Measur enent of
AT, at CDFII

Along with AM, Al and ¢ are the other two parameters describing mixing in a system of the
neutral B mesons. Al «« AM, hence large AM in the B, — B, system predicted by the Standard
Model means large Al ;. While larger AM is more difficult to determine experimentally, the
larger Al is the easier it is to measure. This presentation reviews a measurement of Al

accomplished by the CDF Collaboration using 260 pb~—! of data.
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1. Mot vati on

d|l  [Vud Vus Vup| |[d
S, p— VCd Vcs VCb S
_b,_ _V;td ‘/ts V:tb_ _b_
VT o V_]‘
V. isVud + Vi Ved + Vi Via = 0

Over-constral n UT:

- neasure o, 3,7, R, & R
- In particular, extract

_ 1\Vig
= X Vs

by neasuring AM in
B; and Bg m Xi ng

K. Ani keev, FNAL 06/ 09/ 2005



B fl avor oscill ations 1

qs S(d) qs S(d)

s@i) 3@1)

; M M i | I
>MXINGwith eff. H:[ME Mn]_il% r12]

- Dl agonal i ze and get two el genst at es:
IBLH) = p|B%) £ q|B"), |pl*+ |g|? =1

ALH = (M—%F)¢%(M12—%F12), L= \/
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B fl avor oscill ations 2

Mp = Re(AL H) N {AM:MH — M= 2|Mj2|
Lp.a =-2Im(Ag g) AT =T, — Ty = 2|12

2
- ZBq szV
T
’ i

n
Tiz = 52 F | (Vi Vin)? + Vi Vis Ve VesO (

F So(mi/miy)(VigVip)*

(Vi Vi)20(™5)]

m
b
G2m2Mp %4 B
F'""“p*""Bq/ B, B
where F = o1, q={d,s}
A Buras, WSlom nski, and H Steger, \Phys. B245 369- 398

AT; (2 108y _-_3
< AM, AT = Myy, T'12 = Viy, Vis |aM, = (37 115)x10

- Measure AMgy, and ATy

AM AT/T
By;—B,| 0.510+0.006ps—!  —0.007 & 0.038
Bs — B, | >14.4ps~1 @5% C L Today
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Measuring | arge AMg

s hard g2 27
E [ Perfect tagging and resolution E [ eD?=5.7%, perfect resolution
2 2 21 2.0
A _ /eD?*S S —AMZS% I H g bititill | i
oA 2 S+B € o |- f 0 i | ‘“ Il “ P
_ - I Al H
One needs: N 1 i}
e excellent ¢ resol u- *
- Mg Cop  t s iaa R
t I On1 O-t - pTS O-Lajy @ t pT Proper time (lifetimes) Proper time (lifetimes)
- vertex resol ution P P
. pT r eSOI ut I on . GE; i 8S?/?E—slI.7dot/eocay Ielngth resolution ﬂg i 8S?/g-slI._7dot/eocay length resolution
e powerful tagging §a T L
- great efficiency, € s Vb g gl | AR s Ll H }
D o L ‘u”‘ “\\“‘ N | ‘l \ t i o L f‘l \“\ i I ,‘H it H‘H‘\‘\M\‘\
- large dilution, i R - kil it
e huge sanples wth A | Ak
gOOd S/ B : | | | | Lo | | | |
o b b b b I J R
0 1 2 3 0 1 2 3
Proper time (lifetimes) Proper time (lifetimes)

Wth the state of the art technol ogi es
AMg neasurenent may still be hostage
to the (un)kindness of Nature
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Measuring | arge Alg

. 1S easy!
e 0y =17p,/10 is all right
AFI‘S:(),12 0.06 e NO tagging required
S - effective signal size is

much better than S/100

f Kou run a risk, It nakes sense
to have I nsurance - neasure Alg

Strai ghtforward approach facili tat ed by:
q |B£> = p|Bs) — q|Bs) = ﬁ |Bs) — |BS> CP—even

ﬁ — ]_:> H _
|Bs") = p|Bs) + q|Bs) = |Bs) + |BS> CP—odd

ﬁ

e statistically separate BH from BL using parity
of the angular correl ati ons in Bg —)J/¢¢ decay

e fit distinct lifetines to B and BL conmponent s

e cross-check the anal ysis by gerforrri ng
simlar one on a By — J/¢YK* sanple
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Anal ysi s of P-VV decays

