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Introduction



Standard Model: open questions

> The Standard Model (SM) is the best tested theory of nature at fundamental
level describing particles and their interactions

° there are still open questions coming from observations unexplained by the SM

— no explanation of the observed
matter-antimatter asymmetry

& = 2
— no dark matter candidate or I}“: .__\,F"* i‘fﬁ‘f‘ + ¥t the +jodl ’V“’)j

dark energy explanation

Dka W\Q#ep
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— no explanation of mass hierarchy, ... §,+J~ i ﬂ»"""w

° and tensions between measurements
and SM predictions that need to be interpreted
(see (g-2),for example)
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Standard Model: open questions

. Dark
— NoO dark matter candidate or er?l;rgg “— The matter

dark energy explanation Mihe e

comets, stars,
galaxies, black
holes, and more.
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B-factories: first generation

Dedicated experiment at e*e”asymmetric-energy
colliders for the production of a BB pairs.

25

. — Y(15) not only BB are produced:
o Main Drocess: ete"= Y(4S) - BB - = rich charm, T, quarkonium
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Belle and BaBar have collected together 1.5 ab”
— the majority of existing measurements are limited by statistical uncertainties
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SuperKEKB: a second generation B-factory

I\, © SuperKEKB is a 2" generation asymmetric e*e-collider at the Y(4S)

positron damping ring

e
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° target instantaneous luminosity is 6x10% cm?s (x30 KEKB/Belle)

unprecedented
inst@anta.neous “/H\
luminosity:
4.7x10*cm?s?

data taking
recently resumed

after long

shutdown
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Dark Matter at B-factories: Why

° efficient reconstruction of neutrals (y, 7%, n, N'"...)

° high trigger efficiency
(including some specific trigger for low-multiplicity events)

o excellent particle

: Ha : = KL and muon detector (KLM):
Id e n tl FI Ca tl O n Electromagnetic calorimeter (ECL): s» Resistive Plate Counters (RPC) (outer barrel)

e CsI(TD crystals Scintillator + WLSF + MPPC (endcaps, inner barrel)
Ca D a b | ll tl eS waveform sampling (energy, time, pulse-shape)

v

Magnet:

1.5 T superconducting

’»’

° very good vertexing

e~ =
(V4 Gey) —n / \
Ly =
7 oy, \ ' Trigger:
[Vertex detectors (VXD): =N N ;ia;;dware: < gok:Hz
2 layer DEPFET pixel detectors (PXD, partially installed) § - e+ oftware: < 1 z
od sticon <t 4G
4 layer double-sided silicon strip detectors (SVD) \\\ ey)
=
. A Particle Identification (PID):
Cen}ral dl’lft chamber (CDC)' \ Time-Of-Propagation counter (TOP) (barrel)
gi?;igéﬁc(gom' SHIRIERIS Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD)

DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber
MPPC: multi-pixel photon counter
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Light Dark Matter at B-factories

Dark Sector Candidates, Anomalies, and Search Techniques

PeV  30M,

B-factories at ete collider
can access the mass range

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV
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Small Experiments: Coherent Field Searches, Direct Detection
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| BymmiE

, Nuclear and Atomic Physics, Accelerators

11— favored by light dark sector

ssctoes = POSSiDle sub-GeV scenario:
DM weakly coupled to SM
through a light mediator:

Vector portal
(Dark Photons, Z' bosons)
Pseudo-scalar portal

(ALPs)
A — Scalar portal
Microlensing (Dark higgs/Scalars)
—— — Neutrino portal

-l 3
L | I I A
zeV aeV feV peV neV ueV meV eV

(Sterile Neutrinos)
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https://arxiv.org/pdf/1707.04591.pdf

Light Dark Matter at B-factories: possible signatures

o

Mediator mass ma

Visible
e -
long-lived —C&= E

DM mass mpm

2Me
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Recent Da rk Sector Analyses Results

. 2’
. (Pseudo-)Scalars
ll. B-Mesogenesis







[1] B.Shuve and L.Yavin (2014) Phys. Rev. D 89, 113004;
Altmannshofer et al JHEP 1612 (2016) 106

The L, —L model

New gauge boson Z' coupling only to the 2" and 3 W, T W, T,
generation of leptons (L,-Ly)!" may explain: i
> long-standing (g-2), anomaly ﬁa&:k
o dark matter abundance W, v
_ et Tt Ve X
- :
N 1?' *» BRZ—> vv e
P s} * BRZ - pw -
¥ BRZ> w7 3 o Searches at B-factories:
0.6 ? ete = U+U_Z:
0.4 —
N invisible
- MU
6"~ o06 #0600 " 40a0  $006 6000 7000 6003 6000 igooo T
M, [MeV/c]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.113004
https://link.springer.com/article/10.1007/JHEP12(2016)106

Search for an invisible Z

o Search for the process: etfe=» g*uZ'= inv.
— Two possible interpretations:

1) Vanilla, BF(Z'= wv) ~33-100%
Z)FU// /nV/S/b/e BF(Z'—) XX) ~100% T : Ziiii‘i?i‘w“' Belle I [Ldt=79.7fb?
o 10* b mmm etemoptum(y)
> ¢ Data
° ook for a narrow peak in the recoil mass & 103]
against a Py pair in events where nothing  § |
else is detected h
"ra' 10!
o Dominant background radiative QED § "
pDrocesses S
10_10 20 40 60 80
° Final State Radiation properties of the M2 ., [GeVZ/c]

emitted 7' fed in a neural network trained
For all Z' masses simultaneously

I. Adachi et al. (Belle Il Collaboration) Phys. Rev. Lett. 130, 231801

_ , _ UPPSALA
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 13 UNIVERSITET


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801

Search for an invisible 7’

D
<O
Belle I

° No excess found in 79.7 fb"

— 90% CL upper limits on o(e*e=sptuZ’, Z'=» inv.) and on g’
- (g-2), favored region excluded for 0.8 < M(Z')< 5 GeV/c?

Fully invisible L, -L,

Vanilla

10° 100 ¢
Belle Il, 0.276 fb~! F | Belle Il, 0.276 fb~*
1071 ¢ ——— A 107t i
E e v a
: i
: ! !
"‘O.' 10—2 s, i &01 10_2 i‘
i :
L i S CMS (95% CL)
10-3 - Belle Il IL dt = 79.7 fb~t, 90% CL UL E 1073 g =
g —_— rZ“ -~ 0 Expected +10 Expected +20 § E Be"e " IL dt = 79.? fb_l, Lp _Lr Vani”a
F == T2 =0.1Mz 1 - —— 90% CL U Expected 10 Expected +20
10—4 1 | I | 1 L 10—4..‘.1....|...‘l.,..l.l..|‘,..|.,.‘|..\.|..
0 ] 2 3 4 5 6 0 1 2 3 4 5 6 7 8
Mz* [GEV/CZ] sz [GEV/CZ]
I. Adachi et al. (Belle Il Collaboration) Phys. Rev. Lett. 130, 231801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231801

D
<O
Belle I

Search for a yp resonance in ee = pupuu

O

Search for the process ete = Pty (X = p*), X=2', S
— Look for a peak in the opposite charge di-muon
mass distribution in e*e =» gy Jty events

O

(L- L)model used as benchmark and then
performance is checked for the scalar case

Belle Il JLdt=178fb'1
° Events selected have 4 charged particles: el = e o e
— zero charge 2 a0 b )
. .c © 1200 H =3 e'e > qg(g=ud.c.s)
— at least three identified as muons > ol o e
— M(4tracks) ~ v's S swf Y(1S)
— g 600 f
no extra energy L ol \y
W 200 f .
5 . i ol e Dt erpesneesttaseys e
Multi-Layer Perceptron (MLP)-based 8 T T
background suppression Sfa e T e
oS

M(up) [GeV/c?] ‘
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https://arxiv.org/abs/2403.02841

D
<O
Belle I

Search for a g resonance in ee = gy 5

o No significant excess observed in 178 fb
— 90% CL upper limits on the process cross-section o(e*e = X p*u) x B(X = pt),
withX=27", S
— cross section limits are translated into upper limits on the g' coupling constant for
the L -L, model and on the g, coupling constant for the muonphilic dark scalar S

Belle Il J.Ld[:178 fD'1 Belle Il J.Ldt2178 fb'l
1e ' 1e
LA model - muonphilic scalar
10_1 =B Trident 10—1 E_
-g’ L o E
- 0 B 5 g
3 Ll '-'i;" PP
10 g 10—3§
— ——90% CL UL [ Expected UL +1c [__] Expected UL +2¢ :  90% UL CL [ Expected UL + 15 [ Expected UL + 26
e e el .
1 10

m,[GeV/c?]

mg[GeV/c?]
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https://arxiv.org/abs/2207.08990
https://link.springer.com/article/10.1007/JHEP04(2022)129
https://arxiv.org/abs/2403.02841

|
Search for a Tt resonance in ee = Pyt

° Search for a di-tau resonance in e*e™= p*u T T as
a peak in the recoil against two muons

o Reconstruct T decays to one-charged particle
— select four-track events with at least two
tracks identified as muons
— M(4tracks) < 9.5 GeV/c? to suppress the B )
Four-lepton backgrounds that peak at the oo o T
C.M. energy

X =2Z', ALP or A
leptophilic scalar”

— Signal+background B efe” w1777 {

3 ete” =»qgd.(g=u,d,c, s b)
FA-

Cefe  —»ete utu~ 7e e - 4l+vISR

C ete” sutu- } \

O ete —sutuTTiTo | +

mEm ete- —ete-1ttr- |

— 250

o Background suppression exploits features
of kinematic variables in the signal

o N O S B @ )
T T

Daa-ft Events /(5.2 MeVic2)

