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Dark sectors

Dark matter may carry charges for non-SM gauge interactions,
possibly acquiring mass via dark-sector Higgs etc.

« Effective Field Theory (EFT) provides a number of “portals”
to access this dark sector:

Cn e 1 Dark Sector
L = Z FO;&SM) Ol( d) — Eportals + O (K)
n=k+I[—4
1 I Portal
= —%B”“A;W —~ HYH(AS + A\S?) - YJL,HN; + O (K) mediators
Vector portal Higgs portal Neutrino portal SM
(yp,Z") (S)

Electron-positron collider production mechanisms:

* Production of on-shell dark bosons via e’e — yZ' “radiative”
and e'e — ffZ' “Z-strahlung” processes

e Light dark-sector particles can be produced in decays of B
and D mesons



Outline

Recent results:
* Invisible Z' ine'e — u'pw Z'

c 7'/S—> 1T

arXiv:2212.03066[hep-ex]

* Long-lived spin—0 boson in b — s decays

Additional results (not presented):

e 1" — ["a (invisible scalar boson)

e Dark Higgsstrahlung (invisible h' + A")

arXiv:2212.03634[hep-ex]

Phys.Rev.Lett. 130 (2023) 7, 071804
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" Belle Il experiment <D

Belle I
25
Belle Il experiment at SuperKEKB collideris =z | »
an e'e” asymmetric-energy B factory H )
150
-g ! !
e Target data sample of 50 ab™, ~30x combined data f wb * N :
set of previous experiments w o F :
% 5t \‘~+ R -F’i El w,;’ ““”‘. _L} PO i
- ~100 billion B mesons in final data set Y(1S) 111(25) Yas) U vas)
. . . 8.4-4 946 10.00 10.02 1034 1037 1054 10.58 10.62
« Physics data taking began in 2019 — current results Mass (GeV/cD)
based On < 1% Of target data Samp|e CUSB (https://inspirehep.net/experiments/1109659)
KL and muon detector Optimized for tracking and B vertex
Resistive Plale Counter (barrel outer layers) . . . - .
e reconstruction, K - & particle identification,

EM Calorimeter

B and precision calorimetry
Csl(Tl), waveform sampling eleclronics
| e Clean environment with large solid-angle
detector coverage and good missing
Particle Identification

Time-of-Propagalion counter (barrel) e n e rg y reco n Stru Ctlo n

Prox. focusing Aerogel RICH (forward)

% S
——

——

electrons (7 GeV) = S

Vertex Detector
2 layers Si Pixels (DEPFET) + :
4 layers Si double sided strip DSSD

* Inclusive trigger (Ntracks>3) + dedicated

1" . B ———__
Jir o 2
j/ e low-multiplicity triggers

£\ positrons (4 GeV) o Potential to reconstruct displaced
I vertices in ~1 mm <ct<~10 cm (~100 cm),
with ¢ >~3 m being “missing energy”

Central Drift Chamber

Smaller cell size, long lever arm



L, — L. gauge boson (Z')




D

= Z' — invisible B

Belle I
L, — L: gauge boson Z' couples only to et o
nd rd : /
2™ and 3" generation leptons invis.
« Avoids stringent existing limits on electron and 7 Z’\\" o
quark couplings - INVIS.
« Could explain (g-2), and other flavour anomalies e e
7' — vv process (mostly relevant for mz < 2my).
More generally Z' could be mediator to dark sector, N N
coupling to dark y via Z' — yx ee—pp+ Emiss
10°
T |meiti e lrasrant po 7' produced by “Z'-strahlung” process
L o100} o relimina )
S Yo Y « | from final-state muon
O 109} |
S i * Previous limits by BABAR and Belleon Z' — u*
~ 102 L
/- Z' reconstructed in recoil of di-muon pair
ke
2 100 « 2-track trigger w/ muon pt* > 0.4 GeV/c
@)

