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Why Charm? LHCb The Result Impact

Mixing in a Nutshell

I Neutral Mesons produced as flavor eigenstates
(
|D0〉, |D0〉

)
I Time Evolution:

i~
∂

∂t
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|D0〉
|D0〉

)
=
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M− i

2
Γ

)( |D0〉
|D0〉

)
I Mass/Lifetime Eigenstates: |D1,2〉 = p|D0〉 ± q|D0〉, |p|2 + |q|2 = 1

I m1,2 and Γ1,2 are eigenvalues of mixing Hamiltonian

I Mixing occurs when mass/lifetime 6=flavor eigenstates

x = m2−m1

Γ y = Γ2−Γ1

2Γ , Γ = Γ1+Γ2

2

I CPV in mixing occurs when
∣∣∣ qp ∣∣∣ 6= 1 and/or φ = arg

(
q
p

)
6= 0
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Why Charm Mixing?
I Only up-type quark system with

mixing/CPV

I Mixing enters at 1 loop level in SM,
GIM and CKM suppressed

I Non-perturbative long-range effects
may dominate short-range interactions,
difficult to calculate

I x , y ≤ O(10−3) in short distance,
max ∼ O(10−2) in long distance

I CPV expected to be ≤ O(10−3) in SM

I If CPV observed at O(10−2)
→ New Physics (NP)

What and Why How Background Studies Next Steps and Proposal
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VELO:

20 µm IP resolution
0.1 σ(τD0)

RICH: K/π Separation

Eur. Phys. J. C (2013) 73:2431 Page 15 of 17

Fig. 17 Kaon identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
! logL(K − π) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 18 Kaon identification efficiency and pion misidentification rate
measured using simulated events as a function of track momentum.
Two different ! logL(K − π) requirements have been imposed on the
samples, resulting in the open and filled marker distributions, respec-
tively

Fig. 19 Proton identification efficiency and pion misidentification rate
measured on data as a function of track momentum. Two different
! logL(p − π) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 20 Proton identification efficiency and kaon misidentification rate
measured on data as a function of track momentum. Two different
! logL(p − K) requirements have been imposed on the samples, re-
sulting in the open and filled marker distributions, respectively

Fig. 21 Pion misidentification fraction versus kaon identification efficiency as measured in 7 TeV LHCb collisions: (a) as a function of track
multiplicity, and (b) as a function of the number of reconstructed primary vertices. The efficiencies are averaged over all particle momenta

TT & T Stations:

∆p/p = 0.4%− 0.6%
for 5− 100 GeV Tracks

Dipole Magnet:

Reversible Polarity
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Analyis Strategy

I Reconstruct D∗+ → D0π+
s ,

I RS: D0 → K−π+

I WS: D0 → K+π−

I 2011+2012 Dataset: 3 fb−1
PV
D∗

D0

πs K

π
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What and Why How Background Studies Next Steps and Proposal

D0 K+��

D
0

DCS

MIX CF
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D0 � D̄0 mixing and CPV from B ⇥ µD�X 2 / 25
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CPV Fit Stragegy

I For small x & y , R(t) = WS(t)
RS(t) =

RD +
√
RDy

′ ( t
τ

)
+ (x′2+y ′2)

4

(
t
τ

)2

(
x ′

y ′

)
=

(
cos δ sin δ
− sin δ cos δ

)(
x
y

)
I Split sample into D0(D∗+) and D

0
(D∗−)

I R(t)± =
(

WS(t)
RS(t)

)±
=

R±D +
√
R±D y ′±

(
t
τ

)
+ (x′±)2+(y ′±)2

4

(
t
τ

)2

I Direct CPV → R+
D 6= R−D

I Indirect CPV → (x ′2+, y ′+) 6= (x ′2−, y ′−)

I Kπ detection asymmetry and secondary decay
accounted for in fit
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Results
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LHCb CPV allowed(a)  

 68.3% CL0D
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No direct CPV(b)  

 68.3% CL0D
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No CPV(c)  

99.7% CL

95.5% CL

68.3% CL

Direct and indirect CPV

R+
D [10−3] 3.545± 0.082± 0.048

y ′+[10−3] 5.1± 1.2± 0.7
x ′2+[10−5] 4.9± 6.0± 3.6
R−D [10−3] 3.591± 0.081± 0.048
y ′−[10−3] 4.5± 1.2± 0.7
x ′2−[10−5] 6.0± 5.8± 3.6
χ2/ndf 85.9/98

No direct CPV

RD [10−3] 3.568± 0.058± 0.033
y ′+[10−3] 4.8± 0.9± 0.6
x ′2+[10−5] 6.4± 4.7± 3.0
y ′−[10−3] 4.8± 0.9± 0.6
x ′2−[10−5] 4.6± 4.6± 3.0
χ2/ndf 86.0/99

No CPV

RD [10−3] 3.568± 0.058± 0.033
y ′[10−3] 4.8± 0.8± 0.5
x ′2[10−5] 5.5± 4.2± 2.6
χ2/ndf 86.4/101

Results consistent with CP Conservation
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The Impact: World Average,
All-CPV allowed

April 2013
(w/ LHCb 2011 1 fb−1

D0 → Kπ)

September 2013
(LHCb 2011+2012, 3 fb−1

D0 → Kπ)

I |q/p| =
0.69± 0.16

I |q/p| =
0.91± 0.10

Indirect CPV

I In the case of Indirect CPV,
φ and |q/p| are related
(superweak constraint)

tanφ =

(
1− q

p

)
x

y

Dataset |q/p|[%] φ[◦]
HFAG April 2013 100.4± 6.5 −1.6± 2.5

LHCb D0 → Kπ CPV
100.9± 1.6 −0.5± 0.8

(no other CPV params)

LHCb CPV
99.3± 1.3 +0.4± 0.7

+ prior measurements
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Summary

I We are in the era of precision neutral charm mixing and CPV

I LHCb is leading the way
(as it is in many other flavor physics measurements)
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The Impact: Comparison to other experimentsD0  Kπ Mixing and CPV Results 

41 
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 LHCbσ1
 BaBarσ1
 Belleσ1
 CDFσ1

BaBar:  PRL 98, 211802 (2007) 
Belle:   PRL 96, 151801 (2006) 
CDF:    Public Note 109990 (2013) 
LHCb:   LHCb-PAPER-2013-053 (2013) 

~ ± 0.18 ~ ± 0.09 

M. Karbach 

 

|q/p|  (100.9 ± 1.6)%  no other CPV 
  ϕ   (-0.5 ± 0.8)°  params used 
|q/p|   (99.3 ± 1.3)%  use prior CPV 
  ϕ   (+0.4 ± 0.7)°  measurements 
|q/p|  (100.4 ± 6.5)%  HFAG 4/2013 
  ϕ   (-1.6 ± 2.5)° with superweak constraint!

(Rolf Andreassen, Adam Davis, MDS) 
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HFAG-like Fit: Formalism

I Construct χ2 for combining all results

χ2 = ~εTσ−1~ε (1)

I ~ε = ~m − ~p, where mi is a measurement and pi is the proposed
value.

I σ = eicijej is N × N matrix, N is number of measurements
e is each individual error and cij is the correlation coefficient.

I If uncorrelated, get
∑

i χ
2
i
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