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Flavour	  Physics:	  perhaps	  a	  bit	  difficult…?	  

4	  



a

_

_

dm6

K¡

K¡sm6 & dm6

ubV

`sin 2
(excl. at CL > 0.95)

 < 0`sol. w/ cos 2

_

`a

l
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

d

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

Winter 14

CKM
f i t t e r

5	  

. LEW = i L�µD
µ L + V (�) + Yij

⇣
 

i

L�
⌘
 j

R .



Mass	  vs	  Weak	  Eigenstates	  
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•  The	  Higgs	  interacCon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  and	  the	  
W	  interacCon	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  do	  not	  agree	  
on	  the	  quark	  eigenstates.	  
–  RelaCon	  is	  the	  CKM	  matrix	  VCKM,	  
–  Leads	  to	  three	  mixing	  angles	  and	  one	  free	  
imaginary	  CP	  phase	  in	  the	  CKM.	  

•  Quark	  CP	  violaCon	  emerged	  together	  with	  mass.	  
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The	  CKM	  Matrix	  VCKM	  
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Wolfenstein	  parametrizaCon:	  VCKM	   From	  unitarity	  (VCKM	  	  V†
CKM=1)	  

CKM	  has	  four	  free	  parameters:	  	  
	  	  	  	  3	  real:	  λ (≈0.22) , A	  (≈ 1),	  ρ
	  	  	  	  1	  imaginary:	  iη	  

ParCcle	  →	  AnCparCcle:	  	  Vij	  →	  Vij
*	  

=>	  1	  CP	  ViolaCng	  phase	  
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The	  CKM	  Matrix	  VCKM	  
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Wolfenstein	  parametrizaCon:	  VCKM	  
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The	  CKM	  Matrix	  VCKM	  
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Can	  flavour	  physics	  explain	  the	  maher	  -‐	  anCmaher	  asymmetry?	  	  è	  Requires	  New	  Physics!	  



Direct	  vs	  Indirect	  search	  
The	  absolute	  energy	  fronCer:	   The	  virtual	  energy	  fronCer:	  

•  Direct	  observaCon:	  
–  Produce	  parCcles	  on-‐shell	  and	  detect	  

decay	  products	  
–  More	  intuiCve(?),	  “really”	  produced	  
–  Limited	  by	  collision	  energy	  

•  Indirect	  observaCon: 	  	  
–  Less	  intuiCve(?),	  quantum	  level	  
–  Limited	  by	  precision,	  not	  by	  collision	  

energy	  
–  CP	  observables	  sensiCve	  to	  imaginary	  

couplings	  

•  Indirect	  observaCons	  in	  the	  past:	  
–  Kaon	  decay	  K0	  à	  μμ	  hints	  at	  c-‐quark	  via	  GIM	  in	  1970	  	  (J/Ψ	  produced	  in	  1974)	  
–  3rd	  quark	  family	  predicted	  1972	  to	  explain	  CP	  violaCon	  (b	  produced	  in	  1977,	  t	  in	  1994)	  
–  Neutral	  current	  discovered	  in	  neutrino	  experiment	  in	  1973	  (Z-‐boson	  produced	  in	  1983)	  
–  BB	  mixing	  (1987)	  hints	  at	  large	  top	  mass,	  LEP	  predicts	  top	  mass	  (1990)	  (top	  in	  1994)	  

10	  



Indirect	  evidence	  for	  top	  mass	  and	  charm	  quark	  
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K0à	  μμ	  pointed	  to	  the	  charm	  quark	  
GIM,	  Phys.Rev.D2,1285,1970	  
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B0	  mixing	  pointed	  to	  the	  top	  quark	  mass	  
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Higgs	  mass	  and	  Electroweak	  precision	  measurements	  
W	  propagator	  (Z	  similar):	  
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402 The ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 – 454
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8.7. Discussion

The global #2/dof of the SM fit is 18.3/13, corresponding to a probability of 15%. Predictions for the individual
measurements entering this analysis and the resulting pulls contributing to the global #2 are reported in Table 8.4.
Predictions of many other observables within the SM framework are reported in Appendix G. The pulls of the measure-
ments are also shown in Fig. 8.14. Here, the pull is defined as the difference between the measured and the predicted
value, in units of the measurement uncertainty, calculated for the values of the five SM input parameters in the minimum
of the #2.

The largest contribution to the overall #2, 2.8 standard deviations, has already been discussed in Section 7.3.1,
namely the b quark forward–backward asymmetry measured at LEP-I. Two other measurements, the hadronic pole
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Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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panying jets, the signal originates almost entirely from the ggF
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compared to the ggF process, and the background is dominated by
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a)	   	  Very	  Rare	  Decays:	  Bàµµ	  
	  
b)  Rare	  Decays:	  bàs	  quark	  transiCon	  
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	  	  	  	  	  	  LHCb	  @	  LHC	  

CMS	   ALICE	  

ATLAS	  
LHCb	  

CERN	  
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• 	  Background	  Suppression	  
• 	  Flavour	  tagging	  
• 	  Decay	  Cme	  measurement	  

4Pascal Perret - LPC Clermont

LHCb requirements
� Excellent vertex resolution

z Separation of primary and 
secondary vertices

z To resolve fast Bs oscillation
� Background reduction

z Very good mass resolution
z Good particle identification

• γ,  e,  µ,  K/π
� High statistics

z Efficient trigger for hadronic and 
leptonic states

� Operation at reduced (levelled) 
luminosity preferred

03/10/2014

Decay time resolution = 40 fs

Example: Bs →  Ds K

p p Bs
K�

K�

S�,K�

S�
Ds

Primary vertex

IP B+ K�
µ�

~7 mm

VELO

Tracking

RICH
CALO
MUON

L0 x HLT

� A high precision experiment 
devoted to the search for 
New Physics 
z Studying CP violation and 

rare decays in the b and c-
quark sectors

B	  Physics	  @	  LHCb	  

Design:	  
• 	  LHCb	  event	  rate:	  ~30	  MHz	  
• 	  1	  in	  160	  is	  a	  b-‐b	  event	  
• 	  1012	  	  b-‐b	  events	  per	  year	  

• 	  Vertex	  and	  momenta	  reconstrucCon	  	  
• 	  ParCcle	  idenCficaCon (π,	  К,	  μ,	  е,	  γ)	  
• 	  Trigger	  

K+	  
BsàDs

-‐	  K+	  



Vertex	  Topology	  
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Vertex	  Locator	  



Momentum	  and	  Mass	  ReconstrucCon	  
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Trigger	  Tracker	   Magnet	   Outer	  Tracker	  



ParCcle	  IdenCficaCon:	  π,	  K,	  μ,	  γ,	  e	  
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RICH	   Calorimeter	   Muon	  
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The	  LHCb	  Detector	  
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LHCb	  Performance:	  Bd/s	  Mixing	  
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New.J.Phys.15	  (2013)	  053021	  
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combined

Trigger,	  background	  suppression,	  decay	  Cme	  reconstrucCon,	  flavour	  tagging:	  it	  works!	  

B0àD-‐	  π+	   Bs0àDs
-‐	  π+	  

B0	  –	  B0	  mixing	  

Phys.LeM.B719	  (2013)	  318	  	  

Bs0	  –	  Bs0	  mixing	  

LHCb Collaboration / Physics Letters B 719 (2013) 318–325 321

Fig. 2. Distribution of the decay time (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The blue dashed line shows the fit projection of the signal,
the dotted orange line corresponds to the combinatorial background with long lifetime and the dash dotted red line shows the combinatorial background with short lifetime
(only in the B0 → J/ψ K ∗0 mode). The black solid line corresponds to the projection of the combined PDF.

