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Flavour Physik
als Schlüssel zu “Neuer Physik”
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Flavour Physik
Das Standard Model (SM) beschreibt die fundamentalen Teilchen (Quarks, 
Leptonen) und ihre Wechselwirkung.
Flavour - Theorie von Cabibbo, Kobayashi und Maskawa (Nobelpreis 2008)
➥ Flavour Eigenzustände (schwache WW) sind Überlagerung
   der Massen Eigenzustände, verbunden durch CKM Matrix

M. KobayashiT. Maskawa

CKM Matrix ist complex and unitär: 
4 unabhängige Parameter
➥ 3 Winkel + 1 Phase → CKM Dreieck 

0

I

β

α

γ

β: Bd mixing phase
-βs:  Bs   mixing phase
γ: weak decay phase

B0 → ππ, ρρ, ...

B0 → J/ψ Ks, ...

Bd → DK, DK*
Bd → Ds K       (γ+βs)
Bd → D*π        (γ+2β)

Für  η≠ 0
➥ CP Verletzung
➥ Materie und Anti-
Materie verhalten sich  
nicht gleich

connection to 
experiment
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Flavour Physik
Flavour Physik in der Vergangenheit:

BR(K0→μμ) & GIM → Charm
CP Verletzung → 3 Generationen
B Mischung → Top quark ist schwer.
(Argus Collaboration, 1987)

➥ Flavour Physik zur Suche nach NP!

Derzeit:
Sehr konsistentes Bild
Beeindruckende Resultate von B Fabriken 
(BaBar, Belle) , Tevatron (CDF, D0) und LHC

Dennoch viele Fragen offen....
Woher kommen die  CKM Parameter?
Was ist der Ursprung der CP Verletzung?
➥ SM Wert zu klein, um kosmische Materie zu 
erklären ... ?

Volume 192, number 1,2 

Table 3 
Limits on parameters consistent 

PHYSICS LETTERS B 

with the observed mixing rate. 

Parameters Comments 

25June1987 

r> 0.09 (90%CL) 
x>0.44 
B~/2fB~f~ < 160 MeV 
rob< 5 GeV/c 2 
~<1.4!  10 ~2s 
I V, dl <0.018 
qocD < 0.86 
m~> 50 GeV/c 2 

this experiment 
this experiment 
B meson (~pion) decay constant 
b-quark mass 
B meson lifetime 
Kobayashi-Maskawa matrix element 
QCD correction factor a~ 
t quark mass 

,I ReE [18]. 

A M  Bf2B m~ 2 mb % I Vtd 2 ?]QCD, 
X =  F - - 3 2 n  mu 5 zu 

and  re la ted  to e x p e r i m e n t  by 

x 2 
X 2 + 2  • 

The  rate  o f  B ° - l ]  ° m i x i n g  p rov ides  a s t rong con-  
s t ra in t  on  pa r ame te r s  o f  the  s t anda rd  mode l .  Spe- 
cifically,  ou r  resul t  shows tha t  the  K o b a y a s h i  
- M a s k a w a  e l e m e n t  Vta is non-zero .  T h e  obse rved  
va lue  o f  r can  still be  a c c o m m o d a t e d  by the  s t anda rd  
m o d e l  w i th in  the  p resen t  knowledge  o f  its p a r a m e -  
ters. As an  i l lus t ra t ion ,  one  e x a m p l e  o f  a set o f  l imi t s  
is g iven  in table  3. 

In  s u m m a r y ,  the  c o m b i n e d  e v i d e n c e  o f  the  inves-  
t iga t ion  o f  B ° m e s o n  pairs,  l ep ton  pairs  and  B ° 
m e s o n - l e p t o n  even t s  on  the  Y (4S)  leads  to the  con-  
c lus ion that  B ° - B  ° m i x i n g  has been  o b s e r v e d  and  is 
substant ia l .  

It is a p leasure  to t hank  U.  D j u a n d a ,  E. K o n rad ,  
E. Miche l ,  and  W. Re insch  for  the i r  c o m p e t e n t  tech- 
nical  he lp  in r unn ing  the  e x p e r i m e n t  and  process ing  
the data.  We thank  Dr .  H.  N e s e m a n n ,  B. Sarau,  and  
the D O R I S  group  for  the  excel len t  o p e r a t i o n  o f  the  
s torage ring. T h e  v i s i t ing  groups  wish to t hank  the  
D E S Y  d i rec to ra t e  for  the  suppor t  and  k ind  hospi -  
ta l i ty  ex t ended  to them.  
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Präzisonsmessungen
CKMFitter 1995

CKMFitter Sommer 2011

CKMFitter 2009
“pre-LHC(b)”

LHC(b) +1 Jahr
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Stimmt alles überein?

From Gino alle experimentellen 
Ergebnisse 
berücksichtigt

der gleiche Fit ohne 
sin(2β)
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Stimmt alles überein?

Ebenfalls: sin(2β) vs. B→τν Verzweigungsverhaeltnis
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Neue Physik in Bs Mischung ?
Betrachte semi-leptonische Zerfälle mit μ im Endzustand

Vorhersage im Standardmodell (Nierste / Lenz)
Asl = (-0.20 ± 0.03)*10-3

Messung von D0: 3.9σ von Vorhersage entfernt.

Neue Physik inBs-Mischung?

! P (B → B̄) "= P (B̄ → B)

semileptonische Asymmetrie
(B0 + Bs)

B
B µ

µB

B
B µ

µB
+

+

A = N(µ+µ+)−N(µ−µ−)
N(µ+µ+)+N(µ−µ−)

a = N(µ+)−N(µ−)
N(µ+)+N(µ−)

SM: Ab
sl = (-0.20± 0.03)× 10−3

A. Lenz, U. Nierste, (2006/2011)

d
sla

s sla
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Ab
sl = -0.957± 0.251 (stat)± 0.14 (syst) %

(Phys. Rev. Lett 105, 081802 (2010))

→ 3.2σ Abweichung vom SM

Stephanie Hansmann-Menzemer 6xxx

D0 (arXiv:1106.6308)
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FIG. 15: (color online). (a) The asymmetry abkg (points with
error bars representing the total uncertainties), expected from
the measurements of the fractions and asymmetries for back-
ground processes, is compared to the measured asymmetry a
for the inclusive muon sample (shown as a histogram, since
the statistical uncertainties are negligible). The asymmetry
from CP violation is negligible compared to the background
in the inclusive muon sample. (b) The difference a − abkg.
The horizontal dashed line shows the mean value.

Table XIII, except the statistical uncertainties on a, A,
and RK , are treated as fully correlated. This leads to
α = 0.89, and the corresponding value of the asymmetry
Ab

sl is

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (36)

This value is used as the final result for Ab
sl. It differs by

3.9 standard deviations from the standard model predic-
tion of Ab

sl given in Eq. (5). The different contributions
to the total uncertainty on Ab

sl in Eq. (36) are listed in
Table XIII.
The measured value of Ab

sl places a constraint on the
charge asymmetries adsl and assl. The asymmetry Ab

sl is a
linear combination of the semi-leptonic charge asymme-
tries from B0 and B0

s meson decays [2]. The coefficients
Cd and Cs in Eq. (2) depend on the mean mixing prob-
ability and the production rate of B0 and B0

s mesons.
We use the latest measurements of these quantities from
LEP as averaged by HFAG [3]

χ0(HFAG) = 0.1259± 0.0042, (37)

fd(HFAG) = 0.403± 0.009, (38)

fs(HFAG) = 0.103± 0.009, (39)
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FIG. 16: (color online). Comparison of Ab
sl in data with the

SM prediction for ad
sl and as

sl. Also shown are the measure-
ments of ad

sl [3] and as
sl [19]. The error bands represent the

±1 standard deviation uncertainties on each individual mea-
surement. The 95% C.L. band is also given for this Ab

sl mea-
surement.

and find the values given in Eq. (4).
Figure 16 presents the measurement in the (adsl, a

s
sl)

plane together with the existing direct measurements of
adsl from the B factories [3] and the independent D0 mea-
surement of assl in B0

s → µDsX decays [19]. All measure-
ments are consistent.
The quantity Ares defined as

Ares ≡ (A− αa)− (Abkg − αabkg) (40)

is the residual charge asymmetry of like-sign dimuon
events after subtracting all background contributions
from the raw charge asymmetry. This quantity does not
depend on the interpretation in terms of the charge asym-
metry of semi-leptonic decays of B mesons. We obtain

Ares = (−0.246± 0.052 (stat)± 0.021 (syst))%, (41)

The measured value of Ares differs by 4.2 standard devi-
ations from the standard model prediction

Ares(SM) = (−0.009± 0.002)%. (42)

XII. CONSISTENCY CHECKS

To study the stability of the result, we repeat this
measurement with modified selections, and with subsets

22
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FIG. 21: (color online). Measurements of Ab

sl with different
muon IP selections in the (ad

sl, a
s
sl) plane. The bands represent

the ±1 standard deviation uncertainties on each individual
measurement. The ellipses represent the 68% and 95% two-
dimensional C.L. regions, respectively, of as

sl and as
sl values

obtained from the measurements with IP selections.

taking into account the correlation between the uncer-
tainties.
We conclude that the observed dependence of the like-

sign dimuon charge asymmetry on muon IP is consis-
tent with the hypothesis that it has its origin from semi-
leptonic b-hadron decays. The contributions of adsl and
assl to Ab

sl can be determined separately by dividing the
sample according to the muon IP, although the uncer-
tainties on the values of adsl and assl do not allow for the
definitive conclusion that the deviation of Ab

sl from its
SM prediction is dominated from the assl asymmetry.

XV. CONCLUSIONS

We have presented an update to the previous measure-
ment [11] of the anomalous like-sign dimuon charge asym-
metry Ab

sl with 9.0 fb−1 of integrated luminosity. The
analysis has improved criteria for muon selection, which
provide a stronger background suppression and increase
the size of the like-sign dimuon sample. A more accu-
rate measurement of the fraction of kaons that produce
muons in the inclusive muon sample (fK), and an addi-
tional measurement of the ratio of such yields in like-sign
dimuon to inclusive muon data (RK = FK/fK) using
K0

S → π+π− decay have been performed. This provides
better precision of RK , and an independent estimate of

TABLE XXI: Input quantities for the measurement of Ab
sl

using muons with IP above 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP > 50 µm IP > 80 µm IP > 120 µm
fK × 102 6.47 ± 0.18 5.38 ± 0.24 5.19 ± 0.37
fπ × 102 10.42 ± 0.47 7.24 ± 0.38 5.65 ± 0.40
fp × 102 0.11 ± 0.05 0.07 ± 0.03 0.05 ± 0.03
FK × 102 6.31 ± 1.73 4.79 ± 2.59 4.48 ± 4.05
Fπ × 102 9.51 ± 2.36 6.39 ± 2.95 4.43 ± 3.95
Fp × 102 0.11 ± 0.06 0.03 ± 0.04 0.03 ± 0.05
fS × 102 82.99 ± 0.81 87.32 ± 0.74 89.11 ± 0.88
Fbkg × 102 15.91 ± 4.38 11.39 ± 6.10 8.94 ± 8.26
FSS × 102 85.63 ± 3.74 89.88 ± 5.10 91.79 ± 7.65
a× 102 +0.134 ± 0.004 +0.035 ± 0.005 −0.014 ± 0.005
abkg × 102 +0.146 ± 0.024 +0.068 ± 0.023 +0.027 ± 0.023
A× 102 −0.302 ± 0.079 −0.386 ± 0.094 −0.529 ± 0.120
Abkg × 102 −0.043 ± 0.071 −0.139 ± 0.083 −0.127 ± 0.093
Cπ 0.81 ± 0.03 0.75 ± 0.05 0.70 ± 0.05
CK 0.66 ± 0.03 0.52 ± 0.05 0.39 ± 0.06

FLL

(FLL+FSL) 0.108 ± 0.038 0.125 ± 0.060 0.089 ± 0.062
cb 0.084 ± 0.008 0.095 ± 0.009 0.109 ± 0.011
Cb 0.496 ± 0.034 0.510 ± 0.034 0.526 ± 0.037

TABLE XXII: Input quantities for the measurement of Ab
sl

using muons with IP below 50 µm, 80 µm and 120 µm, re-
spectively. Only statistical uncertainties are given.

Quantity IP < 50µm IP < 80 µm IP < 120 µm
fK × 102 19.35 ± 0.33 18.32 ± 0.30 17.64 ± 0.27
fπ × 102 37.58 ± 2.08 34.34 ± 1.95 34.72 ± 1.86
fp × 102 0.51 ± 0.22 0.48 ± 0.21 0.45 ± 0.20
FK × 102 28.03 ± 0.95 23.79 ± 0.74 21.49 ± 0.62
Fπ × 102 51.72 ± 3.18 44.26 ± 2.63 40.47 ± 2.26
Fp × 102 0.77 ± 0.29 0.66 ± 0.25 0.59 ± 0.23
fS × 102 42.56 ± 2.73 45.40 ± 2.13 47.18 ± 2.03
Fbkg × 102 81.53 ± 4.30 70.13 ± 3.52 62.56 ± 3.07
FSS × 102 43.42 ± 3.75 48.76 ± 2.84 53.66 ± 2.68
a× 102 +0.953 ± 0.003 +0.896 ± 0.003 +0.835 ± 0.002
abkg × 102 +0.997 ± 0.056 +0.916 ± 0.052 +0.864 ± 0.049
A× 102 +0.715 ± 0.083 +0.683 ± 0.069 +0.555 ± 0.060
Abkg × 102 +1.243 ± 0.096 +0.994 ± 0.082 +0.829 ± 0.077
Cπ 0.97 ± 0.01 0.95 ± 0.02 0.95 ± 0.02
CK 0.99 ± 0.01 0.98 ± 0.01 0.98 ± 0.01

FLL

(FLL+FSL) 0.441 ± 0.050 0.369 ± 0.032 0.350 ± 0.029
cb 0.033 ± 0.007 0.035 ± 0.007 0.038 ± 0.007
Cb 0.406 ± 0.032 0.406 ± 0.032 0.413 ± 0.032

the systematic uncertainty on this quantity. The value
of the like-sign dimuon charge asymmetry Ab

sl in semi-
leptonic b-hadron decays is found to be

Ab
sl = (−0.787± 0.172 (stat)± 0.093 (syst))%. (56)

This measurement disagrees with the prediction of the
standard model by 3.9 standard deviations and provides
evidence for anomalously large CP violation in semi-
leptonic neutral B decay. The residual charge asymme-
try of like-sign dimuon events after taking into account
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b

b̄

b
b̄

b

b̄

b Quark Produktion am LHC7 - 14 TeV pp Kollisionen
Grosser b Wirkungsquerschnitt
(≈ 284 ± 53μb at √s = 7TeV [PLB 694 209])
➥ Sehr effizienter (und selektiver!) Trigger nötig
Alle B Hadronen B0, Bs, Bc, Λb) werden 
erzeugt
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Die Detektoren
2 “General Purpose” Detektoren: ATLAS, CMS

2 spezialisierte Detektoren: ALICE, LHCb
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Der LHCb Detektor
VELO:
Vertex 
Rekonstruktion

Interaction 
region

RICH:
PID: K/π

Myon System

Spurrekonstruktion
Calorimeter:
PID: h,e,π0,γ
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Komplementäre Detektoren

LHCb und ATLAS / CMS bedecken unterschiedliche 
Rapidität

Resultate der Experimente ergänzen sich.
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Typische Ereignisse

VELO halb offen

Injection Physics

ATLAS 4μ Ereignis

LHCb:

beam-gas Ereignisse

Vertex detector (VELO):

r! geometry 

21 stations

approaching 8 mm to beam

Vertex detector (VELO):

r! geometry 

21 stations

approaching 8 mm to beam

Vertex detector (VELO):

r! geometry 

21 stations

approaching 8 mm to beam

Vertex detector (VELO):

r! geometry 

21 stations

approaching 8 mm to beam
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Luminosität at LHC(b)

Design

2x Design

Design

LHCb liefert exzellente Daten 
➥ Arbeitspunkt bei ca. 2x Design
Lumi-Levelling nutzt Strahlzeit 
optimal für Flavourphysik

2012 auch bei ATLAS / CMS ?
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Luminosität at LHC(b) 

Was bedeutet “LHCb hat ca. 1fb-1 Daten” ?
Wirkungsquerschnitt in LHCb Akzeptanz
σ(pp→bbX) = (75.3 ± 5.4 ±13.0) μb (PLB 694 (2010) 209)

d.h. 1015 * 75.3 10-6 ≈ 1011 bb Paare
Zum Vergleich: Babar + Belle zusammen:

109 B0 anti-B0 Paare
Also: LHCb hat bereits jetzt den weltgrößten Datensatz 

... für Kanäle mit nicht zu kleine Trigger- , 
Rekonstruktions-, Selektionseffizienz ...

