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Source of CPV in SM

37 Chris Parkes 

How to incorporate CP violation in the SM? 

hence “anti-unitary” T (and CP) operation corresponds to complex conjugation ! 

Simple exercise:  

Since H = H(Vij), complex Vij would generate [T,H] ≠ 0  CP violation  

W +
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= only if: 
ij ijV V ∗=

!  How does CP conjugation (or, equivalently, T conjugation) 
act on the Hamiltonian H ? 

     CP conservation is:                                                      (up to unphysical phase)  

x̂,p̂!" #$= i / 2π   ⇒   
P x̂,p̂!" #$P

−1 = PiP−1 / 2π ⇒
P -invariance

PiP−1 = i
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TiT −1 = −i
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n CPV could happen when

n Wolfenstein parametrization (1983)
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Precision measurements of CPV and 
rare decays: why important? 

n

n In presence of sizeable SM contributions, NP effects might be 
hidden => need precision measurements 

n NP may be more visible in these SM 
suppressed processes

n Studying CPV processes => two fundamental tasks can be 
accomplished
q Identify new symmetries (and their breaking) beyond the SM
q Probe mass scales not accessible directly at nowadays colliders
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Weak states mix via box diagram：flavour oscillation  

Mass eigenstates 
Δ𝑚% = 𝑚' −𝑚), ΔΓ% = Γ' − Γ)

t=0 t>0

What do B0
s do? . . . they mix!

Mixing
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in SM, sensitive to NP. [A. Lenz and U. Nierste, JHEP

0706 (2007) 072]

Quantities to characterize mixing: �M,
�� and semileptonic asymmetry from
flavour specific decays

asl =
�(B0

s(t) ! f )� �(B0
s(t) ! f̄ )

�(B0
s(t) ! f ) + �(B0

s(t) ! f̄ )
=

��
�M

tan�M

Georg Krocker (PI Heidelberg) �s and asl with LHCb July 17, 2012 5 / 26

CPV observables
lInterference between direct decay and decay 
via mixing ➞
lMixing-induced CPV: 𝜙,, 𝜙. = 2𝛽

BL
q = p Bq + q Bq

BH
q = p Bq − q Bq

Bq = bq Bq = bq

𝜙% and Δ𝑚% are very sensitive to NP in mixing

Neutral B mixing
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Bs

Bs

CPfCP

m
ixing

CPfA

CPfA

q/p

For 𝒃 → 𝒄𝒄4𝒔 decay such as 𝐵,6 → 𝐽/𝜓ℎ;ℎ<	(ℎ = 𝐾, 𝜋)

Measuring 𝐵,6 CPV is LHC(b) territory.

10% of b-hadrons in pp collisions are 𝐵,6	 mesons!

fs is precisely predicted in SM

fs
SM = -2𝛽, = -37 ± 1 mrad = (2.11 ± 0.06)∘

(up to small correction for penguins)

fs is very sensitive to NP in mixing

What do B0
s do? . . . they mix!
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Quantities to characterize mixing: �M,
�� and semileptonic asymmetry from
flavour specific decays

asl =
�(B0
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Georg Krocker (PI Heidelberg) �s and asl with LHCb July 17, 2012 5 / 26

fs = fs
SM + Df NP

𝝓𝒔: a crucial goal of LHCb

𝝓𝒔 = −𝐚𝐫𝐠 𝜼𝒇𝝀 ; 		𝝀 =
𝒒
𝒑
𝑨L𝒇4𝑪𝑷
𝑨𝒇𝑪𝑷
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Requirements
Ø Good performance to tag initial flavour of 𝐵,6

Ø Good time resolution to resolve fast 𝐵,6 oscillation and
determine Δ𝑚,

Ø Angular analysis to separate
CP eigenstates

Analysis strategy of 𝑩𝒔𝟎 → 𝑱/𝝍𝝓Ingredients for Bs → J/ψφ   

•  Theoretical time-dependent CP asymmetry  
CP violation in Bs → J/ψφ:  ingredients

4

• For CP eigenstate f with eigenvalue ηf, define

• Δms is the Bs-Bs mixing frequency 

➡  see talk Julian Wishahi (previous session)

• Bs→J/ψφ: admixture of CP even/odd→ angular analysis to disentangle

• Need flavour tagging -- which has a non-zero mistag probability w

• Decay time measurement has finite resolution σt

ACP ⌘
�
⇣
B

0
s ! f

⌘
� �

�
B0

s ! f
�

�
⇣
B

0
s ! f

⌘
+ � (B0

s ! f)
= ⌘f sin�s sin(�mst)

