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The Unitarity Triangle

1- 1| c | Al®(r - ih) Constraining the CKM matrix
2 1 redundantly using different
Verm = - | 1- =17 Al 2 measurements of the angles/sides

AlI3(1-1-ih) - Al? 1 IS a sensitive probe of New Physics

\Want precision
r h) \ l

" Mixing ‘bs’
@ ViV " (Squashed unitarity triangle)
VYA (VYo |o R q y triang
‘ ’ VCdVCb
(bd’) Least well known b®b
THE side of the triangle SM: by small
Unitarity CP violation is small
) Triangle b

Checking this is complementary to

(0,00 . . (0,1) measuring the sides/angles of
Vi Vig TVepVey TV Vy =0 THE Unitarity Triangle
Area of the triangle indicates CP violation 2

in the SM due to the CKM matrix (currently only at the Tevatron)



B Physics @ DA

s(pp® bb) » 1507 @1.96 Te
s(e'e® bb)»7nb @ 2°
s(e'e ® BB)» 1nb @jj (4S)

Large production cross-section
All B species, including B, B, L

Rich B Physics program at D@ benefits from :
e Large muon acceptance: |h| < 2 B, Mixing: 610 pb-1
* Forward tracking coverage:
Il < 2.0 (tracking), |h| <3 (Si) B, Lifetime difference: 450 pb-!

* Robust muon trigger
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Mixing Phenomenology

0 ir _ il 0 b uct s
; B | M-25 Ms B
B° o e pp il | B°
M 5% M-
M, : from real part of box diagram, dominated by top quark
G, : from imaginary part of box diagram, dominated by charm 3 S i
Two physical states (heavy and light B,) propagate with distinct masses and lifetimes
B =p|B, +q|Bs »cpeven B, =p|B, - q|Bs »cp odd
L _ M, _ _
CP violating phase 7 =arg - —= ~-0.03 (SM) mass eigenstates » CP eigenstates
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Dm, has been precisely measured: 0.509 + 0.004 ps+

Dm, = Gem/1S(my’ / my;) (125 W'y ‘2 f25,Bgg = (228+30+10 MeV)?
6p° A B e IV,,| from Dmy, limited by ~15%

2 ? 2 x=1.21+0.04+0.05
\ consider ratio Dm, _ M, TesBes ’V‘S‘ = Mes 2 ’Vts‘ —

Many theoretical
Dm, m, f3B . om : .
d Bd 'Bd PBd ’th‘ 2l ’th‘ uncertainties cancil

Determine |V,|/|V4| ~ 5% precision Measure Dm, constrain V




Mixing analysis in a nutshell

K mixing direct & indirect CPV
B, mixing heavy top mass B, mixing 2777
n mixing neutrino mass?! 0

Current world limit: ~ Dm_ > 14.4 pst @95% CL
B, oscillates > 30 times faster than BO !
Dm, measurement experimentally very challenging

Analysis Strategy

Select final states suitable for the study

Determine proper decay time

Obtain # of oscillated or non-oscillated events (flavor tagging)
« Tag B meson flavor at decay time (final state)
« Tag B meson flavor at production time (initial state)

If flavor of B at decay = flavor at production B hadron non-oscillated
If flavor of B at decay ! flavor at production B hadron oscillated

N non OSC(tBS ) _ N OSC(tBS )

Fit for Dm (or amplitude at Dms) Alg ) = non osc osc
N (tBS) +N (tBs)

pcosDmot,)



Essential ingredients

B® D, mX; D ®]j P ;|j@&® K*K-

610 pb!

B.® DsmX ;D@ KK ; K*®Kp

D@ Run Il Preliminary [Ldtﬂ:ﬁﬂp'l‘-f1 Dé Run 11 Preliminary

< F o
L4000 4, - L ¢
Em; H{om ) N(Dg=15636+193 € 5000
5 F N(D")=4349+152 3
Bk =
7 5636 + 193 g 40007
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E 30004
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50 i 10007 / No p/K separation
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Determine proper time:
Inferred from B candidate’s decay length (w.r.t. PV) and its momentum.
Semileptonic decays Bs momentum can only be reconstructed partially.
decay length vector in the transverse plane

X o (L pepl)i(pp)f »m,

“K factor” “visible proper decay length (VPDL)” 6
VPDL resolution and K-factor distributions obtained from simulation

Cty =X XK KO pP/ pf



Flavor Tagging

* Tag B meson flavor at decay: use charge of final state particles: b®m-
* Tag B meson flavor at production : use opposite-side techniques
« use decay products of the “other b” to infer the initial flavor of the reco’d B

» Soft lepton tagging (SLT) : b®m- or e
* Muon Jet Charge, secondary vertex

z
* Make B, oscillation measurement :
* use same opposite-side tagger as for B, <

D = 0.384 +0.014 + 0.006 D=2-1
e? = (1.94 £0.14 £ 0.09)% h: purity £
3

Dm, = 0.501 + 0.030 + 0.016 ps-?

