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What iIs the World Made of ?

Scientists originally thought the nucleus was a fundamental particle but
I nucleus is made of protons and neutrons

I protons and neutrons are made of quarks
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Standard Mo del

ELEMENTARY
PARTICLES

‘I% Cisllect

o I

Three Generations of Matter

All the known matter particles are composites of 6 quarks and 6 leptons

and they interact by exchanging force carrier particles:

I Electromagnetic ( ), Weak (Z°, W ), and Strong (gluons)

] Gravity (Graviton is not in SM)
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Standard Mo del

Hadrons are composite particles made of quarks:
Baryons are any hadron which is made of three quarks (gqq)

) proton (uud) and antiproton (uud)

Mesons contain one quark (q) and one antiquark (q)

! B (db) and B® (db)
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The Birth of the Universe (13.7 Billion Years Ago)
A Brief History of Time

» 1043 - 1037 secs
» Gravity and Strong forces
separate out
» 103 secs
> Inflation
» 10'1° seconds
» Quark-AntiQuark
Annihilation (CP Violation)
» 10 microseconds
> Quarks form protons,
neutrons
» 380,000 years (last scatter)
» Nuclei capture electrons
to form atoms; universe
transparent to light Key:
» 1.0 Gy Galaxies; 6 Gy: Dark o o ™" Auphaon
Energy Dominates e sicton i
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After the Big Bang exploded with enormous energy, the universe began

to cool-down that has lasted until our own time

CP Violation processoccurred 10 1 secondsafter the explosion.

CP Violation and Hot Topics Prof. Romulus Godang
From BABAR Experiment (page 5) University of South Alabama

Wednesday, March 14, 2012
Department of Physics



What Was Happened to the Antimatter
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What Was Happened to the Antimatter ?

How do we know there is almost no antimatter around ?

When a matter and antimatter meet, they annihilate into pure energy

I leaving only photons and neutrinos

The fact: we don't seethis kind of energy in our daily life

Can we seethe evidence of antimatter ?

The magnetic eld makes negative particles curl left, positive particles curl right
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Why is the Universe Exclusively Made of Matter ?

Andrei Sakharov (JETP, 5, No 1, 1967)
1. Baryon violating interactions
2. Thermal non-equilibrium situation

3. CP Violation

Nobel Peace Prize in 1975 !

Testing the Sakharov's criteria:

1. No evidence that baryon number is violated

2. In thermal equilibrium particles are identical ! No asymmetry
|CP violation is necessay to understand matter-antimatter imbalance I
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CP Violation in B Mesons

In 1962: Nicola Cabibbo intro duced 2 generation quarks

In 1972: Kobayashi and Maskawa intro duced 3 generation quarks with

CP violation in B Meson ! A Brilliant Idea

All Fundamental Particles in Standard Mo del

(12 + 36 + 12 + Higgs) = 61 particles (excluding Graviton)
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BABAR Experiment in USA

BABAR at Stanford Linear Accelerator Center (SLAC), California

Sister B-facto ry machine is at KEKB (Tsukuba) in Japan
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BELLE Experiment in Japan

Another B Factory at KEKB
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CP Violation in B Meson

BABAR and Belle directly measured CP violation in B system

BABAR : e" (3.1 GeV) -e (9 GeV) Belle : e* (3.5 GeV) - e (8 GeV)

In 1999 BABAR and Belle had rst colliding beam

In 2001 BABAR and Belle reported the rst measurement of direct

CP violation in B meson ! fundamental matter-antimatter asymmetry
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BABAR Collaboration
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BABAR Collaboration

University of South Alabama: R. Godang
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SLAC Control Room

SLAC Main Control Room
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BABAR Data: (nS)

|Final BABAR Data I

CLEO
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BELLE |l Machine

University of South Alabama: R. Godang
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BELLE Il - TSUKUBA, Japan

40-Fold Luminosity than KEKB
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CP Violation in B Meson

‘ BABAR : (3.1 GeV) e" =)( = e (9 GeV)I

I In 2001 BABAR and Belle discovered direct CP violation in B mesons

l A source of matter-anti-matter asymmetry

| I YET a lot more physicsto come... I
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CP Violation Discovery

CP violation was discovered by BABAR and Belle in 2001

This plot shows CP violation (3.2% asymmetry precision)

Matter and anti-matter is behaving di erently (CP violation)
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Nobel Price in Physics 2008

Dec 8, 2008 Nobel Prize in Physics in Stockholm
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Mobile, Alabama USA

Mobile, Alabama
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University of South Alabama

Student Recreation Center

USA Main Campus

Students Enrolled: 15,000 Michelle Cancer Institute

http://www.southalabama.edu Established in 1964
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USA Undergraduate Students

SESAPS Conference at LSU, 2010
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Seach for New Physics
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Seach for Higgs Bosons

|How the elementary particles get their mass?l

Spontaneous symmetry-breaking: the Higgs generates mass by self-interaction

F It implies the existence new particle so called \Higgs boson"

Higgs particle is named after Peter Higgs

Leon Lederman (Nob el 1988) called it \Go d Particle"

Challenge: The Higgs massis a free parameter in the SM

l What is the Higgs mass?

