
CKM measurements and the scope for New Physics therein

Matthew Kenzie

Warwick EPP Seminar

3rd October 2019



Who’s this bloke then?

Started at Warwick on Tuesday
From Cambridge

I Grew up in the house that was built by my great-
grandfather

I He founded “Kenzie’s Coaches”

I My father was a cinematographer

Education

I Undergraduate at Durham (BSc Physics)

I Masters at Imperial (MSc Theoretical Physics)

I PhD at Imperial / CERN (CMS H → γγ)

Research Career

I CERN Fellow (LHCb)

I Junior Research Fellow (Cambridge, LHCb)

I STFC Ernest Rutherford Fellow (Cambridge,
LHCb)

I Now at Warwick
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How to find New Physics at the LHC?

High energy frontier

Direct observation

E=mc2

Require E > mc2 for direct production

Precision frontier

Indirect effects

NP?

New particles effect loop processes

I Most HEP direct discoveries have been preceeded by indirect evidence first!

I Think charm, bottom and top quarks, even the Higgs

I If we don’t see New Physics directly at the LHC, indirect evidence can guide us
where to look (or what to build) next
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Why is the universe matter dominated?

I CP-violation in the SM is generated by quark flavour transitions

I These contain the only source of CP-violation in the SM (θQCD = mν = 0)
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New Physics from Flavour sector

I Direct NP discovery by ATLAS/CMS is still possible
I The flavour sector provides another window of opportunity

I High Energy scales, Λ
I Low coupling scales, z

Q(6)
AB ∼ zij [q̄iΓ

Aqj ]⊗ [q̄iΓ
Bqj ]

Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators

are of the form Q(6)
AB ⇠ zij [q̄i�

Aqj ] ⌦ [q̄i�
Bqj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming zij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or
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The CKM quark mixing matrix

I In the SM quarks can change flavour by emission of a W± boson
I So must also change charge (i.e. from up-type to down-type or vice-versa)

Marseille, March 2015 T.M. Karbach / CERN / LHCb 12

CP Violation in the SM: CKM matrix

Cabibbo
Kobayashi
Maskawa

mass 
eigenstates

flavor
eigenstates

matrix elements determine transition probabilities:

Marseille, March 2015 T.M. Karbach / CERN / LHCb 12

CP Violation in the SM: CKM matrix

Cabibbo
Kobayashi
Maskawa

mass 
eigenstates

flavor
eigenstates

matrix elements determine transition probabilities:

I The probability for such a transition is governed by the elements of the 3× 3
unitary CKM matrix

I It exhibits a clear hierarchy (which sets strong constraints on NP)
I Contains the only source of CP-violation in the SM (if θQCD = mν = 0)

CKM matrix d ′

s ′

b′


flavour

eigenstates

=

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 ·
 d

s
b


mass

eigenstates
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eigenstates

flavor
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I The probability for such a transition is governed by the elements of the 3× 3
unitary CKM matrix

I It exhibits a clear hierarchy (which sets strong constraints on NP)

I Contains the only source of CP-violation in the SM (if θQCD = mν = 0)

CKM hierarchy

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 ∼
 1 0.2 0.004

0.2 1 0.04
0.008 0.04 1


experimentally

determined values
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I The probability for such a transition is governed by the elements of the 3× 3
unitary CKM matrix

I It exhibits a clear hierarchy (which sets strong constraints on NP)
I Contains the only source of CP-violation in the SM (if θQCD = mν = 0)

Wolfenstein parametrisation

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1


4 O(1) real parameters (A, λ, ρ, η)

+O(λ4)
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The B0 unitarity triangle

I Unitarity imposes several conditions (V †V = 1)
I Gives rise to “unitarity” triangles
I Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

“The B0 unitarity triangle”

VudV
∗
ub︸ ︷︷ ︸

∼ λ3

+VcdV
∗
cb︸ ︷︷ ︸

∼ λ3

+VtdV
∗
tb︸ ︷︷ ︸

∼ λ3

= 0
(⇢̄, ⌘̄)

(0, 0) (1, 0)

↵

��

����
VudV

⇤
ub

VcdV ⇤
cb

����

����
VtdV

⇤
tb

VcdV ⇤
cb

����
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The B0 unitarity triangle

I Unitarity imposes several conditions (V †V = 1)

I Gives rise to “unitarity” triangles
I The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

V =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

γ

α

α

dm∆ Kε
sm∆ & dm∆

ubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2

α

βγ

ρ
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η
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New Physics effects in the flavour sector

I Discrepancy between “tree” and “loop” constraints ⇒ clear sign of New Physics
I Sensitive to NP effects at extremely high energy scales ∼ O(102 − 103) TeV

Currently a ∼ 2σ tension

NP?
b
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NP?
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The B0
s unitarity triangle

I Unitarity imposes several conditions (V †V = 1)
I Gives rise to “unitarity” triangles
I Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

“The B0
s unitarity triangle”

VusV
∗
ub︸ ︷︷ ︸

∼ λ4

+VcsV
∗
cb︸ ︷︷ ︸

∼ λ2

+VtsV
∗
tb︸ ︷︷ ︸

∼ λ2

= 0

(⇢̄, ⌘̄)

(0, 0) (1, 0)

����
VtsV

⇤
tb

VcsV ⇤
cb

����

����
VusV

⇤
ub

VcsV ⇤
cb

���� �s

NOT	TO	SCALE
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The B0
s unitarity triangle

I Unitarity imposes several conditions (V †V = 1)
I Gives rise to “unitarity” triangles
I Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

s
β

γ

γ

α αdm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

s
β

excluded at C
L > 0.95

sb
ρ

-0.10 -0.05 0.00 0.05 0.10

sbη

-0.10

-0.05

0.00

0.05

0.10
excluded area has CL > 0.95

Summer 18

CKM
f i t t e r
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Why LHCb?

LHC

SPS ATLAS

LHCb

CMS

ALICE

Why LHCb?

I Copius production of B+, B0, B0
s , ⇤0

b (100K bb/ s)

I LHCb detector is specifically designed to study them
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TV

SV

D0
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<latexit sha1_base64="5a4gtM5jO+yYJOhYRS18LUL4BlY=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BL4KXiK4JJGuYnfQmQ2Zml5lZISw5+AFe9RM8iVd/xS/wN5wkezCJBQ1FVTfdXWHCmTau++0sLC4tr6wW1orrG5tb26Wd3Qcdp4qCT2Meq0ZINHAmwTfMcGgkCogIOdTD/tXIrz+B0iyW92aQQCBIV7KIUWKsdHfzeNwuld2KOwaeJ15OyihHrV36aXVimgqQhnKiddNzExNkRBlGOQyLrVRDQmifdKFpqSQCdJCNTx3iQ6t0cBQrW9Lgsfp3IiNC64EIbacgpqdnvZH4n9dMTXQeZEwmqQFJJ4uilGMT49HfuMMUUMMHlhCqmL0V0x5RhBqbztQWkKlgBsTQJuPN5jBP/JPKRcW9PS1XL/OICmgfHaAj5KEzVEXXqIZ8RFEXvaBX9OY8O+/Oh/M5aV1w8pk9NAXn6xc5bJaQ</latexit><latexit sha1_base64="5a4gtM5jO+yYJOhYRS18LUL4BlY=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BL4KXiK4JJGuYnfQmQ2Zml5lZISw5+AFe9RM8iVd/xS/wN5wkezCJBQ1FVTfdXWHCmTau++0sLC4tr6wW1orrG5tb26Wd3Qcdp4qCT2Meq0ZINHAmwTfMcGgkCogIOdTD/tXIrz+B0iyW92aQQCBIV7KIUWKsdHfzeNwuld2KOwaeJ15OyihHrV36aXVimgqQhnKiddNzExNkRBlGOQyLrVRDQmifdKFpqSQCdJCNTx3iQ6t0cBQrW9Lgsfp3IiNC64EIbacgpqdnvZH4n9dMTXQeZEwmqQFJJ4uilGMT49HfuMMUUMMHlhCqmL0V0x5RhBqbztQWkKlgBsTQJuPN5jBP/JPKRcW9PS1XL/OICmgfHaAj5KEzVEXXqIZ8RFEXvaBX9OY8O+/Oh/M5aV1w8pk9NAXn6xc5bJaQ</latexit><latexit sha1_base64="5a4gtM5jO+yYJOhYRS18LUL4BlY=">AAAB/nicbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BL4KXiK4JJGuYnfQmQ2Zml5lZISw5+AFe9RM8iVd/xS/wN5wkezCJBQ1FVTfdXWHCmTau++0sLC4tr6wW1orrG5tb26Wd3Qcdp4qCT2Meq0ZINHAmwTfMcGgkCogIOdTD/tXIrz+B0iyW92aQQCBIV7KIUWKsdHfzeNwuld2KOwaeJ15OyihHrV36aXVimgqQhnKiddNzExNkRBlGOQyLrVRDQmifdKFpqSQCdJCNTx3iQ6t0cBQrW9Lgsfp3IiNC64EIbacgpqdnvZH4n9dMTXQeZEwmqQFJJ4uilGMT49HfuMMUUMMHlhCqmL0V0x5RhBqbztQWkKlgBsTQJuPN5jBP/JPKRcW9PS1XL/OICmgfHaAj5KEzVEXXqIZ8RFEXvaBX9OY8O+/Oh/M5aV1w8pk9NAXn6xc5bJaQ</latexit>

⇡+
<latexit sha1_base64="qjmSwBt9YKDZ4idAhYIXtBruIbE=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIWxEUG9BLx4juCaQrGF20psMmZldZmaFsOTkB3jVT/AkXv0Tv8DfcJLswSQWNBRV3XR3hQln2njet7O0vLK6tl7YKG5ube/slvb2H3ScKoo+jXmsmiHRyJlE3zDDsZkoJCLk2AgHN2O/8YRKs1jem2GCgSA9ySJGibGS307Y42mnVPYq3gTuIqnmpAw56p3ST7sb01SgNJQTrVtVLzFBRpRhlOOo2E41JoQOSA9blkoiUAfZ5NiRe2yVrhvFypY07kT9O5ERofVQhLZTENPX895Y/M9rpSa6DDImk9SgpNNFUcpdE7vjz90uU0gNH1pCqGL2Vpf2iSLU2HxmtqBMBTMoRjaZ6nwOi8Q/q1xVvLvzcu06j6gAh3AEJ1CFC6jBLdTBBwoMXuAV3pxn5935cD6nrUtOPnMAM3C+fgH4MZeM</latexit><latexit sha1_base64="qjmSwBt9YKDZ4idAhYIXtBruIbE=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIWxEUG9BLx4juCaQrGF20psMmZldZmaFsOTkB3jVT/AkXv0Tv8DfcJLswSQWNBRV3XR3hQln2njet7O0vLK6tl7YKG5ube/slvb2H3ScKoo+jXmsmiHRyJlE3zDDsZkoJCLk2AgHN2O/8YRKs1jem2GCgSA9ySJGibGS307Y42mnVPYq3gTuIqnmpAw56p3ST7sb01SgNJQTrVtVLzFBRpRhlOOo2E41JoQOSA9blkoiUAfZ5NiRe2yVrhvFypY07kT9O5ERofVQhLZTENPX895Y/M9rpSa6DDImk9SgpNNFUcpdE7vjz90uU0gNH1pCqGL2Vpf2iSLU2HxmtqBMBTMoRjaZ6nwOi8Q/q1xVvLvzcu06j6gAh3AEJ1CFC6jBLdTBBwoMXuAV3pxn5935cD6nrUtOPnMAM3C+fgH4MZeM</latexit><latexit sha1_base64="qjmSwBt9YKDZ4idAhYIXtBruIbE=">AAACAHicbVDLSgNBEOz1GeMr6tHLYhAEIWxEUG9BLx4juCaQrGF20psMmZldZmaFsOTkB3jVT/AkXv0Tv8DfcJLswSQWNBRV3XR3hQln2njet7O0vLK6tl7YKG5ube/slvb2H3ScKoo+jXmsmiHRyJlE3zDDsZkoJCLk2AgHN2O/8YRKs1jem2GCgSA9ySJGibGS307Y42mnVPYq3gTuIqnmpAw56p3ST7sb01SgNJQTrVtVLzFBRpRhlOOo2E41JoQOSA9blkoiUAfZ5NiRe2yVrhvFypY07kT9O5ERofVQhLZTENPX895Y/M9rpSa6DDImk9SgpNNFUcpdE7vjz90uU0gNH1pCqGL2Vpf2iSLU2HxmtqBMBTMoRjaZ6nwOi8Q/q1xVvLvzcu06j6gAh3AEJ1CFC6jBLdTBBwoMXuAV3pxn5935cD6nrUtOPnMAM3C+fgH4MZeM</latexit>

