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Light Dark Matter @ Accelerators

——

o Ordinary matter in our universe is outhumbered by dark matter 5:1 (in mass) (0

© All evidence so far relies only on gravity including the primary measurement (Qh)(z =0.12)
Planck, 1607.06209

o Best explanations of relic density require additional interactions with SM particles

o Due to the lack of WIMP signatures, light dark matter (m < 10 GeV) increasingly appealing
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Light Dark Matter @ Accelerators

Focus on portal interactions with DM mediator x (O¢ry X Op¢)

° Vector portal: —?F WB”” (— Dark Photons (A"), Z’ bosons)

o Higgs portal: (1,¢ + A,p*)HH (— Axion Like Particles (ALPs))

0,d
Axion portal; ——F F”” —1//;/”}/ y ( — Dark Higgsstrahlung/Scalars)

fo

o Sterile neutrino portal: y,,LHN (— Sterile Neutrinos )

O

X

Hidden

Sector
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o Sterile neutrino portal: y,,LHN (— Sterile Neutrinos )

O

X

Hidden

Sector

Further guidance for light DM in reach of Belle lI:
° Residual annihilations y¥ — ff have to suppressed at late times (low temperatures) to be
compatible with cosmo bounds
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Belle Il detector + BB-event

O SuperKEKB (7 GeV e /4 GeV e™)

o General purpose detector
o Taking data since 2019

© Collected ~ 500 fb~! to date
© 580 mil. BB pairs

Very clean environment
On average: 11 tracks
Known initial state kinematics

Near 100% efficiency for B decays
Sensitive to lower energy deposits

O O O O O
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Reconstruction Techniques

Efficiency
e~01-1% e~1-3% e~1—-—100%
Exclusive hadronic (HAD) Exclusive semileptonic Inclusive (I TA)

Purity, Resolution

Different reconstruction techniques lead to nearly orthogonal data samples
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B-meson tools

Tools: ~

O Large number of B-mesons which do not need to be triggered ===

o (Good charged particle identification (kaons, pions, protons, electrons, muons)
o (Good knowledge about missing energy due to clean environment

o Good neutral particle identification (photons, pions)
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B-meson tools

Tools: ~

O Large number of B-mesons which do not need to be triggered ===

o0 (Good charged particle identification (kaons, pions, protons, electrons, muons)
o (Good knowledge about missing energy due to clean environment

o Good neutral particle identification (photons, pions)

This allows us all to look for final states with these particles

Invisible Invisible + track(s) Track(s) Track(s) + clusters

| a
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B-meson tools

Tools: N
© Large number of B-mesons which do not need to be triggered ===

o0 (Good charged particle identification (kaons, pions, protons, electrons, muons)
o (Good knowledge about missing energy due to clean environment
o (Good neutral particle identification (photons, pions)

This allows us all to look for final states with these particles

Invisible Invisible + track(s) Track(s) Track(s) + clusters

| a

Secret tip: We want SM processes to be small and/or well separable as not to
be problematic background
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Signature 1.

Invisible

]

e.g. B > INV
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SM B! - v

Belle Il has the possibility to search for B — v

O SM expectations are very low %(BO — D)~ < 10~ 11
O Strong helicity suppression

o BaBar: B(B" - 1) <24%x 107 @ 90%C.L

° Belle: BB — 1) < 7.8x 10 @ 90%C .L
O Can search using hadronic and semileptonic tagging: € ~ few percent

18 — 18 -
16 | 3 ef Challenges:
14 | 3 14 F =

Maslins o0 (Clean environment

: : Good understanding of neutrals

2 Separating variables, e.g Er~; = amount of energy
. = not associated to the hadronic B-decays needs to

Events / (0.2)
+\J
+
Y I
Events /0.1 GeV
1
I+
i 1
1
f :
O O

T well understood

o N b~ oo
HIR
o IN
| |
—
]
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BY - INV

Dark Sector Scenarios:
o Overview of light dark models that could interfere:

O Heavy: scalar X charged under both QCD and “dark QCD” around a TeV scale, and this mediator has

a Yukawa coupling to quarks and dark quarks — bonus: would also lead to
CP asymmetries

ﬁ?]\t/j_DM = —AijJiRQjX + h.c

o Useful parametrisation: SM extended by additional singlet fermions
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Signature 2.