By — J/¢K*O Total  J = (Need t hree
Bs — J/v¢¢ gp"i)nt l if o1 3 anmpl i t udes
I/ —pp, ¢ KK, K= K= rona (s, PD;ave) to descri be |

_Transversity basi s

S, D wave = P—even
(CP—even for Bg)

P wave = P—odd
(CP—odd for Bg)

O

D sent angl e
partial waves

0

| sol ate

IBH) from |BL) {40, A, AL}

W = (cos B, ¢, cos )
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Angul ar anal ysiI s 1

t1 nme-dependent ki nd

d*p
de dt

OCAO

%.91(t)- f1(&)

+|A) 12+ g2(t) - F2(&)
+A L% g3(t) f3(&)
£Im(AjAL)-g4(t)- f4(S)
+Re(ApA))-g5(t)- f5(D)
+Im(AgA1)-ge6(t)- fo(H)

6
=) A;-gi(t)- fi(@)
i=1

A Di ghe et. al.,

f1(@) =  2cos? (1 — sin® O cos® ¢)
f2(@) =  sin*4(1 — sin? O sin? ¢)
f3(&) = sin’tysin®6
F4(&) = — sin® 4 sin 20 sin ¢

1
f5(&) = E sin 21) sin” 0 sin 2¢
fo(&) = 2 i 21 sin 26 cos ¢

V2

g;(t) different for By
and B; and are rather
non-trivi al

Eur. Phys. J. C6, 647-662
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Angul ar anal ysi s
t1 nme- dependent ki nd

Bs; — J/v¢:

dip
Aal2.e LTIt £ (3
da;dt“l o|“-e f1(&)

+] Ay |2 e TR £y ()
HALPeT - f3(3)
+Re(A§A))-e Lt f5(3)

e flavor Dblind decay
- £+Im(...) terns average out

By — J/yK*0.

x {|A0 % f1(3)
+ A% f2(D)
+|A L7 f3(3)
+Im(A)AL)- fa(&)
+Re(AgA))- f5(S)
£Im(AFA L) fo(@) e "dt

e flavor specific decay
- no linear sensitivity to AT

Use these to extract AO,AHPJQL,andIXQH)

from dat a
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2. Measur enent

J/p — putu~ trigger
to collect sanples of:

e B, = J/YKT

o Bj— J/YyK*

e Bs — J/v¢o
260pb—! of data

« B candi dat e:
{(m, om), (ct, oct), G}
- M - separate signal

from backgr ound

ct - lifetinme fit +
addt-1 S/ B separa-
tion

@w - angul ar anal y-
Si s

e Cr0Ss-checks In
ot her B sanpl es:

- nodel s
- techni ques
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Mbdel i ng m and Ct

N : E .
o - | | =10 o
% 300:_ l. 8 g data
> f s f siG: [Mct®)
; 2505_ 8 10 §_ BKG: [prompt
%200'— S —short -lived
g S 10 .
S - c S short +lived
T 150 S [
= o |
2 | 1y - long lived
SV E L L s
502— .
of | | | | s
5.20 5.25 5.30 5.35 -0.1 0.0 0.1 0.4
mass, GeV/c’ sig ct,cm
F>9(my, o, | M, Sy), Fo”(ctiy oct,|cTr, Set),
bk
Fb%9(m;| A) Fo?(ctisoet | f—s Fos Fots Ams Ay Agty Set)
Gauss(m)+Poly(m) 0®Gauss(ct)+>  Expp®@Gauss(ct)
n

- ? ; ' j bkg bk
f(mi, o, ctiy 0o, &;|parameters) = fs F59 F.)9 F3'9 4+ (1 — £s) FPkg F "9 "9

L = —2log[] f(m;, om,, ct;, 0., &;|parameters)
i
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3

