Belle II: status and prospects

Jim Libby (IIT Madras)
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Overview

* Introduction to Belle Il

* Some recent(-ish) highlights
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Beyond Bs — dark sector searches

* Prospects
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Why Belle II?

- ete”™ - Y(4S) — BB provides a source of B meson decays in a low multiplicity and
kinematically constrained environment

* Belle and BABAR collected 1.5 ab™! of such data - Belle Il to collect 30 times more
* Approximately one billion B pairs per ab™
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excluded area has CL > 0.95
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Y N 0,

¢ 1: mixing +
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2) Penguins a plenty
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3) Not just Bs
« o(bb) = o(cd) » a(x¥17)
e quarkonium

1) Further exploration of KM mechanism » dark sector and

« ete” »>nmnTyforg,-2

¢3: b - ucs/cis

Vupl: b - ctv,
D
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Belle and BABAR achievements
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Belle II's rival LHCb in a slide

13 TeV pp collisions U i

trillion bb/2 fb- ° 'l]]

M4 M35

6fb1@ 13 TeV
+3fb 1@ 7/8 TeV

Forward geometry gets both b
qguarks in acceptance and boosted —
exploit b lifetime to separate
background

RICHes for /K separation
Full trigger bandwidth for B physics

Has been driving flavour physics for
the past decade so you might ask....

ICTS Horizons meeting 15/11/2022
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But isn't LHCb doing everything already?

Complementarity

opp (nb)

[Ldt (fb™) L
Background level
Typical efficiency

7%, K reconstruction
Initial state
Decay-time resolution
Collision spot size
Heavy bottom hadrons
T physics capability
B-flavor tagging efficiency

~150,000
~ 50
Very high
Low
Inefficient
Not well known
Excellent
Large
B., B, b-baryons
Limited
3.5-6%

~1
~50,000
Low
High
Efficient
Well known
Very good
Tiny
Partly By
Excellent

36%
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“Moore’s” Law of Luminosity
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The path to higher luminosity

x@m-Deam paramete ﬂ
Beam-beam parameter §oc =

Lorentz Beam cu rrnm
factor E

h Ves : uE :ﬂl Lumi. reduction factor
L= I+ — E (crossing angle)&

2"—” 'j. ~_ Tune shift reduction factor
(hour glass effect)
Classical alecté \ ik
radius Y (short bunchy)
Beam size ratic@IP Vertical beta function@|P
1 ~ 2 % (flat beam)

Brute force: Increase beam currents by a factor of 5-10 ! Increase the
beam-beam parameter by a factor of a few (crab cavities).
Too hard, too expensive (power, melt beam pipes)
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The path to higher luminosity

2diTI=0adlT) pPardlmnegle ﬂ
Beam-beam parameter foc

Lorentz Beam current
factor &

Hﬂ}’w : ,Ef’ Lumi. reduction factor
L=—1+— — —4 (crossing angle)&
r,
_H

N

(o]

2"? I ”.u ~_ Tune shift reduction factor Q

[{ (hour glass effect) E

Classical elec / Yok g

radius HL (short bunchy) -
Beam size ratlur@IF' Vertical beta function@IP

1 ~ 2 % (flat beam)

(1) Smaller f," (20 x)

oTy]
c
=
)
)
£
(%]
c
o
N
=
@]
I
n
l—
1=

(2) Increase beam currents (~2-3x)

ourglass condition:
SuperKEKB <

[‘." v L=0x/¢
83 mrad
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Asymmetric energy: 8 GeV electron 3 GeV positron

SUPERKEKB

Bellell Two separate focusing
| New|n duads/each 2 beams
closer to IP;
Superconducting /
permanent magnets

LERe-2.1A >

New beam pipg » ' \ \
<

& bellows HERet 3.7 A

e 2y Dl
| B ./ &
‘a’-"f'

More RF/modify RF
systems.

|/‘ "\ Damping ring
ot

y \
[SR Chanmei]
(Beam Channell
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Replace long dipoles with
shorter ones in HER

Low emittance gun
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Low emittance positrons

New positron target /
capture section
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Redesign the HER arcs to
reduce the emittance