Invisible + track(s)

]

e.g.BT - KT+ INV
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SM B + é K+1/17 Invisible + track(s)

Belle Il searched for BT — K v [PRD 109, 075006 (2024)]:

O SMABBT - KTvp) =55 X% 107° [PRD 107, 1324 014511 (2023), PRD 107, 119903 (2023)]
o Roughly 10% uncertainty due to hadronic form factors

0.92 0.94 0.96 0.98 1.0 -~ SM Average
_ _ _ ) 0.497 + 0.037 4504
I T B Belle II preliminary il B+t —K tviv : ' Belle I (362 fb! bined
3000 J Belle T1 w{ 2000 ¢ ¢ J £dt=362fb"! —1 B°B° i —*— 2.3i0$ Thiganalysis , combined)
L : elle : N _ 1 .
. [Ldt=(362+42)fb HEE B*—K Tup = D B'B l Eeﬁ? ITI}(BG?fb , hadronic)
% : : RO L 1500 | ) B Continuum I S T el
= 9 - O }  Data : O Belle II (362 fb!, inclusive)
g OOO ] B+B_ \‘__L ¢ | - 2.74+0.7 This analysis
.= B Continuum % 1000 F | O Belle 1T (63 fb!, inclusive)
- } Data _8 ¥ ¢ : 1.941.5 PRL127, 181802
QCS 1000 : -Cg -FILL‘_ ' Belle (711 fb'!, semileptonic)
'6 500 I 1.0+ 0.6 PRDY96, 091101
% ‘I_l;_._ | ® Belle (711 fb'l, hadronic)
O : 29+1.6 PRDS87, 111103
0 0 : BaBar (418 fb'l, semileptonic)
5 I 0.240.8 PRDS82, 112002
5r : —_ : : BaBar (429 fb'!, hadroni
::) 0 : ':_5 0 T _____________________________________________________________ | 1.58;1.?1;1&%7, 112005’ ° rOHlC)
e a¥ : L1 P N E T R R
= _ 5t | | : | | : | | : | | _5—6 — EI') — lllol — '1I5' — '20 0 2 4 6 8 10
-1 4 8 251 4 8 251 4 8 251 4 8 25 2 V2 /ol 105 < BI’(B—'—%K + Vﬂ)
C C
qlgec [GeV2 /64] Grec | /c”]
u = 4.6 £ 1.0(stat) £ 0.9(syst)
BB — K"vw) = [2.3 + 0.5(stat)” - (syst)] X 10
Slavomira Stefkova, slavomira.stetkova@uni-bonn.de 16 Belle Il Physics Week 2024 u

UNIVERSITAT


mailto:sstefkov@uni-bonn.de
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.075006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014511
http://Phys.%20Rev.%20D%20107,%20119903%20(2023)

SM B + q K+Vﬂ Invisible + track(s)

Belle Il searched for Bt — Kt .
°© SM BB - Ktvp) =5.5x107° ,
o Roughly 10% uncertainty due to hadronic form factors

SM Average

0.497 +0.037 4504
S0 B Belle II preliminary [l B+t —K " vv ! : Belle II (362 fb-! bined
Challenges. Q 2000 ¢ ¢ fﬁdt:362ﬂ)_1 ] BOEO é i 2.310? Thiganalysis  COHIDIE )
- N:> @ B*"B- : Belle II (362 fb!, hadronic)
- . . 1.1+ 1.1 This analysis
o (Clean environment & 1500 + W Contimuum i ' R
. =~ }  Data : | o g?)?eilge7 ITI1 .(363 b, inclusive)
O ~_ i ’ E . . (11S analysS1s
GOOd underStandlng Of @ 1000 ‘|_|_|_|_|; : i O Belle 1T (63 fb!, inclusive)
= B ¢ E I 1.9+1.5 PRL127, 181802
neUtrals %3 "'lAL‘_ : Belle (711 fb!, semileptonic)
. . '6 500 E I 1.0+ 0.6 PRDY96, 091101
o0 Separating variables needs = T N . Belle (711 b, hadvonic)
_t ” d t d O 5 : 2.94+41.6 PRDS87, 111103
O well unaerstoo 0 ; : BaBar (418 fb'l, semileptonic)
u ] 5 i g I 0.240.8 PRDS82, 112002
o Keep high tracking I F | BaBar (429 fb", hadronic)
T~ - 0 p— ------------------------------------------------------------- . I 1.5+1.3 PRDS87, 112005
efficiency S PR
> : 10 15 20 . - ! 0 5 10

10° x Br(BT™—K " vp)

u = 4.6 £ 1.0(stat) £ 0.9(syst) $

9B (B TS5 K +1/17) — [2.3 + O.S(stat)fg:i(syst)] X 10_5 Belle IT
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Invisible + track(s)