Modeling @ — sculpting 1

m ct o P -

. Q r g Q9 &mom o) Oq
smearing | yes vyes no ° 5;@0@@@0@@ %oo%@m%&&&
distortion | no no yes 2 Jf

g |
o 3
Pl ot s show angul ar distributions from g
Bs — J/¢¢ Monte Carl o sanpl e generated 2|~
according to phase-space (flat) 15
%_0 -(;.5 0.10 0.15 1.0
coso
[92] 6X_103 o )-(103
S 2 e, s S B o e o o5,
5T S g 2 |
g g
© - @ L
© B © -
S e %
8 r 8 [
o 2k
15— 13—
ot > 5 7 95 05 0% 05 L0
) cosy
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Model ing & - scul pting 2
Qe {A)) = > Aifi(@) —

z-l
Q03 (, 7 |{A;}) = z AFEY (F)3: 7))
(€ =JfddaR 20 (@ RI{AD) = /dwdww)vm)e(w,z)

—
WK
\

7

&is by MC
N’rec

6
52{4152 < € Nrec Z fz (w])

MCJl

backup sl i des
show Dat a/ MC
conpari son

N N 6
log £ = logH{QObS(GJ’j, ki {A:})]} ZZIOg{Z Azfz(ﬁg)}
j=1 j=1 =1
const

N 6 N
- Ytou{3 it} + Y e PHeEEs £}
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Model 1 n

N
VVOF% tﬁ?i S--

scul pti ng

3

does It way ?
YES, | T DCES! Monte Carl o tests:
| ndeed, no need to B, prm. | input fit result diff., o
parametri ze/integrate |Ag|? | 0.5625 | 0.5627 + 0.0019 0.0
t he acceptance |Aj|? | 0.2025 | 0.2048 + 0.0029 | +0.8
arg(4)) | 2.0 1.980 +0.014 | —1.4
t e crr, pm | 330.0 | 332.1 £ 1.4 1.5
not €. AT/T, % | 50.0 | 49.6 + 0.9 —0.4
£1,2,3> |&5| > [€4,6| =0 Nsig 132129
| €5 ¢ B . . .
RN i B, prm. input | fit result diff., o
é 2-26136‘83 i-gge‘gg [Ao? | 0.597 | 0.5912 & 0.0020 | —2.9
2 4'076‘02 4-276‘02 |Aj]> | 0.243 | 0.2469 4 0.0030 | +1.3
e | 743005 | -7 56004 arg(A)) | 2.5 2.5356 &+ 0.0170 | +2.1
236700 | oM. 206 arg(A,) | —0.17 | —0.1743 4+ 0.0128 | —0.3
Nisig 132866
K. Ani keev, FNAL 06/ 09/ 2005 13



3. Results

Avg. I 1fetl me neasurenents

900
g, =(1.659 =+ 0.033 T0-007) ps
PDG'04: 7, = (1.671 & 0.018) ps

um

— I';=T'; (=c/460um)
----- ct(Bs— Jpp)=409um w. CDF | CP fractions
...... ct(Bs— J/pp)=409um w. BaBar’s AO’"'L

-, 800

L
cth

700
Tp,=(1.549 =+ 0.051 10 007) ps 500

PDG'04: 75, = (1.536 & 0.014) ps 500

7, =(1.363 =+ 0.100 T0-097) ps 200

300

- 7B, and T, are in excellent
agreement with PDG
-» 7, indicative of large ATl :

200

100

-o',i:h,l..ljllllllII|IIII|IIII|IIII|IIII|

5 I0.5I - I1.0I - I1.5I - I2.0
CTHT

— # =460um (Mg =1Ty) th
— 0.23cty+0.77cT;, =409 um (CDFI)

0.167y 0.84r1y, _
~ 01671, 40.847, TH t 0167, 50.847; ¢7L = 409 pm (SU(3))

o

S
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l -dep. angul ar anal ysi s

fi1t results
Parameter | Nominal fit | Constrained fit | Unit
Mp, | 5366.14+0.8 | 5366.14 0.8 \ MeV/c”
|Ao|2 | 0.615 &+ 0.064 | 0.614 & 0.064 -
|A)|% | 0.260 +0.086 | 0.291+0.080 ||Ys€
1A, |2 ] 0.125 + 0.066 | 0.095 +0.052 ||L's/T'a=1.00=0.01
[Ag| | 0.784 4 0.039 | 0.783+0.038 ||| aryry
Ay | 0.510 +0.082 | 0.539 +0.070 || * = Tt = ¢
A, || 0.354 4 0.098 | 0.308 & 0.087 [WMthin 1%
arg(Ay) | 1.93£0.36 1.90£0.32 /
+48 —+40
CTJ, 316 _ 4, 340 _ 98 pm
ety | 622 f}4§5§ 713 1150 /| pm
CTs 419 1;5558 > pm
ATs/Ts| 65 723 71 753 %
ATs | 0.47 7930 | 0.46+£0.18 |ps~!
Nyig | 203 £15 201 + 15