Integrated luminosity - so far

Belle Il Online luminosity Exp: 7-26 - All runs
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Belle II Collaboration

P i
/ i NT
Russia e
.
/
, Sk Enirh Hudson Bay
/ N
/
Bering Sea L Lat
United o , g E J = e
% Kingdom o v / o ,
ireland A R S : sc W
A\ Okhotsk \\\
Kazakhstan { < A Py -
Fran : W it no
: e T " ( s N
= ; bl 3 9R' . €
‘/Spa' s ' = z W = (\
"y a0t U W United States ~
. - China , Sout L1 = S~
L Afghanistan” ; l’ Az o ™ —
Moracca - gl i N ¢ I A4 North . —
. \S { . S _Pakistan | . East Chigmsea Pacific B \ S~
e ¢ i Gulf of
a g
. Bz . Saudi Arabia | Mexica —
. ‘- Y - Oinan Cubs
wuritania J— ' Philippine Sea i | puertofico
Sudan ' »f South o
th Gusternala
- - chinasea el oo
7 Arabian Sea Bayoftengal ) { Vietnam Philippines g . c
s Y Gulf of LT -
: Ethiopia ~ Thailand oY i1 . —
South Sudan e Ll venezuela +—
e alaysia 9 7 E7HD - (&}
i e Colombial, = sirkam O
F. AL i
DRC & Indonesia Ecuador } E
T )
., Tanzania Banda Sea Papua New K g : (%)
A\ 3 uinea
s - Arafura Sea o Brazil c
Angola 7o Peru 5 U\“\ = ’(3‘
; I A y e
[ i * Bolivia =
Namibia ~ Zimbabwe i W Coral Sea i \ O
N | 1 s
Botswana oeean i - | g &=
Iy = Australia i P SRBCE,
W Wh 7
Fic &) P ! South Chile [ v
an South Africa = ! Pacilic g < =
! Ocean { B Q
Great ! ) o] -
Austraian | | Argentina
Bight i i
|

B America

O(1000) physicists from 26 countries

India: ~50 at IITX (X=M, H, G, BBS), MNIT,
IISER Mohali, TIFR, PU, PAU, UPES

™ Europe
Russia

M Asia

B Japan




The detector

Cs|(Tl) EM calorimeter: |, 74m RPC u & K, counter

waveform sampling 7 3 - ., scintillator + Si-PM
~,~ ./ for end-caps

electronics,

4 layers DS Si Vertex

Detector —
2 layers PXD (DEPFET),
4 |ayers DSSD

50m

ime-of-Flight, Aerogel
Cherenkov Counter —
Time-of-Propagation counter
(barrel), :

prox. focusing Aerogel RICH
(forward) 5

Central Drift Chamber:
smaller cell size,
long lever arm

15/11/2022

oTy]
c
=
)
)
£
(%]
c
o
N
=
@]
I
n
l—
1=

=
(98]
—




Belle II - Silicon Vertex Detector

Only one layer of pixels for Phase lll

Layers 1-2: Pixel Detector

Layers 3-4: Strip Detector

Closer to IP
“VXD-only" tracking
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SVD performance PRL 127, 211801 (2021)

_ ] I l
E qa0f f b : |
= N Fit function: ;:r:\lle.e2 +— 10° & i
T pASIn(r ; _ﬂ Bellell
c - Belle 3VD2 cosmic (Data) BNF15 E f .
i, [ —~— a= 263+ 04um - Dt — D)
S 100 ] b= 329+ 0.8 um GeVic pY —
o :3* Belle Il single track events (MC) L]
% 80 mmmmmm g= 11.5=0.1um 10 b g
o . b= 17.9 = 0.2 um GeV/c g
g BD__:' i i i E

= IP resoluti o

o
- T ¥
2{]_ H—q—u —j— o ‘bl‘. g
= 24 ' 4 S
3 22 e e o — t [ps] g
g e | | :
= 18 + Belle Il decay time resolution S
A I - N N L A nearly twice as better as Belle's
pBsin(@)”’ [GeV/c]
Belle I World Average Value