* . r . - .
5?8 5.9 6.0 6.1 6.2 613 *
100+ Mrecoil(p) [GeV/c?) | |

Entries / (100 MeV/c?
0
[w]

ete - e*e'h
50}

2 5 6 7 8 9 10
. 2
I. Adachi et al. (Belle Il Collaboration) Phys. Rev. Lett. 131, 121802 Mrecoi (k) [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.121802

D
<O
Belle IT

Search for a Tt resonance in ee = Pyt 2

(4]

> No significant excess observed in 62.8 fb™
— 90% CL upper limits on the process cross-section
o(ete = (X = TT) u*y) = o(ete = X p*)B(X = T'T), with X =S, ALP, 7’

o Exclusion limits on the couplings for three different models
(Z'), leptophilic scalar (S)®), and ALP™ ) are derived:

100 Belle Il preliminary [cdt=62.8fb! Belle Il preliminary S Jrdt=62.8 b~ Belle Il preliminary ALP Jrdt=62.8 b=
L : 103 BaBar
i BaBar
o 4
10_1 B LW ”‘ "o it A
TR N 102 Il (0
Belle Il, 79.7 fb~! T W= 1
T ARM-I| (95% (g—2)x20 E
o 10721 o U - 4w =
; oY 10! 1
Ll g o o =102 . Cee=Cyy=Crc |
Lol % Probed for the first time S) World-leading . .:c coupiings = 0
7 E OF i ) .
10 masses above 6.5 GeV/c? limits!
— 90% CL UL Expected UL 10 Expected UL +20 —— 90% CLUL Expected UL =10 Expected UL +20° —— 90% CL UL Expected UL +1a Expected UL +20
104 L L L 1 10-1 L L 1 L 1 L 10?1 1 L 1 L 1 i
0 2 4 6 8 1« 3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
mz [GeV/c?] ms [GeV/c?] Map [GeV/c?]

I. Adachi et al. (Belle Il Collaboration) Phys. Rev. Lett. 131, 121802

. , _ UPPSALA
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 18 UNIVERSITET


https://link.springer.com/article/10.1007/JHEP12(2016)106
https://arxiv.org/abs/1606.04943
https://link.springer.com/article/10.1007/JHEP12(2017)044
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.121802

(Pesudo-)Scalars



Search for a dark leptophilic scalar in T decays e

(6]

. . . Belle t Data
Mass range probed in this analysis: 40 MeV < m(P) < 6.5 CGeV | e =
> -Two-_photon
— @, = e*e for m(P) < 2m(p) = low mass region 2wl =
— @ =p*p for m(®) > 2m(p) = high mass region £
o Strategy: search for a narrow peak in m, distribution L +
, ; : %1 Hhtpba, ‘H'M HH'|++'% H
—e'e » Ut d require 1-prong decay : e
— 4 tracks with 0 net charge N Y
o Belle t Data
- - 2500 | J Ldt = 626 b7 - 55
o Background: e‘e - T'T, e*e’ /Uy, qq, BB > =1 .
. . S 2000 -t
— define five BDT score to suppress backgrounds e -
o Maximum Likelihood fit to m, distribution - 1
— evaluate sensitivities to each mass point 2 -
é 1 [t 4 +.++| +|*+|*H}d +hH} T hl ul 1 \ “ |
§ TR TR LU 1 |||‘+|
D. Biswas et al. (Belle Collaboration) Phys. Rev. D 109, 032002 o M:u‘ [GeV] o
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.083528
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002

Search for a dark leptophilic scalar in T decays e

[7] Phys. Rev. Lett. 125, 181801Phys. Rev. Lett. 125, 181801

o No significant excess observed in 626 fb™
- 90 % CLULon &§vs m(®)

— comparable or more stringent
limits than "BaBar (514 fb)

— exclude a wide range of

408 parameter space of the model
N Favored by (g-2),
101
B BABAR ¢, 90% CL
10-2 B Belle ¢, 90% CL

102 10-1 100 10!
Mg, [GEV]

D. Biswas et al. (Belle Collaboration) Phys. Rev. D 109, 032002
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.032002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.181801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.181801

Search for ALPs o

[9] F. Abudinén et al. (Belle Il Collaboration) Phys. Rev. Lett. 125, 161806

> ALPs are pseudo-scalars particles coupling with bosons

° Difference to QCD axions: no relation between the
coupling and the mass

° Three possible scenarios:

Photon-fusion PIALP-strahlung

s'? =10.58 GeV, gay, = 107 GeV™'

0.010
=}
& 0.001F---
=]
107
Photon fusion
1078 - ALP-strahlung
107 ' ' '
0.1 05 1 >0
mz [GeV]

B-meson decay
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https://doi.org/10.1146/nucl.708
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

Search for ALP in B Meson decays

o Search for ALPs that predominantly couple to
electroweak gauge bosons
— can be emitted in flavour-changing B Meson decays

> Strategy:
— signal B*reconstructed combining a pair of photons
with a track identified as a kaon
— total energy and invariant mass constrained to the
nominal B mass and measured c.m. beam energy
— two BDTs used to separate the signal from each
background

