The Belle Il Experiment:
Status and Prospects

NuFact 20|21

The 22nd International Workshop on neutrinos from accelerators

=  SEPT
6-11, 2021
Cagliari, Italy

INFN

Sezione di Roma Tre

A.Passeri (INFN Roma Tre)
on behalf of the Belle Il collaboration E%f:ij
EU grant 822070

2

NuFact 2021 - Cagliari, september 8t 2021

The Belle Il Experiment: status and
prospects

08/09/2021



Complementary Pathways to New Physics

Intensity frontier

Direct production of new

Indirect sensitivity through
particles

loops

* Presently no unambiguous evidence for Beyond Standard Model (BSM) physics at
the high energy frontier

» Intensity frontier offers indirect sensitivity to very high scales
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Nano-Beam scheme (P. Raimondi):

Squeeze beta function at the IP (Bx",By") and minimize longitudinal
size of overlap region to avoid hourglass effect

® effective
~ A

83 mrad E> — ‘ ‘4—
o v

Half crossing angle: ¢

Strong focusing of beams down to vertical size of ~ 50 nm requires
very low emittance beams and large crossing angle (83 mrad)

= Need powerful and sophisticated final focus system (QCS)
beam currents are also increased by a factor 1.5

Project aims to a peak luminosity of 6x103> cm2s, 30 times
more than KEKB.

Despite the challenging problems encountered for
machine ramping up, vertical beta function has
already been squeezed below 1 mm and world
record reached in instantaneous luminosity of
3.12 x 10**cm2s1 on June 22"
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The Belle Il detector

Taken over | KL and muon detector
from Belle J . sie) Resistive Plate Counter (barrel outer layers)
: f‘;gi’f‘:‘l’d"d“d'"g solenoid Scintillator + WLSF + MPPC
= fie

(end-caps , inner 2 barrel layers)

EM Calorimeter Z
Csl(Tl), waveform sampling electronics S
X Particle Identification
Time-of-Propagation counter (barrel) TOP
Prox. focusing Aerogel RICH (forward) ARICH

Central Drift Chamber

electrons (7 GeV)

Trigger
Hardware < 30kHz

Beryllium beam pipe
y PIp Software < 10kHz

2cm diameter
4
r‘;,’//‘

Vertex Detector

2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

positrons (4 GeV)

Set of super conducting
magnets very close to the IP

Central Drift Chamber

Smaller cell size, long lever arm
New for
Belle Il

Belle Il TDR arXiv:1011.0352
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Total integrated Weekly luminosity [fb~1]

According to KEK Roadmap 2020:
Shutdown planned in 2022 for TOP-PMT
replacement and PXD completion
Possible IR upgrade after 2026 under

Status of data taking and operation plan

Belle 1l Online luminosity

Exp: 7-18 - All runs

Integrated luminosity
mmm Recorded Weekly

J‘L'Remrdeddt 31346 5]

12 ¢

study
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Total integrated luminosity [fb~?]

F 50

* 89.5% overall efficiency
* upto 12 fb?collected per week

Despite the pandemic data taking has
~t200 been very successful:

Tentative long term operation plan

—Lpeak Before IR upgrade
—pr After IR upgrade

—Int. Luminosity

Updated on 2021/07/05 17:20 JST

Peak Luminosity [x10%° cm?s™]
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B factory advantages

Coherent and well defined initial state without additional interactions

Low (physics) backgrounds, high trigger efficiency, little bias

Excellent neutral reconstruction (y, m°, 1, Ks, Ki) 2
K+
Kinematic good resolution = invisibles detection . B.. | .
Excellent vertex resolution : 9 iR
. . ° B"%k ¢ I Boil¥ i -
High performance flavour tagging e R K T
_r I
e-’Jf 0 |—>| 5 e
| A 1
Quantum entangled Belle ~ 200
neutral B meson pair Z um Belle Il ~
production 130 pm
o(z) <15 pum

