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S~ K. and muon detector (KLM):

Resistive Plate Counters (RPC) (outer barrel)

Electromagnetic calorimeter (ECL):
Scintillator + WLSF + MPPC (endcaps, inner barrel)

CslI(TI) crystals
waveform sampling (energy, time, pulse-shape)

\ Magnet:
ele — 1.5 T superconducting
Ctl‘ons .

Trigger:
Hardware: < 30 kHz

& Software: < 10 kHz
b pOs,trOn

S @+

Vertex detectors (VXD):

2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

Particle Identification (PID):

Time-Of-Propagation counter (TOP) (barrel)
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

Central drift chamber (CDC):
He(50%):C2Hg (50%), small cells,

fast electronics

DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shiftin gfb
MPPC mAIt -pixel photon counte
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L1 trigger efficiency
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Invisible Z'




Invisible 7'

e extend SM by adding a U(1)” group

® new massive gauge boson Z’ couples only to leptons of
2nd and 3rd generation

e /’ coupledto Ly-Lrviag’

e focus on invisible Z’ decay produced with a pair of muons

S 10°
* invisible decay channel explored for the first time T
N
JHEP 1612 (2016) 106 =
= ;
PRD 89, 113004 (2014) P
1 10—2
+$’103
My <2M, = BF[Z' — invisible] = 1, 5
oM, < My < 2M, = BF[Z' — invisible] ~ 1/2, o
My >2M, = BF[Z' — invisible] ~ 1/3. v
if My > 2M, 1 M, [GeV/c?]

BF(Z' — xx) =1 _
% may serve as mediator between SM and

DS
may explain (g-2),
may address anomalies in b—=su+u-

L= Z 0g'ty" Z, 0
¢

*
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https://arxiv.org/abs/1609.04026
https://arxiv.org/abs/1403.2727

Invisible 7'

e reconstruct recoiling mass against pu-pair, require
' . Belle 2 DATA
nothing else to be in rest of event event display

run # 3236

Event #493624

e |ook for a peak in recoil mass distribution
e main bkgs arise from QED processes:
° pHu(y)

° THT(y), T2V

o uUtyreter
10° E
~ Bellell 2018 e Data
10° f Ldt = 276 pb’"
B ‘ [ I ’1,11”’!
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Invisible 7'

e reconstruct recoiling mass against pu-pair, require

10° E
nothing else to be in rest of event E Bellell 2018 o Data
. . L 10° E [ Lrar=276pb™
e |ook for a peak in recoil mass distribution - f r=ebp .
R ' [ ’ ”thf A
. . 10 ¢
e main bkgs arise from QED processes: 2 E ¢ e WH(1)
8 ] - H/e*e'ﬁ Th(y)
° prp(y) - -
© THT(y), T-HW o
ou+u-e+e- 10_25....| | | ik} Bt e | | | |
0 1 2 3 4 5 6 7 8
* main challenge: tau-pai i ' S
ge: tau-pair events give the biggest S IPT- R e gl
contribution L B A A LI 0 0 L
| | e e S
o apply dedicated tau-suppression procedure Recoil mass [GeV/c?]
o pased on the different origin of missing momentum | Background Belle I1 2018 - Simulation
. . 3.0 - mmm signal: My = 3 GeV/c?
in sig and bkg -
9
: €sig >
Punzi FOM = ]
a/2 + A / kag é
(a=1.6 for CL=90%) 0
o
pLimax( pTIminy . the transverse recoil momentum with _ iem g Eae
respect to the lepton with the higher (lower) momentum 0'06 RN S 3| R S
1 4 5
p,, : the transverse momentum of the dimuon pair pliMin [GeV/c]
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Invisible 7'

