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Christenson-Cronin-Fitch-Turlay Experiment (1964)

Search for long-lived neutral kaon 2 wt*m
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Long-lived neutral K>t

(~2 parts in 103)
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Long-lived neutral K>t

(~2 parts in 103)
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1980 Nobel Prize

James Cronin Val Fitch



Why the interest in CP violation?

»Critical for understanding the early Universe
-Sakharov’s 1967 paper on the Baryon Asymmetry of the Universe

"Hard to incorporate into the Standard Model
-Kobayashi & Maskawa’s 1972 paper on 6-quark flavor mixing

lPromising probe of New PhySiCS (as discussed in the following talk)

-SM CPV is too small to be the mechanism behind Sakharov’s BAU;
the BAU requires non-SM CPV mechanisms to explain it



Sakharov: CPV & the baryon asymmetry
of the Universe ( 1967)

M«\ C OI‘?SO Out of S. Okubo’s effect
S?,It.\:a .- H‘}Pa_ At high temperature |
A fur coat is sewed for the Universe

catepue LA O q
M5 B - Shaped for its crooked figure.

HAPYUWEHUE c¢P-UHBAPUAHTHOCTH, c-ACUMMETPUS
U BAPUOHHAS: ACUMMETPUSA BCEJIEHHOU

Pis'ma Zh. Eksp. Teor. Fis. 5, 32-35 (1967)

A.X.Cazapoe
[JETP Lett 5, 24-27 (1967). Also S7, pp. 85-88]

Teopus pacmupsiomeica Bceaennoit, npeanosaramas CBépxniAoOTHOE Ha-
YaAbHOE COCTOSHME BEMECcTBa, NO-BMAHMOMY, HCKAKUAET BOIMOXHOCTh MaK-
POCKONMHYECKOro pa3fieAeHHA BemEeCTBA ¥ BHTHBEWlEeCTBa; NOITOMY cieayer



Incorporating CPV into QM



CPV was big trouble for theorists!

Elementary Particles
in 1964
 MATTER  FORCE
only 3 quark flavors [ m

were known : a a

Quarks g

. ..Gauge bosons

Leptons




1973 Kobayashi & Maskawa

Makoto
Kobayashi

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory Toshihide
of Weak Interaction ; Maskawa
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Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme

"4 quark scheme"




KM paper, page 12

"6 quark model”

Next we consider a 6-plet model, another interesting model of CP-violation.
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3 Euler angles: 6, 0, & 05, plus 1 CP-violating phase:

Then, we have CP-violating effects through the interference among these different

current components.

i.e., theory can accommodate CP violation, but only with 6 (or more) quarks



KM model predicts large differences
between B? and B? decays

VorLume 45, NUMBER 12 PHYSICAL REVIEW LETTERS 22 SEPTEMEBER 1980

CP Nonconservation in Cascade Decays of B Mesons

.

Ashton B, Carter and A, 1. Sanda
Rockefelley Universily, New York, New York 10021
(Received 2 June 1980)

NOTES ON THE OBSERVABILITY OF CP VIOLATIONS
IN B DECAYS

N
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Ikaros Bigi Ichiro Sanda Ashton Carter Institut fiir Theor. Physik der RWTH Aachen, D-5100 Aachen, FR Germany

A.l. SANDA'
Rockefeller University, New York 10021, USA



Ashton Carter in 2015
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CKM flavor-mixing matrix

The Kobayashi-Maskawa CPV complex phases are here

(d'\ (V. V. Vi\d)

us' ub

s’ VY.V, |l s

cs' cb

\b'/ aV sV b }\b)

and Here



CKM flavor-mixing matrix

The Kobayashi-Maskawa CPV complex phases are here

(AN (V.V. VN d)
s’ VY.V, |l s
b)) VYV b

and Here

How can these phases be measured?



phase measurements require interference
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Sanda-Carter-Bigi CPV asymmetry

Flavor-tag decay
(B® or B® ?)