Scalar Mediators

Scalar decay of S — yr:
© Requires mg¢ > 2m

X
o Parameter space heavily ruled out with right relic density ruled out by direct detection + BABAR
PRD 101, 09 202 | _ _
LD = myp® —m, jy = spH "H—y, jxg
0.030f T T VU IR
of \ Bd'\‘?XX ',' ','
0.025 | _ \ \‘\ ,i ,." W
[ :K_)T(XX \\ || | 'l
: N .
0.020 | R m
i Vo I /' O B y o —: ¢ K
[ ] v i /i )
© 0.015 ! \ A 1o O Belle H \_+-
¥ \ o invisibly decay Higgs R SM
1 v I , y y gg \
0.0107 Vg S <
\.“‘TJ/hS/gna/ SM
0.005} \‘\ g
: \\l /’ .
: \js Bs—>xXx
0000b— o
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Reinterpreted B™ — K™uvv

sin 6

Scalar Mediator

EBallcFrH

BY — K*0pp

1077 = KOTO K9 — nvv ILC =
NA62
. KT — mrinw.
1074 F —
B ol ol ua
0.01 0.1 1 10
mMh [GGV]
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Invisible + track(s)

Pseudoscalar ALPs

B(Bt — K*a) = 0.25 (cs5(A) |+ 0.0032 ey (A))

2 2 1/2 2 2 2
m ’\ / (mBavama)

fo(0)||  mp —mig
ol M YA G ¢, a _
D Qoura T ATt Zf’,;fmsf t o AN “cs”: ALP coupling to fermions Jo = scalar FF
o2 a . ? a . g2 g i “ceww ALP coupling to gauge bosons
CGG— GG + cpp B, B" + cyy Wi, WA 2 | 12, 2
4r)? £, " 4r)? f, " 4?2 f, * Aa,b,c) = a” + b* + ¢ — 2(ab + ac + be)

[JHEP 04, 131 (2023)]

102 BaBar vy 10° BaBar yy
» - - - 101- 102.
Pseudoscalar mediator with fermionic | _ )
DM avoids direct detection: 30 | 3 10 WO
o Special type of pseudoscalar: axion- eI v < 100, HOy S
: : : . ~ 1077 =
like particle defined by shift symmetry 2 o LACb 107 e s
a — a + C Lo-4 CHARM puu 10_2
0762 107! 10° 107762 107" 10°
m; [GeV] m. [GeV]

erp(M)/fa S (1072 —107%) TeV ™, ww (A)/fo S (1072 = 1) TeV™!

o
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Invisible + track(s)

Pseudoscalar ALPs

Simplified sensitivity study probing different m, scenarios for m, € (5MeV,4.6GeV) :

o With 0.5ab™! limit on B(BT — K*a) < 10> @90 C.L . — expect 1 order of magnitude improvement
o With 50 ab~! limit on B(B* — KTa) < 107/ @90 % C . L — expect 2 orders of magnitude improvement

[JHEP 04, 131 (2023)]

10~
101
_1 3 .
[ 82ab - . | BaBar B* =K * vp ,
1075 ) e
1y} l
N %
¥ -
+ —6 o
@ 1077 50ap1 =
. <
¥ q0-4, 202075, nobg.
107
= - 1 1 ‘ 102 +—— —_— . — — 10— 2+— — —
10 3 10 1 101 103 105 10—2 10—1 100 10—2 10—1 100
CTa [cm] m, [GeV] m, [GeV]
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Invisible + track(s)

Reinterpreted B™ — K™uvv

Pseudoscalar ALPs
[arxiv: 2311.14629]

200+ B continuum
+ 03 charged BB

+ = neutral 88 Main outcome:

175
Bl SMBT -K*vwy

150+

— Gaussian resonance o In terms of the ALP decay constant, implies

¢ Data

Fy =2flgV = 3.1J_r(1):(5) X 107 for m, = 2 GeV

o Upper limit from B — K*a
F,=2flgA>=17x10"°@20c

0 2 4 §) 8 10 12 14 16
a‘ [GeV?]
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Invisible + track(s)

Sterile Neutrinos

6
10 X 1()
GO — Gy
> 08{ — o
- 0.67 ,,f’ N
£ z=—-""~ <% X \\
Sl 0.4 ==z’ ) \
+ | 2 _ P——
Q m== sso
= 0.2 e
00+—m—r—-+—r—"—"—++————r—————+—
3, 10 1o 20
¢> (GeV?)
[JHEP 12, 118 (2021)] Ep 12 11 502

Changes the branching fraction as a function of q2
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Invisible + track(s)

Belle |l Reinterpretation

Belle Il will provide its own reinterpretation as B™ — K*X, see Lorenz Gartner talk this week

T — s | ['y = 1.0 GeV
o — s cvey [y = 0.5 GeV
?5: | | ['y = 0.1 GeV
5

5 b N
=~ o [ i
Model shown for uy = 1, my =2 GeV. 55 V7t
. o b ]
B(BT — K*X) € [0.34,1.4] x 10~ = :
my € [1.9,2.7] GeV W .
o Consistent with results of 23
arXiv:2311.14629 [hep-phl],
arXiv:2312.12507 [hep-phl] KX mx [GGV]
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Invisible + track(s)

