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o Outline

» The KEKB accelerator

» The Belle detector

» Overview of recent Belle results
» Summary
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» Belle at KEKB _
BABAR at PEP-I] %
» Very high luminosity:

v ~2x103%/cm?/s
(Belle)(twice the design
value)

» Asymmetric beams:

The B Factories

v 8GeV e /3.5 GeV et (Belle)

— Boosted BB pairs
(= time dep. CPV)
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The KEKB accelerator
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& CP-Vielation in the Remormalizable Theory
of Weak Interaction

Makote KOBAYASM! and Toshibide MASKAWA

Departmens of Physics, Kyoto University, Kyoto

(Recoived Septemsber 1, 1902
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The Belle experiment
Belle Detector

SCsolenoid ,;\Aerogeln(:]lh 015~ 1k 00"

R

TOF counter \ 1N

<& In

-+ 2\ Central Drift Chamber
2 QTn’Fall cell +He/C,Hj

{ : ""\\[\\ U

Si vix. det. u / K; detection
3/4 lyr. DSSD 14/15 lyr. RPC+Fe

» Data set on Belle

v Y(4S): 711 b, 772 X 106 BB pairs.
v All energies: 980 fb1.
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=22 Overview of recent Belle results

» Belle results from 2018 are included into this
talk. There are following categories by physics
subject:

v CP violation.

v Standard model tests.

v Spectroscopy.

v Transitions between quarkonium states.

V' Initial state radiation processes.

v T physics.

V' yy processes.

v Branching fraction and cross section measurements.
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CP violationin D™ » t*'m

x10°

42d.of. = 0.91 _ 12d.of. = 0.82 » Theraw a symmetry

AKr = ARz 4 App + AT,

where A¢7 is the CP asymmetry of D — Kz*

17 175 18 185 19 195 2 205 1.7 175 18 185 19 195 2 205
M, (GeV/c?) M, (GeV/c?)

» The difference in the raw asymmetries

12/d.of. = 0.86 12/d.of. = 0.80 — A __ AKm __
AAraw — Araw Araw — ACP’
CP — A + AAraw
77975 18 ';t85 1‘A9 795722705 Eiff“1‘.l7§"'1f§".';'..§é'"1‘.'5)“{.5%” PR > Measured reSUItS:

M, (GeV/c?) M, (GeV/c?)
D D

e o N8 AA., = (+2.67 + 1.24 + 0.20)%,

The D mass for

+ -0
Pl >12.95 GeV/c (top), Acp(D* = 72%) = (+2.31 & 1.24 £ 0.23) %.

2.50 < pp. <295 GeV/c

Consistent with SM, null asymmetry!
(bottom), D (left), D~ (right) Y LA
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I ime-dependent CPV in BY - KOnp= smewmawaos

N PRD97,092003

{1 +q[Ssin(AmygAt) + Acos(AmgAt)]}, (1)

P(At) - 47'80
S - mixing-induced, B - direct CP violation parameters, g - flavor charge.
Fit to P(t) modified to incorporate incorrect flavor assignment. Results:
S§=-132+0.77+0.36, A= -0.48+0.41 + 0.07.
The central point is out of the physical region 8% + A% < 1.

Theoretical prediction (SM):
S ~ —(2—3)x1072 (e.g. PRD 73, 114022 (2006), PLB 642, 478 (2006)).
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Joint analysis combining Belle and BaBar data (772x10° + 471x10° BB)
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(a) BaBx B — [Kirtx]) h°with | (b) BaBR B" — [Kix*77]}) h with
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Decay modes
v B> D% D%, D%, D*°n% D*n.
v D**> D% D% - Kdntn~
Analysis strategy
v The amplitude of D® » Ko7 *m ™ is determined

by a Dalitz analysis for continuum D mesons

v A time-dependent Dalitz analysis is performed

on B® - D™h0 (D decay amplitude is fixed,
only sin28 and cos2p are free).

Results:

y

4
4
v

sin23 =0.80+0.144+0.06+0.03,
cos23=0.91+0.2240.0910.07.

4th uncertainties: D® —» K2mtm~ amplitude
mode

p=(22.5+4.4+1.240.6)°, the second
minimum (B’ = g - ) is excluded by 7.3 o level

10
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Standard model tests



W] Search for B~ — u~v, Decays & f 4% ﬂk%
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SM expectation:

G2 2 2\ 2
B(B~ — (i) = —F BT (1 ~ ﬂ) 2| Vub|*78
m

fg = 0.186 + 0.004 (from lattice) is the B decay constant.

