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Open Questions in Particle Physics

Standard Model has explained almost all the experimental
observables in high energy physics so far, but......

Bosons

> The question of flavor:
+ Why are there three families of matter?
+ Why are the neutrino masses so small?
+ Why asymmetry between matter & anti-matter (CP violation)?

Leptons Quarks

> The question of mass:
+ Does the Higgs boson in SM exist?
+ Mass hierarchy problems?

> The guestion of the dark universe:
+ What is the dark matter in the universe?
+ What is the nature of dark energy? New
> And more ... Physics?

Are there undiscovered principles of nature:
New symmeiries, new physical laws, new particles?

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



“New Physics™: It's all around us !

Standard Model (25 free parameters):
extraordinarily successful explanation of only ~5% of Universe

Cosmic Pie

Chemical Elements:
(other than H & He) 0.03%

Neutrinos:
0.47%

Dark Matter:
25%

Dark Energy:
70%

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



History of the CP Violation

CP: left-handed particles <> right-handed anti-particles

C: charge conjugate; P: parit
J JH3 P Y CP conserved

<1964 CP-even: K—mn~ CP-odd: K —>mtnno
CP violated in neutral kaons

K —ntr (~1073)
Unexpected, not fitting existing models,
changed understanding of weak interaction!
Is CP violation a fundamental feature of
J. Cronin V. Fitch Nature or just an accident in kaons?

1964

2001: CP violated in BO—J/yKq
(sin2p = 0)

2004:CP violated B—>K-z*
Br(B’—>K-r*) # Br(BO~>K+1r)

1987  Proposal to build asymmetric
B factories to study CP
violation in B decays
(first coll. meeting 1993
first collisions in 1999)

| Precise study of CP violation in B decays

20041 (large effects, theoretically clean,

| | __Important test of Standard Model). - _

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



Why Study CP Asymmetry
> CP violation (CPV) allowed in Standard Model (SM):

+ Common origin with the quark mass and their mixing

v Spontaneous electroweak symmetry breaking (EWSB) introduced by
Higgs coupling

+ Probing the EW scale as well, complementary to other studies at
energy frontier, e.g.: high P+ Physics at Tevatron & LHC

+ Excellent probe for new Physics (NP) beyond SM
+ Does the SM explain the observed CP violation effects?

> One of the conditions to generate matter dominated
Universe:
+ Sakharov conditions (1967):

v'Violation of charge conjugation C & parity P asymmetries
¢ CP Violation in SM is not large enough

v"Baryon number violation, e.g., proton decay
v Deviation from thermal equilibrium

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



CP Violation: CKM Matrix & EWSB

In the SM, electroweak symmetry breaking
(EWSB) arises from the Higgs mechanism,

2 el
S 5 & which gives mass to the W and Z bosons via
C: ,,,,,,,,,,,, 2 Ef interaction with the Higgs boson:
nnnnnnn S
AR A . m,, =Lvg =m,Ccosé,
e -Jl "I Three Fumilies
=5 of Matter v = “vacuum expectation value" ~ 250 GeV

Yukawa interaction of quar'ks with ’rhe Higgs field:
d

1

Quark mixing: flavor (weak) eigenstate # mass eigenstate related by CKM matrix

Ui
sz/ V;; : tThe CKM matrix that coupling the
left-handed ith generation of up-quark (u,c,t) with

the left-handed jth generation of down-quark (d,s,b)

d,;

\
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CKM Matrix Phenomenology

weak eigenstates = V., mass eigens,

Vi Vs | Vs
=\ Vr Voo Ve
Wa Vs Vi

> 3x3 complex unitary matrix: V+V=1
> 4 free parameters

v’ 3 angles

v' 1 phase, change sign under CP
> Observed experimental hierarchy

>> >> >>

Wolfenstein parameterization: L wolfenstein, PRL, 51, p. 1945 (1983)

Expanded matrix in small parameter: A =V =sinB,,p, = 0.22

1-2%/2

~y
"~y

Veim

I AR (p @
AVZ |

—A/12 1

(0 9739 to 0.9751 0.221 to 0.227

ex Phase: changes sign under

|
} . .2 0.0029 to 0.0045 8
0.221 to 0.227  0.9730 to 0.9744 0.039 to 0.044 ) CP ( r'lgln Of CP VIOIGTIOH In SM)

0.0048 to 0.014 0.037 to 0.043

0.9990 to 0.9992

Range are 95% CL, PDG: PL. B 592, 1 (2004)
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Unitarity Triangle & Search NP in B Decays

Unitarity: VW, +V. V., +V W, =0

u

UT as a summary of SM B Physics

—_ )\2 b
p=p(l-%)
CP violation in: 4 L )2 + phases
B— nrw, pp.pm. (p.m)n =n(1 — 5)
VgV
VA Va = Radiative penguin decays
VgV o e BO, and BY mixing
['(b—u

CP violation in:
BO— J/ yK,, etc.

CP violation in:
B— DK, D=, etc.

