Study of CP violation in
B.' — J/V ® at CDF
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m Proton-Antiproton Collider
m 1.96 TeV Center of Mass
m Huge b xsec at Tevatron

17.6 £ 0.4(stat) + 2.5 -2.3 (syst) ub(CDF)

m 2.8 fb' used in this analysis
m ~06 fb! delivered so far
m Expect ~10 fb' by end of 2011

CDF Run |l Preliminary L=1.0fb"
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m B system do oscillate into its
antiparticle.

m  CDF Observation was big news in
2006 (PRL 97, 242003 2006 )

m Negligible CP violation in the B.°
system is a firm SM prediction

m A sizeable observation of CPV in the
J/'¥ @ final state is a strong indication
of physics beyond the SM
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hiding under the waves
2m do oscillate into its
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B, Phase and the CKM Matrix &

- CKM matrix connects mass and weak quark eigenstates

- Expand CKM matrix in A = Sin(0:,10,) = 0-23
1 ) 1 4 3 .
. 1— =22 -2 AN (p —
Vid Ve Vb ) 5 A 8)\ ) 1)\ A7 (p —in)
Via Ves Ve | = | =X+ §A2A5[1 —20p+in)] 1- 5)\2 — g"4(1 + 4A?%) AN?

Via. Vis Vi AN = (1= 20 (p+in)] —AX 4 LA L= 20p+im)] 1 3 AN

- To conserve probability CKM matrix must be unitary
— Unitary relations can be represented as “unitarity triangles”

unitarty VgV, + VeaV + ViaVi = 0 VsV + VsV + ViV = 0
relations:
L, e VeVid
unitarity AT
triangles: T (0,0) %S (1,0)

0.0) 1.0
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B, Phase and the CKM Matrix

- CKM matrix connects mass and weak quark eigenstates
- Expand CKM matrix in A = Sin(05,10,) = 0.23

O(1)
Ve ) ~ ||ow
Vib O ( )\3)

O(N) O(A3)
O(1) O(N2)
O(A2) O(1)

- To conserve probability CKM matrix must be unitary
— Unitary relations can be represented as “unitarity triangles”

unitarity
relations:

unitarity
triangles:
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All sides ~O(1)
(pm)

(1,0)

ViV (FS/T]l VeV
us Vol 0.0 .




B, Phase and the CKM Matrix

- CKM matrix connects mass and weak quark eigenstates
- Expand CKM matrix in A = Sin(0:,10,) = 0-23

Vad Vas Vaa O(1) O\ ON)
(1@ Ves Iﬁ'}b)z O(A) O(1) O(A?)
Via Vis Vi O(A3) O(A2) O(1)

- To conserve probability CKM matrix must be unitary
— Unitary relations can be represented as “unitarity triangles”

ViV + VoV + ViV =0

Very small CPV phase 3, of O(A?) VL o
= ~O(1
o ([_)jl Irh‘ ch
OO2)~| L] (0.0) (1,0)
A2~y 1 B.

> SM
s = arg (=Vu V. /Va Vi) = 0.02



S Vo © 0V
- . * * ~ — B tb E ts -
Bs = arg (Vi Vie/ VerVeg) = 0.02 5 —<——<———<—5
| |
0 I (u,c) ! =0
. B Wi ' W B
4 (1B1)) M_ip) (1B®) ; | | i
;_._ T " : . T —_—y 3 %
dt \| By(®)) 2 ) \|BY(t)) S SR S
Vts t th

m Time evolution of B flavor eigenstates described by Schrodinger equation:
m Diagonalize mass (M) and decay (') matrices
m Eigenstates have different mass and width eigenvalues:
Am,=m,-m =2M,,| Al =I-T,=2T,,cos(®) d=arg(-M,,/,,)
m SM expectation (A.Lenz &U Nierste hep-ph/0612167)
Am, = (19.316.7) ps™ Al =(0.096%0.039) ps d=(4.2+1.4)103
— B.Y oscillates fast with frequency Am, precisely measured by CDF

Am (B0)= (17.77 +0.12) ps" x (5 D 3
Am(B% ~ 0.5 ps- LE 5
Am(D% ~ 0.02 ps’ 3 z
Am(K% ~  0.005 ps-! T £ %

7 DPF 2009 S S



m V,V." accesible through the b—ccs decay E

1/
m Tree level: decay dominated by SM / . v
b
m The interference between mixing and b—ccs 4\ Sq)
(J/¥ @ decay in particular) is sensitive to B

m New Physics would contribute to the CP violating phase
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m Decay of B (spin 0) to J/WW(spin 1) ®d(spin 1) akin to B® — J/¥(spin 1) K,*(spin 1)
mThree different CP/angular momentum final states: CP|J/W¥ ® >=(-1)-, L=0,1,2

L = 0 (s-wave), 2 (d-wave) — CP even
L =1 (p-wave) — CP odd

m |f CP is conserved — |Bsr) = |Bscp+) |Bsu) = |Bscp—)
mLight, short lived state should follow L=0,2 angular distributions and
mHeavy long lived one should follow L=1 angular distributions

Infer CP state from time dependent angular distributions
| CDF Run Il Preliminary 2.81b" |

events/50um
2

-t
o
N

10

Use ransverS|ty basis (W+,8:,P; ) angles
(hep-ph/951163)

C 1 1 1 1 1 1 : 1 1 1 1 1 .“}. ) 1
-0.2 -0.1 0 0.1 0.2 0 3
ct (J/y ¢) [em]

Knowing initial flavour enhances sensitivity

9 DPF 2009 A flavor-tagged analysis of time dependent angular distributions



Measuring: 0-Trigger on dimuons

Muon system is a combination of wire chambers and scintillator
Trigger efficiently in dimuons pt(mu)>1.5 GeV |n| <1.15
Efficiency flat ~0.87 above 2 GeV

No trigger bias in time distributions / K+
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Measuring: 1- Tracking reconstruction

m Find J/¥ ® Resonances m CDF has excellent tracking/mass
= B2 mass (J¥ ®) resolution: o(p+)/p;~0.1% p/GeV
m Angular distributions to infer CP state
m Correct detector acceptance bias K+
K-
)

COT: 96 layer drift chamber r=44-132 cm

I ‘\ . ',\ N X _.'"m S . - ; : < . : : <
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Measuring: 1- Reconstruct vertex

m SVX and LOO microstrip silicon detectors provide secondary vertexing
m B.% Proper decay time = L,, m(B,%)/p+(B,°)

m SVX:5 layers of

double-sided silicon
r=2.5-25 cm

m LOO is glued on top of beam pipe, oy
1.35 cm from IP p

m Single sided CMS type silicon
m Improves o(cT) by 20 %

m O(cT) ~25 um

h_cterr_4v_bgs

H Entries 1921

w Mean 25.05
RMS 9.426

207306080 100
un-scaled o(ct) (um), 4-trk vtx
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Measuring: 2 —Reconstruct flavour

m Particle identification capability from COT dE/dX and TOF scintillator
system (not calibrated yet)

m  Same Side Tagger and Opposite Side Tagger algorithms

K+
K-
(D)
""" 'y
““““““““ J/LIJ “+
m SST: eD?2 = 3.6%
m OST: eD2=1.2%

m Improvements under way

13 DPF 2009 A flavor-tagged analysis of time dependent angular distributions



B2

m Revisit Am.using 2.8 fb 3
(vs.1 fo! at discovery) =

m Use Single decay mode g'
<

B, —» D, 1*; D, —»®1r(+C.C)
m SST performace

independent of
Instantaneous luminosity

m Developing global NN-
based tagger which will be
calibrated against Am,
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D; s, Ds — ¢D T, ¢a — K"K (+ cc)

Flavour tagging improvents

CDF Run 2 Preliminary, L = 2.8 o'

—— Amplitude A
1.65 0, (stat)

I CDF Run 2 measurement (1 ™)
Sensitivity = 26.2 ps”

™ .m. i .ili!
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L

ELR 30
Mixing Frequency in ps'1



Measuring : 3- Selection

m Use Neural Network to amass large B.° sample
m Optimized on S/sqgrt(S+B) where S is MC and B comes from side

bands
m 15 variables CDF Run 2 Preliminary L~ 2.8 fb"
al -
S 10000 - |
Index Variable Rank CE . — Signal
1 training target - 8 . — Background
. 2
2 x2_4(Bs) 9 o 8000
3 pr(By) 10 Q@ N
4 Prob(x*)(B3) 4 g
pr(6) 14 5 6000
6 Prob(x?)() 11 %
7 |77 e+ g — | 2 O
8 pr(K1) 3 I
9 pi(K2) 1 4000 i
10 pr(J/v) 6 B
11 Prob(x*)(J/1) 15 -
12 |- — m.jjﬂ-g 12 2000+
13 max(lh(pt), hiz=)) 13 i
14  min(lh(gt),hiz")) 5 ol

15 max(pr(ut),prip))

16 min(pr(gt),pr(u=)) 8 -1.0 0.5 0.0 0.5 1.0
Neural network output
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~3200 B.,%— J/p(—u+u-)P(—K+K-) in 2.8 fb

CDF Run Il Preliminary L =2.81b"

400 H

Signal= 58+ 12 Events
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300

250 Run 1: 58+12 events, 110 pb-

+ Phys.Rev.D57:5382-5401,1998.
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Decay time distribution

. -1
CDF Run Il Preliminary 2.8 b
S. B e Data
Fit
g 103 = — Slignal
] — - - - Light
E [ Heavy
% — m O'(CT) ~25 um Background
o h_cterr_4v_bgs 4 N
102 | 0.16 H Entries 1921
— 0.14 HJ[ Mean 25.05
C e } RMS  9.426
[ 0.10
L 0.08
| 008
CDF_ Run Il Preli 0.04
;- 10 = 000
_ Oscillation period: [ ‘
i — 21c/Ams=106 ym '}
soz_xw" il | ‘
“g‘s.‘zs‘”sja” 1 :_ ‘ * '%\m r's o
= c/Al' S™~3 mm S TN
_ : 1 o N
[ R L1 . < : }‘lx N
MC -0.2 -0.1 0 0.1 0.2 0.3
. , o ct (J/y ¢) [em]
SlICem v v Decay-time exponential (signal)
(background)

Empirical model for background
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Angular distributions, Tagging
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L=28fb"
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0.. 0.3
ct (J/y ¢) [em]

Decay-time
exponential
(signal) empirical
model for
background
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m Likelihood constructed from 9 measured variables for signal and
background

-1
fsPs(m|oy, Péxﬁ}f D, o) P @) Ps(D) \5:{-7
g

L)

;E:Run" Preliminary L =281 I|(;:>F Run Il Preliminary 2.8t SOO:CDF Run Il Proliminary L= 2.8 fo" i 700:CDF Run Il Preliminary L =1.351b"
3505_ §1o~ 700; 500;* + 78_9 |
. 600 4T . ‘ 5005 ona
m;_ 102 500§ ;gnZITegion'data+ s *-r — Background
o e
150;— : SOOM 200" |
100k bty h 200F Eot
Erwv O Ak 1; WW 100:— ¢+¢
“F 0z T 0 01 0.2 03 1005 - N gi-n i o R
IR T TR VTR TR o Wy o) fom) 9% 085 00 05 10 0.0 5 .
m (Jhy o)[GeV] cos(®) OST Predicted Dilution
Decay-time & o, 3 Angles
Mass Exponential MC and data Tagging dillution
MC (signal) and (signal) empirical (signal),
sideband data model for sidebands
(background) background (background
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fs Ps(m|om) Ps(t, p. 5‘5 0t)Ps(0¢)Ps(D)
+(1 = fo) Py(m) Py(t|ot) Py(p) Py (01) Py (D)

Likelihood depends on 36 parameters
First, assuming no CPV (B,=0), measure relevant nuisance parameters:
Width difference = 0.02 + 0.05 (stat.) £ 0.01 (syst.) um
Average lifetime =459 + 12 (stat.) £ 3 (syst.) um
PDG: ct (B°) =459 +£0.027 um
HQET: c1(B.% = (1.00£0.01) c1(B°)
)|2 =0.241 + 0.019 (stat) + 0.007 (syst) } CP oven
)|2 =0.508 £+ 0.024 (stat) + 0.008 (syst)

Then, adjust confidence region contours in the Al'- B, plane from the
p-value distribution obtained from pseudo-experiments.

Include systematics by recalculating p-value distribution over a 5 sigma
range in the nuisance parameters and choosing worst case to define the
confidence limit region.
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Tagged & Untagged Resulis

PRL 100,161802 (2008)

CDF Run Il Preliminary L = 2.8 fo' L =1.7 b
[ — SM prediction : N - . -
. 0.6 — 95%C.L. 2 06L ng;nce region. 3 standard model
‘v . — 68%C.L. % C 950/2 New physics models

0.4f

New Physics

|_|1....c|)|..§|ll.| ‘.._2...0...2|
B, (rad) 2,
m Flavour tagging suppresses negative B, reducing significantly the allowed
parameter space

m B,in[0.28,1.29] @ 68% CL. B, — %—3
The significance of CPV is 1.70 (p-value=7%,; Ar ., _ar.

m Remaining symmetry can be broken using strong phases 5 2 - 'SH?

from other measurements s |

0]
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Tevatron combination |

m Comparable CDF and DO results.
m Without external constraints in strong phases
m With systematics

CDF 238 iy’ Preliminary

i ;. 68% CL
o Q=R o;
2 0.4¢

DO 281" With preliminary systematics
1y

/8

B7/¥[rad]
From publication: PRL 101, 241801 (2008);
D@ Note 5933-CONF
m Combination in the Al',-B, 2d slice of the n-dimension likelihoods

m Result could improve if simultaneous fit performed in all dimensions

CDF/DO0 Ar,B, Combination Working Group:
23 DPF 2009 Common CDF/D0 note CDF/PHYS/BOTTOM/CDFR/9787 - DO Note 5928-CONF



Tevatron combination I

m Full inclusion of systematics and non Gaussian effects

s No constraints; . ggCBF RunliPrel.28f +DO 28fo
N 68% CL
9» 95% CL
=041 99% CL
L‘U’:l
0.2
<] S

-0.4} SM p-value = 0.034 (2.10)
(2.0c at nearest point)

T/
m 1d Bs range with Al floating. %) / rad]

m [0.10,1.42] @ 95 % — p-value for the SM point is 2.0% or 2.33 o
[0.27,0.59] U [0.97,1.30] @ 68 %

CDF/DO0 Ar,B, Combination Working Group:
24 DPF 2009 Common CDF/D0 note CDF/PHYS/BOTTOM/CDFR/9787 - DO Note 5928-CONF



m Intriguing 20 effect, has not gone away:
Dec 2007 CDF(0.35fb') 1.350
Mar2008 DO (2.8 fb'') 1.7 ©
Jul 2008 Ext. Combo 2.2 O CDF Simulated Data, Assume p_= 0.4

Jul 2008 CDF(2.8 fb') 1.8 o© _ 10f 30 )
Jul 2009 CDF/DO combo 2.12 ¢ = . égjiiﬁiﬁ-ﬂigiﬂiﬂ
m  Assume constant efficiency, no analysis S 08 77
improvements £
m Assume Bs = 0.4. @ 0.6
Reasonnable fort” (Hou PRD76 16004, 2007 ) c%D 0al
Z [
Improvements in the pipeline 0.2k
m |ncorporate PID, improved tagging i
m Factor ~3-4 in luminosity 0.0 "5 1o
m Simultaneous CDF/DO fit Integrated Luminosity (fb‘1)

At the end of Run 2 there is a chance for 5
sigma sensitivity to large CPV in B.? oscillations
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THE END




R(AT,.f,) = log HALPed) ik
L(Arsﬁﬁsﬁe') E 5

S
" = parameters that maximize likelihood L~ 5 E 444
0’ = nuisance parameters that maximizeL . €
at fixed AT_,B, oL L

= 102F  ermors
Guarantees coverage at quoted C.L. E b bar ; =
Accounts for non-asymptotic behaviour i Coverags rom
of likelihood, i.e. log(L) non-parabolic, o S T et
and possible large fluctuations of L 0 5 10 15
shape from experiment-to-experiment Likelihood Ratio

(2Alog(L))

Include systematics by varying
nuisance parameters within 5sigma of
their estimates on data and choosing
worst case to define the region
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CDF/D0 combo CL distributions

1 :
0.1 3
0
O
| 001}
- : Gaussian
errors,
¥ distr.
2 dof
0.001
Coverage from
- ensemble tests
, . 999, L 18.42 , , ,
0 2 4 6 8 10 12 14 16

2Alog(L)
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CDF/D0 combo CL distributions

1

CDF Runll Prel. L=281fb_ DG Run Il L=281
1.0 LogT " o)

(@ | | (b)

QO GE = Cowverage from

| - --| ensamble tests

2A log(L)

29 DPF 2009



m Assume constant efficiency, no analysis improvements
m [(3s~0.3fort" Hou PRD76 16004, 2007