2. +tm 1| The SM prediction:
o 5. || B(B~ - 7,)=(3804031) x 1077,
gm o L Initial selection uses accompanying B
" ool - w9 | meson candidate (M. > 5.1 GeV/c?,
of P PRt s Z?ﬁ;g&akb--ﬂs—u —3< AE <2 GeV)

3 3.1
p;‘ (GeV/e)

Number of signal events is determined by
fitting the distribution of neural network
output and muon momentum. Result:
B(B~ — j~7,) = (6.46+2.22 +1.60) x 10~7
Significance: 2.40.
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A polarizationin B~ - D"t~ Vv, a: /}\
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Measured parameters:

« _ B(B—D*r— 1)
* R(D*) = B(B=D*(—7)
For Belle and Babar, ¢ = e + yu; for LHCb, ¢ = 7.
x\ _ [T—I—
o PT(D )— W,
where '™, [~ - decay width with A\, = +1/2 and —1/2.

Results: R(D*) = 0.270+0.0357005¢, P.(D*) = —0.38 £ 0.51 797

—

o~ 1.
[m)]
~ 1 PRD 92, 072014 (2015)
a Hadronic tag, T—lvv
0.293 + 0.038 + 0.015
05
PRD 94, 072007 (2016)
0 SL tag, T—=ivvy
0.302 + 0.030 + 0.011
PRL 118.211801 (2017)

Hadronic tag, r‘?mr};v
0.270 + 0.035 7 e

Belle Average
0.292 + 0.020 + 0.012

\ i ! %) [ o
I [ [ [ [ I I

0._1. - 6115. - 10{2. ‘ .bl25l - .0.I3I I Ib\lif; - .O.I4. - 6.45 0 l 6115. - .012. - (.).IQIE; - .O'Is‘ - b35
R(D") R(D")

Average of 3 Belle measurements: R(D*) = 0.292 + 0.020 + 0.012.
It is 1.70 larger than SM prediction (0.252 4 0.003).
New world average is 3.50 larger. .
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Spectroscopy
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o | =fK~ signal | ® LHCb observed 5 new narrow 2.

- | L i [ | states in PRL 118, 182001 (2017).

%I'I ':'.';:!!'!"'7*’5:'???35!"’ i 'I i Ir"‘ Jflylﬂﬁ ﬂl’r':,ﬂ!’ :!1;' 1 o Belle searched for continuum

R e St Production of these states in the

: ',.I" "”|"|'"'""'|u it Ui ..I| o 1o same =/ K~ decay mode.

el AfPY, |I Sl ||'|||'ﬂ' 'hr'm ||| R |

5.,,5!!'filf5::':‘3‘-i?."' it MR e 4 of 5 states are observed, 2 of them
F . WS events (S0 KT) with significance of > bo.

18 (c)

. 1 \ | | 11| ® £2.(3188) is a possible wide state at
m il |||!,’..., |\n.1 ,”‘Ill'llll\ ||||||!|l||,||,“"| o I !.||I higher mass (same LHCb analysis).

4 | |'|i||| ||ull |‘II ||lII ||' pi Al [||Il|| |II ||I | Imilm||l|“|||| I||||I1 " "“

Combinations’2 MeV/ &
n
o

c-l

3 3;05 LR R Ta—y 3.'25 3.3
(c): =¢ sidebands (ZZK ™)

Confirmed states:

State Q.(3000) Q.(3050) Qc(3066) Qc(3090)
Yield 37.7+11.0 282+ 7.7 81.7+13.9 86.6 +17.4
Significance 3.90 4.60 7.20 570

LHCb Mass | 3000.4 + 0.2 + 0.1 | 3050.2 4+ 0.1 £ 0.1 |3065.5+ 0.1 +0.3|3090.2 4+ 0.3 +0.5
Belle Mass | 3000.7 + 1.0 £ 0.2 3050.2 + 0.4 + 0.2 3064.9 £ 0.6 £ 0.2 3089.3 + 1.2+ 0.2 .
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~ 30 — Da e The =.(2930)° has previously been
& - = Total Fit .
> 250 - E:;aje:g:asizesomkg reported by BaBar in PRD 77,
] 031101 (2008) in the same pr !
= 15F but the significance has not been
g 10F s T specifled = its status is unclear.
sosE p: ;l'“"“”‘ e Unbinned simultaneous extended
0728 28 29 295 3 maximum likelihood fit to the signal
2 . .
Mia, (GeV/c?) and A, sidebands. The fit is

1-dimensional (AZK™).

The =.(2930)° is observed with 5.1 global significance. EPICT8,252
Parameters: M =2928.9 +£3.0 100 MeV/c? T = (19.54+8.4727) MeV.
B(B~ = AfAZK~) = (4.80 +0.43 4+ 0.60) x 10~*

B(B~ — =.(2930)°AZ) x B(=.(2930)° — AfK~) = (1.734£0.45+0.21) x 10~4
B(B~ — Y (4660)K~) x B(Y(4660) — AFAZ) < 1.2 x 10~* (90% C.L.)

