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Two Roads to New Physics
2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
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... but they can have an e�ect as virtual
particles, especially in loops.
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This kind of approach is sensitive to particles far heavier than those 
directly produced in a collider. It is what flavour physics is about. It 

lets you see beyond the energy frontier.
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CP violation and the creation of the universe
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Somewhere here, matter & antimatter must have behaved 
fundamentally different - this, in essence, is what CP violation is 

about. The Standard Model has CP violation, but not enough of it.
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Somewhere here, matter & antimatter must have behaved 
fundamentally different - this, in essence, is what CP violation is 

about. The Standard Model has CP violation, but not enough of it.

Bang!!

equal amounts of 
matter and 
antimatter

pair 
annihilation

1 in 109 
matter left 

over

Standard Model

(the SM provides enough CP 
violation for only about 1 galaxy)

Reality
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This wouldn’t be here if the Standard Model were 
complete.
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Flavour physics, CP violation and New Physics
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• Quark Flavour physics is the precision study 
of quark transitions - the only known source 
of CP violation.

• Sensitive to new particles that can be much 
heavier than those directly produced (i.e. lie 
beyond the energy frontier).

• Very successful in the past:

• Charm quark predicted based on the 
suppression of s→d transitions

• Top/bottom quark predicted based on 
the observation of CP violation.
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"for the discovery of

the mechanism of

spontaneous

broken symmetry in

subatomic physics"

"for the discovery of the origin of the

broken symmetry which predicts the

existence of at least three families of

quarks in nature"

The Nobel Prize in Physics 2008

Photo: SCANPIX Photo: Kyodo/Reuters Photo: Kyoto University

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

 1/2 of the prize  1/4 of the prize  1/4 of the prize

USA Japan Japan

Enrico Fermi Institute,

University of Chicago

Chicago, IL, USA

High Energy Accelerator

Research Organization

(KEK)

Tsukuba, Japan

Yukawa Institute for

Theoretical Physics

(YITP), Kyoto University

Kyoto, Japan

b. 1921 b. 1944 b. 1940

Titles, data and places given above refer to the time of the award.
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CKM matrix, CP violation⌃CP, B mesons in the SM

Quarks in Standard Model
u

b

c t

d s
• Width of the lines ⇧ transition

amplitude A.
• ⌃CP in SM due to complex

phases in these amplitudes.
• Only A(b⌅ u) ⇧ ei⇥ and A(t⌅

d) ⇧ e�i� have large complex
phases. B decays involve both!

• B mesons are mesons with a b̄

(b) quark and one of the lighter
quarks (anti-quarks).

• For example:
Bd = (̄b, d), B̄d = (b, d̄)
Bs = (̄b, s), B̄s = (b, s̄)

• b quarks are heavy (⇤ 5GeV ⇤
He) and so are B mesons.

• B mesons live “long” (⇤ 1ps).

• ⌃CP is large in B mesons.

5

structure of the quark mixing matrix

u         c        t
d
s
b

�

⇤
1 � �3e�i�

�� 1 �2

�3e�i⇥ ��2 1

⇥

⌅

where λ=0.22

VCKM≈

7
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• Elements of the CKM matrix = transition amplitudes between quarks.
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• Elements of the CKM matrix = transition amplitudes between quarks.

• Operation of CP corresponds to complex-conjugating these -> need 
complex elements to get CP violation.
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• Elements of the CKM matrix = transition amplitudes between quarks.

• Operation of CP corresponds to complex-conjugating these -> need 
complex elements to get CP violation.

• Turns out: Only possible with at least three generations of quarks.
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Current constraints on the apex of the UT
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The flavour puzzle

• The Standard Model description of 
quark flavour physics has been 
confirmed to about 10%

• Many of the measurements 
constraining the UT are loop 
diagrams, sensitive to New Physics

• If there are really all these new 
particles out there, the Standard 
model description should fail.

• Why is the flavour structure not 
much richer and more complex 
than predicted by the SM

11
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Historical Note

13

[11] and in the book [12] based on these lectures (1963) the importance of
experimental tests of CP was stressed, in particular search for KL → 2π.

4 Search and discovery of K0
L

→ π+π−

A special search at Dubna was carried out by E. Okonov and his group.
They have not found a single K0

L → π+π− event among 600 decays of K0
L

into charged particles [13] (Anikina et al., JETP, 1962). At that stage the
search was terminated by administration of the Lab. The group was unlucky.

Approximately at the level 1/350 the effect was discovered by J.Christensen,
J.Cronin, V.Fitch and R.Turlay [14] at Brookhaven in 1964 in an experiment
the main goal of which was KL → KS regeneration in matter.

Thus absolute CP-invariance was falsified.

5 “Mirror world”

Still the appeal of Landau’s idea of absolutely symmetric vacuum was so
strong that in 1965 Igor Kobzarev, Isaak Pomeranchuk and myself suggested
the hypothesis of a “mirror world” [15]. We assumed CPA invariance, where
A [from “Alice through the Looking Glass”] transforms our part of the La-
grangian into its mirror part.

Each of our particles has its mirror counterpart. The mirror particles
have between them the same electromagnetic, weak and strong interactions
as ours. In principle there might exist mirror nuclei, atoms, molecules, stars,
planets, galaxies, even mirror life. Whether they actually exist depends on
cosmological evolution.

The possibility of the existence of both “left protons”, pL, and “right
protons”, pR, had been discussed by T.D. Lee and C.N. Yang in two last
paragraphs of their famous article [2]. But they believed that pL and pR can
interact with the same pion and the same photon. We have proved that this
is impossible.

According to our original assumption, the only particles which belong
to both our and mirror worlds are gravitons. If there were two gravitons,
nothing would connect the two worlds and the idea of a mirror world would
have no physical consequences.

Why the graviton but not, say, a photon? As soon as you assume that the

3

[...]

• A historical note (from L. B. Okun: “Spacetime and vacuum as seen from 
Moscow”, Int.J.Mod.Phys. A17S1 (2002) 105-118):

http://arxiv.org/abs/hep-ph/0112031
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• Don’t give up once you’ve excluded New Physics at the few% level.

• A successful past is no impediment to a successful future.

• Global symmetries are usually broken (C, P, CP,... MFV?)
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Example: Bs oscillations

• Bs - like other neutral mesons - 
continually transform into their own 
antiparticle and back (“mixing”).

• Bs mesons do this approximately 
3,000,000,000,000 times per 
second. First observed at the 
Tevatron in 2006.

• Can measure mixing frequency 
(done) and phase. Both sensitive to 
New Physics. The more precise the 
measurements, the higher the mass 
scale we can access.
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New Physics hints in BS mixing at Tevatron

• Bs mixing diagram with CP-violating 
phase βs that is ~0 in SM

• Tevatron data hint at non-zero βsNP 
(2.1σ).

• LHCb will resolve this very quickly.

15
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Combined Bs→J/ψ KK and  Bs→J/ψ ππ for φs

16

φs very sensitive to NP. But 
no NP effects seen, yet...

ΔΓs less sensitive to NP 
(∝cos(φnew)), but impressive 
validation of HQE 
calculation. [rad]
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�s = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad,

�s ⌘ (�L + �H)/2 = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps�1,

��s ⌘ �L � �H = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps�1,

LHCb:
SM: �SM

s = �0.036 ± 0.002 rad

arXiv:1304.2600 (2013)

Physics Letters B 713 (2012) 378
Phys. Rev. Lett. 108 (2012) 101803
supersedes previous results:
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Bs-mixing frequency Δm

17

• Bs mixing frequency - most 
precisely measured by LHCb 
(LHCb-PAPER-2013-006), first 
measured at Tevatron in 2006 
[latest update: Phys.Rev.Lett.97:242003,2006]

• Result: 2.82 ps–1, (Δm=17.8 ps–1) 
in line with SM expectations

• So no New Physics...

.... or is there?

03/03/2013 5 

Result 

Rencontres de Moriond  
EW Interactions and unified theories 2013 

  Sebastian  Wandernoth 

  𝚫𝒎𝒔 = 𝟏𝟕. 𝟕𝟔𝟖 ± 𝟎. 𝟎𝟐𝟑 𝒔𝒕𝒂𝒕 ± 𝟎. 𝟎𝟎𝟔 𝒔𝒚𝒔𝒕   𝒑𝒔ି𝟏 

Dominant systematics from decay length scale and momentum scale 

LHCb 
preliminary 
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��⎞⎛
ratio of Bd, Bs mixing frequency, 

Δmd/Δms

CP Violation

various contributions, incl
B decay rates to various final 

states 

≡1

Have we seen New Physics w/o realising it?

• Need Standard Model γ to see if mixing frequency is New Physics or not!
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• New Physics in loops?

Loops vs Trees

• Expect no New Physics in Trees

b c

u u

u

s

_ _
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B+ D0
_
K+
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2 Roads to New Physics

Direct Observations Indirect e�ects

Particles with MC2 > E

cannot be produced di-
rectly...

E=MC
2

... but they can have an e�ect as virtual
particles, especially in loops.
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Can penguins be bad?

20
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Can penguins be bad?

20

They can.
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The “Unitarity Triangle” represents key parameters of 
the Standard Model description of CP violation.

21

If the Standard Model is correct, we should get consistent constraints on the apex of the triangle. 
Shaded areas identify constraints from different sources (95% CL). (Yellow: “loops”, others “trees”.)
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The “Unitarity Triangle” represents key parameters of 
the Standard Model description of CP violation.
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If the Standard Model is correct, we should get consistent constraints on the apex of the triangle. 
Shaded areas identify constraints from different sources (95% CL). (Yellow: “loops”, others “trees”.)
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Are we looking at New Physics in B(s) 

mixing without seeing it?
Need precision measurement of the 

SM-value of γ to find out.
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Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

–
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1.9 < η < 4.9  or!
 15 < θ < 300 mrad!

~1 cm!

B!

The LHCb Detector

23
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CP violation in 2-body modes.

24
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Measure decay rates to 
determine observables 
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3-body D decays and Dalitz Plots   

D0 ! ! Ks⇡⇡

Intermediate state Amplitude |cj | Phase �j (�)
K�(892)+�� 1.656 ± 0.012 137.6 ± 0.6
K�(892)��+ (14.9 ± 0.7)� 10�2 325.2 ± 2.2
K�

0 (1430)+�� 1.96 ± 0.04 357.3 ± 1.5
K�

0 (1430)��+ 0.30 ± 0.05 128 ± 8
K�

2 (1430)+�� 1.32 ± 0.03 313.5 ± 1.8
K�

2 (1430)��+ 0.21 ± 0.03 281 ± 9
K�(1680)+�� 2.56 ± 0.22 70 ± 6
K�(1680)��+ 1.02 ± 0.2 103 ± 11
KS�0 1.0 (fixed) 0 (fixed)
KS� (33.0 ± 1.3)� 10�3 114.3 ± 2.3
KSf0(980) 0.405 ± 0.008 212.9 ± 2.3
KSf0(1370) 0.82 ± 0.10 308 ± 8
KSf2(1270) 1.35 ± 0.06 352 ± 3
KS�1 1.66 ± 0.11 218 ± 4
KS�2 0.31 ± 0.05 236 ± 11
non-resonant 6.1 ± 0.3 146 ± 3

There are many paths from
  to Ks⇡⇡Do

25
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FIG. 2: (a) m−, (b) m+, (c) mππ and (d) Dalitz plot distribution for D∗−
→ D0π−

s , D0
→ K0

Sπ+π− decays from the e+e− → cc̄
continuum process. The points with error bars show the data; the smooth curve is the fit result.

IV. DALITZ PLOT ANALYSIS OF B+
→ D(∗)K(∗)+ DECAYS

In our previous analyses, the two Dalitz distributions corresponding to the decays of B+ and B− were fitted
simultaneously to give the parameters r, φ3 and δ. Confidence intervals were then calculated using a frequentist
technique, relying on toy MC simulation. In this approach, there was a bias in the fitted value of the (positive
definite) parameter r, and the errors on φ3 and δ were also r-dependent.

In the present analysis, we use a method similar to that of BaBar [12]: fitting the Dalitz distributions of the B+

and B− samples separately, using Cartesian parameters x± = r± cos(±φ3 + δ) and y± = r± sin(±φ3 + δ), where the
indices “+” and “−” correspond to B+ and B− decays, respectively. Note that in this approach the amplitude ratios
(r+ and r−) are not constrained to be equal for the B+ and B− samples. Confidence intervals in r, φ3 and δ are
then obtained from the (x±, y±) using a frequentist technique. The advantage of this approach is low bias and simple
distributions of the fitted parameters, at the price of fitting in a space with higher dimensionality (x+, y+, x−, y−)
than that of the physical parameters (r, φ3, δ); see Section IVE.

The fit to a single Dalitz distribution with free parameters x and y is performed by minimizing the negative unbinned

D→Ksπ+π– Dalitz Plot

• Entire decay kinematics down to two 
variables.

• Choose:

m2(Ksπ+), m2(Ksπ–)

• Each point in plot = one event 
(BaBar) (have many, many more D than 
B)

D0

m2(Ksπ+)

m
2 (K

sπ
– )

26
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CP violation is an interference effect

27
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Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067
http://arxiv.org/abs/hep-ex/0406067


Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 

CP violation is an interference effect

27

f(D)
1

DK
ir  eB

−

−

−

−

−γ(δ     )
B

DK
K(KSπ+π–)D

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067
http://arxiv.org/abs/hep-ex/0406067


Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 28

K
Kf(D)+

+

+

+

1

ir  eB
+γ(δ     )

B
D

DK

CP violation is an interference effect

(KSπ+π–)D

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B265,172
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B253,483
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ph/0303187
http://arxiv.org/abs/hep-ex/0406067
http://arxiv.org/abs/hep-ex/0406067


Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 28

K
Kf(D)+

+

+

+

1

ir  eB
+γ(δ     )

B
D

DK

CP violation is an interference effect
• For D→3-body 

decays, the 
interference takes 
place in an 
abstract 2-D space 
(Dalitz plot)

• Analysing the 
Dalitz plot of the D 
decay, in D’s that 
come from B±’s, 
gives access to γ
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D0

D
0
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decay, in D’s that 
come from B±’s, 
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Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
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This is the best method we know to measure γ. The only meaningful 
constraints on γ are based on it. We will improve it a lot!
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Very powerful method, led to first 
meaningful constraints on γ.

