Measurement of CP violation
In the Charm System
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What is CP violation?

e C = charge conjugation, P = space inversion

X o f - cp X f

05 52 b4 56 58 0555 54 56 58
K’ invariant mass (GeV/cz) K x* invariant mass (GeV/cz)
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How do you get CP violation?

Ao alPcp | 67;5

A2€_Z¢CP

Al = |A; + A2€i¢cpei5‘2 ]ZP = |A1 + A2€—i¢0p6i5’2

CP asymmetry o< |A|? — |A|* = 4] A;|| A5 sin ¢ plsin 6
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CKM matrix describes transition between quarks

W Ex CP W=
[
[]
V’U, d Vu S V’U, b ; .
Vokm = [ Vea Ves Voo | = | =
V;td V;ts V;tb

Largest imaginary part
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CP violation in charm decays
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CP violation in charm decays

u
VUS
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CP violation in charm decays

u
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Theory: Acp(f) = %Egoi‘;ngngo:;% S 0(0.1 %)
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CP measurements in DY — h~h™, h = K or =, by LHCDb

Prompt produced Charm
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World average
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CP measurements in DY — h~h™, h = K or =, by LHCDb

Prompt produced Charm
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Semileptonic B decays

e |Important cross-check analysis

« Different detection signature

My analysis
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pp collision

B* D°
decay decay

Only well reconstructed tracks with p, > 500 MeV




pp collision
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How to determine an asymmetry?

_ N(fp")-N(fip")
Ara() = MR
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Measured quantities: A, (f) and AAcp

Measured Apaw(f) = N(f,p )=N(fp™)
asymmetry: raw N(fip=)+N(fpT)

f=KtK ,ntx"

Araw(f) — AC’P(f) + AD(,U) + AP(B)

? K

Detection Production
asymmetry asymmetry

All of order 1% or below.

Experimbentally AAcp = Arauw(KTK™) — Apgw(mtn™
more robust: Acp (K_|_K_) — Acp (ﬂ_—l-ﬂ_—)

v

)

Assumption: Detector- and production asymmetry cancel.
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Production and detection asymmetries

* Assumption: Cancellation of production and detection

asymmetry in difference

* Production and detection asymmetry depend on kinematics

Production asymmetry:
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Production and detection asymmetries

* Assumption: Cancellation of production and detection

asymmetry in difference

* Production and detection asymmetry depend on kinematics

« Assign weights to events to match kinematics

— Ensures cancellation of asymmetries
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Controlling detection asymmetries
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Controlling detection asymmetries
Polarity up:

viagnet

. 2000 4000 . 6000 — 8000
D->Kr i p_[MeV]
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Controlling detection asymmetries

Polarlty up

Zoomed!!
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Candidates/ (1.1 MeV/c?)

Results

 About 0.6 million D - KK and 0.2 million D - 111t candidates

C : : | : : ' : | ' a T T
8000 Magnet up LHCb (a) § [ Magnet up
o 3000
6000L —e- Data 1 = i
- DY s K- K+ — Total x - DY — g
4000E- ---- Signal 1 < 2000(
- 8 Comb. bkg. % i
2
=
@

N
T

LHCb-PAPER-2013-003

LHCb (b)

-o—- Data

— Total
---- Signal
I Comb. bkg.

% D>k ]

5
0 0
5 : . : . . | . | S AR B
1850 1900 1800 1850 1900
M(K K*) [MeV/c?] M(m ") [MeV/c?]
Numbers in % Magnet up  Magnet down Mean
Apaw (K~KT) | F0.394+0.23  —0.20£0.19 —0.2940.15
Apaw (T77) —1.254£0.40  —0.2940.34 —0.7740.26
AAcp 0.8640.46 0.0940.39 0.4840.30
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LHCb-PAPER-2013-003

Status of CP violation in Charm decays LHCb-CONF-2013-003

Semileptonic: AAcp = (40.49 + 0.30(stat.) & 0.14(syst.)) %
New prompt:  AAcp = (—0.34 £ 0.15(stat.) & 0.10(syst.)) %
(preliminary)

AAcp.rrcy = (—0.15 £ 0.16) %
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Status of CP violation in Charm decays

LHCb-PAPER-2013-003

LHCb-CONF-2013-003

Semileptonic: AAcp = (40.49 + 0.30(stat.) & 0.14(syst.)) %
AAcp = (—0.34 £ 0.15(stat.) £ 0.10(syst.)) %
AAcp oy = (—0.15 =+ 0.16) %

New prompt:
(preliminary)

Belle
: o

BaBar
*®

CDEF

1.0 fh™!