LEP (e* e ) at CERN (2002) seached for the SM Higgs

! Yield a lower limit: My > 114:4 GeV (C.L. only)
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Seach for SM Higgs (CP-Even Scalar)

November, 2009 : Update from CDF and DO arXiv:0911.3930
‘Excluded 163 < My < 166 GeV/c? (95% C.L. Limit) I
Tevatron Run Il Preliminary, L=2.0-5.4 fb 1
“\““\““\““1““\ oo
= . LEP Exclusion. . ;X{Tevatron ,,,,,,,,,,,,,,, |
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Seach for SM Higgs at Tevatron

February, 2012 : CDF measured the mass of W

‘M w = 80:347 0:019 GeV/c? (a precision of 0.02%) I

CDF and LHC results:

‘Allowed 115 < My < 127 GeV/c? I
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NMSSM Higgs PRD 76, 051105, 2007: Dermisek, Gunion, McElrath

Next-to-Minimal

Supersymmetric Standard Mo del (NMSSM)
I Light CP-Odd Pseudoscala:

tanB =10, M, ,5=100,200,300 GeV

0 0
A®  af

For m,, < 2my, the lightest CP-even Higgs (h?)

a; = COS A apmssm T SIn

ds

|h0 | aja; can avoid LEP limits I

107

3 F = Electroweak Symmetry
1 =150 GeV, anon + any u, F<15 | _ _
T N 1 Breaking (EWSB) ne tuning
L ___ﬁ?_%g___ _] tan = ratio of the vacuum
v;é --{  expectation values
N mTT -?-___- —
I #-& 3
T + 1 Ma, < 2mM
T + I 2m < Mg, < 7:5 GeV
N + —
w 7:5 GeV < m,, < 8:8 GeV
‘ K ‘ il ‘ ¢ | . 8:8 GeV < ma, < 9:2 GeV
-0.5 0.0 0.5 -0.5 0.0 0.5

a’ non-singlet fraction (cos0,)
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Prediction Higgs A°: PRD 81, 075003 (2010): Dermisek,

Gunion

At tree-level, B(a) apply equally to B(A?°)

independent of cos A due to the absence of tree-level a

B(a'! * )and B(a'! ) asa function of tan
tan = hy=hg = ratio of the vacuum expectation value
1_0§.... g 1.OOOEH|| 3
= 0.500 [ =
05 E '_ i
,E z E 3 0.100 £ |/ E
T : ] 7 0.050 7 =]
\C_ﬁ/ 0.3 —] \c_ti/ i
5L =
0.2 Lt 4 mootog E
0.005 =]
0.1 : 0.001 :
12 0 12
At tan > 2, B(a'! *  )andB(a'! )
change very little with increasing tan at any given m 4
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BABAR Data: (nS)

|Final BABAR Data I

CLEO
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(3S)! A° A0 F BABAR

} Seach for (3S)! A9 A1 *  PRL 103, 181801 (2009)

The photon energy in the Center-of-Mass (CM) is given by

E > 100 MeV, and exactly two charged tracks

Both charged tracks are identied as leptons (e or )

Backgrounds

+ +

e"e | (mostly)

QED processincluding two photons i.e:

efe ! e"e e'e
ete ! ete 7
ete ! qq(g= u;d;s;c)! small
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(3S)

A°, A0

+

PRL 103, 181801 (2009) BABAR

Peaking contributions
bs (2P )(J
oo (2P) !

] (nS) !

(3S) !

