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Role of CPV 1n the Universe

GR + Astro + Particle + Nuclear Physics = Big Bang Nucleosynthesis

One of the greatest successes of
Evolution of light elements in first hour of the universe modern phys.
Minutes: 1/60
But:
Small excess of baryons is an
1nitial condition of BBN,
not a prediction.

No explanation of the evolution
of anti-elements

—
o
=
5]
2]
—_—
w
7]
]
=

CP Violation necessary
igredient for our existence

10 10’

Temperature (10" K) one of the biggest obstacles in

explaining the birth of our
universe 2

Burles, Nollett, Turner astro-ph/99003300



CPV: Standard Model to the rescue?

production

quarks: d}=V;d,

antiquarks: a’_’l = V.*d.

mass basis, d,s,b

J

Vi 7 V™ Va7 V™ = CPV

Provides a mechanism to generate a net baryon number
through decay of heavy to light particles




Standard Model CPV

Three properties govern size of CPV in SM.:
Mag(CPV) = flm*-m?)) x f(G,) * singp

o quarks: * neutrinos:
— Large mass splitting 1 — small mass splitting |
— Small mixing angles | — large mixing angles 1
— Large ¢-p 1 — Pcp?

~15 orders of magnitude

too small Jury still out
Huet, Sather PRDS51 379 (1995)

Need new sources of CPV!




Mesons, Mixing, and CPV
* Ideal laboratory for studying CPV

— Mesons: matter — antimatter bound
state

— Neutral mesons: continuously
transforming between matter and
antimatter states

.0 T
ZE‘M@» = (m—za)‘M(t»




Observables N (unmixed) — N(mixed)

(M), =\g" O\ M)+g (e | M) N (1’/_fnmixed)+N (mixed)

M), =g )| M)+g" (1))

It
‘o) = 82 {cosh(A—;tjicos(Amt)}

lifetime/ flight length

1Ty,
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0.6

0.8
e2
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Z, -
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&N~
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10%

lifetime/ flight length
TM=>M)2T (M = M)
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Heart of the DO Program

FORWARD
MUON

TRACKER '1DT-.._:.
u TORC?ID
\

Zi Sy 117

HI[LDINL

T0r01d & solen01d polarlty
S
flipped regularly

m] o4

FORWARD | A - -
TRIG | % : ~equal exposure to 4
AR Ny S ﬁ p0881ble ﬁeld configurations §

(PIXELS)

Excellent, large angle, muon spectrometer and trigger

Large B— 1 semileptonic and B—J/y samples q
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Tevatron Data Set

15 Heavy Flavor Publications

>2.3 fb!
delivered

(+5 about to be submitted)

for Ila data set

6 related to AL, and ¢, covered

Run Integrated Luminosity {ph' )

FY02 FYO3

(Week 1 starts 03/05/01)

Run Ila: 1.3 fb! on tape




First Parameter: Am_

CKM triangle CDF Am, Amplitude Scan

CDF Run Il Preliminary

+datat1c & 95%CLImit  17.2ps”
164506 O sensitivity 81.3ps”
data+1.645¢
data + 1.645 o (stat. only)

Amplitude
o o N

< ; SRS m ||"‘|w‘

30 35
Am, [ps]

v
Vi =0.2060%0.0007(ex.) 0% (theo.)

ts

Rule out large new physics: D@ Collab. PRL 97 021802 (2006)
Precision SM measurement: CDF Collab. PRL 97 062003 (2006)

Two top cited experimental HEP papers of 2006 T




Second Parameter: Al

Governed by decay
rates to CP eigenstates
c Tree process,
. / S don’t expect new physics
VCS
c

Importance: defines the phenomenology

Large AI': CPV observables do not cancel out, info in all events

Small AT": CP studies require initial state tagging &,,~ 2.5%

11



Second Parameter: Al

 First step:
— Determine AI" assuming SM level CPV in B
mixing: cosg, = 1
— I =Tg=lepi—lep
— B—D (¥D (¥
— Flavor specific B, lifetime
— B —J/w ¢

12



B—D D (¥ and Al p
 Three channels

B DSDS (PP), DS >kl)s (VP)’ DS *l)S}!< (VV)

* Heavy quark limit + factorization
— B,2dd—D *D_forbidden

R. Alexan et al., PLB 316, 567 (1993) ~5% odd

yav) ] I} 2AN0 L]
lriers. mayoe ds mucrt dy OU o0 0odd

* D *D_*1n S-wave

= Ds*Ds* pure CP even

13



B.—D.(¥D (¥

Trigger on muon from
semileptonic D, decay

Ignore any
photons

Look for correlated
production of
D —¢rand D .— gu

14



2

Events/(30 MeV/c?

