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Search for Tiny Effects

> The standard model of particle
physics fails to explain
several phenomena

x  But we have not found
any convincing signals
that point to the
more general theory

> Have to look closer
> Be smarter
> Or both




Outline

> Experimental conditions

> Recent results
+ Semileptonic decays
¢ b - sll transitions
¢+ Dark matter searches

+ Matter antimatter asymmetries

> Qutlook and conclusions




SuperKEKB: ete- @ Vs = 10.6 GeV

Interaction
Region Belle Il detector Nano beams:
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electron ring - | .
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1 um
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positron ring electron / positron

linear injector

> Goal: 50 ab'
(50x Belle)

= Challenge:
machine
induced
backgrounds

positron damping ring
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Belle || Detector

TDR: arXiv:1011.0352
IEM Calorimeter: e
Csl(Tl), waveform samp "a,\ =

K_and muon detector:
Resit ve Plate Counter (barrel)
tillator + WLSF + MPPC (end-caps)

o, art ntification
electrons T % )

dagation counter (barrel)
(7GeV) 1g Aerogel RICH (fwd)

" positrons
Vertex Detector (4GeV)
2 layers DEPFET + 4 & gew

layers DSSD

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

Trigger and DAQ
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Software and Computing

: J U pyter BZJpsiKshort Last Checkpoint: 5 minutes ago (unsaved changes)

« >1M lines of offline software

B+ < @B |+ « W B/ C|coe 7| = ceimoomar

In [167]: plt.figure(figsize=(16, 18))

ax= plt.subplot(211) i ] )
Exa m p | e’ recon Stru Ct BO — J/I’ZJ(H‘LI—'_[J_) KO (—)T{+TC_) E;?;i;??l;hgii;(génégl?eéx:;:ftg?:Tui:i;s‘) N

\ ES Bobar.hist(label=r'$\bar B_B$', ax=ax, **plotargs)
plt.ylabel('# Entries’')

plt.legend()
# create Ks -> pi+ pi- list from VO e .
# keep only candidates with 0.4 < M(pipi) < 0.6 GeV Siow - i sl N )
fillParticleList ('K_SO:pipi', '0.4 < M < 0.6"') B rio. st oy Bict) SowikEy eatien
- i :ndex-ﬂ.b‘[b;zs[;-l] T bins[1:1))
d erences.plo s="', marker='.', c=red, ax=ax
# reconstruct J/psi -> mu+ mu- decay vit-g{aglu’uzl ; )
g r's\Delta T
# keep only candidates with 3.0 < M(mumu) < 3.2 GeV PLE.ylabel(r Difference between $8_85 and $\bar B_03')
reconstructDecay('J/psi:mumu -> mu+:loose mu-:lcose', '3.0 < M < 3.2') gLt iegands) reenial)
1000
# reconstruct BO -> J/psi Ks decay 1 B
# keep only candidates with 5.2 < M(J/PsiKs) < 5.4 GeV 800 — B
reconstructDecay('BO: jspiks -> J/psi:mumu K_SO:pipi', '5.2 < M < 5.4"') - 0
# perform BO kinematic vertex fit using only the mu+ mu- uE.l i
# keep candidates only passing C.L. value of the fit > 0.0 (no cut) #*
vertexRave('B0O: jspiks', 0.0, 'BO -> [J/psi -> "mu+ “mu-] K_SO0') —
# build the rest of the event associated to the BO 0
buildRestOfEvent ('BO: jspiks') N
2 200
# perform MC matching (MC truth asociation). Always before TagV T 150 .
matchMCTruth('BO: jspiks') ok it
ci 100 oA
# calculate the Tag Vertex and Delta t (in ps) § 50 "
# breco: type of MC association. 2 0 e e ..'°-"..-'-. il - R s e e
¢ "
TagV('BO: jspiks', 'breco') 2 =0 P -
8 -100 =
c *
@ -150 =
@ -
£ -200
0

> Soon to be released as open source = W= L Fr S
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Event Types
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Complementarity with LHCb

opp (nb) ~150,000 ~1
[ Ldt (fb~1) goal ~50 (phase ) ~50,000
Background level High Low
Typical efficiency Low High
Y, K, efficiency Low High
Initial state Not well known Well known
Decay-time resolution Excellent Good
Collision spot size Large Tiny
Heavy bottom hadrons B, B, b-baryons Partly Bq
T physics capability Limited Excellent
B-flavor tagging efficiency 3.5-6% 30%
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Reconstruction of Undetected Particles