Fig. 3. Raw mixing asymmetry Amix (black points) for (left) B0 → D−π+ and (right) B0 → J/ψ K ∗0 candidates. The solid black line is the projection of the mixing asymmetry
of the combined PDF.

The resulting values for #md are 0.5178 ± 0.0061 ps−1 and
0.5096 ± 0.0114 ps−1 in the B0 → D−π+ and B0 → J/ψ K ∗0 de-
cay modes respectively. The fit yields 87 724 ± 321 signal decays
for B0 → D−π+ and 39 148±316 signal decays for B0 → J/ψ K ∗0.
The fit projections onto the decay time distributions are displayed
in Fig. 2 and the resulting asymmetries are shown in Fig. 3. No re-
sult for the B0 lifetime is quoted, since it is affected by possible
biases due to acceptance corrections. These acceptance effects do
not influence the measurement of #md .

7. Systematic uncertainties

As explained in Section 5, systematic effects due to the de-
cay time resolution are expected to be small. This is tested us-
ing samples of simulated events that are generated with de-
cay time distributions given by the result of the fit to data
and convolved with the average measured decay time resolu-
tion of 0.05 ps. The event samples are then fitted with the
PDF described in Section 6, with the decay time resolution pa-
rameter fixed either to zero or to σt = 0.10 ps. The maximum
observed bias on #md of 0.0002 ps−1 is assigned as system-
atic uncertainty. Systematic effects due to decay time acceptance
are estimated in a similar study, generating samples of simu-
lated events according to the nominal decay time acceptance
functions described in Section 5. These samples are then fitted
with the PDF described in Section 6, but neglecting the decay
time acceptance function in the fit. The average observed shift
of 0.0004 ps−1 (0.0001 ps−1) in B0 → D−π+ (B0 → J/ψ K ∗0)
decays is taken as systematic uncertainty. The influence of event-
by-event variation of the decay time resolution is found to be
negligible.

In order to estimate systematic effects due to the parametrisa-
tion of the decay time PDFs for signal and background, an alter-
native parametrisation is derived with a data-driven method, using
sWeights [32] from a fit to the mass distribution. The sWeighted de-
cay time distributions for the signal and background components
are then described by Gaussian kernel PDFs, which replace the ex-
ponential terms of the decay time PDF. This leads to a description
of the data which is independent of a model for the decay time
and its acceptance, that can be used to fit for #md . The result-
ing shifts of 0.0037 ps−1 (0.0022 ps−1) in the decay B0 → D−π+

(B0 → J/ψ K ∗0) are taken as the systematic uncertainty due to the
fit model.

Uncertainties in the geometric description of the detector lead
to uncertainties in the measurement of flight distances and the
momenta of final state particles. From alignment measurements on
the vertex detector, the relative uncertainty on the length scale is
known to be smaller than 0.1%. This uncertainty translates directly
into a relative systematic uncertainty on #md , yielding an absolute
uncertainty of 0.0005 ps−1.

From measurements of biases in the reconstructed J/ψ mass
in several run periods, the relative uncertainty on the uncalibrated
momentum scale is measured to be smaller than 0.15%. This un-
certainty, however, cancels to a large extent in the calculation of
the B0 decay time, as it affects both the reconstructed B0 mo-
mentum and its reconstructed mass, which is dominated by the
measured momenta of the final state particles. The remaining sys-
tematic uncertainty on the decay time is found to be an order of
magnitude smaller than that due to the length scale and is ne-
glected.

A summary of the systematic uncertainties can be found in Ta-
ble 1. The systematic uncertainty on the combined #md result is
calculated using a weighted average of the combined uncorrelated
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A	  slide	  of	  History	  on	  CP	  ViolaCon	  
•  Charge	  Parity	  ViolaCon	  in	  parCcle	  physics:	  

a)  1964	  (CCFT):	  Discovered	  in	  neutral	  Kaon	  beam	  
“indirect	  CP	  violaCon”	  
•  Also	  called:	  CPV	  in	  mixing	  
•  Prob(K0àK0)	  ≠	  Prob	  (K0àK0)	  	  	  	  	  	  	  	  	  
	  |ε|=	  (2.228	  ±	  0.011	  )	  x	  10-‐3	  	  (PDG	  2014)	  

	  
b)  1999	  (NA48	  &	  KTeV):	  Seen	  in	  Kaon	  decays	  	  	  	  	  	  	  

“direct	  CP	  violaCon”	  
•  Also	  called:	  CPV	  in	  decay	  
•  Decay	  rates	  Γ(K0àπ+π-‐)	  ≠	  Γ(K0àπ+π-‐)	  

	  Re(ε’/ε)	  =	  (1.65	  ±	  0.26)	  x	  10-‐3	  	  (PDG	  2014)	  	  
	  

c)  2001	  (Belle	  &	  Babar):	  Observed	  in	  B	  mesons	  decays	  
“CP	  violaCon	  in	  interference”	  
•  Also	  called:	  mixing	  induced	  CPV	  
	  sin	  2β	  =	  0.682	  ±	  0.019	  	  (PDG	  2014)	   Val	  Logsdon	  Fitch	  

James	  Watson	  Cronin	  

è	  Nobel	  prize	  1980	  
25	  



Observing	  CP	  ViolaCon	  in	  B	  decays 
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–  Use	  the	  phenomenon	  of	  B-‐B	  mixing:	  	  
–  Interference	  of	  direct	  decay	  and	  decay	  

via	  mixing	  leads	  to	  CP	  violaCon.	  
	  Standard	  Model:	  
•  B0-‐B0	  phase	  ϕd	  =	  arg(Vtd)	  =	  2β	  
•  Bs-‐Bs	  	  phase	  ϕs	  =	  arg(Vts)	  =	  -‐2βs	  

•  CP	  ViolaCon	  occurs	  in	  interference	  of	  two	  quantum	  amplitudes	  that	  
have	  a	  different	  CP	  odd	  (as	  well	  as	  CP	  even)	  phase.	  	  
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–  Use	  the	  phenomenon	  of	  B-‐B	  mixing:	  	  
–  Interference	  of	  direct	  decay	  and	  decay	  

via	  mixing	  leads	  to	  CP	  violaCon.	  
	  Standard	  Model:	  
•  B0-‐B0	  phase	  ϕd	  =	  arg(Vtd)	  =	  2β	  
•  Bs-‐Bs	  	  phase	  ϕs	  =	  arg(Vts)	  =	  -‐2βs	  

•  CP	  ViolaCon	  occurs	  in	  interference	  of	  two	  quantum	  amplitudes	  that	  
have	  a	  different	  CP	  odd	  (as	  well	  as	  CP	  even)	  phase.	  	  
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Feynman:	  “Remember	  the	  double	  slit	  experiment”	  
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Bs 
J/ψ 

ϕ

LHCb	  is	  a	  completely	  
analogous	  interference	  
experiment	  using	  B-‐mesons.	  

