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Dark sector = HEPHY

HOCHENERGIEPHYSIK

Dark Matter (DM)
. Ex_lstence egtabllshed In astrophysics, e.g. rotation curves of Standard . Dark
spiral galaxies, bullet clusters, ... Mediators
Model Sector

 No dark matter candidate in the Standard Model (SM)

* One of the most convincing indications of new physics
B-factories at ete™ collider

Dark Sector Candidates, Anomalies, and Search Techniques « Can access the mass range favoured by light dark sectors

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
| | | | | | | P - P PR | - .
Gt Possible sub-GeV scale scenarios
<€ : - > > . . .
HCD Aon WIMPs * Light dark sector weakly couples to SM through a light mediator
—— —
Ultralight Dark Matter Hidden Sector Dark Matter Blacktoles .
< > < | V >  Mediator portals:
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
Post-Inflationary Axion o= : Asymmet}ic DM g ¢ VeCtOr pOI’ta —> Dark PhOtOﬂS, Z, bOSOnS
= . 4 >
i « Pseudo-scalar portal = Axion Like Particles (ALPS)
SIMPs / ELDERS
® ums e Scalar portal = Dark Higgs / Scalars
<>
rones * Neutrino portal — Sterile neutrinos
Small-Scale Structure
S;all Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics,>AcceIerators I\/Iicro::-h:ing IN THIS TALK
i Long-lived scalar particlein b — s
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
D . . /
arXiv:1707 0450 A Invisibly decaying Z’ search

Belle I
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Belle Il experiment & HEPHY

HOCHENERGIEPHYSIK

SuperKEKB accelerator

o« eT (4 GeV) - e” (7 GeV) collider with E -, = \/E = 10.58 GeV

* Holds world record instantaneous luminosity of 4.7/ - 10>* em=2 57!

KL and muon detector

Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

Bel Ie " detector _’:‘ er_::aps , inner 2 barrel layers)

« Composed of 7 major subdetectors arranged around the interaction point EM Calorimeter

Csl(Tl), waveform sampling electronics

 Advantages

\

-

* Hermetic detector, i.e. good missing energy reconstruction - = Particle Identification

electrons (7 GeV) ' Time-of-Propagation counter (barrel)

e Special triggers for low-multiplicity events: single track, muon, photon Vertox Detoct i e 20 Acrogel RICH {forward)
eriex vetectlor
° i TaY I " 2 layers Si Pixels (DEPFET) + :
Excellent tracking efficiency and improved vertex resolution + layers Si couble sced sifp DSSD
 Improved particle identification (ID) gy
— positrons (4 GeV)
° K / T Separation Central Drift Chamber

Smaller cell size, long lever arm

 ¢ID performance equivalent to that of ulD
« Status

» Collected 428 b~ ! data sample since 2019
« ~ BaBar ~ half of Belle

.« 362" @ Y(4S) mass
e Currently on 1st shutdown, expected to resume operation by the end of 2023
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Long-lived scalar particle in b — s Bfsinen S veeny

HOCHENERGIEPHYSIK

Scalar portal W=

e Scalar S that mixes with SM Higgs (introduces a mixing angle 6) ’ ‘\%Sb/k S+

First Belle 1l long-lived particle (LLP) search < )

» Processes: 5 — K" 5 or > [KY =K "727]15 withS = x"x™ andx = e, u, 7, K N Z7 \ W
 Eight exclusive visible channels \/

« Signal B meson fully reconstructed (charged prompt and displaced tracks)
Event sighature

-~ -
------------------------------------------

e Search for a peak in M (reconstructed LLP mass) using unbinned maximum likelihoods