VvV
'{ Comput. Softw. Big Sci. 3 (2019) 1, 6
’ 0.50
IS ""”\.k --m-- KFE]
=0.40
%
g
.50.30—
5
. %020_
\“ U—j
?;90.10—
\\ H |
‘ 000+——F————F T 1 T T T 1
v 0 10 20 30 40 50 60 70 &0 90 100

Purity in %

- Full reconstruction of B, decay in O(10.000) different decay chains

with a sequence of BDTs — Full Event Interpretation (FEI)
> All remaining particles in the event belong to B, (= hermeticity)

> 4-momentum of BSig - 4-momentum of undetected particles
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FEI Calibration

arXiv:2008.06096

BELLE2-CONF-PH-2020-005
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Hadronic Moments in B —» X ¢v

arXiv:2009.04493
BELLE2-CONF-PH-2020-011

400

B*e*
b p,* >1.0GeV

JLdt = 3461

I Belle Il (preliminary)

My [GeV/c?]

x103
33 F ..
Belle Il (preliminary) ; g’*g}f”
- - Dfv
~3.0F [Ldt = 346! eigos o
j:J_' I B-D**fv
= 25 I other B- X4v
8 B 8- Xty
P [ Cascade
o 20¢F [ HadronFake
o EEm other BB
:: 1.5F E cte -qq
_'tﬂ wzs Uncertainty
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0
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> Background constrained with same
charge combinations

> (Calibration factors from MC




Hadronic Moments in B —» X ¢v

arXiv:2009.04493

BELLE2-CONF-PH-2020-011

4.8 | _ pp Cut in GeV /e 0.8 0.9 1.0 1.1 1.2 1.3
| - é Bellell (M%) in (GeV/cl)? 45743 45459 4.4902 4.4365 4.3790 4.3458
. . . . . L0189

BaBar (2007 Stat. error (data) 0.0146 0.0151 0.0157 0.0165 0.0175 0.0
| - i aba ( ) Stat. error (signal prob.) 0.0405 0.0140 0.0092 0.0071 0.0017 0.0003
& a6l $ Belle (2006) Stat. error (total) 0.0431 0.0206 0.0182 0.0180 0.0176 0.0189
r? ' Q 1 T Calib. function error 0.0473 0.0447 0.0427 0.0410 0.0393 0.0380
__L_:J.‘ | T 4 | FEI eff.. 0.0340 0.0201 0.0118 0.0060 0.0014 0.0005
> | Q PID eff. 0.0476 0.0210 0.0164 0.0109 0.0060 0.0046
Q I i Q B — X, v, BF 0.0168 0.0157 0.0151 0.0150 0.0153 0.0160
O 44 Bias corr. (stat) 0.0115 00112 0.0110 00110 00112 0.0116
— i - - i Bias corr. (model) 0.2099 0.1902 0.1687 0.1446 0.1254 0.1106
A i 1 i Sys. error (total) 0.2239 0.1985 0.1762 0.1519 0.1329 0.1187
o~ I i i Total error 0.2280 0.1996 0.1771 0.1530 0.1340 0.1202
= 4.2 i p; Cut in GeV/e 14 1.5 1.6 1.7 1.8 1.9
\Y i i (M%) in (GeV/cl)? 12080 4.2601 4.2209 4.1483 4.1493 4.1547
I Stat. error (data) 0.0208 0.0235 0.0274 0.0337 0.0426 0.0553
Belle Il (pre“mina ry) i Stat. error (signal prob.) 0.0011 0.0017 0.0026 0.0054 0.0088 0.0137
4.0 [Ldt = 34.6 fb- Stat. error (total) 00208 00236 0.0275 0.0341 0.0435 0.0570
| - 'I | | | | | Calib. function error 0.0366 0.0355 0.0339 0.0296 0.0310 0.0303
FEI eff.. 0.0020 0.0038 0.0050 0.0065 0.0092 0.0134
0.8 1.0 1.2 1.4 1.6 1.8 2.0  pmer 0.0037 00032 0.0035 00041 0.0051 0.0070
* B — X, {1y BF 0.0171 0.0200 0.0228 0.0283 0.0358 0.0503
pf Cut [GeV/C] Bias corr. (stat) 0.0123 0.0135 0.0154 0.0184 0.0230 0.0303
Bias corr. (model) 0.0920 0.0764 0.0621 0.0483 0.0328 0.0185
n —_— Sys. error (total) 0.1013 0.0878 0.0761 0.0664 0.0629 0.0703

> < > =]- y

ReS u Its fo r MX fo r n 1 6 Total error 0.1034 0.0909 0.0810 0.0746 0.0765 0.0905

inclusive measurement

— Step towards a |V | measurement

Eur.Phys.J.C 80 (2020) 10, 966

Thomas Kuhr
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B —» D"/v Branching Fraction

arXiv:2008.10299
BELLE2-CONF-PH-2020-009
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absolute branching fraction
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b — st/

BR(B — Ku*u-) / BR(B - Ke*e")

P!