SM	  

NP	  

Feynman:	  	  
“Remember	  the	  double	  slit	  experiment”	  

The B0
s system

⌘ Demonstration of QM amplitude interference
⇤ Different energies (masses), same path length

! measurement of �ms

⇤ c.f Double slit experiment: same energy, different path length
! measurement of electron wave-length

⇤ Most precise measurement from B0
s ! Ds⇡ gives

�ms = 17.768 ± 0.023 ± 0.006 ps�1 [New J. Phys 15(2013)053021]

Ulrik Egede3-6 June  2013 28/45

The B0
s
 system

● A demonstration of QM amplitude interference

● B0
s
 oscillation

● Different energies (mass)

● Same path length

● Gives measurement of mass 

difference

● Δm
s
= 17.768 ± 0.023 ± 0.006 ps−1

● Double slit experiment

● Different path length

● Same energy

● Gives direct measurement 

of electron wavelength

●

CP violation

Ulrik Egede3-6 June  2013 27/45

The B0
s
 system

● The B0
s
 can oscillate into its antiparticle

● The weak eigenstates are

 no longer      and 

● Two eigenstates with 

different mass and width

●

●

●

●

●

●

●

B
s

0→D
s

−π+

CP violation

Bs

0
Bs

0

K.A. Petridis (ICL) Introduction to heavy flavour Moriond QCD 2014 12 / 20
BsàJ/ψ φ
BsàJ/ψ φ	  

Look	  for	  interference	  of	  SM	  with	  NP	  	  

(HypotheCcal	  
curves)	  
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Probing	  new	  CP-‐violaCon	  with	  B	  mesons	  

•  Look	  for	  interference	  of	  CKM	  with	  BSM	  amplitudes:	  
a)  SM	  PredicCon:	  No	  CP	  violaCon	  a	  la	  kaons	  (“indirect”	  or	  “mixing”)	  

•  KçèK	  =	  epsilon	  ≠	  0	  	  but	  	  BçèB	  	  =	  0	  	  	  
b)  Precise	  measurement	  of	  angle	  γ “with	  trees”	  vs	  γ	  “with	  loops”	  (“direct”)	  

•  Many	  decay	  modes	  with	  tree	  and	  loop	  diagrams	  are	  available	  
c)  SM	  PredicCon:	  Bs	  box	  diagram	  phase	  φs	  =	  -‐2βs 	  ≈	  0	  	  (“mixing	  induced”)	  

•  New	  Physics	  “in	  the	  box”?	  
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CP	  ViolaCon	  in	  Mixing	  
•  Interference	  of	  the	  dispersive	  and	  absorp3ve	  

amplitudes	  	  
–  Similar	  to	  measurement	  ε	  in	  kaon	  physics	  

•  	  	  

•  Hamiltonian:	  

ML, MH ; ⇥M = MH � ML

�L, �H ; ⇥� = �H � �L

B B

M12

�12

•  In	  the	  Standard	  Model	  φ12	  ≈	  0.2°	  for	  Bs	  
•  Bd,s:	  measure	  with	  flavor	  specific	  decays:	  Bd,sàD(s)

+	  µ– ν   and	  C.C.	  

i
d

dt

�
B0

s

B
0
s

⇥
=

�
M11 � i

2
�11 M12 � i

2
�12

M�
12 � i

2
��

12 M22 � i
2
�22

⇥ �
B0

s

B
0
s

⇥

|π+π-‐>	  

�12 = arg ( � M12/�12)

•  Eigenstates:	  
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Lenz,	  Nierste	  JHEP.06	  (2007)	  072	  

asl = Prob

⇥
B(0) ! B(t)

⇤
� Prob

⇥
B(0) ! B(t)

⇤
asl =

�
�
B(t) ⇥ f

⇥
� �

�
B(t) ⇥ f

⇥

�
�
B(t) ⇥ f

⇥
+ �

�
B(t) ⇥ f

⇥ =
⇥�
⇥M

tan�12

•  Observable:	  



Bd	  vs	  Bs	  
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Mika Vesterinen

Mixing phenomenology

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

B0 B0 ?
CP-violation 

in mixing

9

M(t)!
M(t)

Mika Vesterinen

Mixing phenomenology

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

B0 B0 ?
CP-violation 

in mixing

9

M(t)!
M(t)

	  	  	  	  	  	  	  	  (Bs)	  :	  	  washout	  of	  fast	  oscillaCon	  
factor	  and	  producCon	  asymmetry	  

	  	  	  	  	  	  	  (Bd)	  :	  must	  measure	  Cme-‐dependent	  

Δms	  =	  17.7	  ps-‐1	  Δmd	  =	  0.5	  ps-‐1	  

ad
sl

as
sl

Mika Vesterinen

Simpler for asls

“Simply” need to measure:

N(B0
s )�N(B

0
s)

N(B0
s ) +N(B

0
s)

K+
K-

π+

μ-

Ds+

ν 

D+→KKπ

KKπ invariant mass (MeV)

200k Bs→Dsμ !
signal events in 

2011
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Bs

Mika Vesterinen

Our signals

π+
K-

π+

μ-

D+
Bd

ν 
1. Bd →D+μνX

π+
K-

π+

μ-

D0Bd

ν 
2. Bd →D*+μνX

1.8 million

0.3 million
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BdàD+µ–	  ν BsàDs
+µ–	  ν

ABB =
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Semileptonic	  charge	  asymmetry	  with	  Bs:	  asls	  	  
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Correct	  for	  detecCon	  asymmetry:	  

LHCb:	  

Ameas =
�
⇥
D�

s µ+
⇤
� �

⇥
D+

s µ�⇤

�
⇥
D�

s µ+
⇤
+ �

⇥
D+

s µ�
⇤ =

as
sl

2

Standard	  Model:	   Lenz,	  Nierste	  JHEP.06	  (2007)	  072	  

as
sl = (�0.06 ± 0.50 ± 0.36)%

as
sl = (1.9 ± 0.3) ⇥ 10�5

PLB	  728C	  (2014)	  607	  

1	  �-‐1	  

✏⇣
D�

s µ+
⌘

✏⇣
D+

s µ�
⌘

BsàDs
+µ–	  ν

(Update	  coming	  soon;	  error	  reduces	  by	  factor	  2)	  
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Magnet	  up/down	  combined	  

ad
sl = (�4.1 ± 0.6) ⇥ 10�4

Standard	  Model:	  

Time	  dependent	  analysis:	  
•  Decay	  Cme	  reconstrucCon	  with	  

missing	  neutrino	  
•  Background	  modelling	  

ad
sl = (�0.02 ± 0.19 ± 0.30)%

LHCb:	   PRL	  114	  (2015)	  041601	  
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Magnet	  up/down	  combined	  

ad
sl = (�4.1 ± 0.6) ⇥ 10�4

Standard	  Model:	  

Time	  dependent	  analysis:	  
•  Decay	  Cme	  reconstrucCon	  with	  

missing	  neutrino	  
•  Background	  modelling	  
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Results

(assl = (�0.06± 0.50(stat)± 0.36(syst))%)

 Phys. Rev. Lett. 114 (2015) 041601

COMING SOON ...

Phys. Lett. B 728 (2014) 607-615

expected assl = (X.XX ± 0.2(stat)± 0.25(syst))%

adsl = (�0.02± 0.19(stat)± 0.30(syst))%
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asls	  vs	  asld	  

Lenz,	  Nierste	  JHEP.06	  (2007)	  072	  
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Direct	  CP	  ViolaCon	  with	  B(s)à	  Kπ	  (“charmless”)	  

•  Interference	  of	  trees	  and	  penguins	  
–  New	  physics	  can	  contribute	  to	  penguin	  loop	  

•  SensiCve	  to	  Vub	  phase:	  CKM	  angle	  γ	  
•  Measure	  the	  untagged	  CP	  asymmetry	  for	  B0	  and	  Bs	  decays:	  

+	  

Instrumental	  
asymmetry	  

Mixing	  diluCon	  Cmes	  
producCon	  asymmetry	  

(The	  correcCon	  factor	  is	  O(1%),	  
measured	  from	  data)	  

Araw = ACP + Adet + � · Aprod

ACP =

�
NB�f � NB�f

⇥

�
NB�f + NB�f

⇥ B � f =
�

B0 � K+��

Bs � �+K�

38	  
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Direct	  CP	  ViolaCon	  with	  B(s)à	  Kπ	  (“charmless”)	  
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ACP	  =	  -‐0.080	  ±	  0.007	  ±	  0.003	  
Most	  precise	  measurement	  
of	  CP	  violaCon	  in	  a	  hadronic	  	  
Machine.	  