16
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g » New resonance is observed

é » lItis found primarily in the decay of

° the narrow resonances Y(1S), Y(2S),

% and Y(3S)

§ 200 RS > Noisospin asymmetry is observed

i = K0

8 50;—

Q9 1.95 2 205 21 2.15 2.2
M(E K) GeV/c

Data Mode Mass (MeV /c?) Yield I'(MeV) [x?/d.o.f.|nes

Y(15,25,35)| Z°K~, 27 Kg | 201244+0.7 [242+48, 279+ 71| 6.475, |227/230 (8.3
(simultaneous)

T(1S,25,35) =0K 2012.6 £0.8 239 £+ 53 6.1£2.6 |115/114 |6.9
(15,285, 359) =K% 2012.0 + 1.1 286 =+ 87 6.8 +3.3 |101/114 |44

Other =OK~ 2012.4 (Fixed) 209 =+ 63 6.4 (Fixed)| 102/116 |3.4

Other ="K 2012.4 (Fixed) 153 + 89 6.4 (Fixed)| 133/116 |1.7

17
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@ Search for Y(1S, 2S5)— Z;rzg)— and ete~ — ZZFZE')_
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» Noclear signals are observed in the studied modes

» The 90% C.L. upper limits on the branching fractions are determined
» The reported upper limits are not in contradiction with the naive expectation.

B(Y(15,25) = 2 27) x B(Z} — n* + cc) (ce = J/i, xer(LP), ¥(25)) o(ete = 25 207) x B(ZH = nF +cd) (o= I/, xe1(1P), $(25))

—_
= + +
@ e Z st/ m Z: sty (1P Zi-nhy(2S = + +
+, + +
& oIy X ,P) 4 Zeom'y(28) 8 o Zomtdly  m Ziosmty (1P) - Zionhy(2S)
S 1 0 4 = c el c
= = ~
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p C
< - . S i
= - > o -
> - — -
>f [ | [ I o 1 0 E u ™
19 = C
o L4 ] O
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+H C ° _If [ ] ° |
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£ B S 10F "
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o B = °
N C
- +
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N T o °
T 1 0-6 1 1 1 I 1 1 1 I 1 1 1 l 11 | l 111 l 111 ] 1 1 1 I 1 1 1 I 1 1 1 l 11 1 No
Pl ‘b‘b‘?}}&b%%%%%%%%{?‘b‘b‘;}%%% ~— oo b b e e e b
z s Py s Ry Ry Ry Ty s s Ry R R P s s Ry Ry Ry = 1 e T T T
— v N N N N N Ny N N N N o o N N N N N m o o e e o e e e o 8 8 8 8 8 8 8 8 & & 8 e & & o e &
- S, S, S10 S0, S0, 90, v, S, S v S v i, SV, S0, Sia, S0, 7%, X e e e e R A e e e
U, T, %, %, Yo, S, 8 By Gy 8 by Ty By ey Ty © A A A A AR AR A A
s s s Ps s K “e oj,‘ Ty D 04 %, % Des s D Hes A er%;r- PRI RIRIRT RN PPRwA pagl o, 0 1 . s g2 g g © g o © g S © o
STy Sl Sl Loy Vg s S S S S S N S Sl Sy, S N AAAAAAAIA AR AR A AL SRR AR AN
"0% 'é% 7‘% 0% v‘%b V‘;Q;,fvo‘;afv%ﬁ’fv‘%:rfvo’%fv%%fr%\ % 77% '100 'o'% %% Vy'% AN Q.»,%:r,%cq.q-,q‘:,q:%”-,’0/.,’0:% -,,o/.,,a'\gq "’o/";,,"’c "'%"q;e."q:'%c"@:@‘:c”
29 %7 7 % % Ve Y 9 Y Y 7 Y R YT Y T, oy, g, oy oy, g, R, R, ity o, ey 2, Yoy 0, By B o R, oy g gy R, R,
%% x'-?q % o 'QQ %% ‘h: ‘2\%“» Ly o o '%,: v '%Q:{w %, "o, . ‘-hb" %':" 2 ‘o,%
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Transitions between quarkonium states
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BELLE
'\5 18:_| T T T T T T T l_: '\g 6—_IlllIIIlllllIIIllllllllllllllllllllllll__
s oF 1 2 & E
Z up ﬂ 2mly 1 2 ” 2m2y ]
= C ] Q - N
@ - ] 72 -
= 10 3 = C
) C 3 o 3 — —
- - - - L
84 8 - 53] -
6F = 2 + -
4 A1 :E - \ :
l:-— —— —— +—
2 L
0—1 b by b Py o I al g 111 111 LA (AN 0- I 1 T () | £ e Tl B e e s T 3T t 3T T -
0 005 01 0I5 02 025 03 035 04 0 005 01 015 02 025 03 035 04
AM,. [GeV/c?] AM, [GeV/c?]