Backgrounds
« Combinatorial background: reduced by requiring kinematics similar to B meson expectations Dipion reduced mass for B — KS( — mz)
. K¢ background: mass region vetoed in Mg %: petle ey = B:*;/SHTQ e st
* Further peaking backgrounds: suppressed by larger displacement requirements S,:z —oee
Corrections g o
« Use of control samples to get corrections for reconstruction efficiency, M¢ shape and PID 35 zz
Signal extraction § 1‘;-
* Use of reduced mass My ‘i‘f;‘ffc‘_l =1/Ms_ . — 4m; to simplify modeling of signal width £

8 05

mreduced (Gev/c?)
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Long-lived scalar particle in b — §  &iicmon S reeny

+ + 0_,,*0 + =
Result . E.B.. 2K*S . EB..._.’..K (2K™n )5
. g . _1 | i | \ |
» No significant excess found in 189 fb X 4070l | | o
+ : | | |
« First model independent 95% CL upper limits on B(B = KS) X B(S = xTx7) >T< 71 'N ,, '\/4 | ﬁf*,,mm 0
B o n 10§ P 17
e First limits for hadrons (x = x and K) T 1\
. . . . 10 =
» Translates into model dependent limits on mg vs sin @, with ct = f(mg, 0) X _
2 6 | 1!
D X 10 | E
- L. |+
0 = 10} ?.
m - i
—————————————— [T = : 1 N
c -8 1
© 10 = _
- ; :
O ol 11
'; 2 10 ¢ 1 E
] O E iy
| 10 ¢ i 7
] | %
? 10 b =
LHCb - ; I
s | _6' 1
10 ¢ F —— cTt=50cm i‘
; = Belle Il Prelimi F  cT= ]
| Belle Il Preliminary o] [Ldt—189m0 || — crzioem i
| E949 NAG2 PS191 [Ldt =189 fb~? ; 1 J,
10— = | - .0 | — -8 | I |

10 10 10 10

Mms (GeV/CZ) ms (GeV/c?)
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Search for invisibly decaying Z’ boson «siiiaen, i Heeny

Vector portal o~ - Ve, X

» Massive gauge boson coupling only to the 2nd and 3rd generations of leptons (L., — L._model) [1]
U T

First direct invisible decays search

e Process: eTe”™ — uTu~Z with Z’' — invisible
» “Vanilla” L, — L, model: B — vv) ~33—-100% e’ ut e X
« “Fully invisible” L, — L, model: B(Z' — xj) ~ 100 % 10°

Event sighature and measurement 104 |

Corrections and systematics

o
2
e Search for a peakin M, ., (invariant mass of system recoiling from u™ ™) 2 :
. . _ _ _ _ O 103¢
» Three dominant radiative QED processes: e e™ — u u=(y),e"e” - t7t7(y) 5 .
andete” > eTe utu” ‘S’ 102
« Suppressed with a NN simultaneously trained for all Z" masses [2] &
. . . _ 9) CMS += 10!
- Signal yield extraction: 2D fitin M, ., and 6" g
O
-
©
O

* Use of control samples to derive systematics and corrections

Result 0 20 40 60 80
Mrzecoil [GeVZ/C4]

- _ _ L 1] Phys. Rev. D 89, 113004 (2014), JHEP 1612 (2016) 106
« 90% CL upper limitson o(eTe™ — u*tu=7',Z' — invisible) and on g’ {2% ths_ Rev. D 101, 095006( ) 2016)

-
3
|

. No significant excess observed in 79.7 fb~!
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Search for invisibly decaying Z’ boson «siiiaen, i Heeny

HOCHENERGIEPHYSIK

Vector portal o~ - Ve, X

» Massive gauge boson coupling only to the 2nd and 3rd generations of leptons (L, — L_model) [1]
U T