(0,0) (1,0)

Model Independent test SM & search for NP:
» Overconstarint of unitarity friangle
» Redundant measurement of same CKM phases: sin23

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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Focus "6 this talk: CKM phase Beta
! B

0o Lo

> Most precisely measured CKM angle
» Important measurements for the test of SM and search for NP
v" Overconstraint unitarity triangle
v' Possible deviation of measured sin2p in different modes due to NP

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



B Physics v.s. Conventional Search of NP

> Conventional search: direct observation
+ Eg: observation of Higgs or new particles at LHC
> Approach in B physics:
+ mp=5.286GeV, New Physics scale Ay~ TeV
+ FCNC forbidden at tree level in SM
+ Deviation from SM due to "virtual loops” effect
+ sensitive to NP Ay, >>E

experiment

> Lesson learned in B° mixing:

+ Observation of B9 mixing in ARGUS experiment in 1987

) b * ° d
B° w' RO
d é ‘ b

8
7(._

+ Quantum loop process: rate depends on mass of virtual/top quarks and
W bosons circulating in loop and quark couplings

+ Implication: m,,>50 GeV/c?, heavier than "expected”

+ First evidence of "heavy top”, long before it is directly observed at 170
GeV/c? in Tevatron

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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How to Measure CKM angles ()

Use mixing induced CPV: CPV through interference between mixing and decay amplitude

BO A > BO and BO decay differently:
A fep > Non-exponential decay
- erey > Time-dependent decay rate asymmetry:
g . fer 4 _T(B°> fe)-T(B° > f)
o CP = 1~/
[* 2 L(B° > fo,) +T(B° > /)
RO Af,, = Ssin(AmAt) — C cos(AmAf)
Indirect CPV  Direct CPV
s 2 S= npsin2p » C: direct CP violation L
E’lsé_ vC+0 I'(B—f)#I'(B— f)
5o /\ /I\ > S: mixed inducted CP violation
S of v’ related to CKM angles
£22F \/ > Special case: one weak phase in decay amplitude
(%\}:s %— v C:O
< ol S » v’ S=constantxsin2p (eg: B® —J/yK°)

v Clean way to extract CKM phases

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008

11



Independent Measurement of B

Determination angle B by measuring sin2p:
Can use three different categories of B° decays

b — cCs (charmonium) b — ¢zd (charm & charmonium) b — s3s, dds (Penguin)
" 7 s

b—= ¢ d d L g . 2

\ — S

W\\< ‘ b—X d Ut 9

5 <, 7 ;

d d J d d
BO—J/wK® w(25)Ks nKs, BO— D* “D*-, D*D-,D**D-, BO — ¢K9,K*KKs, n'Ks,

XCIKSlJ/\VK*O( K*O_)KSTCO) BO_) J/ \Vﬂ:o KsKsKs, Q)Ks, sz ......

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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Measure sin2p in b—ccs Modes

BO »J/yKO (KO—K, or K ), w(25)KsnKs, %:1Ks, I/ WK O( K*0—Kn0)

b —= !
\ f_'J/l// B_Od w dKO

3 ; <] e bM"’K Ty
tolden Channel

> Decay dominated by Single Weak Phase:
v C=0 and S= npsin2P
v nep=+1(-1) for CP even: J/yK  (odd: J/yK,) state

O »©

0

» Correction due to penguin diagram is small

v |AS| ~ 103 & |AC| ~ 1073 (hep-ph/0610120 : Factorization + Perturbative QCD)
» Theoretically clean way to measure sin2f3
> Same principle for B ->y(2S)Ks nKs, x.1Ks, I/ wK*O( K*0—K  n0)

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



Experimental Methods

> Produce and reconstruct B mesons

> Measure decay time of reconstructed B meson
+ Mean decay proper time of B% ~ 1.5 ps (10-!2 second)
+ Need precise position measurement (vertexing)

> Determine initial flavor of reconstructed B meson:

+ B Flavor Tagging

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008

14



The PEP; B Factory (SIA-CS

e (9.0GeV) x e* (3.1 GeV) Linear Accelerator
om = 10.58GeV; By = 0.56
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PEPII Performance: Integrated Luminosity

As of 2007/09/07 00:00

PEP-II Peak lum:
12.069 x1033cm-2sec-!

Deliver for BaBar >496fb-1

ﬁ L A —
= n
g | BaBar
o |
E | PEP Il Delivered Luminosity: 496.65/fb
3 4001— BaBar Recorded Luminosity: 477.45/fp = weeeeresemssssssvmnmmssssssssnneeef 2 f —
8 B Off Peak Luminosity: 45.32/fb h
© B
| .
o . .
[ — —— Delivered Luminosity
t 300— T/ Anes
= —— Recorded Luminosity
- —— Off Peak
P2 ] e - A A i]
100 ] T S AL —
Tl

o A
) O
rﬁ)
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BaBar Detector

Detail see: Nucl.Instrum.Meth.A479:1-116,

1.5T soIenoidJ

Detector of Internally

light (PID)
144 quartz bars <«—
11000 PMTs

e (

Instrumented Flux Return
Iron / Resistive Plate Chambers
or Limited Streamer Tubes
(muon / neutral hadrons)

Reflected Cherenkov el

2002 - = > ElectroMagnetic Calorimeter
e 6580 CsI(TI) crystals

e (3.16eV)