Many channels are unique to et+e- flavor factories. Absolute branching fractions can be measured
Can study rare and forbidden decays, invisible decays (incl. tau decays) asymmetries (CP,

isospin) angular distributions

Systematics quite different from hadron machines in many areas complementary to LHCb

B Experi :
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A wide physics program
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5 Most relevant to this Conference:
er\?B . .
* Lepton Flavour Violation and taus
* Lepton universality tests and flavour anomalies
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Dark sector searches

The Belle Il Experiment: status and
prospects

The Belle 1l Physics Book
Prog. Theor. Exp. Phys. 2019, 123C01

Dashed lines indicate
potential extensions


https://arxiv.org/abs/1808.10567

LFV and Tau decays
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SuperKEKB is also a t factory: cross section for ee> 1t events

Perspectives for LFV searches @ Belle Il

~09nb!

A variety of LFV channels available thanks to the large T lepton mass:
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Most NP*models predicts LFV processes with BRs 107 +
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In the SM t LFV decays may happen only via v oscillation at a rate of ~ 10->*
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= 1019, well inside Belle Il sensitivity
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T LFV golden channels

ee —-1T
1 prong + missing(v,y)
uy, puu (LFV mode)

Events are fully reconstructed. «Rotation» of
the 2 discriminant variables allows best signal-
noise separation.
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-M,,
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AE = EC M gL

(g )= (oo cone) (a5

)

: ; ey — 40
Rotated signal region (t- uy) % ~1.66 [-Belle Il 2020 (prellmlnary)
162 D o ] Slmulatlon 135
 pa b IR ESSgmN v, Belle Il Physics Book. O 168t Ft = 3y (10° events)
- Background: x v, LIJ - el — 30
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- BKG free selection w/ 1 ab™.

BR(x —u +9)<272x10%
Improvement ~Belle limit/2.
(no sys. unc. included)

B E i :
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Belle: 2.1 x 107 (782fb™).

Belle 1l: ~107"°.
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Search fort =2 (o

o, is a BSM invisible particle. Decay expected in several NP models. Previously searched

by MARK IIl and ARGUS.
Use 11 events in 3+1 topology (4 tracks): T = 3ntv + t = 1 prong.

Look for o missing mass assuming:

Pr = —Dy, ET:foZ (ARGUS method)

-
-

or pr — Vrhmst

BR(1T — la)
BR(1T — lvv)

Upper limit estimate for
NMark 11} ARGUS
by fit to lepton momentum spectrum '

and hypothesis test for SM only

and SM + NP. Frequentist approach. = ‘h‘\“*\'
1 order of magnitude improvement Belle II " eBelle Il, ARGUS method
1074 Simulation:fL dt=25.0fb mBelle Il, Thrust method

with 25 fb-L. Study being finalized and

. statistical errors onl
completed with larger sample. Y

10—5 l 1 1 L l A1 il 1 l 1 1 x f l L L A1 l > L L 1 l 1 A 1 l 1 1 1 l 1 ] 1 l
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
M, [GeV/c?] BELLE2-NOTE-PL-2020-018
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95% CL UL on B(t — ea)/B(t — ewW)

08/09/2021



08/09/2021

Lepton Flavour Universality Tests

The Belle Il Experiment: status and
prospects
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b = sl transitions

