B Physics at the Tevatron
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Experimental results in B Physics from CDF and DO




What is so compelling about the physics of the b quark?

The large mass of the b quark
allows a theoretical approach to
b-hadron properties (masses,
decay rates, ..) known as the
Heavy Quark Effective Theory

(HQET)
d g | Quarks of the third generation are
"/l ‘1%“ important for probing the origin of
1 PR W< CP violation. New physics will
e j_ﬁ Saue 2. generally give new CP, and
By Fr pyea— couple to the heavier quarks.
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Why the Tevatron?
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B-factories:  B*/B? mesons from the Y(4S)

4000 S000
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Tevatron B*, BY, BY,, B*., excited b-mesons, b baryons, excited b-baryons,
rare decays...




In general the most important components of a general purpose
detector system, for B physics, is:

« tracking.
* muon [+electron] id

« triggering: B hadrons comprise is O(10-3) of all events.
Charmless decay modes have branching fractions O(10-9)
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* now augmented by a high-precision inner layer (“Layer 07)

« 71 (81) um strip pitch >
» factor two improvement in impact parameter resolution




CDF Detector showing as seen by the B physics
group.

Muon chambers
for triggering on
the J/y—ptu-and p
|dentification.

Strip chambers,
calorimeter
for electron ID

Central outer tracker

dE/dX and TOF system for particle ID
r<132 cm B=14T for momentum resolution.
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LOO: 1.6 cm from the beam.
50 um strip pitch
Low mass, low M-S.

And another thing which is really special
about this system is the trigger!




The Silicon Vertex Trigger (SVT)

* Provides precision impact parameter information at L2

* Beam crossing: SVX samples & holds on a dual-ported analog pipeline.

... when a Level 1 Accept occurs, the readout cell is read without
iIncurring deadtime = allows high rate at L1

massive cleanup of B-triggers using impact parameter information at L2.
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Run I: most (almost all) B-physics
relies on the J/y trigger, yielding
now millions of events.
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other hadronic de_cays go straight BT [SeVic] T k) (o]
down the beam pipe.
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Run ll: These decays and many more are
suddenly visible >
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Entries per 5 MeV/c’

=>» Major impact on B physics!

1.7 1.8 1.9 2 i 2 21
m(K ) [GeVic’] m(K'K' ) [GeV/c]




Hadron collider: large cross sections, large data sample, new B triggers:
SVT (CDF) collects practically as many reconstructed B decays as the J/ y trigger.

Jhy trigger Hadronic B trigger

CDF Run 2 Preliminary 1.0 fo™

CDF Run 2 Preliminary 1.0 1b™
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B* decays:

Candidates per 1.25 MeV/c?
B~
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5.30 5.35
M(J/y K*) [GeV/c?]

5.30 535
M(D =) [GeV/c?]

CDF Il Preliminary 1.0fb™”

. Data — Ay 2 APy Ab — X, m, Comb. Bkgnd.
— Data fit

[ Signal region
B Bkg region

N(J/y A)=532

=== A, semileptonic + other

— B semileptonic + other

Events/4 MeV

===+ A, and B 4-track decays

N
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A, decays
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5.65 5.7 5.75
Mass(J/yr A) [GeV]

532 events A ->Jly A 2.8 Kevents A, —A_ @

6.5 Z
m(A; ) GeV/c



Any big differences for B physics?

« Muon coverage

*Trigger

* Momentum Resolution

 Forward tracking

* Tracking of VO's

Is superior in DO

The “displaced vertex” trigger in CDF is a major
factor in B-physics.

|s superior in CDF, leading generally to higher signal
better S:N goes like B

Is superiorin DO

|s superior in CDF, probably due to the difficulty of
finding these in the DO fibre tracker.



"Before you can reach to the top of a tree and understand the buds and flowers,
you will have to go deep to the roots, because the secret lies there. And the
deeper the roots go, the higher the tree goes." - NIETZSCHE



Production. Fragmentation.




Production cross section is large! At sqgrt(s)=1960 GeV/c? :

=17.6 = 0.4(stat) * 2>, , (syst) ub ly|<0.6 (CDF)
[compare 1 nb at #(4S), 6 nb at the Z9]

Total pp inelastic cross section is greater by about three orders of magnitude

X Data with total uncertainties ‘:, pp% bX \/5 1 8 Tev Inbdet|<1 O

—— FONLL theoretical prediction N\
«e«. Theoretical uncertainty “, . L Dg DGtO

(Errors have correlations)
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— NLO QCD, MRSA/
.. Theoretical Uncertainty

70 80 90 100

2 bJet
py(H,) GeV/c E. (GeV)
Phys. Rev. D 71, 032001 (2005) Phys. Rev. I__ett. 85, 5(_)68 - 5073 (2000)
Mesured in inclusive J/y events. Measured using tagged jets.
e Lo 1,054+ 0.018 (stat) 932 sy
into various b hadron species ,
has been measured in semileptonic IR I E IRt O Bty iR ()]
decays: Ju )f Ja I
arXiv:0801.4375v1 7 ‘ibfg = 0.281 + 0.012 (stat) * s) To0sr (B)-

—




A small sample of B_ * events has been seen: s
Semileptonic decays, too! /

DO: 54 = 12 signal events (1.3 fb-1) B
CDF: 81 % 12 signal events (2.2 fb-1)

F =3
o

DO, 1.3 fb™

CDF2 Preliminary

N(Bc)=81.0+12.4 binred fit
M(Bc)=6275.4+2.8 CL=234%
5=15.5 fixed

N(Bc)=8D.4 !
20 N(bkgd)=56.6 !