Significant systematic uncertainty (4º-9º) 
due to Dalitz model dependence.
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Multi-Generational Flavour Physics

30

CLEO-c

LHCb
Edward V. Brewer (1883 – 1971)

http://americangallery.wordpress.com/2009/06/08/edward-v-brewer-1883-1971/
http://americangallery.wordpress.com/2009/06/08/edward-v-brewer-1883-1971/
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Multi-Generational Flavour Physics

30

CLEO-c

LHCb

Regrettably, CLEO recently deceased - but her data live on.
Edward V. Brewer (1883 – 1971)

http://americangallery.wordpress.com/2009/06/08/edward-v-brewer-1883-1971/
http://americangallery.wordpress.com/2009/06/08/edward-v-brewer-1883-1971/
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CLEO-c

• Threshold production of correlated DD.

• Final state must be CP-even with L=1: 
D mesons must have opposite intrinsic 
CP.

• Final state is also flavour-neutral.

• That gives us access to both amplitude 
and phase across the Dalitz plot.

3

Charm at Threshold

! high tagging efficiency:~22% of D’s
Compared to  ~0.1% of B’s at Y(4S)

e
+

Dsig

e
!

D tag

! "

K
+

! "

! +

! +

K
!

 !(3770) is to charm 
what  "(4S) is to beauty

(3770)

,

D

D K

D

D K

!

"" ""

+

+ # + +

#

# + # #$

$

$

" Pure DD, no additional particles (ED = Ebeam)
" #(DD) = 6.4 nb  (Y(4S)->BB ~ 1 nb)
" Low multiplicity ~ 5-6 charged particles/event

e+e- #!(3770)#DD

CLEO-c DATA

 A little luminosity goes a long way: 
# events in 100 pb-1 @ charm factory 
with 2D’s reconstructed ~  
#  events in 500 fb-1 @ "(4S) 
with 2B’s reconstructed 

Increased statistics is NOT an advantage 
of threshold running. Cross section is 3x 
higher than 10 GeV but luminosity is more than 100x lower



Run: 207267 Event: 5

X

Y



 γγγγ 






 γ

 γ  →→→→  

  

  

D →→→→ Kπππ 

 

CLEAN-c

⇥(3770)� D0(KS�
+��)D̄0(K+��)
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CP and flavour tagged Dº
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CP and flavour tagged Dº at CLEO
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ψ’’
Dflavour→K+e- νe
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ψ’’

DCP+→KK
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_

FIG. 8: CP-even tagged K0
Lπ+π− Dalitz plot (a), and its m2(π+π−) projection (b). CP-odd tagged

K0
Lπ+π− Dalitz plot (c), and its m2(π+π−) projection (d).

the latter, we estimate the biases and adjust the K(′)
i values using the correction factor:

|AD0→K0
S
π+π−|2/|AD0→K0

S
π+π− + re−iδAD̄0→K0

S
π+π−|2.

Here r = |A(D0 → K+π−)/A(D0 → K−π+)| and δKπ are the ratio of amplitudes of the
DCSD to CF decay and the relative strong phase, respectively. The amplitude ratio squared,
r2 = (3.44 ± 0.01 ± 0.09) × 10−3 and δKπ = (22 ± 16.3)◦ are taken from Ref. [16]. This
correction factor is estimated in each of our eight Dalitz-plot bins using the BaBar D0 →
K0

Sπ+π− Dalitz-plot fit amplitude [4]. The model dependence of this correction is negligible.
Uncertainties on these corrections due to the uncertainty on δKπ are small and are included
in our systematic uncertainties.

The fitting procedure was tested using a simulated C-odd D0D̄0 Monte Carlo sample
where we performed 100 toy K0

Sπ+π− vs. K0
Sπ+π− experiments with ci and si taken from

the BaBar model. The means and widths of the pull distributions of the ci and si parameters

tion of c(′)
i .

15

CLEO-c arXiv:0903.1681 818/pb
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Model independent γ fit

• Binned decay rate:

• Binning such that such that ci = c-i, si = -s-i

• Distribution sensitive to ci, si, rB, δ and γ.

• To extract γ from realistic numbers of B events need external 
input from CLEO’s quantum-correlated DDbar pairs.

34

Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).

    known from flavour-
specifc D decays (e.g. D*)
Ti

i

–i

�
�
B± ⇥ D(Ks⇤

+⇤�)K±⇥
i
=

Ti + r2
BT�i + 2rB

⇤
TiT�i {ci cos (⇥ ± �) + si sin (⇥ ± �)}

(weighted) average of cos(δD) and sin(δD) over bin i, where δD = phase 
difference between D→Ksππ and Dbar→Ksππ

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
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• CLEO-c’s input is concerned with δD, the 
phase difference between

A(Dº→KSπ+π–) and A(Dº→KSπ+π–)

at each point on the Dalitz plot.

• Measure the cosine and sine of this phase, 
averaged over bins:

ci = 〈cos(δD)〉i, si = 〈sin(δD)〉i

• This input allows model-independent γ 
measurement.
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• Best γ sensitivity if phase difference δD is 
as constant as possible over each bin[1].

• Plot shows CLEO-c’s 8 bins, uniform in 
δD, (based on BaBar isobar model*).

• Choice of model will not bias result. (At 
worst a bad model would reduce the 
statistical precision of the result.)
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CP-even KLππ ≈ CP-odd KSππ

• CLEO-c’s clean environment allows the 
reconstruction of KL from kinematic 
constraints.

• Significantly increases statistics.

• There is price to pay: A O(tan2θC) model-
dependent correction. Carefully 
evaluated (small) systematic uncertainty.

Overlaying Data (black) and MC (red) 
for missing M2 in KL reconstruction in 

KLπ+π– vs K–π+π0 
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CLEO-c preliminary,
 818/pb

CLEO-c arXiv:0903.1681v1 [hep-ex], submitted to PRD
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CLEO-c results 


 

 







Result ± stat ± syst ± (KLKS syst)

• Statistical uncertainties dominant

• ci better determined than si

Broad agreement with predictions cos  i

s
in

 
i

Result
Model prediction

(model = BaBar PRL 95 (2005) 121802 )

• 818/fb at CLEO-c

• 20k flavour tagged events 
(for magnitude of 
A(Dº→KSπ+π–))

• 1.6 k CP-tagged events  
(for ci extraction)

• 1.3k KL,Sππ vs KSππ    (for 
ci and si extraction)

• S/B between 10 and 100, 
depending on tag mode.

Result: Phys.Rev.D80:032002,2009
model: BaBar PRL 95 (2005) 121802
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First model-independent γ measurement (BELLE)
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TABLE IV. Numbers of events in Dalitz plot bins for the
B±

→ DK±, D → K0
Sπ

+π− sample with the optimal
binning. Results of the independent 4D fits with variables
(Mbc,∆E, cos θthr,F) fit to data.

Bin i N−

i
N+

i

-8 49.8± 8.2 37.8± 7.5

-7 42.2± 8.6 24.9± 7.2

-6 0.0± 1.9 3.4± 2.9

-5 9.6± 4.5 23.6± 6.2

-4 32.9± 7.5 42.1± 8.3

-3 3.5± 2.8 0.7± 2.5

-2 11.3± 4.1 0.0± 1.3

-1 16.6± 5.4 7.7± 4.4

1 37.6± 8.0 65.1± 9.9

2 68.6± 9.6 75.5± 9.8

3 83.4± 10.1 82.4± 10.2

4 49.3± 9.1 86.5± 11.4

5 34.0± 7.3 38.3± 7.6

6 34.8± 6.8 41.9± 7.5

7 70.8± 10.6 46.4± 9.0

8 9.4± 4.3 14.2± 5.1

Total 574.9 ± 29.9 601.6 ± 30.8
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FIG. 7. Results of the fit of B±
→ DK± control sample.

(a) Numbers of events in bins of D → K0
Sπ

+π− Dalitz plot:
from B−

→ DK− (red), B+
→ DK+ (blue) and flavor sam-

ple (histogram). (b) Difference of the number of events from
B+

→ DK+ and B−
→ DK− decays. (c) Difference of the

number of events from B−
→ DK− and flavor sample (nor-

malized to the total number of B−
→ DK− decays): data

(points with the error bars), and as a result of the (x, y) fit
(horizontal bars). (d) Same for B+

→ DK+ data.
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FIG. 8. One-, two-, and three standard deviations levels for
x, y fit of B±

→ DK± mode.

relations obtained from the combined fit are as follows:

x− = −0.0045± 0.0087± 0.0050± 0.0026,

y− = −0.0231± 0.0107± 0.0050± 0.0065,

corr(x−, y−) = −0.189,

x+ = −0.0172± 0.0089± 0.0060± 0.0026,

y+ = +0.0129± 0.0103± 0.0060± 0.0065,

corr(x+, y+) = −0.205
(14)

for B± → Dπ± control sample and

x− = +0.095± 0.045± 0.014± 0.017,

y− = +0.137+0.053
−0.057 ± 0.019± 0.029,

corr(x−, y−) = −0.315,

x+ = −0.110± 0.043± 0.014± 0.016,

y+ = −0.050+0.052
−0.055 ± 0.011± 0.021,

corr(x+, y+) = +0.059

(15)

for B± → DK± sample. Here the first error is statisti-
cal, the second error is the systematic uncertainty, and
the third error is the uncertainty due to the errors of
ci, si terms. The measured values of (x±, y±) with their
likelihood contours are shown in Fig. 8.

IX. SYSTEMATIC ERRORS

Systematic errors in the x, y fit are obtained for the
default procedure of the combined fit with the optimal
binning. The systematic errors are summarized in Ta-
ble V.
The uncertainty of the signal shape used in the fit in-

cludes the following sources:

13

TABLE V. Systematic errors of x, y measurement for B±
→ Dπ± and B±

→ DK± samples in units of 10−3.

B±
→ Dπ± B±

→ DK±

Source of uncertainty ∆x− ∆y− ∆x+ ∆y+ ∆x− ∆y− ∆x+ ∆y+

Signal shape 0.9 1.9 1.1 5.0 7.3 7.4 7.3 5.1

u, d, s, c continuum background 0.9 1.4 0.8 1.3 6.7 5.6 6.6 3.2

BB background 3.3 1.6 4.5 1.1 7.8 12.2 7.2 6.1

B±
→ Dπ± background − − − − 1.2 4.2 1.9 1.9

Dalitz plot efficiency 3.0 1.9 3.2 1.6 4.8 2.0 5.6 2.1

Cross-feed between bins 0.4 3.0 0.7 0.9 0.4 9.0 0.6 3.0

Flavor-tagged statistics 1.7 2.0 1.6 2.0 1.5 2.7 1.7 1.9

Fit bias 0.4 0.5 0.4 0.5 3.2 5.8 3.2 5.8

ci, si precision 2.6 6.5 2.6 6.5 10.1 22.5 7.2 17.4

Total without ci,si precision 5.0 5.0 6.0 6.0 14.0 19.4 14.0 11.3

Total 5.6 8.2 6.5 8.8 17.3 29.7 15.7 20.7
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FIG. 9. Two-dimensional projections of confidence region
onto (φ3, δB) and (φ3, rB) planes (one-, two-, and three stan-
dard deviations).

The difference with the previous Belle analyses is that
the probability density p(z|µ) is a multivariate Gaussian
PDF with the errors and correlations between x± and y±
taken from the data fit result. In the previous analyses,
this PDF was taken from MC pseudo-experiments.

As a result of this procedure, we obtain the confidence
levels (CL) for the set of physical parameters φ3, rB, δB.
The confidence levels for one and two standard deviations
are taken at 20% and 74% (the case of three-dimensional
Gaussian distribution). The projections of the 3D sur-
faces bounding one and two standard deviations volumes
onto φ3 variable, and (φ3, rB) and (φ3, δB) planes are
shown in Fig. 9.

Systematic errors in µ are obtained by varying the mea-
sured parameters z within their systematic errors (Gaus-
sian distribution is taken) and calculating the RMS of
µbest(z). In this calculation we assume that the system-
atic errors are uncorrelated. In the case of ci, si system-
atics, we test that assumption: when the fluctuation in ci
and si is generated, we perform the fits to both B+ and
B− data with the same fluctuated ci, si. We observe no

significant correlation between resulting x− and x+ (y−
and y+).
The final results are:

φ3 = (77.3+15.1
−14.9 ± 4.2± 4.3)◦

rB = 0.145± 0.030± 0.011± 0.011

δB = (129.9± 15.0± 3.9± 4.7)◦,

(18)

where the first error is statistical, the second is systematic
error without ci, si uncertainty, and the third error is due
to ci, si uncertainty.
We do not calculate the statistical significance of CP

violation as it is done in the previous analyses by tak-
ing the CL for φ3 = 0: this number is purely based on
the behavior of the tails of p(z|µ) distribution far from
the central value, and Gaussian assumption can lead to
overestimation of CP violation significance. As a prelim-
inary number we use the estimate of probability of the
fluctuation in the difference of number of events in bins
for B+ and B− data: the probability of such fluctuation
in the case of CP conservation is p = 0.42%.

XI. CONCLUSION

We report the results of a measurement of the unitarity
triangle angle φ3 using a model-independent Dalitz plot
analysis of D → K0

Sπ
+π− decay in the process B± →

DK±. The measurement was performed with a full data
sample of 711 fb−1 (772 × 106 BB pairs) collected by
the Belle detector at Υ(4S). The model independence
is reached by binning the Dalitz plot of D → K0

Sπ
+π−

decay and using the strong phase coefficients for bins
measured by CLEO experiment [12]. We obtain the value
φ3 = (77.3+15.1

−14.9±4.2±4.3)◦; of the two possible solutions
we choose the one with 0 < φ3 < 180◦. We also obtain
the value of the amplitude ratio rB = 0.145 ± 0.030 ±
0.011± 0.011. These results are preliminary.
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�3: Dalitz analysis of D decay from B± ⇤ DK±

[A. Giri, Yu. Grossman, A. So�er, J. Zupan, PRD 68, 054018 (2003)]

[A. Bondar, Belle Dalitz analysis meeting, 24-26 Sep. 2002]

Use B± ⇤ DK± modes with 3-body decay D ⇤ K 0
S�+��.

