Belle Il and anomalies: what's new, what's next?

Vitalii Lisovskyi (Aix Marseille Univ, CNRS/IN2P3, CPPM)
on behalf of the Belle Il collaboration

Siegen, 11 April 2024



The journey so far

® Belle Il: so tfar, mostly running on/near
Y (4S5) resonance, with a short scan

above Y (49)
® Can include the Belle data: Y(1 — 55)
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The journey so far 3

® \World record peak luminosity in summer
2022: 4.7 x 10°*/cm?2/s
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® Progress limited by sudden beam losses ana
other accelerator issues
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® | S1: machine improvements & complete the - 300

vertex detector
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¢ The data taking has resumed recently
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® Main objectives for 2024:
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® Reach and maintain the peak luminosity of

10%>/cm2/s 0.0 , —L 0
. R o>
® Crossthe 1ab! milestone v v
® Prove the effectiveness of the work done in LS1 Updated on 2024/04/04 18:14 ST

Not just more data: improvement in the analysis tools
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Improving the tagging: beauty 4

e Conventional category-based tagger (by charge of the lepton/kaon from the
other B): effective tagging efficiency ~30%

® Flavour tagging using machine-learning techniques with the full event information

(PID, tracking, kinematics) for the "rest of the event" _Bellell_simulatior
e New GNN-based tagger GFlaT [2402.17260] o A '
with 37% efficiency EEZZZ gz: z:iszzs:zz
® \Works best when leptons or/and kaons present in gmoo
the ROE, less well for pion-only events g
O
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® Prospects for improvement: requires better

understanding of simulation
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https://arxiv.org/abs/2402.17260

Improving the tagging: charm :

e Conventional method: tag the charge of the pion from D* — D"z, or lepton from B — D'/v

® | oss of statistics due to low production rates, soft pion efficiency etc: ~25% effective efficiency

e New inclusive tagging in e"e¢™ — ¢¢ with BDT algorithm [Phys. Rev. D 107, 112010 (2023)]

opposite side (os) same side (ss)

® Uses OS and SS information

. . — G — <ff— ) —— —>DO — é:signa(lj ddddd
® Effective tagging eff. ~48% s Tl c Q(T:l)y\‘
¢ Doubles the effective sample size for CPV and charm mixing studies
e Useful to suppress backgrounds in untagged analyses
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https://arxiv.org/abs/2304.02042

Missing-energy estimation 6

Exclusive hadronic

e Conventional approach: full reconstruction of the
"other B" in a number of specific decay modes

® Full eventinterpretation

® Hadronic or semileptonic tag

* Inclusive tagger: reconstruct signal first, use the "restot Exclusive semileptonic .
the event" for tagging

Efficiency
Purity, resolution

® Disagreement between data and simulatead
performance needs to be calibrated

® Constant improvements:
® New tag decay modes addea

® BF and resonant structures of known decays re-
measured to improve the simulation

® Alternative ML tools explored (graph neural networks...)
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Further ahead 7

® The eventual target is to collect 50 ab1

® Going beyond 2 x 10%°/cm2/s requires redesign of

the interaction region and the vertex detector: beam 10 | | 60
background = ——LpeakTarge) -
) 8 | Int. L[ab-1]
5
® Envisaged LS2 in 2027-2028, no precise planning > c
yet é 4 e
= 2 |
o . &
® May profit from this shutdown for other detector

0 ! :
2019 2024 2029 2034

Improvements

® The priority is to run at/near Y(4S5); special datasets
at different energies might be collected in the future
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A biased collection of physics topics

Focus mostly on the topics not covered by Florian, Markus and Caspar

For physics prospects, a recent reference is the 2022 Snowmass report: 2207.06307



https://arxiv.org/pdf/2207.06307.pdf
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®
Tau properties B(x — ew) ~ B — ew) 10
i
e Abundantete™ — t¥t~ production o
® Tau mass: pseudomass method R | teasured =y o | measured _
ith eTe™ +..— 3 @ <[O -
withe'e — 7' T ,T— OtV ] ) Belle I 1 R
= + (X > = +
1777.09+£0.08+0.11MeV/c2 D 1780, (Oa%%w‘"” (06650006
. ) &)
most precise to date e S
o 1 [ Hriav,
[Phys. Rev. D 108, 032006] o e g
® |argest syst: beam energy scale, i o
momentum scale PDG Average (2022
BES (1996)
e Affected by the knowledge 1776.96 50
. BELLE (2007)
of Y(4S) lineshape and B mass! 1776.61=0.13 = 035
KEDR (2007)
1776.81 2 +0.15
BaBar (2009)
1776.68 = 0.12 = 0.41
° ° . BES 11l (2014)
® Next step: tau lifetime (Belle result is world best) et 012 32
® Belle Il will reduce both stat. and syst. uncertainties S ST NS S
significantly, down to 0.2 x 107> s m. [Mev/c?
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Tau SM decays 1

e Lepton universality in tau decays:

B(t = pvv) . . ['(z = 7v) . .
o (mu/e universality) and (mu/tau universality)
AB(t — evr) ['(m = uv)

® Sensitivity eventually limited by the control of PID performance, but can improve world
average by a factor of ~few.

