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The LHCb Experiment

» The LHC is a copious source of b,c in the forward region
» C’P-violation measurements are a great way to test the SM. ..
» ...but require precision:
> Time dependent analyses need good time resolution
> Flavour tagging needs particle ID
> High statistics, purity and efficiency needed to reach SM predictions
» LHCb was built precisely for this purpose! [JINST 3 S08005]

VELO RICH trigger
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http://dx.doi.org/10.1088/1748-0221/3/08/S08005

£7 in BY mixing Cb

N
b ¢s at LHCb
» C7 in interference between mixing and decay of B _
BY, BY to the same final state is parameterised by T
a phase difference ¢s < dstegBphase
Measuring ¢ g
» Mixing phase ¢y = 2argVis Vt?) ~ —20s Flavour Tagging

» Decay dominated by tree level for BY — J/1p¢
J/’(ﬁ(]ﬁ 1/ ¢ results

The sign of Al'g

> ¢p = argVes V3 ~ 0

> similarly for J/x07 7~ and other b — Ccs transitions

UCJ\<—>UZJ

OU Decay time resolution
Vi mt ™ results

. Conclusions
. _ . ¢s = ¢u — 26D
> ¢pinb—ccs is robust to NP, but ¢, sensitive to

eg: 4th generation in the box

> gs— o3 + ¢ :

» Theory prediction very precise: ' > ‘
SM = _23: = (—0.0363 +0.0016) rad e )
s 4\ C. Fitzpatricl

[PRD 84 3 (2011)]
13th April 2012
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http://link.aps.org/doi/10.1103/PhysRevD.84.033005

¢s: A continuing saga CI\?

» Tevatron experiments have measured ¢ in BY — I/ ¢, originally finding a
combined ~ 20 deviation from —2/35

¢s at LHCb
» Deviation has decreased with more data, but o(¢s) still much larger than
O‘( —2,35) Introduction
, (cDF public Note 10778) dsithe g phase
[Dg Prelim, S. Burdin] X
~ 04r n CDF Run Il Preliminary L = 9.6 fb™' Measuring ¢s
‘3 0.3 iDﬂ Run i 81b ;':;;ﬂ;n : :‘;;Zsr‘ 0.6 F ‘ ‘ ‘ ‘ E Flavour Tagging
F value = 29.¢ C ]
0.4k zMexpech,alron’ A Decay time resolution
AL - Symmetry line ]
o2 :, s Mixing Induced CP Violation? j I = e
g GE E 1/ ¢ results
—68%CL o e q
ok L %o 2:, = 5 The sign of AT
—95%CL s Bl Conclusions
oaf .
! ! . i i i [ 14 Lonz s . Nirse, arx 042741 011) ]
2 = 0 1 2 3 -0.6 E 2= z;r 087+ oaz:‘; ps ‘ ‘ ‘ g
0¥ (rad) 15 El 05 pJ’WD[rad] 05 1 15
» Note 2-fold ambiguity: Decay rates invariant under transform:
¢s & T —¢s Alss —Als + phases C. Fitzpatrick

> LHCb results for BY — J/1b ¢ and BY — J/ibf,(980) with ~ 0.4 fo—" e Apri2012

[PRL 108 10 (2012)] [PLB 707 5 (2012)]
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http://indico.in2p3.fr/contributionDisplay.py?contribId=1005&sessionId=2&confId=5116
http://www-cdf.fnal.gov/physics/new/bottom/120216.bsjpsiphi10fb/betas_10fb_pubnote.pdf
http://link.aps.org/doi/10.1103/PhysRevLett.108.101803
http://dx.doi.org/10.1016/j.physletb.2012.01.017

¢s inBY — J/pmtr CQ

» BY— J/yf,(980) has been used to measure ¢s at LHCb before
[PLB 707 5 (2012)]

