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Introduction

“Heavy” flavors, defined as b & c quarks, not t,
which is heavier, as the top doesn't live long
enough to form a meson and just decays ~100%
directly to b quarks (In England we have “Heavy”
flavours)

Charm is interesting in several special areas, but |
will concentrate on b’s

First | will discuss some specific b phenomenology
and then point out why these studies are
extremely important and interesting




Some B Meson Decay Diagrams

m a) is dominant

m b)is “color
suppressed”

ma)&b)are
called “tree”
level
diagrams




The Standard Model

m [heoretical Background
Physical States in the Standard Model

el

The gauge bosons: W=, y & Z° and the Higgs H°
Lagrangian for charged current weak decays

g / T
L. =—FJ'W +hc
cc /2 U

Where - ’177)7,,




The CKM Matrix

/Vud Vus Vub \
Vcd Vcs Vcb
\ th Vts th )

m Unitary with 9*2 numbers — 4 independent
parameters

s Many ways to write down matrix in terms of
these parameters




The Basics: Quark Mixing & the CKM Matrix

mass
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m A, A, andn are inthe Standard Model
fundamental constants of nature like G, or ag),

m 1 multiplies i and is responsible for CP violation
s We know A=0.22 (V ), A~0.8; constraints on &

6




The 6 CKM Triangles

m From
e — Unitarity

e

Area of each A = A?A%n, the Jarlskog Invariant




‘Vcb‘

m Both V_, &V, can be determined
using diagram (a) when W-—/-v
m Can use either inclusive
decays B—X/-v, with B~10%o0r
exclusive B—D*/-v with B~6%

m |V |=(41.96£0.23+0.35£0.59)x10-3 inclusive

" |V,,|=(39.4£0.97)x10” exclusive
(see Kowalewski ICHEP 2006)

Very well based theoretically (HQET)
m Note difference is 2.6x10-3, much larger than quoted
theoretical errors!




‘Vub‘_

m [his is much more difficult because the b—u rate
IS SO much smaller than b—c

m Inclusive decays are studied with severe cuts to
reduce b—u background

m |V, |=(4.49£0.19+0.27)x103

m For exclusive decays
use B—n/-v (in

principle also p /-v)

-3 . :
FF calc Vub [10 ]_'_ Agaln difference
Ball-Zwicky 3.38 £ 0.12 7j3;

HPQCD  3.93 £ 0.26 i between
e iNClusive &

FNAL 3.51 £0.23 )5 .
APE RPN cxclusive
e = Mes 0,63







BC-B° Mixing

m B° can transform to §°, like neutral K's

m [he eigenstates of flavor, degenerate in
pure QCD mix under the weak interactions.
Let QM basis be {|1>,|2>}= {|B°>,|B°>}, then




Mixing Measurements

m Diagonalizing we have
AmM= Mg,-Mg,=2|M,|, AI'~0
= R= prob B°—B°/ prob B°—B®°
m First seen by ARGUS
= P(B°—>B°)=
0.5I'e't[1+cos(Amt)]
m Must “tag” the flavor of the

of the decaying B at t=0
using the other B




Amy4 Measurements

“ ALF.PH} H—e—| 0.446 + 0.026 + 0.019 ps
analyses
DELPHI 0.519 £ 0.018 £ 0.011 ps*
= Am, average (8 analyses) g
L3 | 4w 0.444 + 0.028 + 0.028 ps
{3 analyses) | | |
B DiPAL} H——H 0.479 + 0.018 £ 0.015 ps '
analyses
m Accuracy better 0.495 +0.033 +0.027 p*
0 -1
than 1 /0 0.522 + 0.016 + 0.009 ps
DO h—e— 0.498 + 0.026 + 0.016 ps "
{1 prel. analysis! B
BABAR o] 0.506 + 0.006 + 0.004 ps*
4 analyses! 1
BELLE 0.509 + 0.004 + 0.005 ps
{3 analyzes) H-H P
A f ab 0.508 + 0.004 ps™*
after adjustments u ‘“L
CLEO+ARGUS — 0.495 + 0.032 ps’
X3 meaerements} P
World 0.507 + 0.004 ps™*
Winter 2006 u P
| A | | | A | |

| HFA G average
without ad justments



B, Mixing in the Standard Model

= Relation between B mixing & CKM elements:

2

By famyty Vi, Vi

m Fis a known function, ngcp~0.8

m By and fgz are currently determined only
theoretically

in principle, f; can be measured, but its very difficult,
need to measure B- —>/v

Current best hope is Lattice QCD




B, Mixing in the Standard Model

2

BBS fés V:l; Vts

m Measurement of B, mixing provides the ratio of
V.4/V,s wWhich gives the same essential
information as B, mixing alone, but with much
better control of theory parameters

Vigl?=A24(1-p)?+n?]
Vigl?/ [Vis|*=[(1-p)?+n?]
Circle in (p,n) plane centered at (1,0)
m To relate constraints on CKM matrix in terms of

say p & n need to use theoretical estimates of
E=fs,’°Bs,/ fB4°BBy4




CDF Measurement of Am

_ CDF Run Il Preliminary
L] P(BS—)BS)=O.5X + datat1c 4 95%CLlimit 16.7 ps’

O sensitivity ~ 25.8 ps™ for 95% cl limit

1_‘Se-rSt[’I +COS(AmSt)] i d;ﬂai 16450 3.7 o effect

dela £ 1645 o (stat. ony)
m It is useful to analyze

the data as a function

of a test frequency o

m g(t)=0.5Tg
eTsi[1+Acos(mt)]
s CDF:
Am=17.227:3+0.07 ps”

m DO 90% cl bounds
21>Amg>17 ps!




Constraint on p — nj plane

m Need to use theory value for
m Using both V. /V, & B mixing

See
http://ckmfitter.in2p3.fr/

m |n principle, could measure fg|V | using B-—1tv,
but difficult: Belle “discovery” was “corrected” &
~V,, erroris significant, so use D decays




Leptonic Decays: D) —£™v

c and g can annihilate, probabillity is o to
wave function overlap

Diagram:

Calculate, or measure 1f Vou 1S known




Measuring Charm at Threshold

DD production at
threshold: used by
Mark Ill, and more
recently by CLEO-c and
BES-II.

Unique event properties

Ease of B measurements
using "double tags”

ZA = # of A/# of D's

m Beam Constrained
Mass

m =Y E-Y 5L, Y P

.860 1.870 1.8
m L~ (GeV)




Measurement of fy-

= To find signal, look for Data have 50 signal
events consistent with events in 281 pb*
one u* track opposite a

D- tag with a missing v
= Compute
MM’ =(E,. —E,.)’ =(p,. = P,.)" :

— (Ebeam _Eﬁ )2 _(_pr _p/f )2
mFind

f . =(222.6+16.77;) MeV

T




D —u'v+ 1y, 1 ->nty

O DS+—>H+V + 17V, T -1V Sum uv +1v signal line shape
contains 100 u*v + t*v events for
MM? <0.2 GeV-?

m Also, Dg*—1*v, 1 —»efvv

m Weighted Average:

fps=280.1£11.6£6.0 MeV,

the systematic error is mostly
uncorrelated between the
measurements

s Thus f, /fy+=1.264+0.11+0.03
(CLEO-c)

Events /50 MeV




Comparisons with Theory

m CLEO-c data
are consistent
with most
models, more
precision
needed, for
both

Latrtice
PRLES,122002(2005)
QL (Taiwan)
PLEGZ4,31({2005)

QL (Ukacp)

FRDE4,0O4501(2001)

QL 23
PRDED,CT4501(1999)
QCD SR
hep—ph,/0507241

QCD SR

hep—ph,/0202200

Quark Model
PLEE35,93(2006)

Quark Model

FLESSE B4(2004)

Fotential Madel
Braz.J.Fhys. 34,297 2004

lsospin Splittings
FRO4T, 2058 2004 )

CLEO prelminary

——i
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Formalism of CP Violation

m CP Eigenstates:

B )=(|B°)+|B"))/v2, CP|B})=+|B})

\
B)=(|B°)~|B*))/v2, CP|BS)=|B3)

= Because of mixing mass eigenstates are a
superposition of a|B°>+b|B°> that obey the
Schrodinger equation

[ j ( j j “CP Violation,” Cambridge




B° CP Formalism ||

m For CP not being conserved, instead of B, & B,

Yot |B)

‘BL>=p B°>+q ]E_3°>, BH>=p B°>-q B°>

m CPis violated if g/p # 1

m [ime dependence is given by

‘BL (l‘)> _ e—FLt/ZeimLt/Z ‘BL (O)>, BH (t)> _ e—FHt/ZeimHt/Z ‘BH (O)>

25




Be CP Formalism Il

m [his leads to the time evolution of flavor
amplitudes as

‘Bo(f)>=€(mmmz)t(cos%‘B (O)>+z sin Amt‘B (O)>j

Amt Amt

\Ea(z)>=e<mm+m>f(i sin—\B (0)>+cos—\B (0)}]

m Probabillity of a B° decay is given by
<B°(t)|B°(t)*> & is pure exponential in the
absence of CP violation




CP violation using CP eigenstates

s CPV requires the interference of two
amplitudes. We use the direct decay for one
amplitude and mixing for the other one

m Define
A=<f|I-
A=<f|-

|A/A|=

7

Is evidence of CP violation in the decay

amplitude (“direct” CPV)
= With mixing included, we have CPV if

k:ﬂﬁ§¢1
p A




CP V using CP_eigenstateS 1

F(B”(t)—)f)—F( (t)—>f)
F(B”(t)—)f)JrF( (t)—>f)

m for |g/p| = 1 (1—‘/1‘2)cos(Amt)—2Im/1$in(Amt)
a(t)=

m CP asymmetry

a,(t)=

1+]A]
= When there is only one decay amplitude,
A=1then a, (¢)=—ImAsin(Amr)

m [ime integrated

a,()=———ImA=-0.48Im A
|
good luck, maximm is —0.5




CP\/ using CP_eigenstateS 1l

i 2
m For Bd’ g (thth) i (1—p—11])2
p [viv, [ (1-ptin)(1-p-in)

Im( j 2(-pn —sm(2)
A

—o2

| p) —|—r|
= Now need to add A/A




Ambiguities

m SUPpPOSE we measure
sin(2f) using yK,, what
does that tell us about

B?

3n/2-03

m Only reason n>0, is
B,>0 from theory, and
related theoretical
iInterpretation of ¢’




B Kinematics at the Y(4S) (Babar & Belle)

Asymmetric e'e
machines at Y (4S)

Y(t) = |BY > |BY > —|B} > B} >

When one is B, the otheris B” atany t
(C'is conserved in T{45) — BE)

l"nt — fch — Etag:'lf'ff"':-'.:jf‘:l

B flight-length in a-y: only ~ 304

(Zep — Ztag) < e e interaction region

The other B (tag-side) provides a time reference and flavor tagging at At = ()

Farametars

BaBar

Belle

B

7. (CP-side)
7. (tag-side)

ete energy

Interaction region (h = v = [)

Typical (zocp — Ztag)

3.1 x 9GeV
(.56
120 pm x 5 pum x 8.5 mm
260pm
50 pm

100 ~ 150 pm

3.5 % 8.5 GeV
0.425
B0pm x 2pum x 3.4mm
200m
THpm

140 pm

From Abe




Fit tQ At Distrib_utions

BY > J/y KJ

Entries /0.5 ps

Asymmetry

Asym. = -£-pSin23sinAmAt




2006: BaBar + Belle

sin(2p) = s1n(2(1)1) HEAC

PRELIMINAHY

]
I

No reference yet

No reference yet

Average

HFAG

BaBar 710 £0.034 £ 0.019

Belle 0.642 + 0.031 +0.017

H—

0.674 £ 0.026

From Hazumi ICHEP 2006




B (not sin23) measurements

ICHEP 2006
PRELIMINARY

B'->D**D*Ks

Time-dependent Dalitz analysis
(T.Browder, A. Datta et al. 2000)
> cos2p >0

(94%CL, model-dependent)