6 6.2 64 6.(? 6.8 7 Z).2
M(upur) [GeV/c?]

arXiv:0802.4258v1
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M(B,)cpr = 6274.1 + 3.2 £ 2.6 MeV/c?

6.35 - M(B,)po = 6300 14 (stat) + 5 (sys) MeV/c?

Mass(JAyn) GeVic®

arXiv:0712.1506v1
M(B,) a7 = 6304 +12  MeV/c?




Spectroscopy

* Orbitally excited B® mesons (L=1, Bo**)
* Orbitally excited B% mesons (L=1, B,**)

* New bottom baryons (buu and bdd), part of a new I-triplet %,
. The =~ baryon (bsd)



CDF Il Preliminary, L = 1.1 fb"

— A AP A > I =, Comb. Bkgnd.

§

Zb(*) = (four particles)

=== A, semileptonic + other

g

— B semileptonic + other

Start with 2.8K events

==== A, and B 4-track decays
— A= ALK

A—A T
A, —pK-* in the hadronic trigger.

Candidates per 20 MeV/c?

add a ““soft” pion.

6.5 7
m(A; ) GeV/c

Z,t (buu) — A+ : : :
- |
5.~ (bdd) — A, - I-spin partners, not antiparticles!

: e Pions have same sign =
Pions have opposite sign = 5. ()

Zb(*)+



Fit Prob. = 76%

— Total Fit

— Backgroun

— 3 > A

— S o AT CDF measures mass, hyperfine
splitting and isospin splitting:
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Myt = 5807.8139 (stat.) £ 1.7 (syst.) MeV/c?
my— = 5815.2 % 1.0 (stat.) = 1.7 (3

Total Fit

Backgrounc
= — Al

m(X;) —m(Xy) = 21.2179 (stat.) 703 (syst.) MeV/c?

0.10 0.15 020
Q=m(A%) - m(A]) - m, (GeV/c)




11415004 Run: 185281

E,— J/y E candidate
M(=,)=5,787+3 MeV/c?

[ CDF Run Il Preliminary | L~1.9fb"
NA 8 e L L NU 1 2 - 1 M
o - —_
> 7F = S s 3 = ass
E yield=17.5+4.3 % 10k DQ, 1.3 b b
6 27 [
0 g M=(5,792.9+2.5)MeV/c” ] &) - ) Theory
- 5F = 8 8 2 * D.ata 7 prediction
8 af = S 6F — Fit DO ®
g 3 ?m“’ E PRL99, 052001 (2007) [MJenkins
'g = — ol 4 - PRDS4,4515
: 7 arliner et al
8 2t e Q 2 M H C D F :pnlm'.'oﬁ.ztmla
1E é |.I>.| I Il 8l PRL99, 052002 (2007)
01 ” . \m ] \U ] ] 0_"""“' gl liligulig
54 56 58 60 62 64 5.4 6.6 7.0 | | |
M(J/yE") [GeV/c?) M(Z,) (Gewc2) 5.74 5.76 5.78 5.8 5.82 5.84

m(Z;) [GeV/c?]



B Hadron Lifetimes.
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Spectator model: all b hadron
lifetimes are equal.

N W
e S
u > > d

W < u
b — » > ¢
d > > d

Weak annihilation or scattering
reduces lifetimes -7% A,

u < < u
d > > d
u
e

w
b > > d
u > > u

Pauli interference prolongs lifetimes:
+5% for B*, +3% for A,

GZm} Aocp )’ Aocp )’
I= 152??3“%“2‘ Ao+ 4, ( ifj) s ( §;D> ]
Lifetime (pm) Measured Value (PDG2006)
TR+ = 1.643 £0.010 ps,
Tgo = 1.527 £0.008 ps,
TRO = 1.454 £0.040 ps,
TAp = 1.288 £0.065 ps,

Lifetime ratio Predicted range Measured Value (PDG2006)

7(BT)/7(B") 1.04 1.08 1.076 £ 0.008
#(BY)/7(B 099 -1.01 0.914 + 0.030
7(As)/7(B°)  0.86 - 0.95 0.844 + 0.043




Easiest way to measure lifetime: fully reconstructed

events from the J/y trigger, no bias on lifetime.

200 pim

B' lifetime measurements

SLD (ABE 97I) i - J
1.660+0.060+0.050 ps
L3 (ACCIARRI 98S) L & 1
1.660+0.060+0.030 ps
CDF (ABE 98Q)) b - 1
1.637+£0.058 (+0.045-0.043) ps
OPAL (ABBIENDI 991I) ———
1.643+0.037+0.025 ps
ALEP (BARATE 00R) F % |
1.648+0.049+0.035 ps
BABR (AUBERT 01F) —_—
1.673+0.032+0.023 ps
CDF (ACOSTA 02C) k & |
1.636+0.058+0.025 ps
DLPH (ABDALL. 04E) ——
1.62420.014+0.018 ps
BELL (ABE 035B) —e—
1.635+0.011+0.011 ps
CDF Run II Prelim. ——i
1.630+0.016+0.011 ps
World Average 1.638+0.011 ps
1.4 148 1.56 1.64 1.72

B lifetime [ps]

Measures t,/t, = 1.051+£0.024+0.004

Systematics controlled at less than the percent level.

B lifetime measurements

BABR (AUBERT 01F)
BABR (AUBERT 02H)
CDF (ACOSTA 02C)
BABR (AUBERT 03H)
DLPH (ABDALL. 04E)
CDF (ACOSTA 03)
BELL (ABE 05B)

DO (ABAZOV 05W)
BABR (AUBERT 06G)
CDF Run 1 Prelim.

World Average

—_——
1.546+0.032+0.022 ps

——
1.529+0.012+0.029 ps

1.497+0.073+0.032 ps

—_—
1.533+0.034+0.038 ps

—0—
1.531+0.021+0.031 ps

—_———
1.540+0.050+0.020 ps

=
1.534+0.008+0.010 ps

———
1.530+0.043+0.023 ps

[ —
1.504+0.013 (+0.018-0.013) ps

R
1.551+0.019+0.011 ps

1.530+0.009 ps

1.2 1.3

14 1:5 1.6 1.7
B! lifetime [ps]
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Candidates per 50 MeV/c?
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5254 56 58 6
Invariant Mass (GeV/c?)
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* Data

B Signal
— Total

I NE NS NN NS NS FE R S RS F

52 53 54 55 56 57 58 59 6 6.1
Invariant Mass (GeV/c

CDF Il Preliminary 1.0fb™

[34]
o

» Data
— Data fit
[ signal region
Bl Bkg region

N{J/y A)=532

Events/4 MeV

5.65 57 575
Mass(J/y A) [GeV]

Signal region CDF Il Preliminary 1.0fb™"

« Data
0 sigral
— Bkg
— Signal+Bkg

events/50um
—t
OM

1=1.580+0.077ps

015 02 025 03 035
et (J/yA) [em]

Same technique for the A,

Ay lifetime measurements

CDF (ABE 96M) | —— ]
1.320+0.150+0.070 ps

ALEP (BARATE 98D) —e—
1.210+0.110+0.000 ps

OPAL (ACKER. 98G) ——
1.290 (+0.240-0.220) +0.060 ps
DLPH (ABREU 99W) | F——e——
1.110 (+0.190-0.180) £0.050 ps

DO (arXiv:0704.3909) ——
1.218 (+0.130-0.115) +0.042 ps
DO (arXiv:0707.2358) ——1
1.290 (+0.119-0.110) (+0.087-0.091) ps

(semileptonic)

CDF (hep-ex/0609021) ==
1.593 (+0.083-0.078) +0.033 ps

CDF Run I Prelim. L
1.580+0.077+0.012 ps

PDG 2006 1.23020.074 ps

1 1.5

Ay, lifetime [ps]




For the BO, the situation is more difficult, since the J/y ¢ is a combination of

two states (t,, and t|) in unequal proportions. Further analysis of this state
described later.

Alternative: measure the lifetime in a flavor-specific decay mode B.—DnX

= Measure the lifetime from the SVT Trigger, which makes a very jagged cut
on the lifetime. ct(By) =455.0 + 12.2 (stat.) + 7.4 (syst.) ym

CDF Run Il Preliminary

# Data

— Fit Result

Analysis uses fully
reconstructed and
partially reconstructed
decays.

— Dn

DK*DP+DAH+B= others
B0 X, B'j_,D'!X. AX
—— BYB*SD'X
BE_,DIE:PK('l
B,-D}JeX
B.—Dl’X
----- B"5DUK
— BD—IDE 'n
— j\b—h'\cx
. - D,(sb)
k — combinatorial

>
-]
=
o
=
wn
2
(]
T
T
c
o
[+]

Candidates / ( 0.003 cm)

..E.-. "‘“'" X0 AFFNY: v 4 L A
48 5 52 54 56 58 6 6.2 64 . . E 0.2 0.25 0.3
m(B) (GeV) ct (cm)

residual {g)

3 n{dof) = 44 prob = 0.017

HQET: ct(B%,)= (1.00+0.01) cT(B°) PDG: cT(BY) = 459 +0.027 um



B*, lifetime: shortest of all b hadrons, since both b- or c-quark can decay.
Use semileptonic decay modes B* . —J/y (e*,u*)

No mass peak, no sidebands, so backgrounds need to be carefully estimated
using data and Monte Carlo. DO Note 5524-Conf

