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Motivation S

Big Questions

« Origin of generations & role of flavor

« CP violation & baryon asymmetry

Not addressed by Standard Model; need "New Physics" (NP)
Both Questions necessarily involve 3 generations — heavy quarks

Where to look for NP?
* Direct searches at Energy Frontier = stringent limits
* Indirect: SM anomalies, *hints* in B decay

— e.g. lepton universality: tension

D) 7+
R(D™) = CEYIOE (=3.9 0); R(K)

B(B = K®putp~)
B(B — K(*)6+6_)( '

Belle Il will probe New Physics (NP) at the multi-TeV scale: B, c, t
* Precision Standard Model measurements & challenges (multiprong)
— Unitarity of CKM matrix — CP asymmetries, rare decays
— lepton universality
« dark particles via missing energy



M Belle II: rich Physics program (not only NP)
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M Belle Il @ SuperKEKB: e*e” %Y(4S) (prlmarlly)
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« Complete annihilation = event CMS = e*e- CMS

* Near-threshold @ Y (4S): exclusive B-pair events

« “Hermetic” detector captures (almost) every detectable particle
=> “neutrals reconstruction” {K,, n, v, dark matter}

* Average multiplicity (chg+neutral) ~15-20




Event environment

Winter Conference 2022

Vs =10.579 GeV
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SuperKEKB beams are asymmetric (7 Gev e /4 GeV e*):

produces Y (4S) =1 nb
s>

v=0.27c
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Event environment S

ete” — Y(4S) — BB
Vs = 10.579 GeV
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Slow: pg=0.33 GeV/c in CMS

In lab frame -

4 In lab frame each B travels <Byct>=130 ym in direction of CMS
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M Event environment

1 c"c — Y(4S) —» BB — 7t /K*/p/p

&
C
O . .
O => many channels -> light “stable” particles 1+, 4+
@
(;1 BT modes BY modes 6 / /IL
= BT = D0xt B 5D nt
’g, Bt = Drtx0 BY 5 D xtA KO % _|_ _
L= Bt = DVrt 7070 B 5 D atata~ S ﬂ- 7-‘-
< Bt — DOrtntn~ B » DD~
Bt - D+D° BY - Dt 0
Bt — D*0xt BY - D*~xtql m™w — fyfy
Bt — D0xty0 B & D ntrpta—
BT - DOrtrtr— BY = D* atatr 0
Bt 5 D*0xtatr 20 BY 5 DitD™
BT = Dt DO BY = DFD* KO /n/ﬁ
Bt — DF D*° B = DI+ D* L
BT —» DK+ B = J K
BT - D ntx T B = JpKtrt
BT - JWKt BY - JWK9rTn~ / 7/
BT - JppKtata~ T T 0 %0 - V£ VE
B+—>J/1/}K+7T0 DT, D*" DJ modes D", D™ modes A
DT - K rnlnt DY - K "
DT = K~ rtatsa0 DY = K ntx0
Dt 5 K Ktrt DY s K rntata—
Dt - K~ Ktratz0 DY = rrt
Dt - Kg7r+ DY 5 xmrtA0
Dt — K9rt 70 D% — K97
DT & K27T+7T+7T_ DY — Kg7r+7r_
D*t — DOt DY & K9t ra—r0
D*t = Dtq0 D’ 5 K KT
Df - KTK? DY 5 K~KTKY
Df 5 Ktntn™ D — pOr0
Df 5 KTK—nt D*0 — DOy

DY - KTK~ntn0
DfY - KTKntr~
D} - K~ K9ntrxt
DY - KTK~ ntata~
Df s atatr™

Dt — D0
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M B reconstruction

q Full reconstruction (>1000 modes)

L: Remainder
Etag = Z B = Epeam (CMS frame) (detected & undetected)
c L,tag = other B
g ﬁtag — ﬁz
1,tag

PRD 97, 012005 (2018)

_60006— » absolute branching fractions
' Bell L » inclusive rates
R » detailed angular, kinematic distributions
zooo;- 2.4 x 105 B#|tags > invisible partiples (neutrinos, dark matter)
» low systematics