B — Kp'y-

e 1E L S B B BB 1 T
- e LHCbdata © ATLAS data i
IEﬂJ—' m Belledata © CMS data i

0.5—‘1 i [l SM from DHMV ]
;T min I —— SM from ASZB ]
oF 1 . ‘ " -
-0.5 —
N .7
-1 e 1l .' o
0 5 10
Observables Belle Belle 11 Belle I1
uncertainty 0.71ab™" 5ab”" 50ab !
P ([1.0,2.5] GeV?) 0.47 0.17 0.054
P. ([2.5,4.0] GeV?) 0.42 0.15 0.049
P% ([4.0,6.0] GeV?) 0.34 0.12 0.040
P. (>14.2GeV?) 0.23 0.088 0.027

- BaBar
0.1 < ¢*<8.12GeV/ ¢!
- , Belle
1.0 < g2 < 6.0 GeV et
LHCb 3 fb’!
10 < g2 < 6.0 GeV* e
LHCb 5 fb™
1.1 < ¢* < 6.0 GeVFc!
i LHCb 9 fb™
: 1.1 < g2 < 6.0 GeVY et
1 3 L " g | L ] 3
0.5 1 1.5
arXiv:2103.11769 Ry
E r Belle " 2019 n
0.25— ' ”ections tor R(K)
0.2
0.15
0.1—
0.05
0_ | I | |

1

10
Integrated Luminosity (ab™)

Similar sensitivity for R(K") and R(X))



B - Kvv

V
R 4
\ |
Vv

Observables Belle 0.71 ab™" Belle 11 Belle 11
uncertainty 5abh ! 50 ab !
Br(Bt — K*vv) < 450% 30% 11%
Br(B" — K*'vb) < 180% 26% 9.6%
Br(Bt — K*"vp) < 420% 25% 9.3%
FL(B" — K*vp) — — 0.079
Fi (BT — K*Tvp) — — 0.077

limit on Z @ 90% CL

PRD 96 (2017) 9, 091101

1074

107}

107

® BaBar hadronic == SM prediction

Belle hadronic Belle semileptonic

A BaBar semileptonic

.Z
A o

Ktvw Kgvv K*vo K¥ve 7tvr 7o Jup prop

B decay channel




B — KVV arXiv:2104.12624

submitted to PRL

 Kaon candidate selection
* Inclusive tag - rest of event

« BDTs inputs: kaon mom., rest
of event, event shape, D veto

« B* - K*J/y(—up) control sample

0.93<BDT,<0.950.95<BDT,<0.97:0.97<BDT,<0.99: 0.99<BDT,
1 s .
1 . .
CR11 :Belle II : 1
400 SR : . i
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2000 i ‘- :
Belle IT 4 ! : ]
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Jcdt=631b Vo 300 ! B B Kt |
200 It [ Neutral B
1500 | 3 i - = |
o) =150 2 = Charged B |
3 Eloo - [ 200 B Continuum _|
S =
n Data
21000 [ 5 o0 i 3 ]
% 0 illn-n-nlacnntlnnadlna |
3 0.0 02 04 0.6 08 1.0 100 : scaled by 2
BDT,(BDT; > 0.9) : ]
500 F/[OB*—K"J/v,,+,  MC $ BT=K*"J/¢,,+, Data| o