D@ Run Il Preliminary 1.3 fb

CDF Run Il Preliminary: ~1 fio! CDF Run Il Preliminary: ~1 !
—~ o o F Signal
o o o o -
% 355 — Data % 100 — Data O 160F 9
G 30f OB, BGen G I B o Elecron & 10l Jhy MC
0 F I Fake Muon TR o] B Fake Jy o !
N b I Fake J/y o r [ Residual Conversion = 120 . t
e & I b =) i 1 8 oF romp
g - E [E=1 Background Error @ el [E=1 Background Error g - +
§ i Probability: 0.876 § i Probability: 0.524 & ®F A — J/y + Track
il C L - 60—
151 40F E
10E L 41.1E —
F ool 20— + ; T g ﬁ %
I 05° 4 5 6 7 8 9 10
4 . L sch_ath ) MJ/v ) [GeV]
Jiyp Mass (GeV/c?) Jhye Mass (GeV/c?)
- 1 T -1
D CDF Run Il Preliminary: ~1 fb i . "
. CDF Run Il Preliminary: ~1 fb N _ Yy D@ Run Il Prellmmary 1.3 fb1 T
SOk Data - Jiy u £ B Data - Jiy e > L JySB+u
IS F Total Fit g 102k —— Total Fit 3 10° N Prompt
8 r — Signal %5} E — Signal vt 8 Jhyu MC
O —— bb R ——bb e F [ Signal
20 F — Fake Muon Z 102k Fake Electron Q y0? E CJw+Trk
e £ mt Fake Jiy ] = ALY Fake Jiy © E
Saal R Prompt J/w o A\ Residual Conversion a r
10¢ Fit prob. = 0.51 10 g ANM, Prompt J/w C1°E
F E ' Fit prob. = 0.70 g =
L C m -
1 ? 1 3 10_5
- i ey
10" 10"
ny el B 10—2_ Cn e NI L T TS PP/ U 0 P T i I TR VR S S K11 1 O
%000 0 1000 2000 3000 4000 1000 0 1000 2000 3000 4000 o
Pseudo-Proper Decay Length (um) Pseudo-Proper Decay Length (um) PPDL (cm)



B, Lifetime Measurements

—— Statistical Errors
— Total Errors
— Average

---- Average + 1o

CDF Run |, Jhy+l

COF Run Il, Jiy+e (360 pb)

DO, Jiy+p (1.4 1)

COF Run Il, Jiy+e (1 fb7)

CDF Run I, Jy#+u (1167

COF Run II, Jw+l (1 ™)

Average 137.7+11.0(total) um

|

|
300
B. ct (um)




Search for rare decays




A Highly suppressed FCNC process

SM Expectation: BR( B —p*u) = (3.42+0.54) x 10-°
BR( BO—u*u) = (1.00£0.14) x 10-10

G. Buchalla and A. J. Buras, Nucl. Phys. B400, 225 (1993)

A.J. Buras, Phys. Lett. B 566 115 (2003)

BOd,s _)M+“_

CDF Il (2fb’
D8 <v,,<09

BY —prw

. 0.95<v,, <0995

CDF Limit: 1.8x10® (95% C) 2fb-1

o~
o
>
]
=
<
2
L]
3
o
[=
]
[#]

B »up

. 0.995<v,, <10

CDF Limit: 5.8 x 108 (95% CL) 2fb"
DO Limit: 9.8 x10® (95% CL) 2fb-"

Candidate Mass (GeV/c?)




B (B, — ) and Cosmological Connection

95% CL Limits on B(B, — uu) mSUGRA at tanf =50
8 Arnowitt, Dutta, et al., PLB 538 (2002) 121

B0V
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b e i |
e
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. @ CDF Expected I
PRD 57 (1998) !l apo
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PRL 93 (2004) 0320010
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New physics in loops with down-type quarks? D+—)TC+“+M'

< p,"' Phys. Rev. Lett. 100 , 101801 (2008 )
,’—~~‘\¢’ H_
C r - || u 5
d,s,b FCNC
d d SM O(109)
5

.40 0.65 0.90 L.15 1.40
B acC kg roun d mu) (GeVie?)

Events / 20 MeV/c?

20w 10— anow 0
3.9 x 107", 90% C.L. 140 165 L0 215  Z40

m{( ) ( GeV/c?)




Mixing



There are two states in the BY, system,
the so-called “Flavor eigenstates”

and M, I Hermitian Matrices

M: Dispersive diagrams I': Absorptive diagrams



The magnitude of the box diagram gives the oscillation frequency Am.

The phase of the diagram gives the complex nhumber g/p, with magnitude
of very nearly 1 (in the standard model).




The chief prediction of the CKM model is that the CKM matrix is unitary,
and that implies a number of constraints, including the “Unitarity Triangle”

u u u
W+ W+ i W+
d s
C C
W+ W+ : W+
d s
t t
W+ W+ : W+
d s
Vub*Vud th*th
B

Vcb*Vcd



Mixing is important to validate the CKM mechanism:

o > CDF Run Il Preliminary L=1.0fb"
Amg  mpo Npo fpeBpo [Vial

Amg  mpo ngo [2.Bpgo |Vis
> Bg 'IBg fo—; my Vs

>

Fitted Amplitude

\IndgleRelgelo=1]IINAN P(t) = zie‘“f(l—cos(Amt))
T

0 005 0.1 015 0.2 0.25 0.3 0.35
Decay Time Modulo 2n/Am, [ps]

Mixing occurs when a BY decays as a BO..

Decay to a flavor specific eigenstate tags the flavor
at decay.

One of three tagging algorithms tags the flavor at
production.

Good triggering, full reconstruction of hadronic decays,
excellent vertex resolution, and high dilution tagging

are all essential for this measurement, which made news
in 2006.




Semileptonic+Hadronic ) Runll Preliminary

datat1c a 95% CL limit 16.1 ps’
-=- expected limit 27.3 ps’!

