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KEK Tsukuba Campus
electron-positron collider with 3km circumference

A
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* TRISTAN (1986-1995)
v Highest energy accelerator at that time
« KEKB (1999-2010) : Belle experiment
« SuperKEKB (2018-) : Belle Il experiment
\ Lecture ,
=+ "Mt Tsukuba last week. »
G
3
Today, | talk about
Belle Experiment, ]
(not Belle II). 3,
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- Asymmetric e*-e” collider (3.5 GeV + 8 GeV). * "B factory experiments”

« Linac + 3km ring (produce large number of

« Maximum current: 2.0A (e*) and 1.4A (e"). B mesons).

« World highest luminosity at that time. * Operation in 1999-2010.
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<D About CP Violation )5

The main purpose of Belle experiment was the study of CP violation in B system.

CP Violation = difference between matter and anti-matter

| AESIBTESE DS * When the Universe was

ChTmpe  mmens N created by the Big Bang,
and anti-matters are the
same.

* However, only matters
exist in the present
Universe.

v' Almost no anti-

matters.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years
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< About CP Violation =

o

Explanation 1 Explanation 2 (for physicists)

CP Violation = difference in laws of physics
- between particles and anti-particles.

375,000 yrs.

C: Charge conjugation
P: Parity
T. Time Reversal

C,P,T are the basic symmetry.

about 400 million yrs.

(= invariant laws under conversion)

13.77 billion years

At the birth of the Universe, the same  Discovery of the parity (P) violation

number of particles and anti-particles (1957; C.S.Wu)

existed. But now only particles exist. * It was considered that CP symmetry
There is a difference in the property was conserved. However,

between particles and anti-particles  Discovery of the CP violation in kaons
(= CP violation). (1964; Cronin, Fitch)

m) Whatis the origin of the CP violation?
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Kobayashi-Maskawa Theory (1973)

Complex phase in the quark mixing matrix
is the source of CPV in Weak Interaction

Cabibbo Kobayashi Maskawa (CKM) matrix

_3 2 3
Vig Ve 1-12/2 L A3

_ 2 2
Ved Ves Veb -Ae/e AA

@ Vis  Vib ’13(1 p@) AL 1

Weak Interaction

V:

« 3 generations (6 quarks) or more are necessary to (charged current)
have non-trivial complex phase in the matrix. wW-

* Only 3 quarks (u, d, s) were known at that time.

+ Later, ¢ (1974), b (1977), t (1995) were discovered. d —>
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D Kobayashi-Maskawa Theory )RS

Publication of Kobayashi-
Maskawa theory (1973): 6
pages.

652

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

CP-Violation in the Renormalizable Theory
of Weak Interaction

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 without introducing any other new fields, Some possible models of CP-violation are
also discussed.

When we apply the renormalizable theory of weak interaction® to the hadron
system, we have some limitations on the hadron model. It is well known that

N PPN, - PO K OGRS L) DRSNS [ [ I . U [ S AR M

[M.Kobayashi, T.Maskawa,
Prog.Theor.Phys. 49 (1973) 652-657]

|
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D CPV in B Mesons <
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Typical CPV in B system occurs through BO-BO mixing | Bigi, Carter, Sanda (1981)
(Mixing-induced CP asymmetry).

*
* Lifetime of BYis ~1.5 ps. b L t V}‘d d
- BY, B have various decay modes, and there _
exists some modes to which both B® and B® can g° w: ‘W B
decay. t
v" Common CP eigenstate f-p d V <= b
v' Example: B — J/y Kg td @

* In this case, CP violation appears as a decay
time difference.
v Interference of the two amplitude. x

[(BO(At) — fep) — [(BO(At) —> fep)

['(BO(At) — fop) + T'(BO(At) — fop) @
= S sin(AmAt) + A cos(AmAt)

Acp(At) =
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CPV in B Mesons Vs

F(§0(At) — fep) — T'(BY(At) — fep) Ao
ACP(At) = p— N
['(BO(At) — fep) + ['(BO(AL) — fep) s |
= S sin(AmAt) + A cos(AmAt) J
AT
» The values of S, A depend on f.p . J °
* S =sin(2¢4), A= 0 for B - Jhy Kqg
\ An angle of the unitarity S : mixing induced CPV
triangle. A (= - C): direct CPV
D(BO(t) — J/KY) D(BY(t) = J/¥Kg)
o e—t/’f(l + Ssin Amt) Measure the X e_t/’r(l — & sin Amt)

asymmetry of
the decay time.

. . ’ (for A=0)

=) P=)
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e How to Measure At )R

Belle I

To measure CPV_.in B mesons, we need to see the decay time difference between
B? — J/wKs and B — J/yKg .

« The branching ratio of B® — J/yKg is below 0.1%. Considering the efficiency of
the detector, we need to produce ~108 B mesons.
— Produce large number of B mesons : B factory
* B lifetime is 1.5 x 10712 s (1.5 ps) : too short to measure directly.
— Produce B mesons in flight (Lorentz-boost)
— Asymmetric energy (By=0.425 at Belle)

Flavor-tag o measure position instead of time
(B9 or BY ?) it ~30% o '
e e -4/‘/~' 0:2 B? / B
— C o~ / Jhy o
---....;: ............... ,‘/ fCP o

~ 200um T A-2t~A°z/c[§y

KEKSSP
10
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How to Measure At D)=

Flavor-tag ¢  ~30% _ O R/ _
BoorB0?) o b 5 4 ——d

e é//' B° W w B
\ - -

u B
al
‘‘‘‘‘
a®
a®

- 200um

— One of the two B decays. At this moment, the flavor of
B the other B (whether the other B is B? or BY) is
\ determined.

quantum entanglement : cannot tell which is BP.
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= Reconstruction )z