July 23-28, 2001



Test of KM-mechanism for CPV
require three miracles:

" 6 quark flavors
-instead of 3 (or 4)

= Long B-meson lifetime & large B<«>B mixing frequency

W, f - tm,, = G|
- T, OCGF‘Vub‘ < smallV, Amy o« Gem,|\V,| < large m,

" huge improvements in accelerator & detector technology
-Luminosity increases by ~103; asymmetric beam energies
-High detection efficiency; excellent & efficient particle ID
-Exquisite vertex resolution, especially along beam direction



Miracle 1: c-, b- & t-quark discovered

Elementary Particles
H12000

; MATTER] FORCE

6quark flavors . 
established : ggg .
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Miracle 2: t;, Amg & m, are “just right”

= ARGUS discovered B <> B mixing Amy=0.5 ps?
= PEP exp’ts (HRS, MAC & Markll) find T3 = 1.5ps (~3xt)

" CDF & DO: m, = 174 GeV



Miracle 3: e*e” luminosity ~ 2(t/2:5y1)
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3 yrs of CLEO vs 3 years of Belle

Signal region
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E KEKB asymmetric e"e” collider

*Two separate rings
e" (LER) : 3.5 GeV
e¢” (HER) : 8.0 GeV
*Ecy - 10.58 GeV at Y(4S)
*Luminosity Ultimately reached 2x1034
‘target: 103 cm?s
achieved:4x1033cm2s-!
*+11 mrad crossing angle
*Small beam sizes:

£e FUJI Ares *Oy ~3 pm; O, = 100 pm

—
July 23-28, 2001 LP01, Rome The Belle Collaboration




E KEKDB’s Special Features

* Small beam sizes = low beam currents

— 4.5x10%3 with less than 1 Amp in each ring
* =+ 11 mrad beam crossing angle

22mrad

e+
-
— No bending magnets near the IR
— Fewer spent particles into Belle

— Synchrotron X-rays easily expelled

July 23-28, 2001 LP01, Rome The Belle Collaboration




Belle special feature: Detect Ks

1) Jnp —I'F + @\

2) Assume B2 JAp K, :
compute Py,

3) Remove reconstructed
B — JAp K, JAp K7, ...

4) Cut on a likelihood
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Belle results at LP-2001 Rome

E Combine q, §; & At
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July 23-28, 2001 LP01, Rome The Belle Collaboration




Belle Results LP-2001 Rome

E sin2¢, value that maximizes II. L.

sin2¢; = 0.99 = 0.14 (stat) =0.06(sys)

Combined

curve from
unbinned fit




Belle Results LP-2001 Rome

E Compare CP -1 and CP+1

stly J/yKs - .
1E ’ sin2¢,

kf\ AN
0.84+0.17

\ggposite!

) 1.31+0.23
-1
E mostly J/yK, (statistical

-8 -4 0 4 8 errors only)
At (ps)
EEEE——————— ]

July 23-28, 2001 LP01, Rome The Belle Collaboration




BaBar/Belle comparison (LP2001)

_______lBaBar Belle

Integrated Luminosity
Ks(m+m=) J/y events (purity)
K, J/y events (purity)
Other CP modes

Effective tagging effic (w)
sin2¢,

23fb-!
316(96%)
273(51%)

214

26%
0.59+0.14+0.05

33fbL

457 (97%)

569 (61%)

366

27%
0.99+0.14+0.06
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“CKM fitter” 2001: A. Hoecker et al., hep-ph/0104062v2




Unitary Triangle: & now
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Stockholm, December 2008




Not just B mesons

pioneering work in areas other than CPV & B physics

-- results with 100's of citations that non-specialists don't know about --

»Discovery of anomalous e*e- = ctcc annihilations
- challenge to NRQCD

=Clarifying the nature of the light Scalar mesons
- I'(f,(980)2>7yy) measurement

=Collins Spin Fragmentation Function
- spin analyzer for quark jets

s the “Y(5S)” the Y(5S)?