B�/B0
<latexit sha1_base64="eev621tsoPGK4CwN78/7HQrefY4=">AAACBHicbVDLTgJBEJz1ifhCPXqZSEy8iLvGRL0RvHjERAQDC5kdemHCzOxmZtaEbDj7AV71EzwZr/6HX+BvOMAeBKykk0pVd7q7gpgzbVz321laXlldW89t5De3tnd2C3v7DzpKFIUajXikGgHRwJmEmmGGQyNWQETAoR4MbsZ+/QmUZpG8N8MYfEF6koWMEmOlx0r7FJ/hStvtFIpuyZ0ALxIvI0WUodop/LS6EU0ESEM50brpubHxU6IMoxxG+VaiISZ0QHrQtFQSAdpPJweP8LFVujiMlC1p8ET9O5ESofVQBLZTENPX895Y/M9rJia88lMm48SApNNFYcKxifD4e9xlCqjhQ0sIVczeimmfKEKNzWhmC8hEMANiZJPx5nNYJLXz0nXJvbsolitZRDl0iI7QCfLQJSqjW1RFNUSRQC/oFb05z8678+F8TluXnGzmAM3A+foFDQmYAg==</latexit><latexit sha1_base64="eev621tsoPGK4CwN78/7HQrefY4=">AAACBHicbVDLTgJBEJz1ifhCPXqZSEy8iLvGRL0RvHjERAQDC5kdemHCzOxmZtaEbDj7AV71EzwZr/6HX+BvOMAeBKykk0pVd7q7gpgzbVz321laXlldW89t5De3tnd2C3v7DzpKFIUajXikGgHRwJmEmmGGQyNWQETAoR4MbsZ+/QmUZpG8N8MYfEF6koWMEmOlx0r7FJ/hStvtFIpuyZ0ALxIvI0WUodop/LS6EU0ESEM50brpubHxU6IMoxxG+VaiISZ0QHrQtFQSAdpPJweP8LFVujiMlC1p8ET9O5ESofVQBLZTENPX895Y/M9rJia88lMm48SApNNFYcKxifD4e9xlCqjhQ0sIVczeimmfKEKNzWhmC8hEMANiZJPx5nNYJLXz0nXJvbsolitZRDl0iI7QCfLQJSqjW1RFNUSRQC/oFb05z8678+F8TluXnGzmAM3A+foFDQmYAg==</latexit><latexit sha1_base64="eev621tsoPGK4CwN78/7HQrefY4=">AAACBHicbVDLTgJBEJz1ifhCPXqZSEy8iLvGRL0RvHjERAQDC5kdemHCzOxmZtaEbDj7AV71EzwZr/6HX+BvOMAeBKykk0pVd7q7gpgzbVz321laXlldW89t5De3tnd2C3v7DzpKFIUajXikGgHRwJmEmmGGQyNWQETAoR4MbsZ+/QmUZpG8N8MYfEF6koWMEmOlx0r7FJ/hStvtFIpuyZ0ALxIvI0WUodop/LS6EU0ESEM50brpubHxU6IMoxxG+VaiISZ0QHrQtFQSAdpPJweP8LFVujiMlC1p8ET9O5ESofVQBLZTENPX895Y/M9rJia88lMm48SApNNFYcKxifD4e9xlCqjhQ0sIVczeimmfKEKNzWhmC8hEMANiZJPx5nNYJLXz0nXJvbsolitZRDl0iI7QCfLQJSqjW1RFNUSRQC/oFb05z8678+F8TluXnGzmAM3A+foFDQmYAg==</latexit>

B+/B
0

<latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="YnR0kVohS9s9nPZH3BpVrZJiPho=">AAAB7XicbZDNSgMxFIXv1L9aq9a1m2ARXJUZN+pOcOOygmML7VAymTttaJIZkoxQhnkBtz6CK/GJfAJfw/RnYVsPBA7nJNybL84FN9b3v73azu7e/kH9sHHUbByfnLaaLyYrNMOQZSLT/ZgaFFxhaLkV2M81UhkL7MXTh3nfe0VteKae7SzHSNKx4iln1LqoO2q1/Y6/ENk2wcq0YaVR62eYZKyQqCwT1JhB4Oc2Kqm2nAmsGsPCYE7ZlI5x4KyiEk1ULtasyKVLEpJm2h1lySL9+6Kk0piZjN1NSe3EbHbz8L9uUNj0Niq5yguLii0HpYUgNiPzP5OEa2RWzJyhTHO3K2ETqimzjszaFFSF5BZl5cAEmxi2TXjduev4Tz7U4Rwu4AoCuIF7eIQuhMAggTd49yrvw/tc8qt5K5BnsCbv6xclz5NG</latexit><latexit sha1_base64="dbJkbEvzTNfUvM6zkIbvjtSesqw=">AAACHnicbZDLSkMxEIbneK31Vt26CRZBUGvajbqTunFZwWqhN3LSaQ1Ncg5JjlAOfQmfwwdwq4/gSn0BX8P0srDVgcDP909mkj+MpbCO0s9gYXFpeWU1s5Zd39jc2s7tbNzZKDEcqzySkamFzKIUGqtOOIm12CBTocT7sH818u8f0VgR6Vs3iLGpWE+LruDMedTOHZdbR+SUNPpoNKGFEqpG5PtH49IJPBlTUh62aDuXpwU6LvJXFKciD9OqtHPfjU7EE4XaccmsrRdp7JopM05wicNsI7EYM95nPax7qZlC20zHvxqSA086pBsZf7QjY/r7RsqUtQMV+k7F3IOd90bwP6+euO55MxU6ThxqPlnUTSRxERlFRDrCIHdy4AXjRvi3Ev7ADOPOBzmzBXWihEM19MkU53P4K6qlwkWB3lDIwB7swyEU4Qwu4RoqUAUOT/ACr/AWPAfvwcckwoVgmuUuzFTw9QP5gqQc</latexit><latexit sha1_base64="dbJkbEvzTNfUvM6zkIbvjtSesqw=">AAACHnicbZDLSkMxEIbneK31Vt26CRZBUGvajbqTunFZwWqhN3LSaQ1Ncg5JjlAOfQmfwwdwq4/gSn0BX8P0srDVgcDP909mkj+MpbCO0s9gYXFpeWU1s5Zd39jc2s7tbNzZKDEcqzySkamFzKIUGqtOOIm12CBTocT7sH818u8f0VgR6Vs3iLGpWE+LruDMedTOHZdbR+SUNPpoNKGFEqpG5PtH49IJPBlTUh62aDuXpwU6LvJXFKciD9OqtHPfjU7EE4XaccmsrRdp7JopM05wicNsI7EYM95nPax7qZlC20zHvxqSA086pBsZf7QjY/r7RsqUtQMV+k7F3IOd90bwP6+euO55MxU6ThxqPlnUTSRxERlFRDrCIHdy4AXjRvi3Ev7ADOPOBzmzBXWihEM19MkU53P4K6qlwkWB3lDIwB7swyEU4Qwu4RoqUAUOT/ACr/AWPAfvwcckwoVgmuUuzFTw9QP5gqQc</latexit><latexit sha1_base64="8iZApd30DtnlMpC9ZaOvK4bqeJQ=">AAACKXicbVDLTgIxFO34RHyhLt00EhMTFTts1B3BjUtMREh4pVMu0NB2Jm3HhEz4Cb/DD3Crn+BK3brwNyyPhYAnaXJyzrm97QkiwY0l5NNbWl5ZXVtPbaQ3t7Z3djN7+w8mjDWDMgtFqKsBNSC4grLlVkA10kBlIKAS9G9GfuURtOGhureDCBqSdhXvcEatk1qZs2LzFF/geh+0wiSXB1kPXX50XTIRz8cqLg6bpJXJkhwZAy8Sf0qyaIpSK/NTb4cslqAsE9SYmk8i20iotpwJGKbrsYGIsj7tQs1RRSWYRjL+1RAfO6WNO6F2R1k8Vv9OJFQaM5CBS0pqe2beG4n/ebXYdq4aCVdRbEGxyaJOLLAN8agi3OYamBUDRyjT3L0Vsx7VlFlX5MwWULHkFuTQNePP97BIyvncdY7ckWyhOK0ohQ7RETpBPrpEBXSLSqiMGHpCL+gVvXnP3rv34X1NokvedOYAzcD7/gUT0qWs</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit><latexit sha1_base64="ZBt9NMjl74yPWuydw+PtcvC9CZQ=">AAACKXicbVDLTgIxFO3gC/GFunTTSExMVByIibojuHGJiSMkvNIpF2hoO5O2Y0Im/ITf4Qe41U9wpW5d+Bt2gIWAJ2lycs65ve3xQ860cd1PJ7W0vLK6ll7PbGxube9kd/cedBApCh4NeKBqPtHAmQTPMMOhFiogwudQ9Qc3iV99BKVZIO/NMISmID3JuowSY6V29rTcOsHnuDEAJbGbL4JoBDafXBdPxLOxisujltvO5ty8OwZeJIUpyaEpKu3sT6MT0EiANJQTresFNzTNmCjDKIdRphFpCAkdkB7ULZVEgG7G41+N8JFVOrgbKHukwWP170RMhNZD4dukIKav571E/M+rR6Z71YyZDCMDkk4WdSOOTYCTinCHKaCGDy0hVDH7Vkz7RBFqbJEzW0BGghkQI9tMYb6HReIV89d59+4iVypPK0qjA3SIjlEBXaISukUV5CGKntALekVvzrPz7nw4X5NoypnO7KMZON+/FRKlsA==</latexit>

