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* Introduction to CP violation - .

* The LHC and the LHCb detector

* CFininterference of BY decay and mixing
° $sinB — J/ b
* Challenges of precision measurement

Conclusions
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The Large Hadron Collider (LHC) @-’g

CP violation in
mixing at LHCb

F. Dordei

The LHC

cms,
point’s -

* The LHC accelerates protons in both directions until they collide at four
intersection points with a central mass system energy of 8 TeV (7 TeV in
2010-2011).

* The four main experiments located at the intersection points are: ATLAS, CMS,

ALICE and j§;[e34)
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The LHCb experiment %}g

| bb angular correlation | CP violation in
mixing at LHCb

Forward single arm N F. Dordei
spectrometer

* Acceptance: 15-300(250) mrad

* Copious source of b,c in the : @ The LHCb

experiment
LHCb detector
‘ Unique eta coverage ‘ Studies

L LYY _GP measurements require precision:

forward region

¢ Time dependent analysis need
good time resolution

* Flavour tagging needs particle

Zon " IDentification
uon * High statistics, purity and
* HCAL efficiency needed to reach SM

° Counters predictions. ]
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The LHCb detector

CP violation i
LHCb was built precisely for this purpose! mixi§;°§ m&l

P F. Dordei

The LHCb
experiment

Tracking System
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Short introduction to CP %{3’

CP violation in

The only source of CP violation in the SM is the Kobayshi-Maskawa mechanism, mixing at LHCb

which predicts the existence of a phase factor in the 3x3 CKM matrix:
F. Dordei

Vud Vus Vub
Vekm = | Ve Vos Vi
Vie Vis Vb

The request that the CKM matrix is unitary leads to relations between the elements:

Vi Vi + Vi Veg + Vi Vig = 0 Vi Vus + Vi Vos + Vi Vis = 0

T 3 010

Introduction to

sy e s
o hemaee
! '

L
am, & Am,

Amg :

o0s|- " smygam, 2|

am,

P
The heigth of the triangle depends on the e e
value of the imaginary phase. T e s

In this talk | will focus on_C in interference of B decay and mixing.
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BQ—ES mixing and B2 — J/\¢ decay @-’p’

DT s CP violation in
B;-B, mixing mixing at LHCb

Time development of the mixing described by F. Dordei
phenomenological Schroedinger eq: Bg

‘d (Bs i\ (Bs

% (&) = M- ) (&) Ve v s

di \Bg Bs

Diagonalizing it in terms of mass eigenstates: Phenomenological mixing

parameters: Introduction to
* AT =T, —Ty
AM = M, — My

* Mixing phase:
by =2arg (VisVip)

* Decay dominated by tree level

* Decay phase: ¢p = arg (VesVy,) =0
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CP in interference of BY decay and mixing "H!

CP violation in
mixing at LHCb

The interference between B‘s) decays to J/1 & with or without B‘s’ B‘; oscillation = Bt

allows the measurement of ¢, via CP violation.

* The SM prediction is very precise:

M = —2Bs = —2arg (—Vis Vi / Vs V) = (—0.0363 & 0.0016) rad
[J.Charleset al.,, Phys.Rev. D84, 033005 (2011)] Introduction to

* ¢ sensitive to New Physics (eg. 4th generation in the box):

s — M + pP

V;ft Vi 1
B, =——b-J¥®
N / d
tb *
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(s, the CP phase, a bit of history %}g

CP violation in
Tevatron experiments have looked to CP violation in Bg — J/V ¢, deraving mixing at LHCb
confidence intervals for ¢ . F. Dordei

Originally they found a combined ~ 2o deviation from —23.

Deviation has decreased with more data, but o (b *®) still much larger than b SV.

.4 Introduction to
D@ Run Il, 8 by AM,=17.77£0.42ps™

SM p-value = 20.8% Note the

Decay rates invariant under transform:

-o.1}7 —98%GL bs == mm—bs Als < —ATlg
;[ —90% CL

02 —95%CL 6” <:>27t—5” 6| <— —&,
-0.3

_oakL L 1 I I I

B

2 3
¢;'¥* (rad)
[DO Prelim, S.Burdin]
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Analysis strategy %{?

CP violation in
mixing at LHCb

CP Asymmetry : F. Dordei

What we measure is:

Acp = —mcp - Sin(s) - sin(Amst)

Challenge of
precision

Decay time: fast BY oscillation needs to be
measurement

resolved (Ams = 17.63ps—1);
Flavour tagging: to separate B9 from Eg

Mass: to separate signal from background;

M BY — J/W is not a CP eigenstate.
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Separation of CP eigenstates %{?