-
o
T

Events/(4.5 MeV/c?)
(=]
=N

o
T T T T T

JNK

704706
m,, [GeV/c?]

D¢
candidates

Events/(30 MeV/c?)

=

)

1

=Y
(=]
T

Events/(4.5 MeV/c?
(%]
o
T | T T T

=]
o
LI L

08 7.6
m,, [GeV/c’]
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B.—D.(¥D (¥

BF(B, - D"D") = (—

BF(B. - DD")=0.039
AT .,
I

+0.019 +0.016

—-0.017

_ +0.038 +0.031
_0'079—0.035 —-0.030

—-0.015

16



Flavor Specific B, Lifetime

Flavor specific decays carry
equal amounts of By, and B,

Get the flavor specific lifetime
when you fit F'S data with
single exponential

Maps out a 2-D constraint on

the average width and the
width difference

hep-ph/0201071 .
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B, Semileptonic Sample

w
[=]
[=]
[=)

1.9

_|_

oy

y7i
SV
PV T
\_:"‘".':l K+
DO, 0.4 fb™ " . K -

b rone / vs B, Candidate

"‘:*""-o : A

R

Charge correlation to 1solate

B, sample

195 2z A Transverse decay length
determined in lab frame

Boost back using MC to
estimate neutrino momentum

18



B, Flavor Specitic Litetime

PRL 97, 241801 (2006) | B Flavor-Specific Lifetime

1.4 1.6 1.8

D@, 0.4 b ALEPH 91-95 | 4 1.54 *°14 10,04

CDF 9296 - 1.36 $0.09 "%

DELPHI 91-95 . i 1.42 *01% 10,03
] i : -013 T

y2/dof = 1.06 .
gg,aAL% 9 b i 150 ¢ +0.04

g §Rr 0204 1.381+0.055 2%
&25393'04 b 1.60 +0.10 +0.02

01 02 03 04 05 1.440 +0.036
Pseudo Proper Decay Length (cm)

Candidates per 50 um

T IIIIIIII T illlllll T IIEIIIIi T IIlIIIIl T 11T

1.4 1.6
s picoseconds

T,o(B.)=1.398%0.0447 ps

T.(B,,WA)=1.440£0.036 ps




B—J/w¢: P—-VV

Even and odd paths distinguishable with
angular analysis of final state particles

Even waves Odd waves

20



DO, 1.1 b’ - Data
— Total Fit

— Prompt Bkg

10.0 MeV/c?

1

.,
J]
o
(%]
@
2
5]
=)
=]
c
]
@)

Mass (GeV)

52 53 54 55 56 57 58 : - : : - : 57 58
GeV

1039+45 B,
Candidates

21



3 angle analysis to determine polarization
LL

* Data
Bs—Jiyo — Total Fit

5.26< M(B ) <5.46 GeV - GP-even
) = CP-0dd

ct/o(ct) =5 Total Signal

|'I|||||||||

'|'<

Fit prob: 67.3 % ' ke
eia Lo Loy o by o by Tyw e Lo a bya o byaa lyits

08 -06 -04 -0.2 -0 02 04

'
e L

06 08 1
Transversity

¢ rest frame

Hlane

0

B, —Jiy o * Data

5.26< M(B,) <5.46 GeV — Total Fit
Total Signal

B, = Jiy o * Dala
— Total Fit
Total Signal

Evenl:s per 0.2
=
=1

- 5.26< M(B,) <5.46 GeV
L ctiofct) = 5

ctio(ct) = 5

Fit prob: 95.9 %
M IV P TSP WS B e
0.8 -0.4 -0.2 -0 0.2




0

n
a
=

* Data . e Data

Bs—>Jivo — Total Fit B > Jiyd  —Total Fit
5.26< M(B ) <5.46 GeV CP-even Mass 5.26 - 5.46 GeV ... Tyt5| Signal

s per 0.2
S

Events
—
(=)