W5 20 40 60 g0+ No extra energy (y,n°) present in the event

MZ.o1 [GeV2/c]
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Belle I
Backgrounds originate from QED processes which 160
mimic the pu'w + missing energy final state, typically 0 T::e";,;:i_,{;;:;ﬂ?-”b
due to detector acceptance effects: SR / L
e e'e—>uuwy(y) undetected photon(s) m; 100 '\ npyy
5% sof.y :
ES Ky
e e e—>TT(Yy) muonic T decays and mis-ID sl ¥ -
e ge—oupee missing €' €’ or een
. . . _— 0 ll} 2I0 410 6I0 80
Neural Net based on kinematic variables optimized for M2, [GeV2/ct]
background suppression
:é' Belle 11 Preliminary fLdt = 79.7 fb! " Belle Il Preliminary, BF(Z' = invisible) =1 IL dt = 79.7 fb~!
= 107 ¢ .
Ry e F Belle I, 0.276 fb™!
£ ] ~ -l J
E—— 000w i gl
T o0l 10-1 | |
N : _
- B 101 [ 4 4
N fiNaGa-e o IS )
I:L 10°F ‘c.’ 10-2 i{ ___________________ ’:‘
+ .
107t i o -—,,
T o2l ] L (9-2)u scenario excluded
J'rm ——90% CLUL * Expected 10 Expected +20 107§ in0.8<mz<5.0GeV/c2 |
L N T A —— 90% CL UL Expected +10 Expected +20
® Mz [GeV/c?] S , . , T . ey
0 1 2 3 4 5 6 7 8

No significant excess seen within signal mass range M [GeV/c2]
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+ - Preliminary
. *I Z', S —> T T Based on 189 fb™ o

. Belle IT

Extend Z' search to permit additional

visible particles in final state: * Substantial backgrounds from
continuum di-lepton production

(e.g. p'wy, t't)

* Neural net trained to identify
distinctive signal kinematics

€

P Preliminary
e~ E Belle 11 B e — v +
sz - JLdt=6331b" ESee >qq
where X = Z' or S : s S
200 |— —ele = wuTT J[
« Z' or (leptophilic) scalar S 3 E — gl 4 -
_ _ g 150 |~ — Data: 633 b Jf
4 - track signal topologies: - bRy
100 | + :
2p + 2(e,u,m) oF 4ot ++
+ . ot gt +++HW
« Search for a 't resonance in 0 g ok &
e'e > pup T 10

Mrecoil(“'“') [GeV/c ]

Backgrounds underestimated in simulation
due to known missing contributions

* Missing mass signature in recoil of y*y-
system
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+ - Preliminary
. *I Z', S —> T T Based on 189 fb™ o

. Belle IT

Signal extracted as fits to the p'pu

recoil mass spectrum |
103 4
e “Bump hunt” for a narrow peak above a
smoothly varying background .l
* No significant excess observed - (9—2ux20
a Belle 1l
- Jcdt=63.3fb!
u"e 20.0 { —— Observed UL
— -— Expecte o 109 4
T 1754 Expec:eg St +20 PRRTTRALY — 90% CLd X
+I-- Expected UL £10 Belle 11 Preliminary E:zzz:zd 3:: ;ig
'fr‘ 150 90%CL [cdt=63.3 fb™? 107 3 . r T T T T )
N 2 Ms [GeV/c?]
]I;\I 10.0
=} ; ..
i ¥ 1 90% CL limits set on the Z'
T 501 : L] | L production cross section and
U] iR b BOAE LEIR R BRRTHAT :
% =1 B M}Vk&f%" scalar couplings
© o0.0-
T 3 ¥ 3 3 5 * First constraints on scalar S for
Mz [GeV/c?] ms > 6.5 GeV/c?
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Long-lived spin-0 boson
iIn b — s transitions
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. n B—>KS 3

. Belle IT

Many “new physics” scenarios include a light scalar (S) that
mixes with Standard Model Higgs boson

« Singlet field ¢ which mixes with SM Higgs with
mixing angle 0

 If this field couples to dark sector y, then S can
act as a “scalar portal” to dark sector

For mgs below the B meson mass decays to
2my > mg to yield correct relic density

 Therefore S — SM particles
* For small mixing angle, S is long-lived

S
S can be produced in b — s flavour changing neutral \'i:t:l/
current processes by coupling to heavy intermediate ft f

particles (e.g. t quarks) > <

* Experimental signature would be a B — KS with a reconstructed
displaced S decay vertex

