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Neutral Meson Mixing

) ;[ VB _ . _ , b W~ Vts : /S \
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w* s t4 It _
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B Quark mixing = non-diagonal Hamiltonian for <E | H | B>

dominated by top ~ H M MlZJ i( R P ] dominated by
l y = * B b—cCs decay
qguark contribution M, M 2\, T

B Diagonalizing the Hamiltonian results in

B Light >

s

. H
» two mass eigenstates ‘ B, > and

» two masses m, and m,, with Am =m,; —m,

» two decay widths I, and 7, with AI" = I, — I, (> 0 in Standard Model)
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‘ B. System and CP violation \

CPviolating i _ ViV VeV 2B, <> 56 (SM)
weak phase VY. V.V,

+ In Standard Model, 8¢ ~ 2A’n ~ 0O(0.03), very small.

+ Much larger measurement of 6¢ = a striking signal of new physics
In B,— B mixing.

14+ ei5¢ even 1_ei5¢ odd
E o~ | )|B L )|B
B.oJwy+¢
i0g even i0g odd
1- 1
B.j= B, >+ 5, >

N\

4+ New physics tends to increase 8¢ = smaller AT°

+ Any dependence on Am, cancels in untagged samples.
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Untagged B> Jly +¢ |
Decay

J/y rest frame

B.2Jwyé¢:
Pseudoscalar = Vector Vector decay

Three waves: S, P, D, or A, Ap AL

Both CP-even and CP-odd present, but
separated in angular distributions

—measure two lifetimes J
¢ rest frame
S, D (Parity, CP even) : -
linear combination of A, A
: Jiys W
P (Parity, CP odd) : Ay oo i -
R.=|AL(t=0)|? -
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Untagged B, Decay Rate In Time & Angles

d°T = Jv (= 1" of= K K) o 1gn [ 2|nﬂ(ﬂ)|2 o Tl tmszw“ . sin’s msz¢)

dcost do dcosy dt
+ sin‘y {|JE5."(t2.l)|2 ¢t (1-sin°g sin’p )+ |A ,(0)|° & sin’p } correction for
Tt acceptances,
; 1—2 sinzy {|8,(0)[1A (0)( cos(,~5)e " sin’9sin?2¢ | kinematic cuts
Y
' {f_zmﬂ(u)un 1(0)] coss,, sin2y sin26 cosg } ;- [’ &™) 50 l
Y

. {T_2|A"(u)||ﬂ. 1(0)] cosb, sin“y sin26 sing } ;— [en' et ) o ] H(cosy) F(¢) G(cosb)
¥

® 5,=Arg[A(0)*AL(0)] and 6,=Arg[A,(0)*AL(0)] are CP-conserving
strong phases

@ No dependence on Am,
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Maximum Likelihood Fit

Simultaneous fit to mass, proper decay length and 3 angles
using an unbinned maximum log-likelihood method

N . .
B = H[fsig“};ig + (1_fSig)gl;Ck]
i=1

30 parameters:

f.., = signal fraction

1 si

2 siizjnal mass, width

3 A, |AlIAl% 1strong phase

1 ct=c/ T, =@ +T,)/2
1 AI'=T, -Ty

3 bkg mass (1 prompt, 2 long-lived) set 8¢ =0
1 o(ct) scale

6 bkg ct shape

4 bkg transversity (2 prmpt + 2 long-lived)
4 bkg angle @ (2 prompt + 2 long-lived)

2 bkg angle g (1 prompt + 1 long-lived)

2 bkg “interference” (1 prompt + 1 bkg)

<+ CDF should have similar no. of parameters
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Candidates per 10.0 MeV/c>

B.— Jiy + ¢ and AT’

All events Preliminary  ~0.8 fb™
4005—Bs —>Jly 5104% « Data
= ¢ Data =] B :
350 — Total Fit S0 e Iil_t
- — Prompt Bkg 5 F ----- Total Signal
300 — non-Prompt Bkg i [~ — Bac |_| round
- =10 Bs — J}'ur if
250 : E
200F- tot 3 10
[ i -
150 s
[ 1 =% 9
100:_ Fit pI’Ob: 86.3 % %
505— 1u";—
OEI 11 1 I 11 1 1 I L1 11 I 11 1 1 I L1 1 1 I 11 1 1 I L1 1 1 I 11 1 1 -3 :I | | :I
5 51 52 53 54 55 56 57 58 10540
Mass (GeV)
3 angle 0, ¢, y analysis : Nignais = 978 £ 45
DO (PRL 2005) used 1 angle, 0, 513 events
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un

o140 + Data

T B. = Jlyd Total Fit
£120 5-25“'::?;?:3} ‘;5;5 A Total Signal
Z — Background

Flt projections
In signal regions "