Consistent with the world average

610 pb-t ~4.2 K tagged B g events

Asymmetry

Tagging efficiency ~ 12.3%
Useful B g signal fraction ~ 88%

]
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Increasing purity, dilution
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VPDL {cm)



Asymmetries

1

Dé Run Il Preliminary (Ddt=610pb

* Split B, data sample into different bins of VPDL:

=
T

o
o)

Asymmetry

D@ ffp

o
o

» Obtain # of events tagged as
“non-oscillated” & “oscillated”
for each VPDL bin by fitting D, mass spectra:

Expected curve for Dms:8ps'1

o
N
TTT

o
)
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RIS e S
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 Calculate asymmetry for each VPDL bin osf
(Ameas): -0.8§
-1*6 S Y R X T ‘\/PI‘DL??Z)
non- 0sc 0sc o
Ameas — Ni - Ni
Ninon- 0S¢ 4 Niosc Asmietry Dé Run I Preliminary

Asymmetry

No obvious oscillations...

» Calculate expected asymmetry for each bin (A¢):

o
1

T ++
; HH# nass
B meson lifetimes and branching rates from PDG |

K-factor distributions, decay length resolution, '°'5': T
reconstruction efficiencies from MC

T T T - T T
0 0.05 0.1 0.15 0.2
VPDL (cm)



Amplitude Fit Method

o e L L B B B B B B e s . .
- r K T T T T T T T T T ]
= s —-””5' K K. jpm) = World average (prel.) ]
= : = 2} 4
= r + data = 1 E + datax 1o ‘r:
-+ 4 - 1645 - == LedSo v ]
C , i LS [ [ data= 16450 7]
r [0 data + LG645 J_,—*’ i [ data = 1,645 o (stat only) 1
3 [ [ data = L645 o (stat only) K 1 | || |
L I il
L = R . i | H ]
L] & 93% CL limit 7.3 ps ! i “J'*n H . ]
2 H-® sensitivity 9.5 p:-;" I 4| ||| [eH World ]
L A1 i \d > ]
2 " t 1
. e AR ' Average il
L1] t 1
I ||| I i & 95% CL limit 14.4 ps”
I -1 -E- sensitivity 18.8 ps™!
‘.I 3 H
F s Doov bbb b b e benen Lo
B ) -1 L] 25 H] 7.5 1 1xs 15 175 20 225 25
.2 [ Ldt=610 ph -1
L Am, (ps’)
I FETEN EFEN B EFEEN EFEEN P B S B
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Dominant sources of systematic uncertainty: ALEPH D;f
understanding of VPDL resolution, K factors,
Sample composition, uncertainty in tagging dilution.

Combined D AEresult: S bioan
Limit: Dm > 7.3 pst @ 95% C.L. (rlim) ODF . Run
Sensitivity: 9.5ps 1 @ 95% C.L. 0 2 4 6 8 10 12 14 % 18 2

Amg Sensitivity (ps™)
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{(this :nalyTs. BTJ pb‘ )




Future Improvements

Analysis techniques:
« Add more decay channels 150fs  oft) ~75 fs
* Improve opposite-side tagging, 180 T T
* Add same-side tagging
* Unbinned likelihood fit: event-by-event
resolution and tagging purity
Hadronic B decays:
* Trigger on flavor-tagging muon,
verify yield
(Excellent decay length resolution)
Bandwidth increase:
« Current limit for B triggers is rate to tape
« Bandwidth increase from 50 to 100Hz

180 - Semileptonic
+ BW upgrade

L3 e Ea e L et

1000 =

60

40 -

Integrated Lumi for Observation at 3o [f57)
s
|

 Proposal to process extra 50Hz of 20 L S:ﬂfgli +
B Physics data at remote institutions St bl
Hardware _ neW Layer O SillCOn I:‘::l: | I-Ilﬁl 1 I1|BI | Izlzll | IEIEI | iq-|4l | IE|E: | Tglsl 1 I;:II | ralzl | ng
e Radius of 1.7cm inside current detector LB Amg s
* Improve decay length resolution by From global fits o
~30% even if lose Layer 1 10

And more data!