First direct invisible decays search

e Process: eTe”™ — uTu~Z with Z’' — invisible

e “Vanilla” Lﬂ — L_model: B(Z' — vi) ~ 33 — 100 % e™ pt Vg, X
« “Fully invisible” Lﬂ — L_model: B(Z' — yjy) =~ 100 % “Fully invisible” LM — L_model
Event signature and measurement .
e Search for a peakin M, ., (invariant mass of system recoiling from u™ ™) i,/'/
» Three dominant radiative QED processes: e e~ — u u=(y),eTe™ = t717(y) i i _ﬁ
andete™ - ete uu~ f:,f (g—2)ux20°
« Suppressed with a NN simultaneously trained for all Z’" masses [2] EL_ E
« Signal yield extraction: 2D fit in Mfewil and Ql,ce%*jl . et Lt = 787 -1 50% CL UL |
Corrections and systematics =0 Expected +10 Expected £20
e Use of control samples to derive systematics and corrections - ——- [z =0.1Mz
Result 107 o
» No significant excess observed in 79.7 fo~ ! Mz [GeV/c?]
 90% CL upper limits on o(eTe™ — /’t+M—Z/9 7' — invisible) and on g’ E} E%: Egz B?gajgggggézm)’ JHEP 1612 (2016) 106
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https://arxiv.org/abs/1403.2727
https://arxiv.org/abs/1609.04026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095006
https://inspirehep.net/literature/2611344
https://inspirehep.net/literature/2611344

- W\
T physics i HEPHY

B-factories = 7-factories 7 lepton decays
* Cross-sections of these processes are similar * Decay into lighter leptons and is massive enough to decay into hadrons ( > 200

. 6(ete” —» BB) = 1.05 nb hadronic channels)

e olete” = t7t7)=0.92nb T —a
%4

7 lepton properties and production N l R
e 3rd generation particle, heaviest known lepton < ” \7;0
1st 2nd 3rd
* Final states contain mostly one (1-prong) or three (3-prong) charged particles

Leptons

17,4% 17,8%

« 7 leptons are produced in pairs in eTe ™ colliders

27% IN THIS TALK
e T
0.0 10,8% T>Cla
Y e
(A
5o 7 Mass
et 7+ =0 270
e |nitial states very well known 9,3% 25,5%
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Search for a in LFV 7 decays T30 o506 (rozs) o HEPHY

HOCHENERGIEPHYSIK

Motivation T — U
 Invisible boson a could enter from several new physics models, e.g. light ALP [1] - Belle Il —t— Data |
14000 Ldt = 62.8 fb Si Total uncertainty
Measurement and event signature 12000k JLat=62. B ry
~ i . Other 2
o . : — — [ "N A\ T—ua, M_=1.6 GeV/c
Process: ee — 7( = fa) ©( = zxav,) with = e, u O 10000} | o, M 1.2 GoVIc?
S I : ©—>ua, M =0 GeV/c?
Lt % 8000:- N o
— - -
: 4000( meC
: 2000
O- L al . E—J'—F___'_F;_HP ......... I e R e -
° IrredUCIbIe backgrOund T — fyfyf 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
X
. . 5 -3
« Exploit the shape differences between 3-body vs 2-body decay F— -
R . f;_, o5 | Belle Il —e— Observed UL at 95% CL - Expected UL = 1 std. dev.
« Pseudo-rest-frame (PRF) approximations: E_ & \/5/2, P:R = Do | Pl 5 | [Ldt=6281" ---- Expected ULatos%CL  Expected UL = 2 td. dev.
3. 20 B
. Search for a peak in normalized lepton energy X, = 2EI;‘</mTc2 with E:j: PRF energy 1t |
e
* Fit with SM and SM+NP expectations, compare likelihood of the two models 2
@)
Result T
. No signal observed in 62.8 fb~! CHEE
m _
« 95% CL upper limits on HB(t — ea)/ B(t = ev,v,) and B(t = pua)/ Bt = //tI/MI/T) oL

M, [GeV/c?]