» Pure CP-odd final state means decay rate used to fit for ¢s is relatively Py ities
straightforward: Introduction
bs, Ihe;/’P/phase
P ) = e oA e 4 Measuing s
2 Flavour Tagging
e_Arst/ZU — cos ¢s). sin ¢ sin (Ams 1) } Decay time resolution

Vi mt ™ results

1/ ¢ results
The sign of Al'g

N st

2 {eAr5'/2(1 + cos pg) +

r(BY = ¥ha) =

efArst/ZU — cos qbs). sin ¢ sin (Ams t) }
Conclusions

» The fundamental quantity we measure is:
sin(¢s) x D(ot) x (1 — 2wiag) X sin(Amst)
> BS mixing frequency Ams is fast: decay time resolution o; must be excellent

<< (850fs)
> Measurement depends on knowledge of the BY flavour: Dilution due to flavour

tagging (1 — 2wsg) must be understood
» Dalitz analysis of B? — Jspn 7~ has found
775 < M(nTmn~) < 1550 MeV to be CP-odd (>97.7% @ 95% C.L.)
[LHCB-PAPER-2012-005]

C. Fitzpatrick
13th April 2012
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http://dx.doi.org/10.1016/j.physletb.2012.01.017
https://cdsweb.cern.ch/collection/LHCb Papers?ln=en

Angular analysis of BY — J/1p¢ Cb

N
¢ at LHCb
» B — /¢ has BR 5 x BY = Jprtrn— but: roduction
» Pseudoscalar to vector vector decay: final state CP odd and CP even s, the 78 phase
[Measuing o5

» Three polarisation amplitudes and e

phases:
> |Aol%, |A| |7 80, ) (CP-even)
> |AL|? 6. (CP-odd)
» Angular analysis to disentangle
amplitudes and extract ¢s
» LHCb uses the transversity basis
0,p,9:
» Nonresonant K™ K~ s-wave component fraction and phase: Fs, és
» Decay rate is sum of 10 terms, but ultimately still measure
Sin(¢s) x D(ot) x (1 — 2wiag) X sin(Amst)

Decay time resolution
Vi mt ™ results
1/ ¢ results
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Flavour Tagging CI‘Q

» B flavour is determined using flavour tagging algorithms: s at LHCb
J/ Introduction
w
. l/¢ bs, Ihe;/’P/phase
Same side . Measuring ¢ g

Vertex charge tagger Decay time resolution
*, from inclusive vertexing

K~
Opposite side 1/ ¢ results

kaon t A
aon tagger The sign of Al'g

Opposite side Opposite B
It m ™ results

lepton taggers .
from b-quark (1=, €7) Conclusions

» These look at the properties of the B produced in association with the
signal B?
» Combined per-event tag and mistag calibrated on B+ — J/K £ in data
> tagging efficiency efag = (32.99 +0.33)%
> effective mistag wiag = (36.81 £0.18 £0.74)% C. Fitzpatick
> effective tagging power egg X (1 — 2wiag)? = (2.29 4 0.07 4 0.26)%
13th April 2012
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Decay time resolution Cb
)

» Decay time resolution measured in data [LHCB-CONF-2012-002]
> PromptJ/Aip: 7 =0+0; s at LHCb
» J/v¢ selection is a pure source of J/4b candidates:

Introduction

bs, the;/’P/phase

Measuring ¢ g

123
Q404
10° .
8 . Flavour Tagging
o LHCb Preliminary
2wk \s=7Tev * Decay time resolution
c
Q + -
> J results
g0 /T

1/ ¢ results
The sign of Al'g

Conclusions

Y R L B L B AL L L

o

5 T 1!
decay time (ps)

» Decay time resolution o; =~ 45 fs
» Calibrated per-event decay time resolution used in analysis

» This is estimated from the uncertainty on the decay vertex and decay
length

C. Fitzpatrick
13th April 2012
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https://cdsweb.cern.ch/record/1423592?ln=en

BY — J/ibm T~ results Cb
)
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BY — J/ipr T~ results Cb
N

