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Introduction

v

CP violating weak phase ¢s parameterises interference
between mixing and decay to CP eigenstate f

In b — cCs transitions ¢ predicted to be small with
high precision: PRD 84 033005 (2011)
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M~ 28, = —2arg (—

New Physics entering the B%-B? mixing can influence
the measured value of ¢;.

'Golden Modes’ for ¢s in b — cCs:
f=JWKYK=, Jpmtm™

See talk on Tuesday by W. Kanso for LHCb
measurements
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http://arxiv.org/abs/1106.4041
https://indico.cern.ch/event/253826/session/7/contribution/84

The penguins

> ¢s = —20s only in the absence of penguin pollution
» Expected to be small in Jip KTK™, JipmTn~ but experimental precision is
increasing.

> See talks by R. Knegjens and P. Frings on Tuesday, S. Schacht this session.

» Measurements of ¢ in additional modes with different penguin amplitudes are a
valuable input
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https://indico.cern.ch/event/253826/session/7/contribution/82
http://indico.cern.ch/event/253826/session/7/contribution/83
https://indico.cern.ch/event/253826/session/7/contribution/90

¢s from DI D_

» BY— DFD; isa b— cCs transition:

@al

@l
w o

» Disadvantage: Lower yield compared to J/i) hh

» Advantage: Angular analysis not necessarry

» Analysies using BY— DFD_ at LHCb already:
» BY— D} D, Effective lifetime PRL 112 111802 (2014)
» BY— DS D~ First observation: PRD 87 092007 (2013)

» Today | present the First measurement of ¢, in BY— DI D
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http://arxiv.org/abs/1312.1217
http://arxiv.org/abs/1302.5854

Data sample

> Analysis uses full LHCb Run 1 dataset
» DI D; candidates are reconstructed in

4 final states:
» KTK 7t vs
» KTK 7t vs

» KTK 7" vs.

T VS.

» ot

. K K*x
Kot
Tt

Tt

» B%— D~ DS control channel
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3345 + 62 BY— DF D, 21320 + 148 B®— D~ D7 in 3fb~! (PRELIMINARY)

g

Candidates/ (5 MeV/c?)
g

o

Topological b-hadron trigger: displaced
n-body vertices

Particle ID & mass vetoes to suppress
part. reco and mis-ID backgrounds

Boosted decision tree trained on
simulation and sidebands in data
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Decay rates iiﬁ C l‘?

> s is measurable through the time-evolution of the B2, B mesons 83— of o
» Decay rates of BY (B?) decaying to a CP eigenstate: Introduction
Data sample
. : AT, 2[Acosds . . (AT, Messring g5
— —Ist S _ rs S Taggin,
M(t)=Ne [cosh ( 5 t) T+ P sinh ( 5 t) Ac;s:p:nce
L DP sy 20
m —————3SIn m ali atlov
1+ ‘A|2 s 1+ ‘/\|2 S ’ Systematics
2 Results
(e p —st Ars A 2|)\‘COS ¢5 . AI—S a Summary
r(t) = ‘q Ne [cosh ( 5 t) TR sinh 5t
1— )2 o 2|A|sin¢s . -
- Am )+ 22BN G Am. )|
NG cos(Amgt)+ R sin(Amgt)
» Complex parameter \ = (q/p)(Ar/Ar). ¢s = —arg()) Y e——
» Magnitude of A quantifies CP violation in decay 11t September 2014
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Procedure

BY/B? rates contribute with different sign: Performant flavor tagging needed to
determine initial flavor

Amyg is fast: excellent time resolution needed to distinguish oscillations
sPlot technique is used to statistically subtract background NIM A555 (2005).
Signal-only PDF:
. s . D.D
P(t,q,n,0) = R(t,q,1) ® G(t — £,0) x eg2 (1)

R(%,q,n) is the rate including flavor tagging
G(t — t,8) is the per-event decay time resolution

DD,/ .\ - .
€4ors (1) is the decay time acceptance

The fundamental quantity we measure is:
sin(¢s) X [1 —2w] @ G(f — t]0) x sin(Amst)
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http://arxiv.org/abs/physics/0402083v3

Flavour tagging

» Flavour tagging algorithms determine initial B/B? flavour.
» Opposite Side (OS) algorithms use information from the other b-hadron decay
» Same-Side Kaon (SS) uses charge of fragmentation kaon coproduced with the B9

/2}38 Same side DTt
b < s

kaon tagger

me si _
Same side by Sonal B°
proton o _ proton
[ —— <
Opposite side Opposite B 7~ ) Vertex charge tagger

from inclusive vertexing

Kt
Opposite side
kaon tagger

lepton taggers

from b-quark (ut,e™)

» Performance metrics:
» Tagging efficiency, € = Niagged/( Niagged + Nuntagged )
» Wrong-tag probability w = Nurong tag/ Niagged
» Effective tagging power, ¢D? = ¢[1 — 2w]?