® reconstruct recoiling mass against pu-pair, require nothing else to be in :
rest of event , | Bellell 2018 * Data
10° F
. . . . . : — -1
e ook for a peak in recoil mass distribution g f Ldr =276 pb
e main bkgs arise from QED processes: wn 0F ere— wu(y)
E N ete— T (y)
° pr(y) 3 (L Feeeanw |
O S
o T+T°(Y), TPUW i _
10" E s S| NN
° pHete i
e main challenge: tau-pair events give the biggest contribution 107 £ | | | | | | | |
o apply dedicated tau-suppression procedure °o 1 2 3 4 53 26 78
. o o o Recoil mass [GeV/c"]
o pased on the different origin of missing momentum in sig and lbkg
e compute UL on production cross section and coupling constant g’
1_IIII L LI L 1T -I-:I__I.-I L LI E 1600_
E 1400 | Belle Il 2018
= — = _ -1
10 % 1200 E det =276 pb
2 1000 |
i c - o (obs.) 90% CL UL
102 ¢ « ' 8001
i + = r o (sensitivity) UL
T 600
L,-L; (obs.) 90% CL UL L
107 Belle Il 2018 L, L, .BF(Z— inv)=I (obs) 90% CLUL _| ‘o 400 C :
14 — Lu-Lcexpected UL +® B i e
det =276 pb ----L,-L; ,BF(Z'— inv)=1 expected UL \6’ 200 :— (NN | —— e
10_4 T T T T T T BT I | O | ] ] ] ] ] Loy
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 g 78
> .
M, [GeV/c?] PRL 124, 141801 (2020) Recoil mass [GeV/c’]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

To the future and beyond

! Initial optimisation

e the /' searches allowed to demonstrate the
capabilities of Belle Il

. P st (k) S~
e much more data has been recorded in the mean \\‘:q';’i/io\\l\\“"% ©BCE
- P (tmas) CO DK /
time (x1000) bmin 7192 \SUGIX ‘:‘\(’}01‘7/0
O RS
Py, (tima) @ éé;:%‘/
[ J b Litmin maz q\'l‘""(\ /), "3:7
further progress: AN W58
) E5 9

o deeper knowledge of the detector

\ @ Pl,kl“;nzi
Ny

o improved particle identification

o advanced MVA tools (Punzi-net)

90% CL
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Dark Higgsstrahlung



What about a Dark Higgs?

e extend SM by adding a U(1)’ group

e new minimal model includes dark photon (A’ boson), coupled to SM vy via kinetic mixing
parameter €

e introduce in analogy to SM a spontaneous symmetry breaking mechanism of U(1)” with new
particle, dark Higgs h’

e cte—Ah (Higgsstrahlung), distinguish different signatures according to mass hypothesis

° mp > 2ma, N’ decays to A’ pair, six charged particle final state, investigated by BaBar and
Belle

° mp < Ma, N” has large lifetime to escape detection, 2 charged particle final state plus missing
energy, only investigated by KLOE

S
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Phys.Lett.B 747 (2015) 365-372

i
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https://arxiv.org/abs/1501.06795

Dark Higgsstrahlung

look for two oppositely charged muons plus
missing energy

find a peak in two dimensional distribution of
recoiling mass vs dimuon mass

main SM background contributions arise from
° pHu(y)
° T+T(Y)
(o] e+e-u+u—
main challenge: measurement strategy
o scan+count in elliptical mass windows
o continuous grid of 9k (overlapping) ellipses

M

rec

Recoil mass [GeV/c?]

Ny \pXe
o -"'... d}
pp

6 -

- Belle Il Simulation Considered backgrounds:
5[ [ cdt=9fb? (), TE(Y), ey Lo?
4 b _
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Dark Higgsstrahlung

e ook for two oppositely charged muons plus
missing energy

e find a peak in two dimensional distribution of

Belle Il Simulation Considered backgrounds:

n IJIJ(V)! TT(y)reel‘lIJ I 102

. . & 5F [ cdt=9fb 1
recoiling mass vs dimuon mass | \
) ) ) ) > I % ]
e main SM background contributions arise from 8 4 : 110
o pHr(y) 03 2 |
m : ° 4
(o] T+T'(V) © I . E 100
E2F _
() e+e-u+u- —_ I
. o | »
¢ main challenge: measurement strategy o1y ( 10
o scan+count in elliptical mass windows <l ; ( —
: : : : S T R R B R Ll 102
o continuous grid of 9k (overlapping) ellipses 5 5 2 c 5 10
e background suppression based on helicity angle, Dimuon mass [GeV/c?]
energy asymmetry between muons
0.16 5.0 p
B Background Belle Il Simulation 45 L - Belle Il Simulation
n 0.14 [ 1 Signal: M = 4.0 GeV/c? ‘\
-G:J 0.12 | M, = 3.5 GeV/c? 4'°f \\
< 10 3 \\
0.10 | :
s | T 50} .
@ 0.08 | — I \
'© 0.06 | k,_)lji 20kb \\
- t e Background \
S 0.04 i . ;
§ 1.5 -+ Signal: M}, = 4.0GeV/c? \
0.02 - 1.0F M, = 3.5GeV/c? e
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00 02

