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Inelastic Dark Matter

* Motivation: During early Universe, we might want to have a
production channel for dark matter

 Features such a channel would need:
- coupling to standard model for thermalization with SM

* having enough annihilations to be consistent with the observed
relic abundance

SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle |I”. https://arxiv.org/pdf/1911.03176.pdf
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Inelastic Dark Matter

» Model Constituents
- Dark Fermions (y;, y»), dark photon (A’)
- Parameters:
. Kinetic mixing term (¢€),
. dark photon to dark fermions coupling (ap = g§/47r)

. stable dark fermion mass (m 1), mass difference (Am), and dark

X
photon mass (11,4, or my) L= Lon— ~Xu XM + L2 X, %0 — < % Bm,
4 2 X 2CwW
. o i o i o T 1
Ly = ixadx1+ixadx2+ 59x XXz x1 = 5 9x XuXa7" X2 = 5a XXt — 5Mxe XeXe-

SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle |I”. https://arxiv.org/pdf/1911.03176.pdf
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Signal: ISR Photon

Since this is our initial trigger, need to Vertex detector

Drift chamber
separate from background: an Calorimetor
energetic photon (>1GeV), comes from / //M“"“ystem
the barrel, etc. 1

yISR S Ecm

htemp
Entries 11443

Mean 2.153
Std Dev 0.2217

|

B A : my = 8.0GeV, Am = 1.28GeV,
N o m, =3.2GeV, e = 107% ap = 0.1
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SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle Il”. https://arxiv.org/pdf/1911.03176.pdf 7
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Signal: A’

* Since we know the momentum and Vertex detector
. . . el Drift chamber
direction of the ