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Motivation Lo

Big Questions
« Origin of generations & role of flavor
« CP violation and baryon asymmetry “
Both necessarily involve 3 generations — heavy quarks
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




heavy flavor (b) factories

CURRENT/RECENT

« B factories: KEKB/Belle, PEP-Il/Babar
— 1999-2010 e*e- @10.6 GeV (cms)
— Combined 1.25 x 10° B pairs, ~same # of charm pairs ™

2008 Nobel Prize |
e Collect ~100%, reconstruction efficiencies ~10-809% Kobayashi & Maskawa

« LHCb
— 2008- pp @ 7-13 TeV
— ~8 b1 g, ~ 72-144 ub (O]|10"3| b’s); 0.~ 2-3 mb (O]|1013| ¢’s)
* Low collection eff, detection/reconstruction of neutrals

UPCOMING
« SuperKEKB/Belle Il
— 2018 - e*te-@10.6 GeV (cms)
— By 2024 ~50 ab~' ~ 5 x 1019 B pairs, charm, etc.
* measurements requiring clean decay times, neutrals, ...




| SuperKEKB: e*e _—Y(4S) (primarily)
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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
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STATISTICS
“VERTEXING
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Super

— N
KEeKB
NEW complex
_ _ superconducting
NEW 3 km positron ring final focus .
vacuum chamber | !
Posi - collision point [ Belle Il detector SuperKEKB nano-beam

ositron ring ) 50 nm x 10um x 0.5 mm

s Bl —~ 41 mr crossing angle
\ 2L —>

Electron ring

yyyyyy

KEKB

Electron-Positron

linear accelerator 2um x 77um x 12 mm

22 mr crossing angle

NEW
Positron damping ring
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Belle || Detector

STATISTICS
VERTEXING
PARTICLE ID (1/K) K, and muon detector:
“HERMETICITY” ™| o Resistive Plate phambers (barrel .outer layers)
: Scintillator + WLSF + SiPM'’s (end-caps , inner 2 barrel layers)
[ EM Calorimeter:
CslI(TI), waveform sampling (barrel+ endcap)

Prox. focusing Aerogel RICH (fwd)
dE/dx in CDC

e e — Particle Identification
L B A y iTOP detector system (barrel)
= = = >
/4 :

Beryllium beam pip
2cm diameter

positrons (4 GeV)

2 layers DEPFET + 4 layers

Vertex Detector
DSSD

Central Drift Chamber
He(50%):C2Hes(50%), small cells,
long lever arm, fast electronics




B full reconstruction tagging
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A powerful feature of Y (4S) for B physics
— Event consists of B pair + no additional particles
— Ecms is well defined by beams = 2Ecam cms

= Each B has cms energy: Eg=

Ebeam cms

— Full Reconstruction tagging
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B full reconstruction tagging

In center-of-mass system

Vs = 10.579 GeV

> <

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




B full reconstruction tagging

ete” — Y(4S) — BB

‘B
. "3 pc~0.33 GeV

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

ete™ — Y(4S) - BB — 1 /K* /p/p
K? /n/n

_ 0 +

T =y
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o B full reconstruction tagging

-~ BY modes

. " . BT - DVrt B 5 D nt

3@ Full reconstruction tagging(>1000 modes) s+ 502 pmrte

H DOort 7070 BY 5 D rtrtr—
B 5 D¥D™

BY 5 D*nt

BY — D* gtx0
BY 5 D ntatna—
BY 5 D atata 70
BY - Dt D~

BY — DFD*~

BY — Dt D*~

B = J K

BY = Jp Kot
B — JKnt

DY D*% modes

DY - K nt

DY - K ntx
DY - K ntntn~

x10 F
. PRD 97, 012005 (2018) D0t
10000 | DY = a=rtx0
DY — ngo
~ . 8000 [ DO s KOntn—
§ D? - K9ntn—x0
2 D’ » K~K™*
o 6000 | D’ 5 K KVTK?
] I D*0 - pOrY
§ 4000 | Belle D* -+
& 4000 | A
Ll
2000 -
- ~2.4 x 108 B*|tags Df - K*K - ntats™
o Total efficiency =0.3% Df »atrty”

0 N - - R N
522 523 524 525 526 527 528 5129
M,.(GeV/c?) 14




B full reconstruction tagging E

Full reconstruction tagging(>1000 modes)

. All remaining particles
e (detected & undetected)

constitute the opposite B

Eopp — Ebeam

popp ptag
_ 2 2 _
MbC T \/Ebeam - ptag o B

. PRD 97, 012005 (2018)

10000
R 8000
3
5 6000 | — absolute branching fractions
§ so00 | Belle A — inclusive rates
Co — Missing mass analysis

2000

[ ~2.4 x 10° B*jtags Neutrinos

0
522 523 524 525 526 5.27 528 529

Inefficiently reconstructed particles
(GeV/c )
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M Belle |l collaboration
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H Physics Plan

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

5 WG WG6

Semileptonic & Leptonic B decays Charm

WG2 WG7

Radiative & Electroweak Penguins Quarkonium(like)
WG3 WGS8

a’/p, B/, Tau, low multiplicity
WG4 WG9

V/@3 New Physics

WG5S

Charmless Hadronic B Decay

Report (=680 pages) to be submitted to PTEP in 2018
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= B2TIP: CKM “Golden” B measurements, competitiveness

Observables Expected the. accu- Expected Facility (2025)
o racy exp. uncertainty
= UT angles & sides
D é1 [°] Hokok 0.4 Belle IT
o2 [°] oK 1.0 Belle II
o3 [°] orok 1.0 LHCb/Belle 11
|Vep| incl. otk 1% Belle 11
|Vep| excl. o 1.5% Belle II
|Viup| incl. ok 3% Belle II
|Vup| excl. K 2% Belle II/LHCDb
CPV
S(B — ¢KY) ok 0.02 Belle II
S(B — n'K°) *ik 0.01 Belle II
A(B — K%7%)[107?] Aok 4 Belle 11
AB — Ktn7) [1072 orok 0.20 LHCb/Belle 11
(Semi-)leptonic
B(B — Tv) [1079] o 3% Belle IT
B(B — pv) [107°] Aok 7% Belle II
R(B — Drv) ook 3% Belle 11
R(B — D*1v) ook 2% Belle II/LHCb
Radiative & EW Penguins
B(B — Xs7v) ok 4% Belle 11
Acp(B — Xy qv) [1072] e 0.005 Belle II
S(B — K2n%y) Aokok 0.03 Belle 11
S(B — pv) oK 0.07 Belle 11
B(Bs — ) [1079] * 0.3 Belle 1T
B(B — K*vp) [1079] Aokok 15% Belle 11
B(B — Kvp) [107°] ek 20% Belle 11
R(B — K™¢0) orok 0.03 Belle II/LHCDb

o 19




M B2TIP: New Physics potential

N
p| o= =
= [a)]
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Sl 2|5 | > |glgl=]|F] | & |2
=2 2B S| 23| 2 E |28
Observables & = 60 = N 0 | b | 2 < 3 o=! n
Semileptonic b — s Penguin Decays:
B — K®)¢f angular | *x x x x| ak | x| ax | x| kx| xk x || 13
R(K™), R(K) *% X X X *k | X | kk [ X | okkk | Kk X 11
B(B — Xst0) * % x X X kkk | k| X | kx| X | kkk Hok X 15
R(Xs) * % % X X X x| X | Ak | X | kokk | kk X 12
B(B — K®)rr) *xk | Kkk X * * X * X | kkx * X 13
B(B — Xs77) m] * Kk X * * X * X | xxx * X 10 ok
Belle
B(B — K®uv) _— X X * x| x| x| x| kxwk * x || 10 "
Belle/LHCb
B(B — Xsvv) o X X * * X * X | xkx * X 7 *
LHCDb
Dark Sector (boson A’, fermion x): .
_— X unlikely
ete™ — A’ — invisible *%xx | X | x | O] x | x| x| x X X | xx*x || 6 t studied
O n |
ete” = A > u xkk [ % | x| O % | x| * | x X X | xkk 9 ot studie
ete™ = Ay *xx | % | x| O] % | x * X x X | kkx 9
B — invisible * * * X X O * X * X * * % X * k% 11
B — KA’ *xk | X x | O X X X X X X | xkx 6
|
B — wA’ *x%x | X | x | O X X X X X X | xkx 6 Many Other tables'
Bt — uty *x%x | x | x | O] x | x| x X X X | kkx 6 Other B decayS
Bt — ptvA’ x%% | x | x| O| x| x| x| x X X | xkk 6 tau
T(3S) — ~A’ *x*x | x | x | O X X X X X X | xkx 6 Charm
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Tantalizing hints of
beyond (SM) in existing results
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Lepton Universality

B(B — DY r~p,)
B(B — D(*)K_Dg)

Experiment

(T, 4,6  « Multiple neutrinos
v?/’< v « Tagged analyses
_ ) <  Full B reconstruction

R(DW) =

Z _ Z} D, D* * Partial B reconstruction
« Leptonic & hadronic tau
decays \\ -
« SM: Lepton universality | d

* Theoretically robust —
hadronic uncertainties
cancel (minor corrections)

AS
=

22
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Lepton Universality

B(B — DY r~p.)