ACP	  =	  0.27	  ±	  0.04	  ±	  0.01	  
First	  observaCon	  of	  a	  
CP	  asymmetry	  in	  Bs	  decays	  

B0 → K π	  

Bs → π K	  

+	  

PRL	  110.221601	  

PRL	  110.221601	  

γ 

B0 → K+ π-	   B0 → K- π+	  

Bs
0 → K- π+	  Bs

0 → K+ π-	  



Direct	  CP	  ViolaCon	  with	  BàDK	  (“charmed”)	  

•  Interference	  of	  trees	  and	  trees	  
-  Interfere	  decays	  bàc	  with	  bàu	  	  	  to	  final	  states	  common	  to	  D0	  and	  D0	  

•  SensiCve	  to	  Vub	  phase:	  CKM	  angle	  γ : 
•  Many	  methods	  

+	  
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time dependent. To gain precision, we statistically combine the results obtained from the
di↵erent measurements. I also present a selection of analyses with potential to contribute
to future � measurements.

4 � from decay-time averaged decays

There are several well established methods to determine � from B

± ! Dh

± decays, where

D stands for an admixture of D0 and D

0
. They use asymmetry in decay-time averaged

decay amplitudes as one of the observables of interest. I present a selection of such analyses
below.

4.1 CP violation in B± ! Dh± decays

B

± ! Dh

± decays can provide powerful methods for � determination. The amplitude of

B

� ! D

0
K

� is proportional to Vcb, whereas B

� ! D

0
K

� is proportional to Vub. If the

D final state is accessible to both D

0 and D

0
, the two decay paths can interfere and we

can extract observables sensitive to �. So far only D decays where they decay into CP

eigenstates (e.g. D ! K

+
K

�
,⇡

+
⇡

�)[4, 5], or other modes like D ! ⇡

�
K

+[6, 7] have
been considered. These two methods are often named after the initials of the proponents as
“GLW”, and “ADS” respectively. For the ADS modes, the B

� ! D

0
K

� decay is followed

by a doubly Cabibbo-suppressed D decay, whereas B� ! D

0
K

� is followed by a favoured
D decay mode. This result in comparable amplitudes for both decay paths, leading to larger
interference in comparison to GLW modes. A schematic diagram illustrating this e↵ect is
shown in Fig. 2.
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Notable observables for both of these methods are ratios and CP asymmetries con-
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Notable observables for both of these methods are ratios and CP asymmetries con-

3

γ 

A(B� � D
0
K�)

A(B� � D0K�)
= rB ei⇥B e�i�

GLW	  method:	  
fD	  is	  a	  CP	  eigenstate	  common	  to	  	  
D0	  and	  D0:	  fD=	  K+K-‐,	  π+π-‐,…	  

Interfere:	  B→D0K,	  B	  →	  D0K	  
• 	  Large	  event	  rate;	  small	  interference	  	  

B– 

D0K– 

D0K– 

fDK– 

bàc	  	  favou
red	  

rB ei(⇥B��)

Gronau,	  London,	  Wyler:	  
Phys.	  LeM.	  B	  265,	  172	  (1991)	  



Direct	  CP	  ViolaCon	  with	  BàDK	  (“charmed”)	  

•  Interference	  of	  trees	  and	  trees	  
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•  Many	  methods	  
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time dependent. To gain precision, we statistically combine the results obtained from the
di↵erent measurements. I also present a selection of analyses with potential to contribute
to future � measurements.
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Notable observables for both of these methods are ratios and CP asymmetries con-
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γ 

A(B� � D
0
K�)

A(B� � D0K�)
= rB ei⇥B e�i�

fDK– B– 

D0K– 

D0K– 

bàc	  	  favou
red	  

Cabibb
o	  allow

ed.	  

rB ei(⇥B��)
rD ei�D

ADS	  method:	  
Use	  common	  flavour	  state	  fD=(K+	  π –) 

Note:	  decay	  D0→K+π–  is	  double	  
Cabibbo	  suppressed	  
• 	  Lower	  event	  rate;	  large	  interference	  

Atwood,	  Dunietz,	  Soni:	  
Phys	  Rev	  LeM	  78,	  3257	  (1997)	  
Phys	  Rev	  D	  63,	  036005	  (2001)	  



structed from partial widths, shown below.

RCP+ = 1 + r

2
B + 2rB cos �B cos � (4)

ACP+ = 2rB sin �B sin � / RCP+ (5)

RADS = r

2
B + r

2
D + 2rBrD cos(�B + �D) cos � (6)

AADS = 2rBrD sin(�B + �D) sin � / RADS (7)

The variables labelled CP+ correspond to modes where the D decays to CP eigenstates
(GLW), and the variables corresponding to the ADS method is labelled ADS. The observ-
ables in equations (4–7) have been expressed in terms of amplitude ratios (rB and rD),
strong phase di↵erences (�B and �D), and the CKM angle �. The GLW method has the
advantage of having larger event statistics, owing to favoured D decay modes; whereas the
ADS method can boast large intereference due to comparable decay amplitudes. Events
from these measurements are shown in Fig. 3. The top row shows events measured using
the GLW method, and events measured with the ADS method is shown below. Analyses
of the ADS and GLW modes of LHCb data shows an 4.0� and 4.5� evidence of negative
and positive asymmetries respectively[8]. Subsequently, measurements for suppressed ADS
modes, where the D undergoes a 4-body decay, were also performed successfully[9].
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Figure 3: B± ! Dh

± events measured using the GLW, and ADS methods.

Another method to extract � from B

± ! DK

± decays, involves the D decaying to a
self CP -conjugate state like: K0

SK
+
K

� or K0
S⇡

+
⇡

�[10, 11], henceforth collectively referred
to as K0

Sh
+
h

�. This method is often labelled “GGSZ” after the initials of the proponents.
The idea is to compare D ! K

0
Sh

+
h

� events in the Dalitz plane between B

+ ! DK

+ and
B

� ! DK

� decays. However this requires a good understanding of the variation of strong
phase in the Dalitz plane. We get this from direct measurements of the decay of D � D

entangled pairs from  (3770) decays[12], performed by CLEO-c. The sensitivity to � on

4

Observe	  ADS	  mode	  B-‐à[π-‐K+]D	  K-‐	  with	  10	  σ	  significance	  

GLW:	   ADS:	  	  

ACP+	  =	  0.145	  +-‐	  0.032	  +-‐	  0.010	  
RCP+	  =	  1.007	  +-‐	  0.038	  +-‐	  0.012	  

AADS	  =	  -‐0.52	  +-‐	  0.15	  +-‐	  0.02	  
RADS	  =	  0.0152	  +-‐	  0.0020	  +-‐	  0.0004	  

PLB	  712	  (212)	  203	  
arXiv:1203.3662	  
LHCb:	  1.0	  _-‐1	  
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B-‐à[π-‐K+]D	  K-‐	  	  

B-‐à[K+K-‐]D	  K-‐	  	   B+à[K-‐K+]D	  K+	  	  

B+à[π+K-‐]D	  K+	  	  

GLW	  

ADS	  

è	  CP	  violaCon	  is	  observed	  with	  5.8	  σ	  

Direct	  CP	  ViolaCon	  with	  BàDK	  (“charmed”)	  



