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Beauty Past & Future: Belle I

the Belle and Belle Il experiments

What is flavor?

Flavor and CP in Belle

The Big Questions & flavor
The future of flavor at Belle Il

y Kay Kinoshita
University of Cincinnati
Belle & Belle Il
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Belle: 50+ institutions, ~14 nations, ~400-600 collaborators ‘ r
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Belle/Belle Il: heavy flavor physics - What is flavor? ' 5

Standard Model: 12 fermion flavors (+antifermion)
» 3 generations(distinguished only by mass)x2 typesx2 ea (strong & EM couplings)

“stable” (except for weak interaction)

* leptons: no strong interactions

Charged leptons e~ U= T
< neutrinos Ve Vv, v,

 quarks: strong (hadronic) interactions

charge +2/3 Up Charm  lopitruth

charge —1/3 down Strange @m/beau}




What is significant about flavor? "‘

Standard Model: 12 fermion flavors (+antifermion)

Flavors interact only via the Weak force, mediated by W+, Z°

* leptons: ~universal weak coupling gg, N0 generation x-ing

e_<— ————— > r:—
W= "charged current" I

% v<— ————— > v(— ————— > v
Z0 "neutral current

 quarks: neutral current — =universal, no generation x-ing

<---> not seen
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 quarks: charged current — all different, = generation-conserving

i S ° U<-oo> Caooooy
u Vud Vus Vub <> seen
9r X | Vg V. Vg, ’n e‘ ega n‘,' // <—> suppressed
t \ Vig Vi Vi d<«---5>S<---- >D <---> not seen

9 complex couplings —18 free parameters




A

GIM (Glashow-Illiopoulos-Maiani) picture:

‘weak eigenstates” # mass eigenstates d, s, b

-> matrix represents linear transformation between 2 bases:

rdp ~ — Cabibbo-Kobayashi- complex _
| d Maskawa (CKM) preserves metric} = unitary
S S | = M S matrix “ orthogonality
g \b./ \b./
2
<=§ Matrix is then
(]
o’ s’ b’ % % .
o100 ion of fl hangi
- suppression of flavor-changing
grx | 0 1 0 neutral currents
t|0 0 1

universal, generation-conserving

» multiplicity of charged current
couplings
«AND .......
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Irreducible complexity follows from unitarity for >2 generations
—proposed as explanation of CP violation in K, (observed 1963)

e.g. for 3 generations, (Kobayashi-Maskawa 1973)
4 free parameters, including -
1 irreducible imaginary part

explicit parametrization(Wolfenstein):
[ 1-x2/2 A A3A(p-in)
-\ 1-A2/2  A2A

AA(1-p-in) -A2A 1

e =GP olation

First 3@- generation particle () seen in 1975

CP-violation measured in B-decays 2002



Measurement of CKM elements & CP

Decay rates « |Amplitude|?

CNAL-p—in) —)NA

“Tree” modes: single matrix element; rate is real, decay is exponential
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B — D™yi D*(U  pRD 82, 112007 (2010)
gF ¢/t eory “/cb‘ —
W v (37.5+£02+1.1+£1.0) x 103
B/ Oﬁ Y9V C} p p+ DEU  PRD 93, 032006 (2016)
> q ’ __
Veb| =

(39.9£1.3) x 107
Limited by theory uncertainties




Measurement of CKM elements & CP

Decay rates « |Amplitude|?

_) ,@
&AL - p— D W4 ?