» Selection uses BDT to enhance .
purity, inputs: 2000 j ' 3

3 s at LHCb
> 1 ® 1D quality = J600f
> =% Impact Parameter x2, pr > B Introduction
> B! vertexing, flight. dist. § 1200 s, the O phase
w

Measuring ¢ g

@
o
=]

» 7421 + 105 signal events,
S/B ~ 4.2 in mass ranges: Flavour Tagging

Decay time resolution

asof ' T 3 O 00 5400 5500 St resuts
8 3005— LHCb E m(Jyr'r) (MeV) /4 ¢ results
o~ E E
S 2505— — Complete PDF E 5 The sign of AT'g
’2 2005_ o :lagcr'\(aglmu"d _E 775 < M(ﬂ+7r7) < 1550 MeV/C ’ Conclusions
: E 3 M(I/pmt7—) + 20MeV/ ¢
150 E
3 E » Simultaneous fit to M(J/ypntn—),
SF E decay time.

» Alg, I's constrained in the fit with

10
Decay time (ps) .
BY — J/i¢ values + correlations

C. Fitzpatrick

» Result, LHCb 1 fb~! [LHCB-PAPER-2012-006]: 13th April 2012

¢s = —0.02 + 0.17 (stat.) £ 0.02 (syst.) rad
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https://cdsweb.cern.ch/collection/LHCb Papers?ln=en

BY — J/i ¢ results Cb
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Yield and lifetime with 1 fb—!

[LHCB-CONF-2012-002]

> T ‘ ]
§2500; o # L Hch preliminary ]
N F |~ sio component 1
2000 | bieg. component E
9% ]
2 f ]
I ]
mlsoo:— E
1000( ]
5001 e

5300 5350 5400 5450
B, mass [MeV]

» Decay time distribution
» Effect of Al's clearly visible

» s-wave fraction:
Fs=(22+1.2+0.7)%

» Simple rectangular cut selection
t > 0.3ps to remove prompt J/2)
» Very pure sample:

~ 21200 signal candidates
Background O (%)

» World’s largest B — J/1) ¢ dataset

v

—}— data

sig. component

T
L. LHCb Preliminary

rrrrrrr cp-even sig. component

— — cp-odd sig. component

=
[S)
%

swave component

—— bkg. component

complete pdf

Events /0.2 ps

=
Q
R
T
P

10

! 1]
2 4 6 8
Decay time t [ps]
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https://cdsweb.cern.ch/record/1423592?ln=en

BY — J/i ¢ angular distributions

—4— data

sig. component
--------- cp-even sig. component
— —- cp-odd sig. component
——— s-wave component
——— bkg. component

——— complete pdf

T T
LHCb Preliminary

%

Ve

T T
LHCb Preliminary
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J/i¢ Results

» Profile likelihood contour in Al s-¢s plane:

» Result, LHCb 1 fo—(Preliminary) [LHCB-CONF-2012-002]:

Is
Alg

Preliminary

T
Cont. Levels

—eancL.

—een 0% CL

—e— Standard Mo

bbbl by B bene b bens

0.6580
0.116
¢s = -0.001

+
+
+

ool
~

]
=
o
p=

0.0066(syst.)
0.006(syst.)
0.027(syst.)

» Simultaneous fit to both B — Jbntn—, B — I/ ¢:

¢s =

» But what about the second solution?

0.027(syst.)
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https://cdsweb.cern.ch/record/1423592?ln=en

Determining the sign of Al'g
» Two solutions to decay rates in B — J/1 ¢:

Solution |
6, — &g
55"&

¢s
Al

» P-wave phase (¢, ) increases rapidly across ¢(1020) mass resonance,

<

Solution Il
6o — 901
T+ — 01
o — s
T — ¢s
—Alg

S-wave phase (Js) varies slowly

» Measuring §s — &, in bins of M(KTK™) resolves the ambiguity
arXiv:0908.3627 [hep-ph]

> LHCb results, 0.37 fb—" in 4 bins of M(K+*K~):

» Solution | preferred at 4.7 from flat phase difference: ATs is positive.

