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B mixing and CP 
violation
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Outline
• CPV in the Standard Model

• CPV and New Physics

• Mixing formalism

• Mixing measurements.

• CPV in Bd and Bs, with special focus New Physics in Bs 
mixing. With current and future sensitivities.

• In terms of CKM/CP-violating angles: I’ll mention β, ignore 
(the very important) γ, and discuss φs in some details. 
Details on β, γ (and α) in Adrian’s talk.
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Bd Bs

φs
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CPV in the SM and the 
CKM matrix

• Amplitudes for d→u ∝ Vud

• Reverse process = complex-conjugate:

• A(u→d) ∝  Vud*

• CP-conjugate = complex conjugate

• A(d→u) ∝  Vud*

• A(u→d) ∝ Vud

3

10 The structure of the CKM matrix

Let us lable the elements of the CKM matrix in a way analogous to the
Cabibbo matrix earlier:

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 . (23)

Then the transition amplitude from a d to a u quark is proportional to Vud,
the transition amplitude from a u to a d quark to V ∗

ud, etc.

Experimentally, it is found that the magnitudes of the CKM matrix elements
follow a clear structure. In terms of the sine of the Cabibbo angle, λ ≡
sin θC = 0.22, the order of magnitude of the CKM matrix elements is:




1 λ λ3

λ 1 λ2

λ3 λ2 1



 . (24)

Note that this striking structure is not predicted by the Standard Model - it
is however allowed. This observation led Wolfenstein to a parametrisation of
the CKM matrix as a power series in the parameter λ, which is, up to O(λ3),
given by [10]:




1− 1

2λ2 λ Aλ3 (ρ− iη)
−λ 1− 1

2λ2 Aλ2

Aλ3 (1− ρ− iη) −Aλ2 1



 . (25)

where A, ρ, η are real parameters of order 1. The CP violating phase is
parametrised by η. Up toO(λ3), the only complex elements in this parametri-
sation are Vtd and Vub. In terms of the parametrisation given in equation 22,
this approximation is given by:




1− 1

2s
2
12 s12 s13e−iδ13

−s12 1− 1
2s

2
12 s23

s12s23 − s13e−iδ13 −s23 1



 . (26)

10.1 Why CP violation in the kaon system is small

From the preceeding chapter we understand why CP violation in the Kaon
system must be a small effect. Kaon decays involve, to first order, only

21

_ _

_ _

Need complex 
elements in 
CKM matrix 

for CPV
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Structure of the CKM matrix

4

Standard Model !CP, and why use B’s?

Quarks in SM:

c t

d s b

u CKM matrix order in phases up to
λ = 0.22 O(λ3)


Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb








1 λ λ3

λ 1 λ2

λ3 λ2 1








1 1 e−iγ

1 1 1
e−iβ 1 1





B0
d = db

B0
s = sb

• γ from b→ u, e.g. B0
d → ππ, B0

s → KK

• β from B0
d mixing (involving b→ t→ d) B0

d
−2β−→ B̄0

d

All phases up to O(λ3) accessible with B0
d/B

0
s .

Note: Because b-quarks can only decay via amplitudes < λ2,

B-mesons are long-lived: τB ∼ 1.5ps

7

• Unitary matrix with 3 real parameters, one complex phase. This 
single complex phase parameterises CP Violation in SM.

• Striking hierarchical structure. Not predicted in SM, but allowed.

• Leads to Wolfenstein’s idea to expand it in terms of λ. 

• Up to λ , there are two complex elements with phases β and γ. 
Both β and γ are related to the aforementioned single complex 
phase and would vanish if it were zero.

3
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Entry points for New 
Physics

5

2 Roads to New Physics

Direct Observations Indirect effects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an effect as virtual
particles, especially in loops.

s
dd

b

_
s
_

s
_
s

KB

!

3
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Mixing Formalism

• Time evolution 
of B-Bbar 
described by 
Schrödinger Eq

• M = mass 
matrix

• Γ = decay 
matrix

6

i
d

dt

(
a
b

)
=

(
M − i

2
Γ
) (

a
b

)
|B(t)〉 = a(t)|B〉 + b(t)|B̄〉

M =
(

M11 M12

M∗
12 M22

)

Γ =
(

Γ11 Γ12

Γ∗
12 Γ22

)

K Anikeev et al: arXiv:hep-ph/0201071v2
Isard Dunietz, Robert Fleischer, Ulrich Nierste: 
arXiv:hep-ph/0012219v2
Alexander Lenz, Ulrich Nierste: arXiv:hep-ph/0612167v2

http://arxiv.org/abs/hep-ph/0201071v2
http://arxiv.org/abs/hep-ph/0201071v2
http://arxiv.org/abs/hep-ph/0012219
http://arxiv.org/abs/hep-ph/0012219
http://arxiv.org/abs/hep-ph/0612167
http://arxiv.org/abs/hep-ph/0612167
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Mixing Formalism
• In B- Bbar space:

• Diagonalise (= find mass and width eigenstates):

• Eigenvectors

7

M =
(

M11 M12

M∗
12 M22

)
Γ =

(
Γ11 Γ12

Γ∗
12 Γ22

)

M ′ =
(

MH 0
0 ML

)
Γ′ =

(
ΓH 0
0 ΓL

)

|BH〉 = p|B〉 − q|B̄〉 |BL〉 = p|B〉 + q|B̄〉
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CPV in mixing

• CPV if CP eigenstates ≠ mass eigenstates

• κ depends on convention. Convention-independent 
statement: 

8

CP |BH,L〉 =
(
p|B〉 ∓ q|B̄〉

)

= eiκp|B̄〉 − e−iκq|B〉
= q|B̄〉 ∓ p|B〉 = ∓|BH,L〉 if q

p = eiκ

No CPV in mixing⇔
∣∣∣∣
q

p

∣∣∣∣ = 1⇔ afs = 0
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Mixing Parameters

9

• M12 and ψ are 
sensitive to loop 
contributions and 
hence new physics

•      is dominated 
by tree 
contributions and 
therefore unlikely 
to be NP 
sensitive.

 

Circled = New Physics Sensitive

Parameter SM (ca)
∆md ≈ 2

∣∣Md
12

∣∣ 0.5ps−1

∆ms ≈ 2 |Ms
12| 20ps−1

ψd ≡ arg
(
−Md

12
Γd

12

)
−0.9

ψs ≡ arg
(
−Ms

12
Γs

12

)
0.004

∆Γd ≈
∣∣Γd

12

∣∣ cos ψd 0.003ps−1

∆Γs ≈ |Γs
12| cos ψs 0.1ps−1

ad
fs = ∆Γs

∆md
tanψd −5 · 10−4

as
fs = ∆Γs

∆ms
tanψs 2 · 10−5

Γ12

M12
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Bd Mixing in the SM

• Mediated by mixing diagrams (here for Bd):

• both box diagrams                     

• So in the SM, in this phase convention, 

• This is a CPV phase, and it occurs in B mixing, however, it is 
not CP violation in the mixing.

10

V
td

V
tb
*

V
tb
*V

td

b

d b

d
o o

t
W

W
t B

_
B

For this we write down the Feynman diagram for the B0
d → B0

d transition:

V
tb
* V

td

V
tb
*V

td

b

d

t

t
b

W W

d
o o

B
_

B

(32)

This is the famous Box Diagram for B mixing.

Let’s go step by step through this diagram:

• Time flows from left to write

• Arrows pointing from right to left indicated anti-particles. This is an
awkward notation - it means that the b quark line on top is in fact a b̄.
It stems from the fact that, because of CPT invariance, CP should be
the same as T . So instead of writing down b̄ we “just” invert the arrow
of time. Note that some authors will draw all arrows going from left to
write and a bar over the b. That’s OK. And many will do both, write
b̄ and the arrows from right to left - that is technically wrong, but is
intended to mean the same thing.

• Another piece of awkward notation: A B0
d meson is made of b̄, d and a

B0
d meson of b, d̄.

• And finally, this is a so-called loop diagram. The loop is the box.
Inside loops, the usual constraints that the decaying particle must be
heavier than the sum of the products don’t apply. That’s why the
d → t transition is allowed - because the t is inside a loop. In fact,
the amplitude represented by the diagram even increases if the particle
inside the loop is heavier.

After having this out of the way, we recognise the above diagram as one that
describes a B0

d → B0 transition. To establish the phase of this diagram

• At each vertex, write down the appropriate CKM matrix element

• Multiply them together, or equivalently, if it’s only the phase you’re
after, add up the phases.

28

∝ (V∗
tbVtd)2 ∝ e−i2β

q

p
∝ e−i2β
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Mixing Phases

• There’s        as in                              . This is a convention-
independent variable that parameterises CPV in mixing. In 
the SM, it is very small in both the Bd and the Bs system.

• The mixing phase 2β is the phase of the Bd mixing diagram 
relative to the tree-level amplitude                     and similar 
decays, in the SM. β is large (21º). The equivalent in the Bs 
system,  chi or beta is very small (           ) .

•        is the actual mixing phase, including possible NP-
induced phases                               .

11

Bd → J/ψKs

φd,s

ψd,s afs =
∆Γd,s

∆md,s
tanψd,s

φd,s = ∓2βd,s + φNP
d,s

−βs −χ βs ∼ 1o

Bd Bs
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Phases in the Bs system
• In the Bs system all of the SM phases mentioned above are 

essentially zero.

• With the following assumption: NP phases affect         and 
not       , and using                 , we get for the Bs system:  

• Note that these three phases are conceptually still different 
and that this does not work for the Bd system. It works 
only because the SM phases related to Bs mixing are all ~0.

• It is this absence of SM phases in mixing that makes the Bs 
system a particularly sensitive probe for NP.

12

M12
Γ12 M12 ! Γ12

ψs ≈ φs ≈ φNP
s
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The basic CPV and 
Mixing Measurement

• Want to measure

• For B-mixing measurements, f is a flavour-specific final state, 
which only B can decay to it, but not B-bar (C=1, S=0)

• For CPV measurements, f is often (but not necessarily) a CP 
eigenstate (no CPV → A(t)=0)

• Need to know flavour (B or B-bar) at t=0.

• Get decay time from decay distance and momentum.

13

A(t) =
N(B → f)−N(B̄ → f)
N(B → f) + N(B̄ → f)

= Cf cos(∆m t) + Sf sin(∆m t)

Disclaimer:  For simplicity, we neglected a few terms that should be taken into account for CPV in Bs. 
This also does not take into account detector effects etc.

For f-bar, we’d measure A(t)=1-cos(Δmt)



Jonas Rademacker, Heavy Flavour Forum, Cosener’s House, 21 June 2007

< >

Mixing... 
everybody does it

• Neutral Kaons (s,d) do it

• Neutral Bd mesons (b,d) do it

• Neutral Bs mesons (b,s) do it.

• And since March we know that 
neutral D0 mesons (c,d) do it, 
too.

14

March 2007: D0 mix, too.
_

_

_

_

Ba
Ba

r
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B mixing

15

γ From B0
d → ππ and B0

s → KK
BG-subtracted asymmetries, with result of unbinned fit superimposed

B0
d → ππ B0

s → KK

proper time (ps)

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5 6 7 8 9 10

proper time (ps)

-0.4

-0.2

0

0.2

0.4

0.6

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

σ
(
Adir

ππ

)
= 0.064, σ

(
Amix

ππ

)
= 0.055 σ

(
Adir

KK

)
= 0.050, σ

(
Amix

KK

)
= 0.067

Parameters: ∆ms = 20ps−1,∆Γs/Γs = 0.1, γ = 65◦, θ = 160◦, d = 0.3, φs = 0.04.

30

• B mixing is best observed in decays to flavour eigenstates

• It is measured in time-dependent decay rate asymmetries.

• Frequency = Δm/(2π), much bigger for Bs than for Bd.

N
(B
→

f fl
av

ou
r)
−

N
(B̄
→

f fl
av

ou
r)

N
(B
→

f fl
av

ou
r)

+
N

(B̄
→

f fl
av

ou
r)

B0
s

T =
2π

∆ms
c2

!

(simulated events)

B0
d (real events)

Bd: T ~ 12.6ps                               Bs: T << 1ps
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Tevatron
• Run II started mid 2001

• p− p̄ collisions at
Ecm = 1.96TeV

• 2.5M collisions per sec-
ond. ∼ 2,500 b̄b pairs
per second. ×2.

• Make all kinds of B’s.
Only source of signif-
icant number of Bs

mesons.

6
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Tagging

Opposite Side Tags

lepton Tag

!

!b

b opposite!side B hadron

_ fully reconstructed B

flavours
at creation

Kaon Tag
b l −
b c s K

!

"
b B

!
Vertex Charge

Q(all tracks associated to Vtx)

Same Side Kaon Tag (Bs)

b

s

s
_

_

u

B

K
+

s

Tagging efficiencies (ε),
wrong-tag fractions (ω)
and effective tagging effi-
ciencies εeff ≡ ε(1 − 2ω)2

for B→ hh (in %):
Tag ε ω εeff

µ 11 35 1
e 5 36 0.4

Kopp 17 31 2.4
QVtx 14 40 1
B0

d all 41 35 4
Ksame 18 33 2.1
B0

s all 50 33 6

εeff: N events before tagging are

statistically equivalent to εeff · N

perfectly tagged events.
25

Measurement Principle

17

KK
π
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A Bs→Ds(Φ(KK)π) π event at 
CDF

18

CDF Tracker Inside the beampipe
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Result

•  

• Compare to SM prediction 
from other measurements 
(CKM fitter): 

19
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• The basic principle of all CPV 
measurements is the same: Two or 
more decay paths to the same final 
state interfere. 

• The measurable CPV quantity is the 
phase difference between those paths.

CPV in the interference between 
mixing and decay

-2 !

J/ KS"B

Bmixing phase
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CP Violation in the interference 
between mixing and decay

21

-2 !

J/ KS"B

Bmixing phase

• For the d→ t→ b transition this is is ∼ λ3mt.

• For the d→ c→ b transition this is ∼ λ4mc

• For the d→ u→ b transition this is ∼ λ3mu

If you now take into account that the top is ∼ 100× as heavy as the charm,
and 100, 000 times as heavy as the u quark, you’ll agree that we can neglect
the contributions of the other quarks.

11.1.2 For example fCP = KsJ/psi

The J/psi is a cc̄ bound state - this is the particle that was actually seen
when the charm quark was discovered. It has JPC = 1−−, it is a CP even
eigenstate. The Ks... well, because of CP violation in the Kaon system, the
Ks is not a CP eigenstate at all. But because CP violation in the Kaon system
is so much smaller than in the B system, for the purpose of this example,
we can neglect it and assume that Ks is CP even. In real measurements, a
correction for the small CP violation in the Kaon system is applied, but it is
really very small.

So we have a CP-even eigenstate. But what does it contribute to the phase
difference between

1. B0
d → J/ψKs

2. B0
d → B0

d → J/ψKs?

The tree-level (= no loops) diagram that contributes to this decay is:

V*
cb

V
cs

d s

W

b c

c

s

d

B
J/!

K (35)

A few remarks about this one: The decay we drew is actually one with a K0

in the final state - this has (neglecting CP violation in the Kaon system) a
50%- 50% chance of decaying as a Ks or a KL. The way we know that it was

30

tree diagram: all CKM 
elements real, so phase = 0

a Ks is that it decays within the detector volume. A KL would live too long
to do that, and just escape.

This diagram is proportional to V ∗
cbVcs, so (up to O(λ3)), it has phase 0.

The CP-conjugate diagram, B0 → J/ψKs, is

V
cs s

s

W

V
cb

*

b

d
d

c

c
J/!

K

_
B

(36)

This has also the phase 0. We could have known that w/o writing down the
diagram, of course - the weak phase of the CP conjugate process is just the
negative of the original process.

There is another contribution to this decay, the so-called penguin diagram.
This looks like so:

s
d

W

b s

c

c

d

u,c,t

K

J/!

B
(37)

This is a loop diagram, and again it is the heavy quarks that dominate the
loop albeit not quite so dramatically as in the box diagram. But we can
safely neglect the contribution from the u quark. Multiplying together the
CKM elements involved, you find that the phase is zero for both the top and
the charm contribution (up to O(λ3)).

11.1.3 The strong phase

We neglected up to now that each decay diagram also involves the strong
interaction, which is responsible for binding the quarks together into the
observable mesons. But since the strong interaction is CP symmetric, there
won’t be a strong phase difference between the two CP conjugate decays
B0 → J/ψKs and B0 → J/ψKs. So the overall phase difference between the
two is zero.