K. Ani keev,
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FIt projections 1

CDF Run Il Preliminary Lumi = 25815 pb £ 10 CDF Run Il Preliminary Lumi = 258x15 pb "
o~ * E *0
S 200 B, — Jhp K - data 3 F By~ JIwK <data
. o o .
2 o 1155=+39 sig. + B (Sig,,) ro R Bcti(Sig)
candidates . 5 10 K
o 160F- Fit prob: 29.7% m(Sigsy) o E ct(Bkg)
o 140 m(Bkg) L
o 120 S W0
% 100 'c% E Fit prob: 60.7%
= 80 © 10
S 60 2
o B
40
20 ! 2
0 1 l 1 1 1 1 1 1 1 1 l 1 = I
5.20 5.25 5.30 5.35 ) 0.1 : : - 0.3
(wwK*m) mass, GeVic ct, cm
o . -1
CDF Run Il Preliminary Lumi = 258+15 pb
E
=10 Bg—=Jhpo -+ all data
o - .
o) . . BSnght
CDF Run Il Preliminary Lumi = 258+15 pb ™ o - BSH‘*"’“’y
w~ - o
e [B—=yo o data o 10°E
o 60 203+15 sig. B m(Sig) (o} -
= candidates  F
S sof- Fit prob: 93.4% m(Bkg) S [
2 =
g F SE
< 30 -
S N
g Lot _
= o M
1
10 Py -
0 F |

‘ =
( +5'f‘K+K_) c 5-\;’/ ) 0.1 0.0 0.1 0.2 0.3
mass, GeV/Cc
HH ct, cm
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FIt projections 2

g [ : 5 g . :
= 80J[Bd—>J/1pKO & 90f- = 100f[Bd—>J/1pK°
o - o r o
— -:_ ~ 80— — r®-
& 7o 2 a
g n g 70; g 80
= 60F Q C Q A
© - ] - o] L
° I A4 ° 60— N =l .
T 50— © = © 60—
C r -@®- C 5o -@- c L
(] - -@- © H (]
© 0 o [ o |
C 40F o
r ol Y 40—
30; 304 L
r - i
20— - -
E 20;\» 20—
10— 10; -
| S ! ob_. oL !
& 2sf S F L0 30F
b :Bs_>*]hp¢ ™ 25?Bs—>\]/w¢ b :Bs_>‘]hp¢
o - o l o 25
S B S - S -
()] 20— -®- (] L (D] N -@- -@-
o r Q 20 “o- o [
0 - (9} B 0 2019
g 15 g B Al g u
T L T [ S o
o F T 150 T '5re-
2 g | E
5 10} ‘ ‘ g M 3 10F
: o 10+7g. z T
S ‘ i o o ‘ -o-
: e o i
of- ‘ B :
- Fit prob: 46.9% ‘ Fit prob: 93.6% -5:— Fit p|rob: 27.1%
- L L ‘ L L L L ‘ L L L L ‘ L L L ‘ L L ‘ L L L ‘ = L L ‘ L L L L ‘ L L L L ‘ L L
-1.0 -0.5 0.0 0.5 1.0 0 -2 0 2 -1.0 -0.5 0.0 0.5 1.0
coso ) cosy
si de-band subtracted, scul pting corrected signal. ¢t > 0 cut applied
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Cr oss-checks

L “Ar/T" from By
B, sample AT /T, % | cT(r), pm
Full, one cT 461 = 15
Full 14.5 + 12.1 444 + 21
Sub-sample 1 13.7 £27.9 | 422+ 34
Sub-sample 2 25.1 +22.3 | 437 + 39
Sub-sample 3 | 26.1 +23.0 | 437 £+ 50
Sub-sample 4 | —7.6 &+ 27.6 | 475 £+ 41
2 fcp,,, VS ct cut
cut, B, fitted | B;: pred | By: fitted
pm JeP,u 0 Jep,. 70 TP 70
O | 20.1 %+ 9.0 —20.1— 21.6 £ 4.4
150 | 24.2 +10.3 24.1 23.0 £+ 3.6
300 | 29.6 + 12.7 28.6 23.0 £+ 4.0
450 | 38.7 = 11.6 33.6 23.6 + 4.9

2

Number of events per 0

Number of events per 0.2

mean = -0.010+0.012
sigma = 0.957+0.009
# experiments : 7585
events per exp.: 1238

! | ! ! ! | ! ! !