Non-b — s transitions

10~7
--- B K*d
Belle simulatz’%n B oty
Lint =711t . B — D%/
—— B — D.d

-
=
e

[PRD 109 1, 016008 (2024)]

[S—"
3
o)

90% CI Upper Limit on B(B — ha')

—_
=
oy
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Invisible + track(s)

B-mesogenesis

See more in Gilly Elor's talk from this week Processes we can search for:
°© BT > p+ ¥,
Operator and decay Initial state Final state AM (MeV
Oua = wbud B, w + n(udd) 4340.1 0
b — yud B, Al 4251.2 ° B >+ AL+ Y,
( v + p(duu) 4341.0 C _
A; Va==s & 5484.5 Belle & BaBar set limits:
O, = wbus @ W +A(u®4164.0 O I._-PRD 105 5,1051101 (2022,).-!
b — wus B, y +E (uss) 40250 o [PRL 131, 201801 (2023)]
BﬂL W+ X (uus) 4090.0 0 P
v + K° 5121.9 ) B - Y¥Y,+ A BT > ¥, +p
~ 1074 = 10 2
Oca = ybed (w + A+ H@ZS% 6 % [BABAR § |BABAR
b — wed . v + E.(cds) 2895.0 F I h S :
B+ W+ Aj(dcu) 2992.9 ?'g P i, T W ;
A, w + D 3754.7 ;‘o‘_’ 10-5 | r_/ \\\ ) ; ? 102
Ops = yhes B, w+E%csd)  2807.8 E | T J
b — wes B, w + Q. (css) 2671.7 5
B w + ZF (csu) 28104 & 5 = 1
A 7 +D- + K+ 32562 = 107° e o
h OL = (ypb)(us) —e— Belle Experimgnt 9 @§:=(:gu)(db)
33‘2: : ::Zz))((‘;g; L (Bt?\gAvI:oEz;mnment g_ Eo ?tﬁ?sAvsoEi;)eriment

1.0 15 2.0 25 3.0 3.5 4.0 S T e ..

m,, [GeV/c?]
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Signature 3.

Track(s)

e.g.B—- KX(X—- YY)
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First Search for B - KS @ Belle ll

[PRD 108, .111104(2023)]

Search Strategy: long-lived scalar particle = LLP that decays visibly into pair of charged particles
xtx7,x € (e, u, m, K):

© Both BY - KT LLPand B - K VY[K*7"]S , Mo syster
© Bump hunt in the invariant mass 771, , , for each lifetime separately / ot

Drift chamber
Vertex detect

O Separately for x € (e, u, 7, K)
© Separately for different lifetimes (0.001 < ¢z < 400 cm) W/

O Vertex radial distance dr > 0.05 & dr > 0.2 cm around reson.
O Used first 189 fb-1 data

/ adapted from T. Ferbe
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First Search for B - KS @ Belle li ?

Experimental challenges: [PRD 108, L111104(2023)]
o Simulation generation for all mass hypotheses and lifetimes

O Performance with displaced vertex signature — use Kg as guinea pig
oPD _

. = 80 | Belle II B+-K*S(-»n*mn-) :
© Reconstruction efficiency b Jra =180 = eve ot B MC stat.
; I e*e~ -ud/dd/ss + Data
O mLLP Shape 602— - B cte -Y(4S)-BB

o Low count fitting

Candidates / (0.2 GeV/c?)

Fits to other channels also available on HEPdata repository

O HEPData L
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First Results for B — KS @ Belle |l

BIoKYS  BoKU(=KTmT)S
107° | o
|+
107’ i
~ | [PRD 108, L111104(2023)]
X
+ . |
X 10 'y
Q) 1
R 107 | T Results (Step 0):
A | o Extract model independent limits
¥ | O Different colors represent independent lifetime!
) 107° 1 B
m +
8 -7 k=
d 10 J}
X 107°® .
3
1 1
10_65' E X
Belle Il . L
10_7E_det =189 fb I
1N
107° SR
107" 10° 107" 10°
Mmsg (GGV/CZ)
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First Results for B — KS @ Belle |l

Results (Step1):
o B-meson & scalar BF fixed to the theoretical predictions from [PED 101, 095006 (2020)]

and [JHEP 01 (2019) 150 ]|— extract exclusion contours for B — K + Scalar Mediator

Scalar Mediator

[PRD 108, L.111104(2023)]

l
LHCD
NN

Belle Il _
[Ldt =189 b~

Belle Il Physics Week 2024 u
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First Results for B — KS @ Belle |l

Results (Step 2): Reinterpretation with [J. Phys. G 47, 01 1 (2020)] and [PRD 83, 054005
(2011)] — extract exclusion contours for B — K + ALP

[PRD 108, .111104(2023)]

e

Belle Il

Constraints from LHCb

Constraints from E949
Constraints CHARM
Limit from Belle |

: Belle Il
- fa=fy=1f,AN=1TeV,v=246.2GeV det — 189 fp~1

10 — = —
10" 10°

m, (GeV/c?)
Pseudoscalar ALPs
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What are next options?