Dalitz plot density: d⇥±(m2
+,m2

�) ⇥ |M±|2dm2
+dm2

�

|M±(m2
+,m2

�)|2 = |fD(m2
+,m2

�) + re i�B±i⇥3fD(m2
�,m2

+)|2

=

�������
+ re i�B±i⇥3

�������

2

D0 ⇤ K 0
S�+�� amplitude fD is extracted from continuum (D⇥± ⇤ D�±),

parametrized as a set of two-body amplitudes.

Only |fD |2 is observable ⌅ Model dependence as a result .

Latest Belle result: ⇤3 = [78+11
�12 ± 4(syst) ± 9(model)]⌅ (605 fb�1)

rB = 0.16 ± 0.04 ± 0.01(syst)+0.05
�0.01(model)

Model error would dominate precise measurements at Super B factories.
Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 11/20

Flavour-tagged 
D→KSππ Dalitz 

plot

where the last uncertainty on γ of 4.3º the 
former model uncertainty of 8.9º

�3: Binned Dalitz plot analysis

Solution: use binned Dalitz plot and deal with numbers of events in bins.
[A. Giri, Yu. Grossman, A. So⇥er, J. Zupan, PRD 68, 054018 (2003)]

[A. Bondar, A. P. EPJ C 47, 347 (2006); EPJ C 55, 51 (2008)]

M±
i = h{Ki +r2

BK�i +2
�

KiK�i (x±ci +y±si )}

x± = rB cos(�B ± ⇤3) y± = rB sin(�B ± ⇤3)

M±
i : numbers of events in D ⇥ K 0

S⇥+⇥� bins from B± ⇥ DK±

Ki : numbers of events in bins of flavor D0 ⇥ K 0
S⇥+⇥� from D⇥ ⇥ D⇥.

ci , si contain information about strong phase di⇥erence between symmetric
Dalitz plot points (m2

K0
S�+ ,m2

K0
S��

) and (m2
K0

S��
,m2

K0
S�+):

ci = ⇧cos ��D⌃, si = ⇧sin��D⌃

Anton Poluektov Recent EW results from Belle Moriond EW, 16 March 2011 12/20

BELLE: arXiv:1106.4046. See also Anton Poluektov’s talk at Moriond EW 2011 (from which I lifted several of the plots shown here): 
http://belle.kek.jp/belle/talks/moriondEW11/poluektov.pdf
CLEO-c input:Phys.Rev.D82:112006,2010.

γ
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LHCb model-independent γ from B±→(KSππ)DK and 
B±→(KSKK)DK

• Binned, model-independent 
analysis using CLEO-c input.

• Plots show LHCb 2012 data - 
the colours represent the bins, 
shaped to optimise sensitivity.

• Result of combined analysis 
(2011 & 2012 data, KSππ & 
KSKK):
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Table 1: Yields of each signal and background category in the signal region. The category
‘DK

± mis-ID’ indicates B

± ! D⇡

± candidates that are misidentified as B

± ! DK

± signal.

Parameter D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
DK

± signal 422 ± 14 964 ± 32 61 ± 3 140 ± 5
DK

± mis-ID 31 ± 5 67 ± 8 4 ± 2 10 ± 3
DK

± combinatorial 13 ± 4 22 ± 5 1 ± 1 3 ± 1
DK

± low mass 22 ± 2 60 ± 3 4 ± 1 8 ± 1
D⇡

± signal 6709 ± 85 15276 ± 136 961 ± 31 2211 ± 46
D⇡

± combinatorial 50 ± 5 201 ± 11 19 ± 3 31 ± 4
D⇡

± low mass 63 ± 1 145 ± 2 9 ± 1 21 ± 1

Table 2: Purity for each decay type in the signal region.

B

± decay mode D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
B

± ! DK

± (86.4± 1.3)% (86.6± 0.9)% (86.0± 2.8)% (87.1± 1.9)%
B

± ! D⇡

± (98.4± 0.1)% (97.8± 0.0)% (97.2± 0.1)% (97.7± 0.1)%

We split the data in categories depending on the decay type (D⇡

± or DK

±), K

0

S type
(LL or DD), B charge (plus or minus) and which Dalitz plot bin the event falls into. The
log likelihood is the sum of the log likelihoods for each category of candidates in every
bin of the D

0 Dalitz plot

logL =
X

charge

X

LL,DD K0
S

(logLD⇡± + logLDK±). (4)
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Figure 4: Dalitz plots for B

± ! (K0
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+
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�)DK

± decays; (left) B

+, (right) B

�.
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The log likelihood for D⇡

± candidates is determined by summing the log likelihoods
over all the bins in Dalitz space (labelled �8 to +8)
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where SD⇡± is the signal shape, BD⇡±,{1,2} are the two background shapes and the yields
of these three components, N
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where in this case there are three background components, and the signal yield is deter-
mined as follows. The yield of B
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is conservatively assigned. The results that were obtained in 2011 are
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The following results are obtained for the combined CP parameters
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,
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.

The correlation matrix for the combined parameters is given in Table 4.

Table 4: Correlation matrix between CP parameters in combination of 2011 and 2012 results.
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y� �0.186 �0.053 �0.074 1.000

The results can be interpreted in terms of the underlying physics parameters �, rB

and �B. This is done using the frequentist approach described in Ref. [2]. The results
are shown in Fig. 7 which show the two-dimensional projections of the confidence regions
onto the (�, rB) and (�, �B) planes.

The solution for the physics parameters has a two-fold ambiguity: (�, �B) and (�+180�,
�B + 180�). Choosing the solution that satisfies 0 < � < 180� yields � = (57 ± 16)�,
rB = (8.8+2.3

�2.4)⇥ 10�2 and �B = (124+15

�17

)�.

11

x
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

y

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
LHCb Preliminary

-1 = 2.0 fbtL d ∫

+B

−B

Figure 6: Confidence intervals on the (x, y) plane for B

+ and B

� data collected in 2012 using
the statistical uncertainties and correlations only. The star indicates the central value and the
contours indicate the 1�, 2� and 3� boundaries moving from the centre outwards.

is conservatively assigned. The results that were obtained in 2011 are

x

+

= (�10.3± 4.5± 1.8± 1.4)⇥ 10�2

, x� = (0.0± 4.3± 1.5± 0.6)⇥ 10�2

,

y

+

= (�0.9± 3.7± 0.8± 3.0)⇥ 10�2

, y� = (2.7± 5.2± 0.8± 2.3)⇥ 10�2

.

The following results are obtained for the combined CP parameters

hx
+

i = (�8.9± 3.1)⇥ 10�2

, hx�i = (3.5± 2.9)⇥ 10�2

,

hy
+

i = (�0.1± 3.7)⇥ 10�2

, hy�i = (7.9± 3.8)⇥ 10�2

.

The correlation matrix for the combined parameters is given in Table 4.

Table 4: Correlation matrix between CP parameters in combination of 2011 and 2012 results.

x

+

x� y

+

y�
x

+

1.000 �0.136 0.106 �0.186
x� �0.136 1.000 �0.031 �0.053
y

+

0.106 �0.031 1.000 �0.074
y� �0.186 �0.053 �0.074 1.000

The results can be interpreted in terms of the underlying physics parameters �, rB

and �B. This is done using the frequentist approach described in Ref. [2]. The results
are shown in Fig. 7 which show the two-dimensional projections of the confidence regions
onto the (�, rB) and (�, �B) planes.

The solution for the physics parameters has a two-fold ambiguity: (�, �B) and (�+180�,
�B + 180�). Choosing the solution that satisfies 0 < � < 180� yields � = (57 ± 16)�,
rB = (8.8+2.3

�2.4)⇥ 10�2 and �B = (124+15

�17

)�.

11

x
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

y

-0.3

-0.2

-0.1

0

0.1

0.2

0.3
LHCb Preliminary

-1 = 2.0 fbtL d ∫

+B

−B

Figure 6: Confidence intervals on the (x, y) plane for B

+ and B

� data collected in 2012 using
the statistical uncertainties and correlations only. The star indicates the central value and the
contours indicate the 1�, 2� and 3� boundaries moving from the centre outwards.

is conservatively assigned. The results that were obtained in 2011 are

x

+

= (�10.3± 4.5± 1.8± 1.4)⇥ 10�2

, x� = (0.0± 4.3± 1.5± 0.6)⇥ 10�2

,

y

+

= (�0.9± 3.7± 0.8± 3.0)⇥ 10�2

, y� = (2.7± 5.2± 0.8± 2.3)⇥ 10�2

.

The following results are obtained for the combined CP parameters

hx
+

i = (�8.9± 3.1)⇥ 10�2

, hx�i = (3.5± 2.9)⇥ 10�2

,

hy
+

i = (�0.1± 3.7)⇥ 10�2

, hy�i = (7.9± 3.8)⇥ 10�2

.

The correlation matrix for the combined parameters is given in Table 4.

Table 4: Correlation matrix between CP parameters in combination of 2011 and 2012 results.

x

+

x� y

+

y�
x

+

1.000 �0.136 0.106 �0.186
x� �0.136 1.000 �0.031 �0.053
y

+

0.106 �0.031 1.000 �0.074
y� �0.186 �0.053 �0.074 1.000

The results can be interpreted in terms of the underlying physics parameters �, rB

and �B. This is done using the frequentist approach described in Ref. [2]. The results
are shown in Fig. 7 which show the two-dimensional projections of the confidence regions
onto the (�, rB) and (�, �B) planes.

The solution for the physics parameters has a two-fold ambiguity: (�, �B) and (�+180�,
�B + 180�). Choosing the solution that satisfies 0 < � < 180� yields � = (57 ± 16)�,
rB = (8.8+2.3

�2.4)⇥ 10�2 and �B = (124+15

�17

)�.

11

Phys. Rev. D 82 112006.

LHCb-CONF-2013-004
LHCb 2011 Result: Phys. Lett. B718 (2012) 43

http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=hep-ph/0303187
http://www.inspirehep.net/search?p=j+PR,D85,112014
http://www.inspirehep.net/search?p=j+PR,D85,112014


Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 

• Extract γ from 2-body decays[1]

• Particularly powerful: “ADS” modes with large 
interference terms (when rD ~ rB).

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett. 
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018  Belle Collaboration Phys.Rev. D70 (2004) 072003

γ from 2-body decays, ADS

ADS

K

−

KK−

−

+ −
π−B

D

DK

rBei(���)

rDei�K�
D


 

 

 

~0.06, ie. similar in magnitude to rB

Low interference scale of BDK method 

(rB~0.1) can be enhanced by exploiting 

Doubly Cabibbo Suppressed modes 

eg. D0K+-

This introduces two new parameters:

4 possible final states, between 2 of which there can be a big CP-asymmetry:

these interference
terms are 1st order

A powerful way to constrain γ,  but need to know D

K

K

Can be measured in quantum correlated D decays !

rD known well, D unknown
K

K

K
K

B

K

• CLEO-c’s provides as input:

• Also important input for D-mixing! * * Result shown includes external input on y, y’ 
from mixing measurements. Without external 

inputs:                                              .

PRL 100, 221801 (2008), 
PRD 78, 012001 (2008)
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Why stop here

• Why stop at 3-body decays?

• 4-body amplitude analyses 
very promising for γ 
measurement at LHCb.

• First step: “quasi two 
body” (coherence factor) 
analysis. See next slide.
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JR and G. Wilkinson
Phys. Lett. B 647 (2007) 400-405

Atwood, Dunietz and Soni (ADS), 
Phys.Rev.Lett. 78 (1997) 3257-3260 

Atwood, Soni: Phys.Rev. D68 (2003) 033003
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γ from 4-body Modes
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• KKππ: useful precision, similar ballpark as KSππ, albeit somewhat worse (so far, 
only model-dependent study). See Andrew’s excellent thesis and LHCb note for 
details.

• Kπππ: Expect greater sensitivity due to “ADS” effect. Initial studies very 
promising.

• ππππ: recent toy study confirms that this is very promising (see later)

CF

DCS

http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/0611272
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/9612433
http://arxiv.org/abs/hep-ph/0304085
http://arxiv.org/abs/hep-ph/0304085


Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 

Coherence Factor Analysis of:

• Treat K3π like two-body decay with single effective strong phase δD.

• New parameter: Coherence factor R < 1. 

• CLEO-c used coherent ψ(3770)→DD events to measure R, δD for Kπππ 
and Kππº.

Theory: 
Atwood, Soni: Phys.Rev. D68 
(2003) 033003
CLEO-c input: 
Phys.Rev.D80:031105,2009
LHCb  CPV result: 
Physics Letters B 723 (2013), 44
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badly known

Low coherence preferred

RK3 being low means interference term  0, giving rates high sensitivity to 
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LHCb B±→D(Kπππ)K±

45

Physics Letters B 723 (2013), pp. 44-53

48 LHCb Collaboration / Physics Letters B 723 (2013) 44–53

Fig. 1. Invariant mass distributions of selected B± → [K ±π∓π+π−]D h± candidates, separated by charge. The left plots are B− candidates, B+ are on the right. In the top
plots, the bachelor track passes the PID cut and the B± candidates are reconstructed assigning this track the kaon mass. The remaining candidates are placed in the sample
displayed on the bottom row and are reconstructed with a pion mass hypothesis. The dark (red) and light (green) curves represent the fitted B± → D K ± and B± → Dπ±

components, respectively. The shaded contribution indicates partially reconstructed decays and the total PDF includes the combinatorial component. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this Letter.)

Fig. 2. Invariant mass distributions of selected B± → [π± K ∓π+π−]D h± decays, separated by charge. See the caption of Fig. 1 for a full description. The dashed line
here represents the partially reconstructed, but Cabibbo-favoured, B0

s → D K −π+ , and charge-conjugated, decays where the pion is not reconstructed. The favoured mode
cross-feed is included in the fit, but is too small to be seen.

summarised in Table 2. Correlations between the uncertainties are considered negligible, so the total systematic uncertainty is the sum in
quadrature of the individual components.