CMS
ESMS [GeV]
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Dark Higgsstrahlung

e ook for two oppositely charged muons plus

Candidates

missing energy 6
. . . . . . . - Belle Il Simulation Considered back ds:
e find a peak in two dimensional distribution of — sl [ cdtoomo onsidered backsrounds I101
" . N B -
recoiling mass vs dimuon mass O
. — . > |
e main SM background contributions arise from 8 4r
] = 4100
° pHu(y) 0 3f
0 I
° T (y) c 5l
E 2 O @ Ce el el
° eteuty- = | ARSI Y 10-1
H (@] I POl («u(:: ((':‘(( < §
¢ main challenge: measurement strategy o1y et
I R ey
o scan+count in elliptical mass windows <l ) R —
. . . . i -2
o continuous grid of 9k (overlapping) ellipses T T T 10
e background suppression based on helicity angle, Dimuon mass [GeV/c?]
energy asymmetry between muons 6 10-3
e set UL on the kinematic mixing parameter times ( Belle Il Simulation  Expected 90% CL UL
. — [ — -1
dark coupling constant €2ap N 5f [ cdt=of )
. . . = | 410"
e very promising result with ,small“ dataset > 0
L 4
o probing unconstrained regions in 2D mass O | i
3L 410~
plane a2
. . . 5 © I
o probing non trivial regions of €2ap c ol ‘
- b i -6
e expect huge LEE = 1. 10
e ongoing analysis, recently unblinded ol |- “ "
o | - 10~7
KLOE result /'6‘“i“‘i‘”é‘“é“‘fo“

Phys.Lett.B 747 (2015) 365-372 Dimuon mass [GeV/c?]
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https://arxiv.org/abs/1501.06795
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Dark Higgsstrahlung

look for two oppositely charged muons plus

missing energy

find a peak in two dimensional distribution of

recoiling mass vs dimuon mass

main SM background contributions arise from

o pHu(Y)
° TT(Y)
O e+e—u+u—

main challenge: measurement strategy
o gcan+count in elliptical mass windows
o continuous arid of 9k (overlannina) ellinses

UL on € (visible searches)

rk

BaBar limit on ¢

- ~ 7104
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Inelastic Dark Matter
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Inelastic Dark Matter (iDM)

e model introduces a dark photon A" and two dark matter states x1 and x2 with a small mass splitting

° ¥4 is stable (relic)

o ¥2is long-lived at small values of kinetic-mixing coupling

e unconstrained by direct detection experiments, as both inelastic and elastic scattering suppressed

e focus on ma > Myt +Mye, such that A’— x1 X2 is dominant decay channel

* production at Belle Il via ISR

e, i, hadron

et, ut, hadron

5 parameter model:
myu (fixed relative to myq)
My1 (scan)
mass difference A=my2-my; (categorical)
dark coupling ap (fixed to benchmarks)
kinetic mixing parameter €

JHEP 02 (2020) 039
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https://doi.org/10.1007/JHEP02(2020)039
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IDM signature

Vertex detector
Drift chamber
Calorimeter

Muon system

Normalized Intensity

0.25 |

©

—

)
T

0.05 |-

Belle Il Simulation

o
N
L

o
a
T

log €=-2.8, m,= 0.2 GeV
——— log €=-2.8, m,= 0.5 GeV
log €=-3.6, m,= 2.0 GeV

L — log €=-3.6, m  =3.2GeV

my =25 mx‘, A=0.4 mx‘, 05=0.1

I -

0 -
1

15 2 25 3 35 4

4.5

5.5

6

Photon Centre-of-Mass Frame Energy (GeV)

main challenge: detector signature includes

o an ISR photon

o a displaced vertex which is non-pointing

© missing energy

search for a peak in the photon CMS energy distribution

bkg contribution arise from

o photon conversion: ete—yy(y), y—ete

° meson decays: ete— K

010
SK|_

(V), Kg decays

Michel Bertemes - HEPHY Vienna
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iDM background suppression

e most of prompt I+I-(y) background is rejected by requirement of
displaced vertex