® Michel parameters (Lorentz structure of the 7 — uvv decay):
kink reconstruction at Belle allows to measure with ~100% uncertainty, precision down to
few % expected with new algorithms & enlarged drift chamber at Belle |l

AB(t = Kv)
RB(t = nv)

® Projected reach down to ~1% sensitivity, depending on PID performance

e |Input to the Cabibbo angle anomaly: |V | from
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.012003

LFV searches in 7 decays 12

% -y 1P 1g° Y& I lhh BNV -
® The most stringent upper limits on lepton-flavour-violatin¢z - = . _..... E
tau decays come from the B tactories 2 ol i
E : + |3 TATLAS
® Recent Belle Il 7 = 3u search: g o7l 1o s : igﬂg""b
% - 4y + -| vbabar
4 F ¥ Prrtilin | Belle
e Tagete™ — 7777 with 1-3 tracks on the tag side S 10 : = IHL-LHCS
S [ | +STCF O
- -+ sFCC &
® Look for events with E;, — E;,,,, = 0 near the 7 mass e : :
® Efficiency 3x better than Belle! ook lLLLLLLLQ'Q'e‘eLLLLL'%L!JJ:QLLL‘J@LLL&LLLLL/JJ-@'-J@LLL :
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e UL: B < 19x%x1073@90%CL =4[ Bellell (Preliminary) % SK

CCB _ Data: fﬁdt — 424fh—! — 2086 SR E

— | - Sidebands |§

e Belle Il projected reach: (5 — 10) X 107! for 50 ab-' for most LFV = + Data 5

channels

® except fort — £y modes (irreducible bkg due to
T = LU+ Yiop)

® This is where beam polarisation may help (about this later)

® Analyses of many other final states in progress

® Also, searches for new bosonsinzt — Za, HNLint — zN...
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https://inspirehep.net/literature/2611490

Penguins and friends 13

® The recent BT — K™ v analysis presented by Caspar. Expect observation with more
data!

® Claritying the background properties is important

® Future prospects: B - K*vy, B — KQW, inclusive B = Xuwv, B — a(p)vv...

e Spin-offs: BSM searches in B — K" + invisible, charm decays e.g. AT = puvv or D = zvv (GIM-
suppressed)

e Experimental techniques (missing energy) can be applied to B —» K*t77~,
B — pt*t” searches

e Expected sensitivity down to 5 X 10™* BF, still far away from the SM rate

e Aswell as LFV b — st¢ searches, with sensitivity down to few x 107°

® | et me reiterate the importance of understanding & improving the tagging
performance
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Penguins and friends 14

® Reachinb — s(d)eTe™ and b — s(d)u™u~ statistically limited compared to LHCb, but
similar performance in muons and electrons helps for LFU tests.

® Very competitive in final states with neutrals e.g. BY = z%%e™, see recent Belle
result Ne | BUL (109
B - nete~ 05755 < 4.8
B® - npete” 00775 <105
B° — nutu” 0.8%1% < 94

Bt s rtete| 01732 < 5.4

B? —» 7% t¢ |-1.8T1% < 3.8
B° = mPete” |—2.971% < 79
B’ - nutu” |-0555% < 5.9

® Belle Il is crucial to provide the measurements of absolute branching fractions,
e.g. for normalisation modes used by LHCb such as B — KJ/y
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https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#55-radiative-and-electroweak-p

Diphoton 15

® Recent Belle+Belle Il search for BY = yy (see P P
Moriond talk) - a very suppressed b — d i
transition T
o UL< 64X 10_8 @90% CL, on\y factor ~5 O O o),
above the SM prediction A B e | Sy
® \ery interesting measurement with 50ab-1! +++#+
® Aless suppressed B) — yy can be searched if i G i
BO d 1 d ] feomt J acoot’ s | S o S22 - Sogrouns
. data collecte = | o
0 . . 15: \ event shape BDT L” :
® D" — yysearch in prospects: senstivity down |
to ~107/ (factor ~10 above the SM rate) |y TR agkl

