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—
Electromagnetic calorimeter (ECL): e —————

CsI(Tl) crystals
waveform sampling (energy, time, pulse-shape)

K. and muon detector (KLM):
Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF +MPPC (endcaps, inner barrel)

Trigger:
Hardware: <30 kHz

Vertex detectors (VXD): Software: <10 kHz

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%), smalll cells,
fast electronics

DEPFET: depleted p-channel field-effect transistor
WLSF: wavelength-shifting fiber
MPPC: multi-pixel photon counter
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Inelastic Dark Matter with a Dark Higgs

e*Luﬂﬂ'*,K*]

pointing

/,>77T+’K+[’T+]

The Model
4 Dark Sector particles: xi, xa2, ', A’
(3 masses, 2 mixing angles, 2 couplings)

up to two + missing energy
[Duerr, Ferber, Garcia-Cely, Hearty, Schmidt-Hoberg(JHEP 04 (2021), 2012.08595)]
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Strategy

Perform a bump hunt

on the invariant mass @ Mass of the Dark Photon
of the Dark Higgs M,'},IV a Mass of the x4
A’ + @ Mass of the Dark Higgs
€ € ® Mixing Angle of Dark Photon
@ Mixing Angle of Dark Higgs
@ Coupling of Dark Photon to DM gy
a Coupling of Dark Higgs to DM f
T \
¢ mh/

Present the results in the plane of the
o) N+Dark Higgs mass and Dark Higgs mixing angle
for a grid of the other five parameters
(O(5) per model parameter)
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Existing Limits
o We will produce many of these plots
@ for the variations of the other model
parameters
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Existing Limits IT

We will produce many of these plots
for the variations of the other model
parameters
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Experimental Challenges
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Offline Reconstruction Efficiency

1.0
E’;ﬂw Belle Il Simulation (own work) F m@=1.0 Gev/c?
23] w@@ + mg=2.5 GeV/c?
0.8 %%}i:i% 1 mi=4.0 Gev/c?
0.6 iﬂﬂ;}g?ﬁi ?i
0.4 i L
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e
Offline Reconstruction
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oM (cm)

Efficiency loss could be recovered if new
track finding algorithms become available
— Poster by Lea Reuter
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Both the reconstruction efficiency and the trigger
efficiency drop with displacement of the vertices!
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Trigger Efficiency
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Belle Il Simulation (own work)
B
iyt
H Hg
Hhy

F myo=1.0 Gev/c?
mpo= 2.5 GeV/c?
F mpo=4.0 GeV/c? |

Single Track Level 1 Trigger

0 10 20 30 40 50 60
PN (cm)
Data lost on trigger level is lost forever!

—» Currently trigger on the electrons of the x, — eTe™

with the ECL (Eg, > 1GeV)!
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Selection - Background Sources

SM background that consists of 4 tracks

Pair Conversions K2 and A decays

Random combination of tracks

719 15.03.2024 Patrick Ecker (patrick.ecker@kit.edu): Inelastic Dark Matter with a Dark Higgs Institute of Experimental Particle Physics


mailto:patrick.ecker@kit.edu

KIT

Selection - Background Sources

SM background that consists of 4 tracks

Require one displaced vertex

Pair Conversions K2 and A decays

Mass veto

Random combination of tracks
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Selection - Pair Conversions
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Candidates / 0.1013

x105 Reco Channel: h'(»utu~)x2(—»ete™)
7 T T T T T T 3
" : _ 1 EEm Pair Conversions
Belle Il Simulation fﬁdt— 362.0 fb B Other Background
(own work) . MC stat. unc.
5
4
Background
3
2
1
%.0 0.5 1.0 1.5 2.0 2.5 3.0
ak
15.03.2024

Candidates / 0.1013

600

500

400

300

200

100

Patrick Ecker (patrick.ecker@kit.edu): Inelastic Dark Matter with a Dark Higgs

KIT

Karlsruhe Institute of Technology

Reco Channel: h'(»utu~)x2(~»ete~

)

[ Belle Il Simulation

(own work)

Signal: e*e %
Z

my, = 1.25 GeV/c?

my = 5.0 GeV/c? in a.u.
my, = 2.5 GeV/c2

my = 10.0 GeV/c? in a.u.

—
h'(=>p*u)xwxe(-xe*e”)

my = 0.8 GeV/c?