R(DM) = = _
B(B — D(*)K_Vg)

BaBar had. tag

0.332 £0.024 £ 0.018 : = BaBar had. tag §

Belle had. tag E 0.440 + 0.058 + 0.042 E i

0.293 = 0.038 = 0.015 - S :

Belle sl.tag E Belle had. tag |

0.302 +0.030 = 0.011 o 0375 2 0.064 2 0,026 .

Belle hadronic tau I

0.270 + 0.035 = 0.027 ¢ Average ; .

LHCb ic t i ’

0336 = 0027 + 0030 2 0407 £0039 20024 | — ]

Fhoy D gadyonie Jau — PRDY4.094008(2016) | - experiment
Average E 0.299 = 0.003 | :

0.306 = 0.013 = 0.007 " ! ]

SM Pred. average : | : FNAL/MILC (2015) .

0.258 = 0.005 ¢ — ! experiment 0.299 = 0011 —+— :

PRD 95 (2017) 115008 | | | | |

56%11 101)%)% (2017)061 &) 0300 = 0.008 * §

JHEP 1712 (2017) 060 _._ theory | |

0.257 = 0.005 . : :

HELAY i HFLAV |

5 5
: :
EI | | E | | | | | | 1 | | : | | |
0.3 0.2 04 0.6
R(D*) R(D)
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Lepton Universality

Combined: =3.9 o from SM expectation

Vo B | 1 1 1 1 1 1 1 1 1 1 T T | T T T T | ]
* 05 = BaBar,PRL109,101802(2012) 5 _
e "~ [ = Belle, PRD92,072014(2015) Ay~ = 1.0 contours -
oY, n LHCb, PRL115,111803(2015) . -
045~ — Belle, PRD94,072007(2016) === Average of SM predictions -
"7 b = Belle,PRL118,211801(2017) R(D) = 0.299 + 0.003 =
- ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 = 0.005 -
0.4 EZ00 Average _
0.35 __ /,/"” N\‘~~4\O —_
0.3 { 20 V]
025 —
- HFLAY @&
u N
02 | | | | P(x?) =74%

0.2 0.3 04 0.5 0.6
R(D)
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Lepton Universality

Handles on NP for R(D*)):
Lepton polarization, g dependence, npr A0 T €
angular distributions W v

< <

Belle: PRL 118, 211801

Tau polarization via hadronic decay

SM: —0.497
pr(D*) = —0.38 & 0.51(stat) "5 75 (sys)

. . . 2 C
Belle II: g2 distribution & 1200] '+
LIJ -
1000
800
600
400 .
- 50 ab-1 projection of the
200F subtracted g2 spectrum

inB-»>D*tv (HT)
5 6 8 9

10 11 12
o? (GeV?/c?) 25




Leptonic decays

oyl T

2
B(BT — 7)) = m (1 — ) 151V’ 78

Clean |Vub| [f, via lattice]

« SM

— B(B —»tv)=7.5%+£1.x10°

— B(B — pv) =(3.8%=0.3)x10’
— B(B — ev) =101

Lepton universality

B(B~ — 177 v;) systematics cancel in ratio
B(B— N 5_92) — strong test of universality

R(tv) =

26




d Leptonic decays

SM
B(B —tv) = 7.5+ 1.x10
B(B — uv) = (3.8+0.3)x107

Experiment

B(B —tv) =(1.09%+0.24) x 104 PDG 2017

B(B — uv) = (6.4+2.2+1.6)x107 PRL 121, 031801 (2018)
_ oy B_e_l.l_e ______ l—>uv ________________________________ [voaa |
S ol _____________________ _ieme | |BOVIe Il expects to
= T reach 50
3 - IN\BB :
? 400ﬂ ..... — 1 OXfIt ...... 240_ ...... ........ N QD | threshold with
£ ool o Bé‘“’mo ______ =5 ab™
§ X\\\Whnm.....l Do

O35 26 HI2!7HH2.8”” 29 3 31
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Semileptonic penguin

v, 2"

In cms of ¢*¢-

« SM: rare (B=107°)
* Theory: hadronic uncertainty
* Inclusive {b—s(all)¢*¢-} is more robust
« Exclusive modes {e.g., B — K'¢'¢'} — angular
distributions & correlations
* EXxperiment: no neutrinos!
* Inclusive: more challenging