B, lifetime difference analysis

B.® Jy (mmff (K*K") cos@=transversity
Pseudoscalar ® Vector Vector g

Three waves: S, P, D or A, A, Aa

S, D (Parity, CP even): linear combination of A,, A,
P (Parity, CP odd): Ax

Decay parameterised by three angles:

Azimuthal (f ) and polar angle (g) wrt the direction of the
mt in the J/y rest frame

Polar angle (y) of K*in f rest frame » meson rest frame |
Both CP-even and CP-odd present but

are well separated in transversity (cos Q) ’ g

We integrate over two angles: f and y

ﬁ’T[r]
d cost/

% ufrﬂ(r)lz —|A| (r)l' E[l +cos’ af';»"]+|,4l{r‘fliain2 ()‘ Non-uniform acceptance in f integration
leads to small correction term 11

Integral for flat efficiency iny, f



Analysis strategy

Measure TWO distinct lifetimes (or, equivalently, DG/Gand t )
« fit time evolution & transversity distr. in untagged B, decays
 If CP is conserved, they can be interpreted as the lifetimes of the two B, mass
eigenstates

Simultaneous fit to mass, lifetime and transversity using an unbinned maximum
likelihood method Candidate Events
Ty | / |
Likelihood = [fsig Fg, + (L- fsig)Fb'kg]
i=1

Fraction of signal

Product of mass, proper decay length and transversity PDFs
f

g signal fraction

signal mass, width

R, CP-odd fraction at t=0

ct=¢/ T, [=([+1)02 C. +C

AT/ T = —H L
2

- CP-odd fraction at t=0

19 parameters:

— e ek P =k

L @

bkg slope in mass (1 prompt, 1 long-lived)
o(ct ) scale
bkg ct shape

o O == b

bkg transversity (2 prompt +2 long-lived) 12



o2}
o

a0l

20

-1 -08 06 04 02 0 02 04 06 08 1
Transversity

T=c/T

f'i]_‘l"l F
R.

B, mass & Lifetime  4sopb
> 450 é E526< M(BY) < 5.42 GeV e Data DO
S 400 * Data sf B2® Jly f - i
S o — Total Fit 310 ° A Tota: Fit I
Q --- Prompt Bkg. LoF Total Signa
g 300 — Non-prompt Bkg. g0 [N CP-even
g 250 § C o CP-odd
=] S10 ¢ - — Background
S 200 S E
2 s I
g 150 S 1lf :

100 af 3 N
10 o ~\\
50 I. .\".:7':-..
OIIII 11 1 1 NN T T T S T T T N T T I 10_2 Ll III’IIIIIIIIIIIIIIIIIIIIIIIIII 1 N
5 51 52 53 5. 4 5 5 5 6 5 7 5 8 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
Mass (GeV) ct (cm)
S 100[. 526 <M(B) <5.42Gev  ® Data DO
5 - ct/s(ct)>5 — Total Fit . .
5 Toog yvi Total Signal Signal Fit Results
2 80 Ps yr— .
c L CP-even _ .
20 ~-- CP-o0dd events 513 £33

41 6+:: HLm
024703
0.16 = 0.10
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Semileptonic constraints

Semileptonic (flavor specific) measurements
provide an independent relation of DGand G
leading to a significant improvement to DG

Blue lines: World ave. flavor specific values

(from semileptonic decays)

19 1'25— with WA constraint (1 S stat.)
0 1.0; ------- D@ default 1 S stat. * DO

0O o.8F CDF

___________
........ .
2 ’‘
’
Rd
R
’
5

;theor. 1 s band

02 O\

""
-

g
.
-

—'—
-t
-
0 -
llllll
.......

Flav. Spec.
YVA t1s

| | | ‘ | | | | ‘ | | | | ‘ | | | | |
0.037 0.0397 0.0425 0.0452 0.048
ct(cm)

‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘
1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

T (ps)

A single-lifetime fit applied to
flavor specific final state
measures G, = 1/t

50% CP-even
— 50% CP-odd

PRL 95, 171801 (2005)

DAE

CDF

With f.s —

constraint
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Mixing Summary

Preliminary limit on B | mixing based on 610 pb -:
B® D, mX; D ®jjp;|j@® KK
B® D;mX ;D.® KOK; K*® Kp

Limit: Dm, > 7.3 pst @ 95% confidence
Sensitivity: 9.5 ps 1 @ 95% confidence

Already competitive (second best sensitivity after ALEPH)

Excellent prospects in future with analysis/hardwar e improvements
and more data

Can potentially cover entire SM range:
If no oscillations are observed : New Physicsatso me C.L.!