31

Penguin diagram more tricky. Can ignore 
contribution from lightest quark, u, in loop 

(heavy is good in loop). Then CKM 
elements involved:                                , 

all real, so phase = 0.
Vts,V

∗
tb,Vcs,V

∗
cb

}
Both 

amplitudes 
involved in 
decay have 

same phase 0, 
so their sum 
has phase 0
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sin2β

• The amplitude of the 
CP violating asymmetry 
is the sine of the phase 
difference between the 
decay paths.

22

-2 !

J/ KS"B

Bmixing phase

A(t) =
N(B → J/ψKs)(t)−N(B̄ → J/ψKs)(t)
N(B → J/ψKs)(t) + N(B̄ → J/ψKs)(t)

= sin(2β) sin(∆md t)
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At the B-factories

• Decay of B to flavour 
state defines t=0.

• Due to quantum 
entanglement, the other B 
is opposite flavour at t=0.

• Get time difference from 
difference in z.

23

Figure 5: Schematic of lifetime reconstruction at BaBar. Note the very
different scales of the z-axis and the x axis. The B0

d’s essentially travel along
the z-axis, which represents the beam direction.

!z

Y(4S)

Bopp

Brec

Beam spot

y

z(rms)=160µ"
opposite B

!z

z(rms)=70" µ

#(4S)

reconstructed B

~ 250µ

the final measurement.

12.2.2 Measuring the lifetime

Of course this measurement requires that we can measure lifetimes well
enough to resolve the oscillations. The lifetime of a B0

d is about 1.5 ps, and
the oscillation period is T = 2π

0.507ps−1 = 12 ps. So, to measure time-dependent

B0
d meson properties, one should be able to resolve decay times to better than

that oscillation period, and preferably also better than the actual lifetime of
the B0

d. This cannot be done by measuring actual time differences - these are
far to short. Instead one measures the distance the B0

d travel at high speeds
before it decays. But hang on - above I just said that the B0

d are produced
essentially at rest in the e+e− cm frame. If this were also the lab frame, the
measurement would indeed not work. The ingenious solution to this problem
is to collide the e+ and the e− at different energies, to that the cm frame is
boosted relative to the lab frame. This is why the e+e− colliders at PEP II
(BaBar) and KEKB (BELLE) are called “asymmetric B factories”.

At BaBar this boost is βγ = 0.54, at BELLE it is 0.43 leading to decay
distances for the B0

d of typically ∼ 1
4 mm, which can be resolved with modern

Si vertex detectors. Both experiments have them.

45

Flavour-
eigenstate B 
defines t=0

B→J/ψ Ks 

~
 fe

w
 μ
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Latest Result from BaBar and 
BELLE (updates from March 07)

• A combination of CP-odd J/ψX 
modes, J/ψ Ks being the main 
contribution. To plot.

• Also J/ψ K-long with opposite 
CP - bottom plot

• <BaBar, BELLE> 0.678 ± 0.025 
(Average by HFAG)

• SM prediction from other 
measurements:                    
(CKMFitter)

• More on sin2β in Adrian’s talk.

24

6

TABLE I: Number of events Ntag and signal purity P in
the signal region after tagging and vertexing requirements,
and results of fitting for CP asymmetries in the BCP sample
and various subsamples. In addition, fit results for the Bflav

and B+ control samples demonstrate that no artificial CP
asymmetry is found where we expect no CP violation (sin2β =
0, |λ| = 1). Errors are statistical only.

Sample Ntag P (%) sin2β |λ|

Full CP sample 12677 75 0.714 ± 0.032 0.952 ± 0.022

J/ψ K0
S (π+π−) 4459 96 0.702 ± 0.042 0.976 ± 0.030

J/ψ K0
S (π0π0) 1086 88 0.617 ± 0.103 0.812 ± 0.058

ψ(2S)K0
S 687 83 0.947 ± 0.112 0.867 ± 0.079

χc1K
0
S 313 89 0.759 ± 0.170 0.804 ± 0.102

ηcK
0
S 328 69 0.778 ± 0.195 0.948 ± 0.141

J/ψ K0
L 4748 55 0.734 ± 0.074 1.061 ± 0.063

J/ψ K∗0 1056 66 0.477 ± 0.271 0.954 ± 0.083

J/ψ K0 10275 76 0.697 ± 0.035 0.966 ± 0.025

J/ψ K0
S 5547 94 0.686 ± 0.039 0.950 ± 0.027

ηf = −1 6873 92 0.711 ± 0.036 0.935 ± 0.024

1999-2002 data 3084 79 0.735 ± 0.063 0.987 ± 0.045
2003-2004 data 4850 77 0.728 ± 0.052 0.940 ± 0.035
2005-2006 data 4725 74 0.681 ± 0.054 0.940 ± 0.037

Lepton 1349 80 0.728 ± 0.066 0.901 ± 0.043
Kaon I 1843 76 0.689 ± 0.063 0.986 ± 0.046
Kaon II 2948 72 0.751 ± 0.071 0.880 ± 0.044
Kaon-Pion 2321 73 0.654 ± 0.112 0.999 ± 0.075
Pion 2551 76 0.671 ± 0.167 0.927 ± 0.104
Other 1665 73 0.705 ± 0.504 1.506 ± 0.483

Bflav sample 123893 85 0.018 ± 0.010 0.995 ± 0.007
B+ sample 29598 94 0.012 ± 0.017 1.010 ± 0.012

0.714 ± 0.032 and |λ| = 0.952 ± 0.022, where the errors
are statistical only. The correlation between these two
parameters is −1.5 %. We also perform a separate fit in
which we allow different sin2β and |λ| values for each
charmonium decay mode, a fit to the J/ψK0

S
(π+π− +

π0π0) mode, and a fit to the J/ψK0 (K0
S

+ K0
L
) sample.

The results of these fits are summarized in Table I.
Figure 2 shows the ∆t distributions and asymmetries

in yields between events with B0 tags and B0 tags for
the ηf = −1 and ηf = +1 samples as a function of ∆t,
overlaid with the projection of the likelihood fit result.
We also performed the CP fit fixing |λ| = 1, which yields
sin2β = 0.713 ± 0.032 (stat).

The main systematic uncertainties on sin2β and |λ|
for the full sample, for the seven individual modes, and
for the fits to the J/ψK0 and J/ψK0

S
samples are sum-

marized in Table II. We study the uncertainties in the
amounts of peaking backgrounds and their CP asymme-
tries; the assumed parameterization of the ∆t resolu-
tion functions; possible differences between the Bflav and
BCP tagging performances and ∆t resolution functions;
knowledge of the event-by-event beamspot position; and
the possible interference between the suppressed b̄ → ūcd̄
amplitude with the favored b → cūd amplitude for some
tag-side B decays [12]. In addition, we include the vari-
ations due to the assumed values of ∆md and τB [7], as
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FIG. 2: a) Number of ηf = −1 candidates (J/ψ K0
S, ψ(2S)K0

S ,
χc1K

0
S , and ηcK

0
S) in the signal region with a B0 tag (NB0)

and with a B0 tag (NB0), and b) the raw asymmetry, (NB0 −
NB0)/(NB0 +NB0), as functions of ∆t. Figures c) and d) are
the corresponding distributions for the ηf = +1 mode J/ψ K0

L.
To enhance the signal component, all distributions exclude
Other-tagged events. The solid (dashed) curves represent the
fit projections in ∆t for B0 (B0) tags. The shaded regions
represent the estimated background contributions.

well as ∆Γd/Γd = ±0.02 as a conservative upper limit
to the SM estimate [13]. The total systematic error on
sin2β (|λ|) is 0.018 (0.017).

The large BCP sample allows a number of consistency
checks, including separation of the data by decay mode
and tagging category. The results of those checks, all
consistent within the errors, are listed in Table I. We
observe no statistically significant asymmetry from fits
to the control samples of non-CP decay modes.

In summary, we report improved measurements of
sin2β and |λ| that supersede our previous results [5]. We
measure sin2β = 0.714 ± 0.032 (stat) ± 0.018 (syst) and
|λ| = 0.952± 0.022 (stat)± 0.017 (syst), providing an im-
proved model-independent constraint on the position of
the apex of the unitarity triangle [14]. Our measurements
agree within errors with the published results [15, 17] and
with the theoretical estimates of the magnitudes of CKM
matrix elements in the context of the SM [16]. The mea-
sured value of |λ| is consistent with no direct CP violation
with a significance of 1.72 standard deviations. We re-
port the first individual measurements of sin2β and |λ|
for each of the decay modes within our CP sample, and
of the J/ψK0(K0

S
+ K0

L
) sample.

0.799+0.044
−0.094

http://www.slac.stanford.edu/xorg/hfag/triangle/moriond2007/index.shtml%23sin2b
http://www.slac.stanford.edu/xorg/hfag/triangle/moriond2007/index.shtml%23sin2b
http://www.slac.stanford.edu/xorg/ckmfitter/plots_fpcp07/ckmEval_results_fpcp07.html
http://www.slac.stanford.edu/xorg/ckmfitter/plots_fpcp07/ckmEval_results_fpcp07.html
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The Bs system and φs

• The phases involved in Bs mixing in the SM are essentially 
zero. So if we measure something, it’ll be NP (for now at 
least - LHCb should soon be sensitive to   )

• Measure effectively the same NP phase in many different 
ways - CPV in J/ψΦ, angular correlations in J/ψΦ, ΔΓ, CP in 
mixinig (      or      ). Usually its simply called     . 

25

βs ≈ 0.02

ψs ≈ 0.004

SJ/ψφ = sin
(
−2βs + φNP

s

)

∆Γs = |Γs
12| cos

(
ψs + φNP

s

)

as
fs = ∆Γs

∆ms
tan

(
ψs + φNP

s

)

βs

afs As
sl φs
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CPV in J/ψ Φ
• Same thing works for Bs, just replace d with s quark.

26

a Ks is that it decays within the detector volume. A KL would live too long
to do that, and just escape.

This diagram is proportional to V ∗
cbVcs, so (up to O(λ3)), it has phase 0.

The CP-conjugate diagram, B0 → J/ψKs, is

V
cs s

s

W

V
cb

*

b

d
d

c

c
J/!

K

_
B

(36)

This has also the phase 0. We could have known that w/o writing down the
diagram, of course - the weak phase of the CP conjugate process is just the
negative of the original process.

There is another contribution to this decay, the so-called penguin diagram.
This looks like so:

s
d

W

b s

c

c

d

u,c,t

K

J/!

B
(37)

This is a loop diagram, and again it is the heavy quarks that dominate the
loop albeit not quite so dramatically as in the box diagram. But we can
safely neglect the contribution from the u quark. Multiplying together the
CKM elements involved, you find that the phase is zero for both the top and
the charm contribution (up to O(λ3)).

11.1.3 The strong phase

We neglected up to now that each decay diagram also involves the strong
interaction, which is responsible for binding the quarks together into the
observable mesons. But since the strong interaction is CP symmetric, there
won’t be a strong phase difference between the two CP conjugate decays
B0 → J/ψKs and B0 → J/ψKs. So the overall phase difference between the
two is zero.
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For this we write down the Feynman diagram for the B0
d → B0

d transition:

V
tb
* V

td

V
tb
*V

td

b

d

t

t
b

W W

d
o o

B
_

B

(32)

This is the famous Box Diagram for B mixing.

Let’s go step by step through this diagram:

• Time flows from left to write

• Arrows pointing from right to left indicated anti-particles. This is an
awkward notation - it means that the b quark line on top is in fact a b̄.
It stems from the fact that, because of CPT invariance, CP should be
the same as T . So instead of writing down b̄ we “just” invert the arrow
of time. Note that some authors will draw all arrows going from left to
write and a bar over the b. That’s OK. And many will do both, write
b̄ and the arrows from right to left - that is technically wrong, but is
intended to mean the same thing.

• Another piece of awkward notation: A B0
d meson is made of b̄, d and a

B0
d meson of b, d̄.

• And finally, this is a so-called loop diagram. The loop is the box.
Inside loops, the usual constraints that the decaying particle must be
heavier than the sum of the products don’t apply. That’s why the
d → t transition is allowed - because the t is inside a loop. In fact,
the amplitude represented by the diagram even increases if the particle
inside the loop is heavier.

After having this out of the way, we recognise the above diagram as one that
describes a B0

d → B0 transition. To establish the phase of this diagram

• At each vertex, write down the appropriate CKM matrix element

• Multiply them together, or equivalently, if it’s only the phase you’re
after, add up the phases.

28

• For the d→ t→ b transition this is is ∼ λ3mt.

• For the d→ c→ b transition this is ∼ λ4mc

• For the d→ u→ b transition this is ∼ λ3mu

If you now take into account that the top is ∼ 100× as heavy as the charm,
and 100, 000 times as heavy as the u quark, you’ll agree that we can neglect
the contributions of the other quarks.

11.1.2 For example fCP = KsJ/psi

The J/psi is a cc̄ bound state - this is the particle that was actually seen
when the charm quark was discovered. It has JPC = 1−−, it is a CP even
eigenstate. The Ks... well, because of CP violation in the Kaon system, the
Ks is not a CP eigenstate at all. But because CP violation in the Kaon system
is so much smaller than in the B system, for the purpose of this example,
we can neglect it and assume that Ks is CP even. In real measurements, a
correction for the small CP violation in the Kaon system is applied, but it is
really very small.

So we have a CP-even eigenstate. But what does it contribute to the phase
difference between

1. B0
d → J/ψKs

2. B0
d → B0

d → J/ψKs?

The tree-level (= no loops) diagram that contributes to this decay is:

V*
cb

V
cs

d s

W

b c

c

s

d

B
J/!

K (35)

A few remarks about this one: The decay we drew is actually one with a K0

in the final state - this has (neglecting CP violation in the Kaon system) a
50%- 50% chance of decaying as a Ks or a KL. The way we know that it was

30
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CPV in J/ψ Φ
• Same thing works for Bs, just replace d with s quark.

• (there are some additional complications  - see later)
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a Ks is that it decays within the detector volume. A KL would live too long
to do that, and just escape.

This diagram is proportional to V ∗
cbVcs, so (up to O(λ3)), it has phase 0.

The CP-conjugate diagram, B0 → J/ψKs, is

V
cs s

s

W

V
cb

*

b

d
d

c

c
J/!

K

_
B

(36)

This has also the phase 0. We could have known that w/o writing down the
diagram, of course - the weak phase of the CP conjugate process is just the
negative of the original process.

There is another contribution to this decay, the so-called penguin diagram.
This looks like so:

s
d

W

b s

c

c

d

u,c,t

K

J/!

B
(37)

This is a loop diagram, and again it is the heavy quarks that dominate the
loop albeit not quite so dramatically as in the box diagram. But we can
safely neglect the contribution from the u quark. Multiplying together the
CKM elements involved, you find that the phase is zero for both the top and
the charm contribution (up to O(λ3)).

11.1.3 The strong phase

We neglected up to now that each decay diagram also involves the strong
interaction, which is responsible for binding the quarks together into the
observable mesons. But since the strong interaction is CP symmetric, there
won’t be a strong phase difference between the two CP conjugate decays
B0 → J/ψKs and B0 → J/ψKs. So the overall phase difference between the
two is zero.
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s s Φ

For this we write down the Feynman diagram for the B0
d → B0

d transition:

V
tb
* V

td

V
tb
*V

td

b

d

t

t
b

W W

d
o o

B
_

B

(32)

This is the famous Box Diagram for B mixing.

Let’s go step by step through this diagram:

• Time flows from left to write

• Arrows pointing from right to left indicated anti-particles. This is an
awkward notation - it means that the b quark line on top is in fact a b̄.
It stems from the fact that, because of CPT invariance, CP should be
the same as T . So instead of writing down b̄ we “just” invert the arrow
of time. Note that some authors will draw all arrows going from left to
write and a bar over the b. That’s OK. And many will do both, write
b̄ and the arrows from right to left - that is technically wrong, but is
intended to mean the same thing.

• Another piece of awkward notation: A B0
d meson is made of b̄, d and a

B0
d meson of b, d̄.

• And finally, this is a so-called loop diagram. The loop is the box.
Inside loops, the usual constraints that the decaying particle must be
heavier than the sum of the products don’t apply. That’s why the
d → t transition is allowed - because the t is inside a loop. In fact,
the amplitude represented by the diagram even increases if the particle
inside the loop is heavier.

After having this out of the way, we recognise the above diagram as one that
describes a B0

d → B0 transition. To establish the phase of this diagram

• At each vertex, write down the appropriate CKM matrix element

• Multiply them together, or equivalently, if it’s only the phase you’re
after, add up the phases.
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• For the d→ t→ b transition this is is ∼ λ3mt.