4

3

9 [ ™8 datatl6450
t data * 1.645 G (stat only)

1

0

By

LI L L B

A(log L) = -4.71
A(m,) = 18.52 + 0.91
1 | 1 1 1 1 | 1 1 1
12 14 16 18 20 22 24 26 28 30

o[frrrrrrr

Am_=18.56 + 0.87(stat) ps

(DO CONF Note 5474)

likelihood ratio

...uh

|

CDF Run Il Preliminary

- datat o 4 95% CL limit
- 16450 < sensitivity

data+ 1.645¢

data + 1.645 o (stat. only)

I IIII“‘M'“

O—H\Ill\ll‘\ll\lll o

CDF Run Il Preliminary L=1.01"

— combined
— semileptonic

— hadronic

O AT IlHllHl‘IHllHll‘HH‘HH‘HH‘HH‘HH

Am_=17.77 £ 0.10(sta) = 0.07(sys) ps™
IV, /V,,| = 0.2060 + 0.0007 (exp) + 0.0081 — 0.0060 (theor)

(PRL 97, 242003 2006)




Role of the SVT Trigger /Momentum resolution can be easily seen from
the mass plot of fully hadronic B decays from CDF and from DO:

D3 Run Il Preliminary

2
I~
o
o

entries / 0.1 GeV

L
>
QO
=
o
-~
e
Q@
Q.
)]
QL
——
@
=
©
-
)
&)

52 54 56 58
My, (GeV)

d)'.rl:+-n:' mass [GeV/czj

These events are all opposite

a trigger lepton, so they each
have higher weight in a mixing
analysis than this would suggest.



There are now various formulations summarizing the conclusions of a decade
of running the B factories and the Tevatron, but

sol, wi cos2B < 0

{excl. at:CL > 0.95)

FPCP 2007

..the CKM mechanism seems to have survived a very stringent round of tests

= The CKM Mechanism emerges as the dominant source in all processes
covered in this summary plot.



CP Violation




. Indirect CP violation in the kaon system (gy)
. Direct CP violation in the kaon system ¢'/e
. CP Violation in the interference of mixing and decay in B® — J/y KO,
. CP Violation in the interference of mixing and decay in B%->n’K0
. CP Violation in the interference of mixing and decay in BO->K*K'K,
. CP Violation in the interference of mixing and decay in BO->n*r-
. CP Violation in the interference of mixing and decay in B%->D™*D-
. CP Violation in the interference of mixing and decay in B9->f°KO
. CP Violation in the interference of mixing and decay in B°- >\|/n0
10. Direct CP Violation in the decay B® ->K-r*
11. Direct CP Violation in the decay B — pn
12. Direct CP Violation in the decay B — n*n-

O©o~NOOOPWN =

Also:

Direct CP Violation in the decay B- K9



Level 1 Two tracks, opposite charge.
p, > 2.0 for both tracks.

Charmless Two-body decays
" Y U p,! + p? > 5.5 GeV

B—h*h: 09 < 1359
f Sao Level2 :  Two body (B%->n*r)
————a 100 pm < |[dg| <1 mm
-~ oy AL
- Positive L,
d, < 140 pm.

Many B, BY_, A, decays pile up at practically the same mass. Use dE/dx and
decay kinematics to separate them. Fit results:

CDF Run Il Preliminary Lmt=1 fb™ CDF Run Il Preliminary le=1 b
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Candidates per 30.00 Mev/c?

N
[=
o

- Ag—> p t+cc
- Aﬂ—> p K'+cc

! [ Bkg Phys
[ Bkg Comb

54 5.6 5.8 : . 5.5 5.6

Invariant nr-mass [GeV/c’] Invariant nn-mass [GeV/c’]




Candidates per 20.00 Mev/c?

A 0 O N @

=
\\o\

| =3
\\o\l

1=
\\\\Q\\

no - t) 0 +, =
_ N(Efo > K7) N(BO 2> K7) _ 0.086+0.023(stat) + 0.009(syst)
N(B" >K 7))+ N(B" > K'z")

Ace

CDF Run Il Preliminary le=1 fb™

* Data
— Total
- B> K' r+ce
L 4 -0. T 0. +0.02
-Bs—>K*K' Cleo 0.040 £ 0.160 = 0.020
- Bg — K n*+cc|
B'> nt
LU

BaBar o -0.107 £ 0.018 £ 0.005

Belle -0.093+0.018 £ 0.008

B: BN A -
- Ag—> p t+cc
B A p K+ce CDF —o— -0.086+ 0.023 £ 0.009
[ Bkg Phys
o=
HH

I Bkg Comb e*e” Average -0.100 £0.013

5.4 5.6 5.5 | New Average -0.097 £0.012

Invariant nn-mass [GeV/c’] 0 B

po o) 0 ~ ot
_ N('Eso > K7) N(Bso > KT) _ _0.39+0.015(stat) + 0.08(syst) IO a1 =18
N(B,” > K'z7)+N(B,” > K7z")

measurement in B

_ B(A, > pr)-B(A, - pr')

= D00y 2 PT )= B = P ) _ ) 03+ 0.17(stat) + 0.05(syst) ISR B LI Ty
B(Ay, = p7 ) +B(A, = P7”) measurements

from baryons

_ B(AY > pK )~ B(AL - pK”)
B(A) — pK™)+B(A) - PK)

=0.37+0.17(stat) = 0.03(syst)



CP Violation in BY

Similar to the very famous measurement of sin(2/) in B®—J/y KO

* Full-fledged analysis requires flavor tagging.

« Am, is a required input.

» Analysis requires decays B, —J/y ¢ Jly —ptp- ¢—>KK-
 Easy to collect with the dimuon trigger...