Reconstruction: 1’ — p°y, 7 7= n(—= ~vy); T(1S) = u™p~.
n: full reconstruction (left figure) or 1 photon only (right figure).

Background PDF: linear (full reconstruction), Gaussian (partial
reconstruction).

Significance (combined by simultaneous fit): 5.70 (with systematic
uncertainty).

Branching: B(T(4S) — 1'T(1S)) = (3.43 £0.88 £0.21) x 107>.

20



YT

BUDAN UNIVEBIRSITY

Initial state radiation processes

21
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Cross sections: Partial reconstruction: DO from D** is
g } | a) | not reconstructed.
° af # 't w Distributions of the D* helicity angles
u 2f {# W N
- ot measured (for each mass bin):
1 e

| +ﬂ+ e W e D*TD*": no parameters.

| DD S
0'+, | ,HM** PN, e e D*TD*: distribution depends on 3
3:_ {W : M b) cross sections O1L,O0OTL, OTT (L

1 NH{W% longitudinal, A = 0; T: transverse,
oL + A = +1). Example result:
T LA
+++|+++ {#H
: oo ' T : -
‘ ' [ ) (0%
f W D*+D*_ .= ! : HM
t Y ++M++ '“""*’wm»a . I ” - H»’ J’H
0= 25 5 s e I }\ *r J[Hﬂ H }
Ve GeV 05 M h oi{ﬁ. __ +t++d’ff+}+++’r++#+++
. Hﬂ* o
_ 0+ #HH Jf##ﬁ* +ﬂ'++ﬂ+++*+m++++m+; '+41+.{r. sttty b o
4 — 45 Eli —— 55 — 6

\s GeV 22
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T physics
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B 2 2 1 2 2 2 2
= |er| +|&ir +—<g;§L+2gRTL + |gir + 28lr >+2(g;5 + |&lr \

8

en=|ek| - leR2+% <g3L+2gérL2— 8ir + 28LR 2) +2(gRTL2— g:_TRg/-

In SM: gLVL = 1, other couplings =0 =— 7 =&k = 0.
Contour of likelihood The parameters 7] and £k are extracted by

5% L simultaneous fit to differential cross sections
i of 77 — (v, py. Results:

] H=-13+15+0.8,

oSk £k =05+0.4+0.2.

o Branching fractions with E, > 10 MeV:
-0 B(t— — e v;ey) = (1.7940.024+0.10) x 102,
_12 B(tr— — p~ v v,v) = (3.63£0.02+0.15) x 103,
15 Ratio: 4.95 4 0.06 +0.20 (prediction: 4.605).

Sl ol
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YY processes

25
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Process: eTe™ — eTe™ KgKg, one of the final-state e™ is detected, the
other one is not. The cross sections depend on Q? = —m,2y*.

Total cross sections in bins of  Differential cross sections for xco and xco».
Q? (bin center is specified on i @ |y ®)
the histograms). ENNE; 3 T
g Gﬁiﬁjfk{?ﬁ{i °1{H%i+s+i%i °1HL+; i i{hjs Q? (GeV?) Q? (GeV?)
Sos o Also, transition form factor of the
03 02 f,(1525) is measured for all helicity
components (0, 1, 2).
1E

helicity-0

10—1M

- 1 I ! L
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Reconstruction: no e™ tagging, selection by low p;.
% T L | LA L B B R b 80— — Data T LB
> i | % : e T°t1al —nf (980
@ EE e o
- l : P [ ememeee 1,(1S)-mT(2080)
= . g a0l .
2 10 [ ;
- wb Jho b t :
1 [T R SR ST SR S S SR S [ ARSI RTINS s SR a
1.5 2 2.5 3 3.5 ’
Mn'n'm)[GeV/cF
Observed: N s0f ' - ' i
e 1c(2S) — n'mt7w~ (5.50). @ —Data :
S _JPC -0
/ i = i
e 1c(1D) — 1'fp(2080) (200). & 100 JPC _ ok 4
e 4
Measured: E -+ j
H T

» /6(2080): J° =07 sop it A
(exclusion of 277: 110). P

e Parameters of 7., 1:(25), e S Y
fo ( 2080) . cose,, 27
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Branching fraction and cross section
measurements

28
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measurements Y PUDAN UNIVERSITY

Branching fractions:
v Bt - X_:K* and B* - D™Ox*: PRD 97,012005 (2018)
v Q2 hadronic decays: PRD 97, 032001 (2018)
V AY > 3tntan, AL 5 27070, AT - 297t 0:
arXiv:1802.03421
v B - DMnlv: arXiv: 1803.06444

Cross sections:

v ete™ - hyperons, charmed baryons: PRD 97,
072005 (2018)

Vete™ - nY;, nhy: arXiv: 1803.03225

29



YEIE:

BUDAN UNIVEBIRSITY

Thank you for your attention
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