28




W . B — X 070

NP gy =60% of all modes
\ zOL%< Belle PRD 93, 032008 (2016)
+
[

istent w SM,
<0 excluded

? [GeV?/c?] 29




d Exclusive B — K*0¢t¢—

1, 7 . Angular analysis
t S——s NP0 _ LHCb JHEP 02, 104 (2016); 11, 047 (2016);
f 04, 142 (2017)
~, ZY Belle PRL 118, 111801 (2017)
N Babar PRD 93, 052015 (2016)
f CMS PLB 753, 424 (2016); 781, 517 (2018)
20

ore . DHMV(SM, theo
15 Sensitive to interference $ Belle (n(mon mode) Y

between Z/y/W diagrams 3+ Belle (electron mode)

Full angular fit/
Parameters with reduced

model sensitivity 10 | % LHCb 2015
.l 1 i -+ ATLAS 2017
0.5 ! 4 CMS 2017
0 N
L' | -
0.0 f ; ll '
! L 9
—0.5 | I »
~1.0 f ’ T :
; =30 difference vs SM
%0 25 50 75 100 125 150 175
The decay is completely described by: q2 [GeV2 /04]




Belle || commissioning

« 11/17 Cosmic rays
« 3/18 "Phase II" with beams
— Increasing bunch numbers
— Specific luminosity
— Background studies/reduction
« 4/26/18 First coII|S|ons/ L>1x10% cm=s™

e 7/17/18 end Phase II L>55x10% cm—=2s
— [Ldt=0.5fb"
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Belle || commissioning

* Phase Il data — confirm/develop
dDAQ
Calibrations
Offline analysis
d Tracking
dCalorimetry
dParticle ID
dBeam energy & collisions
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M tracking, calorimetry

: ) 6000 | - ] N - x-!os LRI B L R LN EELELELE B
* < - + ] [§Y) » .
= < C Belle Il 2018 (preliminary) —} Data ] § 1.5 Belle If +H+H+ f Ldt=~5pb”’ -
$ E 5000 ; . - 8 - 2018 (Preliminary) . 1
» % u J.Ldt=25°pb — Fit S -7_‘_0 N t , E>015GeV
) C o B 7
< E 4000 == Opara=0Omc"1.055 2 10 - 0 ;! -
. - — 1 = - Data + 4 T
8 3000 :—K S 7T T b= (497159 £ 0.013) MeV/ic*] - ¢ ]
- c=(3.462+0.075) MeVic2 | .2 - o " 1
2000; = € 05 B . ..0’# ‘«,m.'.’.mmo*m..“wif
L E w b ,....%,.m'o.%‘““" wh ]
1000:— = I ODATA — O'MC*]..]. ]
0: T R Ll | | AR b oo+——r-~_t—ta e e
0.47 0.48 0.49 05 0.51 052 0.08 0.10 0.12 0.14 0.16 0.18
m(r*r) (GeV/cd) m,, (GeV/c?)
c\’jc-; 120 __' T T T I T T T T I T T T T I T T T T I — ‘:(: - . |
% : + D*+_> DO(K-J'[+)TC+ : % . /)7 ,y,y
= 100~ 4 @ =
T} - Belle Il 2018 (preliminary) _| -
~ - . o 100
~ 80 + p — o +
@ - det=250pb i = 1.
= | ] o B0 ‘ | L i
E 60 — — E o
L " + 1 2 w ' _T'Fjr’hf
- + - w
40— —
- DO K-1t+ 7 “
20— + + —] 20
;'-o-ro-....++.-o-+.H'l'0'-o-.......+-o-ro-+.+ L .+ ot e e, | .E 8
P75 1.8 1.85 1.9 1.95 o

vl\)

M(K'n*) (GeV/c?
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i Quartz Cerenkov radiator track
expansion prism / 0 spherical mirror

Z / quartz bar

16 modules, barrel configuration

~ mirror

270 cm F2cm

Multichannel MCP-PMT.
readout
8 y-channels

A

bar

g

prism  Particle ID from

45 cm
\ v X, Y, t
64 x-channels 20-40 hits/track
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Particle ID: iTOP

D

Kinematically identified kaon from a D™

820"‘1"'1"'1"' ?20"'1"'1"'1"'
¢ ‘o | Bellell TOP 2018 (Preliminary) o | Belle ll TOP 2018 (Preliminary)
£ | D' kinematically tagged kaon £ | D" kinematically tagged kaon
» F (p=173GeVic T |p=173GeVic
| §=94.1° f=94.1°
Pion PDF Kaon PDF
15" logL (x) =-257 51 ) 151 log L(K) =-236.38
“ ) » “ J .
10. ~ o. . - 1 10. > o. — _oi
O S e =
. Pion PDF Kaon PDF
&y 16 32 a8 B4 16 32 a8 B4
Pixel column Pixel column
tvs x

PDF depends on particle speed, entry point & angle
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Particle ID

Entries/(0.01 GeV/c?)
w
o

.-

R
Belle Il 2018

Preliminary

f L dit = 250 pb’

o b b b b b

N
o

10

L dt = 250 pb”’
| | |

1 1 1 1 1 1 1 1 I 1 1 1 1
3.1 3.2 3.3 3.4
M(e*e’) (GeV/c?)