522 5283 524 525 526 5.27 528 529
M,.(GeV/c?) 9
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M Belle II: Full Event Interpretation <2

MaChine Learning [ Tracs J [Di5placed VerticeSJ LNeutral Clustersj
i To differentiate “signal,” background

B events

M - Inputinformation

« Tags: full, partial (e.g. semileptonic)
« rest-of-event
« event shape

« vertexing
« ML Training: signal / background MC

Belle Il (simulation)

signal

—230%-50% efficiency improvement
vs Belle full reconstruction

BDT output (ML output parameter
10
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Brief history & status

e*e” B-factories (xequal #s BB, c¢, 7777)
e Belle (1999-2010) 772M events, each; =600 papers published
e Babar (1999-2008) 465M; =600 published
e Bellell (2019-)
— 189.3 fb™! =190M: results reported here
— to date: =290 M collected; ultimate goal = 50G (>100X)
— published /submitted physics results so far
e Integrated luminosity [Chinese Physics C 44, 021001 (2020)]
e search for invisible Z’ [PRL 124, 141801 (2020)]
e search for Axion-like [PRL 125, 161806 (2020)]
e search for Kvv [PRL 127, 181802 (2021)]
e DY and D* lifetimes [PRL 127, 211801 (2021)]
e Belle+Belle I, CKM angle ¢ [JHEP 02 2022, 063 (2022)]

12
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Belle 11l NEW results
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charm lifetimes o

Belle IT

experimental: partial widths require full; I' , .= Bx I' = B/t

.\
Belle 11 72 b~ 7(D%) = (410.5 % 11,40y % 0.8,5) fs "he

(410.1%1.5) fs
PRL 127, 211801 (2021
REST (2021) (Dt) = (10304 + 4.7500 £ 3.15y5) fs (1040£7) Fs )

NEW A.207 fb? 7(Ao) = (204.12 £ 0.84,40; + 0.69,,,) fs

Aspen Winter Conference 2022

--------------------------- . +
104 :E Belle II Preliminary q -6-220 L L L B I.D||:.).(3. .(|2.O..2.£|17.3.|1.).f.3.
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B 1 +0 ) A
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M Search for Darkhiggstrahlung <2

non-SM Belle Il prelimi
| | . elle Il preliminary
2-track trigger: 8.34 fb 90% CL upper limits on €% X a
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dark Higgs+dark photon ~ ° Belle I -_—ry 10

ete” > h' A’ {-> wu} s)
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missing mass
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% SM: spectator = |V, | ; ) ,
| * experimental considerations Belle 1l Preliminary
:_ — FEl, v via missing mass (% EE ﬁLfésiiondcc 253'
: -> clean exclusive I  election
reconstruction % o E
2 4of
B(B’ — D* {*v) S =

0 i

05 0 0.5 1 1.5 2 2.5 3

— (527 + 0-223tat OSSSyS)% Missing mass squared (GeV?)

e Bto |Vg|: Heavy Quark Effective Theory (HQET)
-> g2 distribution/form factor

16



— D" /Ty vV, A
W/ Belle IT
> 0’/ > C

% 0.008 Belle Il Preliminary b
é - ; f Ldt=189.3 fb™ e data vzlith stat.+sys. error (_1 »
(&) 0 007 = . best fit
9 C B -D T'v, and cc. [ 1o error
= N [ 2c error 2 2 2
| 0006 mp —Mp« — (g
4 © 0,005 | W= 9
EN * I BT
. [ =1atq
E 0.003 | + + max
O 0.002 |
0.001
0 ey 1, . .0 ]..,.1,...1.,.,..]J,..,.1,,..]. ., .|, ., ].,.. .
1 1051111512125131351414515 form factor (theory)
[EW correctlon} w Parametrized shape
(theory) lattice eval at w=1
\ 2 [ phase space ] !
dl’ 77EW Gr 3 2\ 2 2
mp(mp — mp=)"g(w) F=(w) [V
dw 487_‘_3 D D C

= |V, |=0.0379+0.0027
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SM: spectator = |V, |

e experimental & theoretical (similar to |V |)
similar experimental/theoretical approach
3 bins of g?; fit for form factor; evaluate at w=1