12
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o Preliminary
N B ) KS Based on 189 fb™ QB%

Eight exclusive decay B modes: - Exploit B decay kinematics to ensure
B"—K'S clear selection of signal candidates
B> K"S (K°—>K'r) » Background primarily arise from
where e'e” — qq combinatorial sources

S— e'e, uy, n'nr, K'K .
Perform a “bump hunt” in the S
- No missing particles; B meson is fully ~ candidate reduced mass:

reconstructed . . . . ,
NU 80 | ?elle Il Preliminary B*—>K*S(-»ntn~)

. . NS Ldt =189 fb~! B ete -cé P77 MC stat.
Require S candidate vertex to be g 7f = ete oudss + dote |
G . g T ~ 60 B ete” -Y(4S)-BB

significantly” displaced from S ..
primary interaction vertex 2 40
® 30f
* LLP performance validated using K’ 5 |
control samples £ 10
» K’ mass region vetoed to suppress 2_2
SM backgrounds 3 00
=2.5

Meduced (Gev/c?)

13
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m * Preliminary
- ] B ) KS Based on 189 fb™

Belle IT

Probe S lifetimes in range 0.001 < ct < 400 cm BYoK*S  BUSK'S
» Scalar mass sensitivity depends on S decay mode

* Model independent limits on LLP decay branching
fractions for each decay mode

S—»ete-

* Interpretation as a dark scalar S :

(PBC BC4) Phys. Rev. D 101, 095006 (2020)
J. Phys. G: Nucl. Part. Phys. 47 010501

S-utu

95% CL on B(B—KS) X B(S-x*tx7)

D
=
n L3 |
L Klev T n
e
=2 =
® 17T
o n
c -8
X Belle I i
= elle
E |
! - 0} | X
\ Belle Il Preliminary [} +
% LHCb ! [Ldt =189 b1 ] 5‘?
W+ CHARM ] . n
BaBar  geien Preliminary s 00 10 100
Ldt =189 fb~1
I (pseudo-)scalar mass ms (GeV/c?)

0 .
10 First results on
scalar mass ms (GeV/c?) hadronic modes!
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"n Prospects <D

| Belle IT

Belle Il is now approaching an integrated luminosity which is
directly competitive with the previous generation of B factories

 Improvements in detector, trigger, and analysis strategies have enabled
searches for new physics with early Belle |l data

* Interesting and competitive sensitivity in a variety of dark sector searches
with current data set; very active ongoing program!

10 r I . 60

w— | peak(Target) I

Data collection and
physics program is s gl [
just beginning!

s

50

35

Peak Luminosity [x10""cm
§ N

- 40

e Look forward to new 30

results with world's
largest B Factory
data set

[,.qeh wi

41 20

2 : 110
0 0

2019 ¢2024 2029 2034
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Additional material
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n Belle Il luminosity <D
B Belle I
Belle Il Online luminosity Exp 7-26 - All runs
17.51 Integrated luminosity o S
B Recorded Weekly
- : 15.0 o e [ Lpecorgeqdt = 427.79[fb™1] ool 400
First Belle Il physics

12.5 1

data recorded in 2019

» Total integrated luminosity of
362 fb' at Y'(4S)

- 300
10,0 -

e 42 b recorded 60 MeV

below Y'(4S) (“offpeak”) 5.0 -

Total integrated luminosity [fb~1]

et
o
o

« 19fb" at 10.8 GeV for exotic
hadron studies

2.5 1

Total integrated Weekly luminosity [fb~!]