C
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https://indico.in2p3.fr/event/32664/contributions/137077/attachments/83670/124622/1_PGoldenzweig-v1.pdf

Radiative (charm) decays 16

® Many measurements of b — sy: e.g. photon polarisation in B - Kzzy down to ~1% at 50 ab"’

® |n the charm sector, the penguin ¢ — uy is very suppressed

e The 47 geometry of Belle (Il) helps with rejecting ¢ = uzn" backgrounds

® \W exchange cd — usy (long-distance) is expected to have a larger rate

® |nterest to measure photon polarisation

e Belle did the first search for radiative charm baryon decays AT — Xty and ) — =% [Phys.
Rev. D 107, 032001 (2023)]

. . —4
® BF limits atthe 2 X 107 level, 00 ] T o e o
hope for observation with Belle |l data? W 800 g e % b — sl s
S B Broken-signal >* Sideband ] S B Broken-signal =’ Sideband
o s S o0 132 | :
® Theory predictionsinfew X 107> range o 1o T | -
B 400 b4.47 @ . 114 H -
= SR T 1 5 3 ""ij'r L b bl B/ _
Lﬁ oo B2 e . " Lﬁ 50:— {' 10
0 |:|Ill='===:::::::::: . 0 L e .
2.1 2.2 2.3 2.4 2.3 2.4 2.5 2.6
M(E*y) GeV/c? M(E%) GeV/c?
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https://arxiv.org/abs/2206.12517
https://arxiv.org/abs/2206.12517
https://arxiv.org/abs/2206.12517
https://arxiv.org/abs/2206.12517
https://arxiv.org/abs/2206.12517
https://arxiv.org/abs/2206.12517

Afewwordsonb — cvand b — utw T

® Closing the gap between inclusive and exclusive decays to 18 — gg)(ﬁag;;l) lep 7
[ T a
corner the ‘ ‘ 16;-,‘— R(D) (had FEI, lep 7)
14} ---. R(D) (SL FEJ, lep 7)
i e 125\ R(D*) (had FEI, lep 7)
B(B™ — X {y) =~ 10.79 % . ==+ R(D") (SL FEIL lep )
R(D

10:. .......

) (had FEI, had 7)

D¢y, D*¢ty, B i, L Giher Gap
2.31% 5.05 % 2.38% ~ 1.05 %

Total uncertainty [%]

o |V | inclusive down to ~3-5% precision with 50ab-"

(theory-dominated), exclusive more precise Data sample in ab-"
® Precision on R, down to few % e AL AR AR AL AR AR
T 0.45[ = BekCombraon notincluded
0.4 f— N ‘3’5'35?32'}?33'592 054410 (2015), PRD85 094025 (2012) —f
e High hope to observe BT — u*v and improve significantly 0351 Q E
B™ — t7v measurement: both down to ~5% relative unc. 03F -
with 50ab- P -
e Benefit from inclusive tagging developed for BT - K v 02 =53 085 04 045 05 055 06

R(D)
e Don't forget about Bt — u* vy (see here)

Vitalii Lisovskyi Belle Il: what's new, what's next?


https://indico.in2p3.fr/event/31709/contributions/135366/

CP violation in B decays 18

® \We enter the era of precision testing of the CKM unitarity

® The unique feature of Belle Il is the entangled B production and, therefore, high flavour-tagging efficiency

® NB: search for non-pertect entanglement is an interesting QM test!
e World-best sensitivity achievable in final states with z°, Kg or Kg
® At 50 ab!, expected precision of
® <1% on sin 2¢1(eff) = s5in 2" in tree-dominated (c¢)K" or ~1.5% in loop-dominated 'K’

® Sece the recent resultin BY — J/l//Kg with early Belle Il data (3x worse than LHCb Run1+2)

® ~2°on¢p,=ainB — pp

200 | Belle II ———- B9>K® +c.c.

I — -1 _
I IL dt=3621b B BB background

150 L Continuum background

100 L

® Narrowing down on the isospin sum rule in B — Kr decays ("Kz puzzle"),
where A p(B — Kgn") will be driven by Belle Il (down to few % at 50 ab")

® Recent Belle Il result compatible with the SM: I, = — 0.03 = 0.13 = 0.04 k),

Cand./ 10 MeV

Pull
S
(@)

® Many CPV studies in charmess B decays dominated by Belle |l
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https://inspirehep.net/literature/745605
https://inspirehep.net/literature/2762190
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.012001

CPV in charm 19

® Belle Il uniquely positioned to probe CPV in tinal states with neutrals
e DV = 7%7Y and Dt - #*7" are well motivated

e Sensitivity down to 0.07% (50 ab") for DY — z°z" with the conventional D* tag

® but we have a much better tagger now!