N

ct/o(ct) > 5

Candidates

AT =0.1277 £0.02ps™

lf =1.52£0.087% ps

S

hep-ex/0701012 submitted to PRL




Combined AL (cosg=1)

DY, 1.1 fb"
mB) - Jyo

* Constrained
0s=0

Br(Bs—~ Ds’ O5”)

(not in constrainy




Third Parameter: ¢,

In Standard Model: g~arg(-V,)

Size limited by unitarity of CKM matrix

V.V,

* Vcchb
ViV + VoV oy +V Vi =0

Standard Model ¢, =0.004 rad.
A. Lenz, U. Nierste hep-ph/0612167

Observables:

Semileptonic asymmetries, interference in decays to CP eigenstates
25




AB = 2 versus AB = 1

b 8 s
We are looking for l’; S
something like this
S b
S g b
B factories are looking for b S s

something like this Z\QJE

In absence of super-weak models, we are looking at the same thing

26



Hints from AB=1

Comparison of CPV
in b—c and b—s,d

sin(2p")

. eff
= sin(2¢; ) EEYS

PRELIMINARY

BaBar
Belle
BaBar
Belle
BaBar
Belle
BaBar
Belle
BaBar

World Auferage :

'

0.68 + 0.03
0124031 +0.10
0.50+0.21 +0.06
0.56 £0.10x+0.03

0.64 £0.10+0.04

0.66 £ 0.26 + 0.08
0.301+0.32+0.08
0.33+0.26 + 0.04
0.331+0.35+0.08

BaBar

0.20+0.52+0.24

Belle
BaBar
Belle

BaBar

BaBar Q2B
Belle '

Naive average

D.E2 = - a0
0.11 + 0.46 +0.07

0.62 +0.23
i 0.18+0.23+0.11
' -0.84+£0.71 £0.08

10.41:0.18 £ 0.07 £ 0.11

10.68 + 0.15 + 0.03 *22!
' 0.53 +0.05

=5




Semileptonic Asymmetry Measurements

‘ Look for asymmetry in mixing ‘

7 o
B B: B Vi

D~
u 1 this versus this "
B B B Vi

Two samples

Exclusive untagged D, D u)Y=N(D u A’
seed B WNDp )= NDI) _ g upragged) ~ 2 tan g
Inclusive like-sign s N(D,u )+ N(D u) Am

N ") =N(u 1)

— ——— = A, (tagged) = 2 A, (untagged)
N )+ N p) N




Detector Systematics

Main detector related systematic 1s due to
geometry in muon spectrometer

Solve by flipping toroid
polarity regularly and
analyzing forward and

backward data separately

Total material and
spectrometer geometry
different along positive and
negative trajectories




Physics Systematics

IP fiber tracker uranium calorimeter toroid
silicon solenoid muon chambers

Transverse flight path

A AV P b N

K*produce u” from weak decay N(u?) ~ exp(-x/c7(K))

/ H / Measured directly in data using
kaons tagged from D* decay

K~ stop more frequently in calorimeter from K-+ N —»Y + «
nuclear interactions

30



Like-sign Dimuons
‘ N(same sign) = 310K ‘

A, =-0.0092£0.0044 £0.0032

PRD 74, 092001 (2006)

~60/40 mix of B, and B,

JZ,
ASL — ASL (Bd) + E ASL (Bs)

Ag (B,) from B-factories:
Ag (B;)=-0.0047+0.0046 (HFAG)

Ay (B, pr) =—0.0064 £0.0101

31



20 years of like-sign dileptons

* 1987: excess of like-sign dileptons first seen at a
hadron collider (UA1)

— Input from Y(4S) allows extraction of B, mixing
parameters

X=JaXat X,

e 2006: best limits on CPV 1n like-sign dileptons
determined at the next generation hadron collider

— Input from next generation Y(4S) experiments allows
extraction of CPV parameters in B, mixing

/
ASL — ASL (Bd )+ L ASL (Bs )