« Most stringent limits in these channels to date: 2-14 X more constraining than Argus [2] 1] Phys. Rev. Lett. 124, 211803 [2] Z. Phys. G 68, 25 (1995)
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Search for LFV © — £ ¢ decays CONFERENCE 2 HEPHY

HOCHENERGIEPHYSIK

Motivation T — UQ
* Decays that involve LFV are predicted to occur at rates close to 107, i.e. out of exp. reach ;j o Bele "f (Prefiminary) (¢ beceromd T D
. L 11 —8 o[ MC: frdt = 2ab!
+ New mediators, e.g. leptoquarks, may enhance rates and predict instead 10~ — 10 5 0al .
Measurement and challenges :
0.2F
 Process: ee = 1( = £¢( — KK)) t(inclusive) with £ = e, u BRI B
: oof, o T .
L i PR Co
' Ttag E Tsig / ~0.2F L : .o
b : . + - :
: s\~*¢< K —0.4_— ) . .
K — 1I.€IS7I5I Ill.-7I0IOI I1I.7I2I5I I1I.7I5IOI 17I75 I1I.8I>OI0I I1I.8I2I5I I1I.8I5IOI 18I75
e Continuum background: suppressed with BDT classifier o M; [GeV/c’
s elle reliminar — s,0bs
+ Signal efficiency: &, ~ 6.1 % (6.5%) for e(u) ~ 2 X Belle - i e
- : +20 CLj exp
. Yield extraction: Poisson counting in signal regions, i.e. in M, and AE;, = E;’lfg — \/E/2 place "I _JEETAC
- — a=10%
* Expected background evaluated from data sidebands with scaling from simulation ol
Result -
» No significant signal excess found in 190 fb~! 0.5 |
. 90% CL upper limits on B(r — ed) < 2.3 X 107" and B(zr — ugh) < 9.7 x 107°
 Successful first application of inclusive approach in z-pair analysis at Belle II 0 —— . o

Upper limit on B(1 — o)
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Measurement of the 7 lepton mass  Bfsitmen =i Hepny

HOCHENERGIEPHYSIK

Motivation 10°
» The 7 lepton mass is a fundamental parameter of the SM 160F Belle Il Simulation e,
- . N 140F ~ 190 fb
e Its precision have consequences in LFU tests! o f Ldt=1501b . | T
> 120fF : 4
Measurement % [} Data . JP ;
100 . o
_ 0 : _ : Tt backgrounds .
. Process: ee = ©( — nanv,) 1, where 7,,, = v v, or 7, = (7")v, with £ = e, I K
~ L {1 Others :
70 N - .
c, W, T Lt "E 60: f
7-tag 7-szg |.|>J
Lo’ = 20_—
., ’ I \ T‘- - 2. __
M I \ seseeespett” . i )
1-2u N U 06 0.8 1 12 14 16| 1.8 2
max 17

My [GEV/c?] |

e The 7 mass can be calculated as

m; = (p,+p,)” = 2E# (Ef — E}) + M;, — 2p3 (Eff — E¥ ) cos(p's,. P,) %% eeen,,,,
* Use of a pseudomass technique developed by the ARGUS collaboration § :
» As the direction of the neutrino is not known, cos(p’5., p,) = | is assumed, resulting in - | Detector _» ISR |
M2, =2E*(E¥ — EX)+ M3, — 2p* (E* — E¥) <m? 2 resolution , / H
 The position of the cutoff indicates the value of the T mass ) .."o. |
 Smeared edge due to detector resolution effects and larger tails because of ISR - P TPececesed

I\/Imin EaeV/Cz]
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Measurement of the 7 lepton mass  freisicanon =i HEPHY

Systematic uncertainties
e Systematically dominated measurement \/Mz + 2(\/3/2 E* 3ﬂ = P;kﬂ)

Major improvements in the determination of the leading systematics entering M, ..

