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Asymmetries very often give access to interference
effects and offer the possibility to measure phases.

Historical example
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Mixing Phenomenology

Flavor eigenstates ‘Bg> = \5q> ‘§§> =|bq)
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Mixing Observables

Mass difference and Amg =my —mg can be linked to eigen-

decay width difference AT, =T, - T}, values of mixing matrix
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Oscillation

B (t)) +|B4(t) _ 1 0
. >2+p >=2p(bL(t)-(pB>+q

w0

@>)+bH(t)-(p\ B’)—q
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Ignoring AI' and assuming ¢/p=1 (no CP in mixing):

r _
Non-mixed  P(B° - B°)= - © "'[1+ cos(amt)]

mixed P(B® - E) = ge_“ [1- cos(Amt)]



Mixing Asymmetry

Mixing probability:
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CP Asymmetry

> f)-T(B—>f) T(B —fp)-T(B—fy)
5> f)+T(B—>f) I'(B—>fp)+ (B> fep)
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CP Asymmetry
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Flavor specific asymmetry

al _al cos(Amgt) (¢ )" =~(5.0+1.1)x10™
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New Physics Sensitivity
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Production of B Mesons

TS

E,,= 14 TeV

p%

Eoys =10.58 GeV

Boost By = 0.56

-
—-
_-
-
.

Boost By = 15 ... 30

z= 7 ... 15 mm

z~250um

Signal looks pretty much like
background (~ x 200)

Easy to trigger and to record
background level ~ x(3...4)



B Events




Measuring B, Mixing

Principle:

/ unmlxed
\ E

unmixed(t) —mixed(t)
unmixed(t) + mixed(t)

At) = = cos(Amt)

mixed

opposite side ! signal side

Reconstruct B.—»Dn

Determine-decay time

Determine production flavor




Event Reconstruction: Tracking

Efficiency >95%
Ghost rate <7%

Mass Resolution in MeV/c?
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Event Reconstruction: K/x ID

Photo Detectors
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Proper Time Measurement

B.>D(KKn)n




Proper time resolution
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Finite Proper Time Resolution

) perfect g . finite
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also effects the seen asymmetry (see below)



Measurement of Proper Time Resolution

High-rate dimuon trigger provides valuable calibration calibration tool:

 Trigger on distinct uu mass peaks: J/y, Y and Z
« Sample independent on lifetime

« Dominated by prompt J/y

Ratio of bb : ¢ events in pp collisions: 1:10
Ratio of ./ /¢ out of B decays and .J/¢) out of ¢¢ decays: 1:100
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Production Flavor = Tagging

K't from fragmentation or } Same side (SS)

_,.é: Signal B
PV - ~

T @ D
Tagging B i‘

kaon (K*)
lepton (U=, €%)

7

> Opposite side (OS)

Flavour tagging algorithms are not perfect!
Backgrounds in tagger selections

The tagging B can oscillate incoherently (unlike in B-
factories):

40% B*,10% baryons: no oscillation ©
40% B, Am, ~ ', = oscillated 17.5% ©
10% B_:: Am_>>T_ = oscillated 50% @

Characterization:

= tagging effi.

8tag
® = wrong tag fraction

Advantage of e+e-

‘ B-factories



Interlude: Y(4S)—BOBO
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Effect on Asymmetry

_ N(B)(t)-N(B)(t)

A= NEn NG

Observed asymmetry w/ wrong tag fraction @

_NB))-NB))
N(B)(H)+N(B)() )

_ NB)O)(1-0)+N(B)(t)o - NB)(1)(1- o) -NB)t)e
N(B)(t)(1- @)+ N(B)(t)o+ N(B)(t)(1- )+ N(B)(t)w
N(B)(t) - N(B)(1)

“EONEO-NE

Ameas (t )

N’(B), N'(B) Observed number of events of given flavor

D=(1-2w) Tagging “dilution”:  ®=50% — D=0
no measurement possible



Dilution
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Sensitivity and Tagging Power

_ Ng =gN,
N(B)-N(B
Statistical error of asymmetry A= (8) (_) Nz =(1-d)N =pN
N(B)+N(B) N,
_ =N
Total event number N =N(B)+N(B) fixed o(aN)? = N(1-q)g

Statistical error calculated according binominal distribution (A or notA):