K�/K⇤0
<latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="YnR0kVohS9s9nPZH3BpVrZJiPho=">AAAB7XicbZDNSgMxFIXv1L9aq9a1m2ARXJUZN+pOcOOygmML7VAymTttaJIZkoxQhnkBtz6CK/GJfAJfw/RnYVsPBA7nJNybL84FN9b3v73azu7e/kH9sHHUbByfnLaaLyYrNMOQZSLT/ZgaFFxhaLkV2M81UhkL7MXTh3nfe0VteKae7SzHSNKx4iln1LqoO2q1/Y6/ENk2wcq0YaVR62eYZKyQqCwT1JhB4Oc2Kqm2nAmsGsPCYE7ZlI5x4KyiEk1ULtasyKVLEpJm2h1lySL9+6Kk0piZjN1NSe3EbHbz8L9uUNj0Niq5yguLii0HpYUgNiPzP5OEa2RWzJyhTHO3K2ETqimzjszaFFSF5BZl5cAEmxi2TXjduev4Tz7U4Rwu4AoCuIF7eIQuhMAggTd49yrvw/tc8qt5K5BnsCbv6xclz5NG</latexit><latexit sha1_base64="153Sbkhxn6cu5fiAs/GZat5thqs=">AAAB/HicbZDfSgJBFMbP2j8zK+u2myEJIsjWbqq7oJvAG4M2BV1ldjzq4MzsMjMbyOIL9ADd1iN0Fb1KT9BrtKtepPbBgY/vm+EcfkEkuLGu++3k1tY3Nrfy24Wd4u7efumg+GTCWDP0WChC3QyoQcEVepZbgc1II5WBwEYwusv6xjNqw0P1aMcR+pIOFO9zRm0atWudc3JBap3kzJ10S2W34k5FVk11bsowV71b+mn3QhZLVJYJakyr6kbWT6i2nAmcFNqxwYiyER1gK7WKSjR+Mr15Qk7SpEf6oU5HWTJN//5IqDRmLIP0paR2aJa7LPyva8W2f+0nXEWxRcVmi/qxIDYkGQDS4xqZFePUUKZ5eithQ6opsymmhS2oYsktyoxMdZnDqvEuKzcV98GFPBzBMZxCFa7gFu6hDh4wiOAV3uDdeXE+nM8ZwpwzZ3kIC3K+fgHVlZfi</latexit><latexit sha1_base64="153Sbkhxn6cu5fiAs/GZat5thqs=">AAAB/HicbZDfSgJBFMbP2j8zK+u2myEJIsjWbqq7oJvAG4M2BV1ldjzq4MzsMjMbyOIL9ADd1iN0Fb1KT9BrtKtepPbBgY/vm+EcfkEkuLGu++3k1tY3Nrfy24Wd4u7efumg+GTCWDP0WChC3QyoQcEVepZbgc1II5WBwEYwusv6xjNqw0P1aMcR+pIOFO9zRm0atWudc3JBap3kzJ10S2W34k5FVk11bsowV71b+mn3QhZLVJYJakyr6kbWT6i2nAmcFNqxwYiyER1gK7WKSjR+Mr15Qk7SpEf6oU5HWTJN//5IqDRmLIP0paR2aJa7LPyva8W2f+0nXEWxRcVmi/qxIDYkGQDS4xqZFePUUKZ5eithQ6opsymmhS2oYsktyoxMdZnDqvEuKzcV98GFPBzBMZxCFa7gFu6hDh4wiOAV3uDdeXE+nM8ZwpwzZ3kIC3K+fgHVlZfi</latexit><latexit sha1_base64="2P5/HaJvuk7PCjrG3H8fPFHEzgY=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZq4UXdFN0I3FYwttGmZTG/aoTOTMDMRSugP+AFu9RNciVs/wy/wN0zaLGz1wIXDOfdyLsePONPGtr+swtLyyupacb20sbm1vVPe3XvQYawouDTkoWr5RANnElzDDIdWpIAIn0PTH91kfvMRlGahvDfjCDxBBpIFjBKTSp169xSf4Xo3ObEnvXLFrtpT4L/EyUkF5Wj0yt+dfkhjAdJQTrRuO3ZkvIQowyiHSakTa4gIHZEBtFMqiQDtJdOfJ/goVfo4CFU60uCp+vsiIULrsfDTTUHMUC96mfif145NcOklTEaxAUlnQUHMsQlxVgDuMwXU8HFKCFUs/RXTIVGEmrSmuRSQsWAGRNaMs9jDX+KeV6+q9p1dqV3nFRXRATpEx8hBF6iGblEDuYiiCD2jF/RqPVlv1rv1MVstWPnNPpqD9fkDbf6ZUA==</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit><latexit sha1_base64="XWuw5bxaVHLCocsFZjwQHSXbqbw=">AAACB3icbVDLSsNAFJ3UV62vqks3g0UQwZqIoO6KboRuKhhbaNMymd60Q2cmYWYilNAf8APc6ie4Erd+hl/gb5i0XdjWAxcO59zLuRw/4kwb2/62ckvLK6tr+fXCxubW9k5xd+9Rh7Gi4NKQh6rhEw2cSXANMxwakQIifA51f3Cb+fUnUJqF8sEMI/AE6UkWMEpMKrWq7VN8hqvt5MQedYolu2yPgReJMyUlNEWtU/xpdUMaC5CGcqJ107Ej4yVEGUY5jAqtWENE6ID0oJlSSQRoLxn/PMJHqdLFQajSkQaP1b8XCRFaD4Wfbgpi+nrey8T/vGZsgisvYTKKDUg6CQpijk2IswJwlymghg9TQqhi6a+Y9oki1KQ1zaSAjAUzILJmnPkeFol7Xr4u2/cXpcrNtKI8OkCH6Bg56BJV0B2qIRdRFKEX9IrerGfr3fqwPierOWt6s49mYH39Am8+mVQ=</latexit>

Signal 
Decay

Tagging 
Decay

p p

∼1cm
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Why LHCb?LHCb

I Copius production of B+, B0, B0
s , ⇤0

b (100K bb/ s)

IP resolution
� 200µm

p resolution
� 0.5%

� resolution
� 45 fs

Particle ID: �(K) � 95%
Mis-ID: p(� � K) � 5%

5/11

LHC

SPS ATLAS

LHCb

CMS

ALICE

Why LHCb?

I Copius production of B+, B0, B0
s , ⇤0

b (100K bb/ s)

I LHCb detector is specifically designed to study them

9/11

p p
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1. Measurements of γ

1. Measurements of γ
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CKM angle γ

I Theoretically clean, σγ/γ ∼ O(10−7)
I Historically poorly known

I Experimentally challenging, BR ∼ O(10−7)
I In 10 years will become the precision bench-

mark for SM CKM measurements

World average for γ
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GLW

ADS

GGSZ

Combined

68.3%

95.5%

HFLAV
CKM 2018

I Total of 136 input observables

I From 40 different measurements

I Across 6 different experiments
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Measuring γ

I γ is the phase between V ∗ubVud and V ∗cbVcd

I Require interference between b → cW and b → uW to access it
I No dependence on CKM elements involving the top
I Can be measured using tree level B decays

I The “textbook” case is B± →
( )

D 0K±:

I Transitions themselves have different final states (D0 and D0)
I Interference occurs when D0 and D0 decay to the same final state f

Reconstruct the D0/D0 in a final state accessible to both to acheive interference

b
<latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

c
<latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit><latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit><latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit>

s
<latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

B�
<latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit>

K�
<latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit>

W�
<latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit>

b
<latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

s
<latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit>

B�
<latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit>

K�
<latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit>

W�
<latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit>

c̄
<latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit><latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit><latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit>

u
<latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit><latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit><latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit> D

0
<latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="kFCSyFgg3dVzKd2WC0RHLvghroY="></latexit><latexit sha1_base64="dM27WITmRAGhiwjzqsLQCQAQJ5M="></latexit><latexit sha1_base64="/guaj5RedQO5nb9MFoYAcfl8aMk="></latexit><latexit sha1_base64="zbgqOMyadPLvEGcoge2buTRIaMw="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit><latexit sha1_base64="fDr2Pb1XR8Bb9eXjh4ioLFyWQbI="></latexit>

D0
<latexit sha1_base64="AXcM1He7sFuatwWxTL0ryNmtwf8="></latexit><latexit sha1_base64="AXcM1He7sFuatwWxTL0ryNmtwf8="></latexit><latexit sha1_base64="AXcM1He7sFuatwWxTL0ryNmtwf8="></latexit>

V ⇤
cs

<latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit><latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit><latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit>

V ⇤
us

<latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit><latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit><latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit>

Vcb
<latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="kFCSyFgg3dVzKd2WC0RHLvghroY="></latexit><latexit sha1_base64="JFG8qyMq9/mM5a2I8keUbtsvxxw="></latexit><latexit sha1_base64="zlFt8su02aenOmTC/uqQYXMnbX4="></latexit><latexit sha1_base64="s+EPKK5tltHzEcsvi1//hCXnW4E="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit>

Vub
<latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="kFCSyFgg3dVzKd2WC0RHLvghroY="></latexit><latexit sha1_base64="TJs53sr0jJvBcY8KHUiyoY121Rg="></latexit><latexit sha1_base64="SfOnbgrjNtXK5KBjqcmzbwVORHM="></latexit><latexit sha1_base64="FaJOYgio9HbD5kJGHfb8XSvufUE="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit>

I The crucial feature of these (and similar) decays is that the D0 can be
reconstructed in several different final states [all have same weak phase γ]
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Measuring γ

Categorise decays sensitive to γ depending on the
( )

D 0 → f final state
Optimal sensitivity is only acheived when combining them all together
I GLW

I CP eigenstates e.g. D → KK , D → ππ
I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS

I CF or DCS decays e.g. D → Kπ
I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]
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I GGSZ

I 3-body final states e.g. D → K 0
Sππ

I [Phys. Rev. D68 (2003) 054018]

I TD (Time-dependent)

I Interference between mixing and decay e.g. B0
s → D−s K+ [ phase is (γ − 2βs)]

I Penguin free measurement of φs?

I Dalitz

I Look at 3-body B decays with D0 or D0 in the final state, e.g. B0 → D0K+π−

I [Phys. Rev. D79 (2009) 051301]

16/87

http://www.sciencedirect.com/science/article/pii/037026939191756L
http://www.sciencedirect.com/science/article/pii/037026939190034N
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.036005
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.3257
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.051301


The GLW Method

1.1 The GLW Method
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γ with CP eigenstates (GLW)

I Use the B± →
( )

D 0K± case as an example:

I Consider only D decays to CP eigenstates, fCP
I Favoured: b →c with strong phase δF and weak phase φF

I Supressed: b →u with strong phase δS and weak phase φS

Favoured: Supressed:

b
<latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

c
<latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit><latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit><latexit sha1_base64="R1l8zXMZNZP7zVgMkhDTeK6nWho="></latexit>

s
<latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

B�
<latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit>

K�
<latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit>

W�
<latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit>

V ⇤
us

<latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit><latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit><latexit sha1_base64="Da/MDQsuzMhQBmBfarr+sWG0NBk="></latexit>

Vcb
<latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="kFCSyFgg3dVzKd2WC0RHLvghroY="></latexit><latexit sha1_base64="JFG8qyMq9/mM5a2I8keUbtsvxxw="></latexit><latexit sha1_base64="zlFt8su02aenOmTC/uqQYXMnbX4="></latexit><latexit sha1_base64="s+EPKK5tltHzEcsvi1//hCXnW4E="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit><latexit sha1_base64="shmHxNomrTOpTBEn5dtGKoUrFbk="></latexit>

b
<latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit><latexit sha1_base64="Q8XE74eMWYmOtBXH/l3UgRMLE+4="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

ū
<latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit><latexit sha1_base64="jGGCKBnJjtmsz42zyX20KWyvmhc="></latexit>

s
<latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit><latexit sha1_base64="XPRzcG5kX0eN9MhWxo/ceu3TETo="></latexit>

B�
<latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit><latexit sha1_base64="Ds8o2oakVmFZgEAq6++43/ay/KU="></latexit>

K�
<latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit><latexit sha1_base64="Mpvd8B6Gtg0SJKdR764mpwvVBpQ="></latexit>

W�
<latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit><latexit sha1_base64="yX3AaXhFvzmZKyvqIiz2BnubVtk="></latexit>

c̄
<latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit><latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit><latexit sha1_base64="w0lwgIFvn4/nO2ZH4oFSSS3dglM="></latexit>

u
<latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit><latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit><latexit sha1_base64="UR98aFRTEPfpTyaV9AF/3ik77PU="></latexit>