Belle a factor two worse than Bellell [t =(4105£11£0.8)fs (410.1+1.5)fs

WD) =(1030.4 47 +31)fs (1040 7)fs
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RECENT RESULT: CP VIOLATION




Visualising CP violation:

itari | = sin§ = 0.22
the unitarity triangle A=sinf. =0

Dl 1-2%12 A | AP (p-in)|
A 1-2%12 | A ||+0(1%) :
\Aﬂf [1—(p—i77)] ~AA? 1 | 3

meeting

2) Exploit unitarity (1%t and 3™ col.) Vuqu:) +VchC; +thVt; =0
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The Golden Mode

B° — J /wK{ sensitive to

ﬂ = arg [_Vcdvcb j
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CP violation in the ‘interference of mixing and decay amplitudes’ — decay time dependent
F[I§° (At) - f]—F[BO(At) - f]
[ B°(At)—> f |+ B*(At)— f |

A (At) = =S, sin(AmyAt)—C, cos(Am,At)

=
(0]
—

INSM S, =sin2f and C, =0 when no CPV in f




Time-dependent CPV violation

Chiara La Licata ICHEP

7-GeV electrons on 4-GeV positrons produce Y(4S) that decays promptly in a quantum-coherent BB pair

U+
T Bsig => fully reconstructed in a final
B_'J/LEJKE: ......... state fce common to BY and BO
Beig B e P— Btag = only flavor information +
R A vertex position
Y(4s) . .oc
= L o ot )
.l 5o
e < Key aspects:
Bia + good vert luti
At good vertex resolution
» high tagging efficiency

Signal yield: 2774 + 55

— 103 | Belle Il (Preliminary)
> -1
(] JLdt=190 fb
o L
N
o
107t
e
~
wn
)
-
J 0t}
= i
c
©
O
0
190.10 —0.05 0.00 0.05

AE [GeV]

—— Total fit shape
o BYo lwK?
B Background

Conference note in preparation

ser(Belle Il) = (30.0+ 1.2 + 0.4)%

AE = Ep — Epeam (in c.m. frame)
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sin2¢1 results

. . .
Apply analysis to Bo=J/p Ks® sample Signal yield: 2774 + 55

250

. Belle Il (Preliminary) 0

Source o(Scp) o(Acp) 2 200 | [Ldt=190 fb~? + Btag
Statistical 0.0622 0.0439 LN
BY - D™=+ sample size 00111, 0.0093] ~ <
Analysis bias . "0.0080] 0.0020 A S
Signal charge asymmetry 0.0027 | 0.0126] E §
wi = 0 limit 0.0014  0.0001 S -
Resolution function parametrization 0.0039 0.0008 3 %D
Tgo, Amy 0.0007  0.0002 o
Alignment 0.0020 0.0042 g 2
Beam spot 0.0024 0.0020 ﬂEJ =
Momentum scale 0.0005 0.0013 £ 7
oA binning 0.0050 0.0051 2 ..l { S
Multiple candidates 0.0005 0.0008 8 -6 -4 -2 0 2 4 6 8
Tag-side interference 0.0020 | tﬂﬁ*gﬂ%gﬁ At [ps]
Total systematic 0.0159 o173 Scp= 0.720 + 0.062 (stat.) + 0.016 (syst.)

Milestone: tools are ready for an impactful sin2¢1 measurement Acp = 0.094 £ 0.044 (stat.) m‘”‘.'ﬁm (syst.)

N
o
|

What next? Gluonic penguin modes B® - ¢Kg and B® - n'K¢ - BSM physics can shift S, and A,
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RECENT-ISH RESULT: ANOMALY RELATED




Overview of modes with anomalies

* Flavour changing neutral current b—s/l at loop level only

* Tree level b—>c7tvsemileptonic

b.._

t

- 'L - q -
W & Wt
L

et -__

v

D*

¥

b—sll

b—octv

New physics reach
O(10 TeV)

Three experiments

experlment

New
physics
near the
EW scale
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Events

b—svv- PRL 127, 181802 (2021)

b (U,Cs1) 5

W * Transition mediates by a virtual Z-boson.
* SM prediction for the BF[B —» IC*vv], is (4.6 £0.5) x 10°

‘ [B2TIP, PTEP 2019, 123C01].