IB* K/, , MC 4 B—K*'J/i,,-, Data
BT—K vy MC

0
0.5 2.0 2.43.50.52.0 2.43.50.52.0 2.43.50.52.0 2.4 3.5

a l o | Py

0.0 0.2 0.4 0.6 08 1.0 pr(K™)[GeV/c]
BDT,

Thomas Kuhr Planck 2021, 30.06.2021 Page 19



arXiv:2104.12624

1.0 Average
. Bellell ---- Expected 104
_ -1 ] T .
0.8 "--,/Edt (63+9)b" mmm Expectedils ] A | Belle 11 (63 fb-', Inclusive)
Expectedi% 1 : £ This work
o _
— —— Observed | 1
= os} — . Bele (ZLLR SL)
1
” ] |
= 0.4 1 90% CL . I ¢ Belle (711 fb - Had)
© Expected: 2.3x10° 1 :
0.2 Observed: 4.1x107" ] O Babar (429 tb~!, Had+SL)
* ] . .: . | | (]IH‘_LUI?. PR|D87: 112.065‘ | . .
RS, e 195 O 2 4 6 8 10
ooz v 0 ° 10° x Br(BT—K " vi)
B™ — K"wvr branching fraction
15.0 f .
> Same sensitivity as Belle hadronic tag sk ]
analysis with 10 times more data ~ 100} Belle I Simulation |
o
: S 75} |
undetected particles L ;
.= b.0F .
m E :
B 25 1
1 H 1 1 1 |_.—!_°_! i 1 ] ] ]
> A|SO sensitive to B - deark 00024 6 8 1012 14 16 18 20 22 24

q* [GeV?/c?]

Thomas Kuhr
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Search for Axion Like Particles

PRL 125 (2020) 16, 161806

’ -
- - =
s 7'’
Signature: v
* Photon pair /\y

recoiling against
third photon

 Peak in diphoton
invariant mass




Search for Axion Like Particles

PRL 125 (2020) 16, 161806
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95% CL upper limit on o(e * e~ — ya) [pb]

Search for Axion Like Particles

PRL 125 (2020) 16, 161806

Significance

4+ : : Belle Il (2018)
i i [Ldt = 445 pb 10-2 § — (%
2 1 E 0
| =
S
i | : o S Belle Il
i | | o_u ﬂ
: | >
: : v "
i i O, =
——— ; I 6w
m, [GeV/c?] =
o)
1.6 Expected UL +20 Belle Il (2018)
14| ™= Expected UL *10 JLdt = 445 pb~?
—— Observed UL
1.2 + ---- Expected UL _
LO?I 10—5 e e | ] gaYZ_O
08| 1073 1072 4G~ 10° 101
0.6 2
| m, [GeV/c“]
0 l i l | > No significant signal = limit on cross section
' 2 4 6 8 10
Ma [GeVic’] > Exclusion in mass/coupling parameter space

> Competitive result with only 0.0004 ab




’

Search for Invisible Z

PRL 124 (2020) 14, 141801

DM coupling only p
topand T

Si agn ature: 30} mm zfgcn'flf";:dz s ey Belle 112018 Simulation
« Two muons and missing momentum e
. . 8 2.0
* Peak in recoil mass =l
. E
Main background: =810

e tau pair events _
— cut on transverse recoil momentum -
pred™n [GeVic]




Search for Invisible Z’

PRL 124 (2020) 14, 141801

1 _I T TT LI L LI LI I-__I__l-l LI LI E
[ Belle ll 2018 e Data i y
10° ; 1
: Ldr=276pb 107 E——= el
w 10 E_ ete— WH(Y) _
E B s>t THT(Y) = 10_2 E
g 1 :_ Zf%f'f—}e'fu'j.i
O E L-Ls (obs.) 90% CL UL ]
E r = 10_3 Belle Il 2018 L,-L.. BFZ'— inv}=I (obs.) 90% CL UL _
= . — Ly-L; expected UL
1 D : E_ _I_I_‘—L_" J M'r = 2?6 pb 1 ----L,-L,. BF{Z'— inv}=I expected UL
1 —4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
10—2 E_l | () [ | | | ] e R | | | B Bl e | | Il ] e | | b i | | Il (Bl | [ A | | | e RS S| | 10 0 1 2 3 4 5 6 ? 8
0 1 2 3 4 5 6 7 8 M, [GeV/c?]
HeCOH maSS [GGV/CEJ - Belle Il Simulation Expected 90% CL; tJL - Median

* No significant signal in g recoil mass

> |limit on Z' mass and coupling constant

o 1072 P\
> Probing region favored by g-2 with 50 fb
sl == JLdt=9fb! — [Ldt=50fb?
e E ILdt=50fb" (more inclusive trigger)
mmm Belle Il PRL124, 141801, [Ldt = 0.276 fb~
10~ : : : ' : ' '
Thomas Kuhr Planck 2021, 30.06.2021 ¢ 1 @ 3 4 5 & 7T & 3
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Search for Invisible LFV Z’

PRL 124 (2020) 14, 141801
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CP Asymmetries
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Accelerator Performance Evolution
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Hadronic Moments in B —» X ¢v

arXiv:2009.04493
BELLE2-CONF-PH-2020-011
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