M. Dorigo, ICHEP 2014
LHCb-TALK-2014-169
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https://cds.cern.ch/record/1742213/files/LHCb-TALK-2014-169.pdf

Tagging Performance

> Fit uses estimated per-event wrong-tag probability, 7
» Calibration performed for BY, B using flavor specific final states:
» OS + SS taggers combined when both taggers make a decision:

R(E,q%°%, a>[n°) = (14 qO5[1 — 2wO°])(1 + ¢>5[1 — 2u°

@(n), w(n)

D) +

(1 - q%[1 — 20°9))(1 — g%5[1 — 25%°])F (D).

% 40F LHCb preliminary ‘ E g :g: LHCb preliminary + 3 g 100? LHCb preliminary + i
g E —+ Oppositeside l ["H] 3 %g a00f —+ Sameside 3 g 80~ —— Opp. and same side + + + B
5 s IR -2 . 1 3af g
8 2f \»}— | R + 18 F } ]
15E } “ T L9 wop . 3 “of +++ + 4 E
10 L | 3 100 3 i + j
5E L T'h_ + 3 50 et 3 2F - T ]
E e i 3 E e mememen T 3 ofF e |

00 02 04 00 02 04 0 02 02
Wrong-tag probability, w(n) Wrong-tag probability, w(n) ‘Wrong-tag probability, w(n)
‘ OS only SS only 0OS + SS Combined
e [%] 10.66 + 0.54 40.02 £0.86 26.51+0.77 772+13

EfoF [%] | 1.084+0.06 £0.05 1.42+0.46+0.36 2.83+0.10+0.11
Similar performance to B? — ¢¢: arXiv:1407.2222

5.33+0.18£0.17
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http://arxiv.org/abs/1407.2222

Resolution

> Per-event resolution: decay time
uncertainty § from constrained vertex
fit:

1 i)

G(t — £16) o =

> o(d) calibrated from linear fit in
simulation:

LHCb simulation

o
o
[s3)
L NN RN AR AR LN LALE LALN LR

o
o
oF
a
I
=
=}
[
o

» Effective resolution: 54 fs:

/3\ é T T T T T é
8 3500 E_ LHCb simulation _E
S 3000 E 0, = 0.054+000031 ps E
~ 2500 E
%20005— 3
o E E
'-glsoo:— 3
8 1000f 3

0 B ) E

-04 -0.2 0 0.2 0j4
A(ttrue_ treoo) [ps]

» Calibration parameters constrained in
the fit
» Comparable with calibration

determined from B2 — D} 7~ data
New J. Phys. 15 (2013) 053021
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http://arxiv.org/pdf/1304.4741.pdf

Decay time acceptance

» The trigger and selection impose decay-time biasing requirements to reduce

backgrounds

» Data-driven acceptance model determined using B — D~ D control channel:

> Ratio of background subtracted B®— D™D, and known B° lifetime: Ei:aD;(t)

. . D™D
» Compared to simulation: e, (t)

g 0.014 —
O o2 LHCb preliminary #‘4'1‘ E
o r a
< 00l K —= 4
mn 5 ,%*- ]
8 0.008[- i -
§ u f* 1
g 0.006} *»“t"g B
o — b .
< 0.004F i ]
0002} = B
O = L L Ll ]

1 10
Decay time [ps]

» Correction from

14
12

Iy ptthrt

f

LHCb simulation

0.8

0.6
0.4
0.2

Correction factor [Arb. Units]

0 ]

‘}'} 4++

' -
F

1

ratios of B — D~ D}, BY— D} D acceptances

10
Decay time [ps]

in simulation
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Decay time acceptance

» Data-driven D D acceptance agrees well with simulation:

DD
<<Edasta : ( t)

D™D/
= €4ata

(1) -

Acceptance [Arb. Units]

0.014
0.012
0.01

¢ 5 &

0.002

%: LHCb preliminary . 1 :%
- _ ,{Q&I{&J}-\‘- E

10
Decay time [ps]

» Technique verified by fitting for the BY lifetime in data: Consistent with world

average
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External Constraints %CI‘?]