AA:L(1—A2)1/2

JIN

Taqqging efficiency: N—>N=¢N

- AArneas = ﬁm _ (Ameas )2 )1/2

Wrong tag fraction: Aes =DA AA .~ 1

= effective tagging power

We are interested in A and 1
therefore also in the error of A AA = BAAmeas




Flavor Tagging at LHCDb

Same Side Tagging
e fragmentation pion/kacn near B

Opposite Side Tagging 1 Dilution form
e [epton oscillation if

e kaon r B
e vertex charge

tag €tagl®h] | w[%] | €cfrl%]
muon 11 35 1.0
electron 5 36 0.4
kaon 17 31 24
— vertex charge 24 40 1.0
D|Iut|?n | D=(1-2) frag. kaon (B.) 18 33 2.1




Effective Tagging Power

. 2
N_, =N &D
[%] eD? Reduction of data set
DO/CDF 2.5-5.0 X 20-50
BABAR/BELLE ~ 30 X 3-4
LHCb (MC study) | ~ 6% X 17




Statistical Significance

15 Mixing Asymmetry
Z A(t) = cos(Am.t)
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Summary of different effects on mixing

Expectation for 2 fb-1 (1 yr):

150 B,—»D.r events, untagged

£105~60%, B/S~1 (mostly short lived) %
>
L]

1

2 S+B)2 Amo., )
- [ (519 gyf tames)
SépgD S 2

B.—»D.r

Perfect reconstruction
: % + flavour tagging

+ background
+ acceptance

2 fb-1 (1 yr) of data

Proper time (ps)



| t distribution | signal
tagged as mixed
.."..; B + tagged as unmixed
S B tagged
a 1400— . untagge
e L i+ _H_ — fitted tagged as mixed Ih.
1200 - HN ~nrees fitted untagged
B .|. . — fitted tagged as unmixed Ih.
1000 :_ \ } ——— complete signal lh.
N t
800—
600(—
fl
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- ) X %iﬂri“. .
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Expected statistical resolution on Amg: o Amg) = 0.007ps™
remember Amg =17.7 ps—

1.

— Amg/ms =0.04%




CP Asymmetry in B—>J/yK,

I'(B — fp)—T(B — fp)

Aer (1) = (B > fep )+ (B — fep)
2
( 1 _ l ~
0 — f > cos(Amt ) — 2‘5(le sin(Amt)
B 1+ |4, 1+ | 4|
AT =0 3 “ ARS Y
N '
M — 25
Direct CP violation CP violation through interference

\

_9A  3(4)=—n,sin|
" oA



q _ e~ Ou
P
Dy :arg(—l\/|12)

1.) CP eigenvalue

By - JP =07 (Pseudoskalar)
J/p: o JOP = 17171 (vector)
K, . JY=0"1"1(Pseudoskalar)

Angular momentum conservation:

0=J(J/Yd)=|S+L|;—L=1

—i20;

CP(J/d) =
CP(J/4) % OP(¢) % (~1)F

=1




B°—J/yK,

oy, =arg thtf;)Z 20 Dy, k= arg(ﬁ/cbvc’; X\/CSVC”;I )): 0
- BOmixing - — B° deca - _ KOmixing -
b—s—e—d | [B o . ST
d—e—e—p d d d—e—e—s

a/p AoV V_ de / Py

Acp (1) =sin 24 sin(Amt)



Measurement of sin2f3

|
%
w

cplAt =0) = B’

70 — tag —

08 | Ap (t) = Sin2B sin(Amt)

60 [ tag

Ereignisse

50 [
40 |
30 |-

20 |

10 |




PRL 94, 161803. 227 Mio BB
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Pt

30l NI,

030 Acp (t) ~ sin2f sin(Amt)

n .-I5. M n .[l] .......
At [ps]

sin2p = 0.722+0.040+0.023




CP Asymmetry in B,—»>J/y¢

G

. B, mixing - b BO.decay C
e—e— S
P 5 ¢
» Wh—s
S—e—e—ph S —s
q/p AocV V.

Oy = arg&tsvt;): =25 D1y =29 CbVC*S): 0



CP Asymmetry B.—J/yo

[wd  CP|IIyg) =+l yy)

A _ 77fe—i2c1>f

A

A =%§ () =~ sin

_ F(§_>f(:F>)_F(|3_>fc:|3)
I'(B - fp)+T(B— fop)

Acp (1)

B 1, sin[2(CI),\,I + O, )]sin(Amt)
cosh( A't / 2) — 57, cos[2(®,, + @, )|sinh( ATt/ 2)




B.—»J/y¢

BS—) J/\|! (I) Vector mesons w/ JP¢=1-

!

