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Reading material and references

Lecture material based on several textbooks and online lectures/notes.

Credits for material and figures include:

Literature
Perkins, Donald H. (2000), Introduction to High Energy Physics.

Griffiths, David J. (2nd edition), Introduction to Elementary Particles.

Stone, Sheldon (2nd edition), B decays.

Online Resources
Belle/BaBar Collaborations, The Phyiscs of the B-Factories.
http://arxiv.org/abs/1406.6311

Bona, Marcella (University of London), CP Violation Lecture Notes,
http://pprc.qmul.ac.uk/ bona/ulpg/cpv/

Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and CP Violation.
http://physics.ucsd.edu/students/courses/winter2010/physics222/references/driver houches12.pdf

Thomson, Mark (Cambridge University), Particle Physics Lecture Handouts,
http://www.hep.phy.cam.ac.uk/ thomson/partIIIparticles/welcome.html

Grossman, Yuval (Cornell University), Just a Taste. Lectures on Flavor Physics,
http://www.lepp.cornell.edu/ pt267/files/notes/FlavorNotes.pdf

Kooijman, P. & Tuning, N., CP Violation,
https://www.nikhef.nl/ h71/Lectures/2015/ppII-cpviolation-29012015.pdf
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Revisit neutral meson mixing

This time we’ll also look at Bs mixing (hadron colliders only)

And we’ll study D0 mixing, with a focus on the analysis
which first found evidence for D0 mixing (Belle).
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Mixing review (and some extra material)

Mixing is a |∆F | = 2 process

Process in which particle changes to its anti-particle and vice versa

Possible only in flavored neutral particle–anti-particle systems

Meson M Flavors Particle discovered Mixing discovered Implication

K0 s̄d 1950 (Caltech) 1956 (Columbia) mc

B0
d b̄d 1983 (CESR) 1987 (Desy) mt

B0
s b̄s 1992 (LEP) 2006 (Fermilab) ??

D0 cū 1976 (SLAC) 2007 (KEK, SLAC) ??

In the Standard Model (SM) the expected D0 −D0 mixing rate is small

↪→ D0 −D0 mixing could be sensitive to contributions of New Physics
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Short distance contributions

Matrix element
↪→ propagators include masses of intermediate quarks

↪→ couplings in vertices are given by CKM matrix

〈D0|Hw|D0〉 ∼
∑
i,j=d,s,b V

∗
uiVciVcjV

∗
ujmimj

c

ū

D0 D
0

WW

d, s, b

d̄, s̄, b̄

u

c̄

u

D0 D
0

d, s, b d̄, s̄, b̄

W

W

c

ū c̄

VCKM =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
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43210
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5

u c t

d s b

q = 2/3e

q = −1/3e

O(1)

O(10−1)

O(10−2)

O(10−3)

Mass in MeV/c2

K0 −K0

|VusVud|mu 0.0006

|VcsVcd|mc 0.3

|VtsVtd|mt 0.06

D0 −D0

|VcdVud|md 0.001

|VcsVus|ms 0.02

|VcbVub|mb 0.0007

B0
d − B

0
d

|VubVud|mu 10−5

|VcbVcd|mc 0.01

|VtbVtd|mt 1.4

B0
s − B

0
s

|VubVus|mu 10−6

|VcbVcs|mc 0.05

|VtbVts|mt 7
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Mixing with generalized parameters

In Lecture 2 we developed the time-dependent formalism of
meson mixing in the neutral Kaon system.

In Lecture 4 we studied B0 mixing when we looked at
time-dependent CPV in B0 → J/ψK0

S decays.

For completeness, lets touch on the remaining 2 systems: Bs

mixing, and D0 mixing.
To do so, lets introduce some dimensionless mixing
parameters 1 which will help us easily quantify the differences
in the 4 systems.