Date

Updated on 2022/06/22 18:14 |5T
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Broad physics program for precision
characterization of CKM matrix
elements and CP-violation in the B
meson sector

 Tree and loop-level (e.g. FCNC)
processes probed to test for
evidence of beyond Standard Model
contributions

 High statistics with 50 ab™ target

0.6
0.5
0.4

1=
0.3

D
m Belle I

[Illlllllllllll'llll

Belle Il physics progra

excluded area has CL > 0.95|

Amy & Am
my €

¢3A

sin 20,

¢,: mixing + b - uud

a

?,

0.1

| <

IIII

ubl:b - u'fﬁ,g

[Vio |

¢p3:b - ucs/cus -

Spring 21

IVubI: b - cﬁie

—_

¢ ,: mixing +
b - ccs, ccd

p
? Y
I K—é b /\ S,d -7 i
[ ,/,/
q
b s, d \< _ b /\ s, d
q
B > K®etem, B® - K2KIKY, B® > K*y,
B - K9, ... B® > ¢K?J, ... B® - ply, ..

e Quarkonium and “exotic states”

data set
Process o (nb)
bb 1.1
cc 1.3
Light quarkqq  ~2.1
TT 0.9
e'e ~40

« Light Higgs, Z', dark sector etc.

Very extensive program of non-B physics as well:

 Tau, charm precision measurements and rare decay
searches

18



P. Fayet, Phys. Lett. B 95, 285 (1980)

Dark hoton P. Fayet Nucl. Phys. B 187, 184 (1981)
] B. Holdom, Phys. Lett. B 166, 196 (1986)

Simplest dark sector scenario: add a new U(1) gauge symmetry, with
associated charge carried by dark-sector fermions

* Spin-1 gauge boson “dark photon” A" (or Yd, or Zq in non-minimal models) can mix with
SM photon, providing a “portal” to the dark sector.

1

Initial State Radiation

Kinetic mixing: —(:_I-_"Ef:.\,l:"'M 2
2 / SM
€ is the strength of the kinetic mixing or
\ Dark Matter
« € could be as large as 10* for ma’ in the GeV range x .
N
Lifetime: A ~ 1/(E°mp)
I
* Decays can either be “prompt” (relative to experimental * —ef
resolution) or “displaced” (relative to production vertex) " qg

* Decays to SM particles depend on kinematic o
accessibility, and details of model

107~

... however, dark sector could be much more extensive,
with one or more Abelian or non-Abelian interactions, L

fermions and Higgs bosons “




T — o
(invisible scalar boson)

D

O

Belle IT
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**a T — ["@ (invisible boson)

: =S & 0 0 0 1

B factories are also tau lepton 7 . | IF B W I b BHY
factories: ~1 million vt pairs perfo=* &~ ..~ o e 0 ]

= ol e Banerjee et al. g
. T . . e 107 = o - L
» Dedicated low-multiplicity trigger lines 2 = - arXiv:2203.14919 fhep-ph] = :
to ensure high efficiency Em g e - o P el
« Neutrino-less and Lepton Flavour P B ¢ R Sl BV
Violating (LFV) tau decays are a £ M | ™ g R RE N
sensitive probe of new physics P Predlcted sensitivities ..
. ‘ : . ‘

1010 | ..:‘ii‘?IIIH...

» CLEO
+ ATLAS
« CMS

+ LHCb

v BaBar

+ Belle

+ Belle ll (5 ab™)
= Belle Il (50 ab™)

x\g_x, @hr.-ra:-«..a.. QQ‘S*_*_&&°9¢,Q;{QQ‘QJ kX u»k—k;@mk»t*kk-’—--‘q,lq:'wi_-,"‘!;,t

/ B L S i DO
_ 10" e W
T > <. g - |c”,| |cm= 1
\ 1 010 ; MEGII-fwd 100) a ]
~ < MEGII-fwd (F=1) = E

= =]

+ + 2 . F g
_) ~ @ et
B(T l (X) 1 /fa v 109: 2 E

% I
8l =
% LY E WD cooling le-1
e i cooling SN1987A,;, k‘\
+ l+ H H h H 107__ p
T —> 0( Can arlse |n neW p yS|CS SN1987A., E
. ] E ARGUS
models such as light long-lived ALPs 10°F >
E | =
| CTa<T mE
° _' H H 105 v el poas sl v il vl e AU i e -‘rllnui
Long-lived o does not interact in detector P P P AT P
my [eV]

Calibbi et al., JHEP09(2021)173
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m T —>la (invisible boson) |jrrs