° Search targeting prompt ALPs. However, ALPs can be
long-lived for small mass and coupling

T(a»yy)=

2 . 4 3
g,wsin 6, M,

64
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Search for ALP in B Meson decays

° Nosignalin 424 fb' of data

= 90% C.L. upper limits set on the gawcoupling constant
— BR measured for different lifetimes

o Limits improved of several order of magnitudes

?‘ [ T I T T T T I i § T T 3 l
= i 90% CL limit i
T ~ 10°
s 105 —ct,=0mm 4 7
O F0 £ =B m ct,=1mm 5 %
o - --ct, =10 mm 1 O
X B _ 1 ~
- R ct,=100mm | %104
10°E 4 °
U E E
Tt .
m f . 10°
L 107 d
m 107 E . :
- \ . — BABAR 90% CL
0 1!5 1 1 1 é 1 L L I2.5 10_6 . : ; Iqiam du|mp n . " I
a
J.P. Lees et al. (BABAR Collaboration) Phys. Rev. Lett. 128, 131802
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 24
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.131802

Search for a long-lived (pseudo-)scalar particle in b= s

o

Search for dark scalar particles S from B decays in rare b=ss transitions

— S could mix with SM Higgs with mixing angle 6 (naturally long-lived for s << 1)

— Ms < Mg, decays of Sinto dark matter particles must be kinematically forbidden
to provide the correct relic density

o

Look for S decays into SM final states in 8 exclusive channels

o2}
o

T : r T

I Belle Il Preliminary Bt =K*S(»n*n")

| JLdt =189fb~! B ete ol B MC stat. |
I ete~-ul/dd/ss + Data

B =K'S S - ee nn/KK
BO _)|<*O (_) |<+]-[-)S /I-IIJ/ /

60 [ I e*e~-Y(45)-B8

O

B-meson candidates are reconstructed from
prompt and displaced charged tracks

Candidates / (0.2 GeV/c?)

o

S candidates are reconstructed from displaced
oppositely-charged tracks pairs z 00 ‘ ‘ | \

M(mtm~) (GeV/c?)

UPPSALA
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0

Belle I

Search for a long-lived (pseudo-)scalar particle in b= s

> No significant excess found in 189 fb"’ BroK*S  BYSK(-K*mo)S
— first model-independent 95% CL upper limits L _ o
on BF(B=2KS)xBF(S=»x*x") B +
— translate into model independent limits on 2 it
SinB_vs. m x s g
S S n . !
© 1% 107} - m =
= ] fL -7 +:1.
V5] — L L
10" [ R - - - HF =l 92 10_3 J)
| 910 == : P —
10
107 1 107} i - » -l:
S e :m =
107t W : i1
Results are also 107 Wz |z @
available for { @ ' : ' :
the pseudo- g i o  soen |\
scalar (ALP) 10 E Belle I Preliminary o e +
model | Belle Il Preliminary 4o [ fLar misom | — ct=1cm ] éié
E949 NAG2 PS191 ILdt =189fb~t v
107" = 0 107 = 0 < o ) :
10 10 10 10 10 10
ms (GeV/c?) ms (GeV/c?)

I. Adachi et al. (Belle Il Collaboration) Phys. Rev. D 108, L111104
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111104

B mesogenesis



B-Mesogenesis 10
1

o Baryogenesis is required in order to produce an initial excess of baryons over anti-
baryons consistent with observations

o B-Mesogenesis paradigml'®'"l explains baryonic + dark matter of the Universe
— baryo- and dark matter genesis from B-Meson give rise to distinctive signals at

collider experiments

—

Out of equilibrium I — B-mesons decay into
late time decay CP violating oscillations Dark Matter and hadrons

l—) @ @ Dark Matter
ti-B
. < I I / (anti-Baryon)
DD 0w

Tr ~ 15 MeV Ad AgL Br(B = ¢+ B+ M)

J

° A new dark anti-baryon is proposed Yo which can also explain the Baryon
Asymmetry of the Universe (BAU)

_ ) _ UPPSALA
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.035028
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.035031

B-Mesogenesis: Search for B* = A yp

o BaBar analysis on 398.5 fb" of data:

— signal B meson tagged by fully reconstructing the
non-signal B meson (Btg)
— Bi.q candidate is reconstructed via the decays
B — SX
— selection based on:

AE:Ebeam_E[ag mES: \ Eieam_pfag

— remaining particles are associated to Bsgq (B =/ yp):
— required presence of only one A baryon,
reconstructed from p-tt couple
— 1 identified as the system recoiling against the = ,:
Big and A candidates :

— signal purity increased via a Multi Variate Analysis

#Events / (1.0 MeV/c?)

—

RSN
S 450F
D E
= 400
(=] =
= 350
2 300F
< E
@i 250F

N
[6)]

N
o

-
a1
TT T T [ T T T T [ T%T

—_
o

5

g.2 5.21 5.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.