Für Charm: σ(pp→ccX) = (6.10 ± 0.93) mb (LHCb-CONF-2010-013)
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Invariante μμ Masse
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CP Verletzung in Charm
3 Arten von CP Verletzung:
1. Beim Zerfall: Amplituden unterschiedlich 

für ladungs-konjugierte Zustände
2. Mischung: Rate für D0 → D0 und D0 → D0 

unterschiedlich
3. Interferenz von Mischung und Zerfall
CP Verletzung ist klein im Standard-Modell

~10-4 ... 10-3 für (1)
< 10-3 für (2) / (3)

Experimentell: ARAW(f)* = ACP(f) + AD(f) +  AD(πs) + AP(D*+)
für 2 Endzustände in D* → D0(f) πs: D0 → K+K- und π+π-

Asymmetrie in D* Produktion (AP), Pion Nachweis (AD(πs)) fällt weg
Keine Detektorasymmetrie (AD(f)) für D0 → K+K- und π+π-
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ΔACP = -0.82 ± 0.21 (stat) ± 0.11 %  [hep-ex/1112.0938]
3.5σ von Null verschieden
.... aber Standard-Modell Vorhersage schwierig!
Mehr Details: Separater Vortrag von M. Gersabeck5

are required to pass both hardware and software trigger
levels. A loose D0 selection is applied in the final state of
the software trigger, and in the offline analysis only can-
didates that are accepted by this trigger algorithm are
considered. Both the trigger and offline selections impose
a variety of requirements on kinematics and decay time to
isolate the decays of interest, including requirements on
the track fit quality, on the D0 and D∗+ vertex fit qual-
ity, on the transverse momentum (pT > 2 GeV/c) and
decay time (ct > 100 µm) of the D0 candidate, on the
angle between the D0 momentum in the lab frame and its
daughter momenta in the D0 rest frame (| cos θ| < 0.9),
that the D0 trajectory points back to a primary vertex,
and that the D0 daughter tracks do not. In addition,
the offline analysis exploits the capabilities of the RICH
system to distinguish between pions and kaons when re-
constructing the D0 meson, with no tracks appearing as
both pion and kaon candidates.

A fiducial region is implemented by imposing the re-
quirement that the slow pion lies within the central part
of the detector acceptance. This is necessary because the
magnetic field bends pions of one charge to the left and
those of the other charge to the right. For soft tracks at
large angles in the xz plane this implies that one charge is
much more likely to remain within the 300 mrad horizon-
tal detector acceptance, thus making AD(π+

s ) large. Al-
though this asymmetry is formally independent of theD0

decay mode, it breaks the assumption that the raw asym-
metries are small and it carries a risk of second-order sys-
tematic effects if the ratio of efficiencies of D0 → K−K+

and D0 → π−π+ varies in the affected region. The fidu-
cial requirements therefore exclude edge regions in the
slow pion (px, p) plane. Similarly, a small region of phase
space in which one charge of slow pion is more likely to
be swept into the beampipe region in the downstream
tracking stations, and hence has reduced efficiency, is
also excluded. After the implementation of the fiducial
requirements about 70% of the events are retained.

The invariant mass spectra of selected K−K+ and
π−π+ pairs are shown in Fig. 1. The half-width at
half-maximum of the signal lineshape is 8.6 MeV/c2 for
K−K+ and 11.2 MeV/c2 for π−π+, where the differ-
ence is due to the kinematics of the decays and has
no relevance for the subsequent analysis. The mass
difference (δm) spectra of selected candidates, where
δm ≡ m(h−h+π+

s ) − m(h−h+) − m(π+) for h = K,π,
are shown in Fig. 2. Candidates are required to lie inside
a wide δm window of 0–15 MeV/c2, and in Fig. 2 and for
all subsequent results candidates are in addition required
to lie in a mass signal window of 1844–1884 MeV/c2.
The D∗+ signal yields are approximately 1.44 × 106 in
the K−K+ sample, and 0.38× 106 in the π−π+ sample.
Charm from b-hadron decays is strongly suppressed by
the requirement that the D0 originate from a primary
vertex, and accounts for only 3% of the total yield. Of
the events that contain at least one D∗+ candidate, 12%
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆�t�/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆�t�/τ = [9.83± 0.22(stat.)± 0.19(syst.)]%.
The π−π+ and K−K+ average decay time is �t� =
(0.8539± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT

5

are required to pass both hardware and software trigger
levels. A loose D0 selection is applied in the final state of
the software trigger, and in the offline analysis only can-
didates that are accepted by this trigger algorithm are
considered. Both the trigger and offline selections impose
a variety of requirements on kinematics and decay time to
isolate the decays of interest, including requirements on
the track fit quality, on the D0 and D∗+ vertex fit qual-
ity, on the transverse momentum (pT > 2 GeV/c) and
decay time (ct > 100 µm) of the D0 candidate, on the
angle between the D0 momentum in the lab frame and its
daughter momenta in the D0 rest frame (| cos θ| < 0.9),
that the D0 trajectory points back to a primary vertex,
and that the D0 daughter tracks do not. In addition,
the offline analysis exploits the capabilities of the RICH
system to distinguish between pions and kaons when re-
constructing the D0 meson, with no tracks appearing as
both pion and kaon candidates.

A fiducial region is implemented by imposing the re-
quirement that the slow pion lies within the central part
of the detector acceptance. This is necessary because the
magnetic field bends pions of one charge to the left and
those of the other charge to the right. For soft tracks at
large angles in the xz plane this implies that one charge is
much more likely to remain within the 300 mrad horizon-
tal detector acceptance, thus making AD(π+

s ) large. Al-
though this asymmetry is formally independent of theD0

decay mode, it breaks the assumption that the raw asym-
metries are small and it carries a risk of second-order sys-
tematic effects if the ratio of efficiencies of D0 → K−K+

and D0 → π−π+ varies in the affected region. The fidu-
cial requirements therefore exclude edge regions in the
slow pion (px, p) plane. Similarly, a small region of phase
space in which one charge of slow pion is more likely to
be swept into the beampipe region in the downstream
tracking stations, and hence has reduced efficiency, is
also excluded. After the implementation of the fiducial
requirements about 70% of the events are retained.

The invariant mass spectra of selected K−K+ and
π−π+ pairs are shown in Fig. 1. The half-width at
half-maximum of the signal lineshape is 8.6 MeV/c2 for
K−K+ and 11.2 MeV/c2 for π−π+, where the differ-
ence is due to the kinematics of the decays and has
no relevance for the subsequent analysis. The mass
difference (δm) spectra of selected candidates, where
δm ≡ m(h−h+π+

s ) − m(h−h+) − m(π+) for h = K,π,
are shown in Fig. 2. Candidates are required to lie inside
a wide δm window of 0–15 MeV/c2, and in Fig. 2 and for
all subsequent results candidates are in addition required
to lie in a mass signal window of 1844–1884 MeV/c2.
The D∗+ signal yields are approximately 1.44 × 106 in
the K−K+ sample, and 0.38× 106 in the π−π+ sample.
Charm from b-hadron decays is strongly suppressed by
the requirement that the D0 originate from a primary
vertex, and accounts for only 3% of the total yield. Of
the events that contain at least one D∗+ candidate, 12%
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FIG. 1. Fits to the (a) m(K−K+) and (b) m(π−π+) spec-
tra of D∗+ candidates passing the selection and satisfying
0 < δm < 15 MeV/c2. The dashed line corresponds to the
background component in the fit, and the vertical lines indi-
cate the signal window of 1844–1884 MeV/c2.

contain more than one candidate; this is expected due
to background soft pions from the primary vertex and all
candidates are accepted. The background-subtracted av-
erage decay time of D0 candidates passing the selection
is measured for each final state, and the fractional dif-
ference ∆�t�/τ is obtained. Systematic uncertainties on
this quantity are assigned for the world average D0 life-
time (0.04%), charm from b-hadron decays (0.18%), and
the background-subtraction procedure (0.04%). Com-
bining the systematic uncertainties in quadrature, we
obtain ∆�t�/τ = [9.83± 0.22(stat.)± 0.19(syst.)]%.
The π−π+ and K−K+ average decay time is �t� =
(0.8539± 0.0005) ps, where the error is statistical only.

Fits are performed on the samples in order to deter-
mine Araw(K−K+) and Araw(π−π+). The production
and detection asymmetries can vary with pT and pseu-
dorapidity η, and so can the detection efficiency of the
two different D0 decays, in particular through the effects
of the particle identification requirements. The analy-
sis is performed in 54 kinematic bins defined by the pT

CP Verletzung in Charm
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CKM Winkel γ
CKM Winkel γ kann aus zeitaufgelöster Analyse des 
Zerfalls Bs → Ds K bestimmt werden.
Erster Schritt: Messe die Verzweigungsverhältnisse
(LHCb-CONF-2011-057)

Table 3: Results of the fit to the data B0
s → D−

s π+ candidates.
Parameter Fit value

Magn. Down Magn Up
Num. combinatorics 860 ± 150 790 ± 230
Num. part. reco. 3200 ± 100 2420 ± 120
Num. B0

s → D−
s π+ 3360 ± 77 2678 ± 72

B0
s → D−

s π+ mass mean (MeV/c2) 5359.4 ± 0.4 5360.4 ± 0.5

to 16 and 17 events (±3) for up and down polarity, respectively using information on
PID efficiency. Furthermore the B0 → D−

s K+ signal partially overlaps with the B0
s →

D∓
s K± signal because of the detector resolution. In addition, there is potential cross-feed

from partially reconstructed modes with a misidentified pion such as B0
s → D−

s ρ+, as
well as many small contributions from partially reconstructed backgrounds whose mass
shapes are relatively similar to each other. It is consequently more difficult to model the
background than in the case of B0→ D−π+ or B0

s → D−
s π+. For this reason the yields of

those modes whose branching fractions are known or can be estimated (e.g. B0
s → D−

s ρ+,
B0

s → D−
s K∗+) are constrained to the values in Tab. 5 based on criteria such as relative

branching fractions and reconstruction efficiencies and (mis-)identification probabilities.
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Figure 2: Fit to the B0
s → D∓

s K± candidates, split by magnet polarity.

An important cross-check is performed by comparing the fitted value of the B0
s →

D−
s π+ signal yield to the expected yield. Good agreement is observed.

The ratio of branching fractions of B0
s → D∓

s K± decays relative to B0
s → D−

s π+ events
is extracted separately for both polarities, resulting in:

6

Table 7: Numbers entering the calculation of the branching fraction of B0
s → D−

s π+, taken
from [3, 5, 4] and reproduced for the reader’s convenience.

Parameter Value
B (B0→ D−π+) (2.68 ± 0.13) × 10−3

B (D+ → K−π+π+) (9.14 ± 0.20) × 10−2

B (D+
s → K+K−π+) (5.49 ± 0.27) × 10−2

NB0
s→D−

s π+ 670 ± 34
NB0→D−π+ 4103 ± 75
εB0→D−π+/εB0

s→D−
s π+ 1.120 ± 0.025

Fit Model systematic 2.8%
PID systematic 2.0%
Trigger systematic 2.0%
fs/fd 0.268 ± 0.008(stat)+0.022

−0.020(syst)

Finally, combining the results of Eq. 4 and Eq. 6, the absolute branching fraction of
the B0

s → D∓
s K± decay is found to be

B(B0
s → D∓

s K±) = (1.97 ± 0.18 (stat.) +0.19
−0.20 (syst.) +0.11

−0.10 (fs/fd)) × 10−4 . (7)

where the first uncertainty is statistical, the second reflects experimental systematics,
and the third arises from knowledge of fs/fd . Here the experimental systematic on
the two measurements is considered uncorrelated. The asymmetric uncertainty on the
experimental systematic is combined naively throughout.

7 Summary

The B0
d,s → D−

(s)h
+ family of decay modes has been analysed using on a data sam-

ple of 336 pb−1 pp collisions at a centre-of-mass energy
√

s = 7 TeV collected by
LHCb in 2011. The first observation of the decay B0

s → D∓
s K± at LHCb is used to

measure its branching fraction relative to the Cabibbo-favoured mode B0
s → D−

s π+ to

be
B(B0

s→D∓
s K±)

B(B0
s→D−

s π+)
= 0.0647 ± 0.0044 (stat.) +0.0039

−0.0043 (syst.). The earlier LHCb measure-

ment of the production fraction ratio fs/fd using semileptonic decays is combined with
the yields obtained with 2010 data to provide a measurement of the branching frac-
tion of the decay B0

s → D−
s π+, yielding B(B0

s → D−
s π+) = (3.04 ± 0.19 (stat.) ±

0.23 (syst.) +0.18
−0.16 (fs/fd)) × 10−3. Finally, the two measurements are combined to ob-

tain B(B0
s → D∓

s K±) = (1.97 ± 0.18 (stat.) +0.19
−0.20 (syst.) +0.11

−0.10 (fs/fd)) × 10−4. All of these
preliminary measurements are significantly more precise than the existing world average
values.

10

18



CP Verletzung in B
Bisher nur wenige “5σ” Beobachtungen von CP Verletzung

sin(2β) in B0 → J/ψK (BaBar & Belle)
B0 → η’K (BaBar & Belle)
B0 → π+ π- (BaBar & Belle)
B0 → K+π- (BaBar, Belle, LHCb)
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Figure 4: K+π− (left) and K−π+ (right) invariant mass spectra, event selection adopted for the best sensitivity on
ACP (B0 → Kπ). The result of the unbinned maximum likelihood fit is superimposed. The main components contributing
to the fit model are also visible: B0 → Kπ (red), wrong sign B0 → Kπ combination (dark red), B0 → π+π− (light blue),
B0

s → K+K− (dark yellow), B0
s → πK (green), combinatorial background (grey), 3-body partially reconstructed decays

(orange).

10

decay modes of B hadrons, providing measurements of the direct
ACP (B0 → Kπ) = −0.088 ± 0.011(stat) ± 0.008(syst) and
0 27 0 08(stat) 0 02(syst). The former constitutes the best measurement in the
ACP (B0

s → πK) =
02(syst). The former constitutes the best measurement in the

CP → − ±
0.27± 0.08(stat)± 0.02(syst). The former constitutes the best measurement in the
world as well as the first observation of

LHCb-CONF-2011-042

0.32 fb-1

weltbeste Messung mit 1/3 LHCb Datensatz !
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CP Verletzung in Bs Mischung

Eigenzustände der schwachen WW (B(s), B(s)) ≠
Masseneigenzustände (BH, BL)
Mischung bestimmt durch 3 Parameter
Δm = mH - mL

Standard Modell: Δms = 17.3 ± 2.6 ps-1

ΔΓ = ΓL - ΓH

Standard - Modell: ΔΓs = 0.087 ± 0.021 ps-1 > 0
ϕs: CP verletzende Phase
ϕs = 0: Masseneingezustände = CP Eigenzustände
Standard-Modell: ϕs = - 0.036 ± 0.002

SM Vorhersagen: Lenz & Nierste (hep-ph/1102.4274)

Mischung & CP-Verletzung

t t
s

s

b

b

Bs Bs

V V

VV

tb ts

ts tb

schwache Eigenzustände B & B̄ != Masseneigenzustände BH & BL

x 1) ∆m = mH - mL !

x 2) ∆Γ = ΓL - ΓH

x 3) φs CP-verletzende Mischungs-Phase

wenn φ = 0 → Masseneigenzustände ≡ CP-Eigenzustände
CP (BH) = +1 (CP gerade),x CP (BL) = −1 (CP ungerade)

SM Vorhersage: ∆Γ = 0.10± 0.03 ps−1, φs = -0.036± 0.002
Stephanie Hansmann-Menzemer 21xxx
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CP Verletzung in Bs Mischung
Experimentelle Situation (vor Sommer 2011)24
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FIG. 15. (color online). Confidence regions in βJ/ψφ
s -∆Γs

plane for the fit without application of flavor tagging. The
solid (blue) and dot-dashed (red) contours show the 68% and
95% confidence regions, respectively. The dotted lines are the
symmetry axes corresponding to the profiled likelihood invari-
ance under βJ/ψφ

s → π
2 − βJ/ψφ

s and ∆Γs → −∆Γs. In addi-

tion, the likelihood is invariant under βJ/ψφ
s → −βJ/ψφ

s . The
shaded (green) band is the theoretical prediction of mixing-
induced CP violation.

mappings of 1−C.L. versus −2∆ logL for alternative en-
sembles with randomized nuisance parameters.

B. Results using frequentist approach

We present frequentist βJ/ψφ
s -∆Γs confidence regions

and p-values obtained according to the procedure de-

scribed in Sec. VIII above. The βJ/ψφ
s -∆Γs confidence re-

gions without the application of flavor tagging are shown
in Fig. 15. The SM prediction is indicated by the black
marker, and the 68% and 95% C.L. regions are shown as
solid (blue) and dot-dashed (red) contours, respectively.