• For the d→ c→ b transition this is ∼ λ4mc

• For the d→ u→ b transition this is ∼ λ3mu

If you now take into account that the top is ∼ 100× as heavy as the charm,
and 100, 000 times as heavy as the u quark, you’ll agree that we can neglect
the contributions of the other quarks.

11.1.2 For example fCP = KsJ/psi

The J/psi is a cc̄ bound state - this is the particle that was actually seen
when the charm quark was discovered. It has JPC = 1−−, it is a CP even
eigenstate. The Ks... well, because of CP violation in the Kaon system, the
Ks is not a CP eigenstate at all. But because CP violation in the Kaon system
is so much smaller than in the B system, for the purpose of this example,
we can neglect it and assume that Ks is CP even. In real measurements, a
correction for the small CP violation in the Kaon system is applied, but it is
really very small.

So we have a CP-even eigenstate. But what does it contribute to the phase
difference between

1. B0
d → J/ψKs

2. B0
d → B0

d → J/ψKs?

The tree-level (= no loops) diagram that contributes to this decay is:

V*
cb

V
cs

d s

W

b c

c

s

d

B
J/!

K (35)

A few remarks about this one: The decay we drew is actually one with a K0

in the final state - this has (neglecting CP violation in the Kaon system) a
50%- 50% chance of decaying as a Ks or a KL. The way we know that it was
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ΔΓ
• ΔΓ = width (inverse 

lifetime) difference 
between Bh and Bl

• No CPV in mixing, so it’s 
also the width difference 
between B-even and B-odd.

• ΔΓd is too small to be 
measured in the near 
future, expect no 
enhancement from NP 
(rather the opposite). Let’s 
focus on ΔΓs.

28

Parameter SM (ca)
∆md ≈ 2

∣∣Md
12

∣∣ 0.5ps−1

∆ms ≈ 2 |Ms
12| 20ps−1

ψd ≡ arg
(
−Md

12
Γd

12

)
−0.9 = −5o

ψs ≡ arg
(
−Ms

12
Γs

12

)
0.004 = 0.2o

∆Γd ≈
∣∣Γd

12

∣∣ cos ψd 0.003ps−1

∆Γs ≈ |Γs
12| cos ψs 0.1ps−1

ad
fs = ∆Γs

∆md
tanψd −5 · 10−4

as
fs = ∆Γs

∆ms
tanψs 2 · 10−5
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Measuring ΔΓ
• Option 1: Fit two exponentials to CP-mixed state (flavour 

eigenstate). Drawback: Needs huge statistics.

• Option 2: Fit lifetimes using decays to CP eigenstates

• A bit problematic because of CPV - not only CP-even Bs 
can decay to CP even final state.

• But because the mixing phase in the Bs system is so tiny, 
this effect is small for decays that are not affected by 
other CKM phases - e.g. J/ψΦ. And it can be quantified:

• This is for                   and similar. If additional phases 
contribute (like in               ) they further reduce 

29

∆Γmeas = ∆Γ cos(φs)

Bs → J/ψφ
Bs → KK ∆Γmeas

s
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Bs→J/ψΦ
• For both, CPV and ΔΓ 

measurements, we need 
decays to CP eigenstates.

• CP depends on angular 
momentum state of VV final 
state.

• Angular analyses can 
disentangle different angular 
momentum/CP states.

30
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Bs→J/ψΦ at DØ

• DØ recently did 
such an analysis to 
measure ΔΓ and Φs.

• The plots on the 
right are their fits to 
mass (top-right) and 
the angular 
distributions.
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6

are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.

TABLE I: Maximum likelihood fit results. Sign ambiguities
are discussed in the text.

.
Observable CP conserved free φs

∆Γ (ps−1) 0.12+0.08
−0.10 0.17+0.09

−0.09

1

Γ
= τ (ps) 1.52+0.08

−0.08 1.49 ± 0.08

φs ≡ 0 −0.79±0.56

|A0(0)|2 − |A‖(0)|
2 0.38±0.05 0.37±0.06

A⊥(0) 0.45±0.05 0.46±0.06

δ1 − δ2 2.6±0.4 2.6±0.4

δ1 – 3.3±1.0

δ2 – 0.7±1.1
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FIG. 2: The transversity polar angle distribution for the
signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].

We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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FIG. 3: The transversity asimuthal angle distribution for
the signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].
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FIG. 4: The ψ angle distribution for the signal-enhanced
subsample: ct/σ(ct) > 5 and signal mass range. The curves
show: the signal contribution, dotted (red); the background,
light solid (green); and total, solid (blue) [color online].

Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-
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are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.
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We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].
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Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-

6

are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.

TABLE I: Maximum likelihood fit results. Sign ambiguities
are discussed in the text.

.
Observable CP conserved free φs

∆Γ (ps−1) 0.12+0.08
−0.10 0.17+0.09

−0.09

1

Γ
= τ (ps) 1.52+0.08

−0.08 1.49 ± 0.08

φs ≡ 0 −0.79±0.56

|A0(0)|2 − |A‖(0)|
2 0.38±0.05 0.37±0.06

A⊥(0) 0.45±0.05 0.46±0.06

δ1 − δ2 2.6±0.4 2.6±0.4

δ1 – 3.3±1.0

δ2 – 0.7±1.1
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FIG. 2: The transversity polar angle distribution for the
signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].

We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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subsample: ct/σ(ct) > 5 and signal mass range. The curves
show: the signal contribution, dotted (red); the background,
light solid (green); and total, solid (blue) [color online].

Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-

4

the Tevatron.

PACS numbers: 13.25.Hw, 11.30.Er

In the standard model (SM), the light (L) and heavy
(H) eigenstates of the mixed B0

s system are expected
to have a sizeable mass and decay width difference,
∆M ≡ MH −ML and ∆Γ ≡ ΓL −ΓH . The CP-violating
phase, defined as the the relative phase of the off-diagonal

elements of the mass and decay matrices in the B0
s - B

0

s

basis, is predicted to be small. Thus, to a good approxi-
mation the two mass eigenstates are expected to be CP
eigenstates. New phenomena may alter the CP-violating
mixing phase φs, leading to a reduction of the observed
∆Γ compared to the SM prediction [1] ∆ΓSM : ∆Γ =
∆ΓSM × cosφs. While the mass difference has recently
been measured to high precision [2, 3], the CP-violating
phase remains unknown.

The decay B0
s → J/ψφ, proceeding through the quark

process b → cc̄s, gives rise to both CP-even and CP-
odd final states. It is possible to separate the two CP
components of the decay B0

s → J/ψφ, and thus to mea-
sure the lifetime difference, through a study of the time-
dependent angular distribution of the decay products of
the J/ψ and φ mesons. Moreover, with a sizeable life-
time difference, there is sensitivity to the mixing phase
through the interference terms between the CP-even and
CP-odd waves.

In Ref. [4] we presented an analysis of the decay chain
B0

s → J/ψφ, J/ψ → µ+µ−, φ → K+K− based on the
first ≈450 pb−1 of pp̄ data at a center-of-mas energy of
1.96 TeV collected with the D0 detector [5]. In that anal-
ysis, we extracted three parameters characterizing the B0

s

system and its decay B0
s → J/ψφ: the average lifetime,

τ = 1/Γ, where Γ ≡ (ΓH +ΓL)/2; ∆Γ/Γ; and the relative
rate of the decay to the CP-odd states at time zero. Here
we present new results, based on a two-fold increase in
statistics. In addition to τ and ∆Γ, we extract for the
first time the CP-violating phase φs. We also measure
the magnitudes of the decay amplitudes, and their rela-
tive phases.

The data, collected between June 2002 and January
2006, correspond to an integrated luminosity of 1.1 fb−1.
The selected events include two reconstructed muons of
opposite charge, with a transverse momentum greater
than 1.5 GeV and pseudorapidity |η| < 2. Each muon
is required to be detected as a track segment in at least
one of the three layers of the muon system, and to be
matched to a central track. One muon is required to have
segments both inside and outside the toroid magnet. We
require the events to satisfy a muon trigger that does not
include a cut on the impact parameter.

To select the B0
s candidate sample, we set the mini-

mum values of momenta in the transverse plane for B0
s ,

φ, and K meson candidates at 6.0 GeV, 1.5 GeV, and
0.7 GeV, respectively. J/ψ candidates are accepted if
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FIG. 1: The invariant mass distribution of the (J/ψ, φ) sys-
tem for B0

s candidates. The curves are projections of the
maximum likelihood fit (see text).

the invariant mass of the muon pair is in the range 2.9
– 3.3 GeV. For events in the central rapidity region (an
event is considered to be central if the higher pT muon
has |ηµ1| < 1), we require the transverse momentum of
the J/ψ meson to exceed 4 GeV. Successful candidates
are constrained to the world average mass of the J/ψ me-
son [6]. Decay products of the φ candidates are required
to satisfy a fit to a common vertex and to have an invari-
ant mass in the range 1.01 – 1.03 GeV. We require the
(J/ψ, φ) pair to be consistent with coming from a com-
mon vertex, and to have an invariant mass in the range
5.0 – 5.8 GeV. In the case of multiple φ meson candidates,
we select the one with the highest transverse momentum.
Monte Carlo (MC) studies show that the pT spectrum of
the φ mesons coming from B0

s decay is harder than the
spectrum of a pair of random tracks from hadronization.
We define the signed decay length of a B0

s meson LB
xy as

the vector pointing from the primary vertex to the de-
cay vertex projected on the B0

s transverse momentum.
To reconstruct the primary vertex, we select tracks with
pT > 0.3 GeV that are not used as decay products of
the B0

s candidate, and apply a constraint to the aver-
age beam spot position. The proper decay length, ct, is
defined by the relation ct = LB

xy · MB0
s
/pT where MB0

s

is the measured mass of the B0
s candidate. The distri-

bution of the proper decay length uncertainty σ(ct) of
B0

s mesons peaks around 25 µm. We accept events with
σ(ct) < 60 µm. The invariant mass distribution of the
accepted 23343 candidates is shown in Fig. 1. The curves
are projections of the maximum likelihood fit, described
below. The fit assigns 1039±45 (stat) events to the B0

s

decay.
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FIG. 5: The proper decay length, ct, of the B0
s candidates

in the signal mass region. The curves show: the signal con-
tribution, dashed (red); the CP-even (dotted) and CP-odd
(dashed-dotted) contributions of the signal, the background,
light solid(green); and total, solid (blue) [color online].

TABLE II: Sources of systematic uncertainty in the results of
the analysis of the decay B0

s → J/ψφ.

Source cτ (B0
s) ∆Γ R⊥ φs

µm ps−1

Procedure test ±2.0 ±0.02 ±0.01 –
Acceptance ±0.5 ±0.001 ±0.003 ±0.01

Reco. algorithm −8.0,+1.3 +0.001 ±0.01 −0.01
Background model +1.0 +0.01 −0.01 +0.14

Alignment ±2.0 – – –
Total −8.8, +3.3 ±0.02 ±0.02 −0.01, +0.14
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FIG. 6: The ∆ ln(L) = 0.5 contour (error elipse) in the plane
(∆Γ, φs) for the fit to the B0

s → J/ψφ data. Also shown is
the band representing the relation ∆Γ = ∆ΓSM × |(cos(φs)|,
with ∆ΓSM = 0.10 ± 0.03 ps−1 [10]. The 4-fold ambiguity is
discussed in the text.

lar distribution of the untagged decay B0
s → J/ψφ, we

obtain the average lifetime of the B0
s system, τ (B0

s ) =
1.52±0.08 (stat) +0.01

−0.03 (syst) ps and the width difference

between the two mass eigenstates, ∆Γ = 0.12+0.08
−0.10 (stat)

±0.02 (syst) ps−1.

Allowing for CP violation in B0
s mixing, we provide the

first direct constraint on the CP-violating phase, φs =
−0.79± 0.56 (stat) +0.14

−0.01 (syst).
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TABLE II: Sources of systematic uncertainty in the results of
the analysis of the decay B0

s → J/ψφ.

Source cτ (B0
s) ∆Γ R⊥ φs

µm ps−1

Procedure test ±2.0 ±0.02 ±0.01 –
Acceptance ±0.5 ±0.001 ±0.003 ±0.01

Reco. algorithm −8.0,+1.3 +0.001 ±0.01 −0.01
Background model +1.0 +0.01 −0.01 +0.14

Alignment ±2.0 – – –
Total −8.8, +3.3 ±0.02 ±0.02 −0.01, +0.14
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FIG. 6: The ∆ ln(L) = 0.5 contour (error elipse) in the plane
(∆Γ, φs) for the fit to the B0

s → J/ψφ data. Also shown is
the band representing the relation ∆Γ = ∆ΓSM × |(cos(φs)|,
with ∆ΓSM = 0.10 ± 0.03 ps−1 [10]. The 4-fold ambiguity is
discussed in the text.

lar distribution of the untagged decay B0
s → J/ψφ, we

obtain the average lifetime of the B0
s system, τ (B0

s ) =
1.52±0.08 (stat) +0.01

−0.03 (syst) ps and the width difference

between the two mass eigenstates, ∆Γ = 0.12+0.08
−0.10 (stat)

±0.02 (syst) ps−1.

Allowing for CP violation in B0
s mixing, we provide the

first direct constraint on the CP-violating phase, φs =
−0.79± 0.56 (stat) +0.14

−0.01 (syst).
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afs = 2
(

1−
∣∣∣∣
q

p

∣∣∣∣

)
=

∆Γ
∆m

tan
(
ψ + φNP

)

charge asymmetry of B0
s → Dsµν decays [134]:

As
SL = +0.0245 ± 0.0193(stat) ± 0.0035(syst) . (57)

Given the average Ad
SL = −0.0047±0.0046 of Eq. (47), obtained from results at B factories,

as well as other averages presented in this chapter for the quantities appearing in Eqs. (55) and
(56), these three results are combined to yield

As
SL = +0.0003 ± 0.0093 (58)

or, equivalently through Eq. (45),

|q/p|s = 0.9998 ± 0.0046 . (59)

This result is compatible with no CP violation in B0
s mixing, an assumption made in almost

all of the results described below.

Decay width difference ∆Γs

Definitions and an introduction to ∆Γs can also be found in Sec. 3.2.4. Neglecting CP
violation, the mass eigenstates are also CP eigenstates, with the short-lived state being CP -
even and the long-lived one being CP -odd. Information on ∆Γs can be obtained by studying
the proper time distribution of untagged data samples enriched in B0

s mesons [76]. In the case
of an inclusive B0

s selection [53] or a semileptonic B0
s decay selection [78,79,81], both the short-

and long-lived components are present, and the proper time distribution is a superposition of
two exponentials with decay constants Γs ± ∆Γs/2. In principle, this provides sensitivity to
both Γs and (∆Γs/Γs)2. Ignoring ∆Γs and fitting for a single exponential leads to an estimate
of Γs with a relative bias proportional to (∆Γs/Γs)2. An alternative approach, which is directly
sensitive to first order in ∆Γs/Γs, is to determine the lifetime of B0

s candidates decaying to CP

eigenstates; measurements exist for B0
s → J/ψφ [47, 65, 73] and B0

s → D(∗)+
s D(∗)−

s , discussed
later, which are mostly CP -even states [135]. However, more recent time-dependent angular
analyses of B0

s → J/ψφ allow the simultaneous extraction of ∆Γs/Γs and the CP -even and
CP -odd amplitudes [60, 136].

Measurements quoting ∆Γs results from lifetime analyses are listed in Table 17 under the
hypothesis of no CP violation. There is significant correlation between ∆Γs and 1/Γs. In order
to combine these measurements, the two-dimensional log-likelihood for each measurement in
the (1/Γs, ∆Γs) plane is summed and the total normalized with respect to its minimum. The
one-sigma contour (corresponding to 0.5 units of log-likelihood greater than the minimum) and
95% contour are found. Inputs as indicated in Table 17 were used in the combination, with the
exception of the L3 [53] result since the likelihood in this case was not available.

Results of the combination are shown as the one-sigma contour labeled “Direct” in both
plots of Fig. 6. Transformation of variables from (1/Γs, ∆Γs) space to other pairs of variables
such as (1/Γs, ∆Γs/Γs) and (τL = 1/ΓL, τH = 1/ΓH) are also made. The resulting one-sigma
contour for the latter is shown in Fig. 6(b).