Drift Chamber
40 layers

Silicon Vertex Tracker
5 layers, double sided strips

Trigger
L1 ~2KHz, L3 120Hz
Trigger eff. ~98%

High luminosity offer great

Collaboration founded in 1993
Detector commissioned in 1999

challenges to our detector

80 institutes, 11 countries, ~600 physicists

. b
= = 444 =Y mmmmmmsssssss—m— e W N g
. in a e e e a
- Sananunalal

o e

Chunhui Chen, University of Maryland
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BaBar Detector

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



Reconstruction of B Decays

For exclusive Breconstruction, two nearly uncorrelated kinematic
variables are used:

“Energy Difference"” "Energy-substituted mass”
* * * 2 *\2
AE — EB T eam mES — \/( Ebeam ) o (pB )
Signal a‘l’1 AE~ O . O 9200 Signal at mgs~mg E
~ - - 35000 —
GCSAE) ~ 0-40 MeV | L (e g o(mgs) ~ 2.6 MeV h
= zooool- — :E‘ﬂ:m-— __
(= £ 20000 .
s - s —:
10000 - 1oooar 7
:]E -ﬂ.l'lﬁ -ﬂ-.-'l : -ﬂ.ﬂllﬁl I-::]I Iﬂ;.{lﬁ ﬂf1 ﬂ..'l‘Elu o2 ;.E S.IE'l EIE S.IEE ElEuﬂ- S.IES EIEE SE?I Iﬁtzlﬁl S.IEB 53
AE (GaV) m,... (GaV)
; ; - T T T T TTTTTETTT T T T ;E
5 3 3
g g ]
2 20 Combinatorial . g E
background i Yo =
loo— . 40 <
i 1 1 1 1 1 2 _z
%E Q15 01 Dos -Q oos Qi ois 0.2 g.E 521 522 523 524 525 536 527 528 528 53
AE (GeV) Mg (GeV)
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Signal Yield and Purity

383 x10°¢ BBbar pairs

5.28

“o ) | BOT/yK
—
%1500—
> |
1000
z I
5
> 500
]
0
5.2 522 5.24 596
m_  (GeV/c?)

Signal:
N~7000
|~ Purity > 927%

Background

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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Determine At and B Flavour

_—7 1 I Reco side
> 1

ST . BO
1" >0 +0 Y(4S) : :<\> «
Br=0.56 resonance : 3
: .
|

Y(45) - B°B°

At=AzI B¢ Az ~260pm l€«—! —

Fully reconstruct a B meson (B,..) that decays to CP/Flavor eigenstate
Reconstruct inclusively vertex of other B meson (B,,) with remaining charged tracks
Compute decay proper time difference (At) between B, and B,

v' Use their vertex (Az) difference: At ~Az/(By)c

v' 0o(Az) ~ 60um for B, and o(Az) ~ 170um for By,

YV V VYV

Y(4S) produce coherent B pair

BY meson decays to flavor eigenstates ~ 100%

Determine the flavor of By,, = infer the initial flavor of B,
v Eg: b>c—e or b>c—>s—K-
v Effective tagging efficiency at BaBar: 30.4 +0.3%

(same technique used for all time-dependent CP analyses)

Y V V

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 21



CP Analysis: Time Distribution

Perfect flavor tagging & Realistic mistag probability &
time resolution finite time resolution

é_l LANLE DL AL LR DAL L DL L DL O '_g é_l LRI AL L DAL L DL L DL L | _g

W =070 B tag: + : = B tag: +:

- — 0 -

250 C=0.00 B tag: 1-: 250F B tag: '1:5
200¢ = ‘ 200¢ 3
150 = 150 =
100F E 100F E
s0f : s0f :
B 8

At (ps) At (ps)
[Af]

fCP_+(At)=4ie [1+(1 2w) - (— CcosAmAt+SS|nAmA)]
i

> R: detector At resolution, w: wrong tag fraction
v'BFlav and CP sample have the same w and R

» Combined unbinned maximum likelihood fit to At spectra of Aflav and P samples
v Float both sin2p and C: 66 free parameters
v All parameters extracted from data

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 22



CP violation fit result from B°—(cc)K*P

sin2p=0.714 +0.032+0.018
€=0.049+0.022+0.017

(World Average)

sin23=0.68 +0.025
€=0.012+0.020

_--.'_-i_E-— r . I
‘B tags

"B tags

N

o

W
IIIIIIIII

Antimatter

O
I + L
—+
o®
-3
||||I||||

- _ — .
EO.S— -
i 0 I: ﬁ"‘b T
% 5 w |-
5-0.5— . . =

3
PRL 99, 171803 (2007)

At [ps]

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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From sin2PB to B: cos2p Measurement

‘ LP 2007

T] PRELIMINARY
Mo > oJ .
< % 2 solutions of B
4 M . .
1+ - % s B and n/2-B ambiguity
N E
0.8 r ; ﬁ 1 Solved by several cos2f
... e measurement:
0.6 XNs 1 1= _
# % Time-dependent CP violation:
0.4 NN " X g 1 B> I/yK*O(Ksno)
& § WE BO5D(*)0h0 (DO—>K 7 )
02 - O)" " ymﬁp i BO%D*+D*_KS
- .
e cos2p > 0 as expected in SM
0. bsssscleessnaeaasasansclinlbrenn SR Ly il
g e e “N' _ pRD71:032005,2005
02 0 02 04 06 08 1 P PRL99:231802,2007