We find the p-value for βJ/ψφ
s to agree with the standard

model prediction to be 0.10. The shaded (green) band
is the theoretical prediction of mixing-induced CP vio-
lation. As discussed above, in the absence of an S-wave
component, the likelihood function is symmetric under

the simultaneous transformations βJ/ψφ
s → π

2 − βJ/ψφ
s ,

∆Γs → −∆Γs, δ⊥ → π−δ⊥ and δ‖ → −δ‖. In addition, if
no flavor tagging information is used, an additional sym-

metry is present in the likelihood βJ/ψφ
s → −βJ/ψφ

s . As a
consequence of these symmetries, the likelihood function
has four global maxima as can be seen in Fig. 15.
Once the flavor tagging information is added to the
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FIG. 16. (color online). Confidence regions in βJ/ψφ
s -∆Γs

plane for the fit including flavor tagging information. The
solid (blue) and dot-dashed (red) contours show the 68% and
95% confidence regions, respectively. The dotted lines are
the symmetry axes corresponding to the profiled likelihood
invariance under βJ/ψφ

s → π
2 −βJ/ψφ

s and ∆Γs → −∆Γs. The
shaded (green) band is the theoretical prediction of mixing-
induced CP violation.

analysis, the βJ/ψφ
s → −βJ/ψφ

s symmetry is removed
and the likelihood function has only two global max-
ima corresponding to the likelihood invariance under

βJ/ψφ
s → π

2 − βJ/ψφ
s and ∆Γs → −∆Γs. The βJ/ψφ

s -
∆Γs confidence regions for the flavor tagged analysis,
after coverage adjustment, are shown in Fig. 16. Our

sensitivity to βJ/ψφ
s and ∆Γs has substantially improved

compared to our previously published measurement [15],
as evidenced by the decrease in size of the confidence re-
gion. The result is also more consistent with the standard
model prediction.
To illustrate the effect of the coverage adjustment, the

left-hand side of Fig. 17 compares the 68% and 95%
C.L. contours after coverage adjustment with the cor-
responding contours before the coverage adjustment pro-
cedure. A small increase in the size of the contours can
be seen. As a further cross check, we also performed
the same fit setting the S-wave fraction to zero as shown
on the right-hand side of Fig. 17. The contour regions
corresponding to a profile-likelihood ratio variation of
−2∆ logL = 2.30 (blue) and −2∆ logL = 5.99 (red)
are compared when including (solid) and not including
(dashed) the S-wave fraction in the likelihood fit. The
contours are almost identical.
The one-dimensional likelihood scan in the quantity

βJ/ψφ
s after coverage adjustment is shown in Fig. 18 on

the left-hand side. In a Gaussian scenario the 68% (95%)

CDF, 5.2fb-1

hep-ex/1112.1726

βs = -2ϕs

hep-ex/1109.3166
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LHCb-CONF-2011-006

Alle Ergebnisse 
kompatibel (~1σ) mit SM
➥ aber Trend in die 
gleiche Richtung ...
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Flavour-Tagging
Mischungsanalyse benötigt Wissen über den Eigenzustand des B 
Mesons bei seiner Entstehung und Zerfall, i.e. B0 oder anti-B0

➥ Flavour Tagging (arXiv:1202.4979)

In Bs → Ds π (arXiv:1112.4311)

OS: (3.2 ± 0.8)%
SS: (1.3 ±  0.4)% 

23

Flavour tagging

flavour tagging: determine if signal B hadron produced with b or anti-b quark

two methods:

same-side tagging (SST): exploit the other s quark.
identify a Kaon close in phase space

opposite-side tagging (OST): exploit the other b quark.
combine information from leptons, Kaons and 2

nd
 vertex charge in Neural Net

b

Bs

b

s
b

s
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Mischungsfrequenz Δms

Δms = 17.725 ± 0.041 ± 0.026  ps-1

(LHCb-CONF-2011-050)

Vergleiche CDF:
Δms = 17.77 ± 0.10 ± 0.07 ps-1

(PRL 97 242003)

Bs →Ds (KKπ) π

35

!m
s
 in LHCb

LHCb measurement dominates WA

one way to visualize result:

plot mixing asymmetry versus

(decay time) %(2"!m
s
)

[PRD.83, 036004 (2011)]

error much smaller than theory error

but some theory errors in ratios cancel:

(average by Van Kooten, LP'11)
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CP Verletzung in Bs Mischung

“Goldener Kanal”: Bs → J/ψ ϕ
(J/ψ → μ+μ-, ϕ → K+K-)

aber: kein CP Eigenzustand.
3D Winkelanlyse nötig.
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Figure 1: Decay topologies contributing to B0
s → J/ψφ in the SM.

where the λ(s)
j ≡ VjsV ∗

jb are CKM factors, while A(c)f
T and A(j)f

P are CP-

conserving strong amplitudes related to tree-diagram-like and penguin topolo-

gies (with internal j ∈ {u, c, t} quarks), respectively. Using the appropriate

low-energy effective Hamiltonian, the latter quantities can be expressed in

terms of linear combinations of perturbatively calculable Wilson coefficient

functions and non-perturbative hadronic matrix elements of the correspond-

ing four-quark operators, which are associated with large uncertainties. Using

the CKM unitarity relation λ(s)
t = −λ(s)

c − λ(s)
u to eliminate the λ(s)

t factor,

we obtain

A(B0
s → (J/ψφ)f ) =
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P − A(t)f
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�
(7)

are CP-conserving hadronic parameters, while

λ ≡ |Vus| = 0.22521± 0.00083, (8)

A ≡ |Vcb|/λ2
= 0.809± 0.026, (9)

Rb ≡ (1− λ2/2)|Vub/(λVcb)| = 0.423
+0.015
−0.022 ± 0.029, (10)

� ≡ λ2/(1− λ2
) = 0.053 (11)

are CKM parameters [9, 12], and the UT angle γ flips its sign when consid-

ering CP-conjugate processes:

A(B̄0
s → (J/ψφ)f ) = ηf
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Figure 1: Decay topologies contributing to B0
s → J/ψφ in the SM.

where the λ(s)
j ≡ VjsV ∗

jb are CKM factors, while A(c)f
T and A(j)f

P are CP-

conserving strong amplitudes related to tree-diagram-like and penguin topolo-

gies (with internal j ∈ {u, c, t} quarks), respectively. Using the appropriate

low-energy effective Hamiltonian, the latter quantities can be expressed in

terms of linear combinations of perturbatively calculable Wilson coefficient

functions and non-perturbative hadronic matrix elements of the correspond-

ing four-quark operators, which are associated with large uncertainties. Using

the CKM unitarity relation λ(s)
t = −λ(s)

c − λ(s)
u to eliminate the λ(s)

t factor,

we obtain

A(B0
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iθf eiγ
�
, (5)

where

Af ≡ λ2A
�
A(c)f

T + A(c)f
P − A(t)f

P

�
(6)

and

afe
iθf ≡ Rb

�
A(u)f

P − A(t)f
P

A(c)f
T + A(c)f

P − A(t)f
P

�
(7)

are CP-conserving hadronic parameters, while

λ ≡ |Vus| = 0.22521± 0.00083, (8)

A ≡ |Vcb|/λ2
= 0.809± 0.026, (9)

Rb ≡ (1− λ2/2)|Vub/(λVcb)| = 0.423
+0.015
−0.022 ± 0.029, (10)

� ≡ λ2/(1− λ2
) = 0.053 (11)

are CKM parameters [9, 12], and the UT angle γ flips its sign when consid-

ering CP-conjugate processes:

A(B̄0
s → (J/ψφ)f ) = ηf

�
1− λ2

2

�
Af

�
1 + �afe

iθf e−iγ
�
. (12)
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FIG. 1. Invariant mass distribution for B0
s → µ+µ−K+K−

candidates with the mass of the µ+µ− pair constrained to
the nominal J/ψ mass. Curves for fitted contributions from
signal (dashed), background (dotted) and their sum (solid)
are overlaid.

between the K− momentum and the J/ψ momentum in
the rest frame of the φ.

We perform an unbinned maximum likelihood fit to the
invariant mass mB , the decay time t, and the three decay
angles Ω. The probability density function (PDF) used
in the fit consists of signal and background components
which include detector resolution and acceptance effects.
The PDFs are factorised into separate components for
the mass and for the remaining observables.

The signal mB distribution is described by two Gaus-
sian functions with a common mean. The mean and
width of the narrow Gaussian are fit parameters. The

fraction of the second Gaussian and its width relative to
the narrow Gaussian are fixed to values obtained from
simulated events. The mB distribution for the combina-
torial background is described by an exponential func-
tion with a slope determined by the fit. Possible peaking
background from decays with similar final states such as
B0 → J/ψK∗0 is found to be negligible from studies
using simulated events.
The distribution of the signal decay time and angles

is described by a sum of ten terms, corresponding to the
four polarization amplitudes and their interference terms.
Each of these is the product of a time-dependent function
and an angular function [12]

d4Γ(B0
s → J/ψφ)

dt dΩ
∝

10�

k=1

hk(t) fk(Ω) . (1)

The time-dependent functions hk(t) can be written as

hk(t) = Nke
−Γst [ck cos(∆mst) + dk sin(∆mst)

+ak cosh
�
1
2∆Γst

�
+ bk sinh

�
1
2∆Γst

��
. (2)

where ∆ms is the B0
s oscillation frequency. The coeffi-

cients Nk and ak, . . . , dk can be expressed in terms of φs

and four complex transversity amplitudes Ai at t = 0.
The label i takes the values {⊥, �, 0} for the three P-
wave amplitudes and S for the S-wave amplitude. In the
fit we parameterize each Ai(0) by its magnitude squared
|Ai(0)|2 and its phase δi, and adopt the convention δ0 = 0
and

�
|Ai(0)|2 = 1. For a particle produced in a B0

s

flavour eigenstate the coefficients in Eq. 2 and the angu-
lar functions fk(Ω) are then, see [13, 14], given by

k fk(θ,ψ,ϕ) Nk ak bk ck dk
1 2 cos2 ψ

�
1− sin2 θ cos2 φ

�
|A0(0)|2 1 − cosφs 0 sinφs

2 sin2 ψ
�
1− sin2 θ sin2 φ

�
|A|(0)|2 1 − cosφs 0 sinφs

3 sin2 ψ sin2 θ |A⊥(0)|2 1 cosφs 0 − sinφs

4 − sin2 ψ sin 2θ sinφ |A�(0)A⊥(0)| 0 − cos(δ⊥ − δ�) sinφs sin(δ⊥ − δ�) − cos(δ⊥ − δ�) cosφs

5 1
2

√
2 sin 2ψ sin2 θ sin 2φ |A0(0)A�(0)| cos(δ� − δ0) − cos(δ� − δ0) cosφs 0 cos(δ� − δ0) sinφs

6 1
2

√
2 sin 2ψ sin 2θ cosφ |A0(0)A⊥(0)| 0 − cos(δ⊥ − δ0) sinφs sin(δ⊥ − δ0) − cos(δ⊥ − δ0) cosφs

7 2
3 (1− sin2 θ cos2 φ) |As(0)|2 1 cosφs 0 − sinφs

8 1
3

√
6 sinψ sin2 θ sin 2φ |As(0)A�(0)| 0 − sin(δ� − δS) sinφs cos(δ� − δS) − sin(δ� − δS) cosφs

9 1
3

√
6 sinψ sin 2θ cosφ |As(0)A⊥(0)| sin(δ⊥ − δS) sin(δ⊥ − δS) cosφs 0 − sin(δ⊥ − δS) sinφs

10 4
3

√
3 cosψ(1− sin2 θ cos2 φ) |As(0)A0(0)| 0 − sin(δ0 − δS) sinφs cos(δ0 − δS) − sin(δ0 − δS) cosφs

We neglect CP violation in mixing and in the decay
amplitudes. The differential decay rates for a B0

s meson
produced at time t = 0 are obtained by changing the
sign of φs, A⊥(0) and AS(0), or, equivalently, the sign

of ck and dk in the expressions above. The PDF is in-
variant under the transformation (φs,∆Γs, δ�, δ⊥, δS) �→
(π − φs,−∆Γs,−δ�,π − δ⊥,−δS) which gives rise to a
two-fold ambiguity in the results.

2
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Intermezzo
Enorme Statistik von LHCb dominiert den 
Weltmittelwert, z.B. in Bs → J/ψϕ Massenmessung
nur Daten aus 2010 (37pb-1) (arXiv:hep-ex/1112.4896)

Example: Bs mass measurement

about 2 times more accurate 
than previous world average ! = 7 MeV

!"#! $%"! &µ+ µ# '+ '#)

[arXiv 1112.4896]

5366.90 ± 0.36 MeV

similar accuracy on B+, B0, "b

σ = 7 MeV

(2010 data, 37 pb-1)
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Figure 3: Invariant mass distributions for (a) B+ → J/ψK+, (b) B0 → J/ψK∗0, (c) B0 →
J/ψK0

S, (d) Λ0
b → J/ψΛ, and (e) B0

s → J/ψφ candidates. In each case the result of the fit
described in the text is superimposed (solid line) together with the background component
(dotted line).

determination. The residual impact of this variation is evaluated by parameterizing the
momentum scale as a function of η and repeating the analysis. The amount of material
traversed in the tracking system by a particle is known to 10% accuracy [13]; the mag-
nitude of the energy loss correction in the reconstruction is therefore varied by 10%. To
ensure the detector alignment is well understood two further tests are carried out. Firstly,

5

the horizontal and vertical slopes of the tracks close to the interaction region, which are

determined by measurements in the VELO, are changed by 1×10−3, corresponding to the

precision with which the length scale along the beam axis is known [14]. Other uncertain-

ties arise from the fit modelling: a double Gaussian function (with common mean) for

the signal resolution and/or a flat background component are used instead of the nominal

Gaussian and exponential functions. Finally, a systematic uncertainty related to the eval-

uation of the effect of the radiative corrections is assigned. The systematic uncertainties

assigned on the measured masses and mass differences are summarized in Tables 2 and 3.

The stability of the measured b-hadron masses is studied by dividing the data samples

according to the polarity of the spectrometer magnet, final state flavour (for modes where

the final state is flavour specific), as well as whether the K0
S and Λ daughter particles

have VELO hits. As a cross-check the analysis is repeated ignoring the hits from the

tracking station before the magnet. This leads to an average shift in measured masses

compatible with statistical fluctuations. In addition, for the B+ and B0 modes where

are the events samples are sizable the measurements are repeated in bins of the b-hadron
kinematic variables. None of these checks reveals a systematic bias.

5 Conclusions

The b-hadron masses are measured using data collected in 2010 at a centre-of-mass energy

of
√
s = 7TeV. The results are

M(B+ → J/ψK+) = 5279.38 ± 0.11 (stat) ± 0.33 (syst) MeV/c2 ,

M(B0 → J/ψK(∗)0) = 5279.58 ± 0.15 (stat) ± 0.28 (syst) MeV/c2 ,

M(B0
s → J/ψφ) = 5366.90 ± 0.28 (stat) ± 0.23 (syst) MeV/c2 ,

M(Λ0
b → J/ψΛ) = 5619.19 ± 0.70 (stat) ± 0.30 (syst) MeV/c2 ,

where the B0 result is obtained as a weighted average of M(B0 → J/ψK∗0) = 5279.58±
0.17 ± 0.27MeV/c2 and M(B0 → J/ψK0

S) = 5279.58 ± 0.29 ± 0.33MeV/c2 assuming all

systematic uncertainties to be correlated, except those related to the mass model. The

dominant systematic uncertainty is related to the knowledge of the average momentum

scale of the tracking system. It largely cancels if mass differences are considered. We

obtain

M(B0 → J/ψK(∗)0)−M(B+ → J/ψK+) = 0.20 ± 0.17 (stat) ± 0.11 (syst) MeV/c2 ,

M(B0
s → J/ψφ) −M(B+ → J/ψK+) = 87.52 ± 0.30 (stat) ± 0.12 (syst) MeV/c2 ,

M(Λ0
b → J/ψΛ) −M(B+ → J/ψK+) = 339.81 ± 0.71 (stat) ± 0.09 (syst) MeV/c2 ,

where the B0 result is a combination of M(B0 → J/ψK∗0)−M(B+ → J/ψK+) = 0.20±
0.20±0.12MeV/c2 and M(B0 → J/ψK0

S)−M(B+ → J/ψK+) = 0.20±0.31±0.10MeV/c2

under the same hypothesis as above.

As shown in Table 4, our measurements are in agreement with previous measure-

ments [3, 4] Besides the difference between the B+ and B0 masses they are the most

accurate to date, with significantly improved precision over previous measurements in the

case of the B0
s and Λ0

b masses.

6
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relative contribution and the lifetime parameters of the exponentials are floating in the
fit. For the description of the angular distribution of the background we have used 3D
polynomials fitted to the mass sideband [16]. As an alternative we have used a PDF with
constant density in the three decay angles and assigned the difference in the results as a
systematic uncertainty.