Prob(5c) Prob(5c)
1, 11 L=8ib-1/exp
0.8 | =8fb- 0.8
0.6 0.6 L=6fb-'/exp
L=6fb"!
0.4/ 0.4|
0| 0.2 CDF+DO0
CDF only (assume 2*CDF)
04 05 06 07 D.BB 04 05 06 07 U.BB
5 b
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External Constraints (Tagged, 1.4 fb-1)

- Spectator model of B mesons suggests that B, and B® have similar lifetimes
and strong phases
- Likelih '

CDF Run Il Preliminary L=1.35fb" CDF Run Il Preliminary L=135fb"
—~ 0.6 — 2a091) =520 —~ 0.6 — 25109()=599
'n L~ 2Alog(L)=2.30 ‘Tw T — 2Alog(L)=2.30
& 0.4 | —# SM prediction ..9; 04 — SM prediction
C - e
=N =5 I
0.2/ < 0.2F
OOEL """""""""""""""" OOZL .............................
-0.21 -0.21
| constrain strong phases BaBar: E constrain 1, sirong phases:
-0.4 - =+ 2a10g(L) = 5.99 0.4 o 2a009(L) = 5.99 ,
[ reeee 2Alog(L) = 2.30 IR 2Alog(L) = 2.30 E
0.6 5 L . :
_ : | I : : I | : : I :I I : I -0-6 B 1 1 | 1 1 1 1 I 1 1 1 EI | 1 1
-1 0 1 -1 0 1
B, (rad) B, (rad)

- External constraints on strong phases remove residual 2-fold ambiguity
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- Up to now, introduced two different phases:

| Mo S\
g (— 2 )00 ang AN = ang(< ViV Vi V3) = 0.02
12

- New Physics affects both phases by same quantity -{;}EP (arxiv:0705.3802v2):
23, = 23°M — NP
b5 = SN +By"

- If the new physics phase -¢"'" dominates over the SM phases: 235M and PSM
— neglect SM phases and obtain:
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B, — J/WO transversity axis

- Three angular momentum states form a basis for the final J/¥Y® state

- Use alternative “transversity basis” in which the vector meson polarizations w.r.t. direction
of motion are either (Phys. Lett. B 369, 144 (1996), 184 hep-ph/9511363):

- transverse (< perpendicular to each other) — CP odd

- transverse (|| parallel to each other) — CP even
- longitudinal (0) — CP even

- Corresponding decay amplitudes: Aq, Ay, AL | A|| >

|B.0> >
’ [ Ao > T | uru KK~ >

1B,o> A

33 DPF 2009



B. — J/W® Decay Rate

Measurement is a flavor-tagged analysis of time-dependent angular distributions

- By — J/WYO decay rate as function of time, decay angles and initial B, flavor:

d*P(t, p) N

dtdpg RIS TSR SR -

—#

1(P) angular dependence terms

e @ Bs depe@
sinh(AT't/2)

Ty =e T x [cosh(ATt/2) @ f
i Tin( 5 I terms with Am, dependence present

" if initial state of B meson (B vs anti-B)
is determined (flavor tagged)

fi(p) + | AP 14 f: { ~~~~~~~~~~ time dependence terms

)]—-I—ﬁ:u!ﬁ',]

Uy =te T x [ﬂnuﬁl — 0y) cos(Am B
\ sin(Am.t)

+ cos(0L — 9 Siﬂh(&f‘ﬁfZ]] ‘'strong’ phases:

Vi =+e 't x [sin(d])cos o = Arg(A4)(0)A5(0))
— cos(d | Yeos(28.) sin(Am t) 0 = Arg(A(0)AH(0))

+ cos(d \sin(23,) sinh(ATI't/2)] .
|dentification of B flavor atproduction (flavor tagging) — better sensitivity to 3,
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Measure polarization of B,—WwK*

CDF Run Il Preliminary L=13f"

o 1500 4  —— data
S — fit
ﬁ - BY - Jiy K"
= - I Background
r‘__‘ -
o 1000
| =
m -
o -
wu -
2
m -
=
=
=
@
O

5.2 5.3 54
cT = 456 T 6 (stat) T 6 (syst) um Mass [GeV/c]

|A,(0)]* = 0.569 £ 0.009 (stat) = 0.009 (syst)
| A ”{U} = 0.211 = 0.012 (stat) = 0.006 (syst)
Oy = —2.96 = 0.08 (stat) = 0.03 (syst)
0, = 2.97 T 0.06 (stat) = 0.01 (syst)

Consistent and competitive with B-factories