γ

ubV

α

βγ

ρ
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

η

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ex
cl

ud
ed

 a
re

a 
ha

s 
C

L 
> 

0.
95

EPS 15

CKM
f i t t e r

γ	  from	  BàD	  K	  and	  BàD	  π

43	  

More	  methods/modes	  available:	  GLW,	  ADS,	  GGSZ,	  GLS…:	  
–  B+àDh+	  	  with	  Dà	  hh	  	  	  ;	  GLW/ADS	  method	  	  (2011	  data):	  Phys.Leh.B712(212)203	  	  	  
–  B+àDh+	  	  with	  DàΚπππ ;	  ADS	  method	  (2011	  data)	  :	  Phys.Leh.B723(2013)44	  	  	  
–  B+àDK+	  	  with	  DàKs0hh	  	  ;	  	  GGSZ	  	  method	  (2011+2012	  data)	  :	  arXiv:1408.2748	  
–  B+àDK+	  	  with	  DàKs0Kπ	  ;	  	  GLS	  method	  (2011+2012	  data)	  	  :	  	  Phys.Leh	  B	  733	  (2014)	  36	  	  
–  B0àD0K*0	  	  with	  Dàhh	  ;	  	  GLW/ADS	  	  	  (2011+2012	  data)	  :	  	  arXiv:1407.8136	  

PLB	  726	  (2013)	  151,	  	  LHCb-‐CONF-‐2014-‐004	  
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Time	  Dependent	  CP	  ViolaCon:	  mixing	  phase	  

•  ExtracCon	  of	  	  	  	  	  	  	  	  	  	  	  	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  require	  flavour	  tagging:	  	  	  
knowing	  the	  flavour	  of	  the	  B-‐meson	  at	  producCon	  

•  Measure	  φd	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  and	  φs	  (	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  
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ei�d ei�s

SM: Amix = � sin 2�
s

SM: Amix = sin 2�
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	  φd	  :	  B-‐factory	  golden	  mode:	  B0àJ/ψ	  Ks	  

•  Babar:	  	  

(Not	  so	  golden	  mode	  for	  LHCb:	  
Ks	  decays	  o�en	  outside	  Velo)	  

BaBar:	  Phys.Rev.D79	  (2009)	  072009	  
Belle:	  	  PRL	  108	  (2012)	  171802	  

•  LHCb:	  	   PRL.	  115	  (2015)	  031601	  

B-‐factories:	  
�	  Coherent	  producCon,	  	  	  
	  	  	  clean	  flavour	  tag	  

(	  CKM	  Mixing	  Phase:	  φd  =	  2β )

sin 2� = 0.731 ± 0.035 ± 0.020

sin 2� = 0.662 ± 0.039 ± 0.012

•  Belle:	  	  
sin 2� = 0.670 ± 0.029 ± 0.013
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•  Babar:	  	  

(Not	  so	  golden	  mode	  for	  LHCb:	  
Ks	  decays	  o�en	  outside	  Velo)	  

BaBar:	  Phys.Rev.D79	  (2009)	  072009	  
Belle:	  	  PRL	  108	  (2012)	  171802	  

•  LHCb:	  	   PRL.	  115	  (2015)	  031601	  

B-‐factories:	  
�	  Coherent	  producCon,	  	  	  
	  	  	  clean	  flavour	  tag	  

(	  CKM	  Mixing	  Phase:	  φd  =	  2β )

sin 2� = 0.731 ± 0.035 ± 0.020

sin 2� = 0.662 ± 0.039 ± 0.012

•  Belle:	  	  
sin 2� = 0.670 ± 0.029 ± 0.013



φs	  	  :	  LHCb	  golden	  mode:	  BsàJ/ψ	  φ	  

+	  :	  

:	  

Two	  decay	  amplitudes	  to	  the	  same	  CP	  eigenstate	  final	  state.	  
1)  via	  mixing	  BsàBsàJ/ψ	  ϕ:	  

2)  direct:	  BsàJ/ψ	  ϕ:	  

βs

• 	  Golden	  mode	  for	  a	  Cme	  dependent	  measurement	  of	  “φs	  via	  mixing	  diagram”	  
- 	  Hadronic	  uncertainCes	  small	  

• 	  SensiCve	  to	  new	  physics	  that	  enters	  via	  the	  mixing	  loop	  
• 	  Bs	  is	  a	  pseudoscalar	  (s=0)	  	  while	  J/ψ	  and	  ϕ	  are	  vector	  parCcles	  (s=1)	  

−	  Final	  state	  is	  superposiCon	  of	  CP	  even	  (L=0	  and	  L=2)	  CP	  odd	  (L=1)	  
−	  Requires	  angular	  analysis	  to	  disentangle	  

• 	  AlternaCve	  analysis	  in	  pure	  CP	  odd	  eigenstate	  BsàJ/ψ	  π+π-	  

49	  

(	  CKM	  Mixing	  Phase:	  
          φs  =	  -‐2βs≈	  0 )



]2) [MeV/c-K+m(K1000 1020 1040

)2
C

an
di

da
te

s 
/ (

0.
5 

M
eV

/c

210

310

410

]2) [MeV/c-K+m(K
1000 1020 1040

-4
-2
0
2
4

LHCb

(a)

)2
C

an
di

da
te

s 
/ (

2.
5 

M
eV

/c

0

2000

4000

6000

8000

10000

12000

14000

]2) [MeV/c-K+ Kψm(J/
5300 5350 5400
-4
-2
0
2
4

LHCb

(b)

Figure 1: (a) Background subtracted invariant mass distributions of the K+K� system in the
selected sample of B0

s ! J/ K+K� candidates (black points). The solid blue line represents
the sum of P-wave and S-wave components, described by a relativistic Breit-Wigner distribution
convolved with a Gaussian function and a polynomial function. The vertical red lines denote the
boundaries of the six bins used in the maximum likelihood fit. (b) Distribution of m(J/ K+K�)
for the data sample (black points) and projection of the maximum likelihood fit. The B0

s signal
component is shown by the red dotted line and the combinatorial background by the green
dashed line. Background from misidentified B0 and ⇤0

b decays has been subtracted, as described
in the text. Below each plot is the corresponding residual pull distribution.

indices k 2 {0, k,?} refer to the P-wave components which proceed via a �(1020) reso-44

nance. The sum |Ak|2 + |A0|2 + |A?|2 = 1 and by convention �0 = 0. The parameter �45

describes CP violation in the interference between mixing and decay where �s = � arg �.46

In the absence of CP violation in decay, |�| = 1. It is assumed that CP violation in B0
s -47

meson mixing is zero, following measurements in Ref. [10]. Measurements of the above48

parameters are obtained from a maximum likelihood fit to the decay time and helicity49

angle distributions of the data where the sPlot method [11], with m(J/ K+K�) as the50

discriminating variable, is used to weight the events in the fit [12] to statistically subtract51

the background components.52

The B0
s decay time distribution is distorted by the trigger selection requirements and53

by the LHCb track reconstruction. Corrections are determined from the data themselves54

using the methods described in Ref. [13] and are incorporated in the maximum likelihood55

fit by a parameterised function in the case of the trigger and by per-candidate weights56

in the case of the track reconstruction. Both corrections for the e�ciency are validated57

using a large sample of simulated B0
s ! J/ � events.58

To account for the finite experimental decay time resolution, the signal probability den-59

sity function (PDF) is convolved with the sum of two Gaussian functions with a common60

mean, µ, and di↵erent widths wi, i 2 {1, 2}. The widths are given by wi = ri�t + si�2
t ,61

where ri and si are scale factors for each Gaussian function and �t is the per-candidate62

decay-time uncertainty, estimated by the kinematic fit used to calculate the decay time.63
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Figure 2: Decay-time and helicity-angle distributions for B0
s ! J/ K+K� decays (data points)