In the following we concentrate on the PDF for signal candidates only. Ignoring
detector effects, the distribution for the decay time t and the transversity angles Ω for
initial B0

s decaying into J/ψφ is given by the differential decay rate

d4Γ(B0
s → J/ψφ)

dt d cos θ dϕ d cosψ
≡ d4Γ

dt dΩ
∝

10�

k=1

hk(t)fk(Ω) . (3)

The ten time-dependent amplitudes hk(t) and the angular functions fk(Ω) are defined as

k hk(t) fk(θ,ψ,ϕ)

1 |A0|2(t) 2 cos2 ψ
�
1− sin2 θ cos2 φ

�

2 |A�(t)|2 sin2 ψ
�
1− sin2 θ sin2 φ

�

3 |A⊥(t)|2 sin2 ψ sin2 θ

4 �(A�(t)A⊥(t)) − sin2 ψ sin 2θ sinφ

5 �(A0(t)A�(t))
1
2

√
2 sin 2ψ sin2 θ sin 2φ

6 �(A0(t)A⊥(t)) 1
2

√
2 sin 2ψ sin 2θ cosφ

7 |As(t)|2 2
3 (1− sin2 θ cos2 φ)

8 �(A∗
s(t)A�(t))

1
3

√
6 sinψ sin2 θ sin 2φ

9 �(A∗
s(t)A⊥(t)) 1

3

√
6 sinψ sin 2θ cosφ

10 �(A∗
s(t)A0(t))

4
3

√
3 cosψ(1− sin2 θ cos2 φ)

The terms 7–10 are related to the description of the S-wave component. We ignore the
effects of CP violation in B0

s mixing and in the decay amplitudes, which are expected
to be small. Expressed in terms of the size |Ai(0)| and phase δi of the transversity and
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4

S-wave amplitudes at t = 0, the time dependent amplitudes are then given by

|A0|2(t) = |A0|2e−Γst[cosh

�
∆Γ

2
t

�
− cosφs sinh

�
∆Γ

2
t

�
+ sinφs sin(∆mt)] , (4)

|A�(t)|2 = |A�|2e−Γst[cosh

�
∆Γ

2
t

�
− cosφs sinh

�
∆Γ

2
t

�
+ sinφs sin(∆mt)] , (5)

|A⊥(t)|2 = |A⊥|2e−Γst[cosh

�
∆Γ

2
t

�
+ cosφs sinh

�
∆Γ

2
t

�
− sinφs sin(∆mt)] , (6)

�(A�(t)A⊥(t)) = |A�||A⊥|e−Γst[− cos(δ⊥ − δ�) sinφs sinh

�
∆Γ

2
t

�

− cos(δ⊥ − δ �) cosφs sin(∆mt) + sin(δ⊥ − δ�) cos(∆mt)] , (7)

�(A0(t)A�(t)) = |A0||A�|e−Γst cos(δ� − δ0)[cosh

�
∆Γ

2
t

�
− cosφs sinh

�
∆Γ

2
t

�

+sinφs sin(∆mt)] , (8)

�(A0(t)A⊥(t)) = |A0||A⊥|e−Γst[− cos(δ⊥ − δ0) sinφs sinh

�
∆Γ

2
t

�

− cos(δ⊥ − δ0) cosφs sin(∆mt) + sin(δ⊥ − δ0) cos(∆mt)] , (9)

|As(t)|2 = |As|2e−Γst[cosh

�
∆Γ

2
t

�
+ cosφs sinh

�
∆Γ

2
t

�
− sinφs sin(∆mt] , (10)

�(A∗
s(t)A�(t)) = |As||A�|e−Γst[− sin(δ� − δs) sinφs sinh

�
∆Γ

2
t

�
− sin(δ� − δs) cosφs sin(∆mt)

+ cos(δ� − δs) cos(∆mt)] , (11)

�(A∗
s(t)A⊥(t)) = |As||A⊥|e−Γst sin(δ⊥ − δs)[cosh

�
∆Γ

2
t

�
+ cosφs sinh

�
∆Γ

2
t

�

− sinφs sin(∆mt)] , (12)

�(A∗
s(t)A0(t)) = |As||A0|e−Γst[− sin(δ0 − δs) sinφs sinh

�
∆Γ

2
t

�

− sin(δ0 − δs) cosφs sin(∆mt) + cos(δ0 − δs) cos(∆mt)] . (13)

The decay time dependent decay rates for an initial B0
s decaying to J/ψφ can be obtained

from those above by inserting a factor−1 in front of the terms involving mixing (sin(∆mst)
and cos(∆mst)).

The decay rates are invariant under the simultaneous transformation

φs ←→ π − φs

∆Γs ←→ −∆Γs

δ� ←→ −δ�
δ⊥ ←→ π − δ⊥ .

(14)

It is possible to resolve this two-fold ambiguity by measuring the phase of the S-wave

contribution as function of invariant KK mass as discussed in [15]. However in the

present analysis we only fit for an overall S-wave contribution and do not perform a mass

dependent analysis.

2.2 Flavour tagging

The signal distributions are corrected for resolution and acceptance effects for both decay

time and decay angles and for the dilution from flavour tagging. For the latter, we first

divide the PDF into tagged and untagged events. The PDF for the tagged events is

5
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➥ 3 unabhängige Analysen
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Decay angles

angular analysis uses all decay angles of B
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 final state
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polar angles %&and '(&azimuthal angle&)

(Dunietz, Fleischer and Nierste 2001,
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CP Verletzung in Bs Mischung
Komplementär: Bs → J/ψ f0

Vorteil: Endzustand ist Vektor - Pseudoskalar
➥ keine Winkelanalyse nötig
Nachteil:

Braucht ΔΓs als externen Parameter
Kleineres Verzweigungsverhältnis 
(~1/4 von Bs → J/ψ ϕ)

ing a signal purity of 75%. Importantly, the like-sign di-pion yield at masses higher than

the B0
s gives an excellent description of the shape and level of the background. Simulation

studies have demonstrated that it also describes the background under the peak.
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Figure 2: (a) Invariant mass of J/ψπ+π− combinations when the π+π− pair is required

to be within ±90MeV of the nominal f0(980) mass. The data have been fitted with

a double-Gaussian signal and several background functions. The thin (red) solid line

shows the signal, the long-dashed (brown) line the combinatoric background, the dashed

(green) line the B− background (mostly at masses above the signal peak), the dotted

(blue) line the B
0 → J/ψK

∗0
background, the dash-dot line (purple) the B

0 → J/ψπ+π−

background, the dotted line (black) the sum of B0
s → J/ψη� and J/ψφ backgrounds

(barely visible), and the thick-solid (black) line the total. (b) The mass distribution for

like-sign candidates.

The invariant mass of di-pion combinations is shown in Fig. 3 for both opposite-sign

and like-sign di-pion combinations within ±20MeV of the B0
s candidate mass peak. A

large signal is present near the nominal f0(980) mass. Other B0
s → J/ψπ+π− signal events

are present at higher masses. In what follows we only use events in the f0 signal region

from 890 to 1070MeV.

3
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1 Introduction

An important goal of heavy flavour experiments is to measure the mixing-induced CP
violation phase in B0

s decays, φs. As this phase is predicted to be small in the Standard

Model (SM) [1], new physics can induce large changes [2]. Here we use the decay mode

B0

s → J/ψf0(980). If only the dominant decay diagrams shown in Fig. 1 contribute, then

the value of φs using B0

s → J/ψf0(980) is the same as that measured using B0

s → J/ψφ
decay.

b
W-

c

}
!

s

}c  J/

s
s    π  π   +

}Bs0
- or K  K+ -

Figure 1: Dominant decay diagrams for B0

s → J/ψf0(980) or J/ψφ decays.

Motivated by a prediction in Ref. [3], LHCb searched for and made the first observation

of B0

s → J/ψf0(980) decays [4] that was subsequently confirmed by other experiments

[5, 6]. Time dependent CP violation can be measured without an angular analysis, as the

final state is a CP eigenstate. From now on f0 will stand only for f0(980).

In the Standard Model, in terms of CKM matrix elements, φs = −2 arg

�
VtsV ∗

tb
VcsV ∗

cb

�
. The

equations below are written assuming that there is only one decay amplitude, ignoring

possible small contributions from other diagrams [7]. The decay time evolutions for initial

B0

s and B
0

s are [8]

Γ

�
( )

B0

s→ J/ψf0

�
= N e−Γst

�
e∆Γst/2(1 + cosφs) + e−∆Γst/2(1− cosφs)

± sinφs sin (∆ms t)

�
, (1)

where ∆Γs is the decay width difference between light and heavy mass eigenstates, ∆Γs =

ΓL − ΓH. The decay width Γs is the average of the widths ΓL and ΓH, and N is a time-

independent normalization factor. The plus sign in front of the sinφs term applies to an

initial B
0

s and the minus sign for an initial B0

s meson. The time evolution of the untagged

rate is then

Γ
�
B0

s → J/ψf0
�
+Γ

�
B0

s → J/ψf0
�
= N e−Γst

�
e∆Γst/2(1+cosφs)+e−∆Γst/2(1−cosφs)

�
.

(2)

1
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Ergebnis:
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FIG. 2. Projections for the decay time and transversity angle
distributions for events with mB in a ± 20 MeV range around
the B0

s mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to different contributions to the signal, namely the CP -even
P-wave (dashed with single dot), the CP -odd P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

The sensitivity to φs stems mainly from its appear-
ance as the amplitude of the sin(∆mst) term in Eq. 1,
which is diluted by the decay time resolution and mistag
probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.

To test our understanding of the decay angle accep-
tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B0

s candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
difference in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except Γs. The limited size
of the simulated event sample leads to a small additional
uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [16].

In the fit each |Ai(0)|2 is constrained to be greater
than zero, while their sum is constrained to unity. This
can result in a bias if one or more of the amplitudes is
small. This is the case for the S-wave amplitude, which
is compatible with zero within 3.2 standard deviations.
The resulting biases on the |Ai(0)|2 have been determined
using simulations to be less than 0.010 and are included
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FIG. 3. Likelihood confidence regions in the ∆Γs-φs plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

as systematic uncertainties.
Finally, a systematic uncertainty of 0.008 ps−1 was as-

signed to the measurement of Γs due to the uncertainty
in the decay time acceptance parameter β. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.
In summary, in a sample of 0.37 fb−1 of pp collisions

at
√
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B0
s → J/ψK+K− events with K+K−

invariant mass within ± 12 MeV of the φ mass. With
these data we perform the most precise measurements
of φs, ∆Γs and Γs in B0

s → J/ψφ decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ∆Γs.
Two solutions with equal likelihood are obtained, related
by the transformation (φs,∆Γs) �→ (π−φs,−∆Γs). The
solution with positive ∆Γs is

φs = 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

Γs = 0.657 ± 0.009 (stat) ± 0.008 (syst) ps−1,

∆Γs = 0.123 ± 0.029 (stat) ± 0.011 (syst) ps−1,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of φs in the range 0.52 < φs < 2.62
and −2.93 < φs < −0.21 are excluded at 95% confi-
dence level. In a future publication we shall differentiate
between the two solutions by exploiting the dependence
of the phase difference between the P-wave and S-wave
contributions on the K+K− invariant mass [14].
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fit. Trying to increase the number of such quantities is not possible at this time. Therefore

we test the remaining quantities by changing them by ±1 standard deviation from their

nominal values and seeing how the value of φs changes. These are listed in Table 3.

An additional uncertainty is given by the amount of CP even D-wave. This has been

measured at (0±1.7)% and contributes a negligible error to φs, +0.007 rad, as determined

by redoing the fit with the mistag rate increased by 1.7%. The asymmetry in production

between B0
s and B

0
s is believed to be small, about 1%, and almost equal to the same

asymmetry in B0
production which has been measured by LHCb to be about 1%. The

effect of neglecting a 1% production asymmetry is the same as ignoring a 1% difference
in the mistag rate and causes negligible bias in φs. Here Nbkg refers to the number of

background events, Nsig the number of signal, Nη� the number of η�, α the exponential

background parameter for the B
0
s candidate mass, fLL the long-lived background fraction.

The Gaussian signal parameters are the mean m0, the width σ(m); t0, a and n are the

three parameters in the acceptance time function.
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uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [17].

In the fit each |Ai|2 is constrained to be greater than
zero, while their sum is constrained to unity. This can
result in a bias if one or more of the amplitudes is small.
This is the case for the S-wave amplitude, which is com-
patible with zero within 3.2 standard deviations. The
resulting biases on the |Ai|2 have been determined us-
ing simulations to be less than 0.010 and are included as
systematic uncertainties.

Finally, a systematic uncertainty of 0.008 ps−1 was as-
signed to the measurement of Γs due to the uncertainty
in the decay time acceptance parameter β. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.

In summary, in a sample of 0.37 fb−1 of pp collisions
at

√
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B0
s → J/ψK+K− events with K+K−

invariant mass within ± 12 MeV of the φ mass. With
these data we perform the most precise measurements
of φs, ∆Γs and Γs in B0

s → J/ψφ decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ∆Γs.
Two solutions with equal likelihood are obtained, related
by the transformation (φs,∆Γs) �→ (π−φs,−∆Γs). The
solution with positive ∆Γs is

φs = 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

Γs = 0.657 ± 0.009 (stat) ± 0.008 (syst) ps−1,

∆Γs = 0.123 ± 0.029 (stat) ± 0.011 (syst) ps−1,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of φs in the range 0.52 < φs < 2.62

and −2.93 < φs < 0.21 are excluded at 95% confidence
level. In a future publication we shall differentiate be-
tween the two solutions by exploiting the dependence of
the phase difference between the P-wave and S-wave con-
tributions on the K+K− invariant mass [14].
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heavy and light eigenstates constrained. Based on the likelihood curve in Fig. 7 we find

φs = −0.44± 0.44± 0.02 rad,

consistent with the SM value of −0.0363+0.0016
−0.0015 rad [1]. Assuming the SM , the probability

to observe our measured value is 36%. There is an ambiguous solution with φs → π − φs

and ∆Γs → −∆Γs. The precision of the result mostly results from using the tagged
sample, though the untagged events also contribute.

LHCb provides an independent measurement of φs = 0.15± 0.18± 0.06 [16] using the
B0

s → J/ψφ decay. Combining these two results, taking into account all correlations by
performing a joint fit, we obtain

φs = 0.07± 0.17± 0.06 rad (combined).

This is the most accurate determination of φs to date, and is consistent with the SM
prediction.
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CP Verletzung in Bs Mischung
Zweifache Ambiguität im Resultat

Eine Lösung: Kompatibel mit Standard Modell
Andere Lösung: Inkompatibel mit SM, Neue Physik!
➥ aber welche ?

Auflösung der Ambiguität:
Idee: Schneller Phasenwechsel beim Durchlaufen der 
ϕ→K+K- Resonanz (P-Welle), kaum Änderung für
 K+K- s-Wellen Beitrag

25 

ϕs: Ambiguity Resolution 
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S wave 

P wave 

S - P wave 

Choose the solution with a decreasing trend of !s- !P vs mKK in the  
ϕ(1020) mass region  

K+K- P-wave: 
Phase of Breit-Wigner 
increases rapidly across 
ϕ(1020) resonance 

K+K- S-wave:   
Phase of Flatté amplitude  
for f0(980) relatively flat  
(similar for non-resonance) 

[Y. Xie et al., JHEP 0909:074, 2009]  

Similar to Babar measurement of sign of cos(2"), PRD 71, 032005 (2007) 
Use few % S wave KK present in the sample  

Differenz monoton 
fallend für 
physikalische Lösung
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CP Verletzung in Bs Mischung

Phasendifferenz für beide Lösungen:

function for the φ(1020) amplitude. In Fig. 4, the phase286

difference between the S- and P-wave amplitudes is plot-287

ted in four mKK bins for solution I and solution II.288

Solution I shows a clear decreasing trend in the φ(1020)289

mass region, as expected for the physical solution. To es-290

timate the significance of the result we perform a fit to291

the data by parameterizing the phase difference δSk− δ⊥292

as a linear function of the average mKK value in the k-th293

interval. This leads to a slope of −0.050
+0.013
−0.020 rad/MeV294

for solution I and +0.050
+0.020
−0.013 rad/MeV for solution II,295

where the uncertainties are statistical only. The differ-296

ence of the ln L value between the fit with the phase dif-297

ference parameterized with a slope and another where the298

slope is fixed to zero is 11. Since the linear approxima-299

tion is a simplification of the true shape, the significance300

of the trend of δS − δP versus mKK being negative is301

greater than 4.5σ. The pattern of solution I is also quali-302

tatively consistent with the shape of δS−δP versus mKK303

measured in the decay D+
s → K+K−π+

by the Babar304

collaboration [9]. Therefore, we conclude that solution I,305

which has ∆Γs > 0, is the physical solution for φs.306

Several possible sources of systematic uncertainty on307

the phase variation versus mKK have been considered.308

The only effect which is not completely negligible is a309

possible background from decays with similar final states310

such as B0 → J/ψK∗0
. From simulation, the contami-311

nation from such decays is estimated to be 1.1% in the312

mKK range of 988–1050 MeV. We add a 2.2% contribu-313

tion of simulated B0→ J/ψK∗0
events to the data and314

repeat the analysis. The only noticeable change is a shift315

of δS4 − δ⊥ by 0.06 rad, which is only 20% of its sta-316

tistical uncertainty. We also repeat the analysis for dif-317

ferent mKK ranges, different ways of dividing the mKK318

range or different shapes of the signal and background319

mJ/ψKK distributions, and the conclusion remains un-320

changed. More data is needed to measure precisely the321

S-wave lineshape and determine its resonance structure.322

However, the ambiguity resolution does not rely on know-323

ing the resonance structure.324

We do not evaluate all the sources of systematic un-325

certainty on φs and ∆Γs that are considered in Ref. [1].326

The outcome of this analysis is simply to resolve the am-327

biguity, and we therefore retain the results given in Equa-328

tions 1a and 1b as our measured values of φs and ∆Γs.329

In summary, we have resolved the two-fold ambiguity

in the measurements of the CP -violating phase φs and

the B0
s decay width difference ∆Γs in B0

s → J/ψK+K−

decays. By examining the dependence of the phase dif-

ference between the S-wave and P-wave amplitudes on

the K+K−
mass, we identify the following solution from

Ref. [1] at 4.5σ confidence level as the unambiguous re-

sults:

φs = 0.15 ± 0.18 (stat.) ± 0.06 (sys.) rad

∆Γs = 0.123 ± 0.029 (stat.) ± 0.011 (sys.) ps
−1.