BO.—J/y ¢.

B->V V decay to actually three distinct final states (S-wave, P-wave, and D-wave).

These “final” states are actually intermediate states (final state is u*u-K*K-) so
there is interference.
* Pure S, P,or D wave states would have distinct angular distributions.

* With a mix of orbital angular momentum final states one can separate
the decays on a statistical basis (angular analysis)



*Spin correlation of the vector mesons resembles that of the two photons
two photons in positronium decay.

*Polarization of vector mesons can be perpendicular (CP odd), or parallel (CP even)
*And also longitudinal (CP even)

*Distributions in the angles 0, ¢, and y sensitive to polarization.

A. S. Dighe, 1. Dunietz, H. J. Lipkin, and J. L. Rosner,
Phys. Lett. B 369, 144 (1996), 184 hep-ph/9511363.



Time dependence of the angular distributions:

{AL A, Ay} transition amplitude <B.°|P>to each final states { P, P, P}
{A, A, Ay} transition amplitude BOP> ¢ or e e W wa w

In the physical BY ,,,s meson the flavor content changes (BO.-BY,
oscillations) with fast frequency of 17.77 £ 0.12 ps

The amplitude <B , L(t)[P> =A(t) (amplitude for a particle born
as a BO, to decay into the state |P> after a time t) decays and
oscillates.

N = (sin @ cos e, sin @sin ¢, cos &)

- —A(t)siny A (1)
A—(Ao(t)cosv,y,\/E Ny 72 )

P(6, 4,0 ,t) = —— | At) x A
167



This innocent expression hides a lot of richness:

* CP Asymmetries through flavor tagging.
* sensitivity to GR without flavor tagging.

* sensitivity to both sin(23,) and cos(2[3,) simultaneously.
* Width difference
* Mixing Asymmetries

N = (sin @ cos e, sin @sin ¢, cos &)

A _ _'A\I(t)Sinw . AJ_(t)
A—(Ao(t)cosv,y,\/E iy 72 )

P(6, 4,0 ,t) = —— | At) x A
167

... formula suggests an analysis of an oscillating polarization. —T



CP Violation in the interference of mixing and decay for the B%, system

Take: a/p from the mixing of BY, - BO,

Take: A/A from the decay into { P, P, Po}

Form: the (phase) convention-independent and observable
quantity:

This number is real and unimodular if [H,CP]=0



Many of the “new” CP observables are “CP violation in the interference of
mixing and decay”:

B> > | Jhy KO, >

~,

Vio Vug Vip Vg

Vcb*Vcd

BABAR, BELLE have used this decay
to measure precisely the value of
sin(2B) an angle of the bd unitarity
triangle

There was a 4-fold ambiguity in that
measurement.=>




Babar, Belle removed this ambiguity by analyzing the decay
B »J/y K%  which is B>V V and measures sin(2f3) and cos(2p)

This involves angular analysis as described previously

Jhy KO*

v

|BO> >
\ // T KO 0>
-~




Today | will tell you about an analysis of an almost exact analogy,
|B.2> — J/y ¢ (but | think that in the BO, system the phenomenology
is even richer! Because of the width difference! )

Jhy b

v

B> | Py >
// T Kk

BS>

S




The decay B°,—J/y ¢ obtains from the decay B°—>J/y K°* by the
replacement of a d antiquark by an s antiquark

d
S

W
- )VC C RTINS
c

We are measuring then not the bd unitarity triangle but the bs unitarity triangle:

Vub*Vud th*th

Vcb*Vcd



A AN (p —in)

1- 5’\ _g/\ (._1+L.L-~l ) AN

M) p+am)] —AN + AL =2(p+in)] 1 - AN

Vub*Vud = 0(7\‘3) th*th: O(}Ls)

With A = 0.2272+ 0.0010
A = 0.818 (+0.007 -0.017)
p =0.221 (+0.064-0.028)

n = 0.340 (+0.017-0.045)

B
Vi, Ve = O(A3)

One easily obtains a prediction
for B :
V, V.= 0(\2)

Vub*Vus: 0(7&) W

Vi, V= O(1?)

28, = 0.037+0.002




B., the phase of V., is expected to be close to zero in the standard model.
and should not lead to detectable CP violation.

y density
R

W

Probabilit

t
- > h
Vis Vib

Small phase, small CP violation

However there may
be other contributions
to CP violation from
other sources;

This is what makes this
an important
measurement.

Flavor structure of BSM physics unknown




“Hidden richness”



reference material

N = (sin@cos @, sin @sin ¢,cos )

_— _A“(t)sinw A (1)
At) = (Ay(t)cosy, N NG )

PO, g,y t) =—— | A x i ]
1677

a e—imte—nlz
i

\/TH +7,£c0s24,-(r, —7y)

At) = [E.()=e™E (1]

. aie—imte—l“tlz

A= \/TH +7,£c0s2p,-(r, —7y)

[+E,()+e™E (1]

where i = 0, para, perp and

These expressions are:

An analysis of the decay can

be done with either a mix of

B and B mesons (untagged) or
with a partially separated sample
(flavor tagged). Latter is more
difficult and more powerful.

* used directly to generate simulated events.

* expanded, smeared, and used in a Likelihood function.