_g Modes with >1 path: interference; rate may be complex
< — time oscillation on exponential decay, CP asymmetric
S 0 0
8 B —> J/@DKS
OCvcb Vcs c OCth th Vcchs -
W-\

_ ' +
i s . :d <§ mixing+tree
N *‘*> K,

identical hadronic processes — same |Amplitude|




CP Oscillations in B PRL 108, 171802 (2012) ' A
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2 CP=+1,-1:

:>J’ Opposite sign
oscillations,
Amplitude is

proportional to
sin 2@
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4 is complex phase
of
Vib Vig

Asymmetry




Unitarity of CKM matrix

Decay rates « |Amplitude|?

i — A A\ 2 NA(p—in)
) — A A2 A
CNA(L-p—in) XA 1 ]

Unitarity: Z Vik ]k -
Explicitly for i= 1,] 3:
Vudvjb -+ Vcdvg'; + thvt}k) = (

= NA[(p+in) — 14 (1 —p —in)]
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3 terms form “Unitarity triangle”




Unitarity triangle
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CKMfitter: Via tb
Composite all CKM measurements Vcd Cﬂ;)
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A

Similar (but different) paths to sin2¢;

BO _ ¢KO

“penguin” (real V) o<V Vis  mixing+penguin oV, 2V, 2V Vi

b S a 'Z B /W‘\ I3
8 R0 S ¢ ) L t SQS
= B B | | (277>
S I
5 - s
E_ d K. K], blt ld R K, K],
a

Same difference — Standard Model CP asymmetry ~ sin 2

"New CP-violating Physics” can result in different "sin 2¢4”




heavy flavor (b) factories

Past
« B factories: KEKB/Belle & PEP-II/Babar
— 1999-2010 e*e- @10.6 GeV (cms)
— Combined 1.25 x 10° B pairs, ~same # of charm pairs
* Collect ~100% of B’s
 Belle publications: 524 & counting
— https://belle.kek.jp/bdocs/b_journal.html
Present
« LHCb atLHC
— 2008- pp @ 7-13 TeV
— ~9 b1 o, ~ 72-144 pb (O|10"%| b’s); 0.~ 2-3 mb (O]|1073| ¢’s)
* Low collection eff, biased toward final states with charged tracks
Future
« SuperKEKB/Belle Il
— 2019- e*fe-@10.6 GeV (cms)
— By 2027 ~50 ab~' ~ 5 x 10% B pairs, charm, etc.
* measurements requiring clean decay times, neutrals, ...

allas, April 10,




b’s at SuperKEKDb eTe — T(4S) — BB 'ﬂ

&

P ——— TG XA XD O yowew CTLITAER T O 0 (5 X YO (.5

. . [
Upsilon region b eteo— 7 s hadrons
~10 GeV R
% | -
2 +\ {bb}
(o) '
= 15 | +
E ;r , '; {Bah B }
Tof | b,
o |1 ik 1
+0 5% + ' "-4 'y s 4S)
=) et T | ‘ ' R -
= b [.¢ Yoy e ty0n, o e s g
JLYA8) Y9 Y o NESY |
) 944 946 10.00 10.02 1034 1037 1054 10.58 1062
Z‘ Mass (GeV/cz)

e*e~vs pp collisions
« Complete annihilation =Event CMS = e*e- CMS
+ “Hermetic” detector measures nearly all final particles

=> “neutrals reconstruction” {K,, n, v, dark matter}
« Average multiplicity (chg+neutral) ~15-20 (vs hundreds in pp)
* Near-threshold @ Y (4S): exclusive B pair events — clean
« Full B reconstruction — sample of unreconstructed single B’s




B full reconstruction tagging

In center-of-mass system

Vs = 10.579 GeV

> <

T Dallas, April 10, 2

SuperKEKB beams are asymmetric (7 Gev e /4 GeV e*):
Each particle 4-momentum is boosted to (known) CMS




B full reconstruction tagging

ete” — Y(4S) — BB

“a
el

pc~0.33 GeV

Dallas, April 10, 2

In lab frame each B travels Byct=130 um in direction of CMS




B full reconstruction tagging

ete™ = Y(4S) » BB — = /K= /p/p
K?/n/n

_ 0 +, —
VE/VE KS—>7T 70

T =y
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B full reconstruction tagging 15