38

semileptonic (or other flavor-specific) decays, where the final state tag is also available, the
following asymmetry

Ad
SL =

N(B
0
(t) → !+ν!X) − N(B0(t) → !−ν!X)

N(B
0
(t) → !+ν!X) + N(B0(t) → !−ν!X)

=
|p/q|2d − |q/p|2d
|p/q|2d + |q/p|2d

(45)

has been measured, either in time-integrated analyses at CLEO [102–104], CDF [105] and
DØ [31], or in time-dependent analyses at OPAL [106], ALEPH [107], BABAR [108–111] and
Belle [112]. In the inclusive case, also investigated and published at ALEPH [107] and OPAL [113],
no final state tag is used, and the asymmetry [114]

N(B0(t) → all) − N(B
0
(t) → all)

N(B0(t) → all) + N(B
0
(t) → all)

# Ad
SL

[

∆md

2Γd
sin(∆md t) − sin2

(

∆md t

2

)]

(46)

must be measured as a function of the proper time to extract information on CP violation. In
all cases asymmetries compatible with zero have been found, with a precision limited by the
available statistics.

A simple average of all measurements performed at B factories [103,104,108,110–112] yields

Ad
SL = −0.0047 ± 0.0046 (47)

or, equivalently through Eq. (45),

|q/p|d = 1.0024 ± 0.0023 . (48)

Analyses performed at higher energy, either at LEP or at the Tevatron, can’t separate the
contributions from the B0 and B0

s mesons. Under the assumption of no CP violation in B0
s

mixing, a number of these analyses [31,106,107,113] quote a measurement of Ad
SL or |q/p|d for

the B0 meson. Combining these results with the above B factory averages lead to

Ad
SL = −0.0064 ± 0.0034

|q/p|d = 1.0033 ± 0.0017

}

if As
SL = 0, |q/p|s = 1. (49)

These results7, summarized in Table 14, are compatible with no CP violation in the B0 mixing,
an assumption we make for the rest of this section.

Mass and decay width differences ∆md and ∆Γd

Many time-dependent B0–B
0

oscillation analyses have been performed by the ALEPH,
BABAR, Belle, CDF, DØ, DELPHI, L3 and OPAL collaborations. The corresponding mea-
surements of ∆md are summarized in Table 15, where only the most recent results are listed
(i.e. measurements superseded by more recent ones have been omitted). Although a variety
of different techniques have been used, the individual ∆md results obtained at high-energy
colliders have remarkably similar precision. Their average is compatible with the recent and
more precise measurements from the asymmetric B factories. The systematic uncertainties

7Early analyses and (perhaps hence) the PDG use the complex parameter εB = (p − q)/(p + q); if CP
violation in the mixing in small, Ad

SL
∼= 4Re(εB)/(1 + |εB|2) and our current averages are Re(εB)/(1 + |εB|2) =

−0.0012± 0.0011 (B factory measurements only) and −0.0016± 0.0009 (all measurements).
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Figure 5: as
fs as a function of the new phase φ∆

s from Eq. (78) for the range −π ≤ φ∆
s ≤ π.

The thick blue lines show the prediction in the new basis, while thin red lines correspond to the

old operator basis. The solid lines display the central values of our predictions and the dashed

lines show the uncertainties, which are much larger for the old result. The standard model value

as
fs(φ

∆
s = 0) = 2.1 · 10−5 is too close to zero to be visible in the plot.

4.2 Basic observables

In this section we summarise the observables which constrain |∆s| and φ∆
s . These constraints

are illustrated in Fig. 6 for hypothetical measurements.

1. The mass difference ∆Ms determines |∆s| through Eq. (75). The accuracy of |∆s| ex-
tracted from∆Ms is limited by the precision of a lattice computation. This is not the case for the

other quantities discussed in this section.

Alternatively one can confront the experimental ratio ∆Md/∆Ms with theory. This has the

advantage that the ratio of the hadronic matrix elements involved can be predicted with a smaller

error, of order 5%. However, then the parameter of Rt of the unitarity triangle entering ∆Md

must be taken from measurements which are insensitive to new physics (or at least insensitive

to new physics in Bs−Bs mixing), e.g. through determinations of the CKM angle γ from tree-
level B decays (cf. the discussion after Eq. (70)). At present this method leads to comparable

uncertainties in the extracted |∆s| as the direct determination from ∆Ms. (Further flavour-blind

new physics cancels from ∆Md/∆Ms.) In the following analyses we do not use ∆Md/∆Ms.

2. The lifetime measurement in an untagged b → ccs decay
( )
Bs → fCP , where fCP is a CP

eigenstate, determines∆Γs cos(φ∆
s − 2βs) = |∆Γs cos(φ∆

s − 2βs)| [43,44]. Consider a CP-even

φNP
s
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What Next?
• Now and very near future:

• B factories keep improving results in Bd sector - but for the 
really interesting issues in Bd see Adrian’s talk.

• New results in Bs system (ΔΓ, φs in Bs→J/ψ Φ) are in the 
pipeline at Tevatron.  Will have 8× as much data at the end of 
Run II, so ~16× the stats relative to DØ result shown.

• Near future (start next year): LHCb. Huge numbers of Bs (and 
Bd), precision measurements of ΔΓ, Φs,     and much more.

• A bit more speculative:

• Medium/long term: Upgraded LHCb: Very precise Φs,     

• Long term: Super B factory, e.g. for     , phps       
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New Physics Constraints
• Parameterise NP as:

• This implies:
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couplings are at least as hierarchical as the CKM ma-
trix. This constitutes next-to-minimal minimal flavor
violation (NMFV) [5]. In this case there are new fla-
vor and CP violating parameters, so NMFV is almost
as generic as the class of models defined above by con-
ditions (I) and (II). However, our assumption of quasi-
alignment provides a useful way for “power counting”
and to estimate the size of the expected NP contribu-
tions. Moreover it is also realized by many supersym-
metric and non-supersymmetric models (see [5] for more
details), providing a powerful framework for model inde-
pendent analysis.

What is the expected size of the NP contribu-
tions? Four-fermion operators are generated when the
NP is integrated out at a scale of order ΛNMFV ∼
mX ∼ 3 TeV. Consider, for example, the opera-

tor
(

Q̄3Q3/ΛNMFV

)2
defined in the interaction basis

(gauge, Lorentz indices and O(1) coefficients are omit-
ted). In the mass basis, this operator contributes to
∆F = 2 processes as [(D∗

L)3i(DL)3j Q̄iQj/ΛNMFV]2 ∼
[(V ∗

CKM)3i(VCKM)3j Q̄iQj/ΛNMFV]2, where DL is the ro-
tation matrix of the down type doublet quarks. Com-
paring the NP contributions to the SM ones we find that
within the NMFV we expect

hNMFV
K,d,s ∼ O(1) . (3)

The magnitudes of hK,d,s are inversely proportional to
the cutoff of the theory and provide a measure of the
tuning in the model. Moreover, a connection between
ΛNMFV and mX relates this fine tuning to the one in
the Higgs sector. Consequently, just as in the case of
electroweak precision tests, any model of this class will
be disfavored if the constraints on the hK,d,s drop below
the 0.1 level.

Below we focus on NP in ∆F = 2 processes, which are
in general theoretically cleaner and have simpler opera-
tor structures. To constrain deviations from the SM in
these processes, the tree-level observables |Vub/Vcb| and
γ extracted from the CP asymmetry in B± → DK±

modes are crucial, because they are unaffected by NP.
We consider in addition the following observables: the
B0

q B̄0
q (q = d, s) mass differences, ∆mq; CP violation in

B0
q mixing, Aq

SL [7]; the time dependent CP asymmetries
in B0

d decays, SψK and Sρρ,ππ,ρπ; and the time dependent
CP asymmetry in B0

s decay, Sψφ
1; the lifetime difference

between the CP -even and CP -odd Bs states, ∆ΓCP
s [8].

(Of these, As
SL and Sψφ have not been measured, how-

ever, they will be important in the discussion below.)
The NP contributions to B0

d and B0
s mixing can be ex-

pressed in terms of four parameters, hq and σq defined

1 By Sψφ we mean the CP asymmetry divided by (1 − 2fodd
ψφ

) to

correct for the CP -odd ψφ fraction, which also equals −Sψη(′) .

by M q
12 = (1 + hqe2iσq )M q,SM

12 , where M q,SM
12 is the dis-

persive part of the B0
q B̄0

q mixing amplitude in the SM.
(For a similar parameterization of NP in the K0 system,
see [5].) Then the predictions for the above observables
are modified compared to the SM as follows:

∆mq = ∆mSM
q

∣

∣1 + hqe
2iσq

∣

∣,

SψK = sin
[

2β + arg
(

1 + hde
2iσd

)]

,

Sψφ = sin
[

2βs − arg
(

1 + hse
2iσs

)]

,

Aq
SL = Im

{

Γq
12/

[

M q,SM
12 (1 + hqe

2iσq )
]}

,

∆ΓCP
s = ∆ΓSM

s cos2
[

arg
(

1 + hse
2iσs

)]

. (4)

Here λ ≈ 0.23 is the Wolfenstein parameter, βs =
arg[−(VtsV ∗

tb)/(VcsV ∗
cb)] ≈ 1◦ is the angle of a squashed

unitarity triangle, and Γq
12 is the absorptive part of the

B0
q B̄0

q mixing amplitude, which is probably not signifi-

cantly affected by NP. (We neglect O
(

M2
W /Λ2

NMFV

)

cor-
rections due to NP contributions to SM tree-level ∆F = 1
processes; for a different approach, see [9].)

Looking at Eq. (4) one notices a fundamental difference
between the Bd and Bs systems. The SM contributions
affecting the Bd system are related to the non-degenerate
unitarity triangle. Thus the determination of hd, σd is
strongly correlated with that of the Wolfenstein parame-
ters, ρ̄, η̄. On the other hand the unitarity triangle rele-
vant for the Bs system is nearly degenerate and therefore
the determination of hs, σs is almost independent of ρ̄, η̄.

Figure 1 shows the allowed hs, σs parameter space
without (left) and with (right) the measurement of ∆ms

in Eq. (1) and the bound on ∆ΓCP
s , using the CKMfitter

package [10].2 We used the constraint on the ratio

∆md

∆ms
=

∣

∣

∣

∣

1 + hde2iσd

1 + hse2iσs

∣

∣

∣

∣

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

2 mBd

mBs

ξ2 , (5)

which is theoretically cleaner than either ∆md or ∆ms.
Since ∆md depends on hd, σd, ρ̄, η̄, in order to produce
the above plots these parameters were scanned over. We
can easily see that the new measurement excludes a large
part of the previously allowed parameter space. The ex-
cluded region around hs = 1 and σs = 90◦ would give
cancelling contributions to ∆ms. The decrease in CL
around hs = 1 is due to the ∆ΓCP

s constraint, which is
useful at present, largely because its central value dis-
favors any deviation from the SM. After a year of LHC
data, the bound from this quantity will probably be less
important, because of theoretical uncertainties.

The magnitudes of the hi’s provide a measure of how
much fine tuning is required to satisfy the experimen-
tal constraints. Generically we do not expect the NP
contributions to be MFV-like, i.e., aligned with the SM.

2 Unless otherwise stated, the input parameters are as in [10].

2

φNP
s = arg

(
1 + hse

2iσs
)

BsBd



Jonas Rademacker, Heavy Flavour Forum, Cosener’s House, 21 June 2007

< >

sh

0 0.5 1 1.5 2 2.5 3 3.5

s
!

0

20

40

60

80

100

120

140

160

180

sh

0 0.5 1 1.5 2 2.5 3 3.5

s
!

0

20

40

60

80

100

120

140

160

180

FIG. 1: The allowed range for hs, σs using the data before (left) and after (right) the recent ∆ms and ∆Γs measurements. For
∆ms only the CDF result was used. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.

Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments
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FIG. 2: The allowed range for hs, σs using the 1 year LHCb
projection, assuming the SM prediction as the central value.

depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-

3

Impact of Δms 
• Parameterise NP as:

• Constrains in the h-σ 
plane before and after 
the CDF’s (first) Bs 
mixing measurement.

• Δms measurement 
pretty much as expected 
by SM, but reduces NP 
parameter space
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FIG. 1: The allowed range for hs, σs using the data before (left) and after (right) the recent ∆ms and ∆Γs measurements. For
∆ms only the CDF result was used. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.

Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments
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depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-
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couplings are at least as hierarchical as the CKM ma-
trix. This constitutes next-to-minimal minimal flavor
violation (NMFV) [5]. In this case there are new fla-
vor and CP violating parameters, so NMFV is almost
as generic as the class of models defined above by con-
ditions (I) and (II). However, our assumption of quasi-
alignment provides a useful way for “power counting”
and to estimate the size of the expected NP contribu-
tions. Moreover it is also realized by many supersym-
metric and non-supersymmetric models (see [5] for more
details), providing a powerful framework for model inde-
pendent analysis.

What is the expected size of the NP contribu-
tions? Four-fermion operators are generated when the
NP is integrated out at a scale of order ΛNMFV ∼
mX ∼ 3 TeV. Consider, for example, the opera-

tor
(

Q̄3Q3/ΛNMFV

)2
defined in the interaction basis

(gauge, Lorentz indices and O(1) coefficients are omit-
ted). In the mass basis, this operator contributes to
∆F = 2 processes as [(D∗

L)3i(DL)3j Q̄iQj/ΛNMFV]2 ∼
[(V ∗

CKM)3i(VCKM)3j Q̄iQj/ΛNMFV]2, where DL is the ro-
tation matrix of the down type doublet quarks. Com-
paring the NP contributions to the SM ones we find that
within the NMFV we expect

hNMFV
K,d,s ∼ O(1) . (3)

The magnitudes of hK,d,s are inversely proportional to
the cutoff of the theory and provide a measure of the
tuning in the model. Moreover, a connection between
ΛNMFV and mX relates this fine tuning to the one in
the Higgs sector. Consequently, just as in the case of
electroweak precision tests, any model of this class will
be disfavored if the constraints on the hK,d,s drop below
the 0.1 level.

Below we focus on NP in ∆F = 2 processes, which are
in general theoretically cleaner and have simpler opera-
tor structures. To constrain deviations from the SM in
these processes, the tree-level observables |Vub/Vcb| and
γ extracted from the CP asymmetry in B± → DK±

modes are crucial, because they are unaffected by NP.
We consider in addition the following observables: the
B0

q B̄0
q (q = d, s) mass differences, ∆mq; CP violation in

B0
q mixing, Aq

SL [7]; the time dependent CP asymmetries
in B0

d decays, SψK and Sρρ,ππ,ρπ; and the time dependent
CP asymmetry in B0

s decay, Sψφ
1; the lifetime difference

between the CP -even and CP -odd Bs states, ∆ΓCP
s [8].

(Of these, As
SL and Sψφ have not been measured, how-

ever, they will be important in the discussion below.)
The NP contributions to B0

d and B0
s mixing can be ex-

pressed in terms of four parameters, hq and σq defined

1 By Sψφ we mean the CP asymmetry divided by (1 − 2fodd
ψφ

) to

correct for the CP -odd ψφ fraction, which also equals −Sψη(′) .

by M q
12 = (1 + hqe2iσq )M q,SM

12 , where M q,SM
12 is the dis-

persive part of the B0
q B̄0

q mixing amplitude in the SM.
(For a similar parameterization of NP in the K0 system,
see [5].) Then the predictions for the above observables
are modified compared to the SM as follows:

∆mq = ∆mSM
q

∣

∣1 + hqe
2iσq

∣

∣,

SψK = sin
[

2β + arg
(

1 + hde
2iσd

)]

,

Sψφ = sin
[

2βs − arg
(

1 + hse
2iσs

)]

,

Aq
SL = Im

{

Γq
12/

[

M q,SM
12 (1 + hqe

2iσq )
]}

,

∆ΓCP
s = ∆ΓSM

s cos2
[

arg
(

1 + hse
2iσs

)]

. (4)

Here λ ≈ 0.23 is the Wolfenstein parameter, βs =
arg[−(VtsV ∗

tb)/(VcsV ∗
cb)] ≈ 1◦ is the angle of a squashed

unitarity triangle, and Γq
12 is the absorptive part of the

B0
q B̄0

q mixing amplitude, which is probably not signifi-

cantly affected by NP. (We neglect O
(

M2
W /Λ2

NMFV

)

cor-
rections due to NP contributions to SM tree-level ∆F = 1
processes; for a different approach, see [9].)