PRD74:091101,2006

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 24



UT from CP Violation & Indirect Measurement

0.6

0.5

0.4

0.3

0.2

0.1

%.4

IIII‘IIIV‘.\XIIII_

excluded area has CL = 0.95 |

————
Y ,
Am,
Y

1 all | 1 1 L
-0.2 0 0.2 _ 04

P

\\ fitter _:

Summer 2007 __

P R ) \\ Y -
o 3

! | ! ! .ﬁ | !

0.6 0.8 1

Overconstrained: growing set of
independent measurements are

consistent with CKM picture

Now: looking for
New Physics as
correction to CKM

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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Measure sin2p in b—céd (B°—D™)*D™)-) mode

Another implication of overconstrained: _ _ _ N+
redundant approaches to same CKM parameter B> D*D*, D*D~,D**D~ ,D*'D
d d
B_ 0
b—% ¢ » If no penguin contribution
C

WS v C=0 and S=-sin2p
<a, > Penguin contribution: not negligible
v'Expected to be small (Phys.Rev.D61:014010,2000)

b o W_ d v'~5% for BOD**D™)- (HQET + factorization)
0 ¢ » Possible NP contribution in loop (Phys.Lett.B395:241,1997)
B uct 9 ¢ v’ sin2 significant different from J/yKg mode
= 7 v’ Large non zero direct CP violation
BO »D*D*-

» P—>VV decay, Mixed CP-even (L=0,2) and CP-odd (L=1) state
> S=-(1-2R;)sin2p,
» Need angular analysis to extract R+ (CP odd fraction)

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



B°—D**D*- Signal Yield

) 4 |
DOTO- 348fb (d)
0 *p K-
wl B'—DD

| Nsig=617 +33

Events / 2MeV/c?

100

mgs (GeVic?)

BaBar SVT

Particles/10 MeV/c

5.3

150

125

‘ Signal eff. 2 times

1 of Belle’s:

Better Reconstruction of
soft n* from D*+—DO0 r*
Decay at Babar due to SVT

Five double sided Silicon layer
Small mass ~4% interaction length
Large ~90% geometrical coverage in Y(4S) C.M.

Standalone tracking ability

(Design studied in the R&D, not a coincidence)

:' R B | i

Iy :

S s

DCH |

|P( IJ l _J

* 4

* -

. N .ﬂ;.o...,.‘
0 50 100 150 200 250

Transverss Momentum [MeV/c]

Efficiency

1

0.8

0.6

0.4

0.2

0 L
0

I

I

~ 850/0 at
100 MeV/c

Lo b b b by by

005 01 015 _02 025 03 035 04 045 05
fit eff vs P* slow pi

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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Time-integrated Transversity Analysis (B°—»D**D*-)

* 0;: angle between - momentum in D*-rest frame and
D*- flight direction in B rest frame

- 0;.: angle between normal z to D™ decay plane and =*
flight direction in D** rest frame

* ¢;p+ corresponding azimuthal angle

1 d’T 9 1

T dcosfidcosb,dg, 167 |AI? + + | A%)2 +

A0 P2

4012
&'4.[:’]

{2 cos? 8, sin? 6., cos? ¢,

+ sin? @ sin? B, sin® ¢u, |.
Phy.Rev.D43:2193,1991

A%?

+ sin® 6, cos? .,

[ A RooPlot of "cos(@,)" |

0-12..-.-|.....-...-......-.-...‘.

1
—|——§ sin 26, sin® 8, sin 2¢,, Re( —10*4—1” } :
Vv

Integrated over 6, and ¢,

0.1

0.08

0.06

0.04

1 dr
' dcosé,,

0.02

3 - 3 -
= l(]_ e Rf) 51112 Htl‘ + §Rf CC}SE 191‘1“

q1 -08 06 -04 -02 -0 02 04 06 08 1

cos(d,)

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



Acceptance Effect

Different transversity component has different acceptance

1 dar-
I dcos#,,
Gy _— 1+ a , 1l —-a , :
1[‘1 — Ry) sin’ f;, x { —; “ Ipo(cos by ) + 3 a I, (cos Gh,}}
3 . , .
+ §Rt cos” By x I | (cos by,
: AP T i
. — . Ck — 7 i
t |Ao|? + |42+ |AL)? | 4512 + |f1li:|] ’

Io.I, I acceptance moments: (eff. Integral over phase space)
* CP even and odd terms may have different acceptance efficiencies
* Equal to same constant = acceptance is uniform
* Model acceptance moments from the MC and fixed the parameter in the fit
* Acceptance moments does not deviate much from uniform
o parameter:
- Fixed to zero by default
* Ry sensitive to a only if I, I, are significant different