€ty =1.0cm
€Ty, = 0.01 cm
7 Am = fmalgx |

Signal 1
0.5 lfO 1.‘5 250 2.‘5 3.0
ak
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Selection - Background Sources

SM background that consists of 4 tracks

Require one displaced vertex

Pair Conversions K2 and A decays

Opening angle Mass veto

Random combination of tracks
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Selection - Random Combinations ﬂIT

Background

%105 Reco Channel: h'(»utu~)x(—»ete™)
g 2'00 T T T T T T N .v < .v
: Belle Il Simulation [rdt=362.0fo-l  — rar converson -
o = K? ointin
~ 175} (own work) ° T P g
©n - HEE Random Combination
o] = Other
g 1.50 w7 MC stat. unc. ]
°
c
©
O

75 100 125 150 175 200
—log(1 — cos(Aaf )
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Selection - Random Combinations ﬂ(IT

%105 Reco Channel: h'(»utu~)x(—»ete™) Reco Channel: h'(»utu~)x2(—»e*e™)
2.00 10 HTHX:
~ 2. T v v v v v . v ~ v v v v : . . v
< . . _ = I Pair Conversion < Belle Il Simulation [ cty =0.01cmina.u.
S (Bot‘eﬂll:ev‘lllofl:r)‘nulatlon ft:dt— 362.0 fb = K S 250 (own work) 1 cty=0.05cminay. |
& 175 B Random Combination ] - gignal: e*e~ > h'(-»u*u~)xixz(- xre *e B ctw =10cminau.
8 B Other E [ cty =21.54 cmina.u.
(o4 v MC stat. unc. © [ ¢ty =300.0 cmin a.u.
% 150 ] g 200+ 1 ¢ty =1500.0 cm in a.u. |
S Background s Signal
8 1.25 ] 8 my, = 2.5 Gev/c?
: 0.0 Gev/c?
150 0.8 Gev/c?
] ’ €T, =0.01cm
Am = 2.45 GeV/c2
] 100 1
50 1
. . L . P ey 2 |
7.5 10.0 125 15.0 175 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 175 20.0
—log(1 — cos(Aa} 5)) —log(1 — cos(Aaf 5))
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Selection - Background Sources

SM background that consists of 4 tracks

Require one displaced vertex

Pair Conversions K2 and A decays

Opening angle Mass veto

Random combination of tracks
Pointiness
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Background Level after Selection

Reco Channel: h'(~ ' Do ~e'e”)

Events / (0.001668 GeV/c?)

~— signal Shape

on R .
AT

Karlsruhe Institute of Technology

h — p ™ Mo
_ Reco Channes 1 ~u - =7e") 4 i j Typical signal width:
; (T%‘ W s ot B e 2 — MeV/c?
g 3.0 % Reco Channel: h'(»m*m-)x,(» e*e”)
% 25 / ;‘J na;’::‘ev::j;nulation Jrdt=362 b1 = ﬁfmw ’ +
5 3 05 S h' — K"K~
b g US % Reco Channel: h'(=K*K-)ya( = e*e”)
15 % ) &
// E 06 , % %Ds z;::zvlllnii;nulation [cdt=362 o
1.0 @ / & o % wy
0.4 / /// g 0.4 % %
0.0 1. X X X :
0.5 1.0 5 2.0 le,:‘sv (Gewczz)o " Z g, % %
0.2
00 0.5 1.0 15 2.0 25 3.0
M, (Gev/c?) 01
Very low background level in all final states o

— Perform a counting experiment and a Bayesian analysis

*Each component scaled according to the available luminosity
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Extracting the cross section A“(IT

Karlsruhe Institute of Technology

In total we can extract four different cross sections: Likelihood

Three "m lin ndent" ones for the different final ) Nops
ee "model independent” ones for the different final states e ("51g+f7bkg) b g

w efe” = xyxa(— xse e N (= ) Nop!
wefe” = xyxo(— xe e )N (=) with
me'e = xixa(— xieTe (= ) Mg =0 € /‘Cdt

One model dependent one for the combination o
and for the combination

‘Ctotal = H BFf ' ‘Cf
In case no signal is observed, set 95% CL upper limits on the cross f=p,m.K
sections

