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Particles, Antiparticles &
Symmetries of Nature

*Matter-Antimatter
*Matter-Antimatter Asymmetry of Universe
*CP Violation in the Standard Model of Particle Physics
*Measuring Matter-Antimatter Asymmetry in B meson system
*Looking for new Physics (beyond the Standard Model)

* Hardware to examine the problem:
*The PEP-II Accelerator
*The BABAR Experiment (Finishing running an 18 yr experimental program)

CP Violation: What have we learned? ([
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We often wonder what the world 1s made of,

how 1t was made, and what holds 1t all

' Does our universe
have a beginning
and an end?

Where did the
stuff in 1t come
from?

Are there other
universes out
there?

Is 1t all matter?
Where’s the
antimatter?’

Composed by Jayanne English (CGPS/U. of Manitoba) with support by A. R. Taylor (CGPS/U. of Calgary) for The Canadian Galactic Plane Survey.




Universe created in hot Big Bang
‘Matter created in Matter anti-Matter particle pairs
+50-50 matter-antimatter, or pure energy

ter

is is & mat

un.irvherso. Antimatter
must sign the

quest ook.

SURPRISING- universe is not equal
parts matter/antimatter
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BaBar: 18 year Experimental Program in Quarks & Matter-Antimatter

New CP violation, new particles, precision measurements: Excitement, press releases & surprises

1993: Construction starts on PEP-II, design & prototypes for BaBar Detector
1994-9: BaBar Detector Construction
1999: PEP-II & BaBar complete, take data!
2000: PEP-II runs at design luminosity
2001: First observation of CP Violation in
B system (27 yrs after CPV seen in K’s)

2003: New charmed particle Dg(2317)
2004: Direct CP violation observed in B system
2004: PEP-II at 3 x design luminosity
2005: new charmonium-like particles observed
2006: Precision & consistency in

electroweak sector of Standard Model
2007: First observation of D°-D?mixing
2008: Babar’s Final Run ended April 7, 2008
2008: New Charm Resonances
2008: Nobel Prize to Kobayashi & Maskawa
(theory of broken symmetries -which we validated
2009-13: Final analyses; write final papers
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Moon
- not antimatter

Solar system- no antimatter
Milky Way - no antimatter

Larger scales - no antimatter
As far as we can see, universe looks like it’s made up of only matter
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Michaelangelo - God is not antimatter!
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*Universe created in hot Big Bang

*Matter created in Matter anti-Matter particle pairs

*50-50 matter-antimatter, or pure energy
SURPRISING- universe 1s not equal parts matter/antimatter

\

Bl6 BANG seae This is a matter

se. Antimatter

Cafe Scientifique




A scenario:
Initial conditions of universe matter-antimatter symmetric

*Hot Big Bang- equal parts matter and antimatter.
*Matter and antimatter annihilate, making energy (photons).

*(Somewhere along way) some processes have very slightly different rates
for matter/antimatter

*A tiny bit of extra matter 1s leftover, plus lots of energy + ~ no antimatter
*Cosmologists have measured the matter (baryon) to photon ratio
(WMAP Cosmic Microwave Background S

atellite)

U Wichita Janis McKenna 12



Tiny excess of matter over AntiMattera?

Antimatter annihilated with matter in first millisecond after Big Bang.

Matter: 10 billion and 1 particles Antiatter: 10 billion antiparticles
Annihilate to 20 billion photons! Plus one particle leftover
Given results of recent cosmology experiments (WMAP), abundances of elements in
universe can be predicted.
This tiny excess of matter became everything in our universe!
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Hey, where’s the antimatter??