CP violation in

BY — J/ (= puru ) (— KTKT) mixing at LHCb
Pseudoscalar to vector mesons (JP¢ = 1) decay: final states CP odd and CP even. F. Dordei

L=0,2 CP=(—1)t=+1
L=1 CP=(—1)t=-1

Three polarisation amplitudes and phases: o
Ay
* | A2, | A 2, 80, &) (CP-even) /

° | A |? &5, (CP-odd) A

Challenge of
precision
measurement

Angular analysis in 8, ¢, 1 to
separate CP=+1 states and
extract ds.
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BS — J/W¢ angular and proper time distributions

* clear separation of CP even and CP

odd states

* different shapes in angular distributions

- T T
S1400F  LHCb Preliminary
=

F. Dordei (Heidelber:

University)

T T
LHCb Preliminary

/0.3
s B
8 8
+
+
1

T

CP violation in mixing at LHCb

b

THCD

CP violation in
mixing at LHCb

F. Dordei

Challenge of
precision
measurement
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i i L HChH
Decay time resolution Y\'{Cp

Fast B2 oscillation need to be resolved! Time resolution affect the observed Acp: CP violation in
mixing at LHCb

Acp = —micp - sin(ds) - Do, - Sin(Amst) Do, = expl—(Ams 0¢)?/2] F. Dordei

We need good proper time resolution o w.r.t. sinusoid period of oscillation ~ 350fs,

and excellent knowledge of o in data.

']

w0 10 How to determine o in data?

Q' LHCb Preliminary 1

$10° \s=7TeV I'IDEA Challenge of
§ ) ) precision
102 * Reconstructing fake B with zero measurement

lifetime;

* Using prompt J/1 bkg plus 2 random
tracks: T =0+ o¢

P AL R N AL L S AL L

* Decay time resolution o ~ 45 fs

-1 05 0 0.5 1 [
decay time (ps)

[LHCB-CONF-2012-002]
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B0 J/b in LHGb ik

CP violation in

F T T T | ..
225000 | 4 4aua % LHCb Preliminary ] mixing at LHCb
N[ | sig component ] * Different lifetimes for CP odd and CP F. Dordei
02000 | 1icg.component 7
£ ] even components
o k ]

I31500; ]
[ ] ATs =T — Ty = r‘CPadd - I—‘CP even
1000~ 3
500 3
L E —}— data
o———" L @ F T T sig. component
5300 5350 5400 5450 . LHCb Preliminary ) .
B, mass [MeV] 3N o ::::"::::“":1‘: Challenge of
o 10°E s-wave component precision
[LHCB-CONF-2012-002] .2 P~ e componet measurement
:>: [ complete pdf
. — —1 [
L =1fb 1wk
* Very pure sample: F
- & 21200 signal candidates. I
- background O (%) 10F
* World's largest B2 — J/1 ¢ dataset! ] 2 2

6 8
Decay time t [ps]
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b

Flavour tagging - B2 or EZ ? THCD

Tagging: determine flavour of decaying B‘s’ -meson. CP violation in
mixing at LHCb

/.]/1/; F. Dordei
@

Same side
PV
proton Signal BY proton
Opposite side Opposite B Vertex charge tagger

™, from inclusive vertexing

K-
Opposite side
kaon tagger

lepton taggers

from b-quark (=, €7) Challenge of

precision
measurement
° tagging efficiency ey = (32.99 + 0.33)%

* wrong tag probability wg = (36.81 £0.18 +0.74)%

* effective tagging power €rag(1 — 2wiag)? = (2.29 + 0.07 £ 0.26)%

Acp = —Mcp - (1 —2Wiag) - sin(ds) - Doy, - Sin(Amst)
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Other ingredients %{?

CP violation in
mixing at LHCb

F. Dordei
There are still other ingredients needed:
* Proper time acceptance.
* Angular acceptances.
* Mass distribution modelling.
Challenge of

precision
measurement

¢ Background composition and acceptances.

S-wave modelling.
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B — J/\¢ Results @-{3’

bs — AT profile Likelihood contour plot CP violation in
mixing at LHCb

L 02— T T T T

0.185— LHC) 2011 Data

F \s=7Tev
0-16F" Likelihood Profile
0.14F

.12 3

0.1f { E
0.08F- E
0.06F E
0.04F- -
0.02F- E

E 1 1 1 1 1

0.4 0.2 0 0.2 04

F. Dordei

[LHCb-CONF-2012-002]
I's = 0.6580 + 0.0054 (stat.) =4 0.0066 (syst.) ps—!
ATs = 0.116 £ 0.018 (stat.) % 0.006 (syst.) ps—'
¢s = —0.001 +0.101 (stat.) & 0.027 (syst.) rad