®efe” = xqxo(— xse e )N

13/19  15.03.2024 Patrick Ecker (patrick.ecker@kit.edu): Inelastic Dark Matter with a Dark Higgs Institute of Experimental Particle Physics


mailto:patrick.ecker@kit.edu

KIT

Expected Sensitivities - "Model Independent”
h — p
w — For short lifetimes the sensitivity is lower since the
ey ton Jese=302 87— oy 2003 efficiency is low due to the minimal displacement cut

— Ty = 100.0cm
Ty =1500.0 cm

For the sensitivity is pretty good
since the displacement is large enough to pass the

M/—/ minimal displacement cut

For larger lifetimes the sensitivity starts to drop since
the finding efficiency for displaced tracks drops with
the displacement

v

olete” s h'(su*u™)xx(-xiete))(fb)
S

For the sensitivity is low since
many of the Dark Higgs bosons decay outside of the
detector which leads to worse efficiency

2
10 050 075 100 125 150 175 200 225 250

my (GeV/c?)

*Systematics not (yet) included
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Becoming Model Dependent

Cross section
(calculated with MadGraph)

102+

10tk

ole*e” »>h'xixa(~>x1e*e™))(fb)

04 06 08 1.0 12 14 16 18
my (GeV/c?)

BF (h' - XX)

10°

10-1}

10-2}

h’ branching fraction A“(IT

(Current Physics Beyond Colliders

Karlsruhe Institute of Technology

benchmark, state of the art
BF values from 2305.16169 )

—_— hoptus
= h'-nn
— h'sntns
h'-»KK
h'->K*K~

Above 2 GeV no

reliable BF calcula-
tion for pions and
from theory

0.5 1.0 15

Need to compare the calculated cross section with the
from the limit to exclude certain parts of the parameter space
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h’ branching fraction ﬂ(IT

Becoming Model Dependent (Current Physics Beyond Colliders """ ™"

Cross section benchmark, state of the art
(calculated with MadGraph) BF values from 2305.16169 )

§1o2— S —_—hoptuT g

= 1 = h'->nn

'm k3 —_— h'sntne

+ w h'- KK

a.i ] h'-»K*K~

U

=

=

<

T

| 10t

Q

+ Above 2 GeV no

S reliable BF calcula-
tion for pions and

from theory

04 06 08 1.0 12 14 16 18 0.5 1.0 15 2.0 25 3.0
my (GeV/c?) mpy (GeV/c?)

Need to compare the calculated cross section with the
from the limit to exclude certain parts of the parameter space
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Calculated vs. Cross Section

h’ mass
= N o . o .
=4 Belle Il Simulation [ £dt = 362 fb~! Expected Sensitivity £ 103} Belle i Simulation [rdt=362 b~ Expected Sensitivity =1 Belle Il Simulation [cdt =362 fo-! Expected Sensitivity
= =10 =
Z10°F (own work) ® Calculated Cross Section = (own work) ® Calculated Cross Section = 10| (own work) © Calculated Cross Section
v
© o o
+ + . +
& g, & v
= <107 =
10 1 ar T
= o = X
= . =
10
LTS T 1 10t
o Il LT P v - |
o o
+ + +
o [ o
L L L
° o S 10 T 100} 8er 00n e Ren e @ r et Yo @ eieen
1072 1071 10° 10t 102 10° 10% 10-2 107" 10° 10* 102 10° 10* 1072 107! 10° 10t 102 10° 10%
CTy (cm) cty (cm) cTy (cm)
107 10 10-° 1077 0% 10-° 1077 10-° 10-°
5] o

Can exclude everything that is below the
calculated and above the line
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How to Draw Exclusion Plots

Iy 10t T T T T T
i) itivi o]
= i : - -1 Expected Sensitivity g
< Belle Il Slzmulatlon [cdt=3621b e e o Belle Il Simulation [ cdt =362 fb-! B Expected Sensitivity
103k (own work) | (own work) my, = 2.5 GeV/c?
O my, = 2.5 GeV/c? 1004 ]
+ my =100 GeV/c?
q.i mp = 0.22 GeyYfc?
b €Ty, = 0.9t cm 10-1E 4
11027*.......... ..... PO @rer s R 2AYVE
<
S
X 1072 1
<
T ot
10°F 4
5 1073} 1
+
2
° 100 1074} 1
. . . . . . . 1075} 1
1072 107t 10° 10! 10? 10° 104
cTy (cm)
. . . -6 . . . . .
1071 1072 103 10 0.0 0.5 1.0 15 2.0 2.5 3.0
e) mp (GeV/c?)
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How to Draw Exclusion Plots

olete” »h'yix2(-x1e*e™))(fb)