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 29



Acceptance & Angular Resolution Effect
5 0.0123— _f
o oo No Acceptance in RDF — > Acceptance effect by soft pion reco. Eff.
= o00sk- + e v’ Depends on minimum p; of track that
'4_ ' . can be reconstructed
& 0.006[ ~| > A small effect due to BaBar SVT performance:
o 0_@4_{. = v High eff. for low momentum charged tracks
: - - 1 » Reco eff. measured from data (D** helicity angle)
o002t w With Acceptance L" PDF +_: » Small corresponding sysmatic uncertainties
. : I 1 * : | 1 —
i 1 IRIRIRE
0'002_....I....I....I....I.._'
o 0.05 0.1 0.15 0.2
Rigen r e
True Ry 0.03 |- =
0.0252_ No Resolution in PDF _i
S o.02f =
» Angular resolution not negligible: £ : E
o . = 0.015 —
v Unlike other angular analysis o - -
v’ Large uncertainties of soft pion I E
tracking parameters & o0.005F | With Resolution in PDF E
v Significant bias for small Ry &  ofF — ; .
> Model resolution using MC simulation o 0055_'[' 3 ot {'_5
> Semi-numerical convolution B X - S % |- - S—

True Rt

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 30



Measurement Result of CP-odd Fraction

[ A RooPlot of "l:ns-l'.lu"—|

PRD-RC 76,111102 (2007) (348fb-1)

é‘ I I I [rrr[rrr] | | L=
E R.=0.143 +0.034 + 0.008
g Signal + background Systematic Uncertainty
w Angular resolution 0.0056
Acceptance Moments 0.0035
"EE}E'ETGE"" o Parameter scan 0.0026
Floating bg parameter 0.0006
"""" Peaking background 0.0039
Background
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ TOtaI 0'0084
08 0.8 0.4 0.2 0 0.2 04 0.6 0B

EI}IHE

» Good agreement with previous BaBar & Belle results:
v'R=0.125 + 0.044 + 0.007 (BaBar: Phys.Rev.Lett.95:151804,2005, 209fb1)
v'R=0.19 £ 0.08 + 0.01 (Belle: Phys.Lett.B618:34-42,2005,140fb™1)
» Good agreement with the theoretical calculation (Factorization)
v Ry ~ 0.06 Phys.Rev.D61:014010,2000, Phy.Rev.D42:3732,1990
v Ry~ 0.1 Eur.Phys.J.C46:367-377,2006

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



Time-dependent CP + Angular Analysis

> If CP analysis by fit At only:

v 5=-(1-2R+)sin2p

v’ Loss of statistical power

v Need to assume the same C and S for CP-even and Odd components
> Solution: time-dependent CP and angular analysis (2D PDF)

v' Correction for acceptance not necessary if float "R;"

v" No bias for CP parameters

(=) 2-Dimentional signal PDF

ld;’lﬂ{’Bﬂe DH_D*_) B 0 —Ff{
r ddt R |
Z=c0s0 (1 - R)G(2) + RG_(2)]
- tr [—:I _ o -
Go(5) = Tos?) = Tang, C (1 - R;)G_ (2) + C_R,G_(2)] cos Amyt
+\ 3”— 3 [_HI - . ‘ q
G_(2) = 12” 2= 1%(‘05 Oir, - S+{/1 _ Rt ]l(';_|_ (2) _ -S‘_RtG_{E')d sin Anldf}
C. — Cyl4) |2 + Co| Agl? - CP parameters C. = CJ_I
R |J1[;]|-Er + | Ay 2 for CP-even states
u 2 4012 |
i IADP + 42 for CP-odd state

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008



CP violation fit result from B°—D**D*-

» Unbinned maximum likelihood fit to mgg,At, and cosé;,. distributions (79 parameters)
v’ Tagging and At resolution parameters fixed from BFlav
v Most parameters are determined from data, except
* Angular resolution
> Validate fitting procedure using signal & generic MC
v No biased for CP parameters

C,=-005+0.14+002 C=-023+067+010 g so- o N ROSSD™ D -
5,=-072+019+005 5=-183+104+023 < _ = "~ "% \ E
A - e B tags \
Assume same C and S for CP-even & odd terms *2 40 ) A =
C=-0.02 £0.11+0.02 5S=-0.66 +£0.19 + 0.04 :’i 20/ < E
e (b)
= .5 -
> Result consistent with SM expectation e
v No evidence of direct CP violation % 0L S -
v Mix induced CP violation: 3.7¢ ; ; T+
© -0.5 |
oc C

8 6 -4 -2 0 2 4 6 8
PRD-RC 76,111102 (2007) (348fb-!) A t(ps)

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 33




CP Violation in B°->D*D-, D**D- & D*-D*

Raw asymmetry Events/ 1.0 ps )

fi—
\
| I—\

=]
=]
b
al
N
[=]
=

)

B°>D**D- & D*'D"

> Significance of CP violation: > 4c
> Result consistent with SM expectation
> No evidence of direct CP violation

Phys. Rev. Lett. 99, 071801 (2007) (348fb-1)

> Result consistent with SM expectation
v €=0.11+0.224+0.07, S=-0.54+0.34+0.06
v No evidence of direct CP violation seen by Belle
v €=-0.91+0.23+0.09 (Belle)
v 5=-1.13+0.37+0.09 (Belle)
> Inconsistent with Belle's result: > 3o
v Need more data