5. Results and interpretation

The results of the fit with their statistical and systematic uncertainties are

R K 3π
K/π = 0.0771 ± 0.0017 ± 0.0026,

AK 3π
K = −0.029 ± 0.020 ± 0.018,

AK 3π
π = −0.006 ± 0.005 ± 0.010,

R K 3π ,−
K = 0.0072+0.0036

−0.0032 ± 0.0008,

R K 3π ,+
K = 0.0175+0.0043

−0.0039 ± 0.0010,

R K 3π ,−
π = 0.00417+0.00054

−0.00050 ± 0.00011,

R K 3π ,+
π = 0.00321+0.00048

−0.00045 ± 0.00011.
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LHCb’s γ combination

• LHCb combines inputs 
from 
B±→(hh’)DK±

B±→(KSππ)DK±

B±→(KSKK)DK±

B±→(Kπππ)DK±

• Result:

• More channels and 
more data to be added, 
soon.
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technique & 2011 results: arXiv:1305.2050 (2013)
2012 data: LHCb-CONF_2013-006) (in preparation)

γ combination B± → DK± combination (incl. 2012 data)
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γ combination B± → DK± combination (incl. 2012 data)
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best !t 68% CL 95% CL
δB 114.3◦ [101.7, 126.6]◦ [89.1, 136.5]◦

rB 0.0924 [0.0847, 0.1004] [0.0766, 0.1077]
γ 67.2◦ [55.7, 79.6]◦ [44.6, 90.0]◦
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https://cds.cern.ch/record/1537409?ln=en
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Exploiting the full 5-D phase space of 4-body D 
decays.

• Our studies indicate they 4-body 
the best sensitivity to γ.

• Challenging: 
2-dimensional Dalitz plot → 5-
dimensional phase space

• Next slides: a few first steps
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γ from ππππ: toy MC study

• Model from FOCUS

48

December 2, 2010 MSci. Interim Report

sij_1_2_
Entries  2000
Mean   0.6007
RMS     0.345

sij(1,2) [GeV^2]
0 0.5 1 1.5 2 2.5

E
v
e
n

ts
 /
 0

.0
2
9
4
6
9
 G

e
V

^
2

0

20

40

60

80

100

120

140

sij(1,2) sij_1_2_
Entries  2000
Mean   0.6007
RMS     0.345

sij(1,2)

sij_2_3_
Entries  2000
Mean   0.5977
RMS    0.3453

sij(2,3) [GeV^2]
0 0.5 1 1.5 2 2.5

E
v
e
n

ts
 /
 0

.0
2
9
4
6
9
 G

e
V

^
2

0

20

40

60

80

100

120

sij(2,3) sij_2_3_
Entries  2000
Mean   0.5977
RMS    0.3453

sij(2,3) sij_3_4_
Entries  2000
Mean   0.6069
RMS    0.3422

sij(3,4) [GeV^2]
0 0.5 1 1.5 2 2.5

E
v
e
n

ts
 /
 0

.0
2
9
4
6
9
 G

e
V

^
2

0

20

40

60

80

100

120

sij(3,4) sij_3_4_
Entries  2000
Mean   0.6069
RMS    0.3422

sij(3,4)

sij_1_2_3_
Entries  2000
Mean    1.784
RMS    0.5793

sij(1,2,3) [GeV^2]
0 0.5 1 1.5 2 2.5 3

E
v
e
n

ts
 /
 0

.0
3
3
8
8
1
 G

e
V

^
2

0

10

20

30

40

50

60

sij(1,2,3) sij_1_2_3_
Entries  2000
Mean    1.784
RMS    0.5793

sij(1,2,3) sij_2_3_4_
Entries  2000
Mean    1.736
RMS    0.5676

sij(2,3,4) [GeV^2]
0 0.5 1 1.5 2 2.5 3

E
v
e
n

ts
 /
 0

.0
3
3
8
8
1
 G

e
V

^
2

0

10

20

30

40

50

60

sij(2,3,4) sij_2_3_4_
Entries  2000
Mean    1.736
RMS    0.5676

sij(2,3,4)

Figure 3: Shows five graphs displaying the results of 2000 simulated events for which the four body
decay invariant masses have been fitted.Initial values of � = 60⇥, rB = 0.10 and ⇥B = 0⇥ were
chosen.

Decay mode Amplitude Phase (degrees)

a+1 , a1 � ⌅0⇤+, ⌅0 � ⇤+⇤� (S-wave) 1.0 (fixed) 0
a+1 , a1 � ⌅0⇤+, ⌅0 � ⇤+⇤� (D-wave) 0.241±0.033±0.024 82±5±4
a+1 , a1 � ⇧⇤+,⇧ � ⇤+⇤� 0.439±0.026±0.021 193±4±4

⌅0⌅0, ⌅0 � ⇤+⇤� (S-wave) 0.157±0.027±0.020 120±7±8
⌅0⌅0, ⌅0 � ⇤+⇤� (P-wave) 0.384±0.020±0.015 163±3±3
⌅0⌅0, ⌅0 � ⇤+⇤� (D-wave) 0.624±0.023±0.012 357±3±3

f0(980)⇤+⇤�, f0(980) � ⇤+⇤� 0.233±0.019±0.015 261±7±4
f2(1270)⇤+⇤�, f2(1270) � ⇤+⇤� 0.338±0.021±0.016 317±4±4
⇧⇤+⇤�,⇧ � ⇤+⇤� 0.432±0.027±0.022 254±4±5

Table 1: Shows the di�erent decay modes of the D0 meson with associated amplitude and phases,
as measured by the FOCUS collaboration.
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γ from ππππ
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Figure 3: Shows five graphs displaying the results of 2000 simulated events for which the four body
decay invariant masses have been fitted.Initial values of � = 60⇥, rB = 0.10 and ⇥B = 0⇥ were
chosen.

Decay mode Amplitude Phase (degrees)

a+1 , a1 � ⌅0⇤+, ⌅0 � ⇤+⇤� (S-wave) 1.0 (fixed) 0
a+1 , a1 � ⌅0⇤+, ⌅0 � ⇤+⇤� (D-wave) 0.241±0.033±0.024 82±5±4
a+1 , a1 � ⇧⇤+,⇧ � ⇤+⇤� 0.439±0.026±0.021 193±4±4

⌅0⌅0, ⌅0 � ⇤+⇤� (S-wave) 0.157±0.027±0.020 120±7±8
⌅0⌅0, ⌅0 � ⇤+⇤� (P-wave) 0.384±0.020±0.015 163±3±3
⌅0⌅0, ⌅0 � ⇤+⇤� (D-wave) 0.624±0.023±0.012 357±3±3

f0(980)⇤+⇤�, f0(980) � ⇤+⇤� 0.233±0.019±0.015 261±7±4
f2(1270)⇤+⇤�, f2(1270) � ⇤+⇤� 0.338±0.021±0.016 317±4±4
⇧⇤+⇤�,⇧ � ⇤+⇤� 0.432±0.027±0.022 254±4±5

Table 1: Shows the di�erent decay modes of the D0 meson with associated amplitude and phases,
as measured by the FOCUS collaboration.
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Likelihood scan for 1000 B+ and 1000 B- events
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MC study of binned B→DK with D→ππππ

51

Bin events in terms of the phase difference 
between D→ππππ and Dbar→ππππ

• 2×5k events

• input: γ=70º, δ=0º, rB=0.1

• Fit (floating γ only): γ=77º ± 5º

• Consistent with unbinned 
precision (does not include 
uncertainty due to - yet non-
existent - CLEO-c input)
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Searches for CPV by comparing binned Dalitz plots

• Compare yields in 
CP-conjugate bins

• Calculate p-value for 
no-CPV hypothesis 
based on

• Model independent. 
Many production and 
detection effects cancel.

changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!
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FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and (d) ‘‘Uniform

II.’’ The fit results are given in Table IX.
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p=11%

330k D+→K–K+π+ in 35/pb

~180k D*+→Dºπ, Dº→ππππ in 1/fb

5-dim. 
“Dalitz” plot, 

binned.

Table 3: p-values in D0 ! ⇡�⇡+⇡+⇡�.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 ! ⇡�⇡+⇡+⇡� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di↵erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking
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Figure 5: SCP distribution of theD0 ! ⇡�⇡+⇡+⇡� decays for 66 adaptive bins. A Gaussian
distribution with the assumption of no CPV is shown in red as a reference.
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Figure 2: Simultaneous unbinned likelihood fit to the D0 mass (left) and the �m (right) of
D0 ! ⇡�⇡+⇡+⇡� candidates. The red line represents the signal shape, the green is the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

to describe the D0 ! ⇡�⇡+⇡+⇡� phase space, these are shown in Fig. 3. The ordering of
same sign particles is randomised. Therefore, no significant di↵erence between the two
⇡+⇡� invariant mass squared distributions is expected.

3.1 Binning strategy

Applying a uniform binning across 5D phase space would result in many empty bins so an
adaptive binning approach is applied. We define a minimum and maximum number of
entries a single bin can have. The binning algorithm creates 5D hypercube bins across
phase space in terms of the 5 invariant mass combinations. The algorithm first creates a
single 5D bin to cover the whole of phase space. This bin is then divided in each of the 5
invariant mass combinations used, resulting in 32 bins. Each of the resulting 5D bins is
then either further divided or merged with another bin based on the number of entries in
that bin. This process continues until the number of entries in each bin is between the
miniumum and maximum entries defined. This technique results in fine binning across well
populated areas of phase space and large bins across less populated areas. To calculate
the �2 and p-values under the no CPV hypothesis all bins are required to have at least 20
entries.

3.2 Sensitivity Study

Pseudo-experiments are carried out to test the sensitivity of the method and the dependency
of the sensitivity on the number of bins used.

Events are generated according to the model in Ref [12]. Phase and amplitude
di↵erences between D0 and D0 are introduced in the ⇢0⇢0 and a

1

(1260)+⇡� intermediate
states. Figure 4 shows the SCP distributions in the case of no CPV and for the case of a
CP violating phase di↵erence between the D0 and D0 decays in the ⇢0⇢0 resonance of 10�.

4

For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ mass window, about
8.6% of events are background. Apart from random
three-body track combinations, charm backgrounds and
two-body resonances plus one track are expected. Charm
reflections appear when a particle is wrongly identified
in a true charm three-body decay and/or a track in a four-
body charm decay is lost. The main three-body reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

TABLE I. Yield (S) and purity for samples 1 and 3 after the
final selection. The purity is estimated in the 2" mass window.

Decay Yield Purity

Sample 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ B) in the signal win-
dows shown in Fig. 1 after the final selection, for use in the
subsequent analysis.

Sample 1 Sample 2 Sample 3 Total

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.
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CPV in D*→Dπ, D→ππππ

• CPV is an interference effect - need 
interfering decay paths. 

• Singly Cabibbo Suppressed charm 
decays offer tree and penguin 
contributions of comparable magnitude.

• Remarkably clean signal - for a 5-pion 
final state in a hadronic environment!

• Both, an interesting test of CPV and an 
excellent first step for measuring γ with 
B±→D(ππππ)K± as we need to 
investigate essentially the same 
systematics.
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Figure 2: Simultaneous unbinned likelihood fit to the D0 mass (left) and the �m (right) of
D0 ! ⇡�⇡+⇡+⇡� candidates. The red line represents the signal shape, the green is the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

to describe the D0 ! ⇡�⇡+⇡+⇡� phase space, these are shown in Fig. 3. The ordering of
same sign particles is randomised. Therefore, no significant di↵erence between the two
⇡+⇡� invariant mass squared distributions is expected.

3.1 Binning strategy

Applying a uniform binning across 5D phase space would result in many empty bins so an
adaptive binning approach is applied. We define a minimum and maximum number of
entries a single bin can have. The binning algorithm creates 5D hypercube bins across
phase space in terms of the 5 invariant mass combinations. The algorithm first creates a
single 5D bin to cover the whole of phase space. This bin is then divided in each of the 5
invariant mass combinations used, resulting in 32 bins. Each of the resulting 5D bins is
then either further divided or merged with another bin based on the number of entries in
that bin. This process continues until the number of entries in each bin is between the
miniumum and maximum entries defined. This technique results in fine binning across well
populated areas of phase space and large bins across less populated areas. To calculate
the �2 and p-values under the no CPV hypothesis all bins are required to have at least 20
entries.

3.2 Sensitivity Study

Pseudo-experiments are carried out to test the sensitivity of the method and the dependency
of the sensitivity on the number of bins used.

Events are generated according to the model in Ref [12]. Phase and amplitude
di↵erences between D0 and D0 are introduced in the ⇢0⇢0 and a

1

(1260)+⇡� intermediate
states. Figure 4 shows the SCP distributions in the case of no CPV and for the case of a
CP violating phase di↵erence between the D0 and D0 decays in the ⇢0⇢0 resonance of 10�.

4

m(D*)–m(D)

K+

��

D0

D0 ⇤ D0

D0

cc̄

⇥(e+e� ⇤ cc̄) ⇥ 1.3 fb�1

|M(t)⌅ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅) + e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

|M(t)⌅ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅)� e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

KK
u

c
0D

+W

u

s

s

u

-K

+K

c

u u

u
s
s_ _

_



Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 

Simulation study - would we see CPV if it was there?

54

CPS
-4 -2 0 2 4

N
um

be
r o

f b
in

s

0
2
4
6
8

10
12
14
16
18

Toy Simulation

CPS
-4 -2 0 2 4

N
um

be
r o

f b
in

s

0

2

4

6

8

10

12

14

16
Toy Simulation

Figure 4: SCP distribution of a pseudo-experiment using 66 adaptive bins in the case of no
CPV (left) and with a generated phase di↵erence of 10� in the ⇢0⇢0 decay (right). The red
distribution represents the expectation in the case of no CPV.

analyse the D0 ! ⇡�⇡+⇡+⇡� data set.

4 Checks for non-CPV asymmetries

Cross-checks for residual production or reconstruction asymmetries were carried out by
comparing a variety of datasets designed to test left/right asymmetries in the detector
and particle/anti-particle detection asymmetries. Asymmetries in the background were
studied using mass sidebands.