COMPOSITION OF THE COSMOSUniver.Se is ~4 5%

baryonic matter
Hoavy Elements (the matter we know about)

Neutrinos:

03% Embarrassing:
Most of the universe is
««  made up of "stuff" we
don't even know about !
(= new physics)

Free Hydrogen
and Helium:
4%

Dark Matter:
25%

Dark Energy:

70%

Big Bang Nucleosynthesis: Key in determining abundances of light elements

April 18, 2012 U Wichita Janis McKenna 14



Big Bang: pure energy = subatomic particles =»atoms =»galaxies =» the cosmos
Time Since Major Events

Big Bang Since Big Bang
13.7 billion

present Humans
r observe
years the cosmos.
stars,
galaxies
Era of and clusters
Galaxies (made of
atoms and
plasma)
1 billion First galaxies
years form.
atoms and
plasma
Era of (stars begin
Atoms to form) Atoms form;
photons
300.000 fly free and
years become
background
plasma of radiation.
Era of hydrogen and ‘
Nuclei helium nuclei Fusion
plus electrons oeasesla;
. : norma
3 min 3 minutes protons, [’nsao}ter is
Era of neutrons o
Nucleosynthesis electfons, hydrogen|
neu}rmos Matter
0.001 seconds {(ontimatier rre) annihilates
. . elementary antimatter.
1 microsecond Particle particles .
Era (antimatter common) Eléctromagnetic and
1010 seconds ——————— . weak forces become
Electroweak . * elementary distinet.
Era particles Strong force becomes
1035 seconds . s distinct, perhaps causing
. — inflation of universe
GUT Era elementary
A — particles
Planck Era 2777
. neutron — electron —_ antiproton A 2 __Pw.
Aprll proton — :E neutrino — ' antineutronim antisiectrons -:.,: quarks ““‘--—Q-.:

© Addison-Wesley Longman



—> possible to start with a matter and antimatter
symmetric universe, and make an asymmetrical one.

Sakharov: conditions for cosmological
formation of matter-antimatter asymmetry:

* Absence of thermal equilibrium
* Baryon number violation

* Some processes must exist which violate matter |
-antimatter symmetry

(All known physics)
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Matter - Antimatter Asymmetry

CPT SYMMETRY particles and Antiparticles must have:

sSame mass Same lifetime
/ﬂf Particles can have different partial rates to selected final states

‘Matter/Antimatter asymmetry

*CP parameters well measured

‘Matter-Antimatter asymmetry in Kaon system: tiny.
‘Cosmological Matter-Antimatter asymmetry: huge
Are hoth manifestations of matter- antimatter asymmetry rooted in same phenomenon?

April 18, 2012 U Wichita Janis McKenna 17



Broken Symmetries

CP violation: discovered in 1964, not explained by Standard Model

Kobayashi & Maskawa, 1973, postulated a mechanism by which
CP- violation / matter-antimatter asymmetry could be explained.

It was a very “far out” theory at the time:

Predicted 3 generations of quarks, explains how matter-antimatter
asymmetry could originate via interactions of quarks.

But it agreed with experimental results.

Our goal:

Find an inconsistency in their theory: a place where it breaks down
- by doing precise rigourous experiments in matter-antimatter
asymmetry.

April 18, 2012 U Wichita Janis McKenna 18




Standard Model of Particle Physics

Forces: l EBANTICLES -
« Electromagnetic P ARTICLES

Strong
Weak
Higgs
e 4= IR | Boson ?
Matter: ouaks O ] Pl B | el
Leptons - ‘ ., ‘WW fo.:j’:
I II III
T'hree Generations of Matter
February 28, 2012 "



Weak Interactions & KM mixing matrix

d’ (‘/ud Vis ‘/ub\ d Cabibbo-Kobayashi-Maskawa
g = |V, V. V, s (CKM) quark mixing matrix
b’ Va Vi V) \b
Weak CKM Strong/Mass
Eigenstates martrix Eigenstates
v, V. V, 1-22/2 A AX(p-in)
v, V. VvV, |= A 1—2/2 AR |+ (Y
v, Vv. V. AVA-p—il) —AX 1
A~82, M~.224
p=p(1-27/2) m=n(l1-1°/2)

In Standard Model with 3 quark generations, - one free parameter
can accommodate CP Violation (in in K & B systems) We measure 1, A

But is the complex n in CKM matrix indeed the origin of BAU?
April 18, 2012 U Wichita Janis McKenna 20



“Unitarity Triangle”

SM prediction: ALL measurements of #-mediated quark
processes must be consistent with the CKM framework.