B> D*'D-

a® | | >y —
P < /D> 0
5 20 B BELLE B
515

10 |

e 5

At [ps

PRL98:221802,2007
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Measure sin2p in b—sss (Penguin) Modes

QCDF (Beneke, PLB620 (2005) | B0 ¢K 0 | w+
143-150; Cheng, Chua, Soni,

PRD72 (2005) 094003; ...) and
SCET (Williamson, Zupan, hep- [
ph/0601214) allows to estimate AS:

expect positive deviation for almost ’f S
all modes
some of recent QCDF estimates

sin2f3f ;. — sin2f3

"Internal Penguin”

| I ' | |
0K 3 theoretically-clean modes
: ?
- oKs, 1’Ks, 3Ks New physics | loops )
—5
> | K b —— g
© b \I'\(SRR23/ ¢
oKg BO SR g S
KKKg _
S L0
3K
S d s d KS
E.g.: SUSY contribution
R X 5 with new phases

Asin2f3
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Summary of BaBar/Belle b—s Results
in(207") FHS

in (2 Beff)

PRELIMINARY

b—ccs  World Average "I 0.68 + 0.03

g, BaBar »——-—- g 0.21+0.26+0.11

< Belle : © 0.50+0.21+0.08

%  BaBar i : 0.58+0.10+0.03

= Belle 4l i 064+0.10+0.04

* BaBar | —H— 0.7140.24+0.04

zm Belle #—— 0300324008

S BaBar | . ——l ! 0401023+0.03

% Belle { 083+035+0.08

P’ Ky BaBar s.sf1 *022 4 0 09 + 0.08

o  BaBar . 0.62 025+ 0.02

S Belle —0.11 £0.46 £ 0.07

g, BaBar <:HD 0.89 +0.07

-~ Belle —+—  J~—"0.18+0.23 +0.11

X Ba-Ba-r—-—«—d 0.72+0.71 +0.08

o _ Belle — | i0.43%0.49%0.00

<~ BaBar : — ' 0.7610.11 155)

; Belle 068+015+003*312;

b—qgqs  Naive average : " : 0.67 £ 0.04
-2 -1 0 1 2

> Naive average of all b—»>s modes (BaBar+Belle)
v sin2Beff=0.67+0.04
v Consistent with sin2p in Golden modes
v Poor fit: x2=32/16 dof (C.L. 0.01)

> Need extremely cautious when interoperating
the average
v Assumption of Gaussian errors not
justified for all measurements
> Average without f°K° mode:
v sin2Beff=0.56+0.05
v %2=16/15 dof (C.L. 0.25)
v 26 from the one in charmonium modes

More statistics crucial for mode-by-mode studies

Chunhui Chen, University of Maryland
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Summary of CKM Phase B Measurement

=12 o
B p=[21.5+1.0]
ma:
D.E_:r—
oaf-
oaf-
0
1

> P determined at 1 degree precision
v Based on sin2p in charmonium modes and cos2f3 > 0

> No sign of NP from sin2p, ¢ measured in BO—D**D*)-

> Possible hints of NP effect from sin2,¢ in penguin mode:
v hits of 1-2c deviation from SM (need more statistics)
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Constraining NP from Flavor (B) Physics

> New Physics = New source of CP violation

+ E.g. SUSY: 59(41) new CP-conserving (violating) parameters (phases)
+ New Physics scale is expected to be ~ 1 TeV

> "Model-Independent” constraint from B Physics 1-C
+ Assume 3 gener‘a_rion of CKMI 3 [T T T | L | L L L | T T ‘_I_
+ no NP in tree level = B
2

+ Add new amplitude to B4 mixing

r28i2¢9d — ASM + ANP

=9

d = - SM ]
ASM & ol i
~ ° __bh allowed region "
- ab —
New Physics Flavor Problem: N New Physics __, . y
Why no NP effect in B decays? 2 Standard Model ]
If new physics lives at the TeV scale, a i ANP >> TeV! ]
generic flavor structure is disfavored — | ,_ ]
Minimal Flavor Violation 0 1 2 3 4 5 6
r2
d
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Current Status of B Physics

> Significant understanding of CP violation in last 10 years

+ Firmly established CKM mechanism as the primary source of CP
violation we have observed so far in the quark sector.

+ Test SM with precise measurements from B factories.
+ No obvious sign of deviation from SM.,
+ Too small to explain the matter & anti-matter asymmetry in Universe

+ Any new physics found at the LHC has to obey constraints provided
by BaBar and Belle

> More open guestions aroused:
+ New Physics flavor puzzle: (why no NP evidence in B if Ayp~1TeV?)
+ CP violation in the lepton sectors ?