_ W+ _
Recent LHCb result show 3.1 b w s o
. . . . . )+ —
tension with with SM predictions. R — B(B = K™ p"p”)
Y/ Z° o+ K B(B = KGeten)
Ric — 0.846 *0%2 (stat) 0913 (syst)
http://arxiv.org/abs/2103.11769 e
Belle Il rediscovered B* - K*€*{€~ in first data
— 18¢
Observed L e+ om Belle Il Prospects for R, @Belle I
8 6-|-43 + 0 4 @ L =——Fil preliminary
=39—/ "™ n:f:_ 1:__ 2‘9": oial Baskground Ldt = 62.8 b [The Belle IT Physics Book]
(?tﬂt.fS}fSt.) : E jof. M Peaking Background B KT < 03— R O
signal events in g . - T F  Bellenzo9
3 H[ || U ” l A 02— "= (0140)GeV
A 50 52 522 523 524 525 526 527 528 5.9 015: % o ‘q mrg ell.UoU)ae
&E = EB - ﬁfz hh[G'e“ch] - E?v_‘/h oa : 'q2>14.]8G !
0.1 e,
A much larger data sample (=10 ab™) is needed to get 0.05 e,
the same accuracy of the actual measurement. S N O I O e
1 Integr1a(t)ed Luminosity (ab™)
08/09/2021 The Belle Il Experiment: status and 13
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http://arxiv.org/abs/2103.11769

Already good results on complementary FCNC penguin decay:
First Belle Il paper on B physics!

SearchforB*2> K*vv arXiv2104:12624

iz b
7
7 . , M
li'r__f\_/\fé: Ii - F_j_, -[I:-_
((r f ¢
h—m - > 8 h—m—= L . 5
w, o, t i, o, 1

Cleaner theory prediction (no charm loop): BR=(4.6+0.6)x10°

New Belle Il approach to increase signal efficiency:

No explicit reconstruction of other B meson

BDT used to select specific signal topology

€ gg ~ 4.3%, much higher than previous measurmts
B* = J/y K* used as validation channel

Same precision of previous searches with much
smaller sample

Additional channels to be added (+ increased
statistics, + better NN classifiers....)

08/09/2021
prospects
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https://arxiv.org/abs/2104.12624

LFU may be behind the long standing tension between o
inclusive and exclusive determination of |V |and |Vy,| —

|V,,| and |V | CKM Matrix Elements

(now about 3.3 o)
Charged Higgs in 2HDM models or Leptoquarks can
affect B>D BRs and |V |.
Belle Il has the capability to measure all the
involved semileptonic decays with different
techniques: tagged/untagged, inclusive/exclusive

FEI hadronic tag excl. B> D*/v

—MC

Data

Events / (0.2 GeVZ/c%)

[=2]
(=]
T

=1}
o
T

IS
o
T

(%]
o
T

=)

Belle I  preliminary  [cdt = 34,6 fo?

B B-D*iv

I Background
wz# MC Uncertainty
{ Data

o

AT R

'.l.I..}.l..‘.l.‘.‘|.{..I.|I...l.‘.1|....l.l‘.\.

-1.0 -05 00 05 1.0 15 20 25 3.0
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N_‘._ 4_8 :l T T I T T T I T Wl l T T T l :
46 - == Exclusive V| Ay~ = 1.0 contours S
N = Inclusiv w
- === Exclusive [V | “ u‘SI\.e. S
4.4 - ul -\ .I[II' (7(7()( —
B 47 E lvuhl“'l\"'rhl IVl global fit E
4 E - HFLAV Average E
38 =
36F "“'.“.' i
3.4 :'._ “v.‘ -‘o"' _:
32F -
3 HFLAV &
o 3
28F PO =89% =
- 1 I 1 1 1 I ' 1 1 1 1 I 1 1 1 l =

36 38 40 42 44
-3
IV, [107]

Already several measurements performed with initial
statistics. Exclusive B > D* € v is a key example:

Tagging efficiency improved w.r.t. Belle thanks to the

Full Event Interpretation (FEl): hierarchical multivariate

side through O(103)
Comp. Softw. Big Sci. (2019) 3:6.

technique (>200 BDTs) to reconstruct B

different decay modes.

BB’ - D*'e ) = (4.51 £ 0.41,,, +£0.27

The Belle Il Experiment: status and
prospects
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R(D*)

Prospects for b> ¢ T v anomaly

. Br(B — D(*)Tvr) Denominator measurement well advanced.
D) = Br(B — D(*)ﬁvg) Numerator in progress via different tagging
and t decay channels.