Asymmetries induced by the magnetic field are investigated in D0 ! ⇡�⇡+⇡+⇡�

by looking for an asymmetry between D0 decays in one polarity and D0 decays in the
opposite polarity. In this case the same flavour particles are compared in opposite sides
of the detector. Four di↵erent adaptive binning granularities are used and no significant
asymmetry is observed in any binning.

Asymmetries arising from a di↵erent detector e�ciency between particle and anti-
particle are investigated in the control channel D0 ! K�⇡+⇡+⇡� by comparing D0

decays in one polarity with D0 decays in the opposite polarity. No statistically significant
asymmetry arising from particle/anti-particle detection di↵erences is observed.

The mass sidebands are also investigated for local asymmetries in the backgrounds.
A sideband region is selected in the 2D plane of the D0 mass and �m. No asymmetry is
observed in the sideband region for D0 ! ⇡�⇡+⇡+⇡� or D0 ! K�⇡+⇡+⇡� decays.

No left/right asymmetries or particle/anti-particle asymmetries have been observed.
Therefore, the control mode should exhibit no CPV signal in magnet up and magnet down
samples when analysed independently. The results displayed in Table 2, for five di↵erent
adaptive binning granularities, show that no large asymmetries are observed.
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Figure 4: SCP distribution of a pseudo-experiment using 66 adaptive bins in the case of no
CPV (left) and with a generated phase di↵erence of 10� in the ⇢0⇢0 decay (right). The red
distribution represents the expectation in the case of no CPV.

analyse the D0 ! ⇡�⇡+⇡+⇡� data set.

4 Checks for non-CPV asymmetries

Cross-checks for residual production or reconstruction asymmetries were carried out by
comparing a variety of datasets designed to test left/right asymmetries in the detector
and particle/anti-particle detection asymmetries. Asymmetries in the background were
studied using mass sidebands.

Asymmetries induced by the magnetic field are investigated in D0 ! ⇡�⇡+⇡+⇡�

by looking for an asymmetry between D0 decays in one polarity and D0 decays in the
opposite polarity. In this case the same flavour particles are compared in opposite sides
of the detector. Four di↵erent adaptive binning granularities are used and no significant
asymmetry is observed in any binning.

Asymmetries arising from a di↵erent detector e�ciency between particle and anti-
particle are investigated in the control channel D0 ! K�⇡+⇡+⇡� by comparing D0

decays in one polarity with D0 decays in the opposite polarity. No statistically significant
asymmetry arising from particle/anti-particle detection di↵erences is observed.

The mass sidebands are also investigated for local asymmetries in the backgrounds.
A sideband region is selected in the 2D plane of the D0 mass and �m. No asymmetry is
observed in the sideband region for D0 ! ⇡�⇡+⇡+⇡� or D0 ! K�⇡+⇡+⇡� decays.

No left/right asymmetries or particle/anti-particle asymmetries have been observed.
Therefore, the control mode should exhibit no CPV signal in magnet up and magnet down
samples when analysed independently. The results displayed in Table 2, for five di↵erent
adaptive binning granularities, show that no large asymmetries are observed.
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Table 1: Results of the pseudo-experiments for generated CPV in the ⇢0⇢0 and a
1

(1260)+⇡�

resonances. The simulated sample is of comparable size to the dataset available from 2011
data.

CPV Adaptive bins p-values (%)

No CPV
15 49.6
29 31.8
66 45.8

5� in ⇢0⇢0 phase
15 30.0
29 27.8
66 9.96

10� in ⇢0⇢0 phase
15 1.2e-06
29 3.05e-08
66 1.74e-16

5� in a
1

(1260)+⇡� phase
15 0.40
29 0.26
66 0.24

10� in a
1

(1260)+⇡� phase
15 5.05e-06
29 2.38e-08
66 7.34e-13

5% in ⇢0⇢0 magnitude
15 0.57
29 6.9
66 12.1

10% in ⇢0⇢0 magnitude
15 2.9e-11
29 1.1e-09
66 1.2e-12

Table 2: p-values in D0 ! K�⇡+⇡+⇡� for each magnet polarity separately and the two
polarities combined in equal quantities.

p-values %
Bins Magnet down Magnet up Combined polarities
7 6.67 58.8 5.18
23 16.5 71.1 32.2
49 45.3 37.3 20.0
91 30.3 35.4 20.0
150 15.3 61.4 30.3

5 Results

The SCP distribution for 180k D0 ! ⇡�⇡+⇡+⇡� candidates with 66 adaptive bins is shown
in Fig. 5. This result is consistent with the hypothesis of no CP violation with a p-value

7
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D->Kπππ control channel

• Use the more abundant, 
CP-favoured D→Kπππ as 
control channel 
(completely dominated by 
tree diagram, no interfering 
paths, expect no CPV)
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Table 1: Results of the pseudo-experiments for generated CPV in the ⇢0⇢0 and a
1

(1260)+⇡�

resonances. The simulated sample is of comparable size to the dataset available from 2011
data.

CPV Adaptive bins p-values (%)

No CPV
15 49.6
29 31.8
66 45.8

5� in ⇢0⇢0 phase
15 30.0
29 27.8
66 9.96

10� in ⇢0⇢0 phase
15 1.2e-06
29 3.05e-08
66 1.74e-16

5� in a
1

(1260)+⇡� phase
15 0.40
29 0.26
66 0.24

10� in a
1

(1260)+⇡� phase
15 5.05e-06
29 2.38e-08
66 7.34e-13

5% in ⇢0⇢0 magnitude
15 0.57
29 6.9
66 12.1

10% in ⇢0⇢0 magnitude
15 2.9e-11
29 1.1e-09
66 1.2e-12

Table 2: p-values in D0 ! K�⇡+⇡+⇡� for each magnet polarity separately and the two
polarities combined in equal quantities.

p-values %
Bins Magnet down Magnet up Combined polarities
7 6.67 58.8 5.18
23 16.5 71.1 32.2
49 45.3 37.3 20.0
91 30.3 35.4 20.0
150 15.3 61.4 30.3

5 Results

The SCP distribution for 180k D0 ! ⇡�⇡+⇡+⇡� candidates with 66 adaptive bins is shown
in Fig. 5. This result is consistent with the hypothesis of no CP violation with a p-value

7

resulting ⌘, pT distribution of the remaining D0 sample matches that of the D0 sample.
After selection, a yield of 1.3 million D0 ! K�⇡+⇡+⇡� with a signal purity of 97.5%

and 180k D0 ! ⇡�⇡+⇡+⇡� candidates with a signal purity of 95.8% is extracted from a
simultaneous un-binned fit to D0 mass and �m shown in Fig. 1 and Fig. 2. Only candidates
within the mass window shown in Fig. 1 are used to search for asymmetries. The sum
of a Crystal Ball function [11] and a Gaussian distribution with a shared mean value
model the �m signal. The sum of two Gaussian functions is used for the D0 mass signal.
We consider two sources of background: combinatorial from mis-identified particles and
a background from a random association of the D0 with a slow pion. The sum of two
Gaussians is used to model the background from the random association of the D0 with
a slow pion in the D0 mass, whilst the combinatorial background is modelled with a
first order polynomial function. An empirical function of the form [1 � e�(�m��m0)/c] is
used to model both background contributions in the �m projection, where c and �m

0

are
parameters describing the shape and threshold of the distribution respectively.
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Figure 1: Simultaneous unbinned likelihood fit to the D0 mass (left) and the �m (right)
of D0 ! K�⇡+⇡+⇡� candidates. The red line represents the signal shape, the green the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

All candidate events within the mass window are used when computing SCP . D0 !
⇡�⇡+⇡+⇡� has a signal purity of 95.8% with 70% of the background due to the random
association of a slow pion to the D0. This background causes a dilution of any CPV signal.
The high signal purity means this dilution has a small e↵ect.

3 Method

Spin-0 four-body decays have an extra three degrees of freedom compared to spin-0 three-
body decays used in previous CPV searches using a similar methodology [6, 7]. While
three-body decay kinematics can be described completely in a two-dimensional Dalitz plot,
a four-body decay requires a five-dimensional (5D) phase space to fully describe the decay.
We choose five independent invariant mass squared combinations of the daughter particles
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⇡�⇡+⇡+⇡� has a signal purity of 95.8% with 70% of the background due to the random
association of a slow pion to the D0. This background causes a dilution of any CPV signal.
The high signal purity means this dilution has a small e↵ect.

3 Method

Spin-0 four-body decays have an extra three degrees of freedom compared to spin-0 three-
body decays used in previous CPV searches using a similar methodology [6, 7]. While
three-body decay kinematics can be described completely in a two-dimensional Dalitz plot,
a four-body decay requires a five-dimensional (5D) phase space to fully describe the decay.
We choose five independent invariant mass squared combinations of the daughter particles

3
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CPV in D→ππππ result

• We get a high p-value, so no 
evidence for CP violation.

• Apart from finding yet another 
disappointing piece of 
evidence in support of the 
Standard Model, we also 
demonstrated that we 
understand CPV-relevant 
detector effects in 5-D phase 
space very well.

• Next step: Same with KKππ 
and move towards γ.
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Table 3: p-values in D0 ! ⇡�⇡+⇡+⇡�.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 ! ⇡�⇡+⇡+⇡� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di↵erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking
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Figure 5: SCP distribution of theD0 ! ⇡�⇡+⇡+⇡� decays for 66 adaptive bins. A Gaussian
distribution with the assumption of no CPV is shown in red as a reference.

8

Table 3: p-values in D0 ! ⇡�⇡+⇡+⇡�.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 ! ⇡�⇡+⇡+⇡� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di↵erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking

CPS
-4 -2 0 2 4

N
um

be
r o

f b
in

s

0
2
4
6
8

10
12
14
16
18
20
22
24

LHCb
Preliminary

Figure 5: SCP distribution of theD0 ! ⇡�⇡+⇡+⇡� decays for 66 adaptive bins. A Gaussian
distribution with the assumption of no CPV is shown in red as a reference.

8

Table 3: p-values in D0 ! ⇡�⇡+⇡+⇡�.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 ! ⇡�⇡+⇡+⇡� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di↵erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking

CPS
-4 -2 0 2 4

N
um

be
r o

f b
in

s

0
2
4
6
8

10
12
14
16
18
20
22
24

LHCb
Preliminary

Figure 5: SCP distribution of theD0 ! ⇡�⇡+⇡+⇡� decays for 66 adaptive bins. A Gaussian
distribution with the assumption of no CPV is shown in red as a reference.

8



Jonas Rademacker (University of Bristol): “Multi-generation Flavour Physics with LHCb and CLEO”        LAL, Orsay, 28 May 2013 

Towards γ with B±→D(KKππ)K±
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Towards a measurement of CKM gamma
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B→DK B→Dπ

• Cleanly reconstruct B→D(KKππ)K decays and B→D(KKππ)π (which we use to 
control our efficiencies)

• ~1000 B→D(KKππ)K events

• ~7000 B→D(KKππ)π events

Towards a measurement of CKM gamma
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B→DK B→Dπ

• Cleanly reconstruct B→D(KKππ)K decays and B→D(KKππ)π (which we use to 
control our efficiencies)

• ~1000 B→D(KKππ)K events

• ~7000 B→D(KKππ)π events
Signal Control Channel
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Towards γ with B±→D(KKππ)K±: Toy MC studies

58

Towards a measurement of CKM gamma

• Likelihood scan across δ and γ 

Toy

B+
B-

Combined

Can not resolve γ 
and δ with only B

+ or B-

Solution

• MC studies indicate 
that our method to 
cancel efficiency 
effects using 
B±→D(KKππ)K± 
works in principle.

• Expect a uncertainty of 
~20º from this mode - 
expect better from 
ππππ (more events), 
but need amplitude 
model, first.
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Summary

• High precision flavour physics sees beyond the energy frontier. The high NP mass 
scales towards which LHC’s recent results (LHCb’s precision results, the absence 
of direct production signals, ~126GeV Higgs) point make these measurements 
even more important. γ is key to the New Physics sensitivity of the flavour sector. 

• LHCb now has the world’s best γ measurement. Crucial for precision γ 
measurements are amplitude analyses (so far 3-body, soon also 4-body) and  
input from charm threshold (CLEO-c, BES III)

• Same input also applies to experimentally closely related, but theoretically very 
different precision measurements of CP violation in charm, with their own, unique 
sensitivity to NP, e.g. in FCNCs of up-type quarks.

• The LHCb upgrade provides the opportunity towards sub-1º precision on γ and 
precision in charm reaching down to the SM values.
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S M

Summary
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and LHCb upgrade

with CLEO-c

and BES III
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Exploiting Quantum Correlations at CLEO-c

• CP-tagged rates 

         ∝ (1 ± 2 rDKπ cos δDKπ ±y)

• Combined analysis in many modes 
sensitive to δDKπ w/o ambiguity.

• Crucial input to charm mixing 
measurements, as well as helping 
measure γ

• Result:

62

The Quantum Correlation Analysis
Change basis to ⇥(3770) � D1D2

CP structure of initial state modifies production rates for double tag
events; factors depend on x , y , �, DCSD decay rate

Use external inputs for weakly-measured parameters

DT rates relative to
uncorrelated decays

PRL 100, 221801

CLEO-c 281 pb�1

Standard fit (external B, RM, RWS only)

95% C.L.: |�| < 75�

Also Extended fit (standard + external mixing)

95% C.L.: �� [⇥7�,+61�]

x sin �� [0.002,0.014]

Peter Onyisi Hadronic Charm Decays: Experimental Review ICHEP, 1 Aug 2008 7

PRL 100, 221801 (2008), PRD 78, 012001 (2008)

���K⇡
�� =

�
10 +28 +13

�53 �0

�0

Phys.Rev. D86 (2012) 112001

�K⇡ =
�
18 +11

–17

�0
(including input from charm mixing - excluding that (and thus 
allowing the result to be used as independent input to mixing 
measurements) gives:

http://link.aps.org/doi/10.1103/PhysRevLett.100.221801
http://link.aps.org/doi/10.1103/PhysRevLett.100.221801
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Charm Mixing

63

Mixing Theory 

Mix&

CF&

DCS&

Right&Sign&Decays&
&D0$6>$K6$π+π6π+$

DCS&

Mix& CF&

Wrong&Sign&Decays&
&D0$6>$K+$π6π+π6$

2&

RK3π$–$Coherence$Factor$
δK3π$–$Ave$Strong$Phase$Diff$
x,$y$–$Mixing$Parameters$
rK3π$–$RaKo$of$CF$to$DCS$From Sam’s talk at the LHCb s/w and analysis week Jan 2013

Highly Suppressed

Favo
ured

time-dependent

The interference term in this time-
dependent decay rate tells us a lot 
about D→Kπππ that we need for γ
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Charm Mixing
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Mixing Significance 
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•  By$looking$at$the$difference$between$the$chi2$of$mixing$and$null$hypothesis$we$
have$determined$the$mixing$significance.$

Significance&=&2.8σ&

LHCb&Preliminary&

•  Although$we’re$not$able$to$compete$with$other$analyses,$it’s$a$nice$cross$
check$to$measure$the$parameter$Rm$=$½(x2+y2)$by$leing$x$and$y$float.$$
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It’s mixing, but not about mixing.