BY modes

BY 5 D xt

DOrt 0 BY &5 D140

50 +._0_0 BO N D—ﬂ_—i-ﬂ.—l—ﬂ—
B —» DD~

B » D*nt

BY — D* n 40
BY 5 D natatn—
BY 5 D atata 0
B - Dt D™

B - DD~

B = Dt D*~

BY — J K

BY = Jp Kot
B — JWK9nt

v
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Full reconstruction tagging(>1000 modes) -

— Beam-constrained mass

DY D*Y modes

DY - K rnt

DY 5 K ntr0
DY 5 K ntrntn™
DY = nt
DY s ntr
DY — K970
DY — Kgﬂ'+7r_
DY — K2w+7r‘7r0
DY - K- KT

D » K~KtTK?
D*O N DOTI‘O

D*O N DO,Y

=)
-
=
Q
<
")
it
©
(]

x 10

. PRD 97, 012005 (2018)

10000 [ 0
8000 -

6000

a000 - Belle A

Events/0.5 MeV/c?

2000 -

~2.4 x 106 B*|tags

o Total efficiency =0.3% Df s rtatn”
522 5023 524 525 526 527 528 529 s

M,,(GeV/c?)




B full reconstruction tagging "A

Full reconstruction tagging(>1000 modes)

- All remaining particles
e (detected & undetected)

constitute the opposite B

Eopp — Ebeam
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popp ptag
Y — 2 D _
bc — \/Ebeam “Ptag .- B

| PRD 97, 012005 (2018)

6000

— absolute branching fractions
w00 | Belle S — inclusive rates

| — Missing mass analysis
2000

I ~2.4 x 10° B=|tags Neutrinos

522 523 504 525 526 527 528 529 Inefficiently reconstructed particles
M, (GeV/c)

Events/0.5 MeV/c




Belle |l physics goals ',A

Big Questions

« Origin of generations & role of flavor

oy
Both necessarily involve 3 generations — heavy quarks “

« CP violation and baryon asymmetry

Upcoming generation of b experiments will address these at TeV scale
* Precision in Standard Model:

— CKM matrix magnitudes & phases — CP asymmetry, rare decays
— Multi-prong analysis of a rich zoo of particles & processes
Hadronic infrastructure: required for precision CKM

— HQ symmetries

— Effective field theories

— Flavor SU(3)

— fragmentation

— Spectroscopy

* Deviations from SM: “New Physics”
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Belle II: seeking the New ...
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Belle II: seeking the New ...

By improving precision on the Old
7 8 A, s
i‘»“-zgéf;—;fsj, (U STATISTICS
/ w'as_ ¥ ek VERTEXING
AP S0 PARTICLE ID (1/K)
2 “HERMETICITY”



Statistics: projected SuperKEKB luminosity
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1/1/2019

KEKB achieved

2x103% cm2st
(world record in 2009)

L A 1 l 4 A 4 s 4 l A A 1 2 4 l l:
1/1/2021 1/1/2023 1/1/2025 1/1/202

Belle/KEKB recorded ~1 ab™
1999-2010




KEKB and SuperKEKB: asymmetric e*e~ annihilation 'Q,

S KEKB B-factory 1999-2010
3.5 + 8.0 GeV (By = 0.425)

Lax = 2.11 X 1034 cm—2s-1

Beam size :
B 2umX77um x 12 mm &

e 22 mr crossing angle

“crab” RF cavities

4/07-
4.0 +7.0 GeV (By = 0.28)

SUPST e =5 X 103 cm-2s-1
<EKE Nano-Beam
0—— ¢ 50 nm x 10um x 0.5 mm
* 41 mr crossing angle
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NEW positron
damping ring

NEW
« * 3 km positron ring vacuum
chamber i -
« complex superconducting final
focus
e positron damping ring

)




A

K, and muon detector: ]

Belle || Detector

STATISTICS

VERTEXING
PARTICLE ID (17/K)

“HERMETICITY” s

—

[ EM Calorimeter:

Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM's (end-caps , inner 2 barrel
layers

CsI(TI), waveform sampling (barrel+
endcap)

Particle Identification
iTOP detector system (barrel)
Prox. focusing Aerogel RICH (fwd)

— electrons (7 GeV) dE/dx in €DC
2
‘=‘@ Beryllium beam pipe

2cm diameter

positrons (4 GeV)

2 layers DEPFET + 4 layers

Vertex Detector
DSSD

Central Drift Chamber
He(50%):C2Hs(50%), small cells,
long lever arm, fast electronics




11 vs K identification: iTOP (Japan/US/Slovenia/ltaly) ";.