Events /2 MeV

w0

(Rad)
T

strong phase

7000

,
020 7040

080 7100
K'K invariant mass.

Ti
(MeV)

E LHCh

e

3, (rad)

LHCD

—p
T

—+ .

I —

——

—3

~— solution |

—=—solution I

—_—

L L
S0 0w

L | !
R R R
M (MeV)

0

L L
oo

| \
e
M (VMeV)

Same hierarchy as in K° system arxiv:1202.4717 [hep-ex]
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http://arxiv.org/abs/0908.3627
http://arxiv.org/abs/1202.4717

Conclusions

¢ Standard Model
— 68%CL
=TT 95%CL

[ oo
[ co
[ tHCb 03fb!
1o

[J LHCb

8fb
0fb

dJve (rad)

» LHCb has made two measurements of ¢s with the 2011 dataset of 1 fo—!
> With B — J/3 ¢ we find (Preliminary):

s = 0.6580 +

Al = 0116 +

¢s = -0.001 +

> With B — J/ipn™n~ we find:
és = 002 +

0.0054(stat.)
0.018(stat.)
0.101(stat.)

0.17(stat.)

+
+
+

+

» Combining both measurements we find (Preliminary):

s = -0002 &

0.083(stat.)

+

0.0066(syst.)
0.006(syst.)
0.027(syst.)

0.02(syst.)

0.027(syst.)

» With 0.37 fb~"we determine the sign of ATs to be positive

ps—
ps—
rad

rad

1
1
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Further reading

This talk has presented recent measurements of the C# phase ¢s and related
parameters at LHCb

> ¢s from B! — J/ipr T~ with 1 fb~': [LHCB-PAPER-2012-006]

First observation of BY — J/2£,(980): [PLB 698 2 2011]

>
> ¢s measurement with 0.41 fo~' [PLB 707 5 (2012)]

> First observation of BY — J/2f}(1525): arxiv:1112.4695 [hep-ex]
>

M(7 ) found to be CP-odd: Preliminary [LHCB-PAPER-2012-005]
> ¢s, ['s, ATs from BY — J/2p¢ with 1 fo—! Preliminary
[LHCB-CONF-2012-002]
> Previous LHCb result with 0.37 fb~': [PRL 108 10 (2012) ]

» Determination of the sign of Al's with 0.37 fo—!
arXiv:1202.4717 [hep-ex]

ch

\

¢s at LHCb
Backup Slides

Results + Systematics
More Theory

1/¢ ¢ Decay Rates
PJpsittn— CP
asym.

More LHCb

C. Fitzpatrick
13th April 2012

1vp
P
.

0.1
Qa@%
> OH-Av

<«
2Ine®


https://cdsweb.cern.ch/collection/LHCb Papers?ln=en
http://dx.doi.org/10.1016/j.physletb.2011.03.006
http://dx.doi.org/10.1016/j.physletb.2012.01.017
http://arxiv.org/abs/1112.4695
https://cdsweb.cern.ch/collection/LHCb Papers?ln=en
https://cdsweb.cern.ch/record/1423592?ln=en
http://link.aps.org/doi/10.1103/PhysRevLett.108.101803
http://arxiv.org/abs/1202.4717

BY — J/h ¢ Systematics

Parameter Value Stat. Syst.
rs[ps™ "] 06580  0.0054  0.0066
Ars[ps~'1 0116 0.018 0.006
1AL |2 0.246 0.010 0.013
14912 0.523 0.007 0.024
Fs 0.022 0.012 0.007
5 [rad] 2.90 036 0.07
5 Trad] [2.81,3.47) 0.13
55 [rad] 2.90 0.36 0.08
$s Irad] -0.001 0.101 0.027

» Systematic uncertainties

» Full physics parameter results
including phases

> &) non-parabolic likelihood, 95% CL

presented
» Parameter correlation matrix:

ry ars o ALR (A2
rs 100 —038 039 020
Arg 1.00 —067 063
1A, |2 1.00 —053
14g12 1.00