0/]\60_[,\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\

§ " muonliD>0.001 Belle Il 2018

@) - Preliminary

G 50

o I

S N

= 40—

g J/W > uu

£ 30

L

++++++

L1 1 | L1 1| L1 1 | L1 1| L1 1 | L1 1| \\\\‘\\\\
29 295 3 3.05 3.1 3.15 3.2 3.25 3.c

m(uw) (GeV/c?)

Ertrest ! Mewc])

g £ & 8

Ertres/1 Mevicy)

Ita-ww‘
Befle 1| TOP 2018 (Prefmnary)

o

1 mm 102 100 104 105 106
miX' K) (Gevic™

’#*o !
‘

h.*.wy IR
' 1 track KID

I L’
Bedle 11 TOP 2018 (Prefminary)
b T e e

mixX* K) 1Gevieh

o

ﬁ 2 tracks KID

#

b
"d‘y %M&Wﬁ? '

ooyt
*” jLa-wpb‘

Bedle 11 TOP 2018 (Preliminary)

mix* K) 1Gevie)
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4 beam energy

Fully reconstructed B's

lllllllllllII[IIlIIIlIIIIIIl

2 30 ©
~
o)
’ = - . % 50 B->D(Kr.K3x Krre KK K_x°)x*
© B*>D(KTK3x K KK K ) s B ~D(Kr. K3n)p' s
: B->D(Kr, K3x)p® - B:->D:,(Kt. K3n)x"
» B’->of°(xx, K3n)x* - BL-:>D‘:(K:, K3n, IfrrzL)::
Q_) 25 8">D t(Ir(:. K3r, Knx )& 8 :‘:'ixl(’:(xv)'(?")}’
—_ 0 't ->D (Ken)x
I= e,>0 (K= Kamp' =40 B >D*(Kxn)g
w N ~>D'(Km()x: c B->Jig(ee, p'w) K
g°>D (Kxn)p L
B-=Jiy(ee, pu) K

Belle II 2018 30

Preliminary

JL dt = 250 pb’’

Bellell 2018

Preliminary

20 JL dt = 250 pb™’

10

IIIIIIIIIIIIlIIIIlIIIIlI

0.15 0.2 9.2 521 522 523 524 525 526 527 528 5.29
AE (GeV) M, (GeV/c?)

Mbc — \/El%eam o ﬁ%ag

—%.2 -015 0.1 005 0O 0.05 0.1
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; 60F—
: % : Goal of Belle 11/Super
€ 50f ' Wrin B>py | 3
» 5.‘7; 405_ B>n’ KsNeWCP\ ¢2’¢3<\20 ~./ | TLFVDiscovery
& : ' '
% 30 Confirm B>D*t Vv \ / | BoKwsM
3 20 New physics Discovery
= ! ' : :
= - Resolve [Vus| B>Kee LFUV
! puzzle New Physics
0:. A IR ..’(..I:\..|....|....|..
x103% 8 \ N
2 - ee-> Tit(y) Sl
8~ 6 ee>A" (XX) Y | | precision pu(g-2) || Discovery
c % C
€Y 4
3 g .
- f
g APV EPRs T PP BV EPEPEPEPE EPEPEPEPE PP R
2%17 2018 2019 2020 2021 2022 2023 2024 2025

Calendar Year
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Summary E

Belle Il
Probe of TeV scale, complementary to Energy Frontier
— Clean events, “hermetic” detector (vs LHCDb)

e Tagging, “inclusive” studies

« Modes that include y, %, K, v

Precision in CKM — sensitivity to NP

Extensive theory/experiment studies (B2TIP)

— Many measurements accessible only by Belle

Detector in commissioning

— Phase Il (March-July 2018) w partial Si trackers

— First collisions 4/26, =0.5 fb~1 collected

— Confirm operations: DAQ, tracking, calorimetry, particle ID
* Phase lll to start February 2019

— with full Si tracker system
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and looking VERY CAREFULLY

seek the New ...
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Belle |l approach