Flavor studies require good discrimination between 11, K mesons:
distinguished only by mass; challenging at relativistic speeds

Quartz Cerenkov radiator measures v/c
track

expansion prism spherical mirror

Y %\ \/D

quartz bar

\* mirror
16 modules, barrel configuration ,, . :
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Multichannel MCP-PMT
readout N>

" par

identify from

%/ © PIST x y, t distribution
64 x-channels '

8 y-channels \

20-40 hits/track




Particle ID: iTOP
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Kinematically identified kaon from a D™

!20 e | hd b od o | b b ! 20 hd hd L 4 v
o | Bellell TOP 2018 (Prolmnary) ® Bololl TOP 2018 (Prollmhary)
£ | D kinematically tagged kaon £ | D kinematically tagged kaon
F |p=173GeVic F |p=173GeVic
| 6= 94.1° § = 94.1°
Pion PDF Kaon PDF
157 log L (x) =-257 51 157 log L(K) =-236.38
’.. .o ~ .o
10- - o. - - 1 10. > o. — _o:
p o ° e ® — e — — el— . —— e o
| Pion PDF Kaon PDF
% 16 32 a8 B4 D 16 32 a8 B4
Pixel column Pixel column
t vs X

Probability Distribution Function (PDF)
depends on particle speed, entry point & angle



Belle Il Physics

Belle Il Theory Interface Platform (B2TIP)
Workshop series, 2015-2018:

WG1 WG6
Semileptonic & Leptonic B decays Charm
S WG2 WG7
e Radiative & Electroweak Penguins Quarkonium(like)
g
] WG3 WGS8
a a/p, B/Q, Tau, low multiplicity
WG4 WG9
v/ New Physics
WG5S

Charmless Hadronic B Decay

Report (689 pages) arXiv:1808.10567; to be submitted to PTEP
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B2TIP: CKM “Golden” B measurements, competitiveness

Observables

Expected the. accu-
racy

Expected Facility (2025)
exp. uncertainty

UT angles & sides

o1 [°] Hkk 0.4 Belle 11

o2 [°] ** 1.0 Belle 11

o3 [°] HHok 1.0 LHCb/Belle 11
|Vep| incl. ok 1% Belle II

|Vep| excl. ook 1.5% Belle 11

| Vs | incl. K 3% Belle 1T

|Vup| excl. K 2% Belle II/LHCb
CPV

S(B — ¢KY) ok 0.02 Belle 11

S(B — n'K°) Hokk 0.01 Belle II

A(B — K%7%)[107?) Aok 4 Belle II

AB — Ktn7) [1072 Ak 0.20 LHCb/Belle II
(Semi-)leptonic

B(B — tv) [1079) R 3% Belle II

B(B — uv) [1079] o 7% Belle II

R(B — Drv) ok 3% Belle II

R(B — D*1v) ok 2% Belle II/LHCb
Radiative & EW Penguins

B(B — Xsv) ok 4% Belle 11
Acp(B — X, qv) [1072] e 0.005 Belle II

S(B — K2n%y) ok 0.03 Belle 11

S(B — pv) oK 0.07 Belle 1T

B(Bs — vv) [1079] o 0.3 Belle II

B(B — K*vp) [1079) Aotk 15% Belle 11

B(B — Kvp) [1079] Hk 20% Belle II

R(B — K*(0) HHk 0.03 Belle II/LHCb

D)