BY & ety

Belle 1l Preliminary [cdt=189.26fb! Belle Il Preliminary[cdt=189.26fb! Belle Il Preliminary [cdt=189.26fb!
—~ 25F — —
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M B ety QBE

£ |Vub| . g distribution 9B(B — mlv) o< [M|? o< |V 2 (q7)
B — 1 ety gecs,_ Melle U Breliulinavy, [l s
; 4 :1.4;- BO—>7T_6_"V';
:\% $=(1 .43i0.27stati0.07sys)x1 O_ ‘g : -:

BT — 7Ty
B=(8.33E£1.674,* O.55SyS)X1 0—°

Decay mode Fitted | Vip| Hjl_a —Betle "e'mBT:;S:jZ
B —retve (371 +055) x1073 I
BT — mety, (4.21 + 0.63) x1073 T:
Combined fit  (3.88 + 0.45) x1073 §Z

q? [GeVZc4] 19
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BO lifetime and mixing Am, <&

SM: benchmark for CP asymmetry measurements

CMS in lab frame: fy=0.27

=> mean vertex separation e
Az =130 um "

Aspen Winter Conference 2022

Vertex reconstruction : ,
e fully reconstructed hadronic Sa.

B - D 7{D” - K'n n"} Az=pyear

B - DW=7H{D*= 5 D%, D° - K*n~  Ktn 2% Ktn ntn™}
e + Belle flavor tag — 7 quality bins, dilution factors w;
Time distributions: same/opposite flavor

e—lAt’I/TBo q =1 opp flavor

" = Dcos AmaA#)  9=-1same flavor
J(AL) 47 po (14 gD cos AmaAt) D = 1-2w

20
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gz 3000 | L L . ! '. L L L e
< . | Belle 1l (Preliminary) 4 BOBC
O ()] [ |
M © 2500 = -1 OGO 1
< : IL dt 190 fb * BOBO/BOBO ]
»2?’ q: i T 105 T T T T T
= S 2000 | _ Belle Il (Preliminary) — Combined
e [ > JLdt=190 fb? === BY=DUTK " +cc
«Ll: S~ G R S BYsDM-n+ +c.c.
$ v 1500 o 104} B BB Background
.|q_'J) ! o B qq Background
(o) [ Z { Data
S 1000 | 5
S 500} 2
> 0 i -0.10 -0.05 0.00 0.05 0.10 0.15 020 0.25
b 5t AE [GeV]
v :
=
=
>
0
< | | | | | | |

At [ps]

7o = 1.499 4+ 0.013 (stat.) £ 0.008 (syst.) ps

Amg = 0.516 & 0.008 (stat.) & 0.005 (syst.) ps~*
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4 SM: time-dependent CP asymmetry .
sin2¢
= o~ 1AH/7 0 \
1 Py =

i 1+ q{ Agp cos(AmgAt) + Scp sin(AmyAt)}],
L

‘Acp: Krtisospin sum rule

B(K'7™) 10 B(K* ") 10 B(K )
I =A + -+ A o B 24, .+ o B 24, .0 0 =
" K T B ) T K B(K ) T KTB(K )

KOr®: only at e*e~ B-factory, most challenging

NP: may appear as A-pz0

22
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Branching fraction, A d ;

40p Belle Il (prefiminary) =

a5f. @ Data p 1+16.0 351

- — Total Fit Ldt = 189.8 fb 135. : - e Data Belle Il (preliminary)

—~ 30 ---- B _s KO 70 —15.0 30 — Total Fit p
o E BB - det - 189.8 fb
g B Continuum S - —BB
g 20: I 20 Continuum
% 15 E 15F- .
2 @ F
Wo10p] gl [TIRTTTTTeet e’ 10

s A

: AV SO .. 0

3

2
= 1 —_—
« z

)

-3 - - -2 , , ,

M, [Gev/c?] At [ps]
Observable Fitted value WA[1] value

B(B® — K7Y) x 107° | 11.0 & 1.2(stat) £ 1.0(syst) 9.9+ 0.5
Acp —0.4173-39(stat) + 0.09(syst) | —0.01 & 0.10
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Belle IT