1A very nice derivation of this can be found on page 154 of
http://www.lepp.cornell.edu/∼pt267/files/notes/FlavorNotes.pdf
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Mixing Phenomenology I - Time evolution

Time evolution of M0 −M0 system
↪→ solve time-dependent Schrödinger Eq.

i ∂∂t

(
|M0〉
|M0〉

)
= Hw

(
|M0〉
|M0〉

)
Hw = M− iΓ2

Eigenstates of Hw are mass eigenstates M1 and M2

↪→ 6= flavor eigenstates M0 and M0

|M1,2〉 = p|M0〉 ± q|M0〉 p2 + q2 = 1

↪→ with eigenvalues λ1,2 = m1,2 − iΓ1,2/2

Time evolution of M0 −M0 system

|M0(t)〉 = 1
2 ( g+(t)|M0〉+ q

pg−(t)|M0〉)
|M0(t)〉 = 1

2 (pq g−(t)|M0〉+ g+(t)|M0〉) g±(t) =
(
e−iλ1t ± e−iλ2t

)
Dimensionless mixing parameters

x = m1−m2

Γ̄
and y = Γ1−Γ2

2Γ̄
Γ̄ = Γ1+Γ2

2 m̄ = m1+m2

2
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Mixing Phenomenology II - Mixing probability

probability to observe an initial M0 as M0 or M0 after time t

Pnon−mix(t) = |〈M0(t)|M0〉|2 = 1
4e
−(1−y)Γt

[
1 + e−2yΓt + 2e−yΓtcos(xΓt)

]
Pmix(t) = |〈M0(t)|M0〉|2 = 1

4e
−(1−y)Γt

[
1 + e−2yΓt − 2e−yΓtcos(xΓt)

]
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effect not observable
in linear scale

Large sample of D0 mesons needed to observe D0 −D0 mixing and excelent
decay time resolution to resolve oscillations in case of B0

s mesons

time integrated mixing rate

RM =
∫∞
0
Pmix(t)dt∫∞

0
Pnon−mix(t)dt

= x2+y2

2+x2−y2

M0 x y RM

K0 0.946 0.997 0.994

B0
d 0.776 < 0.01 0.23

B0
s 26.1 0.15 0.997

D0 0.01 0.01 10−4

1 out of 104 D0 mesons oscillates before it decays
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B0 mixing – Argus 1987

ARGUS experiment @ DORIS
A Russian-German-United States-Swedish collaboration @ DOppel RIng Speicher

Phys.Lett.B192:245,1987
Observe B0 mixing:

First evidence of heavy top!

mtop > 50 GeV

(needed to break GIM
mechanism)
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B0 mixing

Theoretically:

NB0→B0(t)−NB0→B0(t)

NB0→B0(t) +NB0→B0(t)
= cos(∆m∆t)

Experimentally:

Belle, PRD71, 072003
(2005)
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You can really see this because: B0 mixing has same time scale as
decay

τ = 1.53 ps
∆m = 0.51 ps−1
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B0
s Mixing: 2006
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B0
s Mixing: 2006

CDF at Tevatron (USA)
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B0
s Mixing: 2006
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B0
s Mixing: 2006
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Reconstruction of D0 mesons
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Reconstruction of D0 mesons

Reconstruct tracks of long lived particles (e−, µ−, π±,K±,K0
L, p, γ):

measure their momenta ~pi or energies Ei

identify them (assign mass mi)

make combinations: K0
S → π+π−, φ→ K+K−, D0 → φK0

S
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Decay time distribution

e− e+

K
+
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K S vertex
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IPr

Proper decay time

t =
mD0

pD0
(~rdec − ~rIP) · ~pD0

pD0
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F(t) =
∫
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Mixing in semileptonic decays D0 → K(∗)−`+ν`
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Mixing in semileptonic decays D0 → K(∗)−`+ν`

U. Bitenc et al. [Belle Collaboration], PRD77, 112003 (2008). [L =492 fb−1]

Wrong sign (WS) charge combination accessible only via mixing

Flavor at production Flavor at decay

without mixing D∗+ → D0π+ D0 → K−`+ν` RS

with mixing D∗+ → D0π+ D0 −D0 D0 → K+`−ν` WS

Neutrino reconstruction:

Pν = Pcms − PK` − Prest

M2
K`ν = m2

D0 &
(P ∗ν )2 = 0

p

p

pp

CMS

ν

REST

Kl

0
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MC signal, electron sample

both constraints

M2(Klν) constraint

no constraints

∆M [GeV/c2]

Time integrated mixing rate:

RM '
x2 + y2

2
=
NWS

NRS
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Mixing in semileptonic decays D0 → K(∗)−`+ν`

RS events
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We observed no WS charge
combinations.