B°BY> p'p -, pr, n'n

B°B°, BB, oscillation rates

* Angles of triangle: measure from CP asymmetries in B decay
* Sides of triangle: measure rates for b>ulv, B°B° mixing
 Other constraints in p,n plane from CP violation in K decay




How to Measure matter-antimatter
asymmetry in B system

1 .Make I0tS of B’s ( >9OO million B I?palrs collected)
.
S S S
I”f'
AL

2. Reconstruct one B® ( B?) decay to a CP eigenstate final state

3. Tag the other BY (B_O) - i.e. determine whether it is a B® or B

4. Reconstruct the decay vertices of the B’s ‘}.%,
- and hence determine At between their decays

5. Fit and extract parameters in theory of
Kobayashi and Maskawa to test theory

April 18, 2012 U Wichita Janis McKenna 22




B Decays & Matter Antimatter Asymmetry

Quantum Mechanics: Examine particle decays

a ‘“double slit” type experiment RO

BO— — __—F Jer=J /WK
BY

B system great place to study matter-antimatter asymmetry due to 2 strokes of luck:

1. B lifetime is extremely long; 1.5 picoseconds -

2. Neutral B mesons have large mixing - thanks to heavy top quark mass.

To access complex critical parameter 1 in theory of Kobayashi and Maskawa,
measure interference between direct & mixed B decays to same final state.

April 18, 2012 U Wichita Janis McKenna 23



Measuring CP in B system

“Easy” Decay Mode:
B> J/wK, Jly—oeeu) Kiorn'm
‘“Easy” both to interpret theoretically
and to perform experimentally

e Can’t tell a B” from a B® when they decay to CP eigenstates
* Y(4s) is coherent quantum state: time averaged asymmetry is zero.
.. Perform time dependent measurement to observe asymmetry

April 18, 2012 U Wichita Janis McKenna 24



Weak transitions underlying B B oscillations

W

d

b u,c,t d b
s _Swillll- | .
d u,c,t b d
AVAVAVAVA,
r
Bo(t)>: e2e ™| cos A]M'I|B°> + io-sin AM1 E°>
s > 2
r
_ = : S
Bo(l‘)>= e2e™ isin%‘Bo> + cosAMt B°>
L a 2 2

\

/

BY and B° spontaneously evolve into each other. More precisely, a
particle that 1s initially a B® evolves into a superposition of B® and B° .

April 18, 2012
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Time Dependent Asymmetry

Time dependent asymmetry defined:

(T(B°(1) > f op) — (DB (1) = f o)
(C(B"(t) > f cp+ T B (1) = fp)

Ap(t) =

Time dependant decay rates:
{ (B"(t) = fop)
(B (t) = fep)

B—J/p Kg B—=mi-
Many decay channels give us access to quantities to test ﬁ

} ~e'(1F ApcosAmt £ S, sinAmt)

& validate theory of K&M

April 18, 2012 U Wichita Janis McKenna 26




B Decay time distribution

Distributions shifted due to
matter-antimatter

asymmetry.

—

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

EO to fCP —_—

Time dependent asymmetry
appears as a shift in the At
and hence Az distribution
between events tagged as
BO and events tagged as B

Decay Rate (arb units)

IIIIIIIII|IIIIIIIIII[IIIIIIII|IIIIIIIIIIIIIIIIIII

III||IIII

1 0.5 0 05 L Indirect CP Violation

Difference in z Decay Vertex (mm)

Direct CP violation would show up as time-independent
difference 1n area under the 2 curves
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SIRAC =
X~  SLAC Linear Accelerator

- ‘ \SLACI LBL/LLNL 9 GeV electrons, 3.1 GeV positrons
SLAC-Based B Factory. > A™ps on 2 Amps:!