-2 0

mean = 0.049+0.012

sigma = 0.994+0.010
# experiments : 7585
events per exp.: 1238

! | ! ! ! | ! ! !

-2 0

Pull distribution: ct,

K. Ani keev, FNAL
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Systemati c uncertainty

sunmary
By ct, pm | Ap|? | Ay |? A |? arg(A)) arg(A))
Bkg. angular model +3.9 +0.013 +0.006 +0.007 +0.01 +0.01
Eff. and acc. — — — — — —
K < 7 swap —_— +0.006 +£0.004 4£0.002 =£0.04 —
Non-resonant decays — +0.010 +£0.001 =+0.003 +0.07 =+0.04
Lft. fit model +1.7 o — o o o
SVX alignment +1.0 — — — — —
Detector bias —1.2 — — — — —
B, cross feed — — — — —
Total e 40.017 £0.007 £0.007 +0.08 +0.04
B, ctp, pm  AT/T | Ag|? |A)|? A |? arg(A))
Bkg. angular model +3.7 +0.007 =+0.011 =+0.013 =+£0.002 =£0.03
Eff. and acc. — — — — — —
Unequal # B,,B, — — — — — —
Lft. fit model +1.7 o — o — —
SVX alignment +1.0 . — . — —
Detector bias —1.2
B, cross feed —5.0 +0.008 — +0.003 +0.003 —
Total 2 40.011 £0.011 +£0.013 +0.004 =0.03
K. Ani keev, FNAL 06/ 09/ 2005 19



Final results
|Ag|? = 0.615 4 0.064 =+ 0.011
|A)|* = 0.260 +0.086 +0.013
A |* = 0.125 +0.066 =+ 0.004

arg(A)) = 1.93 £0.36 +0.03

0.16
= (1.05 T3 £0.02) ps
0.58
g = (2.07 T9o¢ £0.03) ps
L +0.25
AT/T = 0.65 "33 +0.01
0.19 —1
AT = (0.47 1954 £ 0.01) ps
Nominal fit | Constr. fit

Input AT, /T 0.0 | 0.12 | 0.0 | 0.12

#(AI‘S/I‘S > 0.65) 20 94

#(AT, /T, > 0.71) 27 54

Betting odds, 1 in 335 75 300 149

Equiv. Gaussian

significance, o 2.75 | 2.21 | 2.72 | 2.48

-2log(L/La0)

-2log(L/L o)

Nominal fit

Aﬁ..\.\\\\\\\\\

0.0

0.2 0.4 0.6 0.8 1.0 1.2

AT

Constrained fit

I L1
0.0

I L1 1 I é L1 L1 I
0.2 0.4 0.6 0.8 1.0 12

AT T,

K. Ani keev, FNAL
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Conpari son

1

1.2 14 1.6 1.8 2.0 1.0 1.5 2.0
L AL N - L B N | T | T T T NE T T T | T
OPAL 1995 } % A : 1.52 +0.14 =+0.09 OPAL 1995 H—‘.'—H 1.53 +0.12 +0.08

e . DELPHI 1995 ———k +— 1.63 +0.14 =0.13
DELPHI 1995 — - 1.72 +0.08 +0.06
E A o DELPHI 1995 H——a H 1.61 9 +0.08

DELPHI 1995 —t A +— 1.61 =0.16 =0.12 ALEPH 1996 H A H 1.49 1017 0%

- N N - +0.15
ALEPH 1996 I A : " 1.5 02 004 ALEPH 1996 H H - 125 5,5 =0.05

: DELPHI 1997 1.532 0.041 +0.040
SLD 1997 1.66 =0.06 0.05 SLD 1997 164 2008 +0.08
L3 1998 1.66 +0.06 =0.03 L3 1998 1.52 +0.06 0.04