V ⇤
cs

<latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit><latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit><latexit sha1_base64="B7yWPzytolrlHOIaMY7Zu/63i6c="></latexit>

Vub
<latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="kFCSyFgg3dVzKd2WC0RHLvghroY="></latexit><latexit sha1_base64="TJs53sr0jJvBcY8KHUiyoY121Rg="></latexit><latexit sha1_base64="SfOnbgrjNtXK5KBjqcmzbwVORHM="></latexit><latexit sha1_base64="FaJOYgio9HbD5kJGHfb8XSvufUE="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit><latexit sha1_base64="zhT3IvrfpnLHGZKx6XD9u9IR5eA="></latexit>

D
0!fCP

<latexit sha1_base64="tkRkq5ykxlwnD9rOs8gMa5/o7LE="></latexit><latexit sha1_base64="tkRkq5ykxlwnD9rOs8gMa5/o7LE="></latexit><latexit sha1_base64="tkRkq5ykxlwnD9rOs8gMa5/o7LE="></latexit><latexit sha1_base64="tkRkq5ykxlwnD9rOs8gMa5/o7LE="></latexit>

D0!fCP
<latexit sha1_base64="QQBDFSy1x8CZqo3Kd9uKU5lHF3Y="></latexit><latexit sha1_base64="QQBDFSy1x8CZqo3Kd9uKU5lHF3Y="></latexit><latexit sha1_base64="QQBDFSy1x8CZqo3Kd9uKU5lHF3Y="></latexit><latexit sha1_base64="QQBDFSy1x8CZqo3Kd9uKU5lHF3Y="></latexit>

Subsequent amplitude to final state fCP is:

B− : Af = |F |e i(δF−φF ) + |S |e i(δS−φS ) (1)

B+ : Āf = |F |e i(δF +φF ) + |S |e i(δS+φS ) (2)

because strong phases (δ) don’t change sign under CP while weak phases (φ) do
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γ with CP eigenstates (GLW)

I Can define the sum and difference of rates with B+ and B−

Rate difference and sum

|Āf̄ |2 − |Af |2 = 2|F ||S | sin(δF − δS) sin(φF − φS) (3)

|Āf̄ |2 + |Af |2 = |F |2 + |S |2 + 2|F ||S | cos(δF − δS) cos(φF − φS) (4)

I Choose rB = |S|
|F | (so that r < 1) and use strong phase difference δB = δF − δS

I γ is the weak phase difference φF − φS

I Subsequently have two experimental observables which are

GLW CP asymmetry

ACP =
±2rB sin(δB) sin(γ)

1 + r 2
B ± 2rB cos(δB) cos(γ)

GLW total rate

RCP = 1 + r 2
B ± 2rB cos(δB) cos(γ)

I The +(−) sign corresponds to CP-even (-odd) final states

I Note that rB and δB (ratio and strong phase difference of favoured and supressed
modes) are different for each B decay

I The value of γ is shared by all such decays
19/87



GLW Method

GLW observables

ACP =
Γ(B− → D0

CPK
−)− Γ(B+ → D0

CPK
+)

Γ(B− → D0
CPK
−) + Γ(B+ → D0

CPK
+)

=
±2rB sin(δB ) sin(γ)

1 + r2
B ± 2rB cos(δB ) cos(γ)

(1)

RCP =
Γ(B− → D0

CPK
−) + Γ(B+ → D0

CPK
+)

Γ(B− → D0K−) + Γ(B+ → D0K+)
= 1 + r2

B ± 2rB cos(δB ) cos(γ) (2)
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GLW Method

GLW observables

ACP =
Γ(B− → D0

CPK
−)− Γ(B+ → D0

CPK
+)

Γ(B− → D0
CPK
−) + Γ(B+ → D0

CPK
+)

=
±2rB sin(δB ) sin(γ)

1 + r2
B ± 2rB cos(δB ) cos(γ)

(1)

RCP =
Γ(B− → D0

CPK
−) + Γ(B+ → D0

CPK
+)

Γ(B− → D0K−) + Γ(B+ → D0K+)
= 1 + r2

B ± 2rB cos(δB ) cos(γ) (2)
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LHCbI LHCb has recently extracted GLW observables from partially reconstructed
B− → D∗0K− in the same fit - [arXiv:1708.06370]
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GLW Method

GLW observables

ACP =
Γ(B− → D0

CPK
−)− Γ(B+ → D0

CPK
+)

Γ(B− → D0
CPK
−) + Γ(B+ → D0

CPK
+)

=
±2rB (2F+ + 1) sin(δB ) sin(γ)

1 + r2
B ± 2rB (2F+ + 1) cos(δB ) cos(γ)

(1)

RCP =
Γ(B− → D0

CPK
−) + Γ(B+ → D0

CPK
+)

Γ(B− → D0K−) + Γ(B+ → D0K+)
= 1 + r2

B ± 2rB (2F+ + 1) cos(δB ) cos(γ) (2)
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LHCbI LHCb has recently extracted GLW observables from partially reconstructed
B− → D∗0K− in the same fit - [arXiv:1708.06370]

I Can extend to quasi-CP-eigenstates (D0 → KKπ0) if fraction of CP content, F+, is
known
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GLW Method

GLW observables

ACP =
Γ(B− → D0

CPK
−)− Γ(B+ → D0

CPK
+)

Γ(B− → D0
CPK
−) + Γ(B+ → D0

CPK
+)

=
±2rB (2F+ + 1) sin(δB ) sin(γ)

1 + r2
B ± 2rB (2F+ + 1) cos(δB ) cos(γ)

(1)

RCP =
Γ(B− → D0

CPK
−) + Γ(B+ → D0

CPK
+)

Γ(B− → D0K−) + Γ(B+ → D0K+)
= 1 + r2

B ± 2rB (2F+ + 1) cos(δB ) cos(γ) (2)
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I Multiple (but very narrow) solutions

I Require knowledge of F+ from charm friends
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The ADS Method

1.2 The ADS Method
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γ with CF and DCS decays (ADS)

I A 2-body D decay to final state f accesible to both D0 and D0 can be

I Cabibbo-favoured (CF) - D0 →π−K+

I Doubly-Cabibbo-supressed (DCS) - D0 →π−K+

I Introduces 2 new hadronic parameters:

I rD - ratio of magnitudes for D0 and D0 decay to f
I δD - relative phase for D0 and D0 decay to f

I Gives a modified asymmetry and rate defintion

ADS asymmetry

AADS =
2rDrB sin(δB + δD) sin(γ)

r 2
D + r 2

B + 2rB rD cos(δB + δD) cos(γ)

ADS ratio

RADS =
|Āf̄ |2 + |Af |2
|Āf |2 + |Af̄ |2

= r 2
B + r 2

D + 2rB rD cos(δB + δD) cos(γ)

I Hadronic parameters rD and δD can be de independently determined (using CLEO
data and HFAG averages)
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ADS Method

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rD sin(δB + δD ) sin(γ)

r2
B + r2

D + 2rB rD cos(δB + δD ) cos(γ)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B + r2
D + 2rB rD cos(δB + δD ) cos(γ)
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.
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ADS Method

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rDκD sin(δB + δD ) sin(γ)

r2
B +r2

D +2rB rDκD cos(δB +δD ) cos(γ)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ)
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.

I Can extend to multibody-DCS-decays (D0 → Kππ0) if dilution from interference,
κD , is known
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ADS Method

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rDκD sin(δB + δD ) sin(γ)

r2
B +r2

D +2rB rDκD cos(δB +δD ) cos(γ)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ)
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I A single (yet broader) solution

I Require knowledge of rD , δD , κD from charm friends
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The GGSZ Method

1.3 The GGSZ Method
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γ with 3-body self-conjugate states (GGSZ)

I Now get additional sensitivity over the 3-body phase space
I Idea is to perform a GLW/ADS type analysis across the D decay phase space
I For example D0 → K 0

Sπ
+π− has contributions from

I Singly-Cabibbo-suppressed decay D0 → K 0
Sρ

0

I Doubly-Cabibbo-suppressed decay D0 → K∗+π−

I Interference between them enhances sensitivity and resolves ambiguities in γ

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)cos(δD(±,∓)) + rB sin(δB ± γ)sin(δD(±,∓))

]
(3)

From [LHCb-PAPER-2018-017]
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Figure 2: Dalitz plots of long and downstream B± ! DK± candidates in the signal region
for (top) D ! K0

S⇡
+⇡� and (bottom) D ! K0

SK+K� decays from (left) B+ and (right) B�

decays.

and the vector sum of the pT of the other tracks in the event that lie within a distance188

of 1.5 rad in ⌘–� space, where � is the azimuthal angle. An optimal value of the BDT189

discriminator is determined with a series of pseudoexperiments to obtain the value that190

provides the best sensitivity to x± and y±. Events in the data sample that have a value191

below the optimum are rejected.192

Particle identification (PID) requirements are placed on the bachelor to separate193

B± ! DK± and B± ! D⇡± candidates. In the case of D ! K0
SK

+K� candidates a194

loose PID cut is also placed on the charged-kaon daughters of the D to remove cross-feed195

from other D ! K0
Sh

+h� decays. To ensure good control of the PID performance it is196

required that information from the RICH detectors is present. To remove background197

from D ! ⇡+⇡�⇡+⇡� or D ! ⇡+⇡�K+K� decays, long K0
S candidates are required to198

have travelled a significant distance from the D vertex. Similarly, the D is required to199

have travelled a significant distance from the B± decay in order to remove charmless B±
200

decays.201

The Dalitz plots for B± ! DK± candidates restricted to the signal region for the two202