Results

Two-fold ambiguity resolved in a different measurement!
Solution with positive AT is preferred at 4.7 0.
[LHCb-PAPER-2011-028, arXiv:1202.4717[hep-ex]]
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Systematic Uncertanties @-{)’

CP violation in
mixing at LHCb

Source T, AT, A7 A
1 1 F. Dordei
[ps™'] | [ps™]

Description of background 0.0010 | 0.004 - 0.002 | 0.005 | 0.04 | 0.04 | 0.06 | 0.011
Angular acceptances 0.0018 | 0.002 | 0.012 | 0.024 | 0.005 | 0.12 | 0.06 | 0.05 | 0.012
[ acceptance model 0.0062 [ 0.002 | 0.001 | 0.001 - - - - -]

z and momentum scale 0.0009 - - - - - - - -

Production asymmetry (+ 10%) | 0.0002 | 0.002 - - - - - - 0.008
CPV mixing & decay (+ 5%) 0.0003 | 0.002 - - - - - - | 0.020
Fit bias - 0.001 | 0.003 - 0.001 | 0.02 | 0.02 | 0.01 | 0.005
Quadratic sum 0.0066 | 0.006 | 0.013 | 0.024 | 0.007 | 0.13 | 0.07 | 0.08 | 0.027

* The dominant contribution for I's from the proper time acceptance.

* The dominant contribution for ¢ s from the £ in mixing and decay.
Ongoing
* In view of more data, with the goal of separating the observed ¢ from the SM Sivelke
prediction to see if New Physics is playing a role, the measurement must be

very precise.

Systematic uncertainty need to be reduced!
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Nuisance « CP » asymmetries

There are several effects that may affect the the CP asymmetry:

* B2-BY production. A difference in the production rate of B and B introduces a
production asymmetry

* Tagging efficiency. A different probability to tag B and B may cause a tagging
efficiency asymmetry.

* Wrong-tag probability. A different probability for a wrong tag for B and B can be
parametrized by wron tag asymmetry.

* Additional CP violation in mixing and/or decay. Can be parametrized by a
parameter A.

HC [)
Y“Cp

CP violation in
mixing at LHCb

F. Dordei

Nuisance ‘CP
asymmetries
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Systematic uncertainties %{3’

i . e . i CP violation in
In the past this systematic uncertainties due to nuisance “CP "asymmetries were: mixing at LHCb
F. Dordei
* production asymmetry (v,) — performing a toy study, which includes a
vp = 10% and fitting a decay model without the nuisance asymmetry. The bias
in the parameter of interested is the resulting systematic uncertainty;

* additional CP violation in mixing and/or decay — fitting for it in data to get
a feeling of the magnitude and then using the same procedure as before with
A2 =14 5%;

* tagging/wrong tag asymmetries — already covered by the uncertainties on
the tagging calibration parameters.

The systematic uncertainties quoted are :

Ts AT s
Additional &P in mix and/or decay | 0.0003 | 0.002 | 0.020 e o
Production asymmetry 0.0002 | 0.002 | 0.008
Total
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LGP in mixing and/or decay @-{3’

GP violation i
Can we fit directly in data for the additional &7 in mixing and/or decay? mixi:g; m&
Deﬁning F. Dordei

>
Il

TlQ

2>

* q,p complex numbers that define BQ mass eigenstates in terms of flavour
eigenstates | By, >=p | B2 > Fq | ?92 >
* A; and A; the decay amplitudes.

Both the CP violation in B mixing | g/p |7 1 or the CP violation in the decay (direct
CP) | As/Ar |# 1resultin | A | 1.

Parametrizing A as:

Nuisance ‘CP
asymmetries

A=|A|e s

and allowing for | A | 1 is it possible to fit for the &7 in mixing and/or decay.
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Fitting for the €P in mixing and/or decay @-’g

CP violation i
Allowing for | A |# 1 is it possible to fit for the &7 in mixing and/or decay. mixi:;;“fﬂ&

* Making toy studies to check if there are bias introduced fitting for | A |; B il
* | generated the same statistics as in data and run over 500 toys.
* looking to the pull distribution for the parameter 9:

D fitted — D generated

0 (Dfitted)
| s pull distribution | A pull distribution |

3

2

Width = 0.992 + 0.031

| Mean = 0.024 + 0.044

Mean = -0.040 + 0.046
Width = 1.018 + 0.032

—

Nuisance 'CP
ESTUINEES

3 p— - - - s
@y ey ety

We can fit for the &P in mixing and/or decay without any bias!
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What about the other asymmetries? %{?

CP violation in
mixing at LHCb

¢ Included performing a toy study F. Dordei

* Adding a tagging efficiency, a wrong tag probability and a production asymmetry
in generation

* fitting using a decay model without any asymmetry.