1
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B2TIP: New Physics potential

—
N
| = =
Z < e — -
b= o) — | = — b~
2 < ~ | = < | P
Q o Ne) Nl 5 0 wn :
n S < U R ) — g 3
— = S . = = N N4 2 )
+~ n [9p] 2] ~ 8 © won 9] o
=] I} ) . 2 N} Y o —
o <y ~ £ < b~ = g S
o= wn — [em} — +~ < + +
g jas) w> g wn = ‘B 2
sl i 2 ~ Fg = ~ o0 34 8 @
5} B = > = & — = S o
2, = o | ! - E 4 E
% ] g & N 2 | & g, g 5 =
Observables <a) = o0 = N 0 | o | & 2 3 < n
Semileptonic b — s Penguin Decays:
B — K™ angular | *x x x sk | ak | X | ak | x| kax |k x || 13
R(K*), R(K) *k X X X sk | X | kk | X | kxR |k X 11
B(B — Xs£0) *x K X X *xk | kK | X | kx| X | kxk ok X 15
R(Xs) * % * X X X *x | X | Rk | X | kkk | kk X 12
B(B — K®)r7) *xk | K kx X * * X * X | Kk * X 13
B(B — Xs77) m] * %k X * * X * X | xxx * X 10
B(B — K®uw) *xkx | X x * x| x|k | x| kxx | % x || 10
B(B — Xsvv) O X X * * X * X | xkx * X 7
Dark Sector (boson A’, fermion x):
ete™ — A’ — invisible * % K O x | x | x | x X X | xxx 6
ete™ = A = ¢ * % x O x| x | = | x X X | xxx 9
ete™ — Ay I O | « | x | * X X X | kxxk 9
B — invisible * * % O * X * X * * * X * * % 11
B — KA’ * K * d X X X X X X | xkx 6
-7 * K * X X X X X X | kxx
B A’ O 6
Bt — uty * % * O | x | x | x X X X | kxk 6
Bt — putvA’ —— O | x | x| x X X X | kxxk 6
Y (35) —» A’ * k% d X X X X X X | Kk 6

*** Belle

** Belle/LHCb
* LHCb

X unlikely

O not studied

Many other tables!
Other B decays

tau
Charm



Tantalizing hints of
beyond (SM) in existing results
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Lepton Universality

B(B — DY r=p,)
B(B — D(*)K_Dg)

Experimental challenges

T, 1€ « Multiple neutrinos
V[:;ﬁ( v « Tagged analyses
_ ) «  Full B reconstruction

2} D, D* « Partial B reconstruction
q > * Leptonic & hadronic tau

decays \\ _
« SM: single coupling for z, y,e

-
v— | d

R(DW) =

Dallas, April 10,

* Theoretically robust — hadronic
uncertainties cancel (minor
corrections)

AS
=




Lepton Universality '«a
B(B — D(*)T_DT)

R(D™M) = = -
B(B — D) y— Vg)
BaBar had. tag | |
0.332 = 0.024 = 0.018 ; ! " BaBar had. tag
013269%6 f})agégtago o | . 0.440 + 0.058 = 0,042 -
Belle sl.tag Belle had. tag
0.302 + 0.030 = 0.011 ! *- 0375 + 0,064 = 0.026 .
Belle hadronic tau : S :
0.270 + 0.035 + 0.027 .
> LHCb muonic tau E E Average i ! .E J
— 0.336 + 0.027 = 0.030 A 0.407 £ 0.039 = 0.024 5
E? OL;I;?E (?3 1d9r oo f — PRD94,094008(2016) | . experiment
s Average : E 0.299 = 0.003 | '
S 0.306 = 0.013 = 0.007 i 1 ;
o SM Pred. average i | : FNAL/MILC (2015)
E 0.258 = 0.005 ¢ - : experlment 0299 + 0011 -+
PRD 95 (2017) 115008 | |
0.257 £0.003 i i HPQCD (2015)
ggg)}l })Z)%)é (2017)061 48 0.300 = 0.008 T
JHEP 1712 (2017) 060 || | theory |
0.257  0.005 —e-— | LELAY .
ﬂ theory | i
Summer 2018 ! ! '
| | | | EI | | E | | | ] | ] Il ] | : ] ] ]
0.2 0.3 0.2 04 0.6