6

B+
<latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="aSz78U0FKshyfQmIyjeoF7zY/xw=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFEIQy40aXohuXFZy20I4lk2ba0EwyJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTAqLvv/tlTY2t7Z3yruVver+wWHtqNqyOjeMh0xLbToxtVwKxUMUKHknM5ymseTteHw3y9vP3Fih1SNOMh6ldKhEIhhFZ4W3T8XFtF+r+w1/LrIOwRLqsFSzX/vqDTTLU66QSWptN/AzjApqUDDJp5VebnlG2ZgOedehoim3UTEfdkrOnDMgiTbuKCRz9/eLgqbWTtLY3UwpjuxqNjP/y7o5JtdRIVSWI1ds8VGSS4KazDYnA2E4QzlxQJkRblbCRtRQhq6fiishWF15HVqXjcBvBA8+lOEETuEcAriCG7iHJoTAQMALvMG7p7xX72NRV8lb9nYMf+R9/gBPEo0Y</latexit><latexit sha1_base64="aSz78U0FKshyfQmIyjeoF7zY/xw=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFEIQy40aXohuXFZy20I4lk2ba0EwyJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTAqLvv/tlTY2t7Z3yruVver+wWHtqNqyOjeMh0xLbToxtVwKxUMUKHknM5ymseTteHw3y9vP3Fih1SNOMh6ldKhEIhhFZ4W3T8XFtF+r+w1/LrIOwRLqsFSzX/vqDTTLU66QSWptN/AzjApqUDDJp5VebnlG2ZgOedehoim3UTEfdkrOnDMgiTbuKCRz9/eLgqbWTtLY3UwpjuxqNjP/y7o5JtdRIVSWI1ds8VGSS4KazDYnA2E4QzlxQJkRblbCRtRQhq6fiishWF15HVqXjcBvBA8+lOEETuEcAriCG7iHJoTAQMALvMG7p7xX72NRV8lb9nYMf+R9/gBPEo0Y</latexit><latexit sha1_base64="Ne45uxK2WyNaX2WgGBf8sSTT128=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkm86LHUi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbSS33jML6f9StWtuXOQVeIVpAoFmv3KV2+QsCzmCpmkxnQ9N8UgpxoFk3xa7mWGp5SN6ZB3LVU05ibI58dOyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XzTC6CXKh0gy5YotFUSYJJmT2ORkIzRnKiSWUaWFvJWxENWVo8ynbELzll1dJ66rmuTXv3q3WG0UcJTiFM7gAD66hDnfQBB8YCHiGV3hzlPPivDsfi9Y1p5g5gT9wPn8AcbGOaw==</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="aSz78U0FKshyfQmIyjeoF7zY/xw=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFEIQy40aXohuXFZy20I4lk2ba0EwyJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTAqLvv/tlTY2t7Z3yruVver+wWHtqNqyOjeMh0xLbToxtVwKxUMUKHknM5ymseTteHw3y9vP3Fih1SNOMh6ldKhEIhhFZ4W3T8XFtF+r+w1/LrIOwRLqsFSzX/vqDTTLU66QSWptN/AzjApqUDDJp5VebnlG2ZgOedehoim3UTEfdkrOnDMgiTbuKCRz9/eLgqbWTtLY3UwpjuxqNjP/y7o5JtdRIVSWI1ds8VGSS4KazDYnA2E4QzlxQJkRblbCRtRQhq6fiishWF15HVqXjcBvBA8+lOEETuEcAriCG7iHJoTAQMALvMG7p7xX72NRV8lb9nYMf+R9/gBPEo0Y</latexit><latexit sha1_base64="aSz78U0FKshyfQmIyjeoF7zY/xw=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFEIQy40aXohuXFZy20I4lk2ba0EwyJHeEMvQZ3LhQxJdy59uY/iy09UDg45yE3HviTAqLvv/tlTY2t7Z3yruVver+wWHtqNqyOjeMh0xLbToxtVwKxUMUKHknM5ymseTteHw3y9vP3Fih1SNOMh6ldKhEIhhFZ4W3T8XFtF+r+w1/LrIOwRLqsFSzX/vqDTTLU66QSWptN/AzjApqUDDJp5VebnlG2ZgOedehoim3UTEfdkrOnDMgiTbuKCRz9/eLgqbWTtLY3UwpjuxqNjP/y7o5JtdRIVSWI1ds8VGSS4KazDYnA2E4QzlxQJkRblbCRtRQhq6fiishWF15HVqXjcBvBA8+lOEETuEcAriCG7iHJoTAQMALvMG7p7xX72NRV8lb9nYMf+R9/gBPEo0Y</latexit><latexit sha1_base64="Ne45uxK2WyNaX2WgGBf8sSTT128=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSIIQkm86LHUi8cKpi20sWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/nbX1jc2t7dJOeXdv/+CwcnTcMkmmGfdZIhPdCanhUijuo0DJO6nmNA4lb4fj25nffuLaiEQ94CTlQUyHSkSCUbSS33jML6f9StWtuXOQVeIVpAoFmv3KV2+QsCzmCpmkxnQ9N8UgpxoFk3xa7mWGp5SN6ZB3LVU05ibI58dOyblVBiRKtC2FZK7+nshpbMwkDm1nTHFklr2Z+J/XzTC6CXKh0gy5YotFUSYJJmT2ORkIzRnKiSWUaWFvJWxENWVo8ynbELzll1dJ66rmuTXv3q3WG0UcJTiFM7gAD66hDnfQBB8YCHiGV3hzlPPivDsfi9Y1p5g5gT9wPn8AcbGOaw==</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit><latexit sha1_base64="0nFhDxtf836dcnyUf2DJBZ6AC6s=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoigh5LvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHTR2niqHPYhGrdkg1Ci7RN9wIbCcKaRQKbIXj25nfekKleSwfzCTBIKJDyQecUWMlv/6YXUx75Ypbdecgq8TLSQVyNHrlr24/ZmmE0jBBte54bmKCjCrDmcBpqZtqTCgb0yF2LJU0Qh1k82On5MwqfTKIlS1pyFz9PZHRSOtJFNrOiJqRXvZm4n9eJzWDmyDjMkkNSrZYNEgFMTGZfU76XCEzYmIJZYrbWwkbUUWZsfmUbAje8surpHlZ9dyqd39VqdXzOIpwAqdwDh5cQw3uoAE+MODwDK/w5kjnxXl3PhatBSefOYY/cD5/AHLxjm8=</latexit> B�

<latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="sdEQk1n48IP493LX32HnR9Z3mQI=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNL0Y3LCk5baMeSSTNtaCYZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xJoVF3//2ShubW9s75d3KXnX/4LB2VG1ZnRvGQ6alNp2YWi6F4iEKlLyTGU7TWPJ2PL6b5e1nbqzQ6hEnGY9SOlQiEYyis8Lbp+Ji2q/V/YY/F1mHYAl1WKrZr331BprlKVfIJLW2G/gZRgU1KJjk00ovtzyjbEyHvOtQ0ZTbqJgPOyVnzhmQRBt3FJK5+/tFQVNrJ2nsbqYUR3Y1m5n/Zd0ck+uoECrLkSu2+CjJJUFNZpuTgTCcoZw4oMwINythI2ooQ9dPxZUQrK68Dq3LRuA3ggcfynACp3AOAVzBDdxDE0JgIOAF3uDdU96r97Goq+QtezuGP/I+fwBSBo0a</latexit><latexit sha1_base64="sdEQk1n48IP493LX32HnR9Z3mQI=">AAAB4XicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNL0Y3LCk5baMeSSTNtaCYZkjtCGfoMblwo4ku5821MfxbaeiDwcU5C7j1xJoVF3//2ShubW9s75d3KXnX/4LB2VG1ZnRvGQ6alNp2YWi6F4iEKlLyTGU7TWPJ2PL6b5e1nbqzQ6hEnGY9SOlQiEYyis8Lbp+Ji2q/V/YY/F1mHYAl1WKrZr331BprlKVfIJLW2G/gZRgU1KJjk00ovtzyjbEyHvOtQ0ZTbqJgPOyVnzhmQRBt3FJK5+/tFQVNrJ2nsbqYUR3Y1m5n/Zd0ck+uoECrLkSu2+CjJJUFNZpuTgTCcoZw4oMwINythI2ooQ9dPxZUQrK68Dq3LRuA3ggcfynACp3AOAVzBDdxDE0JgIOAF3uDdU96r97Goq+QtezuGP/I+fwBSBo0a</latexit><latexit sha1_base64="2GbPppZxagEIWsgLnmO1pUBog4A=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4sSRe9FjqxWMF0xbaWDbbTbt0swm7E6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTKUw6Lrfztr6xubWdmmnvLu3f3BYOTpumSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px7cxvP3FtRKIecJLyIKZDJSLBKFrJbzzml9N+perW3DnIKvEKUoUCzX7lqzdIWBZzhUxSY7qem2KQU42CST4t9zLDU8rGdMi7lioacxPk82On5NwqAxIl2pZCMld/T+Q0NmYSh7Yzpjgyy95M/M/rZhjdBLlQaYZcscWiKJMEEzL7nAyE5gzlxBLKtLC3EjaimjK0+ZRtCN7yy6ukdVXz3Jp371brjSKOEpzCGVyAB9dQhztogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz90u45t</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit><latexit sha1_base64="fe9dXomivQw6NycwAH1W2qm/HDc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURQY+lXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjpo5TxdBnsYhVO6QaBZfoG24EthOFNAoFtsLx7cxvPaHSPJYPZpJgENGh5APOqLGSX3/MLqa9csWtunOQVeLlpAI5Gr3yV7cfszRCaZigWnc8NzFBRpXhTOC01E01JpSN6RA7lkoaoQ6y+bFTcmaVPhnEypY0ZK7+nshopPUkCm1nRM1IL3sz8T+vk5rBTZBxmaQGJVssGqSCmJjMPid9rpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0rysem7Vu7+q1Op5HEU4gVM4Bw+uoQZ30AAfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/dfuOcQ==</latexit>

Preliminary Preliminary

30/87

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-017.html


GGSZ Method

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)︸ ︷︷ ︸

x±

cos(δD(±,∓))︸ ︷︷ ︸
ci

+ rB sin(δB ± γ)︸ ︷︷ ︸
y±

sin(δD(±,∓))︸ ︷︷ ︸
si

]
(4)

rB

x

y

y� = rB sin(�B � �)

x� = rB cos(�B � �)

��
(x+, y+)

(x�, y�)

�� ⇠ 1

rB

I x± + iy± = rBe
i(δB±γ)

I Uncertainty on γ is inversely propor-
tional to central value of hadronic un-
known!!

I Fluctuation in nuisance parameter =
fluctuation in error on parameter of in-
terest!
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Model-independent GGSZ Analysis

I Consider both D → K 0
Sππ and

D → K 0
SKK decays

I Divide up the Dalitz space into 2N
symmetric bins chosen to optimise
sensitivity to γ

[LHCb-PAPER-2018-017]

Figure 1: Binning schemes for (left) D ! K0
S⇡

+⇡� and (right) D ! K0
SK+K�. The diagonal

line separates the positive and negative bins, where the positive bins are in the region where
m2

� > m2
+ is satisfied.

The physics parameters of interest, rB, �B, and �, are translated into four CP observ-85

ables [20] that are measured in this analysis. These observables are defined as86

x± ⌘ rB cos(�B ± �) and y± ⌘ rB sin(�B ± �). (3)

From Eq. 1 it follows that the expected number of B+ (B�) decays in bin i, N+
i (N�

i ),87

are given by88

N+
±i = hB+

h
F⌥i + (x2

+ + y2
+)F±i + 2

p
FiF�i(x+c±i � y+s±i)

i
,

N�
±i = hB�

h
F±i + (x2

� + y2
�)F⌥i + 2

p
FiF�i(x�c±i + y�s±i)

i
,

(4)

where Fi are the fraction of decays in bin i of the D0 ! K0
Sh

+h� Dalitz plot, and hB± are89

normalisation factors, which can be di↵erent for B+ and B� due to production, detection,90

and CP asymmetries. In this measurement, the integrated yields are not used to provide91

information on x± and y±, and so the analysis is insensitive to such e↵ects. From Eq. 4 it92

is seen that studying the distribution of candidates over the D ! K0
Sh

+h� Dalitz plot93

gives access to the x±, y± observables. The detector and selection requirements placed94

on the data lead to a non-uniform e�ciency over the Dalitz plot, which a↵ects the Fi95

parameters. The e�ciency profile for the signal candidates is denoted as ⌘(m2
�, m2

+). The96

parameters Fi can then be expressed as97

Fi =

R
i
dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)P

j

R
j
dm2

�dm2
+|AD(m2

�, m2
+)|2 ⌘(m2

�, m2
+)

(5)

The values of Fi are determined from the control decay mode
( )

B ! D⇤±µ⌥( )⌫µX, where98

the D⇤� decays to D0⇡� and the D0 decays to either the K0
S⇡

+⇡� or K0
SK

+K� final state.99

3

Decay amplitude is a superposition of supressed and favoured contributions

AB(m2
−,m

2
+) ∝ AD(m2

−,m
2
+) + rBe

i(δB−γ)AD(m2
−,m

2
+)

Expected number of B+ (B−) events in bin i

N+
±i = hB+

[
F∓i + (x2

+ + y 2
+)F±i + 2

√
FiF−i (x+c±i − y+s±i )

]
N−±i = hB−

[
F±i + (x2

− + y 2
−)F∓i + 2

√
FiF−i (x−c±i − y−s±i )