ACP ⇡ (1� 2w)e�
1
2�m2

s�
2
t ⌘f sin�s sin(�mst)

•  From flavour tagged time-dependent angular analysis       

�  ω  Probability of getting the initial flavour wrong  
�  σt  Decay time resolution  
�  ηf  CP eigenvalue → angular analysis 
to disentangle CP even/odd, Ω = (θ, φ, ψ) &

CP violation in Bs → J/ψφ:  ingredients
Description of Bs�J/��

3

Bs � J/�� admixture of CP-even/odd states.   
Can be described by 3 polarization amplitudes: 

Transversity basis:

� transversity angle distributions:  

Signal event distribution: Flavor tagging 

Physics parameters:

time 
resolution

acceptance sB sB

(assuming no CPV)

(constraint)

• PS → VV : 3 polarization amplitudes

• Describe in transversity basis

• L=0,2 : A0, A∥ (CP even)

• L=1 : A⟂ (CP odd)

• K+K- S-wave (CP odd) 

• 4 Amplitudes → 10 combinations: 

CP-violation in 
� mixing  


�+


��+

�����+,-.*3I*3*-)*+2*.?**-+7%N%-4+'-1+1*)'#+4%D*$+3%$*+.B++
L!+D%B('.%-4+H"'$*+�� � �� �� ����+

3 
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18.08.2011 

Transversity angles
Ω = { θ,ϕ, ψ}

5

d4�(B0
s ! J/ K+K�)

dtd⌦
/

10X

k=1

fk(⌦)hk(t) 6 
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Decay time resolutionDecay time resolution 
29 
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Decay time resolution  

Bs 
µ+ 

K- 
K+ 

µ-!
d~1cm&

σ(z)~47&µm&
σ(z)~135&µm&

Primary&vertex&

Bs&→&J/ψ(KK)φ(µµ)&

J/ψ&

φ&

decay time (ps)
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Figure 4: Decay time distribution of B0
s ! J/ � candidates with a true J/ ! µ+µ�. The

superimposed curve is the decay time model convolved with a double Gaussian resolution
model. The decay time model consists of a delta function for the prompt component and
two exponentials with di↵erent decay constants, one of which represents the B0

s ! J/ �
signal.

2.2 Decay time resolution

To account for the finite decay time resolution of the detector, all time dependent functions
in the PDF are convolved with a Gaussian distribution. The width of the Gaussian
is S�t · �t, where �t is the event-by-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor S�t is determined by a weighted
unbinned maximum log likelihood fit to the J/ ! µ+µ� component of the prompt
background (Fig. 4). This component is isolated using sWeights determined from the J/ 
invariant mass distribution of our selected B0

s candidates. We translate the result to a
single Gaussian with the same e↵ective dilution to be used in the fit for �s. The scale factor
is found to be S�t = 1.45± 0.06, where the error accounts for both statistical uncertainty
and systematic uncertainty of potential phase space di↵erences of the prompt J/ ! µ+µ�

background and signal. This systematic uncertainty is derived from simulation. S�t is
allowed to vary within its uncertainty in the fit. The e↵ective (single Gaussian) decay
time resolution is approximately 45 fs.

2.3 Decay time acceptance

The triggers used in this analysis exploit the signature of J/ ! µ+µ� decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the
impact of this selection on the decay time acceptance, events from a prescaled trigger line,
without lifetime biasing cuts are used. From this we obtain a non-parametric description
of the acceptance function, which is then used in the fit.

From simulation studies we also observe a shallow fall in acceptance at high decay
times, which is attributed to a reduction in track finding e�ciency for tracks originating

5

σt&~45&fs&

I developed  
•  B decay vertex kinematic fitting software  
•  Primary vertex refitting program    
•  Method to calibrate time resolution 

c.f. oscillation period ~ 350 fs 

CalibraAon&with&prompt&events&&

t&=&&d&×&mB/pB&&

Bs→J/ψ(µµ) φ(KK) 

Impact of decay time resolution，Δ𝑚, ≈ 17.7 ps-1

Ø If st = 45 fs, dilution factor exp(-Dms
2st

2/2) ≈  0.73 (improved 
5-10% in run3)

Ø If st = 90 fs, dilution factor exp(-Dms
2st

2/2) ≈  0.28

𝑹(𝒕; 𝝈𝒕)

张黎明
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LHCb, New J.Phys. 15 (2015) 053201

SM: Δ𝑚, = 16.3 ± 1.1 ps-1 

𝐵,6 → 𝐷,<𝜋; (1 fb-1)

SM predictions suffer large uncertainties in Lattice QCD 
calculation of hadronic parameters (theory inputs?)