JaZa

32



Exclusive B,—D_ v Results

Exclusive D u ‘ 4o (B.D 1)
60 un i Frolmiary e , S 69 SIL[ =
I e 0.0245+0.0193+0.0035

23
K

ASL (Bs s HHL T DS,U) —

0.0001+0.0090

= 3
MMMMMMM

33



B —J/v ¢

Analog to B’—J/y K¢ but VV instead of VP

b C b b C

—5, =<

Jy + ¢ <:> Jy + ¢

Even waves Odd waves

34



B—J/y ¢

Time dependent angular analysis of untagged sample

Time evolution: pure even case

2
F(t) ~ Aeven (99 W’ ¢9 t)‘

f(t,even) = e '

35



B—J/y ¢

Time dependent angular analysis of untagged sample

Time evolution. even plus odd components

2 2
F(t) ~ Aeven (89 W’ @9 t)‘ + Aodd (89 W’ ¢9 t)‘

+ A* A(C PC) D aa———— CP conserving interference

~ It \ R
f (t’ even) € / CP states = heavy, light states
f(t,odd)~e "

36



B—J/y ¢

Time dependent angular analysis of untagged sample

Time evolution. even plus odd plus CPV

2 2
r(t) ~ Aeven (99 '7”9 ¢9 t)‘ T Aodd (99 W’ gD? t)‘
N A* y ( CP C) / CP conserving interference
+ATACPY )™ e sing, [

f(t,even) ~ (1+cosg e ' +(1—cosg )e

f(t,0dd)~(1+cos¢p e " +(1—cosg e

Heavy and light states
are mixed CP

37



B—J/y ¢

Time dependent angular analysis of untagged sample

Time evolution. even plus odd plus CPV

2 2
r(t) ~ Aeven (99 '7”9 ¢9 t)‘ T Aodd (99 W’ gD? t)‘
n A* y ( CP C) / CP conserving interference

* It Tofn CP violating interference
+ A A(CPV)(e " —e " )sm¢

between two paths

f(t,even) =~ (1+cosg e .

f(t,0odd)~(1+cos¢ e " '

Same as seeing
K,—nn

Heavy and light states
are mixed CP

38



a
<
O
-

B, > Jyo
5.28< M(Bs) <5.46 GeV

Eventg per 0.20
o
o

t/o(ct) > 5

* Data
Total Fit

CP-even

[ e Fit prob: 67.3 %
I"I..:lllIllltllli)llllllllolllIIIIIII-I'I

07 08 -oy-0.4 02 0 02

* Data

— Total Fit
Total Signal

—
2
e
—h

AT =0.17+0.09£0.02ps”"'
g =—0.79+0.56" "

hep-ex/0701012 submitted to PRL




B —J/w ¢ Results

DG, 1.1 b’ 4 D@, 111
mB - Jyo ; mB - Jyo

—2Alog(L) =1

% Constrained

— SM
AT = AT'g;, X |cos(0)]

2 5

Likelihood invariant to simultaneous flip of sign of AI" and

even-odd strong phase difference = 4-fold ambiguity
40



¢. Results

E % Constrained '
Q. 0.4F ; DO, 1.1 fb
- .f BBs—=Jyo
 — 0.3 E_ Combined
B ileptoni
L‘m 0.2 = semi ec%:%l:
i asymmetry
<0 1;_ band
-0;_
i AT =0.1340.09 ps™'
02k ™ s T T
03F ¢, =—0.70")%
-0.41 B AT =ATSM « Icos(¢,)!
-0'5 :I 1 " PN S N TN TN TR T N TN WO TR TN AN TN NN TN TN NN NN RN NN M |
-3 -2 -1 0 1 2 3

¢s (radians



Outlook

Right now: Pioneering measurements of CPV parameters
in B, mixing
— Agreement with SM expectations at 1.2 sigma

With more luminosity, we will clearly be able to probe for
large new physics effects = very interesting

Goal: beat VLum

— J/y ¢ still use full sample but include initial flavor information in

likelihood for tagged events

— Like-sign pu = like-sign pyu¢ : enhance Bs component, reduce
systematics

If something 1s there, we want to find 1t before the LHC

But need LHCb to reach SM level

42



Conclusions

Now have information on all B, mixing parameters
from the DQ.