LHCb Breliminary (prompt)

LHgb {(semileptonic)

Naive average
|—.—|

1.0 th™

-1

0

AA, (%)

1

A&Cp,dir

—0.329 + 0.121%

(HFAG average)
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Outlook: Measuring individual asymmetries

Theory : Acp(KTK™) =~ —Acp(ntn™)

Avaw(f) = Acp(f) HAp(w) + Ap(B)| f=KTK -, ntm™

22.05.13
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Outlook: Measuring individual asymmetries

Theory : Acp(KTK™) =~ —Acp(ntn™)

Avaw(f) =[Acp(f)|HAp() + Ap(B)| f=KTK -, ntr™

use CKM favoured decay D — K~ / EO N Kto—

Amw(K;Wi) =|Ap(p) + Ap(B) i+ AD(K:FWi)

e

Expected to be about 1%

22.05.13 IMPRS Seminar 2013
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Conclusion

 The LHCDb experiment performed two independent analyses on
the 2011 data set.

Semileptonic:

Prompt:
(preliminary)

AAcp = (4+0.49 + 0.30(stat.) + 0.14(syst.)) %

LHCb-PAPER-2013-003, arXiv:1303.2614

AAcp = (—0.34 £ 0.15(stat.) & 0.10(syst.)) %
LHCb-CONF-2013-003, available on CDS

e LHCDb does not confirm evidence of CP violation in Charm

decays.

AAcpracy = (—0.15£0.16) % (naive average)

~3 fb~! on tape.
Looking forward to analysing 2012 data.
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http://arxiv.org/abs/1303.2614
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LHCb-PAPER-2013-003 in preparation

Determination of mistag rate in semileptonic decays

« Random combination of real D with random muon fakes decay
 Mistag rate (w) dilutes asymmetry

- Different mistag rates for D and D possible (Aw)

AT (F) = (1 — 20) Ayaw — Aw

raw

« Determination in D* and muon doubly-tagged subsample and
flavour specific decay D° — K—nt

W = (0.982 T 0.012)%
Aw = (0.006 =+ 0.021)%
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The LHCb experiment

 Collected 1 fb!in 2011 and 2 fb! in 2012
— Huge b (26 10%) and c (59 10!) samples

Kaon and Pion separation

: Muon
gnet Bending plane Muon detector . . .
ECAL HCAL identification
RICH 2

/

RICH 1

e 1\
| .

e,
[y =
= o
=
— —
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Experimental status of CP violation in February 2013

=a 0.02 R
© 0O Q D
K m X e
ICHEP 2012 & .
< 0.015 R AA, Belle Prelim.
- X AA¢p LHCD
u f,s AA, CDF Prelim.
0.01— R A, LHCb
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0.005 e "3 V7] A Belle Prelim.
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-0.005
-0.01
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.()_()2‘~~'~~'~~|'k PATESP E E B
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0'015ai2&02
CcP

experiment AAcp|%]
BaBar [1] 0.24 + 0.62 (stat.) +0.26 (syst.)
Belle 2 —0.87 +0.42 (Stat.) + 0.06 (Syst.) " 14.6 o evidence for
LHCDb [3] —0.82 +0.21 (stat.) £0.11 (syst.) ﬁ CP violation
CDF [4] —0.62 £ 0.21 (stat.) £0.10 (syst.)
Avg. —0.678 £ 0.147
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Main systematic uncertainties

LHCb-PAPER-2013-003

: : : Absolute
* Sem|lept0n|c anaIySIS Source of uncertainty uncertainty
. Production asymmetry:
* Low decay time baCkg rounds Difference in b-hadron mixture 0.02%
o Welghtlng procedure Difference in B decay time acceptance 0.02%
Production and detection asymmetry:

 Fit model Different weighting 0.05%
Background from real D? mesons:

Mistag asymmetry 0.02%
Background from fake D mesons:

DY mass fit model 0.05%

Low-lifetime background in D°— 7= 0.11%

AT background in DY — K~ K™ 0.03%

Quadratic sum 0.14%
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Kaon detection asymmetry

* |dea: Take prompt, Cabibbo favoured D - Krmt mt and D - Ks 1t

Apaw(Knm) 5 Ap(K)

_|_

A’raw (KST‘-)

Not fully true

AD(TF) + AP(D)
AD(T('> + AP(D)

Apaw (K7m) — Ao (Ksm) =l Ap (K)

@ 4 - - - T T I 3
< 35F + Data E
£ 3F L3
= 7 i 3
25 ~LHCbMC -
2F | 3
st [ 3
E —{— ; =
0.5E mﬁ%&é I =
0F : 3
05F 3

_1 " " " " 1 " " " " I "

50 100

Kaon momentum (GeV)
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Differences from the previous prompt result

LHCb-CONF-2013-003

« Prompt AA, shifted from -0.82 £ 0.21 % to -0.34 £ 0.15 %

* Change of result understood and compatible with statistical

fluctuations

* New reconstruction on 0.6 fb™! - better particle ID for D children

« Removed and added events — on overlapping events, same result

* |ncreased data set, 0.6 fb! - 1 fb™

* 0.4 fbladditional data with lower but compatible asymmetry

L 018 1oy

* Improved mass resolution due < 016; LHCh
to additional constraint in vertex fit = ouf
+ ; 0.12F
h = 0.12—
0 § 0.08F
D / > h~ Z 0.06F
ij:f """"" : 0.04;—
DN, N §o02f
T %
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LHCb-CONF-2013-003 in preparation

Changes to previous published result — data sample

Prompt AA,;, shifted from -0.82 £ 0.21 % to -0.34 £ 0.15 %

* Larger data sample (0.6 — 1.0 fb)
« Better reconstruction and calibrations applied
 Changed analysis procedure (next slide)

0.6 fb'! analysed before

15/ 14 % of KK/ttt not selected anymore
— same AA,

17/ 34 % of KK/ttt additionally selected
- AA, = (-0.55 +0.21) % on 0.6 fb?