= " I ol i
07 1.08 1.09 1.1 1.111.12 1.13 1.14 1.15 1.16 1.17
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092001

B-Mesogenesis: Search for B* = A yp

o No significant signal is observed
— upper limits on the branching fraction are set
— a large fraction of the parameter space allowed by B-Mesogenesis is excluded

< ~ 1074
E 35—_ -edata —Signal <ﬁ
% E —BE BB =
E 3__ cC —uds oT
= - aa)
= 25 @
@& | G 107>
e P5 s =
S €
L:tl.J: C =
1.5H s
L [oX
: il 2
1; T > 1076¢
Z IN N Ol = (ypb)(us) —e— Belle Experiment
0'52_ | | W || h I I I ©@2_= (yps)(ub) ___ BABAR Experiment
C | { | L 035 = (wpu)(sb) (this work)
65 "1 15 2 25 3 n§-5[GeV‘/102] 1.0 1.5 2.0 25 3.0 35 4.0
¥y my, [GeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092001

B-Mesogenesis: Search for B* = yp+p

o No significant signal is observed in 398.5 fb' of data
— upper limits on the branching fraction are set

"/n'nnissc2 = \/(Egﬁag o EP*)2 - |ﬁ§sig o ﬁ;‘zcz
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c
5 1076 0L = (nb)(ud)
ks 02y = (gpd)(ub)
a O34 = (gpu)(ab)
o BABAR Experiment
> T (this work)
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https://arxiv.org/abs/2306.08490

Summary

o et e B-factories provide unique opportunities to study light dark matter and
mediators

o BaBar and Belle collected 1.5 ab™" of data
— still producing dark sector physics with world's unigue or leading results

o Belle Il is a super B-factory with excellent sensitivity for dark sector searches
— competitive or better limits with a subset of the available data
— recorded 424 fb to date, more results with higher statistics and improved
analyses will be produced

o This is a very exciting time to look for new physics beyond the Standard Mode|,
especially in the Dark Sector

.. Thanks for your attention! «
UPPSALA
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Summary

1. Search for an Invisible Z' in a Final State with Two Muons and Missing Energy at Belle I
2. Search for a p*u~ resonance in four-muon final states at Belle Il
3. Search for a r*r Resonance in e*e"—u*u 't~ Events with the Belle Il Experiment

4. Search for a dark leptophilic scalar produced in association with z+z- pairin e+e-
annihilation at center-of-mass energies near 10.58 GeV ‘

5. Search for an Axionlike Particle in B Meson Decays
6. Search for a long-lived spin-0 mediator in b—s transitions at the Belle Il experiment
7. Search for B Mesogenesis at BABAR

8. Search for Evidence of Baryogenesis and Dark Matter in B*—yp+p Decays at BABAR

..and the best is yet to comel %
UPPSALA
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Moving beyond the Standard Model

° at energy frontier experiments are able to
discover new particles
— mass reach for new particle O (1 TeV/c?)

° atrare/precision frontier, observable
signatures of new particles or processes can
be obtained through measurements of flavor
physics reactions at lower energies
— an observed discrepancy can be interpreted

in terms of (New Physics) NP models
— unprecedented sensitivity to
the effect of NP
— probes NP mass scale higher than the
one accessed at the energy frontier

SFS-KF and SFAIR meeting - Recent results from Belle I, M. Laurenza 35 UNIVERSITET



Belle II: the physics program

~New hadron states Zb's, b bbar luon
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https://arxiv.org/pdf/1808.10567.pdf
https://arxiv.org/pdf/2207.06307.pdf

Search for a pp resonance in ee = pupp: J/¥Y

Closeup around J/W¥Y nominal mass

i Belle Il preliminary ‘eeup sample
140 ;ILm=17sro‘
P L
1800 Belle il preliminary - e - W _; 120
. 1600 jm: 178 b [Cee -7 [0)
c:IQ 1400 I:I e'e” se'euy E 100 :
> I:I e'e” — pu(y) g 80 L
% 1200 []e'e —qa(g=udc.s) R} I
’ C 60
3 —— - [
= a0
—_— i
3 B os ooy R ynrd v p yq g ¥ pd g
= 3 3.02 3.04 306 308 31 312 3.14
c M(up) [GeV/c?]
L
[ Belle Il preliminary upup sample
60 f_JLdt:nsen"
15 & - T h :
. LINTLURI. 1 Hf -
§|.§ O IURE YOS L B +++H++HHH+H ﬂﬂ Hﬁﬂﬁ“‘{“ +H+ HH*-W\.T 55 |
o e # + \ [
0.5 : S0

M(up) [GeV/c?]

Entries/(5 MeV/c?)

o data/MC ratio is over 1 (but for very low masses)
° Modulations due to the different MLP ranges A
o Visible features: p, J/W¥, Y(1S) 3

3.02 3.04

3.06 3.0é I I3.1
M(up) [GeV/c?]