PEP-lland BABAR  ppoo 0 15 1,

Electron
Gun

Damping

World’s highest current collider A ~>" Rings o
7~ Positron &
-] Return Line \°
! '\QQ
7 J '\g‘
e ~ —~ / Electrons &V

.-'-. -
L

[y

= ( 7 A posi
9 - ositron
Y b Ty - o
Y ] ™ H
W . 7~ Positrons
PEP-II

Positrons
Low Energy Ring

(new

BABAR Detector \

lectrons

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel 6555A01
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Drift Chamber stringing setup ° %

| ¢ Sem—

Janis McKenna 31

April 18, 2012 U Wichita



e e N,
e e

DIRC Detector
(Quartz Bar)

April 18, 2012 U Wichita

Electromagnetic
Calorimeter

(~6580 crystals)
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R 3 -
BaBar J D
un 1- $
500 PEP Il Delivered Luminosity: 553.48/fb @ B
BaBar Recorded Luminosity: 531.43/fb S .
BaBar Recorded Y(4s): 432.89/fb 2 -
BaBar Recorded Y(3s): 30.23/fb = _

BaBar Recorded Y(2s): 14.45/fb
Off Peak Luminosity: 53.85/fb

Delivered Luminosity
Recorded Luminosity
Recorded Luminosity Y(4s)
Recorded Luminosity Y(3s)
Recorded Luminosity Y(2s)

Integrated Luminosity [fb™]

L1 1 1

300

N
o
o

IS L L L O L L B

Physics Runs 2000-08

BaBar recorded
> 900 Million BB pairs

“interesting interactions in over
22 billion electron-positron

O e LUMINOSY YEZS) e o - annihilatiOnS”
«, Janis = Run ]
2000y o o1 -over 4 Petabytes of data!
i Off peak 1 Also generate simulated data
! unnine and 1 (@t the level of electronic
OO | g gang . — - -
i energy 1 signals) to study physics, test
i scans 7 our methods, check biases,
ollLl flutluy i (U - deduce efficiencies..)
(1900 (190" {19& (1965 ‘190"‘ ‘196" 09& {196\ (]90‘*’
April 18, 2012 U Wichita Janis McKenna 33



Two B Factories

PEP-II at SLAC (USA)

9GeV (¢7) — 3.1GeV (e")

Peak L: 1.21x1034cm2s7! 13 countries,

R d t " 57 institutes,
o Cul;fﬁfl ~400 physucns'rs S

Rings ™~

2psitrons

Low Energy Ring
BABAR Detector

Electrons

Belle

BELLE

High Energy Ring Belle detector

- KEKB B-Factory =

KEKB (Japan)
8GeV (e7) — 3.5GeV (e)
Peak L:
1.71x10%*cm™2s7!

Record Luminosity
34

10 countries, N
) 77 institutes, oo BN
~ ~520 physicists

e+ target

U Wi



Measuring Az (and hence At)

T o~1.5ps a
- 1%0 / - a4
Y(4S) | — CP tag and
electron resonanV \ vg?t(fxn

K g /rff:onstruction

positron I » N

Lorentz Boost: B 2
By=0.56 (BaBar)

02125 (Belle) H: + Flavor tag and
At ~ =2 IAz| ~ 260mm H vertex
<IB7’>C G(AZ) ~180mm reconstruction

1. Fully reconstruct one B-meson which decays to CP eigenstate
2. Tag other B to determine its flavor

3. Proper time (At) is measured from decay-vertex difference (Az)



Fully Reconstructed Event

Bl —y(2S)KE, K!n'm)
W(2S) (')

The second B meson is
fully reconstructed:

B’ > D™
D+ S DY
i

April 18, 2012 U Wichita Janis McKenna 36
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At Resolution & Mis-tag Dilution

perfect
tagging & time resolution

typical
mistagging & finite time resolution

B =R’ B =B’

