σ
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http://arxiv.org/abs/2105.01565


Data: 2015-2018 (6 )fb−1

ACP (K
0
SK

0
S) = (�3.1± 1.2± 0.4± 0.2)%

<latexit sha1_base64="T0xrTwSvFPFLAhYsARS5R+/QC3E="></latexit>

Updated result for full Run 2
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Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

Observation of the mass difference between neutral charm-
meson eigenstates

● Measuring mixing parameters 
 

● 30.6 million  decays

● Analysis performed in Dalitz bins of similar 
strong phase, and in bins of decay time

● Simultaneous fit of 4 independent samples
● 2  types (long or downstream)

● 2 types of  vertex requirement

● RESULTS: 
 
 
 

● x is not consistent with 0 at high significance!

D0 → K0
Sπ+π−

K0
S

π

20

LHCb-PAPER-2021-009

coming soon


Data: 2016-2018 (5.4 )fb−1

LHCb collaboration in the study of 3 fb�1 of data, which yielded the single most precise48

measurement of xCP and �x [9].49

In the bin-flip method, data are partitioned into disjoint regions (“bins”) of the Dalitz50

plot, which are defined to preserve nearly constant strong-phase di↵erences ��(m2
�,m

2
+)51

between the D0 and D0 amplitudes within each bin [13]. Two sets of eight bins are formed52

symmetrically about the m2
+ = m2

� bisector, which can be seen in Figure 1. The region53

satisfyingm2
+ > m2

�, which includes regions dominated by the CFD0! K⇤(892)�⇡+ decay,54

is given a positive index +b, while the opposite region, where the relative contribution from55

decays following an oscillation is enhanced, is given a negative index �b. The data are56

further split into 13 bins of decay time, chosen such that the bins are approximately equally57

populated. The squared-mass and decay-time resolutions are typically 0.006GeV2/c4 and58

60 fs, respectively, which are much smaller than the bin sizes used. Thus, they are neglected59

and accounted for in the systematic uncertainties.60
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Figure 1: “Binning” of the D0 ! K0
S⇡

+⇡� Dalitz plot. Colors indicate the absolute value of the
bin index b.

For each decay-time interval (j), the ratio of the number of decays in each negative61

Dalitz-plot bin (�b) to its positive counterpart (+b) is measured. The usage of ratios62

minimizes the need for precise modeling of the e�ciency variation across phase space63

and decay time. For small mixing parameters and CP -conserving decay amplitudes, the64

expected ratios for initially-produced D0 (D0) mesons, R+
bj (R

�
bj), are [12]65

R±
bj ⇡

rb +
1

4
rb ht2ij Re(z2CP ��z2) +

1

4
ht2ij |zCP ±�z|2 +p

rbhtij Re[X⇤
b (zCP ±�z)]

1 +
1

4
ht2ij Re(z2CP ��z2) + rb

1

4
ht2ij |zCP ±�z|2 +p

rbhtij Re[Xb(zCP ±�z)]
.

(1)
The parameter rb is the value of Rbj at t = 0, while Xb is the amplitude-weighted66

average strong phase di↵erence between opposing bins. Finally, htij (ht2ij) corresponds67

to the average (squared) decay time in each positive Dalitz-plot region where the mixed68

contribution is negligible, in units of the D0 lifetime ⌧ = ~/� [2], calculated directly from69

background-subtracted data. The other parameters are determined from a simultaneous70

fit of the observed R±
bj ratios, in which external information on cb ⌘ Re(Xb) and sb ⌘71

� Im(Xb) [13, 14] is used as a constraint.72
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Figure 2: Distribution of �m for the selected D⇤+ ! D0(! K0
S⇡

+⇡�)⇡+ candidates in the
total sample. The projection of the fit result is superimposed.

for each pair of positive and negative Dalitz-plot bins, and fixes some parameters from a fit120

integrated over decay time. Fits are performed independently for D0 and D0 candidates,121

as well as for each of the four data subsamples. The measured signal yields are then122

corrected for two e↵ects that do not cancel in the ratio: experimentally induced correlations123

between the phase space and decay time, and charge-dependent e�ciencies (detection124

asymmetries).125

Online requirements on the displacement and momenta of the D0 decay products126

introduce e�ciency variations that are correlated between the phase-space coordinates127

and the D0 decay time. The e↵ect depends predominantly on the invariant mass of128

the two final-state pions, with the e�ciency to reconstruct the candidates at low values129

decreasing significantly at low D0 decay times. This can bias the measured yield ratios and130

produce mixing-like trends. To remove this bias, an approach which estimates the relative131

e�ciencies using data is developed. The Dalitz plot is divided into small, rectangular-like132

regions formed symmetrically across the bisector. Note that these include the portions133

above and below the bisector, unlike the bins shown in Figure 1. In the limit of CP134

symmetry, the contribution of mixing to such symmetric regions depends only on y and135

the hadronic parameters of the D0 decay [12]. As oscillations result in a migration of136

decays from one side of the Dalitz plot to the other, and the regions are symmetric with137

respect to the bisector, there is no e↵ect from xCP . Given a set of inputs for yCP and138

the hadronic parameters, the contribution of mixing to the decay-time distributions of139

these regions can be accounted for, such that the remaining di↵erences between regions140

come from the e�ciency correlations. Relative e�ciency maps which align the decay-time141

distribution di↵erences in these symmetric regions can then be calculated. Per-candidate142

weights assigned by the e�ciency maps are integrated over the data in each bin using the143

sPlot method [19] with �m as the discriminating variable to extract the signal component.144

This provides correction factors for each of the fitted signal yields.145

In calculating the e�ciency maps, the strong phase variation within a Dalitz-plot bin146

is approximated as constant, such that it can be described by the external inputs (sb). As147

yCP and sb are parameters of the fit, the correction maps and corresponding correction148

factors are calculated for a range of values. The smallness of mixing results in small149

4

x =
(m1 �m2)c2

�
, y =

�1 � �2

2�
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xCP = (3.97± 0.46± 0.29)⇥ 10�3

yCP = (4.59± 1.20± 0.85)⇥ 10�3

�x = (�0.27± 0.18± 0.01)⇥ 10�3

�y = (0.20± 0.36± 0.13)⇥ 10�3
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Mixing and CPV in beauty and charm (WIN2021)S. Hollitt

Summary and prospects
● Lots of exciting results in the past 6 months
● Newest results today (< 2 months old):

● Most precise measurement to date of 

● Search for CPV in 

● First measurement of CPV phase in 

● Most precise  to date

● Improved precision in  in 
● Mass difference observed in neutral D system

● LHC is currently working on an upgrade, more data at 
increased luminosity coming in the next few years

● Updates to these results with increased precision are possible!

Δms

Ξ−
b → pK−K−

B0
s → J/ψϕ

ACP(D0 → K0
S K0

S)
ΔY D0 → h+h−
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