1. Other channels with K: Kohsaku Tobioka slide from this week
o B — Kaa'(a — Il o
o More ideas in Kohsaku Tobioka slide from -

this week

° B - Ka(a —» ntn 7"
o B— Ka(a - nr*n™)
2. Test others than b — s transitions
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Signature 4.

Track(s) + clusters

e.g. B - KX(X — yy)
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Search for B — Ka( — yy)

“
LY
o
L
-
.

.
S

—_— '

r”’ V 1 1 / \\

- py | —— 7 .

" — . =
-

| .. SaW
‘.
*
a
L )
> ®
- | <
g P/ S AT Calorimeter
b B RN N — 1 4 &
H“” (S 8 R ‘ ‘ " o ’
= - a )/
- H RS .3

Search Strategy: /ong-lived pseudoscalar = ALP that decays visibly into pair of photons yy:

© Bump hunt in the invariant mass 71, for each lifetime separately

Experimental challenges:
o Simulation generation for all mass hypotheses and lifetimes
o Limited acceptance for photons

O Degrading resolution of M},}, with increasing lifetime

O Interpolation stability between the masses

© Modelling close to SM resonant windows (e.0 71'0, 17,) .
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Search for B — Ka( — yy)

[PRL 128 (2022) 131802]

B 1 1 1 I 1 1 1 I 1 1 1 1 l

E i 90% CL limit ] 107

T 10-5:— _CTa=0mm =

© 2 P ct, =1 mm =

g - --ct, =10 mm 7 —_ 4

m i .-cT, =100 mm  _ 5 10

i 10° — 8

SF § ~

X B i % 10°

7 - o

o 107 N AR

T E X = — BABAR 90% CL

o0 - | ] 10 _ Beam dump L]
0 2 2.5 107

m, (GeV) 1

o So far only limit from BaBar
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Summary

In conclusion

o Belle Il : excellent place to search for different signatures and
reinterpret them in many models

o We are only at the beginning of the journey

Invisible Invisible + track(s) Track(s) Track(s) + clusters

| 2

Belle I
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Searching for

Approach 1: a trace of a new
particle from B-meson decay

Trick: Summing the energy

Slavomira Stetkova, slavomira.stetkova@uni-bonn.de
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Dark Sector in Belle li

%

Approach 2: created out of
nowhere Iin the detector from B-

meson decay and then decay In
the SM
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B-mesogenesis

[PhysRevD.104.035028]

O Baryogenesis is required in order to produce an initial excess of baryons over antibaryons consistent with
observations

O B-mesogenesis paradigm explains baryonic + dark matter of the Universe — baryo- and dark matter
genesis from B-Meson give rise to distinctive signals at collider experiments

o A new dark anti-baryon is proposed ¥ which can also explain the Baryon Asymmetry of the Universe

o Kinematic constraints = 0.94 < M(¥) < 4.34 GeV. .
Semileptonic asymmetry: Al > 10—4 BI.el-lllcebII B°-.meson CPV and oscillation observables: LHCb
( Baryogenesis and Dark Matter from B Mesons: B Mesogenesis ] SL ATLAS L. Belle Il
CMS o7y AMgs AT d.s ATLAS
(" /y@ BABAR CMS
Out-of-equilibrium S o B-mesons decay int| New B-meson decay: Belle
late time decay CP-violating oscillations Dark Matter and hadr¢ ~0 T New TeV-scale color-triplet scalar, Y
q Y
0 . ATLAS
l_) @ @ Dark M: — @ LHCb r.l. . Y .. CMS
(antibar) New b baryon decay: @ ATLAS??
/ ~— i CMS?? q q
P I I O k 11
» O O soner
L1“};,1,\,151\/[@\/ AgL 31, Br(B—>v+B+ M) y
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B-mesogenesis

95% CL ' : _
10-2k 5 - Signatures
. =
F = CP violation
: 3L
: ‘D“ ‘
% Belle-ll & LHCb e @ New b decays
< : : : =
103} ATLAS & CMS: oy -
SM : : : T, ‘ High pT jets
. . e and missing
| : O ener
S - gy
X S Cz), |
<+ — . @
! 0
10—4 ] ] .al]“ h@' "i
10— 107° 104 1073 1072
S
SL
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Scalar Mediators @ Belle Il

Scalar mediator + fermionic DM avoids strong CMB constraints through velocity-suppressed

(p-wave) annihilation (V) ~ 1?