17/19

Belle Il Simulation [£dt =362 fb~! Expected Sensitivity
(own work) Calculated Cross Section
3L 4
10 my, = 2.5 GeV/c?
mga = 10.0 GeV/c?
mp = 0.22 GeYlc?
€Ty, = 0.0t cm
1021 -0 PO ° PO C s RNV
10t E i
100 i
1072 1077 100 10! 102 10° 10°
CTh (cm)
107t 1072 1073
(€]
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10t T T T T T
© L
Belle Il Simulation fcdt: 362 fb~t BN Expected Sensitivity
o (own work) my, = 2.5 GeV/c?
107 ma = 10.0 Gev/c? ]
=0.01cm
0275
gx 1.121
1071 2 - 30005555 1
Am = 2.45 GeV/c?
102} 1
1073} q
104 L ]
1075} E
-6 L L L L L
10 0.0 0.5 1.0 1.5 2.0 2.5 3.0
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How to Draw Exclusion Plots

2 10t T T T T T
i) itivi o]
= Belle Il Simulation [£dt =362 fb~! Expected Sensitivity . . _ _1 I Expected Sensitivity
= (own work) e Calculated Cross Section Belle Il Simulation [cdt= 362 fb '
I 103F J o (own work) 2.5 Gev/c?
) my, = 2.5 GeV/c? 10°¢ 10.0 Gev/c? ]
+ mu = 10.0 GeV/c? cTy, = 0.01 cm
:J|—<< mp = 0.3597 Ge\Vfk? f=0275
cty, = 0,00 cm 1) gx=1121 |
T 5 Am = 2.45%Gev/c? 10 £ = 0.0009656
\;10»x........................---.........-..-......x.... 4 Am = 2.45 GeV/c?
=
= 102} ]
<
T
10 4
', 10 103L |
+
2
° 1074 1
100t 4
L L L s s s s 1075} 1
1072 107t 10° 10! 10? 10° 104
cTp (cm)
R R R -6 " " L L L
1072 1073 1074 10 0.0 0.5 1.0 15 2.0 2.5 3.0
] my (GeV/c?)
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How to Draw Exclusion Plots

I 10t T T T T T
2 itivi ©
= Belle l1Simulation [cdt=362 b~ © Expected Sensitivity . . _ _1 I Expected Sensitivity
= (own work) e Calculated Cross Section Belle Il Simulation fcdt— 362 fb
1 (own work) My, = 2.5 GeV/c?
o 10°F my, = 2.5 GeV/c? 100 ma = 10.0 GeV/c?
+(v Q my = 10.0 GeV/c? cTy, = 0.01 cm
— . my = 0.77879 GeV/c? f=0275
~ % €Ty, = 0.01cm 1071} gx=1121 |
T 102 . Am = 2.45 Gev/c2 ] €= 00009656
T':l Am = 2.45 GeV/c?
o
= 102} ]
=
T 10t} E
Y 103} 1
¥
2
ol J
B 10 1074} 1
. L.
. . Srier) , , , 105+ :
1072 107t 10° 10! 10? 10° 104
cTy (cm)
. . R -6 L " . . L
1073 1074 1075 10 0.0 0.5 1.0 15 2.0 2.5 3.0
e) mp (GeV/c?)
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How to Draw Exclusion Plots

2 10t T T T T T
S itivi o]
= 1 I - -1 ® Expected Sensitivity -
= 100l Belle Il Sllmulatmn [cdt=3621b o Calculated Cross Section 1 Belle Il Simulation [ rdt=362 fb~! Il Expected Sensitivity
. (own work) (own work) my, = 2.5 GeV/c?
o my, = 2.5 GeV/c? 100 ma = 10.0 GeV/c? |
+m . ma = 10.0 GeV/c? ¢y, = 0.01 cm
= . mp = 1.89638 GeV/c? f=0275
< 102F v 1y, = 0.01 cm 101 gx=1121 |
T . Am = 2.45 GeV/c? £ = 0.0009656
\‘:‘ " Am = 2.45 GeV/c?
>< .
< - 02| 4
< 10' L] i
T .
5 .. 1073 1
+ -
L 100F E
° 1074 1
107 . , L . . i 105} 1
1072 107! 100 10! 10? 103 104
cTp (Cm)
R R . -6 " " L L .
1073 1074 10°5 10 0.0 0.5 1.0 15 2.0 2.5 3.0
e) mp (GeV/c?)
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. . . These are only two out of ﬂ(IT
Expected Sensitivity of the Combination many configurations (©(20))1 e mesireanoos