Accepted by PRL
arXiv:2212.03634

Based on 62.8 fb™

At B factories, 1"t pairs are

e R
produced back to back and Signal is similar to T° —/"vv, except that the lepton

is mono-energetic in the t rest frame

boosted:
h (13 ”»
g % “Bump hunt” in the lepton energy spectrum
- L
...... > « Signal peak smeared by resolution of T rest frame:
+ T/ ~ .
: % - 1%%%%F Belle it Preliminary- —— Data |
/ T 14000F f1gt=62810" s R
A = -‘.. . Other
PM signal = 12000 s . t—':(l, M, = 1.6 GeVic?
. © 10000} s . t—>ea, M, = 1.2 GeV/c?
\ __O_ b ; ¥ —ea, M =0 GeV/c?
. . o 8000 & “.
. R_equwe al-3 eyent topology, .e. 4 tracks S 6000} € =3
with t° — n'n'v in one event “hemisphere” B s b
l'. \ 1
: e 0 2000F |2 ~
* Veto events with additional neutrals (y, ©°) j,m\ \,,_
O L il 1 1 L L L

. . 0 02 04 06 08 1 12 14 16 1.8 2
« Backgrounds from continuum qq, di-lepton and IET

4-fermion sources
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m T —>la (invisible boson) |jrrs

C g .. _ Accepted by PRL
No significant excess seen in either € or L mode: arXiv:2212 03634

Based on 62.8 fb™

 CLs method to determine 95% C.L. upper limits on branching fraction

P —)
e T —+eq 40p10= e —
T [ Belle Il prefiminary —— Observed UL A
° ffut=e28f" T Expected UL = oF —— ARGUS
‘© o5l Expecled UL = 1 std. dev. 0] .
0 B Expected UL = 2 std. dev T 25}
v 20F e ¢
E.% m 20
- Q d
= 15 T 15k
‘© (] :
b O et T 10of
L e o g
= 5 P 5E
0 b | | | | L | | 1 | | | . 0 il 1 1 1 1 1 | 1 1 | 1 | ] 1 1 [
05 07 1 1.2 1.4 16 0 05 0.7 1 1.2 1.4 16
2
M, [GeV/c?] M, [GeV/c?)
35x10{’ T ”a 40,‘10-3 T HX
> 30E_Beﬂe Il preliminary- —=— Observed UL ¥ asp — Belle Il preliminary
= O (Ldt=e28f7¢ - Expected UL = f
g 25 :_‘r Expected UL = 1 std. dev. ‘- 30 ARGUS
0 I Expected UL + 2 std. dev T
; 25f
‘v 20 = -
m E oM 20 :
= 15 e = s
3 -  1sf
10 = E
LI GO T 1of
r 5 '
= 5
m m 3
0 1 | | | | | 1 | 1 0 | | 1
0.5 0.7 1 12 1.4 1.6 0 05 07 1 1.2 1.4 16
M, [GeV/c?] M, [GeV/c?]

Substantial improvement over previous limits ArGus coliaboration z. Phys. C 68, 25 (1995)
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Dark Higgsstrahlung
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=2 Dark sector (invisible h' + A')

Dark sector Higgs h' can give mass to dark W,
photon A' through usual SSB mechanism Cu
»

* No mixing of h' with SM Higgs

 h'coupling to A'is ap so overall process
depends on g ap

Experimental signature depends

& - on mass hierarchy:
Qﬁ‘ é: Mp > Ma -
‘3’% 1 X,g;_ « h'— A'A' (6 - track signature)
Qaé'\\ //é\\ B N « Previous BABAR and Belle searches
,.»""f.”\?‘“&. aelled h” Mi < Mar  This search
_‘ R  h'is long-lived (i.e. undetected)
KLOE M, « Experimental signature is 2D peak in

ma' = Myy and My = Mrecoil

25



=+. Dark sector (invisible h' + A") ¥=

Belle IT

+ 4- + - . Phys.Rev.Lett. 130 (2023) 7, 071804
C e —> l.,l IJ, + Em|SS y 1 ( ) ’
Based on 8.34 b
Preliminary
1047 - : -MAr.'——-6.5GeV/CZ 10-3 Preliminary
- My = 2.7 GeV/c? Belle Il [rdt=8.34fb! —— My =1GeV/c?
i : 10! 4 [ 90% cLUL —— My =2GeV/c?
l 9O 10 My =3GeV/c?
0 [ —— My =4GeV/c?
>t 0 Q105
3,0 w Scan ~9000 o
T ov.erl.applng 2D _
o o elliptical mass
Belle Il simulation : -_I-- . . . 10-8 s i 1 I
40 a1 22 23] a4 L windows ¢ . ! ; ° w0