« Beam-energy: Use of B meson hadronic decays method and Y (45) lineshape Source Ur[lf\i“va/in;y]
eV/c
measurement to get \/E ,,
Knowledge of the colliding beams:
« Charged-particle momentum: p scale factors to cure bias due to imperfect B-field Beam-energy correction 0.07
Boost vector < 0.01
Extract corrections dependent on cos 6 for K and & by comparin
0 P track y P 9 Reconstruction of charged particles:
D" — K mass peak w.r.t PDG mass Charged-particle momentum correction 0.06
Detector misalignment 0.03
10.59 r — = 35 — _ Fit model:
" Belle Il Prellmlnary S ; _ Belle ll Preliminary —I—Before momentum correction Estimator bias 0.03
= : f L dt=190 fb Total uncert. ——— f L dt =190 fb™ - After momentum correction Choice of the fit function 0.02
8 10.585 |- 2B} L S Mass dependence of the bias < 0.01
=, = ofF
L% il 5 % ' Imperfections of the simulation:
- 10.58 *-”°m”a' - 15 3 Detector material density 0.03
% ' ' EE“Q 1F — Modeling of ISR, FSR and 7-decay 0.02
s N . 05 F Momentum resolution < 0.01
T 10.575 1 o o = S S i _____________________ i ______________ ; —i— Neutral particle reconstruction efficiency < 0.01
O B § S Of T Tracking efficiency correction < 0.01
ks 5 ® -0.5 | . Trigger efficiency < 0.01
oS s ae F b e b e b e e Background processes < 0.01
0 100 200 300 400 500 1 08 06 04 02 0 02 04 06 08 -
Chronologically ordered events cosh), Total
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Measurement of the 7 lepton mass  Bfsitmen =i Hepny

Result

o World’s best determination of the 7 lepton mass

x10°
16 Belle Il Preliminary PDG Average (2022)
-1 Leend .
O 14 fL dt =190 fb BES (1996) |
= 5 1776.96 *0-18 +0.25 o
O m,=1777.09 = 0.08 £ 0.11 MeV/c 9O 921 -0.17
L(E) BELLE (2007) .
,_' 1776.61+ 0.13 = 0.35
= KEDR (2007) :
N 0.25
2 1776.81 2. 0.15
gJ BaBar (2009)
@

LLI 1776.68 + 0.12 =+ 0.41

BES Il (2014) :

0.10

1776.91+ 0.12 *0.
S Belle Il (2023) :
al 1777.09 = 0.08 = 0.11

| | | | | | | | | | | | E | | | | |

17 172 174 176 178 18 182 1.84 1776 1776.5 1777

M_. [GeV/c?] m. [MeV/c?]
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Summary

* Belle Il has a unique sensitivity to light dark sectors searches and confirms its world leading precision capabilities

* Presented recent dark-sector and 7 physics highlights
» Long-lived scalar particle in b — s transitions — to be submitted to journal
 Search for invisibly decaying Z’ boson — accepted for publication (PRL)
« Search for an invisible boson in LFV 7 decays — Phys. Rev. Lett. 130, 181803 (2023)
 Search for LFV 1 — £ ¢ decays — conference paper (Moriond 2023)

« Measurement of the 7 lepton mass — to be submitted to journal

With 428fb~! sample collected, more exciting results are coming!

Thank you!
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Belle || Luminosity status and LS1 plans e HEpHY

Long shutdown 1 (LS1)
* Belle Il data-taking stopped in June 2022 and is on track to resume

in winter 2023 . Belle Il Online luminosity Exp: 7-26 - All runs
o 5 TrieoTa R miRGdi | ——
LS1 activities —_ . Recorded Weekly
e |nstallation of full 2_|ayer pixe| detector "e 15.0 '""“'IERecordeddt“—“42779[fb—1] e 400 _
* Replacement of PMT of central PID detector (TOP) > a
. qeplacement Of the beam plpe g 125 ................................................................................................................................................................... 4?
= - 300 @
* +more E 0 T 0 OO R TR srovoreeet | 14| IS ESROORS I=
* improvement of data-quality monitoring and alarm system § ;j
° Comp|ete transition to new DAQ boards % T 5 e | [SUT | NN ... - 200 %
et (@)
* replacement of aging components o 2
. addltlonal Shleldlng agalnst beam baCkgroundS Jg 50 N ———————————————————— ] | 1 —— I} [UTRURRRI  BRRRRRREN (|| S - 100 g
+ accelerator improcements: Yy — o | )
* Injection |
* non linear collimators 00 7T ITrrIIrrrTT BRRERERR [TTTTIT] -0
o A ",
+ moniorin G
B S S N MM