Belle I

Golden mode: sin2¢, with B — J/yKO° _ =
Acp(At) = S sin(AmAt) + A cos(AmAL) b —— ‘?l C Jhy
: BY W =
S =-¢sin(2¢4), A=0 d S |
T d Ko/K,
BY - J/y Kq etc. B® —» Jhy K| —
~ 3K * o 5kp 772 M BB
S ¢ All combined @ |5 | + Data (b)
2 — B’ SJiyK, = .k [ B°>JiyK,
- — B—>y(2S)K, o | [ real Jly, real K, :
~2kF — BOZ;CLKS 2 i [ real Jly, fake K Events In the
£ | — Fitresult 23k B fake J/y signal region are
> | 2 Nsig = 10040 used in the At fit
1k- NSIg = 15560 Zk:' o CP even (next page)
. CP odd :
- 1k}
55 522 524 526 528 53 0 04 08 12 16 2
M, (GeVic?) pg" (GeVic)
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<D Observation of CPV in B ))ress

First observation was reported in 2001 Summer

(at the same time as BaBar experiment) 0.20

0.10

N-dN/d(At)

VOLUME 87, NUMBER 9 PHYSICAL REVIEW LETTER <

Observation of Large C'P Violation in the Neutral 0.00

(Belle Collaboration)

We present a measurement of the standard model CP violation parameter sin2¢, based on a 29.1 fb™!
data sample collected at the Y (45) resonance with the Belle detector at the KEKB asymmetric-energy
e*e” collider. One neutral B meson is fully reconstructed as a J /K, /(2S)Ks., xo1Ks. n.Kg. J /WK,
or J/wK*® decay and the flavor of the accompanying B meson is identified from its decay products.
From the asymmetry in the distribution of the time intervals between the two B meson decay points, we
determine sin2¢; = 0.99 + 0.14(stat) + 0.06(syst). We conclude that we have observed CP violation
in the neutral B meson system.

DOI: 10.1103/PhysRevLett.87.091802 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh
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CP Violation in B Meson System (==

N N
2
o o

Discovery of CP
violation in B system by
BaBar and Belle (2001)

Events /0.5 ps

£ ng: ﬂ
gt . CPeven
S E A The + Nobel Prize in Physics
R AN | b to Kobayashi and

02 }T %, 4P| Maskawa (2008)

0.4f ‘H»;F*/

0.6

6 4 2 0 2 a4 6
At (ps)

sin(2¢4) = 0.667 £ 0.023 £ 0.012 World’'s most precise
A=0.006+0.016 £0.012 measurement

[PRL 108, 171802 (2012)]
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<D Unitarity Triangle )
* However, we still cannot explain why no anti-matter exists in the Universe
v" The CP violation from KM theory is too small.
» Another source of CP violation? New Physics?
v' Toward Belle Il, LHCb experiments
s d — 1.0: (1)1 — B
0_5:_ Am, & Amy _ O.Sh 4)2 — a
R - | i Gz =y
= 0 ¥ B SN 2By 0.0 ‘
VoVl »I: E ’
-0.5;— . — -o.sE ?
N ] _1.0:_ ¢3 €k _: ]
- % | C % | ( afo:f:'()
P} S S e R ] Y ) ST T R U ERI A S
2003 ’ 2023 P
* Precise measurement of the Unitarity Triangle — Test of the SM
v' “Over-constrain” the triangle.
v' Still room of New Physics effects.
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About CP Violation D)=

At the Big bang happened 13.8 billion
years ago, particles and anti-particles

‘ are equally created. But anti-matters
disappeared for now.

13.8 billion r
years ago
Anti-
particle
A.Sakharov

Sakharov Conditions

Three conditions to create matter
dominant Universe.
Pr nt S 1. Interactions out of thermal
_J equilibrium

2. Baryon number violation
3. C violation and CP violation

Shohei Nishida (KEK) Belle Il Experiment KEKSSP

Jul. 24, 2025 17



Super

CKM Matrix g

., . —id 3. . — QY . s
€123 y $12¢13 y 813€¢”" 31 Sl EIJ
S u _ oy 1 'a o oy oy 1 o —_
V= =856y Elzﬁzﬁ"’la‘ﬂf_ﬁ C12C23 7 512523913€ S S23C13 Cijj = COS H-&j
i B 0 . . e R :
812923 7 C€12Ca3513€ C12523 —512C235136 €303
e e
4
_ = -2 1-12/2 ALZ O(A
v Ved Ves Veb T { )

Grd) Vis Vb Ax3(1-ofin) -AR2 1

Wolfenstein parameterization

A =0.22501 +£0.00068, A =0.8267)01%,

_ _ () axna+0.0073
5 =0.1591 % 0.0094, 7 = 0.352310.0073
}VCIKM‘ =
o 5+0.000090 .
0.97435 £ 0.00016  0.22501 & 0.00068 0.003732:8_888%5 Large diagonal
0.22487 +0.00068  0.97349 +0.00016  0.0418370-00079 clerments
+0.00019 +0.00077 +0.000029 -
0.00858 5 0017 0-041117 5 gg06s  0-999118 5 590034
I E—E—E———————————————
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Unitarity Triangle )
Vud  Vus 1'l2/2 A Al?’(ﬁ@)

= 2 2

Vi) Vis  Vib 13(1 o) a2

(o, 1) 9:=B, $,=0, $5=Y

*

From the unitarity of the matrix:
VgV + VedVer + ViV =0

 Triangles in the complex plane.

» Other triangles exist (but they are
squashed)

* Non-zero ¢, or ¢, e
= Complex phase in the CKM matrix o
= Strong support of KM mechanism

‘/ua' “/u:
—> [V, V,

More
correctly

0,0) (1,0)
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