Bernlochner at al, arXiv 2101.83026

3.1 o deviation from SM W

- 18pu —— R(D*) (had FEI, lep 7)
[ HFLAV average Ax2=1.0 contours | ]_6 ll‘| B R(D) (had FEI’ lep T)
041 ~ = ! : — R(D*) (SL-FEL lep'7)

L LHCb1S — 5 ™ 14?5; . --=- R(D) (SL FEI, lep 7) ]
035 - - —: E’ 121 —— R(D*) (had FEI, had 7) |
C LHCb18 ] ;"_,E u R(X) (had FEI, lep 7)

03 % = 5 1001 —— R(x) (had FEI)
5 2] Q
C ] = 8}
C Rellel Bellel5 ] -
0.25 = Bellel9 =
i 5 9 6}
- Bellel? HELAY B ﬁ G
izt R A 4 =
N | IR(D*):O.ZSSiO.OOS | IP(XZ):27% ] 2- Optlmlstlc e ~~~=:::::=== -----
02 B o . Belle II unofficial T
R(D) 0 ‘ : :
FIFFFLFIFFeEsF e
N N v S T S N Sy S T &y Oy

Belle Il and LHCb can exploit many complementary channels. Final combined
precision on R(D*) better than % expected
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Dark sector searches
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Dark sector searches @ Belle Il

Depending on masses of DM particles and
mediators different topologies are
expected. Mediator’s decay and/or missing
energy signatures can be searched for.

Typical advantages of B factories very
useful also for dark sector quest.

mediator mass ma

<

2Me

heavy mediator

light mediator
light dark matter

— DECAY INTO DM!

light mediator
heavy dark matter

— DECAY INTO SM PARTICLES!

Y

— DECAY TO SM SUPPRESSED -—CE ¥
Y

dark matter mass mpm

Many different models and possible channels can be investigated @ Belle Il

also with limited statistical samples.

Two papers already published with very first data set:
PRL 124 (2020) 141801

e Search for Z’ decay in invisibles

» Search for axion like particles (ALPs) strahlung PRL 125 (2020) 161806
A number of other analyses in preparation
The Belle Il Experiment: status and 18
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https://doi.org/10.1103/PhysRevLett.124.141801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

L,-L. model predicts a massive boson coupling only to 2" and

Search for Z’ decay in invisibles

3'd generation. May explain (g-2) and Ry+)anomalies.

e %
W Z\/\ \"
e 7

Z’ decay into 2 muons already searched at BaBar, Belle Il can improve it with (100 fb-1) sample.

First ever search for decay to invisibles:

2 muons + missing energy final state. Background from pu(y), tt(y), putt events.
Look for a peak in invariant mass of the system recoiling against pp.

Counts

1g
[ Bellell 2018 e Data :
10° F
g j Ldt = 276 pb [
C 107"
10 ¢ N t -
E e
1E TZ e e - . - “l\rNJ -U) 10—2 3
I
10—1 - Ly-Le (obs.) 90% CL UL
; 10—3 Be”e ” 2018 L,-L;, BF(Z'= inv)=1 (obs.) 90% CL UL
B _ — L,-L; expected UL
102 | J‘ Ldt =276 pb 1 -=+ LyLy, BR(Z'— inv)=1 expected UL
e AN TN T T T N TS S S [T 1 MO v | s 1 I PR Had |
0 1 2 3 4 526 8 104_....|....|....|....|.‘..|.H.|..‘.|....|
Recoil mass [GeV/c] 0 1 2 3 4 5 6 7 8
M, [GeV/c?]
With 50 fb! sample (already on tape) sensitivity enough to start probing (g-2) band.
The Belle Il Experiment: status and 19
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Search for Axion Like Particles

Pseudo-scalars coupling to bosons, appear in many BSM scenarios.
Can be both mediators or DM candidates.

—_
S

-
9
N

Belle Il searched for ALP-strahlung with decay
in 2 photons

Several topologies are possible depending on
size of axion mass and coupling constant.