HE KK \
J/Iy¢ is admixture of CP states: | .
L=02 CP=+1 (1) - i‘-ﬂ,‘
L=1 CP=-1 Tlcp | S, ) .
: : :
! G
||

{
II

Angular analysis to separate CP +/-1 states




Polarization Amplitudes

* In the Transversity basis the vector meson
polarization w.r.t the direction of motion is:

v Longitudinal = A, [CP even]

v Transverse and parallel
to each other = A [CP even]

v Transverse and perpendicular
to each other = A  [CP odd]

* Strong phases:
v 3 Earg{AﬁAD}
‘“’G_ _ arg{Ang} Physics parameters: mg, I',, Amg, AL, ¢S

Ag, A, AL Oy, 0)
Angles in transv. basis: 6, /, ¢




Extraction of CP Asymmetry

Signal PDF
i 1+¢&D |
s(t,cosO,¢p,cosV) = T8 p(t,cos O, ¢, cos V)
1 — ﬁ'
—|—l 5 Dﬁ(f cos O, o, cos 'I')
1 4+ 4D|E i
— —|_2"’ Zﬁ A; (1) fi(cos®, ¢, cos V)
i=1
1 —4D|E
+ 2"’ Z ) - fi(cos©, b, cos W)

¢ = 41 for a B, £ = —1 for a B,

Dilution reduces the observable CP asymmetry: we need to know
the dilution to extract the correct CP asymmetry and thus sin¢,



Angular Distributions

k A,(t) A;(t) fi(cos O, &, cos )
1 | Ao(2)|? | Ao()|? —-2cos’ 1) (1 — sin® O cos” (,-‘5)
2 ENGIE |Ay(2)]? ——sin’ ¢ (1 — sin® © sin? qﬁ)
3 | AL (1) |ﬁL ()] =5—sin’ ¢ sin” ©
4 | Im(AT ()AL (T Im(AS(H)A) (¢ — 2 _sin? 4 sin 20 sin ¢
| ZIINE4 2 327 .
51 Re(A:X(t)A(t Re( A5 (t)Ay(t Y __ sin 24 sin? O sin 2¢
) I US| 32mv/2
6 | Im(ALt)A (¢t Im(A:(E) A (T — 9 __ sin 2¢) sin 20 cos ¢
1] ] 327 /2
2
|Ao(t)]? = \A43(20)| [(l + cos ®,)e T + (1 — cos B, )e ! sin (Amt) sin CI)S]
A 2 ‘AII(O)F ’ o It : o —T gyt Tt - A
Ay (2)]” = — {(l + cos Oy e + (1 — cos Dy)e e~ "sin (Amt) sin <IJS}
2
A (1) = ‘Aléoj‘ [(l —cos®,)e "L 4 (1 + cos D )e T H Pt sin (Amt) sin (PS}
— A (0)?
|Ay(1))* = | D; ) [(l +cos®,)e TE 4 (1 — cos ®,)e e sin (Amt) sin (IJ*S]
Tz - A o e Tht 1 \eTHt Lo Tt AL
A4 (t)]° = —5 [(l + cos g )e + (1 — cos Dy )e e” "sin (Amt) sin (IJ*S]
WAL 4. (0)]?
A () = 1 —cos®,)e 2! 4+ (1 + cos By )e™#! — 2™ sin (Amt) sin &
AL (2)] > y ( y (Amt) sin &,



Angular and proper time distribution
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Expectation

parameter Sensitivity
2 1o A, (0)]7 | 0.0044 = 0.0002
117k BS—)J/\V(I) signal events |AD(O) |3 00033 + U.U{_}Ul
_ Iy 0.0034 £ 0.0002
Prompt background B/S=1.8 AT | 0.0105 £ 0.0005
Long-lived backgr. B/S=0.5 25 0.030 £ 0.001
£0,=0.56, ©=0.33 — D=6.1% - 0.051 2£0.004
5 0.092 4 0.004

Standard model prediction: —203; = —0.0368 £ 0.0017



Tagging Calibration

Knowledge of tagging performance essential ! Mistag rate, o, enters

as first order correction to CP asymmetries: A-, meas = (|-2m) A true

Undesirable to use simulation to fix . Many things we don’t properly know:

* Production mechanisms

aim

Awfw < 2%

Kinematical correlation between signal and tagging B depends on

how bb are produced — predictions of relative contribution of various

mechanisms (qq, gg, qg...) have significant uncertainties...

*Material effects
K* and K- interact differently with the material of the detector.
This affects tag efficiency and mistag rates.