» Systematic uncert. due to flavor tagging, Ams explicitly included as Gaussian

constraint in fit

Source s
ps— 1]
Description of background 0.0010
Angular acceptances 0.0018
t acceptance model 0.0062
z and momentum scale 0.0009
Production asymmetry ( £ 10%) 0.0002
CPV mixing & decay ( &= 5%) 0.0003
Fit bias B
Quadratic sum 0.0066

2
5

0.012
0.001

0.003
0.013

» Largest systematic uncertainties on ¢s:

> Ignoring possible direct C#

> Angular acceptance modelling

3 Fs 5 5, 55

[rad] [rad] [rad] [rad]
0.002 0.005 0.04 0.04 0.06 0.011
0.024 0.005 0.12 0.06 0.05 0.012

0.001 B B o o B
B B B B B 0.008
B B B B ° 0.020
o 0.001 0.02 0.02 0.01 0.005
0.024 0.007 0.13 0.07 0.08 0.027
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BY — J/ymtn~ Systematics Cb

» Normalised fractions of M(z+7~) T %) $s at LHCb
components 1(980) 69.7+£2.3
77% h(1270) C S Backup Sides
» - non-resonant ' . . "
p( _)7 2( ) P eveno, 1(1270),A = 0 0.49 + 0.16 Further reading
remainder CP-odd = 97.7% @ H(1270), A = [1] 0.21 £ 0.65
95% CL p(770) < 1.5% @ 95% C.L. More Theory

1/¢ ¢ Decay Rates
PJpsittn— CP

Quantity (Q) + AQ +Change —Change asym.
in ¢g (rad) in ¢g (rad) More LHCb
B 4.4 x 103 0.0008 —0.0007
Thkg; (PS) 0.046 —0.0006 0.0014
Thkg, (PS) 0.8 —0.0014 0.0014
fo 0.02 —0.0006 0.0012
Nokg 38 0.0009 —0.0001
Nﬂ' 9 0.0006 0.0001
Nig 105 0.0021 0.0006
m%(MeV) 0.12 0.0012 —0.0004
o (MeV) 0.1 —0.0002 0.0008
o 1.1 x 10~ 0.0003 0.0003
T function 5% 0.0005 0.0005
CP-even increase mistag by 2.3% —0.0160 0
Direct CP free in fit —0.0020 0
Total systematic error on ¢ g -0.017 +0.004

C. Fitzpatrick

» Largest systematic is due to possible CP-even pollution 131h Apri 2012




Ambiguity results

Parameter

ds1;1 (rad)
ds1;2 (rad)
ds1;3 (rad)
0514 (rad)

» Simultaneous fit to the 4 bins of M(KTK™)
» Seperate S-wave fraction and phase difference parameter for each bin.

Solution |
0.167 £ 0.175
0.120 + 0.028
0.283 + 0.113
0.061 £ 0.022
0.044 + 0.022
0.269 + 0.067

+0.35
—0.46 T %

+0.15
=292 T4 3

+0.16
T e
—4.11 " 043

Solution Il
2.975 £ 0.175

—0.120 £ 0.028

0.283 + 0.113
0.061 £+ 0.022
0.044 £ 0.022
0.269 £ 0.067

+0.42
—2.68 T 55

+0.13
Toq1 ok
0.11 T53g

0.43
0.97 T2

&Sk

¢s at LHCb

Backup Slides
Further reading

More Theory

1/¢ ¢ Decay Rates
PJpsittn— CP
asym.