LHCb, EPJC 76 (2016) 412

𝐵6 → 𝐷 ∗ <𝜇;𝜈	(3 fb-1)

SM: Δ𝑚. = 0.566<6.6^_;6.6_` ps-1

Dms/d measurements 

张黎明
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category Effective
eD2（%）

only OS
tagged

0.88 ± 0.04

only SS
tagged

1.38 ± 0.30

OS&SS
tagged

2.47 ± 0.15

Total 4.73± 0.34

Opposite side (OS): using charges of decay products of the other B
hadron

Same side (SS): using charges of particles produced in association
with the signal B

LHCb, EPJC 72 (2012) 2022

LHCb, JINST 11 (2016) P05010

Tagging the initial flavour

张黎明
9



Tagging performance

张黎明
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34 

Šž�ÝƂÌ¸� Bs#→#J/ψ#φ##

 ##~27000#tagged#signal#events#in#1/m#(2011)#
 ##Combinatorial#background#is#flat#
######(subtracted#in#other#plots)#

LHCBHPAPERH2013H002#####Phys.#Rev.#D87#(2013)#112010#
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Figure 4: Invariant mass distribution of the selected B0
s ⇤ J/�K+K� candidates. The mass of

the µ+µ� pair is constrained to the J/� mass [7]. Curves for the fitted contributions from signal
(dotted red), background (dotted green) and their combination (solid blue) are overlaid.
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(b)

Figure 5: Background subtracted invariant mass distributions of the (a) µ+µ� and (b) K+K�

systems in the selected sample of B0
s ⇤ J/�K+K� candidates. The solid blue line represents

the fit to the data points described in the text.

to describe the small K+K� S-wave component.

5 Decay time resolution

If the decay time resolution is not negligibly small compared to the B0
s meson oscillation

period 2�/�ms ⇥ 350 fs, it a⇥ects the measurement of the oscillation amplitude, and
thereby ⇤s. For a given decay time resolution, ⇥t, the dilution of the amplitude can
be expressed as D = exp(�⇥2

t�m2
s/2) [34]. The relative systematic uncertainty on the

dilution directly translates into a relative systematic uncertainty on ⇤s.
For each reconstructed candidate, ⇥t is estimated by the vertex fit with which the
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Figure 12: Decay-time and helicity-angle distributions for B0
s � J/�K+K� decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

20

CP#Even#
CP#Odd##
SHwave#(KK)#

t#> 0.3ps#

5#
Steve#Playfer#H#50#years#of#CP#Viola)on#
Queen#Mary#University#of#London#July#11th,#2014#

Γs#=#(ΓH##+#ΓL#)/2##
    =#0.663#±#0.005(stat.)#±#0.006(syst.)#/ps#
consistent#with#previous#measurements##

Time-dependent angular analysis of 
𝑩𝒔𝟎 → 𝑱/𝝍𝝓

[EPJC 79 (2019) 706]

张黎明
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Time-dependent amplitude analysis of 
𝑩𝒔𝟎 → 𝑱/𝝍𝝅;𝝅<

n Simultaneous fit 𝑚bb to separate 𝜋𝜋 resonances 
n Better sensitivity per # of signal

q Final state is almost pure CP-odd (>97%) 

[LZ,SS, PLB 719 (2013) 383]

张黎明
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 [rad]sφ
0.5− 0 0.5

Recent results
𝜙, = −0.080 ± 0.032	rad
|𝜆| = 0.993 ± 0.013

Γ, = 0.6570 ± 0.0023	ps<p
ΔΓ, = 0.0784 ± 0.0062	ps<p

𝜙, = 0.002 ± 0.044 ± 0.012	rad
𝜆 = 0.949 ± 0.036 ± 0.019

Γr − Γst = −0.050 ± 0.004 ± 0.004	ps<p

𝐵,6 → 𝐽/𝜓𝐾;𝐾< 𝐵,6 → 𝐽/𝜓𝜋;𝜋<

𝝓𝒔 = −𝟎. 𝟎𝟒𝟏 ± 𝟎. 𝟎𝟐𝟓	𝐫𝐚𝐝
|𝜆| = 0.993 ± 0.010

Γ, = −0.6562 ± 0.0021ps<p
ΔΓ, = 0.0816 ± 0.0048ps<p

Combination of all LHCb (Run I+II) results

[EPJC 79 (2019) 706] [PLB 797(2019) 134789]

[EPJC 79 (2019) 706]

Average

𝑱/𝝍𝝓

𝑱/𝝍𝝅;𝝅<
𝑱/𝝍𝑲;𝑲<(non-𝝓)