B%—>Dh° (h® = =¥ etc.)
Time-dependent Dalitz analysis

= cos2 >0 —
Belle: 98.3%CL

(hep-ex/0605023, accepted by PRL)
BaBar 87% CL
BABAR-CONF06/017)
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CPV Ig Charml_ess B Decays

m Can have both tree & loop diagrams in w*w (or p*p’)
Tree Penguin

m [he weak phase in the tree graph is y. The weak
phase in the Penguin is different. Therefore, the
Penguin can (and does) mess up CP via mixing in
yIA I
Penguin is unmasked by evidence of n°n®°




CPV in B->p*p

m First done by BaBar
confirmed by Belle

= Not a CP eigenstate, but
final state is almost fully
longitudinally polarized

f,=0.978+0.024+9-015 (BaBar)

-0.013
m However, Penguin pollution

revealed at 3c level (BaBar):
m B(p°p°)=( 1.2+£0.4+0.3)x10-° .
m B(ptp)=(23.5+2.2+4.1)x10° ' ' Al (ps)

BaBar-CONF-06/016
— +(} 05

1011
C,. =-0.07=x0.15x=0.06

long




CPV in B—p*p' |l

m Constraints on o
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Results on o
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y: B>>D°K=decays, D° 5K '

m Can have CPV in B decays
Just need two interfering
amplitudes

m For the B decay:
A(B—>D°K")=Ag
A(B—D°K") =Agrgei®s)

m Use modes where the De° is indistinguishable from

the De. Then use Daltiz plot analysis to find y see A.
Giri et al., [hep-ph/0303187]

‘\




y from B—>D°K", D° 5K ntm™

CBRWIRE scnsitivit

% :sli:h 2 BABA R .
F‘ P "::. Bt*—DK* % rreliminars 45
S I *Belle first saw a | [ sl N

J O Iclear difference 2 s

*Now data show | A T, ..
a smaller effect 5 bk -

15

10

5

o b b by b by | 0
0 0.5 1 1.5 2 2.5 ,734
m, 2 (GeV'/c)

1] ¢| S T | I 1]
sy b _
:'; b -*L' ;--' .

] g" 2-_ ] .' j_' e v a
T

7 3
m? (GeV%c™

l 2 3

mE_ (GeV/ c"i
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Poor Constraints on y

\

1 1T 1T 1

See
http://www.utfit.org/

_IIIIIIII




Putting It All TQ_gether: Status

m Global fit
using all
available
Inputs

m g IS from
CP violation
In KO°
system




Reasons for Further B Physics
Studies

| will show that B physics will be
crucial towards interpreting New
Physics found at the LHC




The_ Enigma of_ Baryogenesis

= \When the Universe began, the Big Bang,
there was an equal amount of matter &
antimatter

= Now we have most matter. How did it
happen?
m Sakharov criteria
Baryon (B) number violation

Departure from thermal equilibrium
C & CP violation




Sakharov Criteria All Satisfied

m B is violated in Electroweak theory at high
temperature, B-L is conserved (need
quantum tunneling, powerfully suppressed
at low T)

m Non-thermal equilibrium is provided by
electroweak phase transition

m [herefore, there must be new physics




Dark Matter

= Discovered by Zwic'ky in 1933 by measuring
rotation curves of galaxies in the Coma cluster

QObserved va. Predicted Keplerian

Keplerian
e Prediction

.-EI-.
i
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E
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=
1]
I:l_'l
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[m]
=
[
+=!
s

LT

0
L]

10 20 30 40
Radius from the Center (kpc)

*Also gravitational

lensing of galaxy
clusters




The Hierarchy Problem

m Physics at the Planck scale ~10" GeV is
much larger than at the ~100-1000 TeV
electroweak scale, requires delicate
cancellations between fundamental
guantities and quantum corrections.

m New Physics is needed to solve this
problem




Effects of New Particles on B Decays

These decays are suppressed, so
New Particles can show enhanced

effects




MSSM Measurements, from Hinchcliff &
Kersting (hep-ph/0003090)

Contributions to B, mixing B.—J/yn

{

CP asymmetry = 0.1sin¢, cos¢,sin(Amgt), ~10 x SM
Contributions to direct CP violating decay
B —¢K" VS
B™ oK™

Asym=(My,/m ., )°sin(¢,), ~0 in SM




Sup_ersymmetry

Supersymmetry contains
squarks and sleptons.