. tag rag= tag tag
; [~

| | ! Il
-10 -75 -5 25 [s] 25 5 75 10 -10 75 -5 -25 ] 25 5 75 10
Decay Time Difference (reco-tag) (ps) Decay Time Difference (reco-tag) (ps)

—‘At /T B
fAf) =35 — [1 Fn,sin23(1-2w) sin(AmdAt)] " ® R(AY)

41, ’ | ‘

Mistag fraction w resolution R

Get w and R(At) from DATA: BI-B?mixing event analysis
Self-tag(fully reconstructed) — measure resolution, vertex separation, mistag rate
USING DATA Fit for parameters in Kobayashi- Maskawa theory.
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Fit for Triangle Parameters & sin 23

* B parameter 1s the angle 1n unitarity triangle
*[f 3 1s non-zero then we have CP violation in B meson system

Maximum likelihood fit to the At distributions for CP
and oscillation (B mixing) samples

34 fit parameters:

Sin 2 B

Mistag fractions w

Signal At resolution
Background time dependence
Background At resolution
Mistag fractions

15=1.542 ps
Am, = 0.489 ps’!

o0 W O\ OO OO =

April 18, 2012 U Wichita Janis McKenna 38



Control samples: no asymmetry (charged final states)

MR LN LN LU LU LA ILELLL I
XCI K+ -o.lgi 0-14 a T T T ‘ T T T T T T ‘ T T
22000 j ® BO tags XY Background i
WS K }_,_{ 0.26+0.12 £
ks
Iy K™ (KH) }_‘__{ -0.00+ 0.07
Iy K" 4_{ 0.047+0.046 Z
g
= [ |
= [ 1
DR 1 0.017+0.025 = - b
.{ % 00— ——— * e —
=
D p/ay .{ 0.021+0.022 i 1
poaalev s be v by s by abanna o aalan -0.5 B
040302901 0 01 02 03 04 T T S E - —
-5 0 5
sin2p At (ps)
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Events/ (0.4 ps)
)
=

(=]

Raw asymmetry

=
tn

Events/ (0.8 ps)
(3]
[—]
[—]

Raw asymmetry

th
1

(cc) Kq (CP odd) modes

sin 23 Fit Resuits
[ charmonium K modes)

tn

Typical: ~80% purity

>
T T

tagging efficiency: ~28%

statistics limited!

b] T

sin2B = 0.710 + 0.034 (stat) + 0.019 (sys)

|1

: e IA| = 0.932 + 0.026 (stat) £ 0.017 (sys)

[—]
T
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sin 2P via Penguin Decay Modes

W Look at sin 2f in other B decay modes:
. ‘v b—88S, b—suu Consistent??
BY t g 3
K" i ’
T i
Antibotto “irh N, Antistrange { :
W+ ‘
b § 10 !
. d = v
B() t g d_ ,“ S
> T’: 770 Antistrange
d d

New physics can enter via virtual non-Standard
N, o 0 Model particles in penguin loop and other loop
B’ W:t\'{ =

diagrams, comparable in amplitude

T B— ®K', B— 'K’ , B— a'K’
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2008 Nobel Prize in Physics

LT 5 T, PEPI/BaBar
AT and KEKB/Bdle

4 2 J %}" .
Nambu Kobyashi Maskawa %1%
2008, /0.25~
"for the discovery of the "for the discovery of the origin of the
mechanism of spontaneous broken symmetry which predicts the
broken symmetry in existence of at least three families

subatomic physics" of quarks in nature"

April 18, 2012 U Wichita Janis McKenna 42




The Nobel Prize in Physics 2008
@ and the B FACTORIES

CPSWEh Py p e v
Meme st Orgoe

Broken Symmetries Predicted Extra Quarks

Malfter and antimaller are nearly exacl opposiles of sach ofher.
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& The Nobel Prize in Physics 2008 Press Release

KUNGL.
VETENSKAPSAKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

The fact that our world does not behave perfectly symmetrically is due to deviations from symmetry at the microscopic level.