𝑫𝒔;𝑫𝒔<
𝝍 𝟐𝑺 𝝓

EPJC 79 (2019) 706

PLB 797 (2019) 134789

JHEP 08 (2017) 037

PRL 113 (2014) 211801

PLB 762 (2016) 253

−𝟎. 𝟎𝟒𝟏 ± 𝟎. 𝟎𝟐𝟓

5 fb-1

3	fb-1

5 fb-1

SM

Statistics dominated 

张黎明
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World Average

WA:		𝝓𝒔 = −𝟎. 𝟎𝟓𝟓 ± 𝟎. 𝟎𝟐𝟏 rad

张黎明
14

fs
SM = -2𝛽, = -37 ± 1 mrad = (2.11 ± 0.06)∘

(up to small correction for penguins)



Penguin pollution
n

Tree Penguin~l4~l2

~l3~l3

Tree Penguin

张黎明
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Penguin pollution in fs

n Penguin parameters definition:
Polarization dependent 

ff
“Penguin / tree” ratio is suppressed due to:
𝑎�: size of “Penguin / tree” ratio, 𝜃�: strong phase

𝜖 = 𝜆�/(1 − 𝜆�)=0.0536, 𝜆 = 𝑉�, = 0.22

r0

𝐾L∗6

d,s
d,s

d,s
d d,s

d,s
d,s

d r0

𝐾L∗6

“Penguin / tree” ratio isn’t suppressed anymore

𝑏 → 𝑐𝑐̅𝑠

𝑏 → 𝑐𝑐̅𝑑

Ideal to study penguin contribution

~l4~l2

~l3 ~l3

SU(3) breaking for a¢ =a & q ¢ = q need to considered

′ ′ ′

张黎明
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Bd→J/yr0

n

Veto Ks

[LHCb, PLB 742 (2015) 38-49]

r(770)

f0(500) f2(1270)

17.6k 
signal

Smaller than 𝜙, experimental uncertainty ±21 mrad

张黎明
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for maximum breaking in phase and
0.5<a/a’<1.5



Bs→ff

f = -0.073 ± 0.115 ± 0.027 rad
LHCb, arXiv:1907.10003

Figure 1: Dominant Feynman diagram contribution to the Branching Ratio within the
SM and within the MSSM with R-parity conservation.

uncertainty. Alternatively, the dependence with the CKM parameters as well as the bulk136

of the hadronic uncertainty can be eliminated by normalizing to the now well-measured137

meson mass di⇥erence (�Mq), thus trading the decay constant f 2
Bq

factor, for a less138

uncertain bag parameter Bq, see [2]. Using this approach the SM predictions have an139

uncertainty of ⇤ 10%:140

B(B0
s⇧ µ+µ�)SM = (3.2± 0.2)⇥ 10�9 (7)

B(B0⇧ µ+µ�)SM = (1.0± 0.1)⇥ 10�10. (8)

Many alternatives to the SM predict a very di⇥erent Higgs sector. For instance in141

generic 2HDM of type II (where the Higgs fields are di⇥erent for up-type or down-type142

quarks), the BR is proportional to the fourth power of the ratio of the Higgs vacuum143

expectation values, tan�. In this case the calculation of the (pseudo-)scalar Wilson144

coe⇤cients gives:145

c2HDM�II
S = c2HDM�II

P ⌅ mµ

4M2
W

tan2 �
log(

M2
H+

m2
t

)

M2
H+

m2
t
� 1

. (9)

A more popular scenario within the theory community will be the MSSM with R-146

parity conservation, where the inclusion of diagrams with charginos (see Fig. 1, right)147

introduces an extra tan� factor proportional to the sixth power of this parameter:148

cMSSM
S,P ⌃ mbmµ tan3 �

M2
A

. (10)

Hence if the mass of the new Higgses introduced by MSSM are not very large and accessible149

to the LHC energies, we expect to see large enhancements in the BR unless tan� is small.150

6

NP 

NP 
NP 

NP picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 7/44 

Quantum effects in loops sensitive to combination of mass 
and couplings 

 

 

b→s penguin decay. Weak phase |f|<0.02 in SM.
Can be affected by NP in decay and/or mixing.