. L
3.12

3.14

UPPSALA
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Search for a pg resonance in ee = pppy
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Search For an invisible Z’

© The signal yield extraction is performed through a two-dimensional fit
— exploit of the featuresin the M2 ___ vs. 6 distribution

— double the sensitivity with respect to the one-dimensional Fit

From u vy > e'e yy
background / contribution
| )

\

\
\

. . UPPSALA
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Search for a pp resonance in ee = Pppp

Entries/(50 MeV/c)

200
180
160
140
120
100
80
60
40
20

Entries/(50 MeV/c)

Belle Il preliminary Background

P [GeV/c]

Belle Il preliminary Signal, 3 GeV

1 2

3
P [GeV/c]

4 5 6

- Peak corresponding to the
maximum muon pair momentum

— transformed variables fed into MLP in order to
reduce their change with the Z' mass

— five separate MLPs in different M(pp) intervals

— selection optimized in each interval with a figure
of merit

— background rejection Factor from 2 to 14
— signal efficiency from 20% to 35%

DMNet International Symposium — Z’ analyses at Belle Il, M. Laurenza 40
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Search for a pp resonance in ee = pppp: muonphilic dark-scalar

212 MeV/c?

600 |

500

400

300

200 |

1005

p [GeV/c]

3000 MeV/c?

600 [

500

400

300 [
200 |

100 F

—~ S 500 |

p [GeV/c]

7000 MeV/c?

—~Z 600 [

400 |
300 T
200 -

100 E

p [GeV/c]

Difference: Z' is softly produced at low masses, S have a hard momentum spectrum also in the low mass region.

In e*e = p*uwXinteractions X can be:

At low S masses the p-wave suppression makes the scalar process grow slowly with the energy,

> Avector: production occurs through a s-wave process

> Ascalar: production occurs through a p-wave process

while there is no suppression for vector processes.

EPS-HEP 2023 — Recent Dark Sector results at Belle Il, M. Laurenza

41
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Search for a yp resonance in ee = pppp: muonphilic dark-scalar

Belle I prelimina
05 h P ry
: z
0.45 3 Harder Sspectrum muonphilic dark scalar (S)
0.4 5 compared to the Z',
S pID works better
0.35
0.3 F
w 0.25F
02 F
0.15 = Differences in momentum
) - spectrum decrease, and the
01F MLP effect is dominant.
0.05 |
0 N | | | | | ] ] | ] L ] | ] ] ] | ] ] L | |
0 2 4 6 8 10

m, [GeV/c?] |
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Axion-Like Particles

Experimental signature

Looking for:

o three photons summing up
to beam energy and no
other particles;

© No tracks;

o Search for a bump into di-

photon and recoil mass.
Backgrounds

1 ere-yy(y);
2 ete—ete(y);
3 e'e=>Pyy,P=n°n,n.

PANIC 2021 — Dark sector physics at Belle II

Candidates / (1 GeV?/c*)

Candidates / (1 GeVZ/c*)

. Belle i1 (2018)
JLdt = a4s pb—2

Belle Il (2018)
600 fidt = 445 pb—1

L (b)

2 24 -4
Mz, [Gewv</c?]

Martina Laurenza
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Second Belle Il physics paper:
Abudinén et al. (Belle Il Collaboration)

AXIO n_LI ke Pa I'tIClES Phys. Rev. Lett. 125, 161806

g,,, and cross-section upper limit

photon beam

=
o

6 Expected UL +20 Belle Il (2018)
| Wl Expected UL 10 det = 445 pb~!
[ —— Observed UL
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S 1 1.2
= Belle 11 o O : !
i 1
> -3 L 1.0
8 10 . 5 | :
o 5 S 08} !
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o) 10-4 S i
20411
2 ! ]
@] 1
5 By - 0.2
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10—5 - 4 I e e A SO O e I, L PR SRS S A [=)] | . . | . . . N L z . A 2
10—3 1072 102 10t 0.0 2 4 6 8 10
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2 3
a

)

2
O_a: gayyaQED (1_ m
24 S

PANIC 2021 — Dark sector physics at Belle II

m, [GeV/c?]

Measurement performed with 445 pb™

o These limits are the first obtained for the Fully
reconstructed three-photon final state;

o They are more restrictive than previous limits.

44
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*Batell, Pospelov, Ritz, Phys. Rev. D 79, 115008 (2009)

Dark Higgsstrahlung

Theory*

The dark photon mass could be generated
via a spontaneous symmetry breaking
mechanism, adding a dark Higgs boson h' to
the theory.

o x o€’ . In a minimal scenario: a single dark photon A’
and a single dark Higgs boson h'.

e'e—>A*ShA, A-prp The h’ could be produced in the
Higgsstrahlung process, which is also
sensitive to the dark sector coupling

Different scenarios depending on the nagsdigpbthesis.

We focus on the case: m < m, with invisible h’, up to now only investigated by KLOE.

PANIC 2021 - Dark sector physics at Belle Il Martina Laurenza (Phys.Lett.B 747 (2015) 365-372) 45



Dark Higgsstrahlung

Experimental signature

A!