* Other

B hadron composition, B decay modelling, PID performance etc etc

Therefore intend to measure performance from data using control channels




Control Channels

* ldea:accumulate high statistics in flavour-specific modes
e () can be extracted by:
> B*:just comparing tagging with observed flavour

> B4 and B_:fitting known oscillation

Yield/ S /o
Channel 2 fb-1 (2fb1)

B+—=J/w(uuw)K+ | 1.7 M 0.4%
Similar to B+*—DOrn+ 0.7 M 0.6%
signal B> J/y(up)K*® | 0.7 M 0.6%
B.—~ Dt 0.12M 2%
B> D" utv oM 0.16%
Semi- + 0(*),, + 0
leptonics B*->Dlu+v | 3.5 M 0.3% B/S0.9-0.8
B.—» D u+v 2 M 1% | e o




Tagging in Control Channels

However, the mistag rate is different 2 04 _ :
between different channels, up to ~15%, @ o039 f E
while the requirement is to know Aofm < & %38 ¢ - ;
2% with 2 fb" = 09| :

036 F 4 3
The reason is that trigger and offline - E

selections bias in a different way the phase . -

space of the control and signal channels. _. ]
L - ]: MIn UM arroer recuiracd 1

. . . C L ]

Due to the kinematical correlation 0.3z [ -
between signal B and tagging B this 031 | c
translates into a different tagging power. 03k :
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In case the trigger object is the tagging B the effect is even more obvious
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Tagging in Control Channels

|. Split each channel in subsamples according to whether the trigger
decision was based on signal or not

2. In each subsample, re-weight the events to get the same 3-
momentum distribution of the signal-B.

3. Different channels are now comparable!
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Flavor specific asymmetry

_al _al cos(amy) (@¢ ™ =—(5.0+1.1)x10™

fs

2 2 cosh(ar,t/2)

(a3 =(2.1£0.4)x10°
Up to 103 with NP
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al =3 % | = ‘ 1;‘ sin®d,,, = ——tan®,,
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LHCD

Many Asymmetries

» Untagged, time-dependent measurement

A% (1) azi o (ag o cos(Amqt)
= — | —
"2 2 |2 2 Jcosh(ar,t/2)

» Extra constant and time-dependent terms
= Detector asymmetry 5.
= Production asymmetry 3,
= Background asymmetry o,

R Lambert, Imperial CPWG, 22nd January 2009



Detection Asymmetries

* Matter detector — hadronic interactions are asymmetric
« Magnet divides +/- charge, allowing +/- asymmetry

Kaon interaction cross-section Charge distribution from MC
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2 £
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8 2
201 > 2000
0 ! ‘
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momentum in lab frame P o/ GeVc X position at T-stations / mm
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Production Asymmetries

As the LHC collides protons with protons, events are not CP-symmetric.

produced antiparticlesP ~ N(P) s
produced particles P N(P) p

Production asymmetry is effect of competing processes:

== 7/ol
Cluster Collapse RS 0
d —\O By meson
Enhances the production of species g g b
containing beam remnants at low Wu b N
transverse momentum (pt) —> — Xph baryon




Production Asymmetries

Valence-Quark Scattering

Enhances production of high energy
species containing beam constituents

Beam Drag Redistributes particle-antiparticle content as a function
of transverse momentum (pt) and rapidity (direction)

Color connections KA

with quark remnants
] ‘drag’ antiquarks ?

toward the beam “p
>

—_ — ] Color connections
with di-quark remnants .
‘drag’ quarks K

“@

o

"

toward the beam



Production Asymmetrie

production 20M events with
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LHCD
- %

Subtraction method

s,d _ AS __ Ad
AAfs ~ I\ Afs

» Examine decays in different channels to the same final state:
= detector asymmetries should be equal:

a; al
R
2 2 2 2

s,d q
= Measure AAfs instead of s -
S d

a a
AASY s 7B TS AS Al
fs 2 2 fs fs

» |ndependent of detector asymmetry

R Lambert, Imperial CPWG, 22nd January 2009 55






* High statistics of B, and B..

*Trigger sensitive to final states with leptons and
only hadrons.

*Excellent proper time resolution to measure the
CP violating oscillation amplitudes of the Bs system.

*Good n/K/pi/e separation to reduce the
combinatorial background and other B meson decays.
K-id is also very useful for flavour tagging.

*Good momentum and vertex resolution to reduce
background



Different hadronization models

Interaction Interaction

.....
|||||

PYTHIA uses Lund String hadronization.

HERWIG uses clustering hadronization.