+

@ B 4
£ E (b) — Total uncertainty
-+ - Statistical uncertainty only

8
m,o (GeV/d)

=
(=]

[e2]

Entries/0.4
N

N

The residual background is exploited by 8 kinematic and angular variables

.
Nog/s(N_)

Seach A? in E spectrum at 4:03 < mpo < 10:10 GeV/c?

o 100 . e - eyt
% 10 E V4 \ tt MO
Li ]5'5 : ) ‘\ E
0;1;2) =N (b) E
sl hik w AW
S OHHHW& +++ ki M +*+ W* + it W %
(nS)(n = 1;2) o 5 =
; (d) —]
S ot bttt +F
g 0 Q*M:W“ W +4++ Tt ﬁ' I HW *ﬁ* i
0_ T T L _ -5— —
I ] 2 1000k (e) -
, g 100g et
o {2 g IR
r 2 1k
I :u 5E =
0; - E 0gﬂ*ﬂﬂﬁﬁwﬁ?M"ﬂ&w#%’ﬁﬁ&#&fﬁ“ +*+ WHMM H*g) + wMM w W# m +
: o= 05 -2
» Eg(GeV)
0—; L

B( (3S)! A9

B(AC !

)< (1:5 16)

‘B(b! )< 9%at90%C.L.I

10 °> 90% C.L.
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(2S:3S) ! A0 A0 ¢+ BABAR

Seach for A? scala boson in the radiative

decaysof (2S) and (395)

If AC exists its decays depends on its mass

Assuming no invisible (neutralino) decays

B(A®! * ) sizableat low mao < 2m

Require 2 oppositely charged tracks and one

at least one of which is identied as a muon

E > 200 MeV (COM), while allowing

additional  with energy lower than 200 MeV

+

Use kinematic t of system,

including the beam energy and decay vertex constraints
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(2S;39) ! A9 A° * , PRL 103, 081803 (2009) BABAR .

‘ Seach for A? as a function of massm o

~—~ ]
Q
~

Scanrange 0:212 < mao < 9:3 GeV

(@ B( (2S)! A% B

BF UL (10°)

Mwmm

(b B( 3S)! A°% B

3 © f2 B

5

LL

- m B( (nS)! A°) are related to the e ective

O P N W N UOORNWAUOON®
T

~—~ 7T
(¢
~

Yukawa coupling f  of bound b quark to A°

MWHMWMM i B( (nS)! A0y _ f2
- ] B( (ns)l *° ) _ —(1

01 23 456 789
m,, (GeV)
Shaded area is excluded from the seach around the J= and (2S) resonances

-6
B_UL (10°)
o

[y

2
fU

No signal observed at m 4o 214 MeV

Signi cant positive uctuation of (3S) 2:8 and (295)

|B( b ! )< 0:9% at 90% C.L. I
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CKM Matrix

In SM, quark can change avo r by weak interactions:

0 1 0 10 1
do Vud Vus Vub d
h° Vo Vis Vi b

Cabibbo-Kobayashi-Maskawa (CKM) matrix
[Weak eigenstates] = [Vck v | [quark mass eigenstates]

The CKM matrix contains complex numbers

| Wolfenstein's CKM matrix form: I

’ 1 272 A 3 i)1
Vekw = @ 1%2 A 2 A
A 31 i) A2 1

0.22 (expansion parameter)

A, ,and can be measuredin B decays
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Unitarity Triangle (UT)

By applying the Unitarity condition (scalar product of any two rows or columns):

|Vub Vi + VcbVCd + th Vig = OI

CKM matrix can be presented in the complex plane ! Unitarity Triangle (UT)

B—pp

b—un B°B® mixing

It is very important to measure the CKM angles and its sides!

We need to measure them precisely in order to seach for New Physics

|! Deviation from the Standard Mo del will signal New Physics! I
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Status of UT Triangle

15 T LU UL Y L T T T T T
: excluded area has CL > 0.95 ' %% :
i 9 | ]
or Dmg&Dm,
B ]
L . 07T e T T T " " T " 2 T
05— — il i @ ]
L ] 0.6 _—7 g ; Dmd Dmd&Dms eK fitter _
: : . - d E ICHEP 10 =
JC 0.0 ; —_ 0.5 :—E Sin 2b : _:
- — - © = sol. w/ cos 2b< 0 —
= - — S (excl..at CL > 0.95) -
- S 0.4 :—% ol ; / —
0.5 — A = c 3 ! Yy, a 3
L ] 03 [ = =
r ] b : a =
1.0 - & 02 : —
rs 9 4h el 01 \=
_15 C I | l ) | ’ L1 1| ‘ L1 1| ‘ L1 11 I ol 1| i : g b :
-1.0 0.5 0.0 05 1.0 15 2.0 oo B F = R PR E—— ~
r -0.4 -0.2 0.0 0.2 0.4 06 058 1.0
T
| Constraints in the plane I | Zoomed constraints in the plane I
- - 0 - - O H H 0
Precision 1 Precision 4 Precision 14
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Measuring Angle

Interference betweenb! cus andb! ucs tree amplitudes
b u
<« < D°
Cc
B+
5 K+
>
u u
b! cus transiton: B* | DK *
u -
K+
S
b [
& «—S < 50
g

b! ucs transiton: B* ! DOK*?