B — DFps
Introduction
» Parameters with limited sensitivity constrained in the fit S
Measuring ¢s
» Gaussian constraints incorporating both statistical and systematic uncertainties Taggingg
Acceptance
» [, AT constrained to PRD 87 (2013) | Confguraton
. . Validation
112010, correlation included Parameter Constraint St
. Results
AT 0.106 £ 0.013 ps~!
» Additional constraints applied to the Amg  17.768 + 0.024 ps~!

flavor tagging and resolution
calibration parameters
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http://arxiv.org/pdf/1304.2600.pdf
http://arxiv.org/pdf/1304.2600.pdf
http://arxiv.org/pdf/1304.4741.pdf
http://arxiv.org/pdf/1304.4741.pdf

Validation

» Pseudoexperiments and simulation are used to validate the fit procedure

> Fit is found to be without bias for both ¢s and |A|
> Expected sensitivity from pseudoexperiments: o(¢s) = 0.18 rad, o(|A|) = 0.17

» Systematic uncertainties:

Systematic uncertainty | ¢s (|]A| =1) Os [Al

Resolution £0.098 o +0.094 ¢ +£0.100 o
Acceptance (model) +0.022 o +0.027 ¢ £0.027 ¢
Acceptance (stat.) +0.013 ¢ +0.013 0 +0.014 o
Mass +0.044 o +0.043 ¢ +£0.010 o
Background subtraction | £0.0092 ¢ | £0.0077 ¢ +0.046 o
Total +0.11 o +0.11 o +0.11 o

> Largest systematic uncertainty comes from resolution calibration: Differences
between B2 — D} D; simulated and BY — D7~ data-driven model

» Systematic uncertainties are small (11%) compared to statistical uncert.
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Time fit in data

» B2— D} D; Decay time distribution in 3fb™"

Candidates/ (0.1 ps)

Pull

=
(=3

=
o

-5

LHCb
preliminary

T |||||||
i1 IIIIIII

5 10
Decay time[ps]

5 10
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Results

» Fitting to data with |\| as a free parameter:

-A Log Likelihood
=

=
o
LR RRRE RN RARE LALN LR LRRE RRRE RAL | RN

E :...I...I...I...I...I...I...I...I.. I..:

LHCb
pr.eli[nir!ary
2
%
PRELIMINARY

¢s = 0.02 4+ 0.17 (stat) = 0.02 (syst) rad,

> ¢s, |\| correlated at +3%

-A Log Likelihood

LHCb
preliminary

o

o
o
&l

==

- N

I\ = 0.91 T012 (stat) & 0.02 (syst)
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Results, || =1

» Requiring that |A| = 1:

PRELIMINARY

-A Log Likelihood
&

LHCD |
prellmlnary

=
N
Ly RLL Ly UL LR LAl LR LAY LU (LR LAL AL 1

-2

¢s = 0.02 £ 0.17 (stat) £ 0.02 (syst) rad

S
ﬁ mmmmmm e anamamh

S
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Comparison to J/iyhh Cle

» SM and meaurements of ¢s in J/ymm, JApKK 80 of o

Introduction

Unofficial, courtesy of O. Leroy SM Data sample
DO, JAyKK 8 fb-! | : MBS s
4 H Tagging
CDF, J/yKK 9.6 fb t E i Acceptance
ATLAS, J/yKK 4.9 fb”! R B @it
Validation +
CMS, J/yoKK 20 fo! |—:.—| Systematics
LHG, JyKK 1 " L Reuts
H Summary
LHCb, J/ynn 3 fb™t i
Naive 1D average [
1 1 1 1 1 T 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

0% [rad]
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Comparison to J/ihh

» SM and meaurements of ¢s in J/brm, Jp KK

Unofficial, courtesy of O. Leroy SM
DO, JAWKK 8 fb”! | oo
CDF, J/yKK 9.6 fb! | |
ATLAS, J/yKK 4.9 fo! —
CMS, J/yoKK 20 fb! b
LHCb, J/yKK 1 fo™! »—-—|
LHCb, J/ynr 3 fo! f——i
LHCb, D,D, 3 fb! —ie
Naive 1D average .l—.—q 1 )

> This result is consistent with SM and J/iyhh measurements
» Still statistically limited: Prospects in LHCb run 2 are good.

0.4
0% [rac]
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Stop press! C l‘?

» Preliminary penguin predicitons previously presented:

: . . . . BY — Df D,
i
: Introduction
0.1F 1 4
1‘ Data sample
|
H Measuring ¢
T a Tagging
Q 0.0F 1 Acceptance
+ » Configuration
1
A i Validation +
T ! Systematics
ow 01F ! 1
[aa] | [Resuts
\: “ Summary
< i
= oo} i -
:
1
i
1
-03f, . L . A
=02 - 0.1 0.0 0.1 02
SCP(BS — DZ_DE) C. Fitzpatrick
11th September 2014
» Figure courtesy of S. Schacht & M. Jung: Looking forward to their paper .(Pﬂ-
» Preliminary LHCb result overlaid
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Summary

> In this talk | have presented for the first time a measurement of the CP-violating

phase ¢ in the decay BY — DD

Unofficial, courtesy of O. Leroy SM
DO, J/yKK 8 fo! } y :
CDF, JiyKK 9.6 b | |
ATLAS, JiyKK 4.9 fb! »—-—|
CMS, J/yoKK 20 fo! —t—
LHCb, JyKK 1 fo* f——
LHCb, J/yz 3 fb! —
LHCb, DD, 3 fb* »—-—.—c
Naive 1D average . . . . . =~ . .