EI{—er}B aq

= Inclusive tagging approach : nested statistical-learning discriminators exploits %j\: }\H /
efficiently topology allowing for sizeable signal (4%) while controlling large

backgrounds. SM  Average :
'é L | LA B B T T T 8
i, I-’E HL I lﬁ'J I'I I|r|[.‘1.].’-;i'-.-[?:| =
1 im iy O
. _ _ : S
2000 ¢ \/alidate with . Et‘ﬂt‘ (711 v ', SL) g
Belle IT [odt—asth ! + N A ' con PRDGG, 091101 @)
¥ oo B* — K*J/U [p*p] i - Belle (711 f» !, Had)
1500 p‘/ — . iDLl PRIET, 111103
@ aonn - :
/ § 200 - L Ba.bgar (429 IJ.-l..l , Had+5L)
/ LE . _ : , . ) . I | ‘- n .I PF:LIH I .I.‘ : | ) I I
oo |- 100 = B —i . . d 0 2 4 B 8 10
N I PR P L - E _
/ Yo ulz [:-I-l u.lt; ufu 1.0 KK lghore . 107 x BI(B+—}I{ N 111‘.-")
4 BDT, (BDT, > 0.9) ] * K" momentum modified 93 J
500 = - egn = . . .
/|0 Bk, ME 8 B K, Data |4 2-body — 3 body Sensitivity with just 63 fb! data is
|3 Bk ey MC 4 BToK*I/yoy Data Iready close to previous searches
B K v MC : dlirea C
N LY, . L | s J 2 .—-—*—rr.‘_.r. . v . g p
0.0 02 04 06 0.8 1o with significantly large data-set.
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Z. — invisible — to be submitted to PRL

L, — L: gauge boson Z' couples only to ot ok
2" and 3" generation leptons s
« Avoids stringent existing limits on electron and ' VA ’\\/: .
quark couplings >~ Invis. .
« Could explain (g-2), and other flavour anomalies, o 0 §

e.g. Rogy, Rk

« Z'— vv process (mostly relevant for mz< 2my).
More generally Z' could be mediator to dark sector, e e — p+ p+ Emiss

coupling to dark y via Z' — yx
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Z' produced by “Z' -strahlung” process from
final-state muon

B ete ~ete utu" Belle ll [Ldt=797 fb!
Bl ete"~T'T7(Y) Prelimina
10* FEl ete " —~utu-ly) v
¢+ Data

10% |

* Previous limits by BABAR and Belleon Z' — y*

10?

-

Z' reconstructed in recoil of di-muon pair

10?

N
(9]
|

10°

Candidates / (0.5 GeV?/c?)

« 2-track trigger w/ muon pt* > 0.4 GeV/c

-
o
U

-

: 20 20 50 80 « No extra ener n°) present in the event
Mrzecoil [GeV2/C4] gy (Y, ) p




7 — invisible — to be submitted to PRL

Backgrounds originate from QED processes which
mimic the uu + Eniss final state, typically due to

detector acceptance effects:
e ee—upuwy(y) undetected photon(s)
e ee—-TT(Y) muonic T decays and mis-ID
* ee—eeu W missinge e

Neural Net based on kinematic variables optimized for
background suppression

Based on 79.7 fb’ |

160
Belle Il [ Ldt=79.7fb!
140 | Preliminary il
£ . '
120 f; / . 1
= 100} By
= HUYY
Vo
5% gof \ 23
£y Huy 4
60 | /
" & B4
20 L

20 40 60 80
MZ_ . [GeV?3/c?]