GLW: Cabibbo-suppressedD ! CP-eigenstates (K *K ; 7
Gronau, London, Wyler. PLB 253, 1991 & PLB 265, 1991

ADS: D ! Cabibbo-favored and doubly-Cabibbo-suppressed (K
Atwood, Dunietz, Soni: PRL 78, 3257, 1997

GGSZ: Cabibbo-favored D !

Giri, Grossman, So er, Zupan: PRD 68 054018, 2003 ! time limited

self-conjugate (K2 * ;K2K*K )

)
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GIWonB ! DK PLB 253, 1991 & PLB 265, 1991

In GLW method the D °2 mesons are reconstructed:
CP+ :D%! K*K : * |
CP :DO1I Kg O;KS!;KS

Dcp = CP eigenstates of D system

Two direct CP-violating partial decay rate asymmetries:

A (B ! Dcp K ) (B"! Dcp KT) _ _
CpP (B ! Dcp K )+ (B*! Dcp K7 ! = partial decay width

Two ratios of charged averaged partial rates:

(B ! Dcp K )+ (B"! Dcp KT)
RCP 2 (B ! DK )+ (B*! DOK~*)

Then can be extracted from the other two unknowns variables g and rg:

— > _ 2rg sin g sin
Rcp = 1+7r3 2rgcos gcCos Acp = 1+ rZ 2rg cos p cOS

s = the dierence of their strong phases
rs = the magnitude of the ratio of the amplitudes for each decay

jA(B ! DOK )j
jA(B ! DOK )j
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GLW BABAR Results PRD 82 072004, 2010

ML t to E;mgs, and Fisher (event shape variable)
S F D® KK, 1 & F D® K'K, ] 8 s D® K'K, 308 a0 D® K'K, 3
3 1 3% pepy | § o DEpP 1 S oepw
o 10— = L 10 N .
i) ERN butsyy
5.25 5.‘26 5.27 .28 %7‘25 * 5.‘26 * ;27 5.28
Mg (GeVIA) Mg (GeV/d)
CP+: mgsg
d ey sooc | §xo oo E I S
S 3 peKY, | S 8 s DOKYY ]l 1 8 w0  DOKY % E
= 30 EI— S 5 D® Kw, 3 2 D® Kw, E
5 2 R < ¢ D®KY 2 T 00 D®KY E
o 20 3 it g = E 2 = E
15 E g % + ER G Jr Jr 3
10 ] O 10- ERES .
S ¥ o 5 b gt-N 1 ¥
0" -0.‘05 E) 0.65 0.1 %25 5.26 5‘27 5.28 %‘25 : 5.26 I5.27 5.28
DE (GeV) Mes (GeVIA) Mg (GeV/d)
CP : E CP I megg
GLW: Cabibbo-suppressedD ! CP-eigenstates (K " K ; * )
Gronau, London, Wyler. PLB 253, 1991 & PLB 265, 1991
Blue line: full PDF, Green: B ! D , Purple: remaining backgrounds
B ! DK contribution: the region between blue and green
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GLW BABAR Continue... PRD 82 072004, 2010

Using BABAR Data: 425fb ! (467 M BB)

Acp+ = 0:25 0:06 0:02 Acp = 0:09

I

Direct CP-Violation onB ! DK : Acp+ at 3:6

from zero

S B B B By L B B B D B

g[°]

(11:3, 22:7°), (80:8°, 99:2°), (157°, 168:7°)

At 68% CL: 0:24 < rg < 0:45

- a1
Q o9 3 Qo9
o0& £ o0&
0.7 = 0.7
0.6- 3 0.60
0.5~ = 0.5~
0.4 = 0.4=
0.3 [\ T g 0.3 T\ E
0.2- = 0.2
0.1 . 0.1-
OT"1H‘1H‘1Hmumumumumuf
0 20 40 60 80 100 120 140 160 180

O:HHHHHHHHH‘

At 68% CL: angle mod 180° belongs to one of the three intervals:

@ O
(e}
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ADS onB ! DK  Theory: PRL 78, 3257, 1997

In ADS method (D. Atwood, | Dunietz, A Soni)
B* ! DOK*™ 1 DOI K " [doubly-Cabbibo-suppressed]

(interferes with , )
B*! DO%* 1! D21 K * [Cabbibo-favored]

=) Opposite-sign (OS) becausetwo kaons have opposite charges
De ne same-sign (SS) events:

B*! DOK* I DOI KT [Cabbibo-favored]

BABAR published 2 results where D © are reconstructed:

DO1 K* . Data: 467 10° BB ! PRD 82 072006, 2010

D01 K* 0. Data: 474 10° BB ! PRD 84 012002, 2011
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ADS onB ! DK Continue...