[ (o)
c . P c
@ Existing limits rely only on @
the presence of a dark scalar PR 1071 A
Pl ~ 1072 P -
Smaller m, i
q
8 8
m,, = 2.5 GeV/c? { 1074 m,, = 1.25 Gev/c? {
my = 10.0 GeV/c? my = 5.0 GeV/c?
N cty, = 0.01 cm €Ty, = 0.01 cm
E949 NA62PS191 f=0275 f= 0275
gx=1121 | 10-5 gx=1121 |
£ =0.000968 £ =0.0013599
= 2 — 2
Belle Il Simulation [ rdt=362 fb~! fm = 2as Gevie Belle Il Simulation [ rdt=362 fb~! am =Lz eevie
(own work) I IDM + DH Sensitivity (own work) I IDM + DH Sensitivity
-6 I I -6 I I
10 1071 100 10t 10 1071 100 10t
ms (GeV/c?) ms (GeV/c?)

Tested parameter configurations show very competitive sensitivity!
*Systematics not (yet) included
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Summary

SSSENE W
Larger CTy,

sin@

@ Showed a strategy for a search for inelastic
Dark Matter with a Dark Higgs boson in a
seven dimensional parameter space

107t

1072

a Expect very low background: perform a
counting experiment and a Bayesian analysis 107

@ Can derive both model independent and 10-41 T = 25 evie 4
model dependent limits on the signal cross e ee
section 1055 ol

€ = 0.0003049

. o . o Belle Il Simulation [cdt =362 fb! am =2 Geviet

a First sensitivity studies look promising to (own work) W DM + DH Sensitivity
107 - 5 1
reach unexplored parameter space 10 10 10

ms (GeV/c?)
*Systematics not (yet) included
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KIT

Recombination

a Signal
® Build h’ candidates: h' — [;/' ;1 ;777 ;KTK™]
® Build x, candidates: y, —ee”
® Perform vertex fit on both vertices
@ Build ROE
® Track requirements: 6 in CDC acceptance, N,ﬁgc > 20, dr < 0.5¢cm,
|dz] < 2cm
® ECL requirements: 6 in CDC acceptance, clusterNHits < 1.5,
|clusterTiming| < 200 ns, E >[80, 70, 100] MeV (FWD, Barrel, BWD)
a Missing Energy
® Episs = Eems — E _E// _Ee+ _Ee*

!
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FSP Requirements Vertex Requirements

ROE Cuts

han 20 tracking hit
[moret an racking nits Exve,,ex > 0.1 and xylye, > 0.1

N N

[PID Variable score > 0.5

o > 0.05¢m or pX2 > 0.05cm

Model Specific Cuts (in the pion final state p > 0.2cm)

] [Eg;#;’a’ < 1.0 GeV j

No additional tracks
in ROE

[1 GeV < Epes < 9GeV

] Suppress Pair Conversions

Kg-veto,

Dark Higgs Pomtmg Angle: [ " - o j M < 0.489 GeV/c
—log(1 — cos(Aoz~ 5) >75 e > 0 or
[sz <25 Gev/cz ] [Oé[[ > 0.1 j Mhﬂ— > 0.507 GeV/CZ
{2 i
[Ao-veto ]

One selection for all model parameter configurations!
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Dark Higgs Pointing Angle

\Aa
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Expected Sensitivities - "Model Independent”

ole*e” >h' (s pu*uT)xxa(- xiete”))(fb)

24/19

h' — ™

Belle Il Simulation [dt=362 fo~!
(own work)

JANSSY

Ty = 0.03 cm

m— Ty = 100.0 cm

95% U.L.

cTy =1.0cm

€Ty = 1500.0 cm

107!
102
050 075 100 125 150 175 200 225 250
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