Date

Updated on 2022/06/22 18:14 |ST
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Search for 7t decay of a Z' boson in uutt f.s. S ey

Models 300_Belle_ll preliminary i + fﬁdt 62.8 fb~?! _
» Probe three different mediator models: ¢ AR = jijijj‘ie“_*w“;‘i'c's'b){
— 250+ § al { Data . ]
» Z'with L, — L, [1], leptophilic § [2] and ALP [3] & o I MMH I | | — iﬁ\{ H
Z 4r T ete” mete 11"
Mo 3 zo00 3 [0l bty 4 o -
easureme - E Ui |1[wau‘|~ LTI { \
S 150F ——
e T depays to one charged plus any number of neutral et ut T = IR PPN S + }
part|C|eS @ 100+ Q 5.8 5./9\)4 (6:”) [Gs.\lﬁ ; 6.2 6.3 HH + H + i
. N b recoil ev/c + + +
» four tracks in the even (at least two p) 1] JHEP 12 (2016) 106 0l o ++++ Tl
| o ) 2] PRD 95 (2017) 075003 e ANWUN M e
» Require missing energy by My ,,.,.1s < 9.5GeV/c 3] arXiv: 2110.10698 Oﬁﬁéfgﬁﬁc = . : 4
* Modelled: Un-modelled: Mecoi(up) [GeV/c?]
ee — 17T ee — €€Xhad Belle Il preliminary [rdt=62.8 fb? Belle Il preliminary [rdt=62.8 fb1
= - — 90% CLchJL Expected UL £10 Expected UL +20 103+ BaBar Ul
ee — qq ee —> eenrw =0 Expected UL ] | '
ee = 4¢ ee — 4¢ + ISR £ 200 1 1l _
. . .. . 1
* Eight different classifiers (MLP) in different < sl ] | (g-2ux20
M, _.(un) regions A " 10t} —-
recoil\MH g 2 | 5
. . 5 10F i - ]
° . 1 : _
Signal extracted by fits to M, .,(p1t) ! | ool _:
- Background determined directly in data Y | f
©
» un-modelled non-peaking background are o~ jo-rl _ oreet 0 PepdedthEle | Beeded B0
3 4 5 6 7 8 9 10

problem my [GeV/c?] ms [GeV/c?]
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Search for invisibly decaying Z' boson S HEPHY

HOCHENERGIEPHYSIK

“Fully invisible” L, — L_ model “Vanilla” L, — L, model

Belle Il, 0.276 fb~1

-1 D
10 :— II ’_,_,—'_'_ ‘/"—'\-, ‘/ _:
: - / \Oﬁ‘ :

Belle Il, 0.276 fb~!

-
o
o
=
(\]
\
~
~
N
\
=
o
o
L\
BaBar +

I
3’,‘.;' o : (g—2)u®20
:EIINA64 e ‘,’/ :
o 1072 ] A\ | E

NN, / |

| \% i _ CMS (95% CL) °
1073} Belle I [L dt = 79.7 fb™%, 90% CL UL -

- I

k [ =0 Expected £10 Expected £20 - Belle I fL dt = 79.7 fb_l, LH — L, vanilla
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Search for a in LFV 7 decays
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Measurement of the 7 lepton mass Sk

0.1790 -  Test of the SM prediction of the relation between the 7
leptonic branching fractions and the 7 lifetime and mass.
0.1785 - B, denotes the statistical average of B, = B(t — ev,v,)
and the 5, SM prediction from the B, measurement
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