Looking at Eq. (4) one notices a fundamental difference
between the Bd and Bs systems. The SM contributions
affecting the Bd system are related to the non-degenerate
unitarity triangle. Thus the determination of hd, σd is
strongly correlated with that of the Wolfenstein parame-
ters, ρ̄, η̄. On the other hand the unitarity triangle rele-
vant for the Bs system is nearly degenerate and therefore
the determination of hs, σs is almost independent of ρ̄, η̄.

Figure 1 shows the allowed hs, σs parameter space
without (left) and with (right) the measurement of ∆ms

in Eq. (1) and the bound on ∆ΓCP
s , using the CKMfitter

package [10].2 We used the constraint on the ratio

∆md

∆ms
=

∣

∣

∣

∣

1 + hde2iσd

1 + hse2iσs

∣

∣

∣

∣

∣

∣

∣

∣

Vtd

Vts

∣

∣

∣

∣

2 mBd

mBs

ξ2 , (5)

which is theoretically cleaner than either ∆md or ∆ms.
Since ∆md depends on hd, σd, ρ̄, η̄, in order to produce
the above plots these parameters were scanned over. We
can easily see that the new measurement excludes a large
part of the previously allowed parameter space. The ex-
cluded region around hs = 1 and σs = 90◦ would give
cancelling contributions to ∆ms. The decrease in CL
around hs = 1 is due to the ∆ΓCP

s constraint, which is
useful at present, largely because its central value dis-
favors any deviation from the SM. After a year of LHC
data, the bound from this quantity will probably be less
important, because of theoretical uncertainties.

The magnitudes of the hi’s provide a measure of how
much fine tuning is required to satisfy the experimen-
tal constraints. Generically we do not expect the NP
contributions to be MFV-like, i.e., aligned with the SM.

2 Unless otherwise stated, the input parameters are as in [10].

2
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• Top plot shows NP 
constraints in 2006 
(incl CDF’s Δm)

• Bottom plot for a 
hypothetical LHCb 
measurement of 

• Projected LHCb 
sensitivity for 2/fb:
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FIG. 1: The allowed range for hs, σs using the data before (left) and after (right) the recent ∆ms and ∆Γs measurements. For
∆ms only the CDF result was used. The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05, respectively.

Thus we are interested in finding the allowed ranges of
hi, for σi not near 0 mod π/2. The present constraints
are roughly

hd
<
∼ 0.3 , hs

<
∼ 2 , hK

<
∼ 0.6 . (6)

Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies

Sψφ = −
hs sin(2σs)

|1 + hse2iσs |
+ sin(2βs)

1 + hs cos(2σs)

|1 + hse2iσs |
, (7)

where we set cos 2βs to unity. Thus when the sensitiv-
ity of the measurement of Sψφ reaches the SM level, it
will provide us with a strong test of NMFV. The pre-
cision that will be achieved in forthcoming experiments
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FIG. 2: The allowed range for hs, σs using the 1 year LHCb
projection, assuming the SM prediction as the central value.

depends on the value of ∆ms, but since we now know
∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs

12/M
s
12| ∝ m2

b/m2
t , and the two contributions

are highly aligned, arg(Γs
12/M

s
12) ∝ (m2

c/m2
b) sin 2βs [7].

Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
moderately affected, while the second one can be signif-
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improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.
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∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
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Let us now discuss some implications of the above re-
sults. Equation (6) shows that at present none of the
bounds on the NP parameters have reached the 0.1 level,
so NMFV survives the current tests. It is then interest-
ing to ask which future measurements will be most im-
portant to verify or disfavor the NMFV framework. The
constraints on hd,K , even though they underwent signif-
icant improvements in the last few years due to new SM
tree-level measurements [11], are now limited by the sta-
tistical errors in the measurements of γ (and effectively
α) and the hadronic parameters in the determination of
|Vub| from semileptonic decays and |Vtd| from ∆md. The
improvements in these constraints will be incremental,
as they depend on the integrated luminosities at the B
factories and on progress in lattice QCD. The constraint
from εK on the K system is also dominated by hadronic
uncertainties. At present, the bound on hs is weaker than
that on hd, since only one measurement, ∆ms, constrains
it, and the hadronic uncertainties are comparable.

However the Bs system is exceptional because a mea-
surement of Sψφ (or a strong bound on it) would pro-
vide a very sensitive test of NMFV, which is neither ob-
scured by hadronic uncertainties nor by uncertainties in
the CKM parameters. In the SM Sψφ is suppressed by λ2

(the SM CKM fit gives sin 2βs = 0.038± 0.003), whereas
Eq. (4) implies
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∆ms, we can use the LHC projections for the SM case.
LHCb expects to reach σ(Sψφ) ≈ 0.03 with the first year
(2 fb−1) data [12] (in several years the uncertainty may
be reduced to 0.01). Figure 2 shows the resulting con-
straint on hs, σs, assuming an experimental measurement
Sψφ = 0.04 ± 0.03. This plot demonstrates that already
with one year of data the bound on hs will be better
than 0.1, which will severely constrain the NMFV class
of models. Even initial data on Sψφ at the Tevatron may
constrain new physics in Bs mixing comparable to similar
bounds on hd, σd in the Bd sector.

Another sensitive probe of this class of models is the
CP asymmetry in semileptonic Bs decays, As

SL. In the
SM it is unobservably small, because the short distance
contributions are much larger than the long distance
part, |Γs
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t , and the two contributions
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Given the new ∆ms result, we know that even in the
presence of NP the first suppression factor can only be
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Summary

39

sin(2β),∆md,∆Γd, a
d
fs✓ ✓ ✓sin(φs),∆ms,∆Γs, a

s
fs

☟ ☟ ☟

✓ = measured precisely and >3σ above zero

☟= unknown and highly sensitive to New Physics

☟ ☟☟☟
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Outlook for NP

40

sin(2β),∆md,∆Γd, a
d
fs✓ ✓ ✓sin(φs),∆ms,∆Γs, a

s
fs

☟ ☟ ☟☟ ☟☟

• Because SM phases involved in Bs mixing* are so tiny, it’s esp. 
sensitive to NP.                           all depend on same 

• Expect significant improvements on                 from 
Tevatron. But non-zeroΦ  measurement possible only for very 
large NP phase.  Would be a welcome surprise!

• LHCb (~2009) Precise        and especially      down to SM 
value with high NP-sensitivity. Expect also NP-sensitivity in    .

• NP hints in Bd not so likely to come from                in near 
future - but watch out for sin2β in Adrian’s talk.

*Not all SM CPV phases in the Bs sector are small. The CKM phase γ is large in the SM and is an important parameter to be measured in both Bd and Bs decays - see next talk.

Bs

Bd

(∆Γs,φs)

φs

φs

∆Γs

☟

∆Γd, a
d
fs

as
fs

sin(φs),∆Γ, as
fs φNP

s
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Backup
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Status Summary

• Bd:          and especially            measured precisely at B-
factories.  Measurements/limits on                exists, none 
significantly above zero.

• Bs:          measured recently. Paramter-space for others 
limited, but no precise measurements, yet.

42

sin(2β),∆md,∆Γd, a
d
fs✓ ✓

∆Γd, a
d
fs

✓sin(φs),∆ms,∆Γs, a
s
fs

∆ms

☟ ☟ ☟

✓ = measured precisely and >3σ above zero

☟= unknown and highly sensitive to New Physics

☟ ☟☟

∆md sin 2β

☟
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Event Sample

• 5600 full reconstructed hadronic  Bs→Dsπ decays, 

• 3100 partially reconstructed hadronic  Bs decays, and 

• 61500 partially reconstructed semileptonic  Bs→Ds l ν 
X decays

• Best time resolution from hadronic decays. Need 
momentum to reconstruct decay time from decay 
distance. Missing momentum in semileptonic decays 
deteriorates time resolution.
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CPV in mixing

• Measure in untagged time-integrated decay rate 
asymmetries to flavour-specific decays, usually semileptonic:

• Get higher stats (but more difficult systematics) w/o 
reconstructing Ds, but measuring the di-muon asymmetry:

• Current state of affairs (mainly B-factories and Tevatron)

44

As,unt
SL =

N(µ+D−s )−N(µ−D+
s )

N(µ+D−s ) + N(µ−D+
s )

=
as

fs

2

afs = 2
(

1−
∣∣∣∣
q

p

∣∣∣∣

)
=

∆Γ
∆m

tan
(
ψ + φNP

)

4

AB0 is the dimuon charge asymmetry from decays of B0B̄0 pairs. The general case, with CP
violation in both B0 and B0

s systems, is also considered. Finally we obtain the forward-backward
asymmetry that quantifies the tendency of µ+ to go in the proton direction and µ− to go in the
anti-proton direction. The results are consistent with the standard model and constrain new physics.

PACS numbers: 13.25.Hw; 14.40.Nd

I. INTRODUCTION

We measure the dimuon charge asymmetry:

A =
N++ − N−−

N++ + N−−
(1)

in pp̄ collisions at a center of mass energy
√

s = 1960
GeV. N++ (N−−) is the number of events with two pos-
itive (negative) muon candidates passing selection cuts.
The data was recorded with the D0 detector at the Fer-
milab Tevatron between 2002 and 2005. The exposed
integrated luminosity is approximately 1.0 fb−1. Assum-
ing that the asymmetry A is due to asymmetric B0 ↔ B̄0

mixing and decay, we extract the CP-violation parameter
of B0 mixing and decay [1, 2, 3]:

$(εB0)

1 + |εB0 |2
= %

{

Γ12

4M12

}

=
AB0

4
≡ f · A. (2)

M12 (Γ12) is the real (imaginary) part of the transi-
tion matrix element of the Hamiltonian corresponding
to (B0, B̄0) mixing and decay. Throughout this article
we use the Particle Data Group [1] notation: B0 = db̄,
B0

s = sb̄. AB0 is the dimuon charge asymmetry from
direct-direct decays of B0B̄0 (we define “direct decay”
as b → µ−X , and “sequential decay” as b → c → µ+X).
The dimuon charge asymmetry A in Eq. (2) excludes
events with a muon from K± decay. Equation (2) de-
fines the factor f , to be obtained below, which accounts
for other processes contributing to dimuon events. As a
sensitive cross check, we also measure the mean mixing
probability χ0 of B ↔ B̄ hadrons, averaged over the mix
of hadrons with a b quark. Finally we obtain the forward-
backward asymmetry that quantifies the tendency of µ+

to go in the proton direction and µ− to go in the anti-
proton direction.

The general case, with CP violation in both B0 and
B0

s systems, is considered in the last section of this arti-
cle. In this general case, the dimuon charge asymmetry
A has contributions from both B0 and B0

s . Therefore,
this measurement at the Fermilab Tevatron pp̄ collider is
complementary to similar measurements at B factories
that are sensitive only to AB0 , not AB0

s

.
The CP-violation parameter, defined in Eq. (2), is sen-

sitive to several extensions of the standard model because
new particles may contribute to the box diagrams of M12

[3, 4]. Reference [3] concludes that “It is possible that the
dilepton asymmetry could be one of the first indications
of physics beyond the standard model”.

The D0 detector has an excellent muon system in Run
II [5], with large (η, φ) coverage, good scintillator-based

triggering and cosmic ray rejection, low punch-through
rate, and precision tracking. The muon is the particle
with cleanest identification. The like-sign dimuon chan-
nel is particularly clean: few processes contribute to it
and fewer still contribute to an asymmetry. The D0 de-
tector is well suited for this precision measurement.

The outline of the paper is as follows. The D0 detec-
tor is described in Section II. In Section III we consider
the event selection. Physics and detector asymmetries
are studied in Section IV. The processes contributing to
the asymmetry A are presented in Section V, and their
weights are summarized in Section VI. The breakdown of
systematic uncertainties of A is discussed in Section VII.
Cross-checks are listed in Section VIII. Final results are
summarized in Section IX.

II. THE D0 DETECTOR

The D0 detector consists of a magnetic central-tracking
system, comprised of a silicon microstrip tracker (SMT)
and a central fiber tracker (CFT), both located within
a 2 T superconducting solenoidal magnet [6]. The SMT
has ≈ 800, 000 individual strips, with typical pitch of
50−80 µm, and a design optimized for tracking and ver-
texing capability at pseudorapidities of |η| < 2.5. The
system has a six-barrel longitudinal structure, each with
a set of four layers arranged axially around the beam
pipe, and interspersed with 16 radial disks. The CFT has
eight thin coaxial barrels, each supporting two doublets
of overlapping scintillating fibers of 0.835 mm diameter,
one doublet being parallel to the collision axis, and the
other alternating by ±3◦ relative to the axis. Light sig-
nals are transferred via clear fibers to solid-state photon
counters (VLPC) that have ≈ 80% quantum efficiency.

Central and forward preshower detectors located just
outside of the superconducting coil (in front of the
calorimetry) are constructed of several layers of extruded
triangular scintillator strips that are read out using
wavelength-shifting fibers and VLPCs. The next layer of
detection involves three liquid-argon/uranium calorime-
ters: a central section (CC) covering |η| up to ≈ 1.1,
and two endcap calorimeters (EC) that extend coverage
to |η| ≈ 4.2, all housed in separate cryostats [7]. In ad-
dition to the preshower detectors, scintillators between
the CC and EC cryostats provide sampling of developing
showers at 1.1 < |η| < 1.4.

A muon system [5] is located beyond the calorimetry,
and consists of a layer of tracking detectors and scintilla-
tion trigger counters before 1.8 T iron toroids, followed by
two similar layers after the toroids. Tracking at |η| < 1

charge asymmetry of B0
s → Dsµν decays [134]:

As
SL = +0.0245 ± 0.0193(stat) ± 0.0035(syst) . (57)

Given the average Ad
SL = −0.0047±0.0046 of Eq. (47), obtained from results at B factories,

as well as other averages presented in this chapter for the quantities appearing in Eqs. (55) and
(56), these three results are combined to yield

As
SL = +0.0003 ± 0.0093 (58)

or, equivalently through Eq. (45),

|q/p|s = 0.9998 ± 0.0046 . (59)

This result is compatible with no CP violation in B0
s mixing, an assumption made in almost

all of the results described below.

Decay width difference ∆Γs

Definitions and an introduction to ∆Γs can also be found in Sec. 3.2.4. Neglecting CP
violation, the mass eigenstates are also CP eigenstates, with the short-lived state being CP -
even and the long-lived one being CP -odd. Information on ∆Γs can be obtained by studying
the proper time distribution of untagged data samples enriched in B0

s mesons [76]. In the case
of an inclusive B0

s selection [53] or a semileptonic B0
s decay selection [78,79,81], both the short-

and long-lived components are present, and the proper time distribution is a superposition of
two exponentials with decay constants Γs ± ∆Γs/2. In principle, this provides sensitivity to
both Γs and (∆Γs/Γs)2. Ignoring ∆Γs and fitting for a single exponential leads to an estimate
of Γs with a relative bias proportional to (∆Γs/Γs)2. An alternative approach, which is directly
sensitive to first order in ∆Γs/Γs, is to determine the lifetime of B0

s candidates decaying to CP

eigenstates; measurements exist for B0
s → J/ψφ [47, 65, 73] and B0

s → D(∗)+
s D(∗)−

s , discussed
later, which are mostly CP -even states [135]. However, more recent time-dependent angular
analyses of B0

s → J/ψφ allow the simultaneous extraction of ∆Γs/Γs and the CP -even and
CP -odd amplitudes [60, 136].

Measurements quoting ∆Γs results from lifetime analyses are listed in Table 17 under the
hypothesis of no CP violation. There is significant correlation between ∆Γs and 1/Γs. In order
to combine these measurements, the two-dimensional log-likelihood for each measurement in
the (1/Γs, ∆Γs) plane is summed and the total normalized with respect to its minimum. The
one-sigma contour (corresponding to 0.5 units of log-likelihood greater than the minimum) and
95% contour are found. Inputs as indicated in Table 17 were used in the combination, with the
exception of the L3 [53] result since the likelihood in this case was not available.

Results of the combination are shown as the one-sigma contour labeled “Direct” in both
plots of Fig. 6. Transformation of variables from (1/Γs, ∆Γs) space to other pairs of variables
such as (1/Γs, ∆Γs/Γs) and (τL = 1/ΓL, τH = 1/ΓH) are also made. The resulting one-sigma
contour for the latter is shown in Fig. 6(b).
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semileptonic (or other flavor-specific) decays, where the final state tag is also available, the
following asymmetry

Ad
SL =

N(B
0
(t) → !+ν!X) − N(B0(t) → !−ν!X)

N(B
0
(t) → !+ν!X) + N(B0(t) → !−ν!X)

=
|p/q|2d − |q/p|2d
|p/q|2d + |q/p|2d

(45)

has been measured, either in time-integrated analyses at CLEO [102–104], CDF [105] and
DØ [31], or in time-dependent analyses at OPAL [106], ALEPH [107], BABAR [108–111] and
Belle [112]. In the inclusive case, also investigated and published at ALEPH [107] and OPAL [113],
no final state tag is used, and the asymmetry [114]

N(B0(t) → all) − N(B
0
(t) → all)

N(B0(t) → all) + N(B
0
(t) → all)

# Ad
SL

[

∆md

2Γd
sin(∆md t) − sin2

(

∆md t

2

)]

(46)

must be measured as a function of the proper time to extract information on CP violation. In
all cases asymmetries compatible with zero have been found, with a precision limited by the
available statistics.