H +0.052
CDF 1998 H—A——H 164 =006 0% | |CDF199%8 1.474 20.039 o051

: OPAL 1999 1.523 =0.057 +0.053
OPAL 1999 - 1.643 +0.037 +0.025 ALEPH 2000 1.518 +0.053 +0.034
ALEPH 2000 —+H 1.648 =0.049 +0.035 OPAL 2000 1.541 =0.028 =0.023

: BABAR 2001 1.546 +0.032 +0.022
BABAR 2001 H-AH 1.673 =0.032 :0.023

: BABAR 2002 1.529 =0.012 +0.029

L =l

CDF 2002 h—A 1.636 =0.058 +0.025 CDF 2002 1497 +0.073 +0.032
BELLE 2002 s 1.695 +0.026 +0.015 BELLE 2002 1.554 £0.030 =0.019

: BABAR 2003 1.523 *09% ,0022
2003 World Average O 1.671 +0.018 0.023

= 2003 World Average 1.537 +0.015
CDF 2004 Preliminary e 1.659 0.033 0ote [ | cpF 2004 Preliminary 1.549 x0.051 *2%7
(notincluded in the average) E (notincluded in the average)
R T NN NN &5 PR R | ! | ! ! ! LB ! ! ! | !

1.2 1.4 1.6 1.8 2.0 1.0 1.5 2.0

Ty , picoseconds
u

Ty , picoseconds
d

CDF can do lifetimes (exceptionally) well

K. Ani keev,

FNAL
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Conpari son

1

E ] By — Jy K™ ) Babar 2001 £ I
I | Belle 2002 -
= == CDF 2004 =
I A I
i j I AJ_ Ao i
0 fH—
_1-1| 1 1 1 1 1 1 1 1 O 1 1 1 L L L L L L 1 -1 |||||||||||||||||| 1
Re Re
CDF can do amplitudes very well too
and even see some SU(3) symmetry :0)
K. Ani keev, FNAL 06/ 09/ 2005 22



Sunmary

-» Measurenent of Ar,/rs. Z,f

— PRL 94 101803 (2005) S 22}
—a |l ot of excitenent 2 Flavorpsaie pirecy p
in the community and Lel—— [ Veasurements. 4

even sone controversy

— addi ti onal notivation f?r
sp
nmeasur erreng §+of AMg, 7577, Ll

Br(Bs — Dy Dg*)_) |
. 1t Leal . . . /]
- nmore careful averagi ng / 06 08 1 12 14 16 1.8 2

of Bs lifetine neasurenents 1T, [ps]

7
4 —_
Combined '\ o Te= T

- Don’t stop herel
— I nprove techni que
— get better precision with nore statistics
— use alternative nethods and conbine results

K. Ani keev, FNAL 06/ 09/ 2005 23



BACKUP SLI DES




- Dat a agr eenent

know for By e check for B; e assune for Bg

()
300 Entries 30
B Mean 3.17
[ RMS 1181
B Underflow [
250 [ Overflow 0
: Integral 1628
200
150
100}
sof-
i %’ Prob =57.68% |
% 1 2 3 4 5
z(PV)
N Entries 70
100 Mean 4.832
- RMS 21.34
F Underflow 0
B Overflow 0
80) __ Integral  965.9
60}
40
20
0 %’ Prob = 24.46% :

|
-50 0

50

80

pr(K)
n Entries
[ Mean 4.694
160} RMS 1.749
- Underflow
140F Overflow
[ Integral 907.8
120
100
80
60
a0
20F + +
! | e Prob = 56.00%
% 2 4 6 8 10
Agy(W)
L Entries
- Mean 0.7501
B RMS 0.4364
100 __ Underflow
L Overflow
- Integral 847.9

60

40,

20

¥ Prob = 20.1$/|o

(@)

1 2 3

Pr(B

Entries 40

120 __ Mean 112

| RMS 3.471

- Underflow 0

100 Overflow 0

: Integral 874
80
sof-
a0
20

[ x[Prob = 95.14%
0 1
0 5 10 15
Anw)

Entries 40

160 Mean 0.4381

RMS 0.3031

140 Underflow 0

Overflow 0

Integral 965.9

120

100]

0.0 0.5

1.0

15

2.0
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- Dat a agr eenent

() n(K) )
140 Entries 80 120F Entries 40 N Entries 40
Mean  0.04066 - Mean  0.0006581 L Mean  -0.01176
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