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 39



Looking into the Future

» The ultimate frontier machine will be the LHC. We may finally have a first
clean glimpse of the physics beyond the Standard Model

> Many interesting physics programs:

Muon Detectors Tile Culil:n'rnaiar Liquid IArgon Calorimeter

» The ("one of") highest priority (ies): /™ \ | =
v' Search for & observe SM Higgs - 1 ,"'1,?_7 &

v' Search for & discover NP beyond SM: (PR s

* Pay attention to flavor physics sector: T 5,

Help disentangle different NP scenarios
using precision measurements from

flavor physics

| \ \
clencid Magnet Pixel Detector \
Toroid Magnets SCT Tracker TRT Tracker

» Understand LHC detector
v' Essential to achieve "ground breaking” discoveries at LHC
» Ongoing detector R&D for the future HEP experiments
v LHC upgrade, ILC and new neutrino experiments etc.
v' Key to understand the NP seen in LHC and future of particle physics

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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http://atlas.ch/atlas_photos/fulldetector/fulldetector.html

Conclusion and Prospect

...... the beginning of the 215" century will be as important for
physics as the beginning, the first 50 years, of the 20"
century, and the LHC is going to be the first machine to
make the first discovery ...

A bright future for particle physics !

We are lucky to be here to make it happen !

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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Additional Slides for Reference

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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Important Discrete Symmetries

> Par'ify, P: ’_I l_‘
+ Reflect a system through the origin, thereby —‘/ o
converting right-handed into left-handed P—>_p
coordinate systems
+ Thought o be conserved by all the interactions just P—>-P
as C & T symmetries before 1956 (C.5.Wu LoL
experiment demonstrate P violation in weak
intferaction) n :
> Charge Conjugate, C:
+ Change particles into anti-particles and vice versa e —e
y=v
> Time Reversal, T: . O
+ Reverse the arrow of time, reversing all time- o | : ‘

dependent quantities, e.g. momentum
f— -t

Good symmetries of strong and electromagnetic forces

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008 43



The Unitarity Triangle
: L Im
V Is unitarity =
ZJ ViV =1
3 « :
Zj:lvij =0 (k#1)

J
b / VitV
geometric representation:

triangle in complex plane There are 6 triangles

’r-u. V* 1:‘* Voilot A AEAE’
RGN - 7% + 7242 + 742 0 (3) 0w +0 () a
ed ¥ og

tgdv;; VoV

A
_ VuaVip | VeV | VedVi b _g nb these triangles are
VaaVi o VaaVii o VaaVii o rescaled by one of the sides
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Production of B Mesons

Y (4S) Energy Scan

25 e
= %YW
s Y States =
S [ It | :
S5 ] (bb) resonances
8 | Y(29) ,
T [ |
T 10 - (39
o S
L 50 t KR S
© > Tt te ¢* RS V¥ o,

844 9‘46 ‘10‘.0‘0‘1‘010‘2‘ | 10‘34 | 10‘37 1054 - 10‘.58 o 10‘62

Mass(GeV/cz)

Cross Section at Y(45S):

bb ~1.1nb
cc ~1.3nb
dd, s5 ~0.3nb
uu ~1.4nb
7~ 0.9nb

Collect 11 BB pairs/second
@ Luminosity=1.0 x1034 cm-2sec!

B factory is also a Charm/Tau
factory

- PEP-II
" BABAR

e'e” > Y(45) - BB

L =1 state

Chunhui Chen, University of Maryland
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Signal Yield and Purity

w v, o) P BiB4R PRL 99, 171803 (2007)
3000 B %J.-'IUKS > eook Preliminary 348 fb-! data
E B'— y(2S)K, < B’ TIyK,]
St B IclKg | T a0l
2 B'— 1K g | > Signal Model: single Gaussian
D100~ & 20 / > Background: n¢=-1 and BFlav
) L T v Argus funcg'?/“z ,
i S "o Y [1-(mgg-mo)<] " “expli(l-(Mmegs-my)°]
& v endpoint m, fixed to 5.2892GeV
“ o > Background: ng=+1
§, | o D v" Using MC and sideband
> 30 > | B, modes » Peaking background
= z o L— v Small contributions
E 7 v Estimated using large MC
= [=1 L
{5}.2 ‘ 52 . 5.24 5.C225 528 ) 9.2 522 5.24 5.C226 528
mge (GeV/es) mgc (GeV/es) 3 _[:l].E -|I"-j-.==-| Pl::% A
BFlav sample: Full CF sample | 12677 75 |
B S DA (A =T, pa) TR (25 K0 v K0 q kD 6863 2
IO i
v Used for tag & resolution determination j‘”' JTi.f,:, 18
: o K 1056 66
v’ See later slides
By, sample 123883 &5
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YV VVYVY

Identify B Flavor (B tagging)

Y(4S) produce coherent B pair: Y(45) — 8°B°

B meson decays to flavor eigenstates ~ 100%

Determine the flavor of B,,, = infer the initial flavor of B,
Effective tagging efficiency at BaBar: 30.4 +0.3%

Leptons Tag:

0

B_O

W~ < w < @
V A%

/ c 20 c

d d d d
Kaons Tag:

W‘/C ~ w? =

@ W\ /®@ @ W\ — ®@

_ N 4 d

d d d d
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Flavour Tagging Performance

> Multivariate algorithms (neural network) to identify B

» 6 tagging categories defined:

tag Tlavor

Figure of merit

Aw=w(B%)-w(B°) Q= &(1-w?)