The bias in the parameter of interested is the resulting systematic uncertainty on the

parameter:

I's ATs s
Tagging efficiency asym | 0.0002 | 0.003 | 0.007

Wrong tag asym 0.0003 | 0.002 | 0.006
Production asym 0.0001 | 0.001 | 0.005
All asimmetries 0.0003 | 0.002 | 0.007
Nuisance 'CP
P mix and/or decay 0.0003 | 0.002 | 0.020 asymmetries

Production asym
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Conclusions L ach]

HC [)
Y“Cp

CP violation in

E ¢ standardhodel oo s8fy mixing at LHCb
F— 68%CL [ coF 10"

E - oswcL [ tHcb 03fb" F. Dordei

E 7] tHco 10 ' :

04

$vo (rad)
[LHCb-CONF-2012-002]
* First direct observation of a non-zero value for AT
* World’s most precise measurement of CP violation in Bg —>J/vo

* The measurement of ¢ is*:
¢s = —0.002 + 0.083 (stat) + 0.027 (syst) rad

Conclusions

* In combination with ¢s from B{s) — J/prta
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F. Dordei

Backup slides
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More theory L rch

THCD

CP violation in
mixing at LHCb

Penguin < F. Dordei
J,

/ More thoery

Mixing

> Mixing phase: ¢mix = arg(Vis Vi)?
> B0 —J/ib¢ is a b—s cBs transition, Tree (T) and Penguin (Pq) terms:
Aces = Ves V:b(T + Pe) + Vus VJbP” + Vi V;BPr
= Ves V(T + Pec — Pt) + Vus Vi, (Pu — Pr)

> VsV, suppressed by O(M\2) WRT Vs V5, 80 (Pu — Py) penguin pollution

(6P) small
> This leaves Ggecay = arg(VosVy,)
¢s =  Pmix — 2Pdecay = arg( Vs V;B)z — 2arg(Ves V) + 0P

Vis Vit
= 2arg {’S—Vf"} = 285 = —2n)2 — A4 — O(X®)
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Ambiguity [ HCh]

HC [)
Y“(L‘)

. . CP violation in
» Two solutions to decay rates in BY — J/i ¢: mixing at LHCb

Solution | Solution 1l e F. Dordei
5” — & 8o — 01 A
61 — b T+dg— 1 :
ds — &g = g — Og % Ambiguity
bs T — g ¢
Alg —Alg

TR T Wm e i@ T
KK imwarianimass (V)

» P-wave phase (6 ) increases rapidly across ¢(1020) mass resonance,
S-wave phase (d) varies slowly

> Measuring ds — 6, in bins of M(K"K ™) resolves the ambiguity
arXiv:0908.3627 [hep-ph]

» LHCb results, 0.37 fo~ 1 in 4 bins of M(K"K™):
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More about the pdf

Signs in blue are tag dependent and change for B(s) CP violation in
mixing at LHCb

P ars ) ) (A ) ]
A = |aglPe ! faosh (Z0t) —cosgssinh [ =2t [sin ¢s sin(amst
i Aol [ ( 0 s ) Wsin o sf) F. Dordei
2Tt Als -
A = IAglPe"S cosh( Tt 7cﬂs<nssmh t) [llsn o5 sin(amst)

AT,
2 —Igt s
Ay = AL 2e"s [msh( 2 )+cos ogsmh( 2 ).sm ossm(ﬂmsr]]
—rst Ars
A= IallaLle™™ [ cos(s, — dH]smossmh( )
h More about the
Wcos(s. — &) cos pgsin(ams il snts . — aH)cos(Am,r)} pdf
rat s rs
As = |Aol|A) e ® cos(d) — do) msh(Tr — €OS ¢5 sinh (Tr
.simssmmmsx)}
—lagt & Al
As = |nollaLle""s [7 cos(s, — dg)sin s sinh (Tr)
Wlcos(5 . — 6o) cos pssin(amsh)lfsin(s L — A'D)cos(Amst)J
AT, AT,
A = |AglPemTst [ﬂosh (Tsr) + 008 6 sinh (Tsr) .sina‘:ssin(Amst)]
AT,
Ay = IAsliagle="s! [7 sin(8) — 65)sin &5 sinh (Tsr)
Wlsin(s) — 8s) cos ps sinams il costs) — as)cus(ﬂmsr)]
sty . ATs . Alg
A = |Asl|ALle”"STsin(s, — 6s) [cosh (Tr) + 008 g Sinh (T )
Hsin éssin(ﬁmst)}
Ay = msm‘,\e-m[ sin(dy — 85) sin dg sinh (7 )

Wsin(% — 55) 005 65 sin(amg Ol cos(sy — 55) costams )]
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