Extra 0.4 fb! - AA; = (-0.28 £ 0.26) %
Combined AA; = (-0.45 £ 0.17) %

— Consistency between all independent subsamples
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LHCb-CONF-2013-003 in preparation

Changes to previous published result — analysis procedure

& 0.18
= 0.16
ab]

n = 0.14

0 S 012

D - 0.1
) » h

£ 0.08

0.06
: 0.04
0.02

0

LHCb —— K'K" (PV constraint)
Simulation
n 7 (PV constraint)

« K’ K™ (no PV constraint)

wn T (no PV constraint)

SEIN
/
=
+
Norm. entries /

IIO
dm (MeV/c?)

0

New: slow pion constraint to PV in vertex fit

Additional information — improved mass resolution of factor 2.5

« Better background rejection, better sensitivity
AAcp - ( '0.34 i 0.15) %

Toy studies show expected variation of 0.05 %

* Possible correlation with IP cut — already systematic of 0.08% assigned
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LHCb-PAPER-2013-003 in preparation

Sensitivity to indirect CP violation (SL analysis)

 Small contribution due to time dependent CP violation
A(t)

T

AAcp ~ Aady, (1 + y cos qz:'(}) (afﬁ + a%&ﬁ.y cos qz))

e <t> and A<t> describe effective lifetime measured in D - KK
und D - TITT

» Different lifetime acceptances

* Fit of effective lifetime and acceptance in both decay channels

%?700005 — :7‘30000: . T T T T3

=3 60000E LHCI} (ﬂ) <=} r LHCI) {b}

= - P . = 25000F _ —

< 50000F - KK Z - D’ —nart

S - —=— Signal = 20000F —=— Signal 3

= 40000 [ Background 3§ E u [ Background 3
& 15000 =

[y~ L
© 30000F
20000F
10000

0

10000

— Sensitivity to indirect CP violation ~2 % (SL), ~10 % (prompt)
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LHCb-PAPER-2013-003 in preparation

Results: Semileptonic analysis

* Unweighted

Table 1: Unweighted raw asymmetries (in %) for the D° — 7=+, D’ - K~ K+ and D’ — K—n*
decays for the two magnet polarities. The mean value is the arithmetic average over the two
polarities. The uncertainties are statistical only.

Magnet up Magnet down Mean
Amwehted (7= )0F) IT-0.33£0.23  —0.22=0.19  |-0.2840.15
Aumveighted (=7 ) 1184040 —0.35+0.34  |—0.7740.26
A Almverghted 0.85+0.46  0.13+0.39 0.49+0.30
Amveighted (70— I 21 64+0.10 —1.60=0.08 |-1.6240.06

* Weighted

Table 2: Weighted raw asymmetries (in %) for the D” — 7= 7+ and D" — K~ K™ decays for the
two magnet polarities. The mean value is the arithmetic average over the two polarities. The
uncertainties are statistical only.

Magnet up Magnet down Mean
Apaw (K- K7) || -0.39+0.23 —0.20+0.19 —0.29+0.15
Apaw (m7 ) —1.254+040 —0.29+0.34 —0.77+0.26
AAcp 0.86+0.46 0.09+0.39 0.48+0.30

« Up and down compatible also in individual asymmetries
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LHCb-PAPER-2013-003 in preparation

Kinematical weighting (semileptonic decays)

* Production- and detector asymmetries depend on D and muon
Kinematics

 Different kinematics due to different particle identification cuts
* Assign weights to D - KK and D - 1t to match kinematics.

— Same production- and detector asymmetries

Before:

/0.08

Ratio
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0.065 —T T T T % N L S S S B B B
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F i ] = i .
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E il {I‘I 3 F * D;. |
0.01F ao* “ote, = 0.01F s ER -
E . g :
0k ﬂﬂ?g' — .}.ﬁe & fEnnaS o []'.M".“i{ —— m| —
1 M 5 1 esstsesasasstetett H‘.
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LHCb-PAPER-2013-003 in preparation

Kinematical weighting (semileptonic decays)

* Production- and detector asymmetries depend on D and muon

kinematics

 Different kinematics due to different particle identification cuts

* Assign weights to D - KK and D - 1t to match kinematics.

After:

< 0.05

—
= w0, LHCb  (a) 1
O 0.04 o2 @ -
S e e 5
< 003 e s o KK* E
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& 05 P R B I BT
0 2 4 6 p 8 1
Dip. |GeV/c]
[==] ODG LI I B | L
o 0.05F sgmgﬂ. LHCb [C) i
-~ Y o
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;3 0,035 A 1?3 n KK =
= 0025 s 2y 3
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T 0.08

— Same production- and detector asymmetries
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