15



Lifetime Difference Summary 4sopb-

Fit Values
+0.12 ¢ 0,009 )
T,=1.24", [ (stat) ;o svst) ps
Al 5 3
=024 "3 o1t B (svst ) 044 \+0.012 \
—==0.24_g5s(s1at ) g0y syst) Ty=1 .SSJ:L-,:% \Stat _.Ifglgl} \SVST) ps
0426 2200
. ) _ : - +0.13 T g
R1=0.16+0.10(stat ) £0.02(syst ) T=1.39"  (stat)_;,(syst) ps o
0AE P
E c
Flavor Specific Decay Constraint o~ "OF g
AT =k oo w0 5
/ _ T g a
—=0.25"01% T=1.3940.06 ps 007 £
r . 0.06 8800 2
Ratio to B, 3
T 0.04 17600
i i F i T 3 i L1 f i F
T 5= 1.530+0.043( stat ) =0.023( syst ) ps _—H'"— 0.91x0.09( star |£0.003( svst ) ps e R B e
T.
. . Integrated luminosity ( f"
Good agreement with theory % ’ Y

Future precision will improve with Might be able to exclude models
More data predicting large CP violating phase
Three angle analysis OR
Using a tagged sample.... Observe CP violation different

from SM predictions 16



BACKUP SLIDES
(MIXIng)
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Sensitivity

B, Mixing (Am = 05 ps“)

Probability

t (lifetimes)

Statistical Significance :

s @ e

For large Dm, proper time

resolution (s,) 18
becomes v. imp.

Flavor taggmg
D=2P-1 Slgnal purity
P: correct tag prob.



VPDL resolution

a8
To0fE- ___ :
g 5 Before cc:rrelctmn ﬁ MC
sooE. — After correction  F,t
cooE. 0% 28 um
:
00— S
.
200
'":H}E—
-3.!;@ =002 I-ﬂ.[“I — l:!l — Iﬂ.I[“I ) 0.02 DOz
VFDLrEE - vFDLgen (cm)

D& Run Il Preliminary

=k
Y
A 8

1.

elative Scale Factor
N L

R
© o0
o © &

L P B
0 0.04

=
(=]

MR B P B
0.16 0.2
VPDL{cm)

NI N TR T
0.08 0.12

VPDL resolution from full detector simulation;
Describe VPDL resolution using 3 Gaussians
Adjusted by one global scale factor derived

from data/simulation comparison.
1.142 £ 0.020 1.168 £ 0.024

D® ff p D@® KK

VPDL resolution depends on the VPDL
(large VPDL correlated with large boost,
l.e. with more collimated decay products).

Use a VPDL dependent scale factor
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Initial state flavor tagging

I L
Muon jet charge O} _Z Prd D
2 Pr s Reconstructed
or signal side
Opposite D
side - DR < 0.5 S _»N

W -
I cone E (-) - —
e/ 12 i B ’ m
/ - o

D@ Runll Preliminary If muon found with
200 - ) cos f (p,,, pg) <0.8...
150 H b
100 H
- +
80 +*+++
'-‘-*_"‘.'."*"m
L Y B 20

Mucn Jet charge



Combined Tagger

 For each discriminating variable x; (described previously)
construct P.D.F.s for the initial b [b] quark
« Combine different taggers using m-_ meti et B + “[b:““
ikelihgod ratios: £5(x) | | e
_ oy =i (K o !
Y=0yv="75 | 7
i (%) A
400 |
. | -
. T+ 4+
* Apply transformation to form
| | | 4+, 1T
single flavor-tag variable: ++ |
200 - |
d<0 'ag=>0
—(1 - - : . | .
d=(1-y)/(1+y) - fHinitial | Initial
_ Flavor | Flavor +
E&zbbﬂl
u-i -0.5 L1

1
Combined tﬂgglng ﬂrhhla H"

More pure= > More pure




Tagger performance variables

EfflClenC¢: Ncorrecfl_ NNrong
Ncorrecfl_ I\lNrong-l_ I\lndag
Dilution D = correct Nwrong
correct |\Iwrong
D=2h-1 h