Category e (%) w (%) Aw (%) Q (%)
Lepton 8.67+008 3.0x03 —-024+06 T7.674+0.13
Kaon I 1096 +009 53+£04 —-06+£07 8.74+0.16
KaonII 1721 +0.11 15504 —-04+£07 821+0.19
Kaon-Pion 13.77+0.10 235+05 —-24+4+08 387+0.14
Pion 14.38 £ 0.10 33.0£0.5 52+08 1.67£0.10
Other 9.61 £0.08 41.9+0.6 46+£09 0.254+0.04

All 74.60 + 0.12 30.4+0.3
Efficiency Average Mistag Effective

e Mistag Fraction Tagging
From mgg fit Fr‘ac'ric;n Diffetrence Efm;iciency

of BFlav sample

From At fit of BFlav sample

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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Resolve B & n/2-B ambiguity in BO—D*D* ¥,

> Time-dependent decay rate asymmetry in half D**Kg Dalitz plane
v Phys.Rev.D61:054009,2000.

v JoJ . J¢ and T, Amplitude integral over half Dalitz plane s, =m2(D**Ky)

Alt) = Ei ;?iz = nOS(Amdt) —sin26 - 770526) sin(Amgt).

v n,= +1(-1) for s,>s_(s,<s.) B
v I /Ty lal* — |al®. decay asymmetry in half Dalitz plane between BO & BO
v 2J /Ty Re(aa”) dilution due to mixing of CP-even and odd states
v 2J,/J o' Tm(aa*) predicted to be positive in theory

> Model-dependent interpretation:
v depending on the existence of broad D*,; resonance contribution
v Measure J./Jy#0 indicate "unknown" broad D, resonance

) | | BO>D*Dg,(2536)

o
o
o

_ 8

40

B® per 1.0 GeV/c?
o .

o
(=)
o
T T T
=
- ——
- ——
L
——
-
L. —
——
| ——
——
-
=
L 1 M

Events / 2.0 MeV/c?

[
=]
T

Phys.Rev.D74:091101,2006
201+17 event
209fb! data

_—| Phase space distribution

521 52 58 53 06 28 3 3.2
mg (GeV/c?) m(D :Ks} (GeV/c?)
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Resolve B &

s
(=]

Events / 1.0ps
(4]

n/2-p ambiguity in BO—D*+D* K,

(a)

Phys.Rev.D74:091101,2006 (209fb-! data)

Significantly # 0 = evidence of

. ]

=
tn

broad resonance D*; with large
Contribution to the decay

Raw asymmetry
5 o

L]
-

.
.
*e
.
e
",
LN § c

J—‘ = 0.76 £ 0.18(stat) + 0.07(syst)
0

Events / 1.0ps
w B o

. |

=
tn

2'—].5’]_

0
2J52

0

sin23 = 0.10 4+ 0.24(stat) + 0.06(syst)

cos2(3 = 0.38 + 0.24(stat) + 0.05(syst)

e cos2B>0 at 94% CL if T />0

Raw asymmetry
(=]

a5l n,=+1 (s,>s.) N Modgl depenfient inter'oper'a‘ri.on
LI pe | | N Consistent with SM expectation
5 0 5 At[ps] Consistent with other measurements

Chunhui Chen, University of Maryland

University of Pennsylvania, January 18, 2008
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B°—D™)*D™)- Signal Reconstruction

> Many sub decay modes used for BO—>D™**D™*)- reconstruction (22 modes)
v D*- modes: Do, Dn°
v D* modes: Kn'n *, Kot , K'K*m *
v D% modes: K'n* , Km0 , K, Kgn*m
v At least one of D**—DOr*

> Reduce background using AE and "mass Likelihood" L
v Lyass = 6(Mpg) X G(Mpo) X G(Mpx,) X G(Mpx)
v Mass constraint for D% and D* afterwards
v Optimize AE and L, cuts using MC for each sub decay modes
v After applying cuts, select best candidate based on L, per event
v ~1.1-1.8 candidate per event, >95% correct selection

mass

> Other variables: CLEO fisher, Dalitz weight, D decay length significance
v Not necessary for BO—D**D*-mode
v Useful for BO>D**D-, D*-D*, and D*D- modes

Chunhui Chen, University of Maryland University of Pennsylvania, January 18, 2008
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CP violation r'esult fr'om BOD**D- & D*‘D*‘

B°—>D**D

Events/ 1.0 ps
8

-
|
|
]

-
|

1

At (ps) ot At (ps)
> D**D- & D*"D*: not CP eigenstates
A(D**D")/A(D*D*)=Re®
S #=2Rsin(2 p+5)/(1+R?)
(5*+S7)/2=2Rcos 8sin2p/1+R?

> Analyze D**D- and D*-D* separately: Phys. Rev. Lett. 99, 071801 (2007) (348fb-1)
BO—D*D- BO—D*-D*
C=+0.18 £+ 0.15+0.04 (=+0.23+0.15+0.04
5=-0.79+021+£0.06 5=-044+0.22+0.06

>If no CP violation: C*=-C  and S*=-S-

v Significance of CP violation: > 4c

Raw asymmetry
I =
(Wt
| |
Raw asymmetry Events/ 1.0 ps
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