+ 6

401
EEUD C - -
i C e Data Eum
180 Bs = Jiy ¢ Total Fi - :
L . - Fit prob: 71.2 %
:- :EEE{M{BSI{SdﬁGEV e aven oll v v v v v v e b I T P e e L
N1e0E «vemr CP-0d -3 -2 -1 0 1 2 3
& L cticfet)>5 ... Total Signa &
1140/ — Background
L n packgrouna Ezsﬂ
120 e * Data
g |\ Total Fit
100 _
%2“”‘__ ----- Total Signal
TN UL s = L E — Barkarol Ine
e G [ 5.26<M “’? 46 GeV Boe il
C B ct/c i >5
Eﬂ_— i ."--.I_.- LI pp——) . . 150
40 -
:._.—-_-_-_‘_-_-_-_-_-_-_‘—-_—_-_'_._._._._._._._._._.—-_-_ H‘--. *J'.
20_— T T T .I-.‘...' 1uﬂ_ "\.‘.‘1
U _l | | | 1 11 | 1 11 | IFIItl Fl'rlﬂlt'i Tri'llﬁ |u‘-llll;n 11 | 1 1 1 | 11 1 | .‘II.-I."'I'- : *‘1'
-1 -08 -06 -04 -0.2 0 02 04 06 08 1 -
Transversity sol

O (transversity)

I |=it||::-n::k:-:I 5?.2l% I I I

6 04 02 0 02 04 06 08 1
: C
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Earlier, PRL 94, 101803, 2005, CDF has used a
similar 3 angle (0, ¢, v ) fit/analysis with 260 pb™ of
data

CDF Run Il L~ 260 pb’ CDF Run Il L~ 260 pb’
E Bs_)"lm!q] +data g,m’i— Bs—)Jfl|!¢ « data
60r- 203115 sig. , i 8 F Si
- cana} ate Bm(Sig) i .S.g’”‘"
so Fit prob: 93.4% m(Bkg) 8 . 1 g
B E 10 = S|g|_hwv
_ﬁul 4 Bkg Longlived
T — BKG ghortlived
w0k
8 ! Fit prob: 26.4%

mn

53 54 55 — 2 0.0 0.1
(LuKK) mass, GeVi/c ct, cm
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Ag = 0.784 £0.039 =+ 0.007
(0.510 +0.082 =+ 0.013)e!H 94 £0-36 £0.03)¢
0.354 +0.098 =+ 0.003
. = 1.05 1915 +0.02 ps
g = 2.07 1955 +0.03 ps
AT'/T = 0.65 Tg35 +0.01
AT = 047 037 +0.01 ps™’ 7(BY) =1.53 £0.08T7 s ps
AT = 0.15 40,1073 ps~!
R = \AL( )\2 =0.19=0.05 £ 0.01
|Ao(0)]* — |4 (0)]* = 0.35 £ 0.07 £ 0.01

01 — 09 =2.5£0.4£0.02

el
|

4+ With §, free and 8, = 0, we obtain 6¢ =-0.9%0.7,

+ CP-violating angle 3¢ ~consistent with 0 (no CP violation) within statistical
uncertainty of £ 0.7.