These results are in agreement with the Standard Model330
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Lösung 1 “gewinnt”
➥ Bs Mischung ist kompatibel mit dem Standard Modell
Aber: Exp. Unsicherheit noch um Größenordnung höher als 
theoretische Vorhersage
➥ noch viel Raum für neue Effekte

decay time  [ps] 
2 4 6 8

Ev
en

ts
 / 

0.
2 

ps

1

10

210

310 LHCb

 !cos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

200

400

600
LHCb

 !cos 
-1 -0.5 0 0.5 1

Ev
en

ts
 / 

0.
1

0

200

400

600 LHCb

 [rad] !
-2 0 2

Ev
en

ts
 / 

0.
31

 ra
d

0

200

400

600
LHCb

FIG. 2. Projections for the decay time and transversity angle
distributions for events with mB in a ± 20 MeV range around
the B0

s mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to different contributions to the signal, namely the CP -even
P-wave (dashed with single dot), the CP -odd P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

The sensitivity to φs stems mainly from its appear-
ance as the amplitude of the sin(∆mst) term in Eq. 1,
which is diluted by the decay time resolution and mistag
probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.

To test our understanding of the decay angle accep-
tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B0

s candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
difference in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except Γs. The limited size
of the simulated event sample leads to a small additional
uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [16].

In the fit each |Ai(0)|2 is constrained to be greater
than zero, while their sum is constrained to unity. This
can result in a bias if one or more of the amplitudes is
small. This is the case for the S-wave amplitude, which
is compatible with zero within 3.2 standard deviations.
The resulting biases on the |Ai(0)|2 have been determined
using simulations to be less than 0.010 and are included
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FIG. 3. Likelihood confidence regions in the ∆Γs-φs plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

as systematic uncertainties.
Finally, a systematic uncertainty of 0.008 ps−1 was as-

signed to the measurement of Γs due to the uncertainty
in the decay time acceptance parameter β. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.
In summary, in a sample of 0.37 fb−1 of pp collisions

at
√
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B0
s → J/ψK+K− events with K+K−

invariant mass within ± 12 MeV of the φ mass. With
these data we perform the most precise measurements
of φs, ∆Γs and Γs in B0

s → J/ψφ decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ∆Γs.
Two solutions with equal likelihood are obtained, related
by the transformation (φs,∆Γs) �→ (π−φs,−∆Γs). The
solution with positive ∆Γs is

φs = 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

Γs = 0.657 ± 0.009 (stat) ± 0.008 (syst) ps−1,

∆Γs = 0.123 ± 0.029 (stat) ± 0.011 (syst) ps−1,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of φs in the range 0.52 < φs < 2.62
and −2.93 < φs < −0.21 are excluded at 95% confi-
dence level. In a future publication we shall differentiate
between the two solutions by exploiting the dependence
of the phase difference between the P-wave and S-wave
contributions on the K+K− invariant mass [14].
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Effektive Bs Lebensdauer
Komplementärer Zugang zur Suche nach Neuer Physik 
in Bs Mischung

32

Definiere die effektive Lebensdauer in Bs→K+K-

(kein Flavour-Tagging nötig)

Standard-Modell Vorhersage
τeff = 1.390 ± 0.032 ps
mit: τB = 1.477 ± 0.022
R. Fleischer et al. hep-ph/1011.1096, hep-ph/1109.5115

General Formalism

• Bs → f with a final state f into which both a B0

s and a B̄0

s can decay:

�Γ(Bs(t) → f)� ≡ Γ(B0

s(t) → f) + Γ(B̄0

s(t) → f)
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• Decay dynamics: → encoded in the observable A
f
∆Γ → ?



Effektive Bs Lebensdauer
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Fig. 2. Decay-time acceptance function for an event of a two-body hadronic decay. The light blue (shaded) regions show the bands for accepting the impact parameter of a
track. The impact parameter of the negative track (IP2) is too small in (a) and lies within the accepted range in (b). The actual measured decay time lies in the accepted
region. The acceptance intervals give conditional likelihoods used in the lifetime fit. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this Letter.)

background by first order polynomials. The parameters of the sig-
nal and background probability density functions (PDFs) are fixed
to the results of time-integrated mass fits before the lifetime fit
is performed. The B0 → K+π− yield (NB→Kπ ) is allowed to float
freely in each bin but the B0

s → K+K− yield (NBs→K K ) is con-
strained to follow

NBs→K K (t̄i) = NB→Kπ (t̄i)R(0)e−t̄i(τ
−1
K K−τ−1

Kπ ), (4)

where t̄i is the mean decay time in the ith bin. In total the simul-
taneous fit has 94 free parameters and tests using Toy Monte Carlo
simulated data have found the fit to be unbiased to below 1 fs on
the measured B0

s → K+K− lifetime. Each mass fit used in the si-
multaneous fit is unbinned and must be splitted into mass bins in
order to evaluate the fit χ2. Two mass bins are chosen, one signal
dominated and one background dominated, in order to guarantee
a minimum of 5–6 candidates in each bin. Using this approach
the χ2 per degree of freedom of the simultaneous fit is found to
be 0.82. The right part of Fig. 1 shows the decay-time distribution
obtained from the fit and the fitted reciprocal lifetime difference is

τ−1
K K − τ−1

Kπ = 0.013± 0.045 (stat) ps−1.

Taking the B0 → K+π− lifetime as equal to the mean B0 lifetime
(τB0 = 1.519 ± 0.007 ps) [8], this measurement can be expressed
as

τK K = 1.490± 0.100 (stat) ± 0.007 (input) ps

where the second uncertainty originates from the uncertainty of
the B0 lifetime.

4. Absolute lifetime measurement

The absolute lifetime measurement method directly determines
the effective B0

s → K+K− lifetime using an acceptance correc-
tion calculated from the data. This method was first used at the
NA11 spectrometer at CERN SPS [12], further developed within
CDF [13,14] and was subsequently studied and implemented in
LHCb [15,16]. The per-event acceptance function is determined by
evaluating whether the candidate would be selected for different
values of the B meson candidate decay time. For example, for
a B meson candidate, with given kinematic properties, the mea-
sured decay time of the B meson candidate is directly related to
the point of closest approach of the final state particles to the
associated primary vertex. Thus a selection requirement on this
quantity directly translates into a discrete decision about accep-
tance or rejection of a candidate as a function of its decay time.

This is illustrated in Fig. 2. In the presence of several reconstructed
primary interaction vertices, the meson may enter a decay-time
region where one of the final state particles no longer fulfils the
selection criteria with respect to another primary vertex. Hence
the acceptance function is determined as a series of step changes.
These turning points at which the candidates enter or leave the ac-
ceptance of a given primary vertex form the basis of extracting
the per-event acceptance function in the data. The turning points
are determined by moving the reconstructed primary vertex posi-
tion of the event along the B meson momentum vector, and then
reapplying the event selection criteria. The analysis presented in
this Letter only includes events with a single turning point. The
drop of the acceptance to zero when the final state particles are so
far downstream that one is outside the detector acceptance occurs
only after many lifetimes and hence is safely neglected.

The distributions of the turning points, combined with the
decay-time distributions, are converted into an average acceptance
function (see Fig. 3). The average acceptance is not used in the life-
time fit, except in the determination of the background decay-time
distribution.

The effective B0
s → K+K− lifetime is extracted by an unbinned

maximum likelihood fit using an analytical probability density
function (PDF) for the signal decay time and a non-parametric PDF
for the combinatorial background, as described below. The mea-
surement is factorised into two independent fits.

A first fit is performed to the observed mass spectrum and used
to determine the signal and background probabilities of each event.
Events with B0

s candidates in the mass range 5272–5800 MeV/c2

were used, hence reducing the contribution of partially recon-
structed background and contamination of B0 decays below the
B0
s mass peak. The signal distribution is modelled with a Gaus-

sian, and the background with a linear distribution. The fitted mass
value is compatible with the current world average [8].

The signal and background probabilities are used in the subse-
quent lifetime fit. The decay-time PDF of the signal is calculated
analytically taking into account the per-event acceptance and the
decay-time resolution. The decay-time PDF of the combinatorial
background is estimated from data using a non-parametric method
and is modelled by a sum of kernel functions which represent each
candidate by a normalised Gaussian function centred at the mea-
sured decay time with a width proportional to an estimate of the
density of candidates at this decay time [17]. The lifetime fit is
performed in the decay-time range of 0.6–15 ps, hence only candi-
dates within this range were accepted. The analysis was tested on
the B0 → K+π− channel, for which a lifetime compatible with the
world average value was obtained, and applied to the B0

s → K+K−

Für alle Ereignisse ergibt sich dann die mittlere Akzeptanz

Akzeptanzkorrektur mittels “swimming”
Im einzelnen Ereignis wird der B Kandidat entweder 
akzeptiert - oder nicht
➥ Akzeptanz ist eine (Serie von) Stufenfuntion(en)
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Fig. 3. Left: Average decay-time acceptance function for signal events, where the error band is an estimate of the statistical uncertainty. The plot is scaled to 1 at large
decay times, not taking into account the total signal efficiency. Right: Decay-time distribution of the B0

s → K+K− candidates and the fitted functions. The estimation of the
background distribution is sensitive to fluctuations due to the limited statistics. Both plots are for the absolute lifetime measurement. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this Letter.)

Table 1
Summary of systematic uncertainties on the B0

s → K+K− lifetime measurements.

Source of uncertainty Uncertainty on
τK K (fs)

Uncertainty on
τ−1
K K − τ−1

Kπ (ns−1)

Fit method 3.2



0.5Acceptance correction 6.3
Mass model 1.9
B → h+h′− background 1.9 1.4
Partially reconstructed background 1.9 1.1
Combinatorial background 1.5 1.6
Primary vertex association 1.2 0.5
Detector length scale 1.5 0.7
Production asymmetry 1.4 0.6
Minimum accepted lifetime 1.1 N/A

Total (added in quadrature) 8.4 2.7
Effective lifetime interpretation 2.8 1.1

channel only once the full analysis procedure had been fixed. The
result of the lifetime fit is

τK K = 1.440± 0.096 (stat) ps

and is illustrated in Fig. 3.

5. Systematic uncertainties

The systematic uncertainties are listed in Table 1 and discussed
below. The dominant contributions to the systematic uncertainty
for the absolute lifetime measurement come from the treatment
of the acceptance correction (6.3 fs) and the fitting procedure
(3.2 fs). The systematic uncertainty from the acceptance correc-
tion is determined by applying the same analysis technique to
a kinematically similar high statistics decay in the charm sector
(D0 → K−π+ [18]). This analysis yields a lifetime value in good
agreement with the current world average and of better statistical
accuracy. The uncertainty on the comparison between the mea-
sured value and the world average is rescaled by the B meson and
charm meson lifetime ratio. The uncertainty due to the fitting pro-
cedure is evaluated using simplified simulations. A large number of
pseudo-experiments are simulated and the pull of the fitted life-
times compared to the input value to the fit is used to estimate
the accuracy of the fit. These sources of uncertainty are not dom-
inant in the relative method, and are estimated from simplified
simulations which also include the systematic uncertainty of the
mass model. Hence a common systematic uncertainty is assigned
to these three sources.

The effect of the contamination of other B → h+h′− modes
to the signal modes is determined by a data-driven method. The

misidentification probability of protons, pions and kaons is mea-
sured in data using the decays K 0

S → π+π− , D0 → K+π− , φ →
K+K− and Λ → pπ− , where the particle type is inferred from
kinematic constraints alone [19]. As the particle identification like-
lihood separating protons, kaons and pions depends on kinematic
properties such as momentum, transverse momentum, and num-
ber of reconstructed primary interaction vertices, the sample is
reweighted to reflect the different kinematic range of the final
state particles in B → h+h′− decays. The effect on the measured
lifetime is evaluated with simplified simulations.

Decays of B0
s and B0 to three or more final state particles,

which have been partially reconstructed, lie predominantly in the
mass range below the B0

s mass peak outside the analysed region.
Residual background from this source is estimated from data and
evaluated with a sample of fully simulated partially reconstructed
decays. The effect on the fitted lifetime is then evaluated.

In the absolute lifetime measurement, the combinatorial back-
ground of the decay-time distribution is described by a non-
parametric function, based on the observed events with masses
above the B0

s meson signal region. The systematic uncertainty
is evaluated by varying the region used for evaluating the com-
binatorial background. In the relative lifetime measurement, the
combinatorial background in the hh′ invariant mass spectrum is
described by a first order polynomial. To estimate the systematic
uncertainty, a sample of simulated events is obtained with a sim-
plified simulation using an exponential function, and subsequently
fitted with a first order polynomial.

Events may contain several primary interactions and a recon-
structed B meson candidate may be associated to the wrong pri-
mary vertex. This effect is studied using the more abundant charm
meson decays where the lifetime is measured separately for events
with only one or any number of primary vertices and the observed
variation is scaled to the B meson system.

Particle decay times are measured from the distance between
the primary vertex and secondary decay vertex in the silicon ver-
tex detector. The systematic uncertainty from this source is deter-
mined by considering the potential error on the length scale of
the detector from the mechanical survey, thermal expansion and
the current alignment precision.

The analysis assumes that B0
s and B0

s mesons are produced in
equal quantities. The influence of a production asymmetry for B0

s
mesons on the measured lifetime is found to be small.

In the absolute lifetime method both a Gaussian and a Crystal
Ball mass model [20] are implemented and the effect on fully sim-
ulated data is evaluated to estimate the systematic uncertainty due
to the modelling of the signal PDF. In the relative lifetime method

Zuerst am SPS
R. Bailey, et al., Z. Phys. C 28 (1985) 357.
und CDF
Nucl. Instrum. Meth. A 570 (2007) 525,
Phys. Rev. D 83 (2011) 032008,
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Figure 7: Left: The ratio of the ξ acceptance functions in fully simulated events. Right:
The ratio of the ξ acceptance functions in toy simulation studies.

5.2 Lifetime Extraction
The B0

s→ K+K− lifetime is extracted using the mass fits described above performed in
bins of ξ. The shape of the signal and background PDFs are determined by fits to the
time-integrated dataset shown in Figure 8.
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Figure 8: Fit to the time-integrated invariant mass spectrum for the KK (left) and Kπ
(right) final state for the relative lifetime analysis.

The dataset is split into 33 ξ bins which are chosen so that each contains approximately
the same number of candidates.
The B0

s → K+K− lifetime is fitted for directly by means of a simultaneous fit of both
final states and ξ bins. To accompish this, a simultaneous PDF must be constructed that
spans the entire dataset. In each ξ bin, mass fits of the form described previously are
performed, but only the yields of B0→ K+π− and the backgrounds are allowed to float
completely freely. The yields of the two other signal modes are expressed in terms of the
ratios to the yield of B0→ K+π− :

12

Verifiziert mittels realistischer 
Simulation

ca. 30 mal mehr simulierte 
Ereignisse als gemessene Daten 
(2010)
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A measurement of the effective B0
s → K+K− lifetime is presented using approximately 37 pb−1 of data

collected by LHCb during 2010. This quantity can be used to put constraints on contributions from
processes beyond the Standard Model in the B0

s meson system and is determined by two complementary
approaches as

τK K = 1.440± 0.096 (stat) ± 0.008 (syst) ± 0.003 (model) ps.

 2011 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

The study of charmless B meson decays of the form B →
h+h′− , where h(′) is either a kaon, pion or proton, offers a rich
opportunity to explore the phase structure of the CKM matrix and
to search for manifestations of physics beyond the Standard Model.
The effective lifetime, defined as the decay-time expectation value,
of the B0

s meson measured in the decay channel B0
s → K+K−

(charge conjugate modes are implied throughout the Letter) is
of considerable interest as it can be used to put constraints on
contributions from new physical phenomena to the B0

s meson sys-
tem [1–4]. The B0

s → K+K− decay was first observed by CDF [5,6].
The decay has subsequently been confirmed by Belle [7].