RM = (1.3± 2.2± 2.0)× 10−4

RM < 6.1× 10−4@ 90% C.L.

http://www.slac.stanford.edu/xorg/hfag/
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Mixing and CPV in D0 → K+K−, π+π− decays
&

first evidence of D0 −D0 mixing
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Mixing and CPV in D0 → K+K−, π+π− decays

M. Staric et al. [Belle Collaboration], PRL98, 211803 (2007). [L =540 fb−1]

Measurement of lifetime difference between D0 → K−π+

(CP -mixed) and D0 → K+K−, π+π− (CP -odd) decays

Conserved CP symmetry

↪→ dN(D0→fCP )
dt ∝ e−(1+yCP )Γt

↪→ dN(D0→f)
dt ∝ e−Γt

yCP = τ(f)
τ(fCP )

− 1

yCP = y

CP Violation
↪→ τ(D0) 6= τ(D0)
↪→ CP violating parameter

AΓ = τ(D0→fCP )−τ(D0→fCP )

τ(D0→fCP )+τ(D0→fCP )

yCP = y cosφ− 1
2AMx sinφ AΓ = 1

2AMy cosφ− x sinφ
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Mixing and CPV in D0 → K+K−, π+π− decays

Signal yield
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Precise knowledge of resolution function needed
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⇓
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Mixing and CPV in D0 → K+K−, π+π− decays

First evidence for D0 −D0 mixing!
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yCP = (1.31± 0.32± 0.25)% AΓ = (0.01± 0.30± 0.15)%

No evidence for CPV.
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Time integrated CPV in D0 → K+K−, π+π− decays

M. Staric et al. [Belle Collaboration], PLB670, 190 (2008). [L =540 fb−1]

Measure CP -Violating asymmetry

↪→ ACP = B(D0→f)−B(D̄0→f̄)

B(D0→f)+B(D̄0→f̄)
, f = K+K− or π+π−

↪→ ACP = adf + amf + aif (direct + indirect CPV contributions)

Measured asymmetry:

N reco
D0 = Nprod

D∗+ · B(D∗+ → D0π+) · B(D0 → f) · εf · επ+
S

Contributions to measured asymmetry:

↪→ Ameas = AD
∗+

FB +AfCP +Afε +AπS
ε

A
∗+
FB : production asymmetry

(anti-symmetric function of cosθ∗)

A
f
CP : CP asymmetry

A
f
ε : D0 → f efficiency asymmetry

(zero for K+K− or π+π−)

A
πS
ε : asymmetry in π+

S /π
−
S reconstruction

efficiency (measured and corrected for using
tagged and untagged D0 → K−π+ decays -
f(pπS , cosθπS )) BaBar, PRL100, 061803 (2008)

Atag = AFB +AKπCP +AKπε +A
πS
ε

Auntag = AFB +AKπCP +AKπε
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Time integrated CPV in D0 → K+K−, π+π− decays

Areco
corr(cosθ∗) =

N(D0)−N(D̄0)

N(D0) +N(D̄0)

= AD
∗+

FB +AfCP

ACP =
Areco

corr(cosθ∗)+Areco
corr(−cosθ∗)

2

AFB =
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corr(cosθ∗)−Areco
corr(−cosθ∗)
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Belle
AKKCP =(−0.43± 0.30(stat)± 0.11(syst))%

AππCP =( 0.43± 0.52(stat)± 0.12(syst))%

BaBar
AKKCP =( 0.00± 0.34(stat)± 0.13(syst))%

AππCP =(−0.24± 0.52(stat)± 0.22(syst))%

BaBar, PRL100, 061803 (2008)

Consistent with no CPV!

SM expectations: ACP ∼ O(10−5 − 10−4)

PRD51,3478(1995); RNCIB,26N7,11(2003)
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Impact – Constraints on NP models from mixing

E. Golowich et al., PRD76,095009

Constraints on new physics models from D0 −D0 complementary to
those obtained in B and K sector
↪→ FCNC transitions with down-like quarks in charm sector (unique
feature)

21 NP models considered → 17 with useful constraints

Example: quark b′ from 4th generation

|V  V  |ub’ cb’
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excluded at 95% C.L. (CDF2010)
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Impact – Constraints on NP models from mixing

E. Golowich et al., PRD76,095009

Constraints on new physics models from D0 −D0 complementary to
those obtained in B and K sector
↪→ FCNC transitions with down-like quarks in charm sector (unique
feature)

21 NP models considered → 17 with useful constraints

Example: quark b′ from 4th generation
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excluded at 95% C.L. (CDF2010)

|Vub′Vcb′ | < 0.002
order of magnitude stronger constraint

as from CKM unitarity

Providing complementary and
improved constraints!
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