SM b=>s y: y polarization is flavor-specific due to V-A
= CP asymmetry suppressed
NP may appear as time-dependent CP asymmetry

Branching fraction

Aspen Winter Conference

Belle Il preliminary

> 45F Belle Il 2022
B af [Ldt=189 1"
: Data

& 35F
(o
S sop 12129
o 2a
o 20F ~+-Data
9 : — Signal+Bkg
g 15 3 ---- Signal
o 10 F Background
c
oy ©

1)) T S S IR I I DT R v =

05 04 03 02 01 0 01 02 03 04 05

AE [GeV]
B (B — Kon’v) = (7.3 £ 1.8 (stat) £ 1.0 (syst)) x 107°.
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4 SM:b = u <1}p
. . . . / a
* (@, Vvia BF/isospin relations b }’Y

u
- polarization-dependent B g }po
NP: Direct CP asymmetry A.p . <
B_—>,0_p0 B+_>,0+,00

Aspen Winter Conferen

% 160 Belle Il (preliminary) % 160 Belle Il (preliminary) —o Data
S 120 B A = 140} _ -1 — Fit result
> fLot=1s0251 5 fL dt = 189.25 fb — Signal long
< . — Signal trans
o o — Self x-feed
3 @ I BB bkg
© = — B—=f X
% 2 — B— prni
©
c c —B—an
@ S 1
O O Continuum
- - -
25 % : g2 3 O S foo '
g% 7 - ‘ ‘ ‘ ‘ ‘ (_ésc':%: 2 {_IIIIIIIIII{_’IIIIIIIIf_IIJ,IIfﬁﬁf:}::f:fﬁﬁﬁ*ﬁ;ﬁﬁfIIIIII?II.‘*.III
o _ _ _ S50 4L | | . | |

=7 01 01 000008 A I:'j[Ge\(}']w 2T 015 01 005 0 005 01 015

_|_2 2 6 AE [GeV]

I'p- —1'p+

= = — + +
T +Tos 0.069x0.068x0.039 N
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%" Belle II
?;’ —— Data
Zj . . . . . —Fi_t result
d longitudinal polarization fraction f; — Signallong.
“:,) == Self x-feed
2 mm BB bkg
= . —B— X
M cos(helicity angle) — B prn
&T" Continuum
— : Belle Il (preliminary) + o 350 | Belle Il (preliminary)
o 400F det—189 25 fb” ,0 o : det—189 25 fb” ,00
8 350 ' g 300 ] '
@ 300} ® 250
© i © LT
S 250 F S 200 F +
2 : 2 :
S 290t S 150}
150 | !
i 100
100:
50 s 50
O 4 O 4
Ng ¢ =3 0
ig =
50)—4*..|...|...|...|...|...|...|...|.. 50)—4*...|...|...|...|...|...|...|...|...|...
T {1 08 -06 -04 02 0 0.2 04 0.6 T {1 08-06-04-02 0 0.2 04 06 08 1

cos0 ot cos0 o©

fr = 0.94370052 +0.027

(L)
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=
w
o
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SM: suppressed (CKM unitarity)
NP may appear in anomalies of
e branching fraction(s)
— lepton universality p/e
B(B — K™ putpu™)
B(B — K®*ete™)

nter Conference 2022

en Wit

\

Aspo

R(K™) =

=1+ 0(107%) 1.5-3.10 tension [LHCb]
e Angular distributions

27
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Belle II

B—K*Z¢ fit projections Belie I prefiminary

Aspen Winter Conference 2022

& 1 S 24
S sof Belle IT 8 22
Q [ -1 20
o) 25-_f£dt=189fb Qo
| e data @ 8. 16
signal PDF 8 20} S, 14
background PDF £} P 2
total PDF @ ’ b=
O_J 10 C 8
= I L 6
C
; 2
Q2 521 522 523 524 525 526 527 528 529 %15 -0.1 -0.05 0 0.05 0.1
M,, [GeV/c?] AE [GeV]