A simple average of all measurements performed at B factories [103,104,108,110–112] yields

Ad
SL = −0.0047 ± 0.0046 (47)

or, equivalently through Eq. (45),

|q/p|d = 1.0024 ± 0.0023 . (48)

Analyses performed at higher energy, either at LEP or at the Tevatron, can’t separate the
contributions from the B0 and B0

s mesons. Under the assumption of no CP violation in B0
s

mixing, a number of these analyses [31,106,107,113] quote a measurement of Ad
SL or |q/p|d for

the B0 meson. Combining these results with the above B factory averages lead to

Ad
SL = −0.0064 ± 0.0034

|q/p|d = 1.0033 ± 0.0017

}

if As
SL = 0, |q/p|s = 1. (49)

These results7, summarized in Table 14, are compatible with no CP violation in the B0 mixing,
an assumption we make for the rest of this section.

Mass and decay width differences ∆md and ∆Γd

Many time-dependent B0–B
0

oscillation analyses have been performed by the ALEPH,
BABAR, Belle, CDF, DØ, DELPHI, L3 and OPAL collaborations. The corresponding mea-
surements of ∆md are summarized in Table 15, where only the most recent results are listed
(i.e. measurements superseded by more recent ones have been omitted). Although a variety
of different techniques have been used, the individual ∆md results obtained at high-energy
colliders have remarkably similar precision. Their average is compatible with the recent and
more precise measurements from the asymmetric B factories. The systematic uncertainties

7Early analyses and (perhaps hence) the PDG use the complex parameter εB = (p − q)/(p + q); if CP
violation in the mixing in small, Ad

SL
∼= 4Re(εB)/(1 + |εB|2) and our current averages are Re(εB)/(1 + |εB|2) =

−0.0012± 0.0011 (B factory measurements only) and −0.0016± 0.0009 (all measurements).
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Likelihood for hadronic/
semileptonic

• Fully reconstructed 
hadronic decays < 10% of 
data sample.

• But nearly 100% of mixing 
measurement.

• Reason: No missing 
momentum→Better time 
resolution.

• Crucial detector element: 
Hadronic B trigger.
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DØ’s direct Asl 
measurement

• DØ measured afs 
from 27k B→
(Ds→Φπ)μ events.

• Systematic error 
from detection 
asymmetry 
controlled by 
frequently switching 
the magnetic field.
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As,unt
SL =

N(µ+D−s )−N(µ−D+
s )

N(µ+D−s ) + N(µ−D+
s )

=
as

fs
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FIG. 1: The invariant mass distribution M(φπ) for the se-
lected B0

s candidates. The curve shows the result of fit by a
function described in the text.

cc̄(bb̄) → µDsνX with the Ds originating from a b or
c quark, and the muon arising from another quark. The
invariant mass distribution M(φπ) for the selected events
is shown in Fig. 1. The low and high peaks correspond re-
spectively to (µD),mostly due to B0, and (µDs), mostly
due to B0

s . The curve represents a fit to the M(φπ)
spectrum. A single Gaussian was sufficient to describe
the D → φπ decay, a double Gaussian to describe the
Ds → φπ decay, and the background was modeled by an
exponential. The total number of events passing all cuts
in the Ds mass peak is 27,300± 300 (stat).

To measure As,unt
SL , both physics and detector effects

contributing to the possible imbalance of events with pos-
itively and negatively charged muons must be taken into
account. One physics source of asymmetry is CP vio-
lation in semileptonic B decays. In addition, forward-
backward charge asymmetry of events produced in the
proton-antiproton collisions can also be present. Detec-
tor effects can give rise to an artificial asymmetry if, e.g.,
the reconstruction efficiencies of positively and negatively
charged particles are different. However, a positively
charged particle produces the same track as a negatively
charged particle in the detector with reversed magnet
polarity. Therefore, almost all detector effects can be
canceled provided the fractions of events with opposite
magnet polarities are approximately the same. This is
the case in this analysis, where the exposures are the
same within 1%.

According to the method described in Ref. [5], the
event sample was divided into eight subsamples corre-
sponding to all possible combinations of the toroid polar-
ity β = ±1, the sign of the pseudorapidity of the (µφπ)
system [12] γ = ±1, and the sign of the muon charge
q = ±1. The number of (µDs) events in each subsample
was obtained by a fit to the mass distribution M(φπ) us-
ing the same function as for the whole sample. For the
cross-check we also extracted the numbers of (µD) and

TABLE I: The numbers of events nβγ
q (Ds) [nβγ

q (D)] in the
Ds [D] mass peak and in the background nβγ

q (bkg) for eight
subsamples.

Subsample: nβγ
q (Ds) nβγ

q (D) nβγ
q (bkg)

βγq (events) (events) (events)
+ + + 3,216± 76 907± 55 9,797± 124
+ − + 3,586± 79 965± 56 10,387± 127
+ + − 3,391± 78 1,037± 57 10,390± 127
+ −− 3,225± 76 963± 55 9,832± 124
− + + 3,616± 80 1,003± 57 10,508± 128
−− + 3,370± 77 801± 54 9,987± 125
− + − 3,353± 77 831± 55 10,215± 125
−−− 3,532± 79 1,116± 59 10,701± 129

background events from the fit. The widths and positions
of the (µDs) and (µD) peaks, the relative fractions of the
two Gaussians describing the (µDs) peak, as well as the
background slope were fixed to the values obtained from
the fit to the total M(φπ) distribution. The numbers
of (µDs) and (µD) events, nβγ

q (Ds) and nβγ
q (D), along

with the number of the background events in the fitting
range 1.75− 2.30 GeV/c2, nβγ

q (bkg), for each subsample
is given in Table I.

The fitted numbers of (µDs) [(µD), background]
events were used to disentangle the physics asymme-
tries and the detector effects. The nβγ

q can be expressed
through the physics and the detector asymmetries as fol-
lows [5]:

nβγ
q =

1

4
Nεβ(1 + qA)(1 + qγAfb)(1 + γAdet)

× (1 + qβγAro)(1 + qβAqβ)(1 + βγAβγ). (3)

Here N is the total number of (µDs) [(µD), background]
events; εβ is the fraction of integrated luminosity with
toroid polarity β (ε++ε− = 1); A is the integrated charge
asymmetry to be measured; Afb is the forward-backward
asymmetry; Adet is the detector asymmetry for particles
emitted in the forward and backward direction; Aro is
the range-out asymmetry that accounts for the change
in acceptance of muons which bend towards the beam
line and those which bend away from the beam line; Aqβ

is the detector asymmetry which accounts for the change
in the muon reconstruction efficiency when the toroid
polarity is reversed; Aβγ accounts for any detector re-
lated forward-backward asymmetries that remain after
the toroid polarity flip.

Since the system (3) contains eight equations, all six
asymmetries together with N and ε+ can be extracted
for each of the three types of the events. Results are pre-
sented in Table II separately for (µDs) and (µD) events
and the background. The physics asymmetries A and Afb

for background events are consistent with zero. This is
an important test for this method, since the precision of
the asymmetry measurement for the background events

6

TABLE II: The physics and detector asymmetries for (µDs),
(µD) and background events. Uncertainties are statistical.

(µDs) (µD) Background
N 27,289± 220 7,623± 162 81,817± 357
ε+ 0.492± 0.004 0.510± 0.011 0.494± 0.002
A 0.0102± 0.0081 −0.0345± 0.0211 −0.0056± 0.0045

Afb −0.0046± 0.0081 0.0480± 0.0210 −0.0020± 0.0043
Adet −0.0051± 0.0081 −0.0072± 0.0212 0.0001± 0.0044
Aro −0.0352± 0.0081 −0.0819± 0.0209 −0.0263± 0.0044
Aβγ −0.0097± 0.0081 0.0104± 0.0213 −0.0010± 0.0044
Aqβ 0.0030± 0.0081 0.0014± 0.0212 0.0046± 0.0044

is much higher than that of the signal due to the larger
statistics. The largest detector asymmetry for all three
types of the events is the range-out asymmetry.

It can be seen from (3) that if ε+ = ε− = 1/2, and the
asymmetries A, Afb, Adet, Aro, Aqβ , Aβγ are small, each
of them can be obtained independently by the appropri-
ate division of the entire sample of events into two parts.
For example, the asymmetry A can be obtained be di-
viding the sample according to the charge of muon. For
such a division, and neglecting the second order terms,
we obtain:

A =
n+ − n−

n+ + n−
, (4)

nq =
+1
∑

β,γ=−1

nβγ
q "

1

2
N(1 + qA).

This observation explains in particular the similar values
of statistical uncertainties for all asymmetries in Table
II.

The resulting charge asymmetry of (µDs) events is
A = 0.0102 ± 0.0081 (stat). It is related to As,unt

SL via

A = fs · As,unt
SL + fd · Ad,unt

SL , where fs(fd) is the fraction

of B0
s(B0

d) → µDsνX decays in the (µDs) sample. Ad,unt
SL

may arise only from B0
d → DDs decay, the fraction of

which in the (µDs) sample was found to be small, at the
level of (4 ± 1)%. Additionally, the value of Ad,unt

SL is
strongly constrained experimentally [13, 14] to be close
to zero. Therefore the time-integrated Ad,unt

SL compo-
nent can be neglected. The fraction of B0

s decays, fs,
was determined as follows. The decays B0

s → µDsνX
and B0

s → τDsνX → µDsνX were considered as a
signal. The decays B0

s → DsDsX with Ds → µνX
are not flavor-specific and hence were considered as a
background. The decays B0

d → DDsX were also in-
cluded in the background. In addition, the process
cc̄(bb̄) → µDsνX was taken into account. This back-
ground produces a pseudovertex which peaks around the
primary interaction point. It is reduced by approximately
50% by requiring a positive displacement of the (µDs)
vertex.

All processes were simulated using the evtgen [15]
generator interfaced to pythia [16] and followed by full
modeling of the detector response using geant [17] and
event reconstruction. The branching fractions of B0

d de-
cays were taken from Ref. [1], while the contribution
of the process cc̄(bb̄) → µDsνX was measured directly
in our data to be (5.9 ± 1.7)%. With these assump-
tions, (83.2 ± 3.3)% of the selected sample of (µDs)
events is composed of semileptonic B0

s decays. The un-
certainty on this value comes from the uncertainties on
the branching ratios of the contributing B decays and
the uncertainty on the fraction of the cc̄(bb̄) → µDsνX
process in the sample. Taking into account the sample
composition, the measured integrated charge asymme-
try of semileptonic B0

s decay is found to be As,unt
SL =

[1.23 ± 0.97 (stat)] × 10−2.
The following sources of systematic uncertainty were

considered. The final state includes a K+K− pair.
Therefore, the charge asymmetry of K meson reconstruc-
tion, which arises due to the different interaction cross
sections of K+ and K− in the detector material, does not
contribute to the measured As,unt

SL . The charge asymme-
try of pion reconstruction, however, can contribute. The
πd interaction cross sections for positive and negative pi-
ons differ by (1.3 ± 0.3)% in the range 1 − 2 GeV/c [18].
Taking into account the amount of material which a pion
crosses in the detector, the induced asymmetry due to
pion reconstruction was estimated to be 2 × 10−4. This
value was included in the systematic uncertainty.

The uncertainty in the fraction of B0
s signal in the

(µDs) sample produces a systematic uncertainty of 1 ×
10−3. This uncertainty also includes a possible residual
variation of the signal fraction between subsamples.

The uncertainty due to the fitting procedure was es-
timated by varying the masses and widths of the peaks,
and the slope of the background by one standard devi-
ation. The fitting procedure was also repeated with a
single Gaussian describing the Ds peak and with a dif-
ferent fitting range. The resulting change of As,unt

SL did
not exceed 0.14× 10−2 which was used as an estimate of
the systematic uncertainty from this source.

The B0
s reconstruction efficiency varies with the de-

cay length due to the applied requirements. We verified
that this variation does not bias the result for As,unt

SL and
the relation (2). In addition, any possible contribution
of the B0

d charge asymmetry to the measured value was
estimated to be negligible.

Adding all contributions into the systematic uncer-
tainty in quadratures, we obtain the resulting value of
the time-integrated untagged charge asymmetry:

As,unt
SL = [1.23± 0.97 (stat)± 0.17 (syst)]× 10−2.(5)

This is the first direct measurement of As,unt
SL . It can be

seen that the statistical uncertainty dominates and will
be improved in the future with the increase of statistics
and addition of new decay modes. Using Eq. (2) and
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4

AB0 is the dimuon charge asymmetry from decays of B0B̄0 pairs. The general case, with CP
violation in both B0 and B0

s systems, is also considered. Finally we obtain the forward-backward
asymmetry that quantifies the tendency of µ+ to go in the proton direction and µ− to go in the
anti-proton direction. The results are consistent with the standard model and constrain new physics.

PACS numbers: 13.25.Hw; 14.40.Nd

I. INTRODUCTION

We measure the dimuon charge asymmetry:

A =
N++ − N−−

N++ + N−−
(1)

in pp̄ collisions at a center of mass energy
√

s = 1960
GeV. N++ (N−−) is the number of events with two pos-
itive (negative) muon candidates passing selection cuts.
The data was recorded with the D0 detector at the Fer-
milab Tevatron between 2002 and 2005. The exposed
integrated luminosity is approximately 1.0 fb−1. Assum-
ing that the asymmetry A is due to asymmetric B0 ↔ B̄0

mixing and decay, we extract the CP-violation parameter
of B0 mixing and decay [1, 2, 3]:

$(εB0)

1 + |εB0 |2
= %

{

Γ12

4M12

}

=
AB0

4
≡ f · A. (2)

M12 (Γ12) is the real (imaginary) part of the transi-
tion matrix element of the Hamiltonian corresponding
to (B0, B̄0) mixing and decay. Throughout this article
we use the Particle Data Group [1] notation: B0 = db̄,
B0

s = sb̄. AB0 is the dimuon charge asymmetry from
direct-direct decays of B0B̄0 (we define “direct decay”
as b → µ−X , and “sequential decay” as b → c → µ+X).
The dimuon charge asymmetry A in Eq. (2) excludes
events with a muon from K± decay. Equation (2) de-
fines the factor f , to be obtained below, which accounts
for other processes contributing to dimuon events. As a
sensitive cross check, we also measure the mean mixing
probability χ0 of B ↔ B̄ hadrons, averaged over the mix
of hadrons with a b quark. Finally we obtain the forward-
backward asymmetry that quantifies the tendency of µ+

to go in the proton direction and µ− to go in the anti-
proton direction.

The general case, with CP violation in both B0 and
B0

s systems, is considered in the last section of this arti-
cle. In this general case, the dimuon charge asymmetry
A has contributions from both B0 and B0

s . Therefore,
this measurement at the Fermilab Tevatron pp̄ collider is
complementary to similar measurements at B factories
that are sensitive only to AB0 , not AB0

s

.
The CP-violation parameter, defined in Eq. (2), is sen-

sitive to several extensions of the standard model because
new particles may contribute to the box diagrams of M12

[3, 4]. Reference [3] concludes that “It is possible that the
dilepton asymmetry could be one of the first indications
of physics beyond the standard model”.

The D0 detector has an excellent muon system in Run
II [5], with large (η, φ) coverage, good scintillator-based

triggering and cosmic ray rejection, low punch-through
rate, and precision tracking. The muon is the particle
with cleanest identification. The like-sign dimuon chan-
nel is particularly clean: few processes contribute to it
and fewer still contribute to an asymmetry. The D0 de-
tector is well suited for this precision measurement.

The outline of the paper is as follows. The D0 detec-
tor is described in Section II. In Section III we consider
the event selection. Physics and detector asymmetries
are studied in Section IV. The processes contributing to
the asymmetry A are presented in Section V, and their
weights are summarized in Section VI. The breakdown of
systematic uncertainties of A is discussed in Section VII.
Cross-checks are listed in Section VIII. Final results are
summarized in Section IX.