2 N
C X ape h!

ete>A*-h A, A-pty

PANIC 2021 — Dark sector physics at Belle II Martina Laurenza
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Dark Higgsstrahlung

Expected sensitivity

90% UL on €2 a_ expected sensitivity
Expected 90% CL UL

6

Belle Il Simulation

st [ cdt=9fb!

Recoil mass [GeV/c?]

0 4 6 8 10
Dimuon mass [GeV/c?]

(Phys.Lett.B 747 (2015) 365-372)
PANIC 2021 - Dark sector physics at Belle Il

I 103
10~

- 106

107

Martina Laurenza

Very promising results even
with 9 fb.

o Accessing unconstrained
regions, well beyond KLOE
coverage;

o Probing non-trivial €2a,
couplings.

Analy5|s to be finalized shortly

(by end 2021).

47



Dark Higgstrahlung

UPPSALA
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[5] P. Harris, P. Schuster, and J. Zupan, arXiv:2207.08990 [hep-ph];
R. Capdevilla, D. Curtin, Y. Kahn, and G. Krnjaic,J. High Energy Phys. 04 (2022) 129

Search for a gy resonance in ee = guUpp

o Search for the process e*e” = p*p X, with X =» p*p (X =2Z",S)
— Look for a peak in the opposite charge di-muon mass
distribution in e*e- = py*p-p*y- events

o (L,-L)model used as benchmark and then performances

are checked for the scalar case ¥ W

Scalar particle coupling to muons through Yukawa-like interaction

Mainly proposed as a way to solve the muon (g-2), anomaly

£ oGS
Coupling constant:

induces a shift in

_q eXp  — theory
Aa =3, a,

IF ms>2m, the only tree-level decay channelis S— pp
(S— v, yy also are possible at one loop level, but highly suppressed)

' UPPSALA
DMNet International Symposium — Z’ analyses at Belle Il, M. Laurenza 49 UNIVERSITET


https://arxiv.org/abs/2207.08990
https://link.springer.com/article/10.1007/JHEP04(2022)129

Search for a pp resonance in ee = Pppp

T Belle Il preliminary det:ﬂbe"
o Events selected have 4 charged particles: 1800 - o e

2 a0 R
— zero charge 2 1200 e - memuacs
— at least three identified as muons g 1000
— M(4tracks) ~ Vs/c? T 800
— no extra energy é" 600 Y(15)

o

L

© Main SM background contributions:
1)e'e —»pppy 5l
2) 5 : |
3) 08 —4—=% 3 4 5 6 7 8 9 10
M(uy) [GeV/c?]

— Multi-Layer Perceptron (MLP)-based background suppression
Signal over background discrimination relying on a few variables sensitive the signal features:

(a) Presence of a py resonance
(b) Production mechanism

UPPSALA
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Search for a pp resonance in ee = Pypp

© No significant excess observed in 178 fb™'
— 90% CL upper limits on the process cross-section o(e*e = X p*p’) x B(X = p*yp), with X =7, S

Belle Il ij=1?a i Belle Il ij=1?a i’

T III]1I|

10 1

90% ULono (e'e— utu Z'(— ut w)) (fb)
90% ULono (" e— putw S (= ptp)) (fb)

—— 90% CL UL [ Expected UL + 15 —— 90% UL CL [ Expected UL + 1o
It [ ExpectedUL+2c  --.- Median (Expected) i [ Expected UL £25 ---- Median (Expected)
10—2 ) P T TR S | ) . PR S S S T 10—2 ) P T SRR S | ) ! PR ST SO TR
1 10 1 10
2 2
m,[GeV/c?] mg[GeV/c?]
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Standard Model: a successful theory

° the Standard Model (SM) is the best tested B v | N | N | P |
. . spin > 1/2 uj 12 C/ 12 L 1 @ 0 H
theory of nature at fundamental level describing o M s e goon || e
particles ad their interactions: e\ e £
Q- @ |- @ |f
— the elementary fermions and bosons have domn_J_steree J{_Sotor ) (_thotor
been observed and their properties measured Q.0 @ @]|.
electron muon tau Z boson §
— the quark model predicts the vast majority Of = e i - oicre ) 2
observed bound states, mesons and baryons £ - ® . W By W 8
ar r?eelftrrigg ng:JLtlrci)r?o neu?rlijno W boson g

— interactions between mesons, baryons and lepton are predicted with a precision
of O(1%)

— hundreds of observables (branching ratios, CP violation parameters, asymmetries,
...) are measured to be consistent with the theory predictions

_ _ _ UPPSALA
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 52 UNIVERSITET



SuperKEKB: a second generation B-factory

I\, © SuperKEKB is a 2" generation asymmetric e*e-collider at the Y(4S)
energy located at Tsukuba, Japan

° target instantaneous luminosity is 6x10% cm?s (x30 KEKB/Belle)

Interaction
Region

e

Belle Il detector

\ nano-beam scheme

KEKB e*/e g
E(GeV): 3.5/8.0

1(A): ~ 1.6/1.2
B* (mm): ~5.9/5.9
Crossing angle (mrad): 22

SuperKEKB et/e-
E (GeV): 4.0/7.0
~3

i /\beam current beam-beam
electron / positron Lorentz factor | " (2xelle)  parameter

linear injector

* Geometrical
— Y+ (1+ 9y *)( L ?yi) ( R, ) reduction factors
2er, o B "R,
ositron damping rin Beam aspect Vertical beta function at the IP
p ping g ratio at the IP \l/ (1/20xBelle)

_ UPPSALA
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Dark Higgstrahlung

° The dark photon mass could be generated via a
spontaneous symmetry breaking mechanism,
adding a dark Higgs boson h' to the theory.