• K3π is not really the best way to constrain mixing. Not as precise as Kπ, and 
we depend on additional, not precisely known parameters:

• Turn this into our advantage - use others’ precise mixing measurement as input 
and measure those additional parameter that also affect the γ measurement:

• So we measure

• r2K3π, the ratio of DCS to CF decay rates (w/o mixing) 

• We put a 2-D constraint on the coherence factor RK3π and the average 
strong phase difference δK3π.
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Status (All results from 2011 data only)

65

Cleo%c'
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• Tom Hampson’s thesis (nearly finalised):   r2K3π = (0.341 ± 0.018)%  
from this follows: BR(D0 → K+π−π+π−) via DCS = (2.75 ± 0.16) × 10−4

Compare to PDG (from time-integrated measurements) BR = (2.69+0.2 –0.19 ) × 10−4

• Constraint on coherence factor and strong phase

• To do: Main task: include efficiency effects on the coherence factor analysis (in 
progress, Sam already has a remarkably good 5-D parameterisation).
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Coherence Factor Analysis of:

• Treat K3π like two-body decay with single effective strong phase δD.

• New parameter: Coherence factor R < 1. 

• CLEO-c’s coherent ψ(3770)→DD events allow measurement of R, δD.

Atwood, Soni: Phys.Rev. D68 (2003) 033003

Measuring � with B±� D0K± events
No tagging required!
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Phys.Rev.D80:031105,2009

http://arxiv.org/abs/hep-ph/0304085
http://arxiv.org/abs/hep-ph/0304085
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=arXiv:0903.4853
http://www-spires.dur.ac.uk/spires/find/hep/www?eprint=arXiv:0903.4853
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Coherence Factor Analysis of:

• Treat K3π like two-body decay with single effective strong phase 
δD.

• New parameter: Coherence factor R < 1. 

• CLEO-c’s coherent ψ(3770)→DD events allow measurement of R, 
δD - important input for LHCb

Atwood, Soni: Phys.Rev. D68 (2003) 033003



 RK3π π π π 
 RK3ππππ δδδδD

Κ3πΚ3πΚ3πΚ3π 
D0D0 
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D→K3π events at CLEO
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• For a combined analysis of     
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badly known

Low coherence preferred

RK3 being low means interference term  0, giving rates high sensitivity to 

rB,  which is very valuable constraint for sister BDK analyses !

• Low value preferred. This 
channel on its own would not 
be very sensitive to !.

• For a combined analysis of     
B±→DK± modes, this provides 
powerful constraints.

• At LHCb, using B±→D(hh)K±, B±→D(Kπππ)K±, for 2/fb (average year): This 
input improves σ(γ) from 9.5º to 7.9º.    (typical values used - exact size of improvement 
depends on input parameters and can be larger as well as smaller).

1, 2, 3 σ CL
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Kππº Coherence Factor


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 



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
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0 o

This is good news for  measurement as ADS interference term will be large.

Very coherent 

(almost at ‘two body’ limit!)
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



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



RK = 0.84 ± 0.070

K = (227      )
+14
-17

0 o

This is good news for  measurement as ADS interference term will be large.

Very coherent 

(almost at ‘two body’ limit!)

Very coherent!

Expect significant further 
improvement (not evaluated 

at LHCb, yet)1, 2, 3 σ CL
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LHCb’s γ combination

• LHCb combines inputs 
from 
B±→(hh’)DK±

B±→(KSππ)DK±

B±→(KSKK)DK±

B±→(Kπππ)DK±

• Result:

• More channels and 
more data to be added, 
soon.
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technique & 2011 results: arXiv:1305.2050 (2013)
2012 data: LHCb-CONF_2013-006) (in preparation)

γ combination B± → DK± combination (incl. 2012 data)

B± → DK±: contours
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γ combination B± → DK± combination (incl. 2012 data)
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γ combination B± → DK± combination (incl. 2012 data)

B± → DK± results: rB, δB, γ
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Searches for CPV by comparing binned Dalitz plots

• Compare yields in 
CP-conjugate bins

• Calculate p-value for 
no-CPV hypothesis 
based on

• Model independent. 
Many production and 
detection effects cancel.

changing sign from left to right. This sign change means
the CPV causes only a 0.1% difference in the total decay
rate between Dþ and D". This illustrates the strength of
our method, as the asymmetry would be much more diffi-
cult to detect in a measurement that was integrated over the
Dalitz plot. Even with no systematic uncertainties, to see a
0.1% asymmetry at the 3! level would require 2:25# 106

events. With the method and much smaller data set used
here we would observe this signal at the 3! level with 76%
probability, as shown in Table IV below.

The sensitivity to a particular manifestation of CPV
depends on the choice of binning. The fact that the
CP-violating region in most of the pseudo-experiments
covers a broad area of the Dalitz plot suggests that the
optimal number of bins for this type of asymmetry is low.
Each bin adds a degree of freedom without changing the "2

value for consistency with no CPV. However, if CP asym-
metries change sign within a bin, they will not be seen.
Similarly, the sensitivity is reduced if only a small part
of a large bin has any CPV in it. To avoid effects due
to excessive fluctuations, bins that contain fewer than
50 candidates are not used anywhere in the analysis.
Such bins are very rare.

The binnings are chosen to reflect the highly nonuniform
structure of the Dalitz plot. A simple adaptive binning
algorithm was devised to define binnings of approximately
equal population without separating Dþ and D". Two bin-
nings that are found to have good sensitivity to the simu-
lated asymmetries contain 25 bins (‘‘Adaptive I’’) arranged
as shown in Fig. 4(a), and 106 bins (‘‘Adaptive II’’) arranged
as shown in Fig. 4(b). For Adaptive I, a simulation of the
relative value of the strong phase across the Dalitz plot in
the CLEO-c amplitude model is used to refine the results
of the algorithm: if the strong phase varies significantly
across a bin, CP asymmetries are more likely to change
sign. Therefore the bin boundaries are adjusted to minimize
changes in the strong phase within bins. The model-
dependence of this simulation could, in principle, influence
the binning and therefore the sensitivity to CPV, but it
cannot introduce model-dependence into the final results
as no artificial signal could result purely from the choice of
binning. Two further binning schemes, ‘‘Uniform I’’ and
‘‘Uniform II,’’ are defined. These use regular arrays of
rectangular bins of equal size.
The adaptive binnings are used to determine the sensi-

tivity to several manifestations of CPV. With 200 test
experiments of approximately the same size as the signal
sample in data, including no asymmetries, no CP-violating
signals are observed at the 3! level with Adaptive I or
Adaptive II. The expectation is 0.3.
With the chosen binnings, a number of sets of 100

pseudo-experiments with different CP-violating asymme-
tries are produced. The probability of observing a given
signal in either the #ð1020Þ or $ð800Þ resonances with 3!
significance is calculated in samples of the same size as the
data set. The results are given in Table IV. The CPV shows
up both in the "2=ndf and in the width of the fitted SCP

distribution.
For comparison, the asymmetries in the # phase and

$ magnitude measured by the CLEO Collaboration
using the same amplitude model were ð6& 6þ0þ6

"2"2Þ' and
ð"12& 12þ6þ2

"1"10Þ%, [15] where the uncertainties are sta-
tistical, systematic and model-dependent, respectively.

TABLE IV. Results from sets of 100 pseudo-experiments with
different CP asymmetries and Adaptive I and II binnings. pð3!Þ
is the probability of a 3! observation of CPV. hSi is the mean
significance with which CPV is observed.

CPV Adaptive I Adaptive II
pð3!Þ hSi pð3!Þ hSi

No CPV 0 0:84! 1% 0:84!
6' in #ð1020Þ phase 99% 7:0! 98% 5:2!
5' in #ð1020Þ phase 97% 5:5! 79% 3:8!
4' in #ð1020Þ phase 76% 3:8! 41% 2:7!
3' in #ð1020Þ phase 38% 2:8! 12% 1:9!
2' in #ð1020Þ phase 5% 1:6! 2% 1:2!
6.3% in $ð800Þ magnitude 16% 1:9! 24% 2:2!
11% in $ð800Þ magnitude 83% 4:2! 95% 5:6!

)4/c2 (GeV2
+π-Km

0.5 1 1.5 2

)4
/c2

 (G
eV

2
+

K-
K

m

1

1.5

2

2.5

3

1

10

210

310LHCb
(a)

)4/c2 (GeV2
+π-Km

0.5 1 1.5 2

)4
/c2

 (G
eV

2
+

K-
K

m

1

1.5

2

2.5

3

1

10

210

310LHCb
(b)

FIG. 4 (color online). Layout of the (a) ‘‘Adaptive I’’ and (b) ‘‘Adaptive II’’ binnings on the Dalitz plot of data.
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1 Introduction

In the Standard Model (SM), CP violation in processes involving charm hadrons is small.
However, physics beyond the SM can significantly enhance the rate of CP violation [1]
making the charm sector a promising area to search for increased CP violation.

The LHCb collaboration has recently found first evidence for CP violation (CPV) in
the charm sector in D0 ! ⇡+⇡�, D0 ! K+K� decays [2], at the level of 0.8%. Several
potential explanations for such a level of CP violation in charm have been put forward,
including physics beyond the SM as well as SM sources of CP violation [3,4]. This note
describes a complementary search for CPV in D0 ! ⇡�⇡+⇡+⇡� decays. D0 ! ⇡�⇡+⇡+⇡�

occurs through a variety of intermediate resonances (predominantly D0 ! ⇢0⇢0 and D0

! a
1

(1260)+⇡�) resulting in a rich structure of interfering amplitudes. These can be
studied in a four-body generalisation of the Dalitz plot, which now has five instead of two
dimensions.

In this study, we perform a model-independent search for CP violating variations in the
shape of this five-dimensional phase space distribution, in a similar manner as suggested
for Dalitz plots in [5]. Our study is therefore sensitive to local CP violation e↵ects across
phase space. On the other hand, we do not compare the total decay rates, making us
insensitive to global CP asymmetries, but also to global production and detection e↵ects.

Our study uses the decay D⇤+ ! D0(⇡�⇡+⇡+⇡�)⇡+

s , where the charge of the slow
pion (⇡+

s ) tags the flavour of the D0.
The five-dimensional phase space for the D0 ! ⇡�⇡+⇡+⇡� decay is divided into bins,

and the D0 and D0 decay rates to CP -conjugate bins are compared. The following CP
asymmetry variable is defined [5–7] for each pair of CP -conjugate bins:

Si
CP =

N i(D0)� ↵N i(D0)q
N i(D0) + ↵2N i(D0)

, ↵ =

P
i N

i(D0)
P

i N
i(D0)

, (1)

where N i(D0) is the number of D0 candidates in the ith bin and N i(D0) is the number of
candidates in the CP -conjugate bin, and ↵ is a normalisation constant. This normalisation
makes the method insensitive to global asymmetries.

In the absence of CPV, the Si
CP values for all bins in phase space result in a Gaussian

distribution, with mean 0 and width 1. Any significant deviation from this distribution is
evidence for local asymmetries.

The degree of asymmetry is quantified by calculating the �2 and its probability value
under the hypothesis of no CPV,

�2 =
X

i

(Si
CP )

2, (2)

N
dof

= N
bins

� 1. (3)

The number of degrees of freedom is equal to the number of bins subtracting one for
the normalisation constraint.

1

respectively. The samples are separated according to
the magnet polarity and the same studies are repeated. In
all cases the p-values are consistent with no CPV, with
values ranging from 4% to 99%. We conclude that there is
no evidence for CPV in our data sample of Dþ !
K"Kþ!þ.

VI. CONCLUSION

Because of the rich structure of their Dalitz plots, three-
body charm decays are sensitive to CP violating phases
within and beyond the standard model. Here, a model-
independent search for direct CP violation is performed
in the Cabibbo-suppressed decay Dþ ! K"Kþ!þ with
35 pb"1 of data collected by the LHCb experiment, and no
evidence for CPV is found. Several binnings are used to
compare normalized Dþ and D" Dalitz plot distributions.
This technique is validated with large numbers of simu-
lated pseudo-experiments and with Cabibbo favored con-
trol channels from the data: no false positive signals are
seen. To our knowledge this is the first time a search for
CPV is performed using adaptive bins which reflect the
structure of the Dalitz plot.

Monte Carlo simulations illustrate that large localized
asymmetries can occur without causing detectable

differences in integrated decay rates. The technique used
here is shown to be sensitive to such asymmetries.
Assuming the decay model, efficiency parameterization
and background model described in Sec. III we would be
90% confident of seeing a CP violating difference of either
5# in the phase of the "!þ or 11% in the magnitude of the
#ð800ÞKþ with 3$ significance. Since we find no evidence
of CPV, effects of this size are unlikely to exist.
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FIG. 8. Distribution of Si
CP fitted to Gaussian functions, for (a) ‘‘Adaptive I,’’ (b) ‘‘Adaptive II,’’ (c) ‘‘Uniform I’’ and (d) ‘‘Uniform

II.’’ The fit results are given in Table IX.
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p=11%

330k D+→K–K+π+ in 35/pb

~180k D*+→Dºπ, Dº→ππππ in 1/fb

5-dim. 
“Dalitz” plot, 

binned.

Table 3: p-values in D0 ! ⇡�⇡+⇡+⇡�.