Squark mass matrixes
contain information on
SUSY breaking

mechanisms &/or GUT scale
Interactions.

Quark flavor changing neutral
current processes, e.g. Bg or
DO mixing, are sensitive to the
off-diagonal elements of the
squark mass matrix.




Examples

SUSY GUT & Bg Mixing  Enhancements to Bg—>pp-

SM 2~3.4x107, via
Bs — Bs amplitud | | * | w'

SUGS) ® v,

SUSY adds A°, H°, h°

tanp j6 300 GeV
50 M

AO

4

Lo |
-
! <]
==
[S—
Bl
o
-l
—
=
]

BB — p'pn)=5x10" (

N
an
§=

-
&
~
e
=
>
aw
@)

Current CDF limits

2Re M,(B) [ps ] B — p'w B% — ptw

Z @95% cl

B¢ mixing

T.Goto,Y.0.Y.Shimizu,Y.Shindou,and M.Tanaka,2003
From Okada ICHEP 2006




SO(10)

ala’ Chang, Masiero & Murayama hep-ph/0205111

= Large mixing between v_and v, (from
atmospheric v oscillations) can lead to large
mixing between by and sx.

m This does not violate any known

measurements

m Leads to large CPV in B, mixing, deviations
from sin(2pB) in B°—¢ K, and changes in the
phase vy




New Physics Effects in Some Different Models

Model B, Unitarity | Time-dep. CPV Rare B decay Other signals

mSUGRA(moderate tan [3)

mSUGRA(large tan [3) B, mixing : B, — pp

B, mixing

SUSY GUT withvg B, mixing
7 LFV, n EDM

Effective SUSY B, mixing . B, mixing

KK graviton exchange

Split fermions B, mixing KKY mixing

in large extra dimensions DD mixing

Bulk fermions B, mixing B, mixing

in warped extra dimensions DD mixing

Universal extra dimensioins K — muvr

O (2003 SLAC
WS Proceedings)




Possible Size of New Physics Effects

l\/lltlts \e/ Ul\g/ngiXW generic Little Higgs

ED w. SM on generic ED w. SM in bulk
brane
supersoft ‘MSSM ¥ MSSM m

effective SSY

m From Hiller hep-ph/0207121




b—s Transitions (Penguins)

m In SMtin loop
dominates and CP
asymmetry should be
equal to that in J/yK,

= Other objects in loop, new virtual particles,
could interfere
= So this process is sensitive to new physics




CPV .I\/Ieasurements In b—s

m We cannot just
average these
modes, but ....

m <S>=sin2f
=0.5010.06

m Does u & c parts of
Penguin contribute?
Yes but AS >0, ~0.1

m New Physics???

sm(ZB

PRELIMINARY

b—>ccs Wo rId Average 0.68 +0.03
0 K Average —*— | 0.39+0.18
s Average e 0.59 £0.08
Ks Ks K Aver:age * 0.51+0.21
1 Kq Average —— 0.33+0.21
p” K Average * 047058
0 Kg Average | * 0.48 £ 0.24
fo K Average ——i | 0.42+0.17
7 IELKS—AveTagé 0.84+0.71
K"K K Average h * = 058+013+8$§

-18 -16 14 12 1 -08 -06 -04 -0.2 0

02 04 06 08 1 12 14 16




Electroweak penguins B> K®)/*¢-

* With /[ pair, can have either pseudoscalar or vector mesons
* New physics can affect both rates and kinematic distributions.