As early as 1960, Yoichiro Nambu formulated his mathematical description of spontaneous broken symmetry in elementary
particle physics. Spontaneous broken symmetry conceals nature's order under an apparently jumbled surface. It has proved
to be extremely useful, and Nambu's theories permeate the Standard Model of elementary particle physics. The Model unifies
the smallest building blocks of all matter and three of nature's four forces in one single theory.

The spontaneous broken symmetries that Nambu studied, differ from the broken symmetries described by Makoto Kobayashi
and Toshihide Maskawa. These spontaneous occurrences seem to have existed in nature since the very beginning of the
universe and came as a complete surprise when they first appeared in particle experiments in 1964. It is only in recent years
that scientists have come to fully confirm the explanations that Kobayashi and Maskawa made in 1972. It is for this work that
they are now awarded the Nobel Prize in Physics. They explained broken symmetry within the framework of the Standard
Model, but required that the Model be extended to three families of quarks.

These predicted, hypothetical new quarks have recently appeared in physics experiments. As
late as 2001, the two particle detectors BaBar at Stanford, USA and Belle at Tsukuba,
Japan, both detected broken symmetries independently of each other. The results were
exactly as Kobayashi and Maskawa had predicted almost three decades earlier.

A hitherto unexplained broken symmetry of the same kind lies behind the very origin of the cosmos in the Big Bang some 14
billion years ago. If equal amounts of matter and antimatter were created, they ought to have annihilated each other. But this
did not happen, there was a tiny deviation of one extra particle of matter for every 10 billion antimatter particles. It is this
broken symmetry that seems to have caused our cosmos to survive. The question of how this exactly happened still remains
unanswered. Perhaps the new particle accelerator LHC at CERN in Geneva will unravel some of the mysteries that continue
to puzzle us.
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March 12, 2009

UBC Scie

v;; ‘“‘f\ ? ﬁs!\ﬁ “mﬂ '

"Please accept our deepest respect and gratfifude
for the B facfory achievements. In particular, the
high-precision measurement of CP violation and
the determinafion of the mixing parameters are
great accomplishments, withouf which we would
not have been able to earn the Prize."”

A, ?
;I ’ ﬁ/’? {Mokoto Koboyashi)
n A i% (Toshifide Maskawa)
;m L



1 -5 1T T 1 | T T 1 | T 1 I@ T T 1 T T T T T 1
: excluded area has CL > 0.95 : é% :
. Y c i
1 .0 — © 1
- 5 Amyg& Amg
05 — |
§ AMmg
0.0 - A PP e
-0.5 — —
'1 -0 __ 8K —_
- % i ’Y sol.w/cos28<0
= ICHEP 10 ] (excl. at CL > 0.95) —
_1 .5 i I I | | I I | | [ I | I | I I | I I I | | I I | i

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p

We’ve measured parameters
in theory

Plus other experiments:

*K system,

*B-mixing rate

echarmless B decays

One solution 1n amazing

agreement !
(either no new physics seen,
or here 1t conspires to

cancel)
or Darn It! All consistent &

nothing outside SM!
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\ RS ) ,
Summary
N )

Standard Model 1s amazingly self-consistent NP

Verified KM model of Matter-antimatter asymmetr
Searched for signs of new physics (rare decays, exotics)

P Factories will continue to be prime place to look for New Phy j:,g

[here must be more CP violation in new physics (neutrino sector?)
because phase in CKM theory can’t accommodate cosmological asymmetry.
INTERESTING to confirm everything we know about Standard Model.
EVEN MORE INTERESTING to find a place where it breaks down!
B {1nishing mining our Petabyes of data -4

¥ We’ve been looking for inconsistencies in SM
¥Measure angles and sides of UT - all 3 for constraint

¥ Search for new physics £
Direct CP violation Rare B decays

Testing Standard Model
April 18, 2012 U Wichita Janis McKenna 47