The detailed formalism of the effective lifetime in B0
s → K+K−

decay can be found in Refs. [3,4]. The untagged decay-time distri-
bution can be written as

Γ (t) ∝ (1− A#Γs )e
−ΓLt + (1+ A#Γs )e

−ΓHt . (1)

The parameter A#Γs is defined as A#Γs = −2Re(λ)/(1 + |λ|2)
where λ = (q/p)(A/A) and the complex coefficients p and q define
the mass eigenstates of the B0

s –B
0
s system in terms of the flavour

eigenstates (see, e.g., Ref. [8]), while A (A) gives the amplitude for
B0
s (B0

s ) decay to the CP even K+K− final state. In the absence
of CP violation, Re(λ) = 1 and Im(λ) = 0, so that the distribution
involves only the term containing ΓL . Any deviation from a pure
single exponential with decay constant Γ −1

L is a measure of CP
violation.

When modelling the decay-time distribution shown in Eq. (1)
with a single exponential function in a maximum likelihood fit,
it converges to the effective lifetime given in Eq. (2) [9]. For

! © CERN for the benefit of the LHCb Collaboration.

small values of the relative width difference #Γs/Γs = (ΓL − ΓH )/
((ΓL + ΓH )/2), the distribution can be approximated by Taylor ex-
pansion as shown in the second part of the equation [3]

τK K = τB0
s

1

1− y2s

[
1+ 2A#Γs ys + y2s

1+ A#Γs ys

]

= τB0
s

(
1+ A#Γs ys + O

(
y2s

))
, (2)

where τB0
s
= 2/(ΓH + ΓL) = Γ −1

s and ys = #Γs/2Γs . The Standard

Model predictions for these parameters are A#Γs = 0.97+0.014
−0.009 [3]

and ys = 0.066 ± 0.016 [10].
The decay B0

s → K+K− is dominated by loop diagrams carry-
ing, in the Standard Model, the same phase as the B0

s –B
0
s mixing

amplitude and hence the measured effective lifetime is expected to
be close to Γ −1

L . The tree contribution to the B0
s → K+K− decay

amplitude, however, introduces CP violation effects. The Standard
Model prediction is τK K = 1.390 ± 0.032 ps [3]. In the presence
of physics beyond the Standard Model, deviations of the measured
value from this prediction are possible.

The measurement has been performed using a data sample cor-
responding to an integrated luminosity of 37 pb−1 collected by
LHCb at an energy of

√
s = 7 TeV during 2010. A key aspect of the

analysis is the correction of lifetime biasing effects, referred to as
the acceptance, which are introduced by the selection criteria to
enrich the B meson sample. Two complementary data-driven ap-
proaches have been developed to compensate for this bias. One
method relies on extracting the acceptance function from data,
and then applies this acceptance correction to obtain a measure-
ment of the B0

s → K+K− lifetime. The other approach cancels the
acceptance bias by taking the ratio of the B0

s → K+K− lifetime
distribution with that of B0 → K+π− .

0370-2693/  2011 CERN. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2011.12.058
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Fig. 1. Results of the relative lifetime fit. Left: Fit to the time-integrated K K mass spectrum. Right: Fit to the K K decay-time distribution. The black points show the total
number of candidates per picosecond in each decay time bin, the stacked histogram shows the B0

s → K+K− yield in red (dark) and the background yield in grey (light). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this Letter.)

2. Data sample

The LHCb detector [11] is a single arm spectrometer with a
pseudorapidity acceptance of 2 < η < 5 for charged particles. The
detector includes a high precision tracking system which consists
of a silicon vertex detector and several dedicated tracking planes
with silicon microstrip detectors (Inner Tracker) covering the re-
gion with high charged particle multiplicity and straw tube de-
tectors (Outer Tracker) for the region with lower occupancy. The
Inner and Outer trackers are placed after the dipole magnet to al-
low the measurement of the charged particles’ momenta as they
traverse the detector. Excellent particle identification capabilities
are provided by two ring imaging Cherenkov detectors which al-
low charged pions, kaons and protons to be distinguished from
each other in the momentum range 2–100 GeV/c. The experiment
employs a multi-level trigger to reduce the readout rate and en-
hance signal purity: a hardware trigger based on the measurement
of the energy deposited in the calorimeter cells and the momen-
tum transverse to the beamline of muon candidates, as well as a
software trigger which allows the reconstruction of the full event
information.

B mesons are produced with an average momentum of around
100 GeV/c and have decay vertices displaced from the primary in-
teraction vertex. Background particles tend to have low momentum
and tend to originate from the primary pp collision. These features
are exploited in the event selection. In the absolute lifetime mea-
surement the final event selection is designed to be more stringent
than the trigger requirements, as this simplifies the calculation of
the candidate’s acceptance function. The tracks associated with the
final state particles of the B meson decay are required to have
a good track fit quality (χ2/ndf < 3 for one of the two tracks and
χ2/ndf < 4 for the other), have high momentum (p > 13.5 GeV/c),
and at least one particle must have a transverse momentum of
more than 2.5 GeV/c. The primary proton–proton interaction ver-
tex (or vertices in case of multiple interactions) of the event is
fitted from the reconstructed charged particles. The reconstructed
trajectory of at least one of the final state particles is required to
have a distance of closest approach to all primary vertices of at
least 0.25 mm.

The B meson candidate is obtained by reconstructing the ver-
tex formed by the two-particle final state. The B meson transverse
momentum is required to be greater than 0.9 GeV/c and the dis-
tance of the decay vertex to the closest primary pp interaction
vertex has to be larger than 2.4 mm. In the final stage of the se-
lection the modes B0

s → K+K− and B0 → K+π− are separated

by pion/kaon likelihood variables which use information obtained
from the ring imaging Cherenkov detectors.

The event selection used in the relative lifetime analysis is very
similar. However, some selection criteria can be slightly relaxed as
the analysis does not depend on the exact trigger requirements.

3. Relative lifetime measurement

This analysis exploits the fact that the kinematic properties of
the B0

s → K+K− decay are very similar to those of B0 → K+π− .
The two different decay modes can be separated using information
from the ring imaging Cherenkov detectors. The left part of Fig. 1
shows the invariant mass distribution of the B0

s → K+K− candi-
dates after the final event selection. In addition 1.424 B0 → K+π−

candidates are selected. Using a data-driven particle identification
calibration method described in the systematics section, the re-
maining contamination in the B0

s → K+K− sample from other
B → h+h′− final states in the analysed mass region is estimated
to be 3.8%.

B mesons in either channel can be selected using identical
kinematic constraints and hence their decay-time acceptance func-
tions are almost identical. Therefore the effects of the decay-time
acceptance cancel in the ratio and the effective B0

s → K+K− life-
time can be extracted relative to the B0 → K+π− mode from the
variation of the ratio R(t) of the yield of B meson candidates in
both decay modes with decay time:

R(t) = R(0)e−t(τ−1
K K −τ−1

Kπ ). (3)

The cancellation of acceptance effects has been verified using sim-
ulated events, including the full simulation of detector effects,
trigger response and final event selection. Any non-cancelling ac-
ceptance bias on the measured lifetime is found to be smaller 1 fs.

In order to extract the effective B0
s → K+K− lifetime, the yield

of B meson candidates is determined in bins of decay time for
both decay modes. Thirty bins between −1 ps and 35 ps are cho-
sen such that each bin contains approximately the same number
of B meson candidates. The ratio of the yields is then fitted as
a function of decay time and the relative lifetime can be deter-
mined according to Eq. (3). With this approach it is not necessary
to parametrise the decay-time distribution of the background. In
order to maximise the statistical precision, both steps of the anal-
ysis are combined in a simultaneous fit to the K+K− and K+π−

invariant mass spectra across all decay-time bins. The signal distri-
butions are described by Gaussian functions and the combinatorial
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Fig. 3. Left: Average decay-time acceptance function for signal events, where the error band is an estimate of the statistical uncertainty. The plot is scaled to 1 at large
decay times, not taking into account the total signal efficiency. Right: Decay-time distribution of the B0

s → K+K− candidates and the fitted functions. The estimation of the
background distribution is sensitive to fluctuations due to the limited statistics. Both plots are for the absolute lifetime measurement. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this Letter.)

Table 1
Summary of systematic uncertainties on the B0

s → K+K− lifetime measurements.

Source of uncertainty Uncertainty on
τK K (fs)

Uncertainty on
τ−1
K K − τ−1

Kπ (ns−1)

Fit method 3.2



0.5Acceptance correction 6.3
Mass model 1.9
B → h+h′− background 1.9 1.4
Partially reconstructed background 1.9 1.1
Combinatorial background 1.5 1.6
Primary vertex association 1.2 0.5
Detector length scale 1.5 0.7
Production asymmetry 1.4 0.6
Minimum accepted lifetime 1.1 N/A

Total (added in quadrature) 8.4 2.7
Effective lifetime interpretation 2.8 1.1

channel only once the full analysis procedure had been fixed. The
result of the lifetime fit is

τK K = 1.440± 0.096 (stat) ps

and is illustrated in Fig. 3.

5. Systematic uncertainties

The systematic uncertainties are listed in Table 1 and discussed
below. The dominant contributions to the systematic uncertainty
for the absolute lifetime measurement come from the treatment
of the acceptance correction (6.3 fs) and the fitting procedure
(3.2 fs). The systematic uncertainty from the acceptance correc-
tion is determined by applying the same analysis technique to
a kinematically similar high statistics decay in the charm sector
(D0 → K−π+ [18]). This analysis yields a lifetime value in good
agreement with the current world average and of better statistical
accuracy. The uncertainty on the comparison between the mea-
sured value and the world average is rescaled by the B meson and
charm meson lifetime ratio. The uncertainty due to the fitting pro-
cedure is evaluated using simplified simulations. A large number of
pseudo-experiments are simulated and the pull of the fitted life-
times compared to the input value to the fit is used to estimate
the accuracy of the fit. These sources of uncertainty are not dom-
inant in the relative method, and are estimated from simplified
simulations which also include the systematic uncertainty of the
mass model. Hence a common systematic uncertainty is assigned
to these three sources.

The effect of the contamination of other B → h+h′− modes
to the signal modes is determined by a data-driven method. The

misidentification probability of protons, pions and kaons is mea-
sured in data using the decays K 0

S → π+π− , D0 → K+π− , φ →
K+K− and Λ → pπ− , where the particle type is inferred from
kinematic constraints alone [19]. As the particle identification like-
lihood separating protons, kaons and pions depends on kinematic
properties such as momentum, transverse momentum, and num-
ber of reconstructed primary interaction vertices, the sample is
reweighted to reflect the different kinematic range of the final
state particles in B → h+h′− decays. The effect on the measured
lifetime is evaluated with simplified simulations.

Decays of B0
s and B0 to three or more final state particles,

which have been partially reconstructed, lie predominantly in the
mass range below the B0

s mass peak outside the analysed region.
Residual background from this source is estimated from data and
evaluated with a sample of fully simulated partially reconstructed
decays. The effect on the fitted lifetime is then evaluated.

In the absolute lifetime measurement, the combinatorial back-
ground of the decay-time distribution is described by a non-
parametric function, based on the observed events with masses
above the B0

s meson signal region. The systematic uncertainty
is evaluated by varying the region used for evaluating the com-
binatorial background. In the relative lifetime measurement, the
combinatorial background in the hh′ invariant mass spectrum is
described by a first order polynomial. To estimate the systematic
uncertainty, a sample of simulated events is obtained with a sim-
plified simulation using an exponential function, and subsequently
fitted with a first order polynomial.

Events may contain several primary interactions and a recon-
structed B meson candidate may be associated to the wrong pri-
mary vertex. This effect is studied using the more abundant charm
meson decays where the lifetime is measured separately for events
with only one or any number of primary vertices and the observed
variation is scaled to the B meson system.

Particle decay times are measured from the distance between
the primary vertex and secondary decay vertex in the silicon ver-
tex detector. The systematic uncertainty from this source is deter-
mined by considering the potential error on the length scale of
the detector from the mechanical survey, thermal expansion and
the current alignment precision.

The analysis assumes that B0
s and B0

s mesons are produced in
equal quantities. The influence of a production asymmetry for B0

s
mesons on the measured lifetime is found to be small.

In the absolute lifetime method both a Gaussian and a Crystal
Ball mass model [20] are implemented and the effect on fully sim-
ulated data is evaluated to estimate the systematic uncertainty due
to the modelling of the signal PDF. In the relative lifetime method

“Modellfehler”
Triggerakzeptanz verwirft Ereignisse bei τ ≈ 0
➥ sensitiv zum Verhaeltnis BL und BH
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Effektive Bs Lebensdauer
Interpretation (Fleischer hep-ph/1109.5115)
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τJ/ψf0 = 1.70 ps ± 1%†

τK+K− = 1.44 ps ± 1%†

∆ΓSM
s /Γs = 0.133± 0.032

Figure 2: The measurements of the effective B0
s → K+K− and B0

s → J/ψf0 lifetimes
projected onto the φs–∆Γs plane. Left panel: analysis of the current data, where the
shaded bands give the 1σ uncertainties of the lifetimes; the 39% confidence regions
originating from a χ2 fit are also shown. Right panel: illustration of how the situation
improves for unchanged central values if the uncertainties were improved to 1% accuracy,
including also the constraint from the theoretical value of ∆ΓSM

s /Γs.
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Figure 3: Illustration of the errors of the hadronic phase shifts ∆φK+K− and ∆φJ/ψf0 on
the contours in the φs–∆Γs plane for the central values of the lifetime measurements.
We also shown the impact of the present error of the Bs lifetime.
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Figure 4: The fitted lifetime regions in the φs–∆Γs plane from the left panel of Fig. 2

added to a compilation of measurements as obtained in Ref. [29]. The DØ, CDF and

LHCb allowed regions refer to tagged analyses of B0
s → J/ψφ. In addition, the DØ

region includes also the result for the like-sign dimuon asymmetry while LHCb has also

included a first analysis of CP violation in B0
s → J/ψf0.

In the left panel of Fig. 2, we show the current measurements of the effective lifetimes

of the B0
s → K+K−

and B0
s → J/ψf0 decays as constraints on the φs–∆Γs plane. We

also show the 39% confidence region resulting from a χ2
fit of these two results. The

individual fitted values for the φs and ∆Γs parameters are given as follows:

φs = −
�
52

+19
−43

�◦
, ∆Γs =

�
0.23+0.08

−0.12

�
ps

−1
(47)

φs =
�
71

+14
−27

�◦
, ∆Γs =

�
0.28+0.08

−0.14

�
ps

−1, (48)

where the errors are 68% confidence levels corresponding to a χ2
fit of the lifetimes. Each

solution has a two-fold ambiguity given by the transformation

φs → φs + 180
◦, ∆Γs → −∆Γs. (49)

Both lifetime measurements currently have an error of about 7%. However, it seems

feasible to reduce the uncertainty of the τK+K− measurement at LHCb to the few-percent

level [27]. In the right panel of Fig. 2, we show – for illustration – the impact of measure-

ments of the B0
s → K+K−

and B0
s → J/ψf0 lifetimes with 1% uncertainty, assuming no

change in the central values. Clearly, at this level of accuracy, the lifetime measurements

could strongly constrain φs and ∆Γs.

Using (32), we also include the band corresponding to the theoretical value of∆ΓSM
s /Γs

given in (29). We observe, as also noted in Ref. [12], that the central value of the τJ/ψf0
measurement is too large in comparison with this constraint. To spoil the relation in

(32) either large NP effects are required, a very contrived scenario in our opinion, or the

width difference ∆Γs must be affected by hadronic long-distance effects, which are not

included in the SM calculation of (29). The B0
s → J/ψf0 effective lifetime predicted by

the SM calculation is τJ/ψf0 = (1.582± 0.036) ps [12].

9

Eff. Lebensdauer schränkt 
ΔΓ - Φs Ebene ein

τeff(J/ψf0): CDF 
hep-ex/1106.3682

Zusammen mit Bs → J/ψϕ 
Mischungsanalyse 
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Effektive Bs Lebensdauer

Neu in 2011: Dedizierter Trigger für Bs→K+K-

Herausforderungen:
Keine Variablen, die die gemessene Lebensdauer beeinflussen

Die mächtigsten Variablen zur Unterdrückung des 
Untergrunds können nicht verwendet werden.
Teilchen-ID unerlässlich
➥ aber zu langsam, um alle Ereignisse im Trigger zu 
betrachten.

Lösung: 2 konsekutive Neuronale Netze (NeuroBayes) bereits 
im Trigger (HLT2)

Netz 1: Kinematik: p, pt, Helizitätswinkel, ...
Netz 2: Kinematik + Teilchen ID
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Figure 1: Acceptance of B mesons vs decay time of the neural network used for the
final event selection using simulated B0

s → K+K− signal candidates. A linear fit to the
acceptance versus decay time yields a slope of 0.0008± 0.0034 ps−1.