Maximize tagging power: e

22



Dilution In data

— : D& Runll Preliminary
* Make B, oscillation measurement with same

P U.-I'_'E':
opposite-side tagger as for B, @
E
« Take |d|>0.3: F
N .- N
A = —= = = D cos Dmt
N 0SC + N Nnosc -
— Amplitude gives dilution -Ofpgs "o o Bl & 82 B
f.a
— Frequency gives Dm E
E
&
Dm, = 0.501 + 0.030 + 0.016 ps™ =
D(By) = 0.414 + 0.023 £ 0.017
D(B*) = 0.368 + 0.016 + 0.008
T
D, = 0.384+0.014 + 0.006 T
€D’ = (1.94+0.14 + 0.09)% = o0.f
<L u
L]
e UseD_,,, asinputto B, analysis e == -
( signal and opposite-side B species o4fcombioed |d] > 045 -
uncorrelated ) .t o5 '-A;i' = Eb:!is = '-ulf;' = -;:ll.}jl = -E:.':." ' 6_:?."5 '

VPDL {cm)

e |1\CreasING purity, dilution



Sample Composition

Composition of signal peak : estimate using MC simulation, PDG BRs...

- cc Contamination

Decay Sample fraction

B, D, 29 804 i hG(Ijuon Sp||itting, -
charm hadrons close to each other
B, D 55.1%
0

B, D, 1.2% C D'X=KaX
B, D' 3.0% MHM< €0 D
B, D. 1 6% C D'X= D X=Kuvr A
B, D,DX 4.2% Flavor tagging suppressed
B, D,.DX 0.9% contribution by factor ~ 3
B® D,DX 5.6% _ _

_ 5 Estimated fraction of (3.5 £ 2.5)%
B~ D,DX 5.7% from MC added in
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Systematic errors

Done for each value of Dm

Example: D@ KK

Dominant systematic (7 ps)
Mass fitting

Sample composition

K-factor uncertainty

VPDL res. scale factor uncertainty
Dilution uncertainty

25



BACKUP SLIDES
(Lifetime difference)
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D Renil D Rl

E‘ f 5.26< M(B,) <5.42 GeV E - hl Mass(B,}<5.2 OR Mass(B,)> 5.5 GeV
-1 I E- IF |
g o E_ gm 5 l 4|I
:3!? w0 - q jl'
3 F . | X
4 . 10 | .
- gt
10" | i . !
| wg Mg
1:':0._1 405 © 005 0.4 045 02 025 0.3 WA S T PO TN ST '
. . ct {cm) ' ' ' ct, om
Parameterisations
o | ‘g
* Mass: double Gaussian with common mean (signal) 4
two 1% order polynomials (prompt & non prompt) ‘%
e . . 7
* Lifetime: 2 exponential x gaussians (CP odd and even) "';;.b
1 gaussian (prompt) 3 exponentials (+ and — ct non prompt) “'ﬁfﬁ
S

* Transversity: (1+cos’0) G(8) CP even (1-cos®8) G(8) CP odd
2 polynomials (G(8) = 1+Acos*8+Bcos*8) for prompt & non prompt




Untagged B, rate in time/angles

d°T = Jh (= 1" o= K'K)
tcost do deosy di

+ sin%y {|n"(u)|2 e '{1-sin%g sin%) + A l(n)ﬁ ¢ "'sin% |

+ L sinzy {|A 1A (0)] cos(5, 5 )¢ * sin8 sin’2 |
'

{ L 1a,(0)]1A (0) cost, smhmm?ﬂcusq:}‘[er' ST

) 131: [ 20A0)" ¢t "costy(1 - sin’p cos’y)

{‘—2| (@IIA ((0)] cosb, sin>y sin2d sing } ;— [ o™ 7)o ] Hicosy) F(6) G(cest)
:
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L

AmbIrry scale

A mhiray scak

ER I

o=

0.e

0.4

0.z

Detector Acceptance (MC)

Fidy= 1 + JocosZd + Koos 24

Fit prol: 421 %5

1.4

1.2

o.g

oG

0.4

0.z

1.4

1.2

o.g

.G

0.4

0.z

= = ] d
Gl_!:ﬂlil.l]: 1+ Boos o+ Coos o

FIt probk: 21.6 2.

- L 1 1 L 1 L L 1
-Sg Ea] R | -0 -0 [ -3 [ORE | [ 0.5

[=tal =]

Hicosy =1

Fit prob: 17.1 %

%*H*,qr N IHil

F(b) =1+ J cos(20) + K cos?(2¢)

G(cos 8) =1 + Bcos?d + Ccos*d

H(cos v ) flat distribution
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3 angles ® 1 angle
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In pursuit of new physics
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Angular momentum
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Systematic errors
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Selection cuts
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