4+ Working on to constrain all these 6,/6, and d¢ better.
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-sigma contours (A(logL) = 0.5)

A L
Bé‘ — Jhp -
angular -

Combined:
1 AT =0.18 £ 0.09 ps™

0.2

I Combined ] —
i o 1 1=1/T
- 800 pb'
of ) 1 =1.520 % 0.068 ps
02L
11 12 13 14 15 16 1.7
1/I5 [pS]

R. Van Kooten: hep-ex/0606005
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http://arxiv.org/abs/hep-ex/0606005

B, » K*K" lifetime analysis
@CP-even = lifetime of the CP-even state

Add lifetime information to the fit of composition (of various hadronic states):

L~ 0™ (x| ) P, pron) 9" (A di ,, dB [ di, o, v@

2046+ 18.38
+

o' (ct))= exp(ct) x Gauss(ct) x 5(ct)\
decay detector  trigger bias
smearing

BIBBLBRLE 3
83

AU
o2 = = o = =
=4 = a a =1 =1
= B 5] B 8 s
TTT T TTTT TTTTTTT]TTTT

v bt b b ST SIVITIT T
0.05 0.1 0.15 0.2 025 03 0.35

+Trigger bias for signal is extracted from detailed simulation.

+Procedure validated in unbiased B — J/wX decays from dimuon trigger.

+Check that lifetime fits of samples with/without applying track-trigger cuts
yield consistent results.

+Lifetime p.d.f for background is extracted from higher mass data sideband.
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B.— K*K- lifetime results (360 pb™)

CDF Run Il Preliminary 360 pb”

cr(BY) [um] er(BY — KTK~) [um] 5400: -
both free 452 £ 24 463 + 56 S e <«
c7(BY) constrained to PDG — 458 + 53 ;:‘_;,350; [ sackground
15 3001

B. —» K*K is CP-even (~ 5% uncertainty): has the :::_
lifetime of “light B,” : 1soF
100/

77, = 1.53 £ 0.18 (stat.) +0.02 (syst.)ps sof

00 0.05 0.1 0.15 0.2 0.25

Combine with HFAG average (r,°+ 1,2)/(1, + 15):
Dominant systematics :

AFCP
T — = —0.08 £ 0.23 (stat.) = 0.03 (syst.)
! detector alignment; dE/dx model;
Input p—(B) in simulation; trigger-bias.

] lifetime model of background:;



1-sigma contours (A(logL) = 0.5)

Flavor-Specific

Tevatron
B ~Jy¢
angular

0.2+ .
Combined

ol t(BI~KK )]

-0.2b .. /

Precise measurement of flavor-

:’specific decays further constrain
{ AT’y and I,

See E. de la Cruz-Burello’s talk !

» Flavor-specific decays, e.g.,

B ~Duv B)-Du'v

50% CP odd, 50% CP even
attime, t=0

» Fit to single exponential,

11 12 13 14 15 16 1

R. Van Kooten: hep-ex/0606005
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_ on 1 14+ (AL,/2L})
1/Ts [ps. T{Bs) = . 1- (ALL2T.)°

S
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http://arxiv.org/abs/hep-ex/0606005

B, »D, "D, and AT

* Ii dominated by decay b~ ccs For B , analogous diagram
from decays into final states common Cabibbo suppressed, I3, negligible
to both BY (bs) and B (bs)
C

b
e Al;: CP-even final states, AT, ¢ 4@6

CP-odd final states, AT, + (csi)

B — DD, is pure CP even, and under various theoretical assumptions,
(Phys. Lett. B316 (1993) 567)

B’ — DD inclusive, also CP even to ~5%
Likely needs re-examination!!

AP 2Br(B] - D'D¢")
I, 1-Br(B)—~D""D)2

5
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s Measure ratio:

o Br(BY ~D"DY")- BAD,~ ¢ 1)
in ¢ mass J( Br(Bsﬂ — u V'DE‘E*}_)

window (many systematics cancel in the ratio)

114

%ﬁ’ ﬁ + T | e Use ik Br(D, ~ ¢ ) from BaBar,
N Dﬁﬂunllr:zliminary Comblned W} PDG ]

e B~ D), BAD,~ )

Mass (KK) in (¢m) signal region

Evenis / 30 MeVic?
T

O

o

a

q o

o

=

D

w

—
o
II|IIII T TT

v
% 135)@ Run Il Prelimina
g 155_ 1,":.1
3

10F- ¢

...candidates _|_

= 0 * *)—y _

3 i Br(8! ~ DD ) =

= 0.029
= T!, inD,mass window =0.071 = 0.032 (stat) ", .. (syst)
T R R R TR Ry T T
mi{KK) GeV/c®
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B.— D" D¢ (exclusive hadronic mode)