Pre-Belle: NRQCD predi

ctions for ete™2J/1p+X

e'e ) /Pp+X ete > J/Y+gg
oL expected to
5| [P dominate
A e'e 2/ Pp+gg T\ o(J/p+X)=(0.8~1.7)pb
*r o(J/1p+(cc))=0.07pb
T e*e%]/mp+c€ strong signal
W05 T 15 2 25 3 35 4 expected near

p*.]/\lf (GeV/e) pJ"/‘wz max




2002 Belle measurements of ete=2J/+X

600 Pakhlov et al. Belle PRD 88, 052001 + (a)

¢ ¢4
400 |- ++ ¢

+
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200 . g .
+ no signific. Signal
%k
0 J ] ] ] ) ] ] g /-\ » a for pJ/w>4'5 GeV
n 05 1 1.5 2 25 3 35 4 \4d5 3
' LAY (GeVic) this is where color-octet

ete>(J/y).+g would show
up -if, in fact, it occurred

o(ete2J/P+X)=1.47+0.16 pb



2005 Belle study of ete™ 2 J/+X

3 discoveries in one plot!

ii) o{e*e2J/p 1) >10x NRQCD prediction

N\

i) no ete>J/\+gg signal

for M(gg)<3.0 GeV

Mrecoil(‘" by )
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G(e+e‘ %J/lpgg)

NRQCD VS Belle data
_ ' . l _ . Pakhlov et al. Belle PRD 88, 052001
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Belle data
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low-mass scalar meson puzzle
-- a 40 year-old puzzle in hadron physics --

the “light” scalar-meson nonet \

980y~




light scalar octet masses are inverted

K— —  scalars
pseudoscalars \ /
Ul aX —as/fo— )as ©
ul /dd /s / \
K- x°
ﬂlGSS
o o as M o
typical : = = unique
K k*
P B _o_
Al ° A

Also:
" In qq meson octets, the I1=1 state (here the a,(980)) has no s-quarks, and
and is the lightest. Here, the a,(980) Isospin triplet is the most massive.
" m(f,(980))=m(a,(980)) implies “ideal” mixing & small s-quark content in f,(980).

= strong a,(980) & f,(980) couplings to KK indicate strong OZI-rule violations



Yyt as a probe f,(980) structure

Resonance
n+

O(yy —R %J'ff[_) o F(R %yy) X Bf(R en*n‘)



World’s data on yy=2>m*m

VYT T
Mori et al. Belle PRD 85, 051101
o e’_undetected + Belle lcos®' | < 0.6

--Syst. errors

— »fo ST s CELro .f+
¢ e ™~ undetected fo(980)? t ;

....................
...............




World’s data on yy=2>m*mr

+ Belle lcosW | < 0.6
-— Syst. errors
a Mark Il

A\ A& CELLO

Belle data: ~2 orders of mag.
improvement

...........................
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World’s data on yy=2>m*m

Belle data only

+ Belle lcos® | < 0.6
--Syst. errors
o Mark Il

A\ a CELLO

Belle data: ~2 orders of mag. — — e
improvement ¢t T .
Y T X S S B B S I S
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Results

" (0) cos® | < 0.6 }.i"' Mori et al. Belle J.Phys.Soc.Jap76. 074102
| & | M[MeV/c2]  985.673%¢
| | TrmpeedMeV]  51.373957132
;‘ ot r,leV] 20533517

o T (GelJ/c’) - h v Predictions from different models
 (b) ' cwlyy > 1,(380) > n'n) Model 5, ¢ [aV]
_ | e owlyy = 1(980) = K'K’)
3 \ == =o'ty > w) uubar,ddbar 1300 - 1800
NG Ssbar 300 - 500
‘—-—_--'7 """"" TR KKbar molecule 200 - 600
3 270

'58.;35 o‘.9 0.95 1.05 " 1.15

Probably a QM mixture of these
with very little uubar & ddbar

W (GeV/c?) ‘
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Similar improvements on other
channels, mass ranges
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Similar improvements on other
channels, mass ranges
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Analyzing the spin of quarks

Theorists deal with quarks & gluons Experimenters deal with jets

“d : -

q P

Relating partons to hadrons is a critical issue



qguark fragmentation functions

Unpolarized quarks:

o »—
q P

h Density of finding a hadron h with energy fraction
D, (2, Pn1) e
/ z = P"/P% and ‘PM‘ in a jet produced by a parton g