-l
S
w

Gayy [GeV™]
2 3
) IS

107

102 | ee-yy

Resolved 3 y final state searched for:
* 3yenergyaddsuptoE, ., L
* bump on di-photon mass searched $

>

photon beam

* Background from yy(y), e*e(y), Py(y)

First ever result on ALPs from B factories.

Gayz = 0
10—5 Lo il L
10~3 100 10!
The Belle Il Experiment: status and 20
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Conclusions

SuperKEKB has set a new world record in peak luminosity and is entering
the regime of SuperB factory

The Belle Il detector is performing very well and is already producing
important physics results

An extremely rich physics program will be accessible with Belle Il data, to
thoroughly probe BSM scenarios

The Belle Il Experiment: status and

08/09/2021
prospects
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FEI: Full event interpretation,
enhances by a factor of 2 the event tagging efficiency

mt K
\/ Vi
N\ 5 B A dedicated boosted decision tree for each step
T More than 1000 B decay modes are reconstructed
Hadronic Tag ignal Side
: o
&t e : {Tracks} [ VO objects } [ KLMClusters } { ECLClusters | = £ 2
—— : ~— —_— - - 2 g
e —.._l:;\._\:_ g :
e
ot ut K - K9 y a % =
23 E
w

rd
/
A ' |I * Q (!
//.-' //.. I-I .II
0ge)g oyeIPOULIY]

N — N/~
| O\ [ p° D* D, 1
T. Keck etal., S Eem
Comput Softw Big Sci(2019)3.6 .~ = ————

Very powerful tool for all tagged analyses: high purity but usually low statistics

Untagged analyses by converse have high statistics, high background, and less

; he Belle I Experiment: status and
kinarmatical constraints (Rest of the Event].. 5" """
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Status of B semileptonic decays BR measurement @Belle Il

* With about 1/4 of the current dataset, Belle IT has been able to measure extensively

mnclusive and exclusive semileptonic B decays, adopting untagged approaches and

exploiting the Full Event Interpretation algorithm for tagged analyses

B - X, {v

BY - 7 ¢v

B - X v

BY > D* ¢y

B~ - D% v

08/09/2021

Result presented in the talk

3G observation (untagged)

BF = (1.58 + 0.435q; % 0.07y5,)x107*
(FEI hadronic)

BF = (9.75 + 0.035q¢ + 0.475y6:)% (untagged)

Hadronic mass moments (FEI hadronic)

BF = (4.60 % 0.0554; * 0.485y5: )% (nntagged)
BF = (4.51 + 0414 + U-styst)% (FEI hadronic)

BF = (229 # 0.054¢ + 0.085y5:)% (untagged)

The Belle Il Experiment: status and
prospects

|V, | measurement in
progress

| Vg | from partial branching
fraction in q2 bins
V| from q? spectral

moments (novel approach)

|V, | from partial branching
fractions in hadronic recoil
parameter bins

24



Next to minimal dark photon model:
A’ mass could be generated via a spontaneous symmetry
breaking mechanism, adding a dark Higgs boson h ' to the

theory

Recoil mass [GeV/c?]

Dark higgs-strahlung search

Belle Il is exploring the invisible h’ case in two muons
and missing energy final state:

LA }

[ Belle Il Simulation

[ cdt=9fb1

e
1E-05

1073 * Signature: a 2d peak in recoil vs dimuon mass;
Expected 90% CL UL

» Background from QED processes: uu(y), tt(y), eeuu;

1104
- Very promising expectations even with the 2019 only
110-s § dataset (~ 9 fb).

~ * Accessing unconstrained region beyond the KLOE
105 w coverage;

* Probing non-trivial €2 aj, couplings.

1077 \)

Analysis to be finalized shortly (by end 2021).

{ Y O I

0. .2‘ 4..

6 8 10

Dimuon mass [GeV/c?]
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