My [GeV/c?]
M2, [GeVZ/c“]\\

5 \ Preliminary 10 6 Preliminary

[ Belle II / [ Belle II 90% CL UL 107
5[ cdt=8.34fb"1 4N 5F [ cdt=8.34fb"1 .

ol 2] n Limits

g |- . . <4103
Lot : Yields | |17 « — 4l 105
> | 5 e + L 0
Q 3 . '3 S [(»] > =
O el {107 2 v 3 X
=_| £ . | 2 Q J10-6 ]
s2} = 5 ~ o W
g o I 0 Q ol i
E : - T - —— 10! E I
i L “ Semen g 4 1 B 1ﬂ—?
O = | S L ] '.I-.. I_ - 100 U :_
— L i i i [l | i i i i |
0 2 4 8 5 8 L 0 2 4 6 8 10
My [GeV/ce] M, [GeV/c?]
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- Dark photon

s 1F :
& | —ete
Permitted decays depend [ T
on the relative masses of _ qq
dark fermions and st Y
mediator, and of SM .
fermions
* Models are highly 10—
predictive: i
i 1 Lol
10 10"

Experimentally, the important feature is a reconstructable narrow A’
resonance in a clearly defined topology, i.e a “bump hunt”

« E.g.search for decay of e'e— yA' via A' — yy orinto SM particles

- “visible” A' — ['I" , decaying promptly or with a displaced vertex

“Invisible” A' decays, with A' mass determined from missing energy constraints

27
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n Dark Forces

Dark matter interactions mediated by new U(1) gauge Initial State Radiation
boson A' “dark photon” which can mix with SM photon

o A
« Search for decay of e'e— yA' via A' — yy orinto P SM
SM particles or
\ Dark Matter
- “visible” A' — ['I" , or AN

N\

“Invisible” A' decays, with A' mass determined \

from photon energy

.... however, dark sector could be much more extensive, with one or more Abelian
or non-Abelian interactions, fermions and Higgs bosons

_ _ Vector Portal —  Dark Photon, Z'
Can potentially be detected via one Scalar Portal —  Higgs/Dark Scalars
of a number of portalsf coupling the Pseudoscalar Portal — Axion-like Particles
Dark Sector to the SM: . i ]
Neutrino Portal — Sterile Neutrinos

» Sensitivity studies performed in the context of “Belle Il physics book” (B2TiP):
arXiv:1808.10567 [hep-ex]; ALP sensitivity studies: arXiv:1709.00009[hep-ph]

Typically, these are narrow resonance (“bump hunt”) searches in low-
multiplicity data samples
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Dark Sector @ B Factories

Clean e'¢” environment with hermetic (near 41r) detector coverage;
good missing energy reconstruction

Potential to reconstruct displaced vertices in ~Imm < ¢t <~10cm (~100cm),
with ¢t > ~3m being “missing energy”

Production of on-shell
bosons via “radiative”
ee—>vyZ andee — ffZ
“-strahlung” processes

Inclusive trigger for
( Niracks™>3) hadronic

events, but low-multiplicity
searches require
dedicated triggers

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30M
>
QCD Axion WIMPs
€ . > € . > <
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
> < >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
> € >
Post-Inflationary Axion Asymmetric DM

arXiv: 1707.04591 Freeze-In DM
——

SIMPs / ELDERS
>
Beryllium-8

>
Muon g-2

>
Small-Scale Structure

€ > >
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing
<l 1 1 I | D U B . MO T n I >
il | I I I I I I y * « § v € gy '*' § v * § € =
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

B Factory direct searches
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