1%

1 i} _
<> - Em(icbz —m, jy — A¢H H =y, iy m
SR O O

\

H \
Mixing after EW symmetry breaking /1;,5 and a new scalar S + SM
_ m S
° Sff couplings ~ L sin0 < SM
1%

Direct production from e e~ suppressed — heavy quark loops in B-meson decays
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Pseudoscalar ALPs @ Belle li

Pseudoscalar mediator with fermionic DM avoids direct detection

Special type of pseudoscalar: Axion-like particle defined by shift symmetrya -+ a+c

1 m a”a Cf — C)( a”a
< D —0,ad’a 2a° 1 — | Y
> O > 7 Z > fruyst ) 7 AN
f
8 ~GAGAM 4 8" "B B+ 8" = WA Y
C ’ C C ’
" @m? f, " G A oL

o Production mechanism| B — Ka( — yy)
o Production mechanism Il B - Ka( — inv)
o Production mechanism lll B — Ka( — hadrons)
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Pseudoscalar ALPs @ Belle li

JHEP 04 (2023) 131

Cww(N) =1
100 \ ....................... : 100 AAAAAAAAAAA
| = — — ete-
e F u\f/\ e u+u_
107! \ 1071
X = L] v < | — T¥T"
(TB 2 rg 2: cC
% 10 % 1072; - (
% 10 e \ = 10 ‘ B~ A\ |
e — hadr.
103 - 103 P! A 4 N
Vi | : ? b
T REREY. = RSEY = SESORY BT R, = SEEECT ™ TRSET  BSEeT
mg; [GeV] ma [GeV]

Branching ratios for ALP decays a — X in the Cff scenario (left) and the Cy,yy, scenario (right). The ALP couplings are
fixed to Cff(A) = 1 and Cyy(A) = 1 at the cutoff scale A = 4xTeV
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Pseudoscalar ALPs @ Belle li

'JHEP 04 (2023) 131]

| | | 2(m2) A2 (m2,, m2., m?2)
Signal Simulation Event B Bt =3 Kta) = 0.25 (cre(A) |+ 0.0032 ¢ A 2 m By """K» """a .
m, =50 MeV ( ) d A ww D f§(0) m% — m3
“cgf” : ALP coupling to fermions o = scalar FF

“cww’ - ALP coupling to gauge bosons

Ma, b,¢c) = a® + b* + ¢? — 2(ab + ac + be)
Current bounds:

107 103
10°; 10%- BaBar inv. B8
L 10Y ’_I"—' )
> > 10*{ NAGBZ
Q
& 1071 =
- W 0
= NAG62 inv. < 10
= 1072 BaBar inv. =
< LHCb ppt \ ‘ S
Kaon Track U 10-3 = beam dump yy
104 CHARM piu 10-2.
07 | , 10-3 | |
107 107 10° 1072 107! 10°
ma [GeV] m. [GeV]
erp(A)/fo S (1072 =107%)TeVTH leww(A)/fo S (1077 = 1) TeV™?
S a ~S : CTWW o S ,
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Search for B — K + invisible @ Belle |l

So far no direct measurement of B — KX
o However Belle Il searched for BT — K*vv and can be reinterpreted in these dark scalar models [PhysRevD.109.075006]

Singlet Higgs portal model https://arxiv.org/pdf/2309.03706 Dark Abelian Models
https://inspirehep.net/literature/2769996
[PhysRevD.109.075006] [PhysRevD.109.075006]
l BT T e e 1 vp = 10 GeV 1 vp = 50 GeV
BO%K*OVV ; | = — EEEsH Belllel | Si8 I§ ; | =t - E88ss Belllel ] I
BY — K*Opp ] B BY — K*Opp
0.1 F E 0.1 | - 0.1 | -

N
a)
=
E 3
n
10—3 __ 0 4 = . = E ILC
E KOTO KL — T VUV ILC ] i NAG2 ] L NAG2 ]
C i E KT —ating. /o e ] FCCee - = KT — wtino. y
NA62 1  penns S s L AR AR R R R AT BRI O R
- K+ — 7T+7:TL’U - 10_4 E_ ILC—: 10_4 3 E
i 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I I: F 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I :
—4 | —
107 E ] 0.01 0.1 1 10 0.01 0.1 1 10
B Ll I Lol I ool 1 th [GGV] th [GeV]
0.01 0.1 1 10
™Mhn [GGV]
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[Phys. Rev. D 101, 095006]

Belle Il signature: B — K + two charged tracks

1071

1072k
103k
10"4;

1073

A. Filimonova, R. Schéfer, S. Westhoff

g =

—
lllllllllllllllllllll

Phys. Rev. D 101, 095006 (2020)
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Set unique
" (upperbounds
= | | with 50 ab-1!
12
© .
1 - o/ Prediction
] O &
= does not
5| = contain
ERRS + —
f O € €
v Channel
Belle Il 50 ab™!
LHCb 3 fb ™!