— Very diverse program giving consistent results:
* Amconsistent with SM/CKM expectations
* Al consistent with SM calculations

* Interesting ¢ parameter space accessible at the Tevatron

Expect rapid improvements in precision on ¢,
— Doubling data set
— Results from both experiments based on full data set

— New modes and new techniques

43



Backup Slides
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Likelithood Scan
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Angular Distribution

d°T'(t) 4
x
dt dcos@ dy dcos

B | —

{(1 + cosdd)e "t + (1 — cosdg)e "H!

}
}

(=g

2[49(0) T. cos* (1 — sin® B cos® p) I =: {(1 — cosdp)e™" ' + (14 cosdg)e"

2 e x 3 i
+ (4O T, sin” (1 - sin”fsin" ) 56 > CP-violating weak

. ; : hase ; in SM -

+ |AL(0)]* T_ sin*%)sin*@ P 0.904
6,6, 2> CP-conserving

strong phase ; ~|r|] and 0

A(0) , A (0) >CP-even
linear polarization amplitude
at t=0

A (0) >CP-odd linear
polarization amplitude at t=0

1

i,

Aq(0)[|Ay(0)| cos(8y — 0;) T.. sin 29 sin® @ sin2
[ -

1
4 {E|Aﬂ({])||A*(U)|cos§g sin 2¢) sin26 cos ¢

; 1 1
—|A}(0)||A(0)| cos dy sin® 4sin 26 sim,g}5 (e — T sin(6¢)




Correlations
o Statistical: < 1%

* Systematic:
— Usually 1 dominant systematic

— Diafferent for all analysis
» Kaon decay in flight for zu

* m(g¢r) fitting for D i

* All combinations done assuming no correlations
— No change when correlations included
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Ambiguities

7 - -r Y ._1|1||'“'|_I E_+ A "-"-._J ' ] —'.'-il]I_f o r;'-'-j s I +I'-‘l]l._- : |1“ ':{} ) |_ *T+ ' ] _"'"i“l t ;""jl]: e '+|1J_ [” ||_I :'r_— '-‘"jl]l; f :
i 1 eos

+?;='-]l] Z-_}.'_'|_'L.[H_]||_'!l|| (01| cos{da —dy) Ty sin® @#sin2ye

£\ L

-+ l —— |!L ||[”':|| |1J_ i f|| Cos .""._--_;:. sin 20 sin 20 cos o
I.} ¥

.. P - . a9 . u . J i b 7 .
— A (0} [[AL(0}] cos a1 8in™ 0 sin 20 sin 17 (¢ —hat o~ FU) s o,

—

T, =2 ((1+£cosog)e et 4 (1 F cosoy)e
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Systematic Errors: dimuons

TABLE VI: Systematic uncertainties of the dimuon charge
asymmetry A for standard cuts.

Source of error AA
letector 0.00015
e=etfe” 0.00018
prompt g + K+ decay
dimuon cosmic rays
prompt gt -+ costic p
wrong charge sign
punch-through
Total

TABLE VII: Systematic uncertainties of f.

Source of error Af

y2» 0.081
0,002
0.050
0.012
0.014
QL0002
0.019
0008
L0007
0,105
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Systematic Errors: J/y ¢

P conserved [ree o

-

L 0= . =10, 0%9
[) ] AT [ s
A2 0.10 1 0.0

| 5ot I|:::w | 49 4 0.0
= — 0, 7O 50
|_-'l..{lil]|E — |4 [:I::I_]|E (.a=40.05 0.374+0.06

A N (L A5E0.05 O 6006

it — do 264104 2.6+10.4

Aa.axl.l
0711

TABLE II: Sources of systematic uncertainty in the

the analvsis of the decay By — J /1)

Yo o SN,

]l RN { ,-_I JIILI :I ’ .|rr': |

111
HProcedure test + 2.0 +0.02 0,01
_ln'n,'n'-|_||;|]'||_'|'- +0.5 0001 =0.003 U]
woalgorithm —8.0.4+1.3 40,001 £+0.01 —0.01
Backeronnd maodel +1.0 +0.01  —0.01 10,14
Aligniment + 2.0
Total — =N A3 002 002 —.071, 0,14
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