Bins p-values (%)
15 97.1
29 95.6
66 99.8

Table 4: p-values under the no CPV hypothesis of D0 ! ⇡�⇡+⇡+⇡� decays for 10 time
ordered equal sized datasets. Results are quoted separately for magnet down and magnet
up data.

p-values (%)
data subset Magnet down Magnet up

1 9.15 11.0
2 15.3 81.1
3 91.4 75.9
4 76.7 86.1
5 1.59 18.3
6 35.6 50.8
7 5.77 99.8
8 40.6 26.0
9 76.8 71.1
10 17.8 66.9

of 99.8%.
The result quoted was cross checked using 3 di↵erent adaptive binnings, the p-values

are shown in Table 3.
The stability of the result with time was checked by dividing the 2011 data taking
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Figure 5: SCP distribution of theD0 ! ⇡�⇡+⇡+⇡� decays for 66 adaptive bins. A Gaussian
distribution with the assumption of no CPV is shown in red as a reference.
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Figure 2: Simultaneous unbinned likelihood fit to the D0 mass (left) and the �m (right) of
D0 ! ⇡�⇡+⇡+⇡� candidates. The red line represents the signal shape, the green is the
combinatorial background and the purple the slow pion background. The mass window is
between the vertical dashed lines.

to describe the D0 ! ⇡�⇡+⇡+⇡� phase space, these are shown in Fig. 3. The ordering of
same sign particles is randomised. Therefore, no significant di↵erence between the two
⇡+⇡� invariant mass squared distributions is expected.

3.1 Binning strategy

Applying a uniform binning across 5D phase space would result in many empty bins so an
adaptive binning approach is applied. We define a minimum and maximum number of
entries a single bin can have. The binning algorithm creates 5D hypercube bins across
phase space in terms of the 5 invariant mass combinations. The algorithm first creates a
single 5D bin to cover the whole of phase space. This bin is then divided in each of the 5
invariant mass combinations used, resulting in 32 bins. Each of the resulting 5D bins is
then either further divided or merged with another bin based on the number of entries in
that bin. This process continues until the number of entries in each bin is between the
miniumum and maximum entries defined. This technique results in fine binning across well
populated areas of phase space and large bins across less populated areas. To calculate
the �2 and p-values under the no CPV hypothesis all bins are required to have at least 20
entries.

3.2 Sensitivity Study

Pseudo-experiments are carried out to test the sensitivity of the method and the dependency
of the sensitivity on the number of bins used.

Events are generated according to the model in Ref [12]. Phase and amplitude
di↵erences between D0 and D0 are introduced in the ⇢0⇢0 and a

1

(1260)+⇡� intermediate
states. Figure 4 shows the SCP distributions in the case of no CPV and for the case of a
CP violating phase di↵erence between the D0 and D0 decays in the ⇢0⇢0 resonance of 10�.

4

For sample 2, the yield cannot be taken directly from
the fit, because there is a mass cut in the HLT2 line that
accepts the majority of the signal, selecting events in a
!25 MeV=c2 window around the nominal value.
However, another HLT2 line with a looser mass cut that
is otherwise identical to the main HLT2 line exists,
although only one event in 100 is retained. In this line
the purity is found to be the same in sample 2 as in sample
3. The yield in sample 2 is then inferred as the total (Sþ B)
in all allowed triggers in the mass window times the purity
in sample 3. Thus the overall yield of signal Dþ !
K#Kþ!þ candidates in the three samples within the
mass window is approximately 370 000. The total number
of candidates (Sþ B) in each decay mode used in the
analysis are given in Table II. The Dalitz plot of data in
the Dþ window is shown in Fig. 2.

Within the 2" Dþ ! K#Kþ!þ mass window, about
8.6% of events are background. Apart from random
three-body track combinations, charm backgrounds and
two-body resonances plus one track are expected. Charm
reflections appear when a particle is wrongly identified
in a true charm three-body decay and/or a track in a four-
body charm decay is lost. The main three-body reflection
in the K#Kþ!þ spectrum is the Cabibbo-favored Dþ !
K#!þ!þ, where the incorrect assignment of the kaon
mass to the pion leads to a distribution that partially over-
laps with the Dþ

s ! K#Kþ!þ signal region, but not with
Dþ ! K#Kþ!þ. The four-body, Cabibbo-favored mode
D0 ! K#!þ!#!þ where a !þ is lost and the !# is
misidentified as a K# will appear broadly distributed in
K#Kþ!þ mass, but its resonances could create structures
in the Dalitz plot. Similarly, !K$ð892Þ0 and # resonances
from the PVmisreconstructed with a random track forming
a three-body vertex will also appear.

TABLE I. Yield (S) and purity for samples 1 and 3 after the
final selection. The purity is estimated in the 2" mass window.

Decay Yield Purity

Sample 1þ 3 Sample 1 Sample 3
Dþ ! K#Kþ!þ ð3:284! 0:006Þ ' 105 88% 92%
Dþ

s ! K#Kþ!þ ð4:615! 0:012Þ ' 105 89% 92%
Dþ ! K#!þ!þ ð3:3777! 0:0037Þ ' 106 98% 98%
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FIG. 1 (color online). Fitted mass spectra of (a) K#!þ!þ and (b) K#Kþ!þ candidates from samples 1 and 3, Dþ and D#

combined. The signal mass windows and sidebands defined in the text are labeled.

TABLE II. Number of candidates (Sþ B) in the signal win-
dows shown in Fig. 1 after the final selection, for use in the
subsequent analysis.

Sample 1 Sample 2 Sample 3 Total

Dþ ! K#Kþ!þ 84 667 65 781 253 446 403 894
Dþ

s ! K#Kþ!þ 126 206 91 664 346 068 563 938
Dþ ! K#!þ!þ 858 356 687 197 2 294 315 3 839 868
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FIG. 2 (color online). Dalitz plot of the Dþ ! K#Kþ!þ

decay for selected candidates in the signal window. The vertical
!K$ð892Þ0 and horizontal #ð1020Þ contributions are clearly vis-
ible in the data.

R. AAIJ et al. PHYSICAL REVIEW D 84, 112008 (2011)

112008-6

LHCb-CONF-2012-019

http://link.aps.org/doi/10.1103/PhysRevD.84.112008
http://link.aps.org/doi/10.1103/PhysRevD.84.112008
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The LHCb collaboration
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• 15 countries

• 52 institutes

• 660 members

• ...small and beautiful, by LHC standards.

• Comprehensive flavour physics 
programme, highly sensitive to NP...

• ... includes, amongst many important 
measurements, a precision measurement 
of γ (aim: few degrees)
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at the LHC

The dedicated B-
physics detector at
the LHC
• Detector op-

timised for B
physics.

• Detector geome-
try for maximum
B-coverage.

• Special skill:
Particle identifi-
cation (RICH)

8

Interaction 
point, 

surrounded 
by Si tracker

RICH I RICH IIMagnet
Tracking  Tracking ECAL, HCAL

Muons

LHCb
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Figure 3: Five independent invariant mass squared projections for D0 ! ⇡�⇡+⇡+⇡�

cadidates used to define the five-dimensional phase space.

The SCP distribution generated with a CP violating phase (crosses) deviates significantly
from the expected distribution for the case of no CP violation (line). Table 1 shows the
resulting p-values calculated from applying the method to the generated sample with
di↵erent CP violating parameters introduced between the D0 and D0 decays. With the
number of events available, the method is sensitive to CPV with a phase di↵erence O(10�)
or a magnitude of O(10%).

Based on the results of the sensitivity study we choose to use 66 adaptive bins to
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LHCb’s special skills

• The location: 100,000 b-bbar pairs per second at the 
LHCb interaction point ⇒ vast quantities of all b-hadron 
species (Bd, Bs, ...)

• The geometry: optimised to capture as many B mesons 
as possible.

• The VELO - a vertex detector INSIDE the beampipe, for 
excellent impact parameter and decay lengths resolution

• A Ring Imaging Cherenkov detector (RICH) that provides 
particle identification.

at the LHC

The dedicated B-
physics detector at
the LHC
• Detector op-

timised for B
physics.

• Detector geome-
try for maximum
B-coverage.

• Special skill:
Particle identifi-
cation (RICH)
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The “Unitarity Triangle” represents key parameters of 
the Standard Model description of CP violation.

77

If the Standard Model is correct, we should get consistent constraints on the apex of the triangle. 
Shaded areas identify constraints from different sources (95% CL). (Yellow: “loops”, others “trees”.)
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S M

The proposed research will dramatically improve the 
precision on γ
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... which could lead to a long sought-after inconsistency, indicating 
the breakdown of the Standard model.
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S M

Measuring γ.

• LHCb has already the most 
precise gamma measurements

• With more channels, including 4-
body channels, we should be 
able to reach ~10º.

• ...
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Summary

• What high energy does for the “high-pt” physics, is high statistics for flavour 
physics.  Both increase the mass-range of New Physics we can access, but 
provide complementary information about that physics. 

• The LHC delivers both: Unprecedented energy and unprecedented statistics. 
LHCb is the experiment optimised for flavour physics at the LHC.

• LHC and LHCb performing well, LHCb physics programme can cope 
comparably well with reduced energy and luminosity (only relatively small cost 
in heavy flavour yields - partially recovered with to loser trigger threshold -  
might even benefit charm physics).

• 1/fb is enough to give the Standard Model a few serious blows from flavour 
physics - either that, or we will start ruling out some of its most highly-regarded 
alternatives.
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Flavour agenda at ESPP
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Standard Model in the broad particle physics context.

Then, options for future projects at the highest energies and major projects in flavour physics are discussed. 
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Discussions were dominated by: what does the 
Higgs (like) discovery mean for the next collider?

83

Reliable 
Technol 
- TESTS 

SITE 
Ready 

Need 
of 
R&D 

 First 
HIGGS 
Boson 
(today 
T0) 

COST 
Within 
50% conf. 
level 

FUTURE 
energy 
UPGRADE 

ILC 2012 Japan? X 2020 5 1 TeV 
CLIC - 
klystrons 

2014 GREEN XX 2022 5 3 TeV 

LEP3 2012  2020 X 2024 2 250 GeV 
SuperTRISTAN 2012 GREEN X 2022 3 500 GeV 
SAPPHIRE 2016  2016 XXX 2022 ? 160 GeV 
New  2016 GREEN XXX >2022 ? 160 GeV 
Muon collider 2020 GREEN XXXX  2025 ? 3 TeV 

Comparison of possible HIGGS factories at the lowest energy 
 250 GeV for e+e-, 160 GeV for g-g 
 

12/09/12 Krakow – ESG                                                                     
C.Biscari - "High Energy Accelerators"  
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Build a Higgs factory now?

Or wait until the LHC has studied Higgs 
and possible new particles before deciding 
on the next collider project?



Jonas Rademacker       PPAP community meeting in preparation for PP roadmap drafting, Birmingham 17-18 Sep 2012     Summary of Flavour issues at ESPP Symposium, Krakow

One suggestion made some waves:

84

ILC Plan in Japan�

► Japanese HEP community proposes to host ILC 
based on the “staging scenario” to the Japanese 
Government. 
!  ILC starts as a 250GeV Higgs factory, and will evolve 

to a 500GeV machine. 
!  Technical extendability to 1TeV is to be preserved. 

► It is assumed that one half of the cost of the 
500GeV machine is to be covered by Japanese 
Government. However, the share has to be 
referred to inter-governmental negotiation.�
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Higgs factory / ILC

85

�

�

�

Answers'to'Tatsuya’s'ques0ons�

�

<'2030�

Would Japan put up 
the full cost for the 250 

GeV Higgs factory?
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What has Higgs factory got to do with flavour?

• As flavour physicists, we should be delighted to get some help with, and a 
lot of enthusiasm for, the precise investigation of Higgs Yukawa couplings. 

• Both approaches investigate these terms. Off-diagonal Yukawa couplings 
are responsible for flavour changes. Higgs factory measures the rest.

• Full set of measurements clearly essential for our understanding of the SM 
and, even more importantly, highly sensitive to physics beyond the SM - 
the common main target. Both approaches share the need for very high 
precision to maximise BSM sensitivity.

86

Gino Isidori
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Complementarity between precision flavour and 
direct searches

87

3 

If the energy of the particle collisions is high enough, we can discover NP detecting the 
production of  “real” new particles.  

If the precision of the measurements is high enough, we can discover NP due to the 
effect of  “virtual” new particles in loops. 

Contrary to what happens in “non-broken” gauge theories like QED or QCD, the effect 
of heavy (M>q2) new particles does not decouple in weak and Yukawa interactions.  

Therefore, precision measurements of FCNC can reveal NP that may be well above the 
TeV scale, or can provide key information on the couplings and phases of these new 
particles if they are visible at the TeV scale. 

? 

Bs ! µ+µ-  Higgs “Penguin” 

Z0,H0 

�F=1 
�F=2 

Direct and indirect searches are both needed and equally important, complementing each other. 

Frederic Teubert: 

Flavour & symmetries, 

experimental results
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New Physics

88

The non-observation of NP in direct searches, as well as the mass of 
the Higgs, suggest an unexpectedly high mass scale...
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Luis Alvarez-Gaume 12

It deserves a nice mausoleum...

Here lies
Naturalness

Tuesday, 11 September, 2012

Luis Alvarez-Gaume: Theory
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Naturalness vs Flavour Problem

89
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So far, no significant signs for NP from direct searches at LHC while a Higgs-like boson has 
been found with a mass of ~125 GeV/c2. 
 
Before LHC, expectations were that “naturally” the masses of the new particles would have 
to be light in order to reduce the “fine tuning” of the EW energy scale. However, the 
absence of NP effects observed in flavour physics implies some level of “fine tuning” in the 
flavour sector ! NP FLAVOUR PROBLEM ! Minimal Flavour Violation (MFV). 
 
As we push the energy scale of NP higher (within MSSM the measured value of the Higgs 
mass pushes the scale up), the NP FLAVOUR PROBLEM is reduced, hypothesis like MFV 
look less likely ! chances to see NP in flavour physics have, in fact, increased! 
 