B — KS scalar predictions
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Invisible Decays of J/psi and Psi(2S)

https://arxiv.org/pdt/1303.7465 (Conversely, a low-mass U(1) gauge boson U could enhance the invisible
decay rates of quarkonium states by several orders of magnitude by coupling to LDM particles [12, 13].
The U boson could decay into a pair of spin-1/2 Majorana (xx), spin-1/2 Dirac (xX), or spin-0 (¢¢) LDM
particles
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Rare B Decays

Rare B decays: 0 Tk /ﬁ /
O GIM suppressed tlavour changing neutral currents (FCNC) W; s ) ..w;fu: fW
—~ b — s/d(y) Amesnesn] | ——
O forbidden at tree level, allowed at loop level B =
O W+

O m?/M;, suppressed
O Helicity suppressed
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Rare B Decays

Rare B decays: 0 \ j? = / 0, ¥
n 2
O GIM suppressed tlavour changing neutral currents (FCNC) W o ;f - ;fw
E < uaﬁat < = E,E,t < .
> > (7!

— b — s/d(y)

O forbidden at tree level, allowed at loop level E
L4

o
O m?/M;, suppressed >W”<ﬁ

u

_|_

O Helicity suppressed u Z
b¥»r----- Y -:‘1 Y
Very sensitive to NP since SM contribution small! 1 Jd | A Mq;”ﬂf
\ 4 L
B I d p — fu’ﬁ i <«— 3
d —< < Y > u
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Rare B Decays

Rare B decays:

O GIM suppressed tlavour changing neutral currents (FCNC)
— b — s/d(y)

O forbidden at tree level, allowed at loop level
O

O m?/M;, suppressed

O Helicity suppressed

Very sensitive to NP since SM contribution small! ’ ¢ Jd »‘« -

Limit Angular
Observables, Asymmetries

Ratios ,
Amplitude
Analyses

S|
A

CP observables
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' | ——
/

Pbpl{;@

pp collisions at 7,8,13 TeV

b-quarks produced by gluon fusion

All b-hadron species (b-baryons)
Highly boosted topology

oy, = 100 ub
Noise/Signal=1000

Slavomira Stetkova, slavomira.stetkova@uni-bonn.de

Accelerators

SuperKEKB

O

N
*al

Belle Il Electrons I Y(1S)
Detector — N

Off-resonance
T(2S)

N
(¢

Hadrons) [nb]
J

On-4resonance
T(38)
Positron
Generator

e —
=
o

¢ 4
ae

\

" -
——

Positrons Ring Electron 1o
Source e'e” Center-of-Mass Cnergy [GeV]

eTe” energy-asymmetric collisions at \/E = 10.58 GeV
(on-resonance data)

60 MeV below to constrain ee™ — gg (continuum) bkgs
(off-resonance data)

BB produced via Y(4(S))

Exclusive BB production

Asymmetric beam energy — boost

Opp — 1.1 nb
Noise/Signal=4
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LHC

Accelerat
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Approximate rule:

1fb1l=1abt

53

ors

Electrons

Belle Il
Detector /

LER (e*)
4.0 GeV

Positrons

Damping

Source
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e'e” Center-of-Mass Cnergy [GeV]
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The Three Beasts

O LHC (pp collisions at 7,8,13 TeV)

O Forward-looking spectrometer
O Taking data since 2011

O Collected 9 fb™! data so far
O 4x1072 bb pairs
O B, (40%), B (40%), B.(10%),
B_ and b-baryons (10%)

Slavomira Stetkova, slavomira.stetkova@uni-bonn.de

O KEKB (8 GeV e~/ 3.5 GeVe)

O General purpose detector
O Took data from 1999-2010

O Collected 711 fb~! data
O 770 mil. BB pairs

54

Belle Il
O SuperKEKB (7 GeV e7/4 GeV e™)

O General purpose detector
O Taking data since 2019

O Collected 362 fb~! data in Run 1

O 370 mil. BB pairs
O Resumed data-taking this year
after ~ 1.5y long shut-down
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The Three Beasts

Increasing instantaneous luminosity is the key!

LHCb 2.l Belle I
.. ellie
O LHC (pp collisions at 7,8,13 TeV) ) ] X O SuperKEKB (7 GeV e /4 GeV e*)
O Forward-looking spectrometer KEKB (8 GeVe™/ 3.5 GeV e™) o General purpose detector

o Taking data since 2011 O General purpose detector o Taking data since 2019

~1 O Took data f 1999-2010
O Collected 9 fb™ " data so far ook Hata oM i O Collected 362 fb~! data in Run 1
O Collected 711 b~ data

O 4x10'2 bb pairs ) o 370 mil. BB pairs
O B, (40%), B40%), B(10%),  ° 770 mil. BB pairs O Resumed data-taking this year
B_ and b-baryons (10%) after ~ 1.5y long shut-down
O Plan: 300 fb™" O Plan: 50 ab™"
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Typical Event