* summed over B and B (untagged analysis only)



reference material

A)=A_ () +A_(t). A)=A,(t)+A_(¢)

A_I_{f_) = A_|_}(+(f'} = ({'4’1} COs e, _ﬂ 0) - f‘l’ (?L}
/2
AL (t) = A Fi(t) = (aocos —“V—go) Fr (),
A(t) = A-f-() = (0,0, 7=) - /(0
A(t)= A-F-(0) = (0.0,i==7=) - F-(0).

obtain the overall time and angular dependence

PO, v, 0,t) = % {|A+(t) x n? + |[A_(t) x 7]® + 2Re((AL(t) x 1) - (A* (t) x i) }
9 ; ‘ . . . . . e
= oo UA+x AP f+ ()1 4+ |A= X AP f=(6)]* + 2Re((At x 7) - (AL x 7) - f4(t) - f2(8))}.
and
P01, o.t) = lbi_ {|A4(t) x > + |A_(t) x 2* + 2Re(A+(t) x 1) - (A% (t) x 1))}

= o {1As X ARIFOF + 1A= X APIF- (O + 2Re((As x ) - (AL X 2) - Fo0)- (1)}



reference material

Explicit time dependence is here:

where the diagonal terms are:

e 1 (1£cos2B.)e et 4 (1 Fcos28,)e THE 4 25in 23,671 sin Amit
|fj: (H | E T (1 £ cos20s) 4+ T (l T cos 233) '

, o 1(1£cos28,)e et + (1 F cos26,)e VHE £ 25in 20,671t sin Amt
7+ @O = P 7L (1 £+ cos23s) + 7 (1 F cos 205;) ’

and the cross-terms, or interference terms, are: fy(¢)f*(¢). For B and B, those terms are

Tt . o om Tt 0@ o —Tpt Tty /e
- - —e " fcos Amt —icos28.e7 P sin Amt +isin28(e7 tt —eTHEY) /2
f+(@O)f-(t) = -
\/[(TL —7h)sin26,)" + 41y
Tt . e =T 93 (o—Trt —Trty /e
: » e 'cos Amt 4+ tcos20e7 Fsin Amt +isin2G3g(e T EF — e HY) /2
f+(@)F() :

\/[(TL — 7g) sin 2_..-"33]2 + AT TH

... then, replace exp, sin*exp, cos*exp with smeared functions



The analysis of BO.—J/y ¢ can extract these physics parameters:

Be CP phase

Al'=I" T, Width difference
=2/(T'y+I",) Average lifetime

A | (phase 6,) |Decay Amplitude t=0
A, (phase ¢, ) | Decay Amplitude t=0
A, (phase 0) |[Decay Amplitude t=0

The exact symmetry..

... IS an experimental
headache.



Curiosity #1: cos(2f,) is easier to measure than sin(2p,). It can be done
in the untagged analysis for which the PDF contains time dependent terms:

(1 £ cos23,)e trt + (1 q: cos 23;)e T HY + 25in 23,671t sin Amt

1
2
1 (1+cos205)e”
5

s, I't gin Amt
(li(()‘w)"}.)—I—;H(l:':(()t.‘)%.) ’

Physically this is accessible because one particular lifetime state (long or short)

decays to the “wrong” angular distributions. Needs AI'#0; no equivalent in
BO —»J/y KO,



CDF Il Preliminary CDF Run |l Prelimina
« Data
| — Fit
— Signal

DO, 2.8 fb' * Data

0 4l — Total Fit
B> dlve 4 , — Prompt Bkg

— non-Prompt Bkg

n
o
L=

— Background

Candidates per 5.0 MeV

(a]
o
L
=
()
=
<
(Y
Q
a
2]
L
g
=
g
o
g
O

5.45 51 52 53 54 55

5 535 54 545
Mass [GeV/c'] Mass(J/y ¢) (GeV/c’)

CDF, 2506 £ 51 events .. And in DO, 1967 £ 65
total.. ... but 2019 £ 73 tagged events, all tagged.

Next, we'll run through the CDF analysis, show what you get from flavor
tagging, then show the DO results.



Results untagged analysis Phys. Rev. Lett. 100, 121803 (2008).
Standar_d Al = s (stat.) 4 0.006 (syst.) ps—!
Model Fit

(no CP violation)

CDF Il Preliminary

— Fit

— Signal

~— Background
CP-even

—
o
[#+]

HQET: ct(B%,)= (1.00+0.01) cT(B°) PDG: cT(B%) = 459 +0.027 um



This plot is Feldman-Cousins confidence region in the space of the parameters
2B, and AT’

Confidence region:

[l
—90% ¢ Standard model

ree OBOL, I New physics models

The symmetry you see occurs because the untagged analysis depends almost
only on cos(2f3,) and almost not.at all on sin(2p,). Clearly the tagged analysis will
remove this ambiguity. As you are about to see.



Tagged analysis: likelihood contour in the space of the parameters B, and AT

CDF Run Il Preliminary L=1.35fb"

— 2Alog(L) = 5.99
— 2Alog(L) = 2.30
£ 0.4 - SM prediction

One ambiguity is gone, now this one remains




Constrain strong phases 3,
and 5, to BaBar Value

CDF Run Il Preliminary L=1.35fb"

— 2Alog(L)=5.99
— 2alog(L)=2.30
\9'/ 04 =& SM prediction

constrain strong phases BaBar:
2Alog(L) = 5.99
2Alog(L) = 2.30

using values reported in:

Constrain 1, to PDG Value for B®

CDF Run Il Preliminary

— 2Alog(L) = 5.99

2 — 2alog(L)=2.30
— 04 =& SM prediction

constrain 1 to PDG B":
2Alog(L) = 5.99
2Alog(L) = 2.30

B. Aubert et al. (BABAR Collaboration),

Phys. Rev. D 71, 032005 (2005).