e cut on VO momentum can be very effective

vector connecting VtoIP

o undetected xi lowers signal VO momentum w.r.t

background

V0 momentum vector e the pointing angle apa offers further discriminating power

o the 3-body iDM decay leads to a non-pointing VO

o most of the considered backgrounds are 2-body
processes

0 Belte ll Simulation MC equivalent luminosity = 100 fb Belle Il Simulation MC equivalent luminosity = 100 fb”
o 140 | IogE=-2.8,mX1=0.2GeV n i log C=-2.6.m = 0.2 GeV
= C log €=-2.8, m =0.5 GeV 0 3 g £=-29,m =1.c 7€
= i log €=-3.6, m" = 2.0 GeV s 140 log €=-2.8, M =0.5GeV
LLI 120 - log €=-3.6, m" =3.2 GeV < [ Bhabha back d excluded log €=-3.6, M= 2.0 Gev
th " LW 5q [ Bhabha background excluded _ 1og £=.3.6, m’, = 3.2 GeV
- other [ Signal Arb. Normalization other a
100 - ut - .
[ 9 100 [ «a
8o || Lo ke - . ss
C shLY 80 [ KK
60 I T+('C) N - -|;+s-|;'LY
N v -
r Bhabha background excluded 60 ()
40 Signal Arb. Normalization i
: 40 |
20 20
0= S 0
0 1 2 3 4 5 6
V° Centre-of-Mass Frame Momentum (GeV/c) -In(1-cos(a,))
A
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Inelastic Dark Matter (iDM)

e estimate signal yield by counting events in ISR photon
window (final analysis will use template fit)

e new displaced vertex trigger under consideration

maximum reach of x1 is determined by 2GeV trigger threshold

JHEP 02 (2020) 039

ap = 0.1, may = 2.5m,,, A = 0.4m,,

10~ !
e Belle ll can explore a large region of new iDM parameter -310
space '
1107°
1072 4
1.0 1000 7' 1107
. Belle Il Simulation O ]
[ Y ]
A= 0.4mx1, mear = 2.5mX1 100 o E 10_8
-2.0 - — _3 ]
i GL) 10 ] 0
. —2.5F 50 o 1107
D —30F e !
o S . « 41010
-3.5F 10 > 4l - thermal target (QDMh2 =0.12) § ]
L 10 1 cm 9 decay length ] "
-4.0 | . ™ 000 B 60 cm 2 decay length 1107
i g mem=Belle II mono-y proj. rescaled % i ° ]
—43 F cut and count ) == Sensitivity of displaced search 11 n—19
eob 3 1 BaBar mono-y limit rescaled | _510
1072 1071 10° 101 H 102 5 - e . .
2 10~ 10~ 10 10
X1 Mass (GeV/c9) m,. [GeV]
X1
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Conclusion

broad and active program of DS physics at Belle |l

available phase-space is probed with many different models

further analysis with displaced vertices include B—Ka, B—Kh'...

advanced MVA tools developed

first results published and more to come
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Additional searches : B— Kh'

e Search for long-lived scalar in rare B meson
decays
o B—Kh’, h’—pp,mrtr, KK
o generic scalar that mixes with the Higgs
sector
o |_HCb and Belle Il complementary due to
different B momenta

o reach towards even smaller mixing angle
by searching for B—+K+invisible

10"1E -
10'2é
10_3:
10_4§

1075E

BaBar ' '

HL-LHCb

LHCb

2 3
ms [GeV]

PRD 101, 095006 (2020)
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https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.095006&v=ca18dae1

Invisible Z' - LFV

102 3 Belle I 2018 e Data _g
f Ldr = 276 pb™ 4 ©
I t e}
10 3 § w @
« X ete— uu(y) } =
c ere— TT(Y) N
8 1 % ete— eteutu (YY) ] [ ] uu 9 +|S‘
O r <1|\3
_ nAlo "ﬂ»ﬂﬂn 'f
10 TE ] ‘O
+
2
o
102 ®
:l Ll 1 | | L | L1 1 | Ll L | A | | Lol ] | L il | N R | |

0 1 2 3 4 5 6 7 8
Recoil mass [GeV/c?]

PRL 124, 141801 (2020)

e |ook for LFV Z’ that couples to ey
e model-independent search with same
selection criteria
e included in same publication
80 p
oF  Bellell 2018
_ -1
60 [ det =276 pb
50 F
€0 (obs.) 90% CL UL
40 F
-- €0 expected UL
30 F
20 F
10 oo
OFIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 1 2 3 4 5 6 7 8

Recoil mass [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.141801