CPV in loop decays

5fb-1

Bs→𝐾L∗6𝐾∗6

f = -0.10 ± 0.13 ± 0.14 rad
LHCb, JHEP 03 (2018) 140

3.0fb-1

张黎明
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sin2b from 𝑩𝟎 → [𝒄𝒄4]𝑲𝒔
𝟎

n Time dependent CP asymmetry

n Long term puzzle: ~2s tension between indirect fit in SM 
and B-factory measurements
q sin 2𝛽 �� = 0.738<6.6_6;6.6�� [CKMfitter’18]

q sin 2𝛽 �<������� = 0.679 ± 0.020 [HFLAV’17]

𝐴[  ]̅¡¢t 𝑡 =
Γ4[  ]̅¡¢t 𝑡 − Γ[  ]̅¡¢t(𝑡)
Γ4[  ]̅¡¢t 𝑡 − Γ[  ]̅¡¢t(𝑡)

= 𝑺 ⋅ sin Δ𝑚.𝑡 − 𝑪 ⋅ cos	(Δ𝑚.𝑡) 	

𝑺 =
2𝐼𝑚(𝜆)
1 + 𝜆 � = 1 − 𝐶�� 	sin 2𝛽 ≈ sin 2𝛽

𝑪 =
1 − 𝜆 �

1 + 𝜆 � ≈ 0

张黎明
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n LHCb precision approaches that of B factories [Run-I results] 

𝒄𝒄4 Tagged 
yields

Mass 
resolution 𝜺𝑫𝟐 Ref.

𝐽/𝜓 → 𝜇;𝜇< 41,560 7 MeV 3.02% PRL 115 (2015)
031601 

𝐽/𝜓 → 𝑒;𝑒< 10,630 29 MeV 5.93%
JHEP 11 (2017) 

170
𝜓(2𝑆) → 𝜇;𝜇< 7,970 7 MeV 3.42%

B-factory
39%

SM

B0→J/y(µµ)KS

Measurements sin𝟐𝜷
Indirect fit 0.738<6.6_6;6.6��

B-factories 𝟎. 𝟔𝟕𝟗 ± 𝟎. 𝟎𝟐𝟎
LHCb 0.760 ± 0.034
World average 0.699 ± 0.017

2s
te

ns
io

n

Precision will be further improved with Run-2 data

sin2b from 𝑩𝟎 → [𝒄𝒄4]𝑲𝒔
𝟎

张黎明
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(1) Measure time-integrated raw asymmetry

(2) Correct for detection asymmetry and background effect

For Bd, also correct for production asymmetry

q

q

q

Semi-leptonic asymmetries

张黎明
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LHCb, PRL 117 (2016) 061803 

LHCb, PRL 114 (2014) 041601 

D0, PRL 105 (2010) 081801 

张黎明
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SM 
predictions

A.Lenz
arXiv:1205.1444

s 5
sl
d 4
sl

(1.9 0.3) 10

( 4.1 0.6) 10

-

-

= ± ´

= - ± ´

a

a



Tagging performance in run-3 
n Degradation of tagging because pipe-up introduce PV misassociation?
n Improved tagging would benefit all time-dependent analyses

张黎明
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Prospects
23 fb-1+6 fb-13 fb-1 50 fb-1 300 fb-1

张黎明
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CERN-LHCC-2018-027
arXiv:1808.08865

(3fb-1)

(23fb-1)

(300fb-1)



Prospects
• 𝜙, would be statistically limited
• Expect to have with 300/fb

• 𝜎´��� ∼ 4mrad (𝐵,6 → 𝐽/𝜓𝜙)

• 𝜎´��� ∼ 3mrad (total)

current

张黎明
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CERN-LHCC-2018-027
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Summary and Plan
n Upgrade of LHCb will enable a wide range of flavour

observables determined with unprecedented precision
q Expect to 7x more data (14x more hadronic events) by 2029 
q Could have another factor of 6 increase from Upgrade II 

LHCb Chinese group plan on 𝝓𝒔
n Should put 1-2 students on improving Tagging 
n 𝝓𝒔 from 𝒃 → 𝒄𝒄4𝒔

q Should concentrate on channels that give most precise 
measurements (ℎ;ℎ<)

• Update the penguin control
n 𝝓𝒔 from 𝒃 → 𝒔𝒒𝒒L	(𝒒 = 𝒔	𝒐𝒓	𝒅) loops   

q should continue on 𝐵,6 → 𝜙𝜙
q Explore more possible modes (need theory inputs)? 

张黎明
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The Unitarity triangle 

1

a

B ⟶ pp, rp, rr

B ⟶DK
B ⟶yKS

UT defined by two parameters 
only  → Can be overconstrained

Inconsistent measurements
could indicate new physics

张黎明
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Systematics on 𝟐𝜷𝑱/𝝍𝝆
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Prospects
23 fb-1+6 fb-13 fb-1 50 fb-1 300 fb-1
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