]
I N±±i - events in each bin

I F±i - from B → D∗±µ∓νµX

I ci , si - from CLEO-c (QC D0D0) measurements

I hB± - overall normalisation
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GGSZ Method

Expected number of B+ (B−) events in bin i

N+
±i = hB+

[
F∓i + (x2

+ + y 2
+)F±i + 2

√
FiF−i (x+c±i − y+s±i )

]
N−±i = hB−

[
F±i + (x2

− + y 2
−)F∓i + 2

√
FiF−i (x−c±i − y−s±i )

]
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L
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]° [γ
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GGSZ

GLW

ADS
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95.5%

HFLAV
Moriond 2018

I A single and narrow solution

I Require knowledge of c±i and s±i from charm friends
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A comment on GGSZ systematics

I Sensitivty to γ starts to degrade due to dependence on input from charm sector

I Measurements from BES-III (Beijing) will be vital to achieve ultimate precision on γ

5 23 50 300
Integrated Luminosity [fb−1]

0.1

1

5

10
σ

(γ
)

[◦
]

LHCb
B± → DK± GGSZ

With
√
N improvement

With current CLEO ci, si
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The TD Method

1.4 The TD Method
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The time-dependent method with B0
s →D∓s K±

I B0
s and B0

s can both decay to same final state D∓s K± (one via b → cW , the other
via b → uW )

I Intereference acheived by neutral B0
s mixing (requires knowledge of −2βs ≡ φs)

I Weak phase difference is (γ − 2βs)

�Vcb × Vus ≈ λ3

B0
s

K−

D+
s

b

s

s

u

c

s

�Vub × Vcs ≈ λ3

B0
s

D+
s

K−

bu, c, t

W±W±

u, c, t

s

b

s

c

u

s

I Requires tagging the initial B0
s flavour

I Requires a time-dependent analysis to observe the meson oscillations

I Fit the decay-time-dependent decay rates

I Also requires knowledge of Γs , ∆Γs , ∆ms
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The time-dependent method with B0
s →D∓s K±

Time-dependent decay rate for initial B0
s or B0

s at t = 0

dΓB0
s→f (t)

dt
∝ e−Γs t

[
cosh

(
∆Γst

2

)
+ A∆Γs

f sinh

(
∆Γst

2

)
+ Cf cos (∆mst)− Sf sin (∆mst)

]
dΓB0

s→f (t)

dt
∝ e−Γs t

[
cosh

(
∆Γst

2

)
+ A∆Γs

f sinh

(
∆Γst

2

)
− Cf cos (∆mst) + Sf sin (∆mst)

]

Time-dependent rate asymmetry

ACP(t) =
ΓB0

s→f (t)− ΓB0
s→f (t)

ΓB0
s→f (t) + ΓB0

s→f (t)
=

Sf sin(∆mst)− Cf cos(∆mst)

cosh( ∆Γs t
2

) + A∆Γs
f sinh( ∆Γs t

2
)
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The time-dependent method with B0
s →D∓s K±

I Fit for decay-time-dependent asymmetry

0 0.1 0.2 0.3
) [ps]sm∆/π) modulo (2−K+

sD →0
sB(t

0.4−

0.2−

0

0.2

0.4

)−
K

s+
D(

m
ix

A

LHCb

0 0.1 0.2 0.3
) [ps]sm∆/π) modulo (2+K−

sD →0
sB(t

0.4−

0.2−

0

0.2

0.4

)
+

K s−
D(

m
ix

A

LHCb 

Variable definitions

Cf = −Cf̄ =
1− r 2

B

1 + r 2
B

A∆Γs
f (f̄ )

=
−2rB cos(γ − 2βs ∓ δB)

1 + r 2
B

Sf (f̄ ) =
±2rB sin(γ − 2βs ∓ δB)

1 + r 2
B

1.5− 1− 0.5− 0 0.5 1
  )2|fλ/(1+|fλ2 Re

1−

0.5−

0

0.5

1 )2 | fλ
/(

1+
|

fλ2 
Im

2
fC−1

)fS, Γ∆
fA−(

)
f

S, Γ∆
f

A−(

)
s

β2−γ(−

Combination

LHCb

1.5− 1− 0.5− 0 0.5 1
1−

0.5−

0

0.5

1
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Dalitz methods

I Study Dalitz structure of 3-body B decays with B0 →DK+π−

I In principle has excellent sensitivity to γ
I “GW method”? (Gershon-Williams - [arXiv:0909.1495])

I Get multiple interfering resonances which increase sensitivity to γ
I D∗0(2400)−, D∗2(2460)−, K∗(892)0, K∗(1410)0, K∗2(1430)0

I Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)
I D → K+K−, D → π+π− - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])
I D → K±π∓ - ADS-Dalitz (problematic backgrounds from B0

s → DK±π∓)
I D → K 0

Sπ
+π− - GGSZ-Dalitz (double Dalitz!)

]4c/2) [GeV−πD(2m
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]4 c/2
) 

[G
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K(2
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−π+KD→0B

LHCb (b)

]4c/2) [GeV+πD(2m
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]4 c/2
) 

[G
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+ π−
K(2

m
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+π−KD→0
B
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±x
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±y
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1
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Building up sensitivity

Different	B decays

B± ! DK± B± ! D⇤K± B± ! DK⇤± B0 ! DK⇤0

rDK
B , �DK

B rD⇤K
B , �D⇤K

B
rDK⇤
B , �DK⇤

B rDK⇤0

B , �DK⇤0

B

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.
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Building up sensitivity

Di
ffe

re
nt
	D

de
ca
ys

rD, �D, D

D ! hh

D ! hh⇡0

D ! hhhh

D ! hh0⇡0

D ! hh0hh

D ! hh0

D ! KShh

rD, �D, D

rD, �D

F+

F+

ci, si

Different	B decays

B± ! DK± B± ! D⇤K± B± ! DK⇤± B0 ! DK⇤0

rDK
B , �DK

B rD⇤K
B , �D⇤K

B
rDK⇤
B , �DK⇤

B rDK⇤0

B , �DK⇤0

B

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.
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We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.
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first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

MANY	NUISANCE	PARAMETERS
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LHCb Input Status

Highest
Statistics Poorer	sensitivity High	potential

(Dalitz structure	of	B)
Low	stats	

(multibody	B)

Method
D Decay

B Decay
B� ! D0K� B� ! D0K⇤� B� ! D⇤0K� B0 ! D0K+⇡� B� ! D0K�⇡+⇡�

[K⇤�!K0
S⇡

�] [D⇤0!D0⇡0],[D⇤0!D0�]

part-rec full-rec K⇤0 res Dalitz

G
L
W (+)

D0 ! K+K� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! ⇡+⇡� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! K+K�⇡0 3 fb�1(•) - - - - - -

D0 ! ⇡+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+K�⇡+⇡� • - - - - - -

D0 ! ⇡+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

(�) D0 ! K0
S⇡

0 • - - - - - -

A
D

S

D0 ! K+⇡� 3 fb�1(•) 5 fb�1 • • 3 fb�1(•) • 3 fb�1

D0 ! K+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

G
G

S
Z

D0 ! K0
S⇡

+⇡� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S K+K� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S⇡
+⇡�⇡0 • - - - - - -

D0 ! K0
S K+K�⇡0 • - - - - - -

KEY: •: (update) in progress

•: requires input from Charm sector (rD,�D, D)

NOTE: TD result with B0
s ! D�

s K+ 3 fb�1(•)

TD result with B0! D�⇡+ 3 fb�1

GLS result from B� ! D0K� with D0 ! K0
S K±⇡⌥ 3 fb�1(•)

Working on B� ! D0K⇤� with K⇤� ! K�⇡0 •
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LHCb Input Status

Highest
Statistics Poorer	sensitivity High	potential

(Dalitz structure	of	B)
Low	stats	

(multibody	B)

Method
D Decay

B Decay
B� ! D0K� B� ! D0K⇤� B� ! D⇤0K� B0 ! D0K+⇡� B� ! D0K�⇡+⇡�

[K⇤�!K0
S⇡

�] [D⇤0!D0⇡0],[D⇤0!D0�]

part-rec full-rec K⇤0 res Dalitz

G
L
W (+)

D0 ! K+K� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! ⇡+⇡� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! K+K�⇡0 3 fb�1(•) - - - - - -

D0 ! ⇡+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+K�⇡+⇡� • - - - - - -

D0 ! ⇡+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

(�) D0 ! K0
S⇡

0 • - - - - - -

A
D

S

D0 ! K+⇡� 3 fb�1(•) 5 fb�1 • • 3 fb�1(•) • 3 fb�1

D0 ! K+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

G
G

S
Z

D0 ! K0
S⇡

+⇡� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S K+K� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S⇡
+⇡�⇡0 • - - - - - -

D0 ! K0
S K+K�⇡0 • - - - - - -

KEY: •: (update) in progress

•: requires input from Charm sector (rD,�D, D)

NOTE: TD result with B0
s ! D�

s K+ 3 fb�1(•)

TD result with B0! D�⇡+ 3 fb�1

GLS result from B� ! D0K� with D0 ! K0
S K±⇡⌥ 3 fb�1(•)

Working on B� ! D0K⇤� with K⇤� ! K�⇡0 •

These	guys	
drive	the	
sensitivity

These	guys	
resolve	the	
ambiguities
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Combined constraints on γ

World Average (HFLAV) - [Spring update]

γ = (71.1+4.6
−5.3)◦
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Indirect constraints are: γ = (65.3+1.0
−2.5)◦ (∼ 2σ)

Comparison between B0
s and B+ initial states ∼ 2σ

(B0
s → D∓s K± is hugely important for resolving this)
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Sensitivity to tree-level Wilson coefficients

I We always say CKM angle γ is a SM benchmark with negligible theoretical
uncertainty - O(10−7)◦

I This is only true if we assume no NP at tree-level

I Brod, Lenz et. al [Phys. Rev. D92 (2015) 033002] show how much “wiggle” room is in
this assumption

Effective Hamiltonian

Heff =
GF√

2
VubV

∗
cs [C1O1 + C2O2]

Interference terms require modification

Af

Af
∼ e−iγ → e−iγ

[
1 +O

(
∆C1

C2

)]

C1 = CSM1 + ∆CNP1

C2 = CSM2 + ∆CNP2
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Sensitivity to tree-level Wilson coefficients

I A NP contribution to C1 or C2 gives a modification to our amplitude ratio:

Modification of amplitude ratio

rBe
i(δB±γ) → rBe

i(δB±γ)

[
1 + (rA′ − rA)

∆CNP
1

C2

]
In particular note that:

γ → γ

[
1 + (rA − rA′ )

Im(∆CNP1 )

C2

]
where rA (rA′ ) are hadronic unknowns representing the favoured (suppressed)
colour singlet / rearranged amplitude ratio

I Can redefine all GLW/ADS/GGSZ relations shifting by a single complex NP
contribution A = (rA′ − rA)∆CNP1 /C2

Modification of decay rate

Γ(B± → DK±)→
∣∣∣rDe−iδD + rBe

i(δB±γ)(1 + A)
∣∣∣2
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Sensitivity to tree-level Wilson coefficients

Modification of decay rate

Γ(B± → DK±)→
∣∣∣rDe−iδD + rBe

i(δB±γ)(1 + A)
∣∣∣2

rB

x

y

y� = rB sin(�B � �)

x� = rB cos(�B � �)

��
(x+, y+)

(x�, y�)

�� ⇠ 1

rB
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Sensitivity to tree-level Wilson coefficients

Modification of decay rate

Γ(B± → DK±)→
∣∣∣rDe−iδD + rBe

i(δB±γ)(1 + A)
∣∣∣2

rB

x

y

(x+, y+)