CDF Preliminary 355 pb’' BI’(BS - Ds+ Ds_)
% o %Data | Br(Bﬂ ~D'D")
s _ | — 1.67 = 0.41 (stat.)
% 5;_ B, — D7 D, All D, Modes Combined + 012 (S}’St)
:: + 0.24 (fs/fy)
o + 0.39 (Bry.)
h Use Br( D, — ¢ ) from PDG
CDF Preliminary 355 pb L \ - -
2 ‘T Bm. oo s-omeses | % 1St Observation of this fully
= w—weseismn | FecONstructed decay
5 LB DD, DD: o .
l + Working on to extract Al'q
;: w | ||| || %+ good prospect with 1 fb™
> > Mass GeVicE
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Flavor-Specific

Tevatron
AL
angular

- Theory

'PDG 2004

R. Van Kooten: hep-ex/0606005

4 July, 2006

"  Unofficial world average

_ +0.041

AT, = 0.007 * 2041 ps

=1 _ 14610030 ps
I

2.3 o from zero,
new physics tends
to reduce the

16 1.7 measured AT,

AT, [os

Kin Yip
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http://arxiv.org/abs/hep-ex/0606005

A

S

Am

comparison between expt. and theory

+ Updating from Phys. Lett. B 459, 631 (1999) by U. Nierste:

= SM prediction: AFS

= (47+8)x10 "
Am

+ Expt. meas. from AI', and latest Am,:

A

S

0.097+0.042 ps

+0.33

Am;  1731°7240.07 ps”

4 July, 2006

—(56424)x 10"

Kin Yip

Disappointingly in agreement

with Standard Model prediction !

19



+ 0.041

AL, =0.097 * 3940 S = 1.461 = 0.030 ps

1
I
4+ CP eigenstate mixures and branching fraction

measurements now give a “world average” of AL,
~2.3 o away from zero;

+ Results are consistent with SM so far;

4+ More results from Tevatron (and elsewhere) will
pin AT, down to greater accuracy.
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Lifetime Difference & CP violation

B B, —»J/yv¢ : Pseudoscalar - Vector — Vector

B Decay amplitude decomposed into 3 linear polarization states
» A,=S+Dwave = P even
» A =S+Dwave= P even

» A =P wave = P odd

B If CP violation neglected = interpreted as lifetimes of 2 mass
eigenstates:

» B i~ CPeven

» B ~ CP odd

s,Heavy

» angular distributions are different

E Angular analysis separates CP eigenstates = measure two lifetimes
4 July, 2006 Kin Yip 2



CKM Matrix and Unitarity triangle

Relates quark (Vud Vus Vun\ ( 1—12/ 2 vl AZS(p—in) )
mass and weak 5 5
eigenstates VCd VCS VCb ~ _2 1_2 /2 A}L
3 . 2
Vi Vis Vo ) A (=p—in) —AZ 1 )
SM: CP-violating processes solely related to one phase in CKM.
‘bd’ "bs’
(THE unitary triangle) (A ‘squashed’ unitary triangle)

Large effort in B physics
Mainly at B factories

(P, M)

e _—

B 2 Bs, small in SM

Interesting to check how
small/big B, really is.

Currently: Tevatron domain

QQJ’UQ , 2006 (1’0I2in Yip 23



Fit projection .. Background mass region

_5 § « [Daia
(lifetime) Sl
2 F
E'm?;—
= =
All events 8 ol .= IO
= Mass<5.2 or > 5.5 GeV
£10'e -
= E « Data 1L
o F — Total Fit =
w-l']'&:_ . -
5 FE ----- Total Signal 107"
= E =
] —
% E_— B_}wa[b '_III 111 | N T N N N I N N A I A A |
zw = ® 1057 bo5 53 035 b
-E = ct {cm)
m B 4
© 10E 510 ? e Data
= e — Total Fit
[ N10° --== Total Signal
11 9 ] g_ = e CP+
5 g = e CP--
N gm?E—
10" = T =
= & F
B , © 10
102 L pher v bvr e Ll ol ST §
01 005 0 005 041 0.4 ! 0.4 —
ct (cmy) 16 ; -
Signal mass L | :
reglon :Iu-z_ I.’E-IIIIIIIIIIIIIIII III‘:"T”T’EI—II