II. THE D0 DETECTOR

The D0 detector consists of a magnetic central-tracking
system, comprised of a silicon microstrip tracker (SMT)
and a central fiber tracker (CFT), both located within
a 2 T superconducting solenoidal magnet [6]. The SMT
has ≈ 800, 000 individual strips, with typical pitch of
50−80 µm, and a design optimized for tracking and ver-
texing capability at pseudorapidities of |η| < 2.5. The
system has a six-barrel longitudinal structure, each with
a set of four layers arranged axially around the beam
pipe, and interspersed with 16 radial disks. The CFT has
eight thin coaxial barrels, each supporting two doublets
of overlapping scintillating fibers of 0.835 mm diameter,
one doublet being parallel to the collision axis, and the
other alternating by ±3◦ relative to the axis. Light sig-
nals are transferred via clear fibers to solid-state photon
counters (VLPC) that have ≈ 80% quantum efficiency.

Central and forward preshower detectors located just
outside of the superconducting coil (in front of the
calorimetry) are constructed of several layers of extruded
triangular scintillator strips that are read out using
wavelength-shifting fibers and VLPCs. The next layer of
detection involves three liquid-argon/uranium calorime-
ters: a central section (CC) covering |η| up to ≈ 1.1,
and two endcap calorimeters (EC) that extend coverage
to |η| ≈ 4.2, all housed in separate cryostats [7]. In ad-
dition to the preshower detectors, scintillators between
the CC and EC cryostats provide sampling of developing
showers at 1.1 < |η| < 1.4.

A muon system [5] is located beyond the calorimetry,
and consists of a layer of tracking detectors and scintilla-
tion trigger counters before 1.8 T iron toroids, followed by
two similar layers after the toroids. Tracking at |η| < 1

As
sl, Ad

sl

charge asymmetry of B0
s → Dsµν decays [134]:

As
SL = +0.0245 ± 0.0193(stat) ± 0.0035(syst) . (57)

Given the average Ad
SL = −0.0047±0.0046 of Eq. (47), obtained from results at B factories,

as well as other averages presented in this chapter for the quantities appearing in Eqs. (55) and
(56), these three results are combined to yield

As
SL = +0.0003 ± 0.0093 (58)

or, equivalently through Eq. (45),

|q/p|s = 0.9998 ± 0.0046 . (59)

This result is compatible with no CP violation in B0
s mixing, an assumption made in almost

all of the results described below.

Decay width difference ∆Γs

Definitions and an introduction to ∆Γs can also be found in Sec. 3.2.4. Neglecting CP
violation, the mass eigenstates are also CP eigenstates, with the short-lived state being CP -
even and the long-lived one being CP -odd. Information on ∆Γs can be obtained by studying
the proper time distribution of untagged data samples enriched in B0

s mesons [76]. In the case
of an inclusive B0

s selection [53] or a semileptonic B0
s decay selection [78,79,81], both the short-

and long-lived components are present, and the proper time distribution is a superposition of
two exponentials with decay constants Γs ± ∆Γs/2. In principle, this provides sensitivity to
both Γs and (∆Γs/Γs)2. Ignoring ∆Γs and fitting for a single exponential leads to an estimate
of Γs with a relative bias proportional to (∆Γs/Γs)2. An alternative approach, which is directly
sensitive to first order in ∆Γs/Γs, is to determine the lifetime of B0

s candidates decaying to CP

eigenstates; measurements exist for B0
s → J/ψφ [47, 65, 73] and B0

s → D(∗)+
s D(∗)−

s , discussed
later, which are mostly CP -even states [135]. However, more recent time-dependent angular
analyses of B0

s → J/ψφ allow the simultaneous extraction of ∆Γs/Γs and the CP -even and
CP -odd amplitudes [60, 136].

Measurements quoting ∆Γs results from lifetime analyses are listed in Table 17 under the
hypothesis of no CP violation. There is significant correlation between ∆Γs and 1/Γs. In order
to combine these measurements, the two-dimensional log-likelihood for each measurement in
the (1/Γs, ∆Γs) plane is summed and the total normalized with respect to its minimum. The
one-sigma contour (corresponding to 0.5 units of log-likelihood greater than the minimum) and
95% contour are found. Inputs as indicated in Table 17 were used in the combination, with the
exception of the L3 [53] result since the likelihood in this case was not available.

Results of the combination are shown as the one-sigma contour labeled “Direct” in both
plots of Fig. 6. Transformation of variables from (1/Γs, ∆Γs) space to other pairs of variables
such as (1/Γs, ∆Γs/Γs) and (τL = 1/ΓL, τH = 1/ΓH) are also made. The resulting one-sigma
contour for the latter is shown in Fig. 6(b).
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Figure 5: Simultaneous measurements of ∆md and τ(B0) [69, 71, 72], after adjustment to a
common set of parameters (see text). Statistical and total uncertainties are represented as
dashed and solid contours respectively. The average of the three measurements is indicated by
a hatched ellipse.

two-dimensional average, taking into account all statistical and systematic correlations, and
expressed at τ(B+) = 1.643 ± 0.010 ps, is

∆md = 0.509 ± 0.006 ps−1

τ(B0) = 1.527 ± 0.010 ps

}

with a total correlation of −0.23. (54)

3.3.2 B0
s

mixing parameters

CP violation parameter |q/p|s

Constraints on a combination of |q/p|d and |q/p|s have been explicitly quoted by the Teva-
tron experiments, using inclusive semileptonic decays of b hadrons:

f ′
d χd(1 − |q/p|2d) + f ′

s χs(1 − |q/p|2s) = +0.006 ± 0.017 CDF [105] , (55)

1

4

(

Ad
SL + As

SL

f ′
sχs

f ′
dχd

)

= −0.0023 ± 0.0011(stat) ± 0.0008(syst) DØ [31] . (56)

A first direct measurement of As
SL and hence |q/p|s has been made by DØ by measuring the
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two-dimensional average, taking into account all statistical and systematic correlations, and
expressed at τ(B+) = 1.643 ± 0.010 ps, is

∆md = 0.509 ± 0.006 ps−1

τ(B0) = 1.527 ± 0.010 ps

}

with a total correlation of −0.23. (54)

3.3.2 B0
s

mixing parameters

CP violation parameter |q/p|s

Constraints on a combination of |q/p|d and |q/p|s have been explicitly quoted by the Teva-
tron experiments, using inclusive semileptonic decays of b hadrons:

f ′
d χd(1 − |q/p|2d) + f ′

s χs(1 − |q/p|2s) = +0.006 ± 0.017 CDF [105] , (55)

1

4

(

Ad
SL + As

SL

f ′
sχs

f ′
dχd

)

= −0.0023 ± 0.0011(stat) ± 0.0008(syst) DØ [31] . (56)

A first direct measurement of As
SL and hence |q/p|s has been made by DØ by measuring the
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BaBar & BELLE

• BaBar at the PEPII collider and BELLE at KEKB, two 
experiments built to measure CP violation in the B system.

• They collide e+ e- at an energy just high enough to 
produce an ϒ(4S) (at rest in the e+ e- cm frame), a bound 
b-bbar state just heavy enough to decay to a             or               
pair. (It is not heavy enough to decay to           or any other 
species of B hadron.)

• To summarise: 

• Both started data taking in 1999

48

B0
d B0

d B+ B−

B0
s B0

s

e+e− → Υ(4S)→ B B
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Asymmetric B factories
• Need to measure decay times much better than mixing period 

(T~13ps for Bd) and preferably better than  B lifetime (~1.5ps).

• Don’t actually measure times, but decay distances. However,  in 
the e+e- c.m. frame, the two B-mesons are essentially at rest. 
No decay distance → no time measurement.

• Trick: Collide e+ and e- with different energies to boost c.m. 
frame. B factories get βγ~0.5. So in 1.5ps in the B frame, the 
particle moves in the lab frame:

• That can be done. Resolution at BaBar: 0.07mm for fully 
reconstructed B, 0.16mm for partially reconstructed B

49 e+e− → Υ(4S)→ B B

cβγt = 300
µm

ps
· 0.5 · 1.5ps ∼ 1

4
mm
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The PEP-II LINAC+Ring
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here is an animated version of this
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Asl in Bd system

• B factories:

51

semileptonic (or other flavor-specific) decays, where the final state tag is also available, the
following asymmetry

Ad
SL =

N(B
0
(t) → !+ν!X) − N(B0(t) → !−ν!X)

N(B
0
(t) → !+ν!X) + N(B0(t) → !−ν!X)

=
|p/q|2d − |q/p|2d
|p/q|2d + |q/p|2d

(45)

has been measured, either in time-integrated analyses at CLEO [102–104], CDF [105] and
DØ [31], or in time-dependent analyses at OPAL [106], ALEPH [107], BABAR [108–111] and
Belle [112]. In the inclusive case, also investigated and published at ALEPH [107] and OPAL [113],
no final state tag is used, and the asymmetry [114]

N(B0(t) → all) − N(B
0
(t) → all)

N(B0(t) → all) + N(B
0
(t) → all)

# Ad
SL

[

∆md

2Γd
sin(∆md t) − sin2

(

∆md t

2

)]

(46)

must be measured as a function of the proper time to extract information on CP violation. In
all cases asymmetries compatible with zero have been found, with a precision limited by the
available statistics.

A simple average of all measurements performed at B factories [103,104,108,110–112] yields

Ad
SL = −0.0047 ± 0.0046 (47)

or, equivalently through Eq. (45),

|q/p|d = 1.0024 ± 0.0023 . (48)

Analyses performed at higher energy, either at LEP or at the Tevatron, can’t separate the
contributions from the B0 and B0

s mesons. Under the assumption of no CP violation in B0
s

mixing, a number of these analyses [31,106,107,113] quote a measurement of Ad
SL or |q/p|d for

the B0 meson. Combining these results with the above B factory averages lead to

Ad
SL = −0.0064 ± 0.0034

|q/p|d = 1.0033 ± 0.0017

}

if As
SL = 0, |q/p|s = 1. (49)

These results7, summarized in Table 14, are compatible with no CP violation in the B0 mixing,
an assumption we make for the rest of this section.

Mass and decay width differences ∆md and ∆Γd

Many time-dependent B0–B
0

oscillation analyses have been performed by the ALEPH,
BABAR, Belle, CDF, DØ, DELPHI, L3 and OPAL collaborations. The corresponding mea-
surements of ∆md are summarized in Table 15, where only the most recent results are listed
(i.e. measurements superseded by more recent ones have been omitted). Although a variety
of different techniques have been used, the individual ∆md results obtained at high-energy
colliders have remarkably similar precision. Their average is compatible with the recent and
more precise measurements from the asymmetric B factories. The systematic uncertainties

7Early analyses and (perhaps hence) the PDG use the complex parameter εB = (p − q)/(p + q); if CP
violation in the mixing in small, Ad

SL
∼= 4Re(εB)/(1 + |εB|2) and our current averages are Re(εB)/(1 + |εB|2) =

−0.0012± 0.0011 (B factory measurements only) and −0.0016± 0.0009 (all measurements).
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CPV in Bs →J/ψ Φ 
vs Bd →J/ψKs

• Large CPV phase 
2β=42º.

• Good for seeing 
CPV in the SM.

• Precisely measured 
at B factories.

52

• Tiny CPV phase - SM 
prediction  2χ≈2º

• Good for seeing new phases 
due to New Physics with little 
SM “background”. If you see 
CPV it’s New Physics (and it’s 
not MFV).

• No precise measurement, yet.

Bs →J/ψ ΦBd →J/ψ K
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ΔΓ from Bs→J/ψΦ
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6

are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.

TABLE I: Maximum likelihood fit results. Sign ambiguities
are discussed in the text.

.
Observable CP conserved free φs

∆Γ (ps−1) 0.12+0.08
−0.10 0.17+0.09

−0.09

1

Γ
= τ (ps) 1.52+0.08

−0.08 1.49 ± 0.08

φs ≡ 0 −0.79±0.56

|A0(0)|2 − |A‖(0)|
2 0.38±0.05 0.37±0.06

A⊥(0) 0.45±0.05 0.46±0.06

δ1 − δ2 2.6±0.4 2.6±0.4

δ1 – 3.3±1.0

δ2 – 0.7±1.1
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FIG. 2: The transversity polar angle distribution for the
signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].

We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
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Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-

6

are φs = 0.79±0.56, ∆Γ > 0, and φs = −2.35±0.56,
∆Γ < 0.

TABLE I: Maximum likelihood fit results. Sign ambiguities
are discussed in the text.

.
Observable CP conserved free φs

∆Γ (ps−1) 0.12+0.08
−0.10 0.17+0.09

−0.09

1

Γ
= τ (ps) 1.52+0.08

−0.08 1.49 ± 0.08

φs ≡ 0 −0.79±0.56

|A0(0)|2 − |A‖(0)|
2 0.38±0.05 0.37±0.06

A⊥(0) 0.45±0.05 0.46±0.06

δ1 − δ2 2.6±0.4 2.6±0.4

δ1 – 3.3±1.0

δ2 – 0.7±1.1

Transversity
-1 -0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8 1

E
v

e
n

ts
 p

e
r 

0
.2

0

0

50

100

150

200

250
Data

Total Fit

CP-even

CP-odd

Total Signal

Background

! " J/# 0
sB

) <5.46 GeVs5.26< M(B

(ct) > 5$ct/

-1
DØ , 1.1 fb

FIG. 2: The transversity polar angle distribution for the
signal-enhanced subsample: ct/σ(ct) > 5 and signal mass
range. The curves show: the signal contribution, dotted (red);
the background, light solid (green); and total, solid (blue)
[color online].

We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.
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Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
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We perform a test using pseudo-experiments with sim-
ilar statistical sensitivity, generated with the same pa-
rameters as obtained in this analysis under the condition
of no CP violation. When fits allowing for CP violation
are performed, ≈ 50% of the experiments have a fitted
cos(φs) less than the measured value. About 80% of ex-
periments have the statistical uncertainty of φs greater
than that for data.

We verify the procedure by performing fits on MC
samples passed through the full chain of detector sim-
ulation, event reconstruction, and maximum likelihood
fitting. We assign systematic uncertainties due to the
statistical precision of this procedure test. We also re-
peat the fits to the data with the parameters describing
the acceptance varied by ±1σ.
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Uncertainties from the data processing reflect the sta-
bility of the results with respect to different versions of
the track and vertex reconstruction algorithms. The “in-
terference” term in the background model accounts for
the collective effect of various physics processes. How-
ever, its presence may be partially due to the detector
acceptance effects. Therefore, we interpret the difference
between fits with and without this term as a systematic
uncertainty associated with the background model. Ef-
fects of the imperfect detector alignment are estimated
using a modified geometry of the the silicon microstrip
tracker, with silicon sensors moved within the known
uncertainty. The effects of systematic uncertainties are
listed in Table II.

From a fit to the CP-conserving time-dependent angu-

4

the Tevatron.

PACS numbers: 13.25.Hw, 11.30.Er

In the standard model (SM), the light (L) and heavy
(H) eigenstates of the mixed B0

s system are expected
to have a sizeable mass and decay width difference,
∆M ≡ MH −ML and ∆Γ ≡ ΓL −ΓH . The CP-violating
phase, defined as the the relative phase of the off-diagonal

elements of the mass and decay matrices in the B0
s - B

0

s

basis, is predicted to be small. Thus, to a good approxi-
mation the two mass eigenstates are expected to be CP
eigenstates. New phenomena may alter the CP-violating
mixing phase φs, leading to a reduction of the observed
∆Γ compared to the SM prediction [1] ∆ΓSM : ∆Γ =
∆ΓSM × cosφs. While the mass difference has recently
been measured to high precision [2, 3], the CP-violating
phase remains unknown.

The decay B0
s → J/ψφ, proceeding through the quark

process b → cc̄s, gives rise to both CP-even and CP-
odd final states. It is possible to separate the two CP
components of the decay B0

s → J/ψφ, and thus to mea-
sure the lifetime difference, through a study of the time-
dependent angular distribution of the decay products of
the J/ψ and φ mesons. Moreover, with a sizeable life-
time difference, there is sensitivity to the mixing phase
through the interference terms between the CP-even and
CP-odd waves.