No significant excess seen within signal mass range

o) Belle Il Preliminary JLdt = 797 fb~? , Belle Il Preliminary, BF(Z'~invisible) = 1 JLdt = 797 fb~?
o 10 i aatl
- Belle Il, 0.276 fo™! AL 24 A
2 10° f . ~ml‘~7HUJLN | Belle Il, 0.276 fb wrr’”m
- — p————— B L L T ~
T 102} 10-1 | ¢ i -
N —:'—r_.r—'_l_J
w208 al 7Borexine (g—2)u*20
r.\‘ 0 ' T “CHARM-II (95% CL)
=< 10 \m 10—2 Li .............. == o _7‘\7(_&7.",7 L -
e e o o iR B S A .
:. 10-1 ,—‘—
,T 107} ] = / (g-2), scenario excluded
+<l.| ; — 90% CL UL Expected 1o Expected 20 10 in 08 < mz < 50 GeV/cz E
@ 107, 1 2 3 2 5 6 7 8
Y — 90% CL UL Expected +10 Expected +20
b MZ' [GeV/CZ] 10_4 | . 1 1 p 1 1 L p 1 A

0 1 2 3 4 S5 6 7 8

My [GeV/c?]
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[Veb| from untagged 8 — D € v decays
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Mub| from untagged B = i1 € v decays
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16 new results for ICHEP

BF(3 = p {v) from tagged decays
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CP violation in B2 = K% K% K% decays

3 [ r— -

a2

g :1 Weon b=y =da) L A

‘ » | e s e

H ’_] T e, b ity renimaed s b 8 < 1A

! -1 L g et 5w~ 0 3, | Al e Ouommarnd by 3 sk tatond
!

by -t + 110 T St rtetion of iy Lavs Offwwce of AB pas abah & rmisand by

wl ...,_:;b‘n ot | ::.::::l;‘;::::-lm- AR PO G e ed 10
‘!' El e Bt ::A:I: . l.l :-:::n--v Paapee A I w1 v 53 4 8
! !’E' 'CONF anxiv:2209.07547
I M
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BELLE I PROSPECTS




Belle Il data taking plan

High backgrounds from
the beams have made 10 . . . 60

stable running at hlgh L Lpeak(Target) ~
luminosity difficult Pey 8 | Int. Lisb-11 50 &

5
We have not ™ - 40
accumulated data at - 6 | Long shutdown 1 (LS2) 5 2
the rate anticipated > for upgrade of detector and IR 30 % %

5 4| } o,
Long shutdown = 120 = -
ongoing: accelerator 3 5
and detector e 2 L We are here 10
improvements E | ]
[] I

Path to 2 x 103 cm2s™1 2019 2024 2029 2034

but thereafter more
work required
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Upgrade plans KLM: Replacement of barrel RPC

During LS2 with scintillators, upgrade of readout
' lectroni il TOF
Many plans and . Options beyond LS2 e
S ey -
pOSSIbI|ItI€S ECL: Crystal replacemeniguii - pumsiSsl TOP: Replace readout N\
+ polarized and APD; pre-shower; reglace FTN= ~électronics to reduce size
 diodes with APD phy id power, replacement of

o
beams for sin20,, ™ ,

Work on a
Conceptual Design
Report begun to be

delivered in 2023 QCS replacement and
| IR redesign

-PMT with extended
e ALD PMT, study of

hotosensor option ~ /
4
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electrons (7GeV : ;
OP gaps and/or provide

4} for track trigger
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Technical Design ('VXD: options e —
Report in 2024 e positrons (4GeV)

Shutdown end of ; S?,,IA[P);JTIP "TRIGGER: Take 5

2026 or 2027 for o advantage of electronics

) . technology development.

installation CDC: Replacement of the readout Increase bandwidth, open
electronics (ASIC, FPGA) to improve the possibilities of new 30 J
radiation tolerance and x-talk

trigger primitives : )




https://arxiv.org/pdf/2207.06307.pdf - Belle Il Snowmass

COHCIUSIOHS Nitty gritty and up to date predictions of what we can acheive

* Belle Il is up and running since 2019
* First significant results are coming in B, charm, tau, dark sector
and spectroscopy

* We have a BABAR sized data set in hand to do much more in the
next year of shutdown

Measurements are benefiting from improved techniques, e.g.,
machine learning

* Then onward to 103> cm™%s !t and a few ab ! data set by 2026
Unique reach for missing energy, neutral, tau and dark sector

* Path to 50 ab ~tunclear but active upgrade programme underway
so this can be delivered by the middle of the next decade
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https://arxiv.org/pdf/2207.06307.pdf