0 0

® [sospin sum rule by comparing CPVin D' = ztz~, D’ = 22 and Dt = z™x

decays: probe whether CPV is SM or beyond
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Lifetimes

® Decay-time resolution 2x better than Belle

20

® Fewer sculpting effects compared to the LHCb trigger
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World best for all except Q)
and still statistically limited!

Much better than theory precision

Systematics: detector alignment & resolution,
backgrounds

Belle Il
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® N
Inclusive charm baryons 21
. . = 200
® Two ways to obtain inclusive charm baryon datasets: S |
2 100
. . 4+ — . . ] 9 -
® baryon-number, s and c conservation in eTe™ collisions: G gl
20
ete™ - DO prtAl B
® notable example: [Phys.Rev.Lett. 113 (2014) 4, 042002] = Mzis(dz*fsn) (2:\,,:2,)'5

@ Data

— Total Fit
---Background
—9— | Sideband

— Generic MC

—
0}
T T | T

® B-meson decays, B = EFA~ with one baryon treated as recoi

® notable example: [Phys.Rev.D 100 (20192)3,031101]

® |ow statistics

¢

® Useful to measure absolute BF, but in particular decays with i SV s sul 8
missing energy (semileptonic)

Events / (10 MeV/c?)
>
|

rec 2
M5 +. (GeV/c?)

® More results expected with these methods

® Absolute BFs of 2 ./QQ . imprecise or unknown (more data & better
tagging helps!)

® Note: BES lll catching up by running on baryon-pair thresholds

Vitalii Lisovskyi Belle Il: what's new, what's next?


https://inspirehep.net/literature/1275621
https://inspirehep.net/literature/1731902
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Dipole moments

® Muon g-2 inputs: measure cross-section inputs to |
the HVP calculation . o

0.01

® s(ete” = hadrons) below 1 GeV dominated by  *|

ete” - rtn andete” = ntn 7Y

100

10

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Vs [GeV]

® New measurement of 6(ete™ — ntn~7") using 6(ete™ — T 7',¢r) and the beam-
energy constraint: see L. Corona at Moriond 2024

® Achieved accuracy of 2.2%, moves the global fit up

® Dominant systematics: 7V eff PROKHARA MC generator (no NNLO ISR)

e Measurements of o(ete™ — ntx~) and others will come next

e Tau EDM: use spin correlation ine™e™ — 7717, probe yrr vertex vs CP reversal

e Belle result is the world best (precision ~ 0.6 X 10~"e*cm), 20 orders above SM

® Belle Il can improve further
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https://indico.in2p3.fr/event/32664/contributions/137094/attachments/83681/124636/5_LCorona-v1.pdf

n Ch i ra I Bel Ie " p ro posa I https://arxiv.org/abs/2205.12847 23

® \What if we get a polarised electron beam?

® ~/0% polarisation can be a realistic target, without disruption the core physics programme
(= no luminosity loss)

® Electroweak measurements: asymmetry in cross-sections with left- vs right-handed electrons
® measure the neutral-current vector coupling or sin @y, at 10 GeV

® Accessto g-2 (tau) down to the SM value, and improved EDM
® changing the beam polarisation direction is required

® |mprovement in tau Michel parameters measurement

® Reduced backgroundsin r — £y search: SM backgrounds gets modified angular distribution

® but what if the LFV process also gets modified? = access to helicity structure of new
ohysics

¢ R&D ongoing.
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https://arxiv.org/abs/2205.12847

Direct searches

® A plethora of searches done, ongoing or planned:

e Axion-like particles with ee™ - ayanda — yy,orete™ — ae™e”

e Dark photons in various signatures: ete™ = yX, ete™ - u u=X, ...

- recent search

® /' in parameter space relevant for muon g-2

® Dark matter candidates: long-lived particles, scalars in B — KS...

® Dilepton resonance: recent dimuon search, probing ATOMKI
anomaly in dielectron

e Expected world-best sensitivity for many signatures below 10
GeV

® Searches that rely on missing energy depend severely on the
detector performance

® Ensuring the hermeticity: a small inefficiency in one subsystem can
severely impact the reach

® Cosmic-ray veto performance
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https://inspirehep.net/literature/2104717
https://inspirehep.net/literature/2764835

Summary 25

® More data is coming
® New ideas sometimes help more than new data

® There are many classes of "anomalies" where Belle Il can contribute

® Oor create new anomalies!
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