In Ref. [4] we presented an analysis of the decay chain
B0

s → J/ψφ, J/ψ → µ+µ−, φ → K+K− based on the
first ≈450 pb−1 of pp̄ data at a center-of-mas energy of
1.96 TeV collected with the D0 detector [5]. In that anal-
ysis, we extracted three parameters characterizing the B0

s

system and its decay B0
s → J/ψφ: the average lifetime,

τ = 1/Γ, where Γ ≡ (ΓH +ΓL)/2; ∆Γ/Γ; and the relative
rate of the decay to the CP-odd states at time zero. Here
we present new results, based on a two-fold increase in
statistics. In addition to τ and ∆Γ, we extract for the
first time the CP-violating phase φs. We also measure
the magnitudes of the decay amplitudes, and their rela-
tive phases.

The data, collected between June 2002 and January
2006, correspond to an integrated luminosity of 1.1 fb−1.
The selected events include two reconstructed muons of
opposite charge, with a transverse momentum greater
than 1.5 GeV and pseudorapidity |η| < 2. Each muon
is required to be detected as a track segment in at least
one of the three layers of the muon system, and to be
matched to a central track. One muon is required to have
segments both inside and outside the toroid magnet. We
require the events to satisfy a muon trigger that does not
include a cut on the impact parameter.

To select the B0
s candidate sample, we set the mini-

mum values of momenta in the transverse plane for B0
s ,

φ, and K meson candidates at 6.0 GeV, 1.5 GeV, and
0.7 GeV, respectively. J/ψ candidates are accepted if
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FIG. 1: The invariant mass distribution of the (J/ψ, φ) sys-
tem for B0

s candidates. The curves are projections of the
maximum likelihood fit (see text).

the invariant mass of the muon pair is in the range 2.9
– 3.3 GeV. For events in the central rapidity region (an
event is considered to be central if the higher pT muon
has |ηµ1| < 1), we require the transverse momentum of
the J/ψ meson to exceed 4 GeV. Successful candidates
are constrained to the world average mass of the J/ψ me-
son [6]. Decay products of the φ candidates are required
to satisfy a fit to a common vertex and to have an invari-
ant mass in the range 1.01 – 1.03 GeV. We require the
(J/ψ, φ) pair to be consistent with coming from a com-
mon vertex, and to have an invariant mass in the range
5.0 – 5.8 GeV. In the case of multiple φ meson candidates,
we select the one with the highest transverse momentum.
Monte Carlo (MC) studies show that the pT spectrum of
the φ mesons coming from B0

s decay is harder than the
spectrum of a pair of random tracks from hadronization.
We define the signed decay length of a B0

s meson LB
xy as

the vector pointing from the primary vertex to the de-
cay vertex projected on the B0

s transverse momentum.
To reconstruct the primary vertex, we select tracks with
pT > 0.3 GeV that are not used as decay products of
the B0

s candidate, and apply a constraint to the aver-
age beam spot position. The proper decay length, ct, is
defined by the relation ct = LB

xy · MB0
s
/pT where MB0

s

is the measured mass of the B0
s candidate. The distri-

bution of the proper decay length uncertainty σ(ct) of
B0

s mesons peaks around 25 µm. We accept events with
σ(ct) < 60 µm. The invariant mass distribution of the
accepted 23343 candidates is shown in Fig. 1. The curves
are projections of the maximum likelihood fit, described
below. The fit assigns 1039±45 (stat) events to the B0

s

decay.
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• Result of lifetime fit 
with φs=0:

• Fitting φs
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in the signal mass region. The curves show: the signal con-
tribution, dashed (red); the CP-even (dotted) and CP-odd
(dashed-dotted) contributions of the signal, the background,
light solid(green); and total, solid (blue) [color online].

TABLE II: Sources of systematic uncertainty in the results of
the analysis of the decay B0

s → J/ψφ.

Source cτ (B0
s) ∆Γ R⊥ φs

µm ps−1

Procedure test ±2.0 ±0.02 ±0.01 –
Acceptance ±0.5 ±0.001 ±0.003 ±0.01

Reco. algorithm −8.0,+1.3 +0.001 ±0.01 −0.01
Background model +1.0 +0.01 −0.01 +0.14

Alignment ±2.0 – – –
Total −8.8, +3.3 ±0.02 ±0.02 −0.01, +0.14
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FIG. 6: The ∆ ln(L) = 0.5 contour (error elipse) in the plane
(∆Γ, φs) for the fit to the B0

s → J/ψφ data. Also shown is
the band representing the relation ∆Γ = ∆ΓSM × |(cos(φs)|,
with ∆ΓSM = 0.10 ± 0.03 ps−1 [10]. The 4-fold ambiguity is
discussed in the text.

lar distribution of the untagged decay B0
s → J/ψφ, we

obtain the average lifetime of the B0
s system, τ (B0

s ) =
1.52±0.08 (stat) +0.01

−0.03 (syst) ps and the width difference

between the two mass eigenstates, ∆Γ = 0.12+0.08
−0.10 (stat)

±0.02 (syst) ps−1.

Allowing for CP violation in B0
s mixing, we provide the

first direct constraint on the CP-violating phase, φs =
−0.79± 0.56 (stat) +0.14

−0.01 (syst).
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D∅ result on Asl

• The plot on the 
shows how the 
constraint from 
D0’s Asl 
measurements 
shrinks the 
error elipse in 
the Φ–ΔΓ plane.
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4 Constraining new physics with Bs−Bs mixing 29

Figure 7: Current experimental bounds in the complex∆s-plane. The bound from ∆Ms is given

by the red (dark-grey) annulus around the origin. The bound from |∆Γs|/∆Ms is given by the

yellow (light-grey) region and the bound from as
fs is given by the light-blue (grey) region. The

angle φ∆
s can be extracted from |∆Γs| (solid lines) with a four–fold ambiguity— each of the four

regions is bounded by a solid ray and the x-axis — or from the angular analysis in Bs → J/Ψφ
(dashed line). This constraint also has a four–fold ambiguity if no assumptions on the strong

phases δ1 and δ2 are made. The dashed lines limit the region corresponding to the solution in

Eq. (90). The Standard Model case corresponds to ∆s = 1. The current experimental situation
shows a small deviation, which may become significant, if the experimental uncertainties in∆Γs,

as
sl and φs will go down in near future.

Combining this number with the one from the direct determination [51] in Eq. (92) we get our

final experimental number for the semileptonic CP asymmetry:

as
sl = (−5.2 ± 3.2(stat) ± 2.2(syst)) · 10−3 . (96)

Adding statistical and systematic error in quadrature gives

as
sl = (−5.2 ± 3.9) · 10−3 . (97)

In Fig. (7) we display all bounds in the complex ∆s-plane including all experimental and theo-

retical uncertainties.

The combined analysis of ∆Ms, φs, |∆Γs|/∆Ms and as
sl in Fig. 7 shows some hints for

deviations from the Standard Model. To analyse them further we ignore discrete ambiguities
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Note: To measure a mixing-induced CP asymmetry (Sf term) in a b → sqq

decay of a Bd meson one needs a neutral Kaon in the final state, so that the

b(d) → qqs(d) and b(d) → qqs(d)

decays of Bd and Bd can interfere.

In a
( )
Bs decay, however, one has a flavourless final state:

b(s) → qqs(s), b(s) → qqs(s)

and the needed interference occurs in any final state.

⇒ Bs physics is the El Dorado of b → sqq penguin physics!

Ulrich Nierste Quark mixing and CP violation - the CKM matrix page 46

Ulrich Nierste at Beauty 2006
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• 5600 full reconstructed 
hadronic  Bs→Dsπ 
decays, 3100 partially 
reconstructed hadronic  
Bs decays, and 61500 
partially reconstructed 
semileptonic  Bs→Ds l 
ν X decays
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Mixing Parameters

• Definition:

• Observables

• Mass difference

• Width difference

• CPV in mixing

64

M =
(

M11 M12

M∗
12 M22

)
Γ =

(
Γ11 Γ12

Γ∗
12 Γ22

)

It is useful to define the following quantity:

φ ≡ arg(−M12/Γ12) (11)

The mass and width difference in the B0 systems are related to Mij , Γij by:

(∆m)2 −
1

4
(∆Γ)2 = 4 |M12|2 − |Γ12|2 ,

∆m∆Γ = 4Re(M12Γ
∗
12) = 4 |M12Γ12| cos φ (12)

To a good approximation for the B0
s and B0

d system [6]:

∆m = 2 |M12| ∆Γ = 2 |Γ12| cos φ (13)

Equation 12 or 13 link two observables (∆Γ, ∆m) to three parameters, |M12| , |Γ12| , φ.
The third observable, allowing to solve the system, is

afs ≡ Im
Γ12

M12
=

∆Γ

∆m
tan φ (14)

The subscript stands for “flavour-specific”, since it is measured in flavour-specific decays
(see below). Usually these are semileptonic decays, and therefore it is often referred to as
asl. This parameter is related to p, q by:

1 −
∣

∣

∣

∣

q

p

∣

∣

∣

∣

=
afs

2
(15)

So it measures the deviation of
∣

∣

∣

q
p

∣

∣

∣
from unity and hence CP violation in the mixing. In

the Standard Model this is expected to be a very small effect, ad
fs =

(

−4.8+1.0
−1.2

)

· 10−4 for
the B0

d system and as
fs = (2.06 ± 0.57) · 10−5 for the B0

s system [2].

2.2 aq
fs in the Standard Model

M q
12 and Γq

12 are predictable in the Standard Model (SM) and are related to other CKM
parameters [20].

M q
12 = −

G2
F m2

wηBmBqBBqf
2
Bq

12π2
So

(

m2
t

m2
W

)

(V ∗
tqVtb)

2 (16)

Γq
12 =

G2
Fm2

bη
′
BmBqBBqf

2
Bq

8π2

[

(V ∗
tqVtb)

2 + V ∗
tqVtbV

∗
cqVcbO

(

m2
c

m2
b

)

+ (V ∗
cqVcb)

2O
(

m2
c

m2
b

)]

(17)

where GF is the Fermi constant, mW the W boson mass, and mi the mass of quark i;
mBq , fBq and BBq are the B0

q mass, weak decay constant and bag parameter, respectively.
S0(xt) is a known Inami-Lin function approximated very well by 0.784x0.76

t , Vij are the
elements of the CKM matrix, ηB and η′

B are QCD corrections of order unity.

3

ψ ≡ arg
(
−M12

Γ12

)

(As in [Nierste], including the same approximations)

∆Γ = |Γ12| cos ψ

afs

2
= 1−

∣∣∣∣
q

p

∣∣∣∣

afs =
∣∣∣∣
Γ12

M12

∣∣∣∣ =
∆Γ
∆m

tanψ

LHCb status  Aspen'07      Tomasz Skwarnicki 20
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Time Evolution of B 
system

66

|BH(t)〉 = e−iMHte−
1
2ΓHt|BH〉

|BL(t)〉 = e−iMLte−
1
2ΓLt|BL〉
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Figure 1: Constraints on NP from current data allowing for new physics in all loop
processes. Left, In the r2

s −2θs plane , excerpted from figure 2 [11]. Right in the cos(2θs)−
sin(2θs) plane, excerpted from figure 1, [11]. “The dark green, light green and yellow
regions correspond to probability higher than 0.32, 0.046, and 0.0027, respectively. . . .”
The SM point, 2θs = 0, r2

s = 1, is marked with the solid red dot.
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Figure 2: Constraints on NP from current data. Left, In the hs, σs plane , excerpted from
figure 1, [1]. Right indicating also the allowed As

SL as a function of hs, excerpted from
figure 3, [1]. “The dark, medium, and light shaded areas have CL > 0.90, 0.32, and 0.05,
respectively.” The SM region is hs = 0, σs undefined.

3.1 Decay Rates

3.1.1 Decay rates w/o detector effects

The time evolution of a B0 that is a flavour eigenstate at t = 0 is given by:

|B0(t)〉 =
1

2p

(

e−(iMLt+ 1
2ΓL)t|BL〉 + e−(iMH t+ 1

2ΓH)t|BH〉
)

|B0
(t)〉 =

1

2q

(

e−(iMLt+ 1
2ΓL)t|BL〉 − e−(iMH t+ 1

2ΓH)t|BH〉
)

(31)

6
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CP Violation in the interference 
between mixing and decay
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-2 !

J/ KS"B

Bmixing phase

• For the d→ t→ b transition this is is ∼ λ3mt.

• For the d→ c→ b transition this is ∼ λ4mc

• For the d→ u→ b transition this is ∼ λ3mu

If you now take into account that the top is ∼ 100× as heavy as the charm,
and 100, 000 times as heavy as the u quark, you’ll agree that we can neglect
the contributions of the other quarks.

11.1.2 For example fCP = KsJ/psi

The J/psi is a cc̄ bound state - this is the particle that was actually seen
when the charm quark was discovered. It has JPC = 1−−, it is a CP even
eigenstate. The Ks... well, because of CP violation in the Kaon system, the
Ks is not a CP eigenstate at all. But because CP violation in the Kaon system
is so much smaller than in the B system, for the purpose of this example,
we can neglect it and assume that Ks is CP even. In real measurements, a
correction for the small CP violation in the Kaon system is applied, but it is
really very small.

So we have a CP-even eigenstate. But what does it contribute to the phase
difference between

1. B0
d → J/ψKs

2. B0
d → B0

d → J/ψKs?

The tree-level (= no loops) diagram that contributes to this decay is:

V*
cb

V
cs

d s

W

b c

c

s

d

B
J/!

K (35)

A few remarks about this one: The decay we drew is actually one with a K0

in the final state - this has (neglecting CP violation in the Kaon system) a
50%- 50% chance of decaying as a Ks or a KL. The way we know that it was

30

tree diagram: all CKM 
elements real, so phase = 0

a Ks is that it decays within the detector volume. A KL would live too long
to do that, and just escape.

This diagram is proportional to V ∗
cbVcs, so (up to O(λ3)), it has phase 0.

The CP-conjugate diagram, B0 → J/ψKs, is

V
cs s

s

W

V
cb

*

b

d
d

c

c
J/!

K

_
B

(36)

This has also the phase 0. We could have known that w/o writing down the
diagram, of course - the weak phase of the CP conjugate process is just the
negative of the original process.

There is another contribution to this decay, the so-called penguin diagram.
This looks like so:

s
d

W

b s

c

c

d

u,c,t

K

J/!

B
(37)

This is a loop diagram, and again it is the heavy quarks that dominate the
loop albeit not quite so dramatically as in the box diagram. But we can
safely neglect the contribution from the u quark. Multiplying together the
CKM elements involved, you find that the phase is zero for both the top and
the charm contribution (up to O(λ3)).

11.1.3 The strong phase

We neglected up to now that each decay diagram also involves the strong
interaction, which is responsible for binding the quarks together into the
observable mesons. But since the strong interaction is CP symmetric, there
won’t be a strong phase difference between the two CP conjugate decays
B0 → J/ψKs and B0 → J/ψKs. So the overall phase difference between the
two is zero.
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Penguin diagram more tricky. Can ignore 
contribution from lightest quark, u, in loop 

(heavy is good in loop). Then CKM 
elements involved:                                , 

all real, so phase = 0.For this we write down the Feynman diagram for the B0
d → B0

d transition:

V
tb
* V

td

V
tb
*V

td

b

d

t

t
b

W W

d
o o

B
_

B

(32)

This is the famous Box Diagram for B mixing.

Let’s go step by step through this diagram:

• Time flows from left to write

• Arrows pointing from right to left indicated anti-particles. This is an
awkward notation - it means that the b quark line on top is in fact a b̄.
It stems from the fact that, because of CPT invariance, CP should be
the same as T . So instead of writing down b̄ we “just” invert the arrow
of time. Note that some authors will draw all arrows going from left to
write and a bar over the b. That’s OK. And many will do both, write
b̄ and the arrows from right to left - that is technically wrong, but is
intended to mean the same thing.

• Another piece of awkward notation: A B0
d meson is made of b̄, d and a

B0
d meson of b, d̄.

• And finally, this is a so-called loop diagram. The loop is the box.
Inside loops, the usual constraints that the decaying particle must be
heavier than the sum of the products don’t apply. That’s why the
d → t transition is allowed - because the t is inside a loop. In fact,
the amplitude represented by the diagram even increases if the particle
inside the loop is heavier.

After having this out of the way, we recognise the above diagram as one that
describes a B0

d → B0 transition. To establish the phase of this diagram

• At each vertex, write down the appropriate CKM matrix element

• Multiply them together, or equivalently, if it’s only the phase you’re
after, add up the phases.

28

both box diagrams                ,    
Vtb real, but                 ,  so 

phase = –2β

∝ (V∗
tbVtd)2

Vtd ∝ e−iβVtb

Vts,V
∗
tb,Vcs,V

∗
cb

}
Both 

amplitudes 
involved in 
decay have 

same phase 0, 
so their sum 
has phase 0