5 Analysis of the effective B0
s→ K+K− lifetime103

The effective B0
s→ K+K− lifetime is extracted from an unbinned log-likelihood fit to the104

data. In a first step, the B0
s→ K+K− signal candidates are enriched following the selection105

criteria described in Sec. 4. A fit to the invariant mass spectrum is performed to determine106

the sWeights [13] which are used to isolate the B0
s→ K+K− decay time distribution from107

the residual background. The B0
s → K+K− and B0→ K+π− invariant mass spectrum108

are described by a Gaussian function. Due to the close proximity in mass, both Gaussian109

functions share a common resolution parameter. The background contamination from110

partially reconstructed B meson decays is described by a further Gaussian function and111

the combinatorial background description uses a Chebychev polynomial with one free112

parameter. It should be noted that the kaon mass is assigned to both final state particles113

in the vertex fit and hence the reconstructed B0→ K+π− mass is expected to be shifted114

towards higher values than the nominal mass. In total, 1024±39 B0
s→ K+K− candidates115

and 54±19 B0→ K+π− candidates are extracted from the fit to the data. It is found that116

256±41 candidates are attributed to the combinatorial background and 163±31 partially117

reconstructed B meson decays are found in the lower sideband region. The left part of118

Fig. 2 shows the resulting invariant mass spectrum for B0
s→ K+K− candidates and the119

left part of Fig. 3 shows the corresponding distribution for B0→ K+π− candidates.120

Using these sWeights, the B0
s→ K+K− decay time distribution is extracted from the121

data. Since there is no acceptance bias to correct for, the lifetime is extracted from a fit122

of a single exponential function which is convolved with a Gaussian resolution function to123

account for the finite detector resolution. The mean of the Gaussian resolution has been124

fixed to zero in the fit, whereas the resolution parameter is treated as a free parameter125

and shared between the B0
s → K+K− and B0→ K+π− decay modes. The resolution is126

determined as σ(τKK) = 0.02± 0.03 ps, which is compatible with the expected resolution127

4

Effektive Bs Lebensdauer
Flache Akzeptanz bzgl. Lebensdauer der Netze

simulierte Ereignisse

Weitere neuronale Netze zur Ereignisselektion auf 
rekonstruierten Daten.

Selektion von Bs → K+K- mittels Teilchen-ID
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Figure 2: Left: Invariant B→ h+h�− mass spectrum with the optimal cut on the neural
network applied. Tight particle identification criteria are applied to select B0

s→ K+K−

decays. The contribution from B0→ K+π− is shown in hatched (green), the one from
B0

s → K+K− in striped (red). The additional background from partially reconstructed
B mesons is shown in shaded (blue). Right: Corresponding decay time distribution of
B0

s→ K+K− signal candidates extracted from an unbinned log-likelihood fit to the data.
The decay time of the signal mode has been isolated using sWeights.

result of the final measurement, the decay time of the B0
s meson is required to be larger156
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Figure 3: Left: Invariant B→ h+h�− mass spectrum with the optimal cut on the neural
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decays. The contribution from B0→ K+π− is shown in hatched (green), the one from
B0

s → K+K− in striped (red). The additional background from partially reconstructed
B mesons is shown in shaded (blue). Right: Corresponding decay time distribution of
B0→ K+π− signal candidates extracted from an unbinned log-likelihood fit to the data.
The decay time of the signal mode has been isolated using sWeights.

6

 ]2) [ GeV/c-h+m(h
5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8

2
ca

nd
. /

 8
 M

eV
/c

0

20

40

60

80

100

120

140

160

180
LHCb Preliminary

-1 = 7 TeV   L = 1.0 fbs

) [ ps ]- K+ K! 
s

(B"
2 4 6 8 10 12 14

sW
ei

gh
te

d 
ca

nd
.

-110

1

10

210
LHCb Preliminary

-1 = 7 TeV   L = 1.0 fbs

Figure 2: Left: Invariant B→ h+h�− mass spectrum with the optimal cut on the neural
network applied. Tight particle identification criteria are applied to select B0

s→ K+K−

decays. The contribution from B0→ K+π− is shown in hatched (green), the one from
B0

s → K+K− in striped (red). The additional background from partially reconstructed
B mesons is shown in shaded (blue). Right: Corresponding decay time distribution of
B0

s→ K+K− signal candidates extracted from an unbinned log-likelihood fit to the data.
The decay time of the signal mode has been isolated using sWeights.

result of the final measurement, the decay time of the B0
s meson is required to be larger156

 ]2) [ GeV/c-h+m(h
5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8

2
ca

nd
. /

 8
 M

eV
/c

0

50

100

150

200

250

300
LHCb Preliminary

-1 = 7 TeV   L = 1.0 fbs

) [ ps ]- K+! " 
d

(B#
2 4 6 8 10 12 14

sW
ei

gh
te

d 
ca

nd
.

-110

1

10

210
LHCb Preliminary

-1 = 7 TeV   L = 1.0 fbs

Figure 3: Left: Invariant B→ h+h�− mass spectrum with the optimal cut on the neural
network applied. Tight particle identification criteria are applied to select B0→ K+π−

decays. The contribution from B0→ K+π− is shown in hatched (green), the one from
B0

s → K+K− in striped (red). The additional background from partially reconstructed
B mesons is shown in shaded (blue). Right: Corresponding decay time distribution of
B0→ K+π− signal candidates extracted from an unbinned log-likelihood fit to the data.
The decay time of the signal mode has been isolated using sWeights.

6

LHCb-CONF-2012-001

39



B(s) → μ+ μ-

Sehr seltener Zerfallskanal
Doppelt unterdrückt: FCNC und Helizitaet
Dennoch genaue Standard-Modell Vorhersage

Bs → μ+ μ- : (3.2 ± 0.2) 10-9

B0 → μ+ μ- : (0.1 ± 0.01) 10-9

A. Buras (hep-ph/1012.1447), E. Gamiz et al. PRD 80, 014503

Verzeigungsverhältnis kann durch neue Physik stark 
erhöht werden, z.B. Higgs / SuSy

Bs,d! µ+µ- in the Standard Model  

7. Dezember 2011 Johannes Albrecht 

A.J.Buras: arXiv:1012.1447 
E. Gamiz et al: Phys.Rev.D 80 (2009) 014503 

Mode SM 
Bs! µ+µ-  3.2 ± 0.2 10-9 

B0! µ+µ-  0.10 ± 0.01 10-9 

Double suppressed decay:  FCNC process and helicity suppressed:  

! very small in the Standard Model but well predicted: 

"  sensitive to contributions in the scalar/pseudo-scalar sector 
" highly interesting to probe extended Higgs models 

BR expressed in Wilson coefficients: 

26/43 

+
•  Example: MSSM 

(with R-parity conservation) 

 !  limit or measurement of Bs,d"µ+µ- 
  will strongly constrain tan! vs MA plane 

 

Bs,d! µ+µ- as probe for New Physics 

•  Constrained models: CMSSM, NUHM1 

7. Dezember 2011 Johannes Albrecht 
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Bs,d! µ+µ-  
more 
sensitive 
than direct 
searches 
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B(s) → μ+ μ-

Signal PDFs aus B→hh Zerfällen: Gleiche Topologie
Selektion via Boosted Decision Tree
Normalisierung aus Daten 
B → J/ψK, Bs → J/ψϕ, B → hh

Figure 3: BDT probability distribution functions of signal events (solid squares) and
combinatorial background (open circles): the PDF for the signal is obtained from the
inclusive sample of TIS B0

(s) → h+h
�− events, the PDF for the combinatorial background

is obtained from the events in the mass sidebands.

Figure 4: Di-muon invariant mass spectrum in the ranges (2.9 – 3.9) GeV/c2 (left) and
(9–11) MeV/c2 (right).

This result has been checked using both the fits to the B0
(s) → h+h

�− inclusive decay line

shape and the B0 → K+π− exclusive decay. The results are in agreement within the
uncertainties.

8

Results: Bs! µ+µ- !

7. Dezember 2011 Johannes Albrecht 
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•  Evaluate compatibility with signal
+background hypotheses (CLs method) 
–  p-value for bkg only: 5% 
–  p-value for SM+bkg: 33% 

33/43 

Figure 8: B0
s → µ+µ−: distribution of selected dimuon events in the invariant mass

search window for the four BDT bins. The black dots are data, the light blue histogram
shows the contribution of the combinatorial background, the green histogram shows the
contribution of the B0

(s) → h+h− background and the red filled histogram the contribution

of B0
s → µ+µ− signal events according to the SM rate. The hatched area depicts the

uncertainty on the sum of the expected contributions.

the presence of B0
s → µ+µ− events according to the SM branching fraction. For the228

B0 → µ+µ− decay the expected limit is computed in the background-only hypothesis and229

also allowing the presence of B0 → µ+µ− events with the SM rate: the two results are230

identical. In the limit computation the cross-feed of B0
s → µ+µ− (B0 → µ+µ−) events in231

the B0 (B0
s ) mass window has been taken into account assuming the SM rates.232

The observed CLb values are shown in the same tables. The comparison of the observed233

distribution of events with the expected background distribution results in a p-value (1-234

CLb) of 5% for the B0
s → µ+µ− and 32% for the B0 → µ+µ− decay for the 2011235

data.236

For the B0
s → µ+µ− decay, the probability that the observed events are compatible237

with the sum of expected background events and signal events according to the SM rate238

is measured by 1-CLs+b and it is 33%.239

The result obtained in 2011 with ∼ 370 pb−1 has been combined with the result240

published in 2010 based on ∼ 37 pb−1 [6]. The 24 bins used to compute the limit in241
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B(s) → μ+ μ-

Kombination von LHCb und CMS Resultat
LHCb-CONF-2011-047 und CMS-PAS-BPH-11-019
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Figure 2: The observed (solid curve) and expected (dotted curve) CLs values, for background-
only (top) and background plus the Standard Model signal (bottom), as a function of B(B0

s→
µ+µ−). The green shaded area contains the ±1σ interval of possible results compatible with the
expected value; the 90% and 95% CL observed limits are illustrated by the dashed lines.

8

10k signal-plus-background pseudo-experiments are generated, and the results compared

with the observed likelihood ratio in data.

In Fig. 1 examples of −2 ln Q distributions are shown for the background hypothesis

and for the signal-plus-background hypothesis. The quantity CLs+b is the integral of

the “s+b” hypothesis distribution from the observed value upwards, hence represents the

probability that another experiment would give a lower likelihood than the observed one,

under the hypothesis of signal-plus-background. CLs+b is a measure of the incompatibility

with the “s+b” hypothesis. The quantity CLb is the integral of the “b” hypothesis

distribution from the observed value upwards, hence the quantity 1− CLb (also referred

to as the p-value) represents the probability that another experiment would give a lower

likelihood than the observed one, under the hypothesis of background only. 1− CLb is a

measure of the compatibility with the background hypothesis. The modified frequentist

approach used in this note uses the ratio CLs = CLs+b/CLb to calculate the exclusion

limit, which is more conservative than using CLs+b, as it is less affected by background

fluctuations.

4 Results and conclusions

The observed distribution of events from LHCb and CMS, when compared with the ex-

pected background distribution, results in 1 − CLb (or p-value) of 8%. When a signal

is included at the level expected in the Standard Model the p-value increases to 57%,

indicating that the observed candidates are consistent with the sum of backgrounds and

the Standard Model expectation.

The value of CLs, as computed from the distribution of events observed by LHCb and

CMS, is shown in Fig. 2 as a function of the assumed branching ratio. The observed value

of CLs results in the limits:

B(B0
s→ µ+µ−) < 1.08× 10

−8
at 95 % CL,

B(B0
s→ µ+µ−) < 0.90× 10

−8
at 90 % CL,

which clearly improve on the limits obtained by the individual experiments, and represent

the best existing limits on this decay. An enhancement of the branching ratio by more

than 3.4 times the Standard Model prediction is excluded at 95% CL. There still remains,

however, room for a contribution from physics beyond the Standard Model.

7

Ausschluss Signal > 3.4 *SM
Vergleiche CDF, 10fb-1 
(M. Rescigno, Aspen 2012)

0.22 10-8 < Br(B(s)→μ+μ-) < 3.0 10-8

@ 90%CL.

ASPEN February 11-17 2012 M.Rescigno  17 

Bs  search with full Run II data @ CDF 

ASPEN February 11-17 2012 M.Rescigno  17 

Prob. of a background fluctuation become 0.94% (7.1% for bkg+SM signal), was 
0.27%/1.9% 
Considering two highest bin only p-value are 2.1% (22.4% for bkg+SM) 
Two sided bound:   0.22 × 10-8 < Br< 3.0 × 10-8 @ 90% C.L.   [Br(Bs

+ -) = 
1.0+0.8

-0.6× 10-8 @1
UL 95% (90%) C.L.using CLs is 3.1×10-8 (2.7×10-8)  

ASPEN February 11-17 2012 M.Rescigno  17 
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B → K* μ+ μ-

Sensitiv auf Neue Physik in EM Dipol 
(O7) und semi-lep. (O9,10) Operator
Observable: AFB

Nulldurchgang
Funktionale Form

New Lorentz structure: B0! K* µ+µ- 

7. Dezember 2011 Johannes Albrecht 
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FIG. 2: The differential branching ratio dB/dq2 in units of 10−7/GeV2 (a), the forward-backward asymmetry

AFB (b) and the longitudinal polarization FL (c) in the large recoil q2 < m2
J/ψ and the low recoil q2 �

m2
ψ� ∼ O(m2

b) regions in the SM. At low recoil, the uncertainties shown are due to the Λ/Q expansion of the

improved Isgur-Wise relations (green bands), subleading terms of order αsΛ/Q (red bands) and the form

factors (blue bands). At large recoil, the bands denote the uncertainties from Λ/mb, Λ/EK∗ corrections (red

bands) and the form factors (blue bands). The vertical shaded (grey) bands mark the experimental veto

regions [8, 9] to remove contributions from B̄ → J/ψ(→ µ+µ−)K̄∗ (left band) and B̄ → ψ�(→ µ+µ−)K̄∗

(right band).
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FIG. 3: The B̄ → K̄∗l+l− distributions dB/dq2 (a), AFB (b) and FL (c) in the SM including the theoretical

uncertainties added in quadrature (shaded blue bands) versus the existing data from Belle [8] (red), BaBar

[6, 7] (gold) and CDF [9] (black). The experimental data for AFB have their sign flipped to match the

conventions used in this work. The isolated solid (black) line in the AFB plot illustrates the case with

C7 = −CSM
7 . The vertical shaded (grey) bands are defined as in Fig. 2. The isolated dashed (black) lines

between the c̄c-bands are theory extrapolations from the low and large recoil region.
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Experimentelle Situation
vor Sommer 2011

Belle (rot, 230 Ereig.)
BaBar (orange, 70. E.)
CDF (schwarz, 100 E)

➥ Mögliche Neue Physik?
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B → K* μ+ μ-

Ca. 300 Ereignisse in 0.3fb-1 bei LHCb (LHCb-CONF-2011-038)
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Figure 3: The mKπµµ mass distribution of B0→ K∗0µ+µ− candidates in the full q2 range
(a), in a 1 < q2 < 6 GeV bin (b), and in the six Belle q2 bins (c). The solid line shows
a fit to this distribution with a double-Gaussian signal component (thin-green line) and
Exponential background component (dashed-red line).
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Figure 4: AFB, FL and the differential branching fraction as a function of q2 in the six
Belle q2 bins. The theory predictions are described from Ref. [13].
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Gute Übereinstimmung mit theoretischer Erwartung
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Der Stand der Dinge...
CKM Mechanismus etabliert zur CP
Verletzung im Standard-Modell

Überragende Bestätigung durch B-Fabriken, 
Tevatron, LHC

Vor Sommer 2011: 
Viele Hinweise auf mögliche Neue Physik

Bs→J/ψϕ, Bs→μμ, B→K*μμ, ...
Exzellente Datenqualitaet an LHC Experimenten

Viele Messungen dominieren Weltmittelwert
Viele sehr präzise Messergebnisse
➥ aber keine “Neue Physik”

Oder ? ACP in Charm

Flavour-Physik bleibt wichtigstes Mittel zur Suche nach Neuer Physik
Ausschlussgrenzen auf z.B. CMSSM stärker als Ergebnisse direkter 
Suchen

Entdeckung Neuer Physik bleibt spannend - 
viele neue Resultate bei den Winterkonferenzen (LaThuile, Moriond,...)45
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Analysen fuer NP
Siehe arXiv:1012.144750 Andrzej J. Buras

AC RVV2 AKM δLL FBMSSM SSU(5)RN

D0 − D̄0 !!! ! ! ! ! !

εK ! !!! !!! ! ! !!!

Sψφ !!! !!! !!! ! ! !!!

SφKS
!!! !! ! !!! !!! !!

ACP (B → Xsγ) ! ! ! !!! !!! !

A7,8(K∗µ+µ−) ! ! ! !!! !!! !

Bs → µ+µ− !!! !!! !!! !!! !!! !!!

K+ → π+νν̄ ! ! ! ! ! !