Belle i

ﬁiii S |

lavew 4717470
Kin1737E8
Mow, 04 Mav 20016 01.45.56

Rather busy environment Very clean environment

On average 100 tracks On average: 11 tracks

_ongitudinal momentum of the B not known Known initial state kinematics

O O O O

_ower trigger efficiency in general Near 100% efficiency for B decays

O O O O O

Sensitive to lower energy deposits
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Neutral Performance

0.030 | Belle Il 2022 222 2D2 ©(0.010 +0.001)
Belle I1 LHCD oo Iy e
- — g Belle IT Data, Unfolded
Y detection efficiency 99.99, 95 9, 4 0,020
229 10 % 5
o(E)/E @ @ +
VE VE S
g 0.010
7 reconstruction Better mass resolution Worse mass resolution -
0000 b ——— > 3 4 5 &
Erecoil (GeV)
—_ o e s mw s Gme mm e oo m | ]
© o i w0.14 -
> vy det=~5pb" 3 S :
o R . LHCDb sjrhulation 1
— t  E>015GeV - 0.12 —
Q ¢ ¢ . -
S , - i
8 § 4 ¢ g 0.1 —
= _ . : i
g | doo : 208 :
‘E 0.5 M/ “’. ! M’~“~”;‘ . =
w L oo ' 4 i
NI BRI R BRI PR R t 7 0.06 "
80 100 120 140 160 180 300 Oo‘l‘LlllAllll‘1‘1‘111‘1‘ -
M, (MeVie) 7008 010 0.12 0.14 0.16 0.18 0.04 —————
2 1 1 1 PR I T T TR T TR T
My, (GeVic) 0 20 40 60 80
: : E (GeV/c?)
Belle Il is generally better with neutrals
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Charged Track Performance

Belle II LHCb § 1.4 L 216 E_Bcllcll (Preliminary) + j/lilm—il-lﬂ.l: o
. T . g 12 :_ Lf:sll:CPz'l*cx'2017\valldation © 0O IsMuon é p | [Ldt= 190 b-? i z—;—:;Z—‘; !
Muon trigger efficiency | 100 % 90 % g F e ® IsMuon+ ALLGL-1)>0 2 e b KOrmt - i misADX3
11 = 1 :_ —0—o0— . , L | (0.82 <0< 2.22 rad) ef—_’f(l_p)f;(fp) - n‘mis-IDx3
Muon ID efficiency 95 % 97 % 08;_22:_.*.—:9::9::7 p A ? 1] D' DT K mis D3
T — U mislD 7 % 1-3% 0.6E ’ go.a
: LHC 5 056
04 . K,
BelleII LHCb Lk . s o
r - 0.2
I I : XI03 ll . | 1 ="
Kaon ID efficiency 90 To 95 7 % 20 40 60 30 T I T 3 ;s
- G |
K — 7 mislD 5 % 5 % Momentum (MeV/c) p [Gevic
> > —_———— 1
Belle II LHCb g 1‘2 lﬁH—C&chzmnaudmm © 0O ALK-m)=>0 % 0.8
= ' e ®m ALLK-m>5 a '
Total Bt - Ktutu=| 30% 5% sy g
. . g0
efficiency 0.8 5
Q
Total Bt - KTeTe™| 30% <5% 0.6 Q 04p
. . 0.4 LL y nrp!s—:grgate ((I\i/laéa)
efficiency ‘ D o T M me MO -y
0.2 I . S S SO S
: : NS P . AR B B
LHCD is very good with muons 0 a0’ B

Momentum [GeV/c]

Belle Il has similar sensitivity for e and Mdmeatun (MoV/e)
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Rare B Decays -

9B

3.0

l25

B® - yy
2.0
=1 B°->u*tu-y

Bt L Ktutus B o utututyl B i ]HO

0 BY->utu- BT—-etyv BT->Kftit™ —
BO L ot an B+ o 1ty B+t 405

o0 1 2>=
N,
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Rare B Decays -

9B

Bl

3.0

l25

20 Better with
_ higher number
% 715 of y and v
|
Better with | 10
multiple muons/
- 0.5

charged tracks that
can be vertexed
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Detectors

LHCb

~ 1 EM E measurement

Belle Il

,/_'7‘ ,'/[_R]CH'

\ & A Ly YE SN
: YA AeY, .- =} \ L
./ V< -8 ——) N \ N A
._'." o | =F S| ' A |
' q { Vi 5! :
il 1
o~
i .

EM Calorimeter ; oy

T
Central Drift
Chamber (CDC)

ot

K¢ and muon

Tracking detectors

identification

O Hermetic detector .
O Single arm spectrometer

O Sensitive to lower energy/charge deposits o
O Longitudinal momentum of the B not known

o Known initial state kinematics
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