> |\| consistent with 1: No CP violation in decay.
> ¢s consistent withJ/iyhh measurements and SM
» This result to be submitted to PRL.

Thanks for listening!
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The LHCb Experiment

» LHCb is a single-arm (2 < n < 5) spectrometer at the LHC
> Precision beauty and charm physics: CP violation measurements, rare decays, heavy
flavor production
» Exploits the correlated production of bb pairs in the LHC environment

SPD + Preshoweroﬂ —

v
I LHCb MC
I (s=8TeV

BEAM 2
RICH1 6, [rad] 2

Magneto—/ | L] w2
6, [rad]
IT&OT K
RICH2 ECAL HCAL MUON

» Time-dependent analyses require good time resolution: ~ 40 fs (VELO)

» Flavor tagging, final state discrimination needs excellent particle ID: (RICH)

» Rare decays and extremely small asymmetries require pure data samples with high
signal efficiency: (Trigger)

C. Fitzpatrick

11th September 2014
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Preselection

» B? candidates:

Cut Value
Xip <20
X2/ ndf <8
Xaert. signif/ndf > 100
DIRA > 0.99994

» Charm: Several invariant mass vetoes
to reject K/m mis-ID candidates

» DT reconstructed through ¢m, K*K,
nonresonant.

» Final-state specific ProbNN
requirements + mass windows/vetos

» On charm:

Cut Value

Mass +25 MeV/c?

K DLLK—ﬂ' >0

T DLLK—T( <10

Zp — ZB >0

Xoert. signit > 2:0 WRT B (except ¢ )
X\2/ert. signif > 6.0 WRT B (371' On|y)
T < 1.0ps (D" only)

C. Fitzpatrick

11th September 2014
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Selection

» BDT used to improve B/S
> Trained on signal MC and WS sidebands above 5.2 GeV/c?
» Input variables from B: x2., X7, DOCA, X2 signif+ PT, pT asymmetry.
> Input variables from charm: x7, DOCA, Flight. dist. signif.
> charm daughters: pr i, Xipmin: Xipmax

» Several variables reweighted in MC to match data

C. Fitzpatrick

11th September 2014
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Mass fits %Cl‘a

BY — pfps
» Both signal and background models are similar to those used in PRD 87 092007 EETEr
» For signal and the control channel the mass shape is modelled with a double crystal
ball:

» Parameterisation from MC, with weighted averages for the means and widths

according to the expected yields for each final state
> In fits to data, increase in width (~ 4.5 MeV/c?) and CB tail (~ 15%) WRT MC

taken from control channel
» Background includes several varieties of peaking and non peaking components:
> Partially reconstructed, eg: B — D?D, with D — Dyy or D} — D.r°
» Mis-ID, eg: B? — DTD7 or A, — AtD7 reconstructed as B — D,D,
» Combinatorial: Determined from wrong-sign data
> In the fits to produce the decay time sPlot, all yields are free except
B(Os) — D(_S)K+K77T+ decays: Fixed to be 1% of the signal, determined from D

mass sidebands. C. Fitzpatrick
11th September 2014
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http://arxiv.org/abs/1302.5854

Mass fits

Candidates/ (5 MeV/c?)

Pull

LHCb

preliminary

Candidates/ (5 MeV/c?)

Pull

o

LHCb

preliminary

5350

T
---B°. DD}

-- B DD}
B KK

B8°. D D!
I combinatorial

5400
M(D™ DY) [MeV/c?]

5450

Wbt bty ot g
IIY+*+* 1'+ * + +’{+ ,‘ [* IT+ (3L ‘!{**
5250 5300 5350 5400 5450

= P
BY — D} D
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Raw asymmetry

0.1
0.08
0.06
0.04
0.02F=--1--mm oo fmmm e TS

)

NEBD) - N(B
N(B:) + N(B%)

0
S

-0.02
-0.04
-0.06
-0.08

-0.1

LHCb preliminary

o1 o2 o3
Decay time modulo 217 Am [ps]

o

» Tagging asymmetry consistent with O

C. Fitzpatrick
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