Events / 0.0045 GeV/c?
Events / 0.0045 GeV/

T 3 T N )

0 : . : ' 0 2 5225 5255275 52 52255255275 53

5.2 5.22 5.24 5.26 5.28 52 522 5.24 526 528 2
m ., (GeV/c?) m_, (GeV/ c?) M, (GeV/c)




B>K®)/*¢-: Lepton F-B Asymmetry

8

Belle: lepton  hep-ex/0508009 386
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But large
errors &
somewhat
contradictory

data from
BaBar




Constraints on New Physics

m Next to Minimal Flavor Violation construction
m Assume NP In tree decays is negligible
m Is there NP in B°-B° mixing?

] USG VUb’ ADK, S\VK’ Sppi Amd’ ASL =

semileptonic asymmetry _ (8" > X/v)-I(# > X1v)
(B> X(v)+T (B - X('V)

m Fitton, p, ry, 84 (Or n, o)




New Physics Constraints

s Amplitudes
~20% of SM
still allowed In
any region,
more near 0°

m Still a lot of
room for New
Physics in B
system




Bg System

m New Physics
almost
unconstrained

| fitter

FPCP 06

0O 02 04 06 08 1 12 14 16 18 2
h




Al In Bg Decays

m AI' =I' - T'y;, where I'=1/z of “light” vs "heavy”

In B, system AI' is small, driven by common
channels for BO & Be (i.e. wtm)

Bs—>Dg**) Dg*), where CP+ outweighs CP- Bg

(recall CDF measured Am CDF & DO have
measurements, order of Z{B—D*Ds™)~10%

Recall

= AF =2|I"y,|cosdg, where ¢g is the CP violating
hase |n2B mixing, expected to be tiny in SM
-Zkzn—- 04 rad but effected by NP

m Can measure AI' using T measurements




Measuring ¢ Phase of Bg mixing
m CP violation in Bg mixing
[(Bs(t) — 1)
5 cosh =N + A% cos(Amgt) — 1, cos ¢sinh B +M,sin¢ sin(Amgt)

[(By(t) > f)

LS e‘”{ ATt ATt }

LS e_”{ ATt ATt }

, cosh S A% cos(Amgt) — 1, cos ¢psinh T N,sind sin(Amgt)

m 1; = %1, depending on f= CP+ or CP -
m Contrast with B°
['(Bo—f)~et7[1+AdrcosAmt+sinpAmt]




Measuring ¢ Without Flavor Tagging

B Sum

['(B(t) = H)+(Bg(t) = H~e™" [cosh % -n.sinh % coscp}

® Some sensitivity to ¢ without flavor tagging




Measuring ¢ with Bs—J/y n (or ¢)

.BS

—>J/y n (where n —>yy or ntwn°) is a CP

eigenstate similar to B°—»J/y Kg. However,
detecting the 7 is difficult for some hadron

CO

lider detectors

m J\

s ¢ Is not a CP eigenstate, but is very

useful in all experiments. Must take into
account different spins: S, P, D.

m .. use ITransversity analysis

m Most sensitivity expected using flavor
tagged analysis




DO Untagged Analysis

"o 450 i
3 y
= 400 e [Data
o ;
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100
$»5=-0.79%0.56%0.01 (rad)
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B experiments at the LHC

LHCb: first dedicated b
experiment at a hadron
collider, the LHC

« Excellent vertexing
« Excellent particle 1d

Super B? Two efforts, one

at Frascati and SuperBelle

InJapan  ,1qag




LHCb Projections
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Will There Be a Super-B e*e- Machine?

m [wo proposals currently being pursued to make
L~1036, ~100 times current B factories

Super Belle at KEK
Linear-B scheme




Conclusions

m Much has been learned about the structure of matter &
fundamental forces in nature using flavor decays;
contributions from several generations of experiments at
e*e-, fixed target and hadron colliders

m The next few years will see more results from BaBar, Belle,
CDF & DO, but only Belle will remain post 2009

m LHCDb will be the first dedicated B physics experiment at a
Hadron Collider. ATLAS & CMS also have B physics
capability. There may be a Super B factory, possibly at
KEK or at Frascati