. %1 %05 0 005 04 045 02 025 03 035 04
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| B, ¢ dis, after weightin l
Detector Acceptance : T
(MC & data) i g
4 } . t +++
355 mf_ A(1+ Jcos2h+ K cos’2¢)
- J =-0.05+0.02
0% mf_ K = -0.09 + 0.02
zuné 2 L T B - BB ' 'ﬁ{ée;”
3 AL BTxeT) F(¢) =1+ J cos(2¢) + K cos?(2¢)
100 B =0.64 +0.09
g C=-055+010 | B, u,::dis, after weighting |
O :zz: +
G(cos 0) = 1 + Bcos?0 + Ccos*0 ME_MW‘HL‘TH%WW RPTAPULSTISRITINS
2501 ++++ ++++ ++ +++++++
wf. H(cos y) flat distribution
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Systematics

Source er(BY) AT Ri |A0) -4 (0)f 5, -5,
fim pﬁ_l

Acceptance vs. B, 0 £0.5 +(.001 +0.003 +().01 +0.02
Procedure test +2.0 +(.025 =(.01 - -
Detector alignment +2.(0 - - - -

ct definition 1.3 (.001 -0.001 -(.002 -0.009
“Outlier” 1.0 -0.03 0.01 0.0 0.0

Total =-8.0,+3.2 -0.04, 4$0.03  =0.01 (.01 £(.02

+ One “outlyer” = treat its effect as systematic uncertainty
Event Run #: 210344 Event #:23385781
unlikely signal or background

Signal: mass 2.3 o from peak, lifetime 8.5 x mean
Bkg: 10.2 x mean for “right slope long”

4 July, 2006 Kin Yip
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Some selection cuts

data before last Tevatron shutdown

B, candidate mass 5.0 < M(Jhy,p) <5.8 GeV
Jhy candidate mass 2.9 <M(u*,p) <3.3GeV
Non-Jhy meson mass 1.01 < M(K*K) < 1.03 GeV
B, Pt > 6.0 GeV
Jh p+ >4.0GeVifn|<1.0
o pr > 1.5 GeV
Jhy, ¢ 2 <10.0
K* p; > 0.7 GeV
SMT hits each track (incl. fdisk) >1
SMT+CFT hits on track >7
B candidate decay length error < 0.006 cm

Total number of Bi— J/y ¢ candidates: 21380 (PRL 2005: 9699)
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Data Bs candidates J/y p, p17.07 |

Bs
ntries ] -
| J/y Mass p17.07 e 68.74175 w . ﬂt Entries 21380
= Prob 0.6814 |
§ 600— > 514 +5.8 - 10 = " .
n 3.084 = 0.001 & — .
g = 0.0624 = 0.0008 %’ __— -
- 80.72 + 5.38 —
E 500— -46.97 £ 12.15 Iﬂ | "-".
2 n
o n 0%, "‘. Mean 8.382
§ 400 =" \v
1T [ [ +
300 4 ﬂ-
- = Wj.w.
200 3 ﬂ' ‘. 1;
100 — 1
[ %
w ] L L L L I 1 1 1 1 ¥ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 | L L L 1 | 1 I L L L 1 | 1 1 L L
23 2.9 3 31 3.2 3.3 3.4 0 16 32 A48 64 a0
Mass (GeV) Jiy py (GeV)
Entri 2020 -
| Bs Mass p17.07 l ;&n ) nelf 33.65/34 _ Entries 1070
> = Prob 0.4846 > - | ndf 31.76 /38
s B po 188.2 + 10.1 Q - Prob 0.7523
B & 0 osﬂgisoroodsgi = 60— po 33.41+ 2.31
= B sg " 61.34+3.08 o - p1 1.02+ 0.00
S 200 p4 -94.96 + 16.12 o - p2 0.003425 + 0.000327
o™ B p5 41.03 + 18.48 — ~ 1.3+ 1.6
- o 50—
I - o C
> 150 o 40
n > C
| 1] -
n 30—
100— -
: 20
, : i
10 — +
o L1 1 1 I L1 11 I L1 11 I L1 Ivl I L1 1 1 I L1 11 I L1 1 1 I L1 I*I 0 _. e s v
5 51 5.2 5.3 5.4 5.5 5.6 5.7 5.8 1.01 1.015 1.02 1.025 1.03

Mass (GeV) ¢ Mass (GeV)
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