I n* (Statistical, Systematic Uncertainties)

R il k* (tatistical, Systematic Uncertainties)
7

109§

-
(=]
©

do™'/dz [fb]

-
o

Belle has done a lot
of work on these

10°

100

10° ke " N NP T
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Collins spin fragmentation functions

. Asymmetries like this are seen
Polarized quarks: seen in Hermes and Compass

s _ I
qT haph - ¢
@ —= —

q ]; phJ_

1

(RXPhJ_)’Sq

D’;T(z, P,.) = Dﬁq(z, P2 )+ Hig(z, PZ)

ZMh

J. Collins, Nucl. Phys. B396, (1993) 161 . .
quark spin analyzing power

To measure H, a source of quarks with known polarization is needed



Use spin correlations in ete™2qq

D.Boer: Nucl.Phys. B806 (2009) 23-6

dolee = hh.X B
;deldzzdlzqi ) = “‘B(y)COS((Pl + @, )Hli[l](zl)[—]li[l](zz)




typical cos(¢p,+¢,) distribution from Belle

Seidl et al. Belle PRL 96, 232002

1.04 - 0.3<z1<0.5
L 0.5<22<0.7 4’

0.96 A -0.025:0.004

20, [rad]

1t observation of a Collins-type cos(¢,+¢,) asymmetry



A12

Results

Seidl et al. Belle PRD 78, 032011

02 * AY 29 b
. UL -1
« AY4921b

z,,z, bin-id
z, | I I I I I I | | I |

0.2 0.3 0.5 0.7 1/03 05 07 1/05 07 107 1.0

z, | | I |

0.2 0.3 05 0.7 1.0

Alz(zvzz) < H (Zl)ﬁ (Zz)

5% A, asymm > 22% H(z) asymm




Results

Seidl et al. Belle PRD 78, 032011

02 L * AY 29 b
. UL -1
« AY4921b

------------------------

Alz(zvzz) < H (Zl)ﬁ (Zz)

5% A, asymm > 22% H(z) asymm



Is the “Y(5S)” the Y(5S)
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Y(4S) 2w Y (1S) ?
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Belle: I'y(as)mtnvias)

-1 ——— 1
477 fb cof | €Y@s) where
R ﬂ B factories run.
N asp ] .l 55/10860 |
: S| Y@S) = Y(S) wd . | l+ ¥y
10} 8175 on-resonance ] Sl § km‘“ 0**‘#% ,W‘q 1
g ) i "
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Belle: PRD 75 071103



“Y(5S)” 2mn" Y (1S) ?

2M, = 10358.7 MeV
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Entries /0010 GeVic?

Belle: FIIY(SS)"9n+n‘Y(1S)
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I-”Y(SS)”%ﬂ:Hl:—Y(lS) =300 [ Y(4S)2>m+m-Y(1S)

Y,, 535M 52+10 1.8+0.4keV 1.5keV
“Yi” 4.4M 325+20 590+80 keV <1.5keV
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~300x too large!l



Something anomalous near “Y(5S)”

OM=(9 + 3) MeV

M=(10,882 + 2) MeV &~
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-- two different, nearly overlapping states?
-- new dynamics at the Y(5S)?

—- influence of b-sector XYZ states?
Bonder et al. (Belle) PRL, 108, 122001
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Something anomalous near “Y(5S)”

SM=(9 + 3) MeV
M=(10,882 + 2) MeV <~ ™ M=(10,891 + 3) MeV
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Belle citation summary

Citation summary results Citeable papers Published only
Total number of papers analyzed: 1,371 602
Total number of citations: 33,539 28,901
Average citations per paper: 24.5 48.0
Breakdown of papers by citations:

Renowned papers (500+) 3 3
Famous papers (250-499) 15 14
Very well-known papers (100-249) 66 63
Well-known papers (50-99) 97 84
Known papers (10-49) 322 225
Less known papers (1-9) 468 160
Unknown papers (0) 400 53

o
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h.e INdEX [2] 91



Summary

=Belle was successful
=|lt answered a number of questions

" And raised a number of new ones
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