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

of 20% of its statistical uncertainty, which is added as a systematic uncertainty. Other122

parameters are una↵ected.123

The reconstructed decay angle resolution was studied using simulated events and found124

to be of the order of 20 mrad. Simulated pseudo-experiments were performed to determine125

the bias and degradation of statistical uncertainties introduced by not accounting for this126

e↵ect in the maximum likelihood fit. Only the polarisation amplitudes are a↵ected and the127

small observed biases are taken as systematic uncertainties. The degradation in statistical128

precision of most parameters is negligible, with the largest e↵ect being only 1%. This is129

included by scaling the statistical uncertainty of each parameter.130

The angular e�ciency correction is determined from simulated signal events that have131

had an iterative reweighting procedure applied to them such that the kinematic distribu-132

tions of the final state particles match those in the data. The systematic uncertainty due133

to the di↵erence between data and the simulated events is evaluated by comparing the134

nominal fit results to those obtained from a fit that uses an angular e�ciency correction135

determined from simulated events before applying the iterative procedure. The limited136
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with the one-dimensional projections of the PDF at the maximal likelihood point. The solid
blue line shows the total signal contribution, which is composed of CP -even (long-dashed red),
CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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•  Requires	  combined	  decay	  Cme	  and	  angular	  analysis	  to	  staCsCcally	  
disentangle	  the	  CP	  even	  and	  CP	  odd	  amplitudes…	  
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CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
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with the one-dimensional projections of the PDF at the maximal likelihood point. The solid
blue line shows the total signal contribution, which is composed of CP -even (long-dashed red),
CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

of 20% of its statistical uncertainty, which is added as a systematic uncertainty. Other122

parameters are una↵ected.123

The reconstructed decay angle resolution was studied using simulated events and found124

to be of the order of 20 mrad. Simulated pseudo-experiments were performed to determine125

the bias and degradation of statistical uncertainties introduced by not accounting for this126

e↵ect in the maximum likelihood fit. Only the polarisation amplitudes are a↵ected and the127

small observed biases are taken as systematic uncertainties. The degradation in statistical128

precision of most parameters is negligible, with the largest e↵ect being only 1%. This is129

included by scaling the statistical uncertainty of each parameter.130

The angular e�ciency correction is determined from simulated signal events that have131

had an iterative reweighting procedure applied to them such that the kinematic distribu-132

tions of the final state particles match those in the data. The systematic uncertainty due133

to the di↵erence between data and the simulated events is evaluated by comparing the134

nominal fit results to those obtained from a fit that uses an angular e�ciency correction135

determined from simulated events before applying the iterative procedure. The limited136

5

CP	  even	  
CP	  odd	  

Mass	  
spectrum	  

Decay	  Cme	  
spectrum	  

K+

K−

φ
θK

µ−

µ+

J/ψ
θl

B0
d

φhel



) [ps]sm∆/πDecay time (modulo 2
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

-t
ag

 a
sy

m
m

et
ry

B
B

/

-0.05

0

0.05

13 

ϕୱ (Bs→J/ψππ),  3fb-1  
 

Φs from Bs → J/ψ (Æµµ) hh   arXiv:1405.4140 
Physics Letters B, 736, (2014) 186 

Fit 
SM 

0.070±0.068±0.008 rad 

ϕୱ (Bs→J/ψKK),  3fb-1  
 

 -0.058±0.049±0.006 rad 

SM prediction:Φs = −2arg   − ್ೞ∗
್ೞ∗

= -0.0363±0.0013(*) 

NEW 

Combined,  3fb-1  
 

ϕୱ  = -0.010±0.040 rad 

LHCb 
PRELIMINARY LHCB-PAPER-2014-059 

In preparation 

φs	  	  :	  LHCb	  golden	  mode:	  BsàJ/ψ	  φ	  

51	  

BsàJ/ψ φ(K+K-‐)	   BsàJ/ψ	  π+π-‐	  

LHCb:	  	  
φs	  =	  	  -‐0.010	  +-‐	  0.039	  [rad]	  	  	  	  	  	  	  	  	  	  	  	  

Standard	  Model:	  	  
φs	  =	  -‐2βs	  	  =	  -‐0.0376	  +-‐	  0.0008	  [rad]	  	  

Consistent.	   2011	  +	  2012	  
data:	  3	  �-‐1	  

PRL	  114	  (2015)	  041801	  

CKMFiMer	  
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EffecCve	  Couplings	  Effective couplings 

•  Historical example 
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•  Analog: Flavour-changing neutral current 

Effective couplings 
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•  Analog: Flavour-changing neutral current 
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GFp
2
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•  Beta	  decay	  :	  “charged	  current”:	  	  

•  Rare	  B	  decay	  :	  “Flavour	  changing	  neutral	  current”:	  

-  EffecCve	  Hamiltonian	  

EffecCve	  local	  Operators	  Oi with	  Wilson	  coefficients	  Ci predicted	  by	  the	  Standard	  Model.	  

He↵ = �
4GFp

2
VCKM

X

i

CiOi
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NP	   NP	   NP	  

C10	   CS	   CP	  

BR	  (Bs0	  àµ+µ-‐)	  =	  (3.66	  ±	  0.23)	  x	  10-‐9	  
BR	  (Bd0àµ+µ-‐)	  =	  (1.06	  ±	  0.09)	  x	  10-‐10	  
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Very	  Rare	  Decays	  

MulCvariate	  technique	  to	  
suppress	  Backgrounds.	  
�	  Detached	  vertex	  
�	  Muon	  idenCficaCon	  
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Outline	  
1. 	  Flavour	  Physics	  

2. 	  The	  LHCb	  Experiment	  	  

3.  CP	  ViolaCon	  Measurements	  
	  a)	   	  CP	  ViolaCon	  in	  B-‐mixing:	  asld	  and	  asls	  
	   	  u	  Unlike	  kaons,	  no	  large	  CPV,	  in	  agreement	  with	  SM.	  
	  b) 	  Direct	  CP	  ViolaCon:	  CKM	  angle	  γ

u	  Large	  CP	  violaCon	  in	  many	  decays,	  consistent	  with	  CKM.
c) 	  Time	  dependent	  CP	  violaCon:	  CKM	  angles	  φd	  and	  φs
	   	  u	  large	  CPV	  for	  Bd,	  no	  CPV	  for	  Bs,	  consistent	  with	  SM.	  

4.   B	  Decay	  Rates	  
a) 	  Very	  Rare	  Decays:	  Bàµµ

	  u	  SensiCve	  probe	  for	  NP.	  B(Bd)	  too	  high?	  
b)	   	  Rare	  Decays:	  bàs	  quark	  transiCon	  

	  	  	  
c)	   	  Lepton	  Flavour	  Universality	  tests	  

	  

5. 	  Outlook	  

è	  
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Effective couplings 

•  Historical example 

13 

•  Analog: Flavour-changing neutral current 

He↵ = �
4GFp

2
VtbV

⇤
ts

X

i

CiOi

•  New	  Physics:	  
-  SensiCvity	  for	  NP	  in	  Wilson	  

coefficients	  C7,	  C9,	  C10	  

•  EffecCve	  4-‐fermion	  coupling:	  

•  Standard	  Model:	  
-  No	  flavour	  changing	  neutral	  currents:	  loops	  à	  suppressed	  amplitudes	  

b	  às	  quark	  transiCon	  	  

bàs	  µ+µ- 	  

• Effective operators correspond to different 
physical processes, i.e.: 

• Photon penguin 𝑂7: 

 
 
 
 
 
 
 

• Electroweak penguin 𝑂9, 𝑂10: 
 
 
 

Effective operators 

𝐻 = −
4𝐺𝐹
2
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Photon	  penguin:	  

• Effective operators correspond to different 
physical processes, i.e.: 

• Photon penguin 𝑂7: 
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Vector,	  Axial	  vector:	  

Introduction

The b ! s`+`� “industry” at the LHC

Flavor-changing-neutral-current (FCNC).