KL → π0νν̄ ! ! ! ! ! !

µ → eγ !!! !!! !!! !!! !!! !!!

τ → µγ !!! !!! ! !!! !!! !!!

µ+N → e+N !!! !!! !!! !!! !!! !!!

dn !!! !!! !!! !! !!! !!!

de !!! !!! !! ! !!! !!!

(g − 2)µ !!! !!! !! !!! !!! !!!

Table 2. “DNA” of flavour physics effects for the most interesting observables in a
selection of SUSY models. !!! signals large NP effects, !! moderate to small
NP effects and ! implies that the given model does not predict visible NP effects
in that observable. From [77] and [180].

I hope to be able to contribute again.

5.13. ”DNAs” of Flavour Models

The “DNA’s” of flavour physics effects for the most interesting observ-
ables constructed in [77] and extended by the recent results obtained in the
2HDMMFV, SM4, RHMFV and SSU(5)RN are presented in Tables 2 and
3. These tables only indicate whether large, moderate or small NP effects
in a given observable are still allowed in a given model but do not exhibit
correlations between various observables characteristic for a given model.
Still they could turn out to be useful in eliminating models in which large
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CP Verletzung in Bs Mischung

Winkelanalyse in Bs → J/ψ ϕ

µ+µ− invariant mass as discriminating variable. The re-
sulting dilution is equivalent to that of a single Gaussian
with a width of 50 fs. The uncertainty on the decay time
resolution is estimated to be 4% by varying the selection
of events and by comparing in the simulation the reso-
lutions obtained for prompt combinations and B0

s signal
events. This uncertainty is accounted for by scaling the
widths of the three Gaussians by a common factor of
1.00± 0.04, which is varied in the fit subject to a Gaus-
sian constraint. In similar fashion the uncertainty on
the mixing frequency is taken into account by varying it
within the constraint imposed by the LHCb measurement
∆ms = 17.63± 0.11 (stat)± 0.02 (syst) ps−1 [18].

The decay time distribution is affected by two accep-
tance effects. First, the efficiency decreases approxi-
mately linearly with decay time due to inefficiencies in
the reconstruction of tracks far from the central axis
of the detector. This effect is parameterized as �(t) ∝
(1 − βt) where the factor β = 0.016 ps−1 is determined
from simulated events. Second, a fraction of approxi-
mately 14% of the events has been selected exclusively
by a trigger path that exploits large impact parameters
of the decay products, leading to a drop in efficiency at
small decay times. This effect is described by the empiri-
cal acceptance function �(t) ∝ (at)c / [1+(at)c], applied
only to these events. The parameters a and c are deter-
mined in the fit. As a result, the events selected with
impact parameter cuts do effectively not contribute to
the measurement of Γs.

The uncertainty on the reconstructed decay angles is
small and is neglected in the fit. The decay angle accep-
tance is determined using simulated events. The devia-
tion from a flat acceptance is due to the LHCb forward
geometry and selection requirements on the momenta of
final state particles. The acceptance varies by less than
5% over the full range for all three angles.

The results of the fit for the main observables are
shown in Table I. The likelihood profile for δ� is not
parabolic and we therefore quote the 68% confidence level
(CL) range 3.0 < δ� < 3.5. The correlation coefficients
for the statistical uncertainties are ρ(Γs,∆Γs) = −0.30,
ρ(Γs,φs) = 0.12 and ρ(∆Γs,φs) = −0.08. Figure 2 shows
the data distribution for decay time and angles with the
projections of the best fit PDF overlaid. To assess the
overall agreement of the PDF with the data we calculate
the goodness of fit based on the point-to-point dissimilar-
ity test [19]. The p-value obtained is 0.68. Figure 3 shows
the 68%, 90% and 95% CL contours in the ∆Γs-φs plane.
These contours are obtained from the likelihood profile
after including systematic uncertainties, and correspond
to decreases in the natural logarithm of the likelihood,
with respect to its maximum, of 1.15, 2.30 and 3.00 re-
spectively.

The sensitivity to φs stems mainly from its appear-
ance as the amplitude of the sin(∆mst) term in Eq. 1,
which is diluted by the decay time resolution and mistag

TABLE I. Fit results for the solution with ∆Γs > 0 with
statistical and systematic uncertainties.

parameter value σstat. σsyst.

Γs [ps−1] 0.657 0.009 0.008

∆Γs [ps−1] 0.123 0.029 0.011

|A⊥(0)|2 0.237 0.015 0.012

|A0(0)|2 0.497 0.013 0.030

|AS(0)|2 0.042 0.015 0.018

δ⊥ [rad] 2.95 0.37 0.12

δS [rad] 2.98 0.36 0.12

φs[rad] 0.15 0.18 0.06
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FIG. 2. Projections for the decay time and transversity angle
distributions for events with mB in a ± 20 MeV range around
the B0

s mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to different contributions to the signal, namely the CP -odd P-
wave (dashed with single dot), the CP -even P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.
To test our understanding of the decay angle accep-

tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B0

s candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
difference in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except Γs. The limited size
of the simulated event sample leads to a small additional

3
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Effektive Bs Lebensdauer

Systematische Fehler

352 LHCb Collaboration / Physics Letters B 707 (2012) 349–356

Fig. 3. Left: Average decay-time acceptance function for signal events, where the error band is an estimate of the statistical uncertainty. The plot is scaled to 1 at large
decay times, not taking into account the total signal efficiency. Right: Decay-time distribution of the B0

s → K+K− candidates and the fitted functions. The estimation of the
background distribution is sensitive to fluctuations due to the limited statistics. Both plots are for the absolute lifetime measurement. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this Letter.)

Table 1
Summary of systematic uncertainties on the B0

s → K+K− lifetime measurements.

Source of uncertainty Uncertainty on
τK K (fs)

Uncertainty on
τ−1
K K − τ−1

Kπ (ns−1)

Fit method 3.2



0.5Acceptance correction 6.3
Mass model 1.9
B → h+h′− background 1.9 1.4
Partially reconstructed background 1.9 1.1
Combinatorial background 1.5 1.6
Primary vertex association 1.2 0.5
Detector length scale 1.5 0.7
Production asymmetry 1.4 0.6
Minimum accepted lifetime 1.1 N/A

Total (added in quadrature) 8.4 2.7
Effective lifetime interpretation 2.8 1.1

channel only once the full analysis procedure had been fixed. The
result of the lifetime fit is

τK K = 1.440± 0.096 (stat) ps

and is illustrated in Fig. 3.

5. Systematic uncertainties

The systematic uncertainties are listed in Table 1 and discussed
below. The dominant contributions to the systematic uncertainty
for the absolute lifetime measurement come from the treatment
of the acceptance correction (6.3 fs) and the fitting procedure
(3.2 fs). The systematic uncertainty from the acceptance correc-
tion is determined by applying the same analysis technique to
a kinematically similar high statistics decay in the charm sector
(D0 → K−π+ [18]). This analysis yields a lifetime value in good
agreement with the current world average and of better statistical
accuracy. The uncertainty on the comparison between the mea-
sured value and the world average is rescaled by the B meson and
charm meson lifetime ratio. The uncertainty due to the fitting pro-
cedure is evaluated using simplified simulations. A large number of
pseudo-experiments are simulated and the pull of the fitted life-
times compared to the input value to the fit is used to estimate
the accuracy of the fit. These sources of uncertainty are not dom-
inant in the relative method, and are estimated from simplified
simulations which also include the systematic uncertainty of the
mass model. Hence a common systematic uncertainty is assigned
to these three sources.

The effect of the contamination of other B → h+h′− modes
to the signal modes is determined by a data-driven method. The

misidentification probability of protons, pions and kaons is mea-
sured in data using the decays K 0

S → π+π− , D0 → K+π− , φ →
K+K− and Λ → pπ− , where the particle type is inferred from
kinematic constraints alone [19]. As the particle identification like-
lihood separating protons, kaons and pions depends on kinematic
properties such as momentum, transverse momentum, and num-
ber of reconstructed primary interaction vertices, the sample is
reweighted to reflect the different kinematic range of the final
state particles in B → h+h′− decays. The effect on the measured
lifetime is evaluated with simplified simulations.

Decays of B0
s and B0 to three or more final state particles,

which have been partially reconstructed, lie predominantly in the
mass range below the B0

s mass peak outside the analysed region.
Residual background from this source is estimated from data and
evaluated with a sample of fully simulated partially reconstructed
decays. The effect on the fitted lifetime is then evaluated.

In the absolute lifetime measurement, the combinatorial back-
ground of the decay-time distribution is described by a non-
parametric function, based on the observed events with masses
above the B0

s meson signal region. The systematic uncertainty
is evaluated by varying the region used for evaluating the com-
binatorial background. In the relative lifetime measurement, the
combinatorial background in the hh′ invariant mass spectrum is
described by a first order polynomial. To estimate the systematic
uncertainty, a sample of simulated events is obtained with a sim-
plified simulation using an exponential function, and subsequently
fitted with a first order polynomial.

Events may contain several primary interactions and a recon-
structed B meson candidate may be associated to the wrong pri-
mary vertex. This effect is studied using the more abundant charm
meson decays where the lifetime is measured separately for events
with only one or any number of primary vertices and the observed
variation is scaled to the B meson system.

Particle decay times are measured from the distance between
the primary vertex and secondary decay vertex in the silicon ver-
tex detector. The systematic uncertainty from this source is deter-
mined by considering the potential error on the length scale of
the detector from the mechanical survey, thermal expansion and
the current alignment precision.

The analysis assumes that B0
s and B0

s mesons are produced in
equal quantities. The influence of a production asymmetry for B0

s
mesons on the measured lifetime is found to be small.

In the absolute lifetime method both a Gaussian and a Crystal
Ball mass model [20] are implemented and the effect on fully sim-
ulated data is evaluated to estimate the systematic uncertainty due
to the modelling of the signal PDF. In the relative lifetime method
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B(s) → μ+ μ-
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CMS Ereignis

V. Chiochia (Uni. Zürich) – Heavy flavor physics with the CMS experiment - CERN - 11 October 2011

Candidate event
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B→ K* μ μ

Johannes Albrecht 7. Dezember 2011 

Search for new Lorentz structure:  
Angular analysis of B0! K* µ+µ- 

1 Introduction

The decay Bd → K
∗0µ+µ− is a flavour-changing-neutral current which proceeds via a b→s

transition through a loop diagram (Fig. 1). New physics processes can therefore enter at

the same level as the Standard Model (SM) processes, making the decay a sensitive probe

of new physics contributions. The partial rate as a function of the di-muon invariant

mass squared (q2
) and the di-muon forward-backward asymmetry (AFB) can both be

affected in many new physics scenarios [1]. The branching ratio has been measured to be

(9.8± 2.1)× 10
−7

[2], [3], [4]. A large yield of Bd → K
∗0µ+µ− events is therefore expected

at LHCb and this decay is a promising channel in which to search for new physics. The

Bd → K
∗0

e
+
e
−

is more challenging experimentally and has a slightly different physics

interest. This decay is studied elsewhere [5].

Bd K*
d

b su, c, t

W+

Z,

Bd K*
d

b s

u, c, t

W+

Z,

Bd K*
d

b su, c, t

W W

Figure 1: Dominant Standard Model Feynman diagrams for the Bd → K
∗0µ+µ− decay.

For a Bd (Bd) decay, the forward-backward asymmetry AFB is constructed from the

number of forward- and backward-emitted positive (negative) muons in the di-muon rest

frame according to Eq. 1.

AFB(q2
) =

� 1
0

∂2Γ
∂q2∂ cos θL

d cos θL −
� 0
−1

∂2Γ
∂q2∂ cos θL

d cos θL
� 1
0

∂2Γ
∂q2∂ cos θL

d cos θL +
� 0
−1

∂2Γ
∂q2∂ cos θL

d cos θL

. (1)

Theory predictions for this asymmetry are well calculable in the range

1 GeV
2 <q2<6 GeV

2
[6]. This paper focuses on this region but LHCb will be

able to measure AFB across the entire q2
range. Although both the q2

and AFB spectra

are sensitive to new physics, the zero-crossing point of the asymmetry has received

particular theoretical attention, as the form factor ratio used in the calculation of this

quantity is almost free of hadronic uncertainties. The position of this zero-crossing point

is governed by the interference between the underlying vector and axial-vector currents.

In the SM, the zero-crossing point is predicted to be at q2
= 4.36

+0.33
−0.31 GeV [8].

At low q2
the decay is dominated by the C7 Wilson coefficient while, at high q2

, the

behaviour is dictated by the C9 and C10 Wilson coefficients.

277
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LHCb Upgrade 

Vienna Seminar, Particle physics and the LHC, 26.11.11 Status and physics at LHCb, Jeroen van Tilburg 41/42 

LHCb Upgrade 
LH

C
b U

pgrade LoI: C
E

R
N

-LH
C

C
-2011-001 

Integrated luminosity of order 50 fb-1 allows to 
measure NP effects below the % level. 
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Parton density functions (pdf)  of the proton: kinematical region at LHC

Z and W production in forward direction

Tools:

Z, W production

jets

Drell-Yan µ pairs !"!"""Trigger: Single µ, p
T
 > 10 GeV

Events N
Z
 = 1966 ± 44 

Background:

Z!##            0.61 (MC)

Heavy flavour 4.3 ± 1.7  (Data)

K/  misid.$       < 1 (Data)

Z and W production in forward direction

!Z(2:0 < " < 4:5; pT > 20; 60 < mZ < 120) = 74.9 ± 1.6 ± 3.8 ± 2.6 pb;

!W+(2:0 < " < 4:5; pT > 20) = 808 ± 7 ± 28 ± 28 pb;

!W-(2:0 < " < 4:5; pT > 20) = 634 ± 7 ± 21 ± !! pb, [LHCb-CONF-2011-039]
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✚✚CP at LHCb

Backups
Afs (ASL)
NP in J/ψ φ

Flavour Tagging
Decay Rates
S-wave
The φs ambiguity
More Theory
D+ → K−K+π+

C. Fitzpatrick

September 1, 2011

Flavour tagging

� To measure φs we need to know the B0
s flavour at the production vertex

� B0
s flavour is determined by tagging algorithms LHCb-CONF-2011-003:
� Opposite Side (OS): Decay products of the other b-meson
� Same Side (SS): particles produced in fragmentation alongside signal B

proton

Same side

signal B

Opposite side
opposite B

lepton taggers

(e , ) from b quark

vertex charge tagger

from inclusive vertexing

proton

opposite kaon

tagger (K )

� Results shown here use OS tagging only. This is optimised and calibrated
using the control channel B+→ J/ψK+

�eff (J/ψφ) = �(1 − 2ω)2 = 2.08± 0.41%
� Future analyses will also use the SS tagger.

20 / 207. Dezember 2011 Johannes Albrecht 56/43 
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Effektive Bs Lebensdauer
Komplementärer Zugang zur Suche nach Neuer Physik 
in Bs Mischung
Zerfall möglich über Tree- oder Penguin Zerfälle

Decay Topologies & Amplitudes

• B0
s → K+K−: A(B0

s → K+K−) ∝ C
�
eiγ +

�
1−λ2

λ2

�
deiθ

�

b u

u

W

B
0

s

s s

s

K
+

K
−

W

b

u

u

u, c, t

G

s

s

s

K
+

K
−

B
0

s

• B0
d → π+π−: A(B0

d → π+π−) ∝ C�
�
eiγ − d� eiθ

�
�

B
0

d

b u

u

d

d d

π
+

π
−

W

B
0

d

W

b

d

d

d

u

u

u, c, t

G

π
+

π
−

⇒ s ↔ d

General Formalism

• Bs → f with a final state f into which both a B0

s and a B̄0

s can decay:

�Γ(Bs(t) → f)� ≡ Γ(B0

s(t) → f) + Γ(B̄0

s(t) → f)

= Rf
H
e−Γ

(s)
H

t+Rf
L
e−Γ

(s)
L

t ∝ e−Γst

�
cosh

�
∆Γst

2

�
+A

f
∆Γ sinh

�
∆Γst

2

��

�
2Γs ≡ Γ(s)

L
+ Γ(s)

H
, ∆Γs ≡ Γ(s)

L
− Γ(s)

H

�

• Effective lifetime of the Bs → f decay: [ys ≡ ∆Γs/(2Γs), τBs = 1/Γs]

τf ≡
�∞
0

t �Γ(Bs(t) → f)� dt
�∞
0

�Γ(Bs(t) → f)� dt
=

Rf
L
/Γ(s)2

L
+Rf

H
/Γ(s)2

H

Rf
L
/Γ(s)

L
+Rf

H
/Γ(s)

H

τf
τBs

=
1

1− y2s

�
1 + 2Af

∆Γ ys + y2s
1 +A

f
∆Γ ys

�
= 1+A

f
∆Γ ys+

�
2− (Af

∆Γ)
2

�
y2s+O(y3s)

• Decay dynamics: → encoded in the observable A
f
∆Γ → ?

Zerfall der beiden Eigenzustaende B0 und anti-B0:
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