L=1.35fb"

Apply both constraints.

CDF Run Il Preliminary

— 2Alog(L) = 5.99

Q — 2Alog(L)=2.30
— 04 =& SM prediction

constrain 1, strong phases:
2Alog(L) = 5.99
2Alog(L) = 2.30

L=1.35fb"




A Feldman-Cousins confidence region in the B,-AI" plane is the main result.
This interval is based on p-values obtained from Toy Monte Carlo and

represents regions that contain the true value of the parameters 68% (95%)
of the time.

arXiv:0712.2397v1

CDF Run Il Preliminary L=1.35fb" CDF Run Il Preliminary L=1.35fb"

— 2Alog(L) = 5.99 | B — 95%CLL.
— 2Alog(L) = 2.30 | ' — 68% C.L.

2 0.4 - SM prediction —- SM prediction

The standard model agrees with the data at the 15% CL



DO Result:

arxXiv:0802.2255v1

DZ, 2.8 b
u Bg —>Jdly o
AM, = 17.77 ps™

— SM
W0 AT = ATy % |cos(¢,)]

Strong phases varying around the world average values ( for BO—J/y K* 1)

Uncertainty taken to be % n/5

and 0.06 < AT, < 0.30 ps~t. To quantify the level of
agreement with the SN, we use pseudo-experiments with

the “true” value of t arameter ¢, set to —0.04. We
find the probability @ 0 obtain a fitted value of ¢,
lower than —0.57.



DZ, 2.8 fb™
m B Uy o
AM, = 17.77 ps™

Likelihood contours for just DG
and for just ¢.=-2p,

— SM
B AT = Algy x |cos(9,)|

-1 05 0 0.5

1 1.5
¢, (radian)




Outlook

CDF Run Il Preliminary L=1.35fb"

DO, 2.8 fb™
m B Jy o
AM, = 17.77 ps™

— 95% C.L.
— 68% C.L.
-+ SM prediction

— SM
W AT = AT'gy % |cos(9,)|

0.5 1 1.5
¢_(radian)

Note ¢, = -2,

* Fluctuation or something more, it does go in the same direction.

» CDF estimates confidence level at 15% using p-values to obtain Ln(L/L,)

* DO estimates confidence level a 6.6% using the probability to extract a lower
value than seen in the data, from toy.



Other analysis sensitive to B,: Semileptonic asymmetry

AL/ dt (Wi (t) — +X] - dT/ ”"*‘[“fl”hwf H—-tX Very weak dependence on ¢.=-2p
dU /dt [M pyys(t) — (+X] + dT/dt [M?

ph\q “ .

1—q/p|* A% = —— tan ¢s Where:
_——l g _f'"_

L+ 1q/p|

AT/AM, =(49.7 £9.4) £10-4

CDF Run Il Preliminary (hep-ph/0612167)

. * Constrained D@, 1.1 fb”
Black: central R 5L, iy
value _ st DO:

asymmetry

Contours

Green: 68% 39%CL

allowed.

3

(bs (radians)

0 1 2 3
0 (radians)

AS;, = 0.020 + 0.028 (CDF)

http://www-cdf.fnal .gov/physics/new/bottom/070816.blessed-acp-bsemil /

eAS;, = 0.0001 + 0.0090 (stat) (DO)

Phys. Rev. D 76, 057101 (2007)



UTFit group has made an “external” combination.

We combine all the available experimental information on Bs mixing, including the very recent
tagged analyses of Bs — J/W¢ by the CDF and DO collaborations. We find that the phase of
the B mixing amplitude deviates more than from the Standard Model prediction. While no

single measurement has a 3o significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result
disfavours New Physics models with Minimal Flavour Violation with the same significance.

* “re-introduces” the ambiguity into the DO result.
» does so by symmetrizing.
« cannot fully undo the strong phase constraint.

* | am showing you this conclusion, but not endorsing it
very enthusiastically.

CDF and DO plan to make an “internal combination” for the near future.



Elsewhere there is another anomaly that may also have to do with b—s

* Direct CP in B*—>K* =% and B~ K*r- are generated by the
b —s transition. These should have the same magnitude.

* But Belle measures WVEVPEy PEESNRZEIXEIE (4.4 ©)

* Including BaBar measurements: > 5c
Lin, S.-W. et al. (The Belle collaboration) Nature 452,332-335 (2008).

*The electroweak penguin can break the isospin symmetry
*But then extra sources of CP violating phase would be required in the penguin



Conclusion

» Towards the end of a 20-year program in proton-antiproton physics:
some terribly interesting times for the physics of the b-quark.

* An anomaly from the B factories
» Are quantum loop corrections to the b—s transitions to blame?

* If so, precision measurements of the CP asymmetries in the B, system are
a clean way to sort it out.

* DO and CDF have just demonstrated the feasibility of doing those
measurements.

 Higher precision, higher statistics . L et
measurements could give us a ) — 2Abg(h)=250
even stronger hint before the LHC
turns on.
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