B(B— K*utp™) = (1.19+0.317908) x 1076

B(B - K*ete ) = (1.4240.48 £ 0.09) x 107°
B(B— K*(t¢~) = (1.25+0.307098) x 1076

K*ee is dominated by B-factories

©
=
w
(e
=
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A SuperKEKB/Belle Il Luminosity Profile S

Belle IT

21/10/1 21/11/30 22/1/30 22/4/1 22/6/1 22/8/1

2000

| Int. Lumi (Delivered)
[fb1]
5000
% Int. Lumi (Delivered)
g 1000 —021c 2022ab LS|
g 4000 $00 Target Ta rget
> 0 510fb-!
g - // 480fb
£ 3000
E 200 Base
=
Ne) D
(]
©
o
=

1000 Base

0
20/4/1  21/4/1  22/4/1  23/4/1 24/4/1 25/4/1 26/4/1
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Summary

Belle IT

ete"@Y region: powerful event environment, rich physics
e Belle ll/SuperKEKB: hermetic detector, nano-beams
— 189.3 fb™! analyzed, new results

Aspen Winter Conference 2022

e time-dependent measurements
— world-leading charm lifetimes: DY, D*, A,
— B mixing, lifetime — ready for time-dependent CP
— A for BY — K°7° (single K vertex!)

e time-independent

— |V, | via exclusive semileptonic/form factors
—Bdecays: pTp°, Konly, K*¢t0™
— darkhiggsstrahlung search

e (Much) more to come — probe multi-TeV mass scale at the
Intensity Frontier ...

30
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with better statistics & resolution... D

Belle IT




... be prepared for surprises
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Backup
Slides
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1 Belle |l Detector S

(@]
o

4  STATISTICS

K7 VERTEXING K :

= L and muon detector:

S8 PARTICLE ID (1/K) Resistive Plate Chambers (barrel outer layers)
Scintillator + WLSF + SiPM's (end-caps , inner 2 barrel

v» ‘HERMETICITY” p—

r EM Calorimeter:

| CsI(Tl), waveform sampling (barrel+
- endcap)

Beryllium beam pipe ’
2cm diameter /

[ Vertex Detector

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

dE/dx in CDC

)

2 layers DEPFET + 4 layers
DSSD

Central Drift Chamber
He(50%):C2Hs(50%), small cells,

long lever arm, fast electronics 34
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Super Eﬁ?
KEeKE
< —_—
Positron ring collision point I Belle Il detector I
— e S =

41 mr crossing angle

Electron ring

yyyyyy

xxxxx

Electron-Positron
linear accelerator

Positron damping ring
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M CKM Matrix S

H Standard Model: 12 fermion flavors (+antifermion)

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

= quark couplings:
= < neutral current — =universal, no generation x-ing
« charged current — all different, = generation-conserving

UeoenCoa, t

—_—
W= "charged current" seen

<—> suppressed
Z0 "neutral current"

d s > Se----- > <---> not seen

All observations explained if matrix of couplings is unitary

GIM . Kobayashi-Maskawa
. b (Glashow-lliopoulos-Maiani) N o N
o PR explicit parametrization(Wolfenstein):
oV Vi Vyp d d 1-x2/2 L K3A(p-in)
g X |Vy Ve Vg s''="M|s S 1-n22 22A
[ 3.3 —0-=1n) =22
t\ Vig Vi Vi ¥bJ ¥bJ 23A(1-p-In) —-12A 1

9 complex couplings unitary transforation =~ For 3 generations, 4 free

mass «— weak parameters, including

1 irreducible imaginary part

—18 free parameters ,
eigenstates 36




% Unitarity of CKM matrix

$ Decay rates « | Amplitude |2

i =\ D
CNAl-p—in) —NA 1

0.7 —r—

— o
0.6 —

Unitarity: Z V:Lk‘/ﬁg = 0i;

Explicitly for i=1, j=3:

02 (=

ViaViy + VeV + VeaVis = 0 28
= NAl(p+in) =1+ (1 — p —in)]

\ )
1

3 terms form “Unitarity triangle” in p-n complex plane
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