No tree-level diagram in the SM. Many ways
where NP can enter.

Several ways to explore this:

Bs ! µ+µ� BF @ LHCb/CMS

B ! K ⇤J �
pol

@ LHCb

Bd ! K (⇤)`�`+ @ LHCb/CMS/ATLAS

Bs ! �µ+µ�, ⇤b ! ⇤(⇤)µ+µ� ...

t
 
/ ?

b s

Z
*
/ γ* 

/ ?

W 
-
/ ?

μ
+

μ
−

Biplab Dey Prospects in b ! sµµ October 7th , 2015 2 / 23
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The penguin laboratory
● The decay B0→K*0µ+µ-, K*0→K-π+ is in the SM only 

possible at loop level

● On the other hand NP can show up at either tree or loop level

● Angular analysis of 4-body K-π+µ+µ- final state brings large 

number of observables 

● Interference between these

●

●

●

● ... and their right-handed counterparts

EW penguins

Rare	  Decays:	  b	  à	  s	  µ+µ–	  

Bd0àK*µ+µ–	  

arXiv:1512.044442	  
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•  Study	  the	  angular	  distribuCon	  of	  the	  
final	  state	  parCcles:	  

M(K+π–µ+µ–)	  [GeV/c2]	  	  

q2
(µ

+ µ
– )
	  [G

eV
/c

2 ]
	  	  

q2	  

B0 ! K⇤(892)0µ+µ�
[LHCb-PAPER-2015-051]

~⌦ ⌘ (cos ✓
l

, cos ✓
K

, �)

2398 ± 57 events, excluding the charmonia.

Di-muon final state is experimentally clean signature, but BR ⇠ 10�7.
P ! V V 0 decay, fully described by q2 ⌘ m(µ+µ�)2 and 3 helicity angles.
B0 ! K⇤µ+µ� has rich system of observables (rates, angles, asymmetries) that are
sensitive to NP.
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�
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j
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j

�.✓
d�

dq2
+

d�̄

dq2

◆
, A

j

=
�
I
j

� Ī
j

�.✓
d�

dq2
+

d�̄

dq2

◆

Looks complicated, but in the end we measure each S
j

and A
j

in each bin of q2.
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d4�[B
0 ! K⇤0µ+µ�]

dq2 d~⌦
=

9

32⇡

X

j

Ij(q
2)fj(~⌦)

Ij ! Ij for B0

Sj = (Ij + Ij) / (
d�

dq2
+

d�

dq2
)

Aj = (Ij � Ij) / (
d�

dq2
+

d�

dq2
)

-  Observables:	  
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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The measurements: P5’ 

6 

•  More deviations in flavor-changing neutral current? 

LHCb-PAPER-2015-051 

φ

co
s(
θ k
)

Observables	  S5,	  P’5:	  

P 0
5 =

S5p
FL (1 � FL)

P’5	  vs	  q2	  shows	  deviaCons	  from	  SM:	  
Fit	  the	  value	  of	  Wilson	  coefficient:	  
C9	  =	  C9SM	  +	  C9NP	  	  	  points	  at	  	  C9NP	  ~	  -‐1	  

B0 ! K⇤(892)0µ+µ�: the anomaly [LHCb-PAPER-2015-051]

“Theoretically clean” observables less dependent
on hadronic form factors [Descotes-Genon et al

JHEP 05 (2013) 137].

These divide out the hadronic uncertainties to
leading order.

Tension from the 1 fb�1 LHCb result remains.

P 0
i=4,5,6,8 =

S
j=4,5,7,8p

F
L

(1 � F
L

)
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2.8�, 3.0� from SM
Using all CP -averaged ob-
servables LHCb measures
3.4� from SM
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P’5	  

2.8	  σ,	  3.0	  σ	  from	  SM	  

(FL	  =	  longitudinal	  polarisaCon	  K*)	  

Warning:	  hadronic	  uncertain3es	  (cc)	  

Rare	  Decays:	  b	  à	  s	  µ+µ–	  

Bd0àK*µ+µ–	  
arXiv:1512.044442	  
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Rare	  Decays:	  b	  à	  s	  µ+µ–	  
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JHEP	  06	  (2014)	  133	   JHEP	  06	  (2014)	  133	   JHEP	  06	  (2014)	  133	  

JHEP	  08	  (2013)	  131	   JHEP	  09	  (2015)	  179	   JHEP	  06	  (2015)	  115	  

B+ ! K+µ+µ� B0 ! K0µ+µ� B+ ! K⇤+µ+µ�

B0 ! K⇤0µ+µ� Bs ! �µ+µ� ⇤b ! ⇤µ+µ�

•  Branching	  fracCons	  related	  to	  b	  à	  s	  µ+µ–	  	  transiCon	  consistently	  lower	  than	  predicted.	  	  
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Outline	  
1. 	  Flavour	  Physics	  

2. 	  The	  LHCb	  Experiment	  	  

3.  CP	  ViolaCon	  Measurements	  
	  a)	   	  CP	  ViolaCon	  in	  B-‐mixing:	  asld	  and	  asls	  
	   	  u	  Unlike	  kaons,	  no	  large	  CPV,	  in	  agreement	  with	  SM.	  
	  b) 	  Direct	  CP	  ViolaCon:	  CKM	  angle	  γ

u	  Large	  CP	  violaCon	  in	  many	  decays,	  consistent	  with	  CKM.
c) 	  Time	  dependent	  CP	  violaCon:	  CKM	  angles	  φd	  and	  φs
	   	  u	  large	  CPV	  for	  Bd,	  no	  CPV	  for	  Bs,	  consistent	  with	  SM.	  

4.   B	  Decay	  Rates	  
a) 	  Very	  Rare	  Decays:	  Bàµµ

	  u	  SensiCve	  probe	  for	  NP.	  B(Bd)	  too	  high?	  
b)	   	  Rare	  Decays:	  bàs	  quark	  transiRon	  

	  u	  ~	  4σ	  deviaCons	  from	  SM	  observed.	  	  Theory	  uncertainCes?	  	  
c)	   	  Lepton	  Flavour	  Universality	  tests	  

	  

5. 	  Outlook	  

è	  
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Ulrik Egede9 December  2015 16/46

The penguin laboratory
● The decay B0→K*0µ+µ-, K*0→K-π+ is in the SM only 

possible at loop level

● On the other hand NP can show up at either tree or loop level

● Angular analysis of 4-body K-π+µ+µ- final state brings large 

number of observables 

● Interference between these

●

●

●

● ... and their right-handed counterparts

EW penguins

Lepton	  Universality:	  B+	  à	  K+	  µ+µ–	  	  /	  B+	  à	  K+	  e+e–	  
�	  Standard	  Model:	  b	  à	  s	  l+l-‐	  is	  flavour	  universal.	  