 

N.Arkani-Hamed, 
Intensity Frontier 
Workshop (Nov 

2011, Washington) 

arXiv:1205.709 
Fine tuning to Higgs mass 

Fine tuning to K mixing 

Fine tuning to �!e� 

mH=125 GeV/c2 
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Frederic Teubert: 

Flavour & symmetries, 

experimental results
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Recent experimental results (F. Teubert)

• Recent heavy flavour results dominated by LHCb. Data samples not only large, 
but also impressively clean, despite challenging environment.

• However, for channels with neutral/invisible particles in the final state the clean 
B-factory environment is an advantage.

90

6 

Common “past” knowledge:  
lepton colliders ! precision measurements vs hadron colliders ! discovery machines 
After the achievements at the TeVatron in precision EW measurements (W mass) and B-physics 
results (�Ms) and in particular the astonishing initial performance of LHCb, I think the above 
mantra is over simplistic and not true. 
Lepton colliders have the advantage of a known CoM energy, and high luminosities  
(1034-1036) cm-2s. However, at the Y(4S) only B(d,u) mesons are produced.  

Hadron colliders have a very large cross-section (�bb(LHC7)~3x105�bb(Y(4S))), very 
performing detectors and trigger system. Effective tagging efficiency is typically x10 better at 
lepton colliders. 
Rule of thumb:  
           1/fb at 7TeV at LHCb is equivalent to (1-5)/ab at the B-factories before tagging. 

B±![π-K+]Dπ± 

B-![π-K+]Dπ- 

BaBar 

arXiv:1203.3662 arXiv:1006.4241 

Energy-substituted mass (GeV/c2) Invariant mass (MeV/c2) 

*

*)  Will get twice the heavy flavour x-section at 14 TeV, so this is effectively ca 10% of projected LHCb data (before upgrade)

Frederic Teubert: 

Flavour & symmetries, 

experimental results
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Flavour Results

• A large number of LHCb results in B±, Bd, Bs decays, destroying many dreams of 
new physics esp in the Bs system (for Bs→μμ, also big contribution from CMS). 

• B-factories, having completed data taking, continue to produce important 
results, incl. B→τν, which is now within ~1.2σ of CKM fit.

• Charm physics, incl CPV (1st evidence at LHCb, confirmed by CDF). NP or SM?

• Precision Kaon physics, incl. 1st results from NA62 (which is under construction!)

• CLFV limits from B-factories (τ), and dedicated μ→e experiments (MEG)

• μ, e g-2 and EDM: hint of NP: Δaμ= (287±80)x10–11 (3.6σ) at E821 (Brookhaven), 
also best limit on |dμ|<1.9x10–19 e cm
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Frederic Teubert discusses an impressive set of recent flavour results, including:
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What next?

92
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Flavour Future

• UK/PPAP input to ESPP: Recommendations on flavour (there is more text in 
the document):

• The highest priority is to fully exploit the capabilities of the current LHCb 
detector so as to maximise its scientific output, especially in probing BSM 
physics. In addition, investment should be made in the LHCb upgrade to 
enable full exploitation of the LHC flavour physics potential.

• Precision experiments in the bottom, charm, kaon, tau and muon sectors 
that bring complementarity and breadth to the global physics programme 
should be pursued, along with the associated theoretical work to maximise 
their impact; global coordination of national- or regional-scale programmes 
would be desirable.
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Flavour Future
• Talk on future facilities talk ran out of time before discussing flavour - the extra 

time given, concentrated on LHCb upgrade and Super Flavour Factories:

94

Concluding&remarks&on&heavy&flavour&

•  LHCb&upgrade&and&next&genera,on&B&factory&physics&
programmes&are&largely&complementary&

–  LHCb&dominates&most&measurements&with&B
s
,&b:baryons,&decays&

to&final&states&consis,ng&en,rely&of&charged&par,cles&

–  Next&genera,on&B&factory&dominates&measurements&in&final&

states&containing&invisible&or&neutral&par,cles&

•  Both&are&likely&to&make&important&contribu,ons&

•  Physics&programme&of&next&genera,on&B&factories&consists&

largely&of&refining&measurements&and&searches&for&rare&

decays&

–  No&guarantee&of&BSM&effects&–&maybe&results&will&be&“only”&

improved&limits?&

–  Mo,va,on&for&two&facili,es&(SuperKEKB&and&Super:B)?&

•  C.f.&when&the&first&genera,on&B&factories&were&proposed&&
•  A&major&new&observa,on&was&expected&(CPV&in&B

0
)&

–  Natural&to&have&two&experiments&to&confirm&discovery&and&cross&check&

subsequent&measurements&

42&

Terry Wyatt: 
Next Step Facilities 
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Gino Isidori’s top-10 flavour changing 
measurements

95

G. Isidori –  Symmetry Physics Implications                                  ESPP Open Symposium [Cracow, 10-12 Sep. 2011]

Additional material

Top-10 list of key flavor-changing measurements [a (motivated) personal choice] 

B(μ → eγ) SES < 10
-13

B(μN → eN) SES < 10
-16

B(τ → μγ) SES < 10
-9

B(Bs → μ
+
μ-)   σ

rel
 < 5%

ϕs σ <  0.01

B(K
+
→ π

+
νν) or B(K

L
 → π

0
νν) σ

rel
 < 5%

B(B
+
 → l

+
ν) σ

rel
 < 5%

a
CP

(D → ππγ)    σ
rel

 < 0.5% 

|Vub|    σ
rel

 < 5%

γ
CKM

σ < 1
o

N.B.: the observables 

are not listed in 

order of importance

cLFV
Bs
K
D B+

B
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Flavour Future

96

35 

 
A large part of this program can be performed with upgrades of 
existing “large” experiments (S-LHCb, Belle-2) while new “smaller” 
experiments are being proposed for Kaons, LFV and EDM 
measurements.  
 
There is a priory as many good reasons to find NP by measuring 
precisely the Higgs couplings as by precision measurements in the 
flavour sector!  
 
We don’t know yet what is the scale of NP! cast a wide net! 
 
 

34 

Interest in precision flavour measurements is stronger than ever. 
In some sense it would have been very “unnatural” to find NP at 
LHC7 from direct searches with the SM CKM structure.  
 
There are few interesting anomalies, most notably the observation 
of a large direct CP violation in charm decays, but in general the 
agreement with the SM is excellent ! large NP contributions 
ruled out in many cases. 
 
In my opinion, our best chances to find NP in flavour physics are: 

 - Precise determination of (�,
) with tree level processes. 
 - Precise determination of CP-violating in�B=2 processes. 
 - Improved precision in rare penguins �F=1 processes. 
 - LFV in muon and tau decays. 
 - EDM  

34 

Interest in precision flavour measurements is stronger than ever. 
In some sense it would have been very “unnatural” to find NP at 
LHC7 from direct searches with the SM CKM structure.  
 
There are few interesting anomalies, most notably the observation 
of a large direct CP violation in charm decays, but in general the 
agreement with the SM is excellent ! large NP contributions 
ruled out in many cases. 
 
In my opinion, our best chances to find NP in flavour physics are: 

 - Precise determination of (�,
) with tree level processes. 
 - Precise determination of CP-violating in�B=2 processes. 
 - Improved precision in rare penguins �F=1 processes. 
 - LFV in muon and tau decays. 
 - EDM  

Frederic Teubert: 

Flavour & symmetries, 

experimental results



Jonas Rademacker       PPAP community meeting in preparation for PP roadmap drafting, Birmingham 17-18 Sep 2012     Summary of Flavour issues at ESPP Symposium, Krakow

Future Flavour Experiments

97

128M ψ(3770)→DD (25 x CLEO-
c) and other charm, τD τ

K

BDτ

12 13 14 15 16 17 18 19 20 21 22

BELLE IIconstruction 50 ab–1 (30 × B-fact)

Super-B 75 ab–1 at ϒ(4S) (50 × B-fact)
1 ab–1at ψ(3770), and other ϒ

LHCb-UpgradeLHCb LHCb

BES III

l±

Novosibirsk super τ-charm factory (don’t know timescale)

construction

1000 K+→π+ννORKA (Fermilab)construction

COMET (JPARC) COMET phase IISES < 3e–15 SES < 2.6e–17

Mu2e (Fermilab) SES < 2.4e–17

Muon g–2 (Fermilab)

SES < 1e–13 SES < 1e–14MEG (PSI)

μ→
e

g-2, μEDM precision 1.4e–7 
(4x better than prev)

Koto 1 (JPARC) potential upgrade to Koto 2 
for ~100 K0→π0νν1 K0→π0νν

NA62 (CERN)const. 100 K+→π+νν  L=50 × NA48 / 2 potential upgrade to search 
for K0→π0νν

potentially followed 
by PRISM

BR < 1e–16μ→eee (PSI)μ→eee BR < 1e–15

Muon g–2 (JPARC)

50 fb–1 (+ better trigger: 
10-20 × LHCb)
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T. Nakada (Introduction)� Open Symposium, Cracow, Poland, September 10-12, 2012� 4�

Roger Forty’s slide in 

Tatsuya Nakada’s 
closing talk.
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Towards a Strategic Plan
• Essential to maintain a diverse programme (B, D, K, charged leptons)

• Flavour experiments are typically on a smaller scale than Higgs/
neutrino, but  crucial for search for / understanding of new physics

• LHCb and its upgrade form an important part of the exploitation of the 
LHC

• An upgraded B factory will give complementary physics coverage

• CLFV (μ and τ) and EDM could provide a clean demonstration of new 
physics.

99

From Roger Forty’s 

slide in Tatsuya 

Nakada’s closing talk.
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• Flavour physics will let us see beyond the energy frontier, be it through a 
desert...

Flavour Physics
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Or to bring clarity into a thicket of new discoveries
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We have data!

102




 

  
Many ‘old friends’ rediscovered.  These are important detector calibration signals…

…but even more so, many are signal modes for indirect New Physics searches.
But all above collected with open trigger.  What happens when we start to veto ?

D*D0, D0K D0K0

D+KS cpK

D0K D0KK

D+K D+,DsKK
5/5/10 

Heavy Flavour Prospects in the 2010-11 Run                         
Guy Wilkinson, LHCC 7 

B+�J/!K+ candidate 

Primary vertex 

B decay vertex 

µ+ 

µ- 
K+ 

J/! 

B+ 

XY Projection 

[mm] 

[mm] 
Tracks from primary vertex 

Comfortably passes selection 
cuts devised prior to data taking 
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 


• Singly Cabibbo Suppressed decays – significant contribution
of gluonic Penguins gives clear ‘entry point’ for New Physics

• 3-body decays: analysis of Dalitz plane allows for many interference effects 
to be probed & is more robust against systematics than two-body rate analysis

Excellent candidate: D+K+K-+ with Ds
+K+K-+ & D+K-++ as control channels

Can be confident of acquiring signal sample of several million events in 100 pb-1

Again, order of magnitude increase on B-factories samples. 
Similar opportunities in many other D physics topics, eg. search for D0

?Of equal interest is search for direct CPV in charm.  Where to look?

D+KK
DsKK

D+K

~0.8 nb-1 DsKK

10

Ring Imaging Cherenkov Counters

RICH%1LHCb%data
(preliminary)

Kaon%ring

RICH%2LHCb%data
(preliminary)

Kaon%ring

� Orange points � photon hits
� Continuous lines � expected distribution 

for each particle hypothesis 

RICH2RICH1
Nov/Dec 2009
������

�������������	�

FPCP,%Torino,%Italy%25%2 29%May%2010
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


 


• Singly Cabibbo Suppressed decays – significant contribution
of gluonic Penguins gives clear ‘entry point’ for New Physics

• 3-body decays: analysis of Dalitz plane allows for many interference effects 
to be probed & is more robust against systematics than two-body rate analysis

Excellent candidate: D+K+K-+ with Ds
+K+K-+ & D+K-++ as control channels

Can be confident of acquiring signal sample of several million events in 100 pb-1

Again, order of magnitude increase on B-factories samples. 
Similar opportunities in many other D physics topics, eg. search for D0

?Of equal interest is search for direct CPV in charm.  Where to look?

D+KK
DsKK

D+K

~0.8 nb-1 DsKK

10

Ring Imaging Cherenkov Counters

RICH%1LHCb%data
(preliminary)

Kaon%ring

RICH%2LHCb%data
(preliminary)

Kaon%ring

� Orange points � photon hits
� Continuous lines � expected distribution 

for each particle hypothesis 

RICH2RICH1
Nov/Dec 2009
������

�������������	�

FPCP,%Torino,%Italy%25%2 29%May%2010
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 = 7 TeV Datas
Preliminary
LHCb

 0.6 MeV! = 1.46 Gauss�

 0.05 MeV! = 1019.42 0m

 57.9.3! = 10,378.1 SignalN

65 µb-1                         

Peak seen cutting only 
using Particle ID 

m(pdg) = 1019.455±0.020 MeV 
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Dessert
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γ and Δm projections for 2015

γ
LHCb, 10fb–1 (ca 2015): σγ(direct, tree)        ≈ 2º-3º
                                      σγ(from side, loop)  ≈ 1º-2º
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γ and Δm projections for 2015

γ

Or, if we are unlucky

LHCb, 10fb–1 (ca 2015): σγ(direct, tree)        ≈ 2º-3º
                                      σγ(from side, loop)  ≈ 1º-2º
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LHCb & CLEO-c & γ

��⎞⎛
�

1

LHCb
CLEO-c

2º–3º

• Combining tree-level γ modes, LHCb 
expects with 10/fb (5 years):

σγ≈ 2º–3º

• B±→DK± and Bº→DK*º modes have 
a weight of ca 70% in that result.

• Cleo replaces systematic with 
(smaller) statistical error. Equivalent 
to doubling LHCb’s statistics.
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•  Some loss in signal yield due to !s=7 TeV 
•  Release of trigger thresholds 
•  %"*,NC/%*L ~ 40-50% 
•  Expected 0.1 fb-1 of integrated luminosity 
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•  L close to design value 
•  %trig

charm ~ 10% 
•  %trig

B ~ 75-80% 
•  %trig

B!µX > 90% 
•  Expected 1 fb-1 of integrated luminosity 

Mainwork about LHCb key 
measurements 

(arXiv:0912.4179v2 [hep-ex]) 
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