> The h’ could be produced in the Higgsstrahlung o ‘f‘sz ,
process, which is also sensitive to the dark sector e'e - ATSNA, Aspty
coupling constant a,.

UPPSALA
UNIVERSITET
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Dark Matter

What do we know about dark matter:
1. It exists

2. Itis dark

UPPSALA
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 55 UNIVERSITET



Dark Matter

What do we know about dark matter:
1.1t exists

2.1tis dark—l

Dark matter is one of the most compelling reasons for new physics

UPPSALA
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 56 UNIVERSITET



Dark Matter: three ways of detecting it

x )

SM SM X
/ /X X\ N\
/ / AN N\
Indirect detention Direct detention Production at colliders
Cime
FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 57
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Dark Matter: three ways of detecting it

Production at colliders

time

UPPSALA

FPCapri 2024 — Dark sector Physics at B-factories, M. Laurenza 58 UNIVERSITET



Search for ALP in e*e =» yyy

[7] Annual Review of Nuclear and Particle Science

> ALPsl! predominantly coupling to photons (gay) ’
with B(a=yy) ~100% o
5
o Events with at least three photon candidates are selected

— photon candidates reconstructed from ECL clusters
— looking for an excess in the diphoton or in the recoil
squared invariant mass distribution

~
o
o

Belle Il (2018 t Data
= Belle Il (2018) o= o | Here fHa01e) ete~ —noy(y)
L 600F 14t = 445 pp? v JLdt = 445 pb~? B ete” —ete(y)
~ N B ete” —yy(y)
% s00 [ (b) % (@) MC stat. uncertainty
& | & 300t
400 =
~ i ~
(%] L

$ 300 3 200
+— —
© ©
B 200 g
©
e E 100 -
©
& 100 S

0 0

0 20 40 60 80 100 40 60 80
2 2
MVV [GeV /C4] Mrzecoil [GeVz/c“]

F. Abudinén et al. (Belle Il Collaboration) Phys. Rev. Lett. 125, 161806
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806
https://doi.org/10.1146/nucl.708

D
o
Belle T

Search for ALP in e*e = yyy

> No signal found in 445 pb' of data
o First limits on ga,, Sset using the fully reconstructed three-photon final state

2 2 3
_gayyaQED(l ma)
O,=— -
24 S
e 216} Expected UL +20 Belle 1l (2018)
1o~ E T 14 | W Expected UL +10 _det = 445 pb~!
. 15 1 " [ —— Observed UL
o = Belle Il . 1.2 [ ---- Expected UL
> _3 L 1 1 I
o 10 ., w10b! I I
|_>|- L) c : |
> © 08,
o £
> 1074 £ !
=061
@ I
204l |
| electron beam dumps gavZ =0 3 ' 1 1
107? L3 I—2 I—i I0 1 o !
10 10 10 10 10 ° 0.2 1
m, [GeV/c?] & 4 L . J
' 2 4 6 8 10
2
F. Abudinén et al. (Belle Il Collaboration) Phys. Rev. Lett. 125, 161806 m, [GeV/c?]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.161806

Search for a dark leptophilic scalar in T decays

o No significant excess observed in 626 fb'in all mass region

L [ High [
g g g
— Belle — Observed UL (cT = 0) = Belle —— Observed UL
= [Ldt = 626 b1 «wee Expected UL {cT = 0) 2 [Ldt = 626 b1 --+ Expected UL
n B Expected UL £10 (€T = 0) = W Expected UL =10
T i Expected UL +20 (€T = 0) 2 Expected UL =20
H =, ——- Observed UL (ct = 10 mm} T
g ] e \ —-- Observed UL (cT = 50 mm) & 100
oy s
L 10 v
+ +
'T~ [
[ ‘T
4 b
L10° L 107
5 5
4
E 5
[ 2 o
5] o
§ £
g0 1]
= 5]
8 2 )
(%) w
4
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my, [GeV]

© 90 % CLUL on §vs m(d) i

— comparable or more stringent limits than b
BaBar (Phys. Rev. Lett. 125, 181801, 514 fb) 105
— exclude a wide range of parameter space o5

of the model favored by (g-2),

I BABAR ¢, 90% CL
I Belle ¢, 90% CL

102 10! 10° 101
myg, [GeV]
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