Effect exaggerated 
for visualization! 
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Sensitivity to tree-level Wilson coefficients

Sensitivity to generic NP contribution in complex number A

A = (rA′ − rA)
∆CNP1

C2

Future exclusion profile for A

0.1− 0 0.1 0.2
]2C / 1C∆) Re[Ar−'Ar(

0.05−

0

0.05

0.1

0.15

0.2] 2
C / 1

C∆
) 

Im
[

Ar− '
Ar(

-1LHCb 50fb
-1LHCb 300fb

 only±KD → ±B

I What values of A can be excluded
in the future

Using “still allowed” NP contribution

0.1− 0 0.1 0.2
]2C / 1C∆) Re[Ar−'Ar(

0.05−

0

0.05

0.1

0.15

0.2] 2
C / 1

C∆
) 

Im
[

Ar− '
Ar(

SM

-1LHCb 50fb
-1LHCb 300fb

 only±KD → ±B

I Estimate ∆r = rA′ − rA ≈ 0.6 and
allow Im(∆CNP

1 (mb)) ∼ O(10%)

This includes only GLW, ADS and GGSZ modes for B± →D0K±

Can do even more by including rates from other b → c/u processes:

B → Dπ, B → D∗0h0, B → Xd(s)γ, a
d(s)
sl , B → ππ
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Sensitivity to tree-level Wilson coefficients

Sensitivity to generic NP contribution in complex number A

A = (rA′ − rA)
∆CNP1

C2

Future exclusion profile for A
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Im
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 only±KD → ±B

I Estimate ∆r = rA′ − rA ≈ 0.6 and
allow Im(∆CNP

1 (mb)) ∼ O(10%)

This includes only GLW, ADS and GGSZ modes for B± →D0K±

Can do even more by including rates from other b → c/u processes:

B → Dπ, B → D∗0h0, B → Xd(s)γ, a
d(s)
sl , B → ππ
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2. Measurements of φs

2. Measurements of φs
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Measurements of φs

“The B0
s unitarity triangle”

VusV
∗
ub︸ ︷︷ ︸

∼ λ4

+VcsV
∗
cb︸ ︷︷ ︸

∼ λ2

+VtsV
∗
tb︸ ︷︷ ︸

∼ λ2

= 0

s
β

γ

γ

α αdm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

s
β

excluded at C
L > 0.95

sb
ρ

-0.10 -0.05 0.00 0.05 0.10

sbη

-0.10

-0.05

0.00

0.05

0.10
excluded area has CL > 0.95

Summer 18

CKM
f i t t e r

I CKM fits give a precise prediction for the small but non-zero value of βs in the SM

−2βs = (−0.0370± 0.0006) rad
52/87



Sensitivity to φs

I The weak phase φs arises in the interference between decay and mixing of e.g.
B0

s → f and B0
s → B0

s → f

Golden mode: B0
s → J/ψK+K− - [Phys. Rev. Lett. 114 (2015) 041801]

φs = φSM︸︷︷︸
−2βs

+∆φpeng + ∆φNP

B0
s

J/ψ

φ

W

b̄

s

s

c̄

c

s̄

(a)

h+h�

+

B0
s

J/ψ

φW

b̄

s s

s̄

c̄

c

ū, c̄, t̄

Colour singlet
exchange

(b)

h+h�

I Only for b → cc̄s transitions (φcc̄
s )

I Estimate ∆φpeng ≈ 0.003 [JHEP 11 (2015) 082] (B0 → J/ψρ, B0
s → J/ψK∗0)
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Current status

I World average for these modes currently dominated by LHCb

I Consistent with both the SM and zero - [arXiv:1909.12524]

φcc̄
s (SM) = (−0.0370± 0.0006) rad

φcc̄
s (WA) = (−0.021± 0.031) rad

-0.4 -0.2 -0.0 0.2 0.4
φ cc̄ss [rad]

0.06

0.08

0.10

0.12

0.14

∆
Γ
s
[p

s−
1
]

ATLAS 19.2 fb−1

D0 8 fb−1

CMS 19.7 fb−1

CDF 9.6 fb−1Combined

LHCb 3 fb−1

SM

68% CL contours
(∆ log L = 1.15)
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B0
s → φφ decays

I Pure penguin decay - b → sss̄ transition

I New Physics can be significantly enhanced

I Purely hadronic final state

I The φ resonance is very narrow

B0
s → φφ

B̄0
s

�

�

φss̄
s = (−0.073± 0.115± 0.027) rad

[arXiv:1907.10003]
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B0
s → (K+π−)(K−π+) decays

I Pure penguin decay - b → sdd̄ transition

I New Physics can be significantly enhanced and entirely different from B0
s → J/ψφ

and B0
s → φφ

I Expect similar statistical precision to B0
s → φφ

I CPV in decay is also possible

B0
s → K∗0K∗0

K⇤0

K̄⇤0

φdd̄
s = (−0.10± 0.13± 0.14) rad

[JHEP 03 (2018) 140]
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Measurement of φs in B0
(s) → (K+π−)(K−π+) decays

I A combined B0 and B0
s → (K+π−)(K−π+) analysis would be very powerful

I The SU(3) partner B0 mode is a ∆S = 0 transition and expected to have a much
smaller NP contribution

I Allows for much easier theory interpretation as B0 mode sets a SM benchmark for
comparison with B0

s mode

I Simplified time-dependent rate asymmetry for each polarization amplitude

ACP(t) ≈ (1− 2w)e−
1
2

∆m2
sσ

2
t ηf sin(φs) sin(∆mst)

Experimentally challenging and requires use of LHCb’s full armoury

I Need to tag initial B flavour
I Decay-time dependence (1 time dimension)
I Seperate various wide K∗ contributions (2 mass dimensions)
I Seperate different spin components (3 angular dimensions)
I Purely hadronic final state
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Future prospects
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Future prospects

I LHCb Upgrade will be installed in LS2

I Ready for operation in Run 3

I Completely redesigned tracking systems

I Redesigned readout for all subsystems
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Summary

I Finding new sources of CP violation can lead us to New Physics
I Measurements of CKM elements are becoming increasingly precise

Measurements of γ

I Will evenutally reach O(0.4◦) precision
I Will have < 1◦ precision independently in B+, B0 and B0

s modes
I Will allow for penguin free measurement of φs with ∼ 0.02 rad precision
I Can eventually set limits on / directly probe generic new physics contributions at

tree-level
I Have the potential to be even more sophisticated than this when including

additional inputs

Measurements of φs

I Will eventually reach O(0.003 rad) precision for b → cc̄s
I Will eventually reach O(0.01 rad) precision for penguin modes b → sss̄ and b → sdd̄

The SM is beautiful, now let’s BREAK IT!
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Back Up

BACK UP
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CKM matrix

V =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

γ
Kε

α

α

dm∆
sm∆ & dm∆

ubV

βsin 2
(excl. at CL > 0.95)

 < 0βsol. w/ cos 2
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How does CP-violation manifest itself?

I Must have two interfering amplitudes with different strong (δ) and weak (φ) phases

I For a B0
s decay to a CP-eigenstate, f , CP-violation effects depend on λ =

q

p

Āf

Af

CPV in decay:

I P(B0
s → f ) 6= P(B0

s → f )

I |Āf /Af | 6= 1

CPV in mixing:

I P(B0
s → B0

s ) 6= P(B0
s → B0

s )

I |q/p| 6= 1

fCP
CPV	in	decay

Ā1

Ā2

A2

A1

�dec

��dec

B0
s

B̄0
s

CPV in the interference between decay and mixing:

I P(B0
s → f ) 6= P(B0

s → B0
s → f ) I arg(λ) 6= 0
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Ā1

Ā2
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New Physics effects in the flavour sector

I Unitarity imposes several conditions (V †V = 1)
I Gives rise to “unitarity” triangles
I The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

V =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4)

sβ

γ

γ

α αdm∆

Kε

Kε

sm∆ & dm∆

ubV

βsin 2

s
β

excluded at CL > 0.95

sb
ρ

-0.10 -0.05 0.00 0.05 0.10

sbη

-0.10

-0.05

0.00

0.05

0.10
excluded area has CL > 0.95

Summer 18

CKM
f i t t e r

βs

I βs is incredibly small and
precisely known in the SM

I Potential NP effects are
large
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γ from theory

γ = arg
(
−VudV

∗
ub

VcdV
∗
cb

)
I γ is known very well

I Can be determined entirely from tree decays

I Unique property among all CP violation parameters
I Hadronic parameters can be determined from data

I Neglible theoretical uncertainty (Zupan and Brod 2013)

Theory uncertainty on γ

δγ/γ ≈ O(10−7) - [arXiv:1308.5663]

I γ can probe for new physics at extrememly high energy scales (Zupan)

I (N)MFV new physics scenarios: ∼ O(102) TeV
I gen. FV new physics scenarios: ∼ O(103) TeV

I NP contributions to C1,2 can cause sizeable shifts (O(4◦)) in γ
(Brod, Lenz et. al 2014) - [arXiv:1412.1446]
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γ from experiment

I γ is NOT known very well

I It is quite challenging to measure

I The decay rates are small

Branching ratio for suppressed γ mode

BR(B− → DK−,D → πK) ≈ 2× 10−7

I Small interference effect typically ∼ 10%

I Fully hadronic decays - hard to trigger on

I Many channels have a K 0
S or π0 in the final state - low efficiency at LHCb

I Many different decay channels, many observables and many hadronic unknowns
make it statistically challenging

I Inputs for charm parameters are needed
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Measuring γ

Categorise decays sensitive to γ depending on the
( )

D 0 → f final state

I GLW (Gronau, London, Wyler) [1991]

I CP eigenstates e.g. D → KK , D → ππ

I ADS (Atwood, Dunietz, Soni) [1997,2001]

I CF or DCS decays e.g. D → Kπ

I GGSZ (Giri, Grossman, Soffer, Zupan) [2003]

I 3-body final states e.g. D → K 0
Sππ

I TD (Time-dependent)

I Interference between mixing and decay e.g. B0
s → D−s K+ [ phase is (γ − 2βs)]

I Penguin free measurement of φs?

I Dalitz

I Look at 3-body B decays with D0 or D0 in the final state, e.g. B0 → D0K+π−
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ

0

I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

GLW observables

ACP =
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CPK
+)
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ

0

I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]
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LHCbI LHCb has recently extracted GLW observables from partially reconstructed
B− → D∗0K− in the same fit - [Phys. Lett. B777 (2018) 16]
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
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LHCbI LHCb has recently extracted GLW observables from partially reconstructed
B− → D∗0K− in the same fit - [Phys. Lett. B777 (2018) 16]

I Can extend to quasi-CP-eigenstates (D0 → KKπ0) if fraction of CP content, F+, is
known
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GLW Method

I CP eigenstates e.g. D → KK , D → K 0
Sπ
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I Multiple (but very narrow) solutions

I Require knowledge of F+ from charm friends
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ADS Method

I CF or DCS decays e.g. D → Kπ
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables
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+)
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= r2

B + r2
D + 2rB rD cos(δB + δD ) cos(γ) (4)
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.
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ADS Method

I CF or DCS decays e.g. D → Kπ
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rDκD sin(δB + δD ) sin(γ)

r2
B +r2

D +2rB rDκD cos(δB +δD ) cos(γ)
(3)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ) (4)
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I Much harder to extract partially reconstructed observables because of
B0

s → D(∗)0K+π− backgrounds.