�	  Expect	  equal	  branching	  fracCons	  for	  	  
	  	  	  b	  à	  s	  µ+µ-‐	  and	  bàs	  e+e-‐	  	  
	  −	  	  (Hadronic	  uncertainCes	  largely	  cancel	  in	  the	  raCo)	  

RK ⌘ B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

SM
= 1 ± O(10�2)

(RK*	  coming	  soon)	  
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SM
= 1 ± O(10�2)

B+àK+	  e+e–	  	  

(RK*	  coming	  soon)	  
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  would	  imply	  NP	  with	  
non-‐universal	  lepton	  couplings.	  
RK 6= 1

RK = 0.745+0.090
�0.074 ± 0.036
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B! D⇤⌧⌫

b c

q q

⌫⌧

⌧�

}D(⇤)B{
W�/H�

• In the Standard model, the only di↵erence between B! D(⇤)⌧⌫ and
B! D(⇤)µ⌫ is the mass of the lepton

• Theoretically clean - ⇠ 2% uncertainty for D⇤ mode

• Ratio R(D(⇤)) = B(B! D(⇤)⌧⌫) / B(B! D(⇤)µ⌫) is sensitive to e.g
charged Higgs, leptoquark

• New measurement B! D⇤⌧⌫ with ⌧ ! µ⌫⌫ published in PRL last
month

Lepton universality (B0 ! D⇤+l⌫) [PRL 115, 111803 (2015)]

Very challenging measurement at hadron
collider (no beam constraints and large
backgrounds).

B(⌧ ! µ⌫
µ

⌫
⌧

) = (17.41 ± 0.04)%

Signal and normalisation have same final
state particles.

Large samples of events, triggering on charm.

Require significant B, D, ⌧ flight distances. Use
isolation MVA.

Template fit to kinematic variables !
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Lepton universality (B0 ! D⇤+l⌫) [PRL 115, 111803 (2015)]

Very challenging measurement at hadron
collider (no beam constraints and large
backgrounds).

B(⌧ ! µ⌫
µ

⌫
⌧

) = (17.41 ± 0.04)%

Signal and normalisation have same final
state particles.

Large samples of events, triggering on charm.

Require significant B, D, ⌧ flight distances. Use
isolation MVA.

Template fit to kinematic variables !
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Lepton	  Universality:	  B	  à	  D*τν	  	  /	  B	  à	  D*µν

BàD*τν	   BàD*µν	  

τàµνµντ

R(D)
0.2 0.3 0.4 0.5 0.6

R(
D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
Average

 = 1.02χ∆

SM prediction

HFAG

EPS 2015

) = 55%2χP(

HFAG
Prel. EPS2015

RD⇤ ⌘
B(B ! D⇤⌧⌫)

B(B ! D⇤µ⌫)

3.9	  σ	  from	  SM	  

2. Introduction 3/16

Existing measurements
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R(D*)
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R(D*)

0.3 0.4 0.5 0.6

Belle 2007

BaBar 2008

Belle 2009

Belle 2010

BaBar 2012

arxiv:0706.4429

arxiv:0910.4301

arxiv:1005.2302

arxiv:1303.0571

• Before LHCb: measurements from B factories in ⌧ ! `⌫⌫ channel

• Before LHCb, recent measurement from BaBar (arxiv:1303.0571)
claimed 3 � excess over SM expectation

• BaBar have used their final dataset, final Belle measurement presented
after LHCb

• B factory measurements based on reconstructing missing mass using full
event reconstruction

• This method not possible at LHCb ! develop new techniques

Before	  LHCb:	  

(≠	  1	  due	  to	  phase	  space!)	  
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Outline	  
1. 	  Flavour	  Physics	  

2. 	  The	  LHCb	  Experiment	  	  

3.  CP	  ViolaCon	  Measurements	  
	  a)	   	  CP	  ViolaCon	  in	  B-‐mixing:	  asld	  and	  asls	  
	   	  u	  Unlike	  kaons,	  no	  large	  CPV,	  in	  agreement	  with	  SM.	  
	  b) 	  Direct	  CP	  ViolaCon:	  CKM	  angle	  γ

u	  Large	  CP	  violaCon	  in	  many	  decays,	  consistent	  with	  CKM.
c) 	  Time	  dependent	  CP	  violaCon:	  CKM	  angles	  φd	  and	  φs
	   	  u	  large	  CPV	  for	  Bd,	  no	  CPV	  for	  Bs,	  consistent	  with	  SM.	  

4.   B	  Decay	  Rates	  
a) 	  Very	  Rare	  Decays:	  Bàµµ

	  u	  SensiCve	  probe	  for	  NP.	  B(Bd)	  too	  high?	  
b)	   	  Rare	  Decays:	  bàs	  quark	  transiCon	  

	  u	  ~	  4σ	  deviaCons	  from	  SM	  observed.	  	  Theory	  uncertainCes?	  	  
c)	   	  Lepton	  Flavour	  Universality	  tests	  

	  u	  RK	  and	  RD*	  show	  intriguing	  results.

5. 	  Outlook	  

è	  
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	  u	  RK	  and	  RD*	  show	  intriguing	  results.

5. 	  Outlook	  è	  
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The	  Future	  –	  LHCb	  Upgrade	  
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LHC and Beyond – LHCb upgrade (17/28) O. Steinkamp15 Aug 2014

Detector

● upgrade to 40 MHz front-end electronics

● need to replace sub-systems with embedded front-end electronics

● adapt where needed to maintain excellent performance at 5× higher luminosity

interaction

point

p p

VErtex LOcator

new (silicon pixels)

RICH detectors
new photon detectors (SiPM)

improve RICH1 optics 

Muon system
new off-detecor

electronics

Tracking system
new (silicon strips, scintillating fibres)

Calorimeters
new readout electronics

B

B
4 Tm



The	  Future	  –	  LHCb	  Upgrade	  
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Prospects&for&γ!

(Almost)!vanishing!theore5cal!uncertainty!
22!

•  Many!analyses!s5ll!to!be!
completed!with!Run!1!data!
•  ~7°!precision!achievable!by!

exploi5ng!the!full!power!of!
current!data!set!

•  Comparable!precision!
expected!at!LHCb!and!Belle!II!
•  Sub2degree&level&by&the&end&of&

the&experimental&programmes&
•  Small!systema5c!uncertain5es!

!

Expected	  precision	  
on	  angle γ

Andreas Schopper

The future of triggers

5 August 2015 LISHEP 2015 9



Expected	  staCsCcal	  uncertainCes	  before	  and	  a�er	  upgrade	  

Andreas Schopper5 August 2015 LISHEP 2015 5

LHCb statistical sensitivity to flavour observables

Æ Experimental precision with upgraded detector comparable to theoretical uncertainties!

Expected statistical uncertainties before and after the upgrade, compared to theory

Upgrade 50/fb

Eur. Phys. J. C 73 (2013) 2373

before	  	  
upgrade	  

a�er	  	  
upgrade	  

Theory	  
uncertainty	  

Comparable	  precision	  for	  experiment	  &	  theory	  a�er	  upgrade.	  
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LHCb	  is	  more	  than	  b-‐physics...	  
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General	  Purpose	  detector	  in	  the	  forward	  region:	  
•  Charm	  physics	  
•  Electroweak	  Physics:	  W,	  Z	  
•  ExoCca	  &	  Majorana	  parCcles	  searches	  
•  Spectroscopy	  (see	  S.	  Neubert)	  
•  QCD	  &	  Heavy	  Ion	  physics	  (Pb-‐Pb,	  p-‐Pb)	  (see	  M.	  Schmelling)	  
•  Focus	  on	  b-‐physics	  remains	  	  

Prospects&for&γ!

(Almost)!vanishing!theore5cal!uncertainty!
22!

•  Many!analyses!s5ll!to!be!
completed!with!Run!1!data!
•  ~7°!precision!achievable!by!

exploi5ng!the!full!power!of!
current!data!set!

•  Comparable!precision!
expected!at!LHCb!and!Belle!II!
•  Sub2degree&level&by&the&end&of&

the&experimental&programmes&
•  Small!systema5c!uncertain5es!

!

Welcome	  the	  
compeCCon!	  



Thank	  you	  for	  your	  ahenCon!	  
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