R(D¥) R(D)




Lepton Universality
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R(D*)

Aa

Combined: =3.9 o from SM expectation

B I 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I _
0.5 ——— BaBar, PRL109,101802(2012) , _
"~ | ——— Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
N LHCb, PRL115.111803(2015) .
045~ — Belle, PRD94,072007(2016) === Average of SM predictions -
"~ F ——— Belle, PRL118,211801(2017) R(D) = 0.299 = 0.003 ]
[ ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 = 0.005 ]
04 EZ0 Average —
035 kg =
03F { \20 =
025 =
u HFLAY @
n _
02 | | | | P(x?) =74%I —
0.2 0.3 04 0.5 0.6

R(D)



=3
-~
E
Q
<
»
8
®
(@]

Lepton Universality

Handles on NP for R(D*)):
Lepton polarization, g2 dependence, wpr AT HE
angular distributions W v

< <

Belle: PRL 118, 211801

Tau polarization via hadronic decay
pr(D*) = —0.38 & 0.51(stat) Tg 25 (sys)
SM: —0.497

Belle II: g2 distribution 30,

C 50 ab-1 projection of the
200} subtracted q2 spectrum
inB~>D*tv (HT)

5 6 8 9 10 11 12
o? (GeV?/c?)




Leptonic decays

2
B(B+ — T+VT) — GFSZLB mz (1 — ;Z;) f%|vub‘2TB
B
21 * Clean |Vub| [f, via lattice]
= . sMm
< — B(B —>1v) =7.5+1.x10°
5 — B(B — pv) = (3.8+0.3)x10-7
— B(B — ev) =10
* Lepton universality
B(B~ =1 v;) systematics cancel in ratio

R(tv) =

B(B~ — {—vy) — strong test of universality




Leptonic decays

SM
B(B —tv) = 7.5+1.x10-5
B(B — uv) = (3.8+0.3)x10~7

Experiment
3 B(B —tv) =(1.09+£0.24) x 104 PDG 2017
g B(B— pv)=(6.4%£2.2+1.6)x10-" PRL 121, 031801 (2018)
<
3 _wl, Belle I—>1,Lv ________________________________ [vom ]
S ____________________ s | |Belle ]l expects to
A By reach 50
3 I BB .
% 4ooﬂj ..... — 1 OXflt ...... 240_ ...... ........ N\ aQED | threshold with
s HNZ 222 ) o Eiswag =5 ab™
B N\\Wmnm... 7/

O

s T o 27 28 55 3 3.1




Belle Il commissioning

* 11/17 Cosmic rays

« 3-7/18 “Phase II” with beams [L dt = 0.5 b~
— Luminosity improvements
— Background studies/reduction

« 4/26/18 First collisions/ L > 1 x 1033 cm—2s™

T — s .
— . '2—..4‘"‘; gj =
PR rr h > : _ .
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« 3/25/19 “Phase llI” first physics run with beams




Belle || commissioning
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Beauty and Flavor Physics
« CKM: the only Standard Model source of CP violation
— Mismatch with matter-antimatter asymmetry of the universe
— Oirigins of flavor
« Belle:
— first measurement of CP asymmetry in B decay
— Multiple precision CKM measurements
— Hints of tension
 Bellell
— Probe of TeV scale, CP study, complementary to Energy Frontier
— Extensive theory/experiment studies (B2TIP)
— 2018: commissioning run
— 2019: Phase Il run for physics
 with full Si tracker system
« Beam collisions as of 3/25
* An exciting new era in flavor physics
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Belle II: seeking the New ...

By i |mprovmg precision on the Old .
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