I Can extend to multibody-DCS-decays (D0 → Kππ0) if dilution from interference,
κD , is known
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ADS Method

I CF or DCS decays e.g. D → Kπ
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

ADS observables

AADS =
Γ(B− → [K+π−]DK

−)− Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)
=

2rB rDκD sin(δB + δD ) sin(γ)

r2
B +r2

D +2rB rDκD cos(δB +δD ) cos(γ)
(3)

RADS =
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)
= r2

B +r2
D +2rB rDκD cos(δB + δD ) cos(γ) (4)
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I A single (yet broader) solution

I Require knowledge of rD , δD , κD from charm friends
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GGSZ Method

I 3-body final states e.g. D → K 0
Sππ

I Giri, Grossman, Soffer, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)︸ ︷︷ ︸

x±

cos(δD(±,∓))︸ ︷︷ ︸
ci

+ rB sin(δB ± γ)︸ ︷︷ ︸
y±

sin(δD(±,∓))︸ ︷︷ ︸
si

]
(5)
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I Essentially a GLW/ADS type analysis across the D decay phase space

I Excellent sensitivity from interference between various contributions
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GGSZ Method

I 3-body final states e.g. D → K 0
Sππ

I Giri, Grossman, Soffer, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

GGSZ observables (partial rate as function of Dalitz position)

dΓB± (x) = A2
(±,∓) + r2

BA
2
(∓,±)

+ 2A(±,∓)A(∓,±)

[
rB cos(δB ± γ)︸ ︷︷ ︸

x±

cos(δD(±,∓))︸ ︷︷ ︸
ci

+ rB sin(δB ± γ)︸ ︷︷ ︸
y±

sin(δD(±,∓))︸ ︷︷ ︸
si

]
(6)

rB

x

y

y� = rB sin(�B � �)

x� = rB cos(�B � �)

��
(x+, y+)

(x�, y�)

�� ⇠ 1

rB

I x± + iy± = rBe
i(δB±γ)

I Uncertainty on γ is inversely propor-
tional to central value of hadronic un-
known!!

I Fluctuation in nuisance parameter =
fluctuation in error on parameter of in-
terest!
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Dalitz (GW) Method

I Use Dalitz structure of B decays
I B0 → D0K+π−

I Gershon, Williams (2009)
I [Phys. Rev. D80 (2009) 092002]

I Get multiple interfering resonances which increase sensitivity to γ
I D∗0 (2400)−, D∗2 (2460)−, K∗(892)0, K∗(1410)0, K∗2 (1430)0

I Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)
I D → K+K−, D → π+π− - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])
I D → K±π∓ - ADS-Dalitz (difficult due to backgrounds from

B0
s → D(∗)0K+π−)

I D → K 0
Sπ

+π− - GGSZ-Dalitz (double Dalitz!)
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Dalitz (GW) Method

I Some studies of future prospects of the B Dalitz method with GGSZ modes in
[arXiv:1712.07853]

I Can include GLW, ADS and GGSZ modes in single framework to improve constraints
on B Dalitz bins, κj and σj

I The double Dalitz method has sufficient information (large number of bins) to
extract ci and si

Double Dalitz observables (partial rate as function of both Dalitz positions)

|A|2 = |AB |2|AD |2 + |ĀB |2|ĀD |2 + 2|AB ||AD ||ĀB ||ĀD |[(κc − σs) cos(γ)− (κs + σc) sin(γ)]
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Figure 8: Impact of the uncertainty on the ci and si parameters on the sensitivity to � for the
(a) Run II and (b) 50 fb�1 scenarios. Results are shown with ci, si values fixed to their true
values, constrained within the precision of the current measurements [32], and left free to float in
the fit. The lines joining the points are added simply to guide the eye.
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Figure 9: Fitted ci and si values for the 50 fb�1 scenario with M = 8.

3.3 Dependence on the value of rB

The sensitivity to � is expected to have a strong dependence on the ratio of magnitudes of
the suppressed and favoured amplitudes. This is quantified by the value rB, which can
di↵er for each K⇡ resonance that contributes to the model. In the baseline model, rB = 0.3
is used for all of the K⇤(892)0, K⇤(1410)0, K⇤

2 (1430)0 and K⇡ S-wave contributions. The
e↵ect of varying rB to smaller or larger values is shown in Fig. 10. As expected, larger
values of rB result in better sensitivity. It can also be noted that the impact of the
D ! K�⇡+ channel is more significant for smaller values of rB.

14

End of Run 2 (∼8,-1) End of Run 4 (∼50fb-1)
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Amplitude measurements of γ

I Most sensitive method to measure γ is a full kinematic analysis

I Take advantage of the rich structure in the kinematic plane

I Make use of “discrete profiling method” I developed at Imperial College

I Build upon expertise in amplitude models at Cambridge
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Dauncey, Kenzie, Wardle, JINST 10 (2015) 04,	P04015	

I Exploit several decay modes
I B− → D0K−, B− → D0K∗−, B− → D∗0K−, B0 → D0K∗0
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Status of γ at LHCb

Highest
Statistics Poorer	sensitivity High	potential

(Dalitz structure	of	B)
Low	stats	

(multibody	B)

Method
D Decay

B Decay
B� ! D0K� B� ! D0K⇤� B� ! D⇤0K� B0 ! D0K+⇡� B� ! D0K�⇡+⇡�

[K⇤�!K0
S⇡

�] [D⇤0!D0⇡0],[D⇤0!D0�]

part-rec full-rec K⇤0 res Dalitz

G
L
W (+)

D0 ! K+K� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! ⇡+⇡� 5 fb�1 5 fb�1 5 fb�1 • 3 fb�1(•) 3 fb�1 3 fb�1

D0 ! K+K�⇡0 3 fb�1(•) - - - - - -

D0 ! ⇡+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+K�⇡+⇡� • - - - - - -

D0 ! ⇡+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

(�) D0 ! K0
S⇡

0 • - - - - - -

A
D

S

D0 ! K+⇡� 3 fb�1(•) 5 fb�1 • • 3 fb�1(•) • 3 fb�1

D0 ! K+⇡�⇡0 3 fb�1 - - - - - -

D0 ! K+⇡�⇡+⇡� 3 fb�1(•) 5 fb�1 • • • - -

G
G

S
Z

D0 ! K0
S⇡

+⇡� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S K+K� 5 fb�1 • - • 3 fb�1(•) • •
D0 ! K0

S⇡
+⇡�⇡0 • - - - - - -

D0 ! K0
S K+K�⇡0 • - - - - - -

KEY: •: (update) in progress

•: requires input from Charm sector (rD,�D, D)

NOTE: TD result with B0
s ! D�

s K+ 3 fb�1(•)

TD result with B0! D�⇡+ 3 fb�1

GLS result from B� ! D0K� with D0 ! K0
S K±⇡⌥ 3 fb�1(•)

Working on B� ! D0K⇤� with K⇤� ! K�⇡0 •
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Averages

LHCb Average

γ = (76.8+5.1
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Indirect constraints are: γ = (65.3
+1/0
−2.5 )◦ (∼ 2σ)

Comparison between B0
s and B+ initial states ∼ 2σ
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B0
s → (K+π−)(K−π+) decays

I Pure penguin decay - b → sdd̄ transition

I New Physics can be significantly enhanced and entirely different from B0
s → J/ψφ

and B0
s → φφ

I Expect similar statistical precision to B0
s → φφ

I CPV in decay is also possible

B0
s → K∗0K∗0

K⇤0

K̄⇤0

φdd̄
s =?

LHCb-PAPER-2017-048

Experimentally challenging:

I Low branching fraction (100 times
smaller than B0

s → J/ψφ)

I Purely hadronic final state

I K∗ is fairly wide (several resonant and
non-resonant components)

I Several peaking backgrounds

φcc̄
s 6= φss̄

s 6= φdd̄
s
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Ingredients required for a φs analysis

I In the simplest case, and only if there is no CP-violation in decay, the
time-dependent CP-asymmetry

ACP(t) =
Γ(B0

s → f )− Γ(B0
s → f )

Γ(B0
s → f ) + Γ(B0

s → f )
= ηf sin(φs) sin(∆mst)

I Experimentally

ACP(t) ≈ (1− 2w)e−
1
2

∆m2
sσ

2
t ηf sin(φs) sin(∆mst)

I w : Probability the initial B flavour was tagged incorrectly

I σt : Decay-time resolution

I ηf : CP-eigenvalue =⇒ angular analysis

I Important requirements

I Good decay time resolution

I Good flavour tagging

I Sufficient statistics for an angular analysis

I Good particle identification
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The B0
s → K ∗0K ∗0 decay

I Interference between B0
s → K∗0K∗0 and B0

s → B0
s → K∗0K∗0

I where K∗0 → K+π− and K∗0 → K−π+

I Gives access to CP-violating phase φdd̄
s

I First discovered by LHCb in [Phys. Lett. B709 (2012) 50]

I Update in [JHEP 07 (2015) 166]

I Discussed extensively in the literature as a promising mode for New Physics
I Fleisher et. al. [Phys. Lett. B660 (2008) 212]
I Ciuchini et. al. [Phys. Rev. Lett. 100 (2008) 031802]
I Descotes-Genon et. al. [Phys. Rev. D85 (2012) 034010 ]
I Bhattacharya et. al. [Phys. Lett. B717 (2012) 403]

The B0
s ! K ⇤0K̄ ⇤0 decay

Gluonic penguin decay. New particles may enter the loop

Combination of CP eigenstates in the final state. =) Interference between
B0

s /B̄0
s mixing and decay. =) Accessible CP violating phase �s�s�s .

Related via U-spin to the decay B0 ! K⇤0K̄⇤0B0 ! K⇤0K̄⇤0B0 ! K⇤0K̄⇤0. =) Potential control over the
theoretical uncertainties.

Previous published papers (no measurement of �s)

”First observation of the decay B0
s ! K⇤0K̄⇤0” (35 pb�1), LHCb Collaboration, 2012.

”Measurement of CP asymmetries and polarisation fractions in B0
s ! K⇤0K̄⇤0 decays”

(1 fb�1), LHCb Collaboration, 2015.

Julián Garćıa Pardiñas (USC) B0
s ! (K+⇡�)(K�⇡+)B0
s ! (K+⇡�)(K�⇡+)B0
s ! (K+⇡�)(K�⇡+) 31st October 2017 1

SM expectations:

|�| ⇡ 1|�| ⇡ 1|�| ⇡ 1

�s ⇡ 0�s ⇡ 0�s ⇡ 0

Motivation of the
analysis

Candidate selection

Model

Preliminary results

Summary and outlook

4

Overview of the decay B0
s ! K ⇤0K̄ ⇤0

Channel B0
s ! K⇤0(892)K̄⇤0(892)B0
s ! K⇤0(892)K̄⇤0(892)B0
s ! K⇤0(892)K̄⇤0(892): optimal decay for the detection

of New Physics, by measuring time dependent CP asymmetries.

CP violating weak phase, �s , originating from the interference
between decay and B0

s � B̄0
sB0

s � B̄0
sB0

s � B̄0
s mixing.

Standard Model expectations

Negligible CP asymmetry in the decay and in the mixing.

�s ⇡ 0 ! May di↵er if new particles appear in the loops.

SM expectation: I |λ| =
p

q

Āf

Af
≈ 1 I φdd̄

s = φmix−2φdecay ≈ 0
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Current key responsibilties in LHCb

Physics working group convenor (Jan 2017 - Jan 2019)

I Nominated “B to open charm” (γ analysis) WG convenor in November 2016

I One of the eight top level physics analysis groups in LHCb

I Member of the Physics Planning Group → liase between WG and management

I Manage ∼ 80 physicists studying CP-violation (including all γ analyses) in B decays

Statistics expert

I Develop and manage the “GammaCombo” statistical package [gammacombo.github.io]

I Advise and liase with several analysis groups

Trigger expert on call

I Developed lifetime unbiased triggering in LHCb
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