More LHCb

C. Fitzpatrick
13th April 2012

wive
< &3
N

&

o1
;@ae
>  Cuerv

<
2Ine®



More Theory CI‘Q

Mixing

s at LHCb

Backup Slides
Further reading
Results + Systematics

1/¢ ¢ Decay Rates
PJpsittn— CP

asym.
» Mixing phase: ¢y = arg(V;sVj;)? More LHCb
» BV — J/b¢ is a b— cCs transition, Tree (T) and Penguin (Pq) terms:
Aces = Vos V3 (T + Pe) + Vus Vi Pu + Vis Vi Pt
= Ves V3 (T + Pe — Pr) + Vus Vi (Pu — Pt)
> VsV, suppressed by O(M\2) WRT Vs V3, so (Pu — Py) penguin pollution
(6P) small
> This leaves ¢p = arg(Ves ng)
¢S — ¢M _ 2¢D — arg( VIS V&;)Z _ 2arg( VCS V;b) + SP C. Fitzpatrick
V V* 13th April 2012
= 2arg |2 = 25, = —2pa2 — At — O(N9)
Vs Vcb -
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B? — J/i» ¢ Decay Rates Cb

» Signs in blue are tag dependent and change for BY \

Aq
Az
Ag

Ay

As

Az

Ag

Ay

Ato

AT, AT,
\Ao\ze’rst [cosh (Tsl) — COS ¢g sinh ( s t) .sm bs sin(AmSP)}

[A) [Pe="s! [cosh (—l) — Cos ¢s sinh (AFS ).sin o5 sin(Amst)}

s at LHCb

Backup Slides

|AL |2 — st [cosh (—st> + cos ¢ sinh (—st) .sin bs sin(Amst)} Further reading
Results + Systematics
IAyllALle”"s! [ cos(6 . — &) sin ps sinh ( 2 Y) More Theory

.cos(JL — &) cos ¢s swn(Amst).sin(éL — 6H)cos(Amst)} PJPSI_"JF", P

_ AT, . AT, asym.

rst s s

Ag||A||e”" S cos(8) — 8g) |cosh [ ——1t ) — cos ¢s sinh ( t)

ollA] ol °)[ ( 2 ) ¢ 2 More LHCb

.sin bs sin(Amst)}
\AOHAL\e_rs' [ cos(6 . — &) sin ¢s sinh ( r)
Bl cos(51 — 6o) cos ps sin(amst)ll sin(s . — 60)cos(Amst)}

AT, AT,

2 st s . s . .
As|“e™" " |cosh (—t) + cos ¢s sinh (—P) sin ¢ sin(Am, t]
IAs] [ : 45 J5t) s s sn(Amst)
AT,
[As||Ayle™"s! [7 sin(8)] — 8s) sin ¢ sinh (Tsr)
.sin(&H — 85) Cos s sin(Amst).cos(zi" - és)cos(Amst)}
Cret AT

[As|[AL €7 S sin(6 L — &s) [cosh - + c0s s sinh s )

C. Fitzpatrick

sin ¢g sin(Amst|

[Wllsin s sin(amst)] 13th April 2012
Als

(Asllaole ™" [~ sintso — 62)sin g sinh ((12+)

.sin(60 — 85) CoS ¢ sin(Amst).cos(éu - 65)cos(Am51)}




Jpm o= CP asymmetry

o
N

o
=
T

)

LHCb

) - N(BY
2)+N(BC)

N(B.
N(B.

.
o
=

o
PERTE FYRTEAT! | FUUTY FRTTE FRTTE FTTR FAeT

o LLALE LAALY LARLN LA}

.
o
S

1 1 1
0.1 0.2 0.3
Decay time modulo 2w/Amy (ps)

» Raw CP asymmetry as a function of decay time modulo (27/Ams).
> in red is the expectation for ¢s = —0.019 rad
» datapoints are consistently lower as we select more BY than BY
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More about LHCb

» At LHC, b b pairs produced with correlated
polar angle distribution

> LHCb fully instrumentedon 2 < n < 5to
exploit the forward pairs

LHCb Integrated Luminosity at 3.5 TeV in 2011
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» 1.1fb~"collected in 2011
at ~99% efficiency

> Lumi levelling keeps
luminosity constant by
separating beams
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