Extract new set of variables:

Neglecting D-mixing e ects the ratios R™ and R

+ _ (B*! [K TIK ) opposite  sig n yield +
R™ = (B+! [K* 1K *) same sig n yield from B
_ (B 1! K™ K ) opposite  sig n yield
R = (B ! [K 1K ) same sig n yield from B

can be written as

kp and p were measured from CLEOc

R* =r3+r5+ 2rgrpkp cos( + g+ p)

R =r5+r3+ 2rgrpkp cos( B8+ D)

where

re  ALILDIKT - 0106 0:016 13 = (2K )= (22 0:1) 10 °
s and p = (47"';,)° are CP conserving strong phase
iIs CP violating weak phase

kp is the coherence factor between O to 1. kp = 0:84 0:07
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ADS Resultson D°%! K* PRD 82 072006, 2010

Simultaneous t to mggs and NN (event shape and tagging variables)

< 140 1 35 sob | E
S: (@) 18 T (d) ;
o 12— - O o5C 7
= - 1Tk ]
N C 1 e ol 3
5 o 1 18 iy E
c 6 4 W ZI ]
g - - 10:— | ||| =
L 4 ‘ _: - I l l I .
ks« dERERN . - | I | -

2 B L e T ......................... ~ o ! il .llllih S A T 20

| | l | oﬁw o R l . . “lll'“ g oy i

g.Z 5.22 5.24 5.26 5.28 53 -1 -0.5 0 0.5 1

mg¢ (GeVic?) NN

MEes: opposite-sign B* | DOK * |NN: opposite-sign B* | DOoK * I

Solid-blue: Full PDF, Red: sum of all bkgs, Dotted-blue: qgg background

ADS B ! DK results:

R*=(2:2 09 03 102 R =(0:2 06 02 10 ?
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ADS BABAR Results Continue...

This measurement allowed us to extract variables: rg and

— ) " L I 3 T 1: 3
[] Y 0,, - = <] - =
3 —— DK 3 5 09F 3
8 .............. D*OK' - 8 0.8 -
c ) = c - =
2 = 8 07F =
& = S 0.6F =
© b - © e -
- — - 0.5 —
1s E 0'45_ 3
P E 0.3E E
3 02 -
05 3 0.1E 2s 8
L L e Ll = g = S Y S Y EEPI I =

0.15 0.2 0.25 0.3 -150 -100 -50 0 50 100 150
0 g (deg)

Constraints onri’: B | D()K |C.L. curve as a function of I

For result: combining B! DK and D K

The variables ré ) can be extracted:

rs = (9:57,1)% 1y = (9:6%2)%
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ADS Resultson D°%! K* ° PRD 84 012002, 2011 (NEW)

Simultaneous t to mgs and Fisher: OS 20 events; SS 2000 events
s (a) | “g 300~ —— Full 7
el bk g e |
2 lﬁMﬁ II lmhl I % B 2007 SBpeck |
= 10M- *Lﬁ‘ ﬁ% %T%%T % £100 oo continuum ,. _
T S S if Wi
&3 5.22 524 5. 26mES (‘GeV/c?) ¥ 5.22 5.24 5. 26mES (GeV/cZ)
|m Es. Opposite-sign with F > O.5I |m Es. same-sign with F > O.5I
S S 300 ]
S 150~ -~ S
2 100- | g 200- ~
g g
w 5o | w 100+ —
O ol s o b, " " 0 - o ey, PO 5
-2 0 *Fisher ) °Fisher
‘Fisher: OSmegs > 2.27 GeV/c? I ‘Fisher: SSmes > 2.27 GeV/c? I
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ADS Resultson D°! K* O PRD 84 012002, 2011 (NEW)
ADS resultson rg:
100 Bayesian probability density function for rg
>
é Dark: 0:01 < rg < 0:11 at 68% probability
>
= Light: rg < 0:13 at 90% probability
2
o
o I Subject to small rg, this measurement
has less precision for  result
| I0.|3| - I0.|4I - I0.5
s
New results on R* and R (statistical limited):
R* = (6", 103 R =@2"3*,) 103
At 90% probability limit:
R* <23 10 3 R <29 10 3
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Current Understanding of Our Universe

|SUMI\/IARY: Where Are We Now’?I

F A lot of things need to be discovered
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We Are Not Alone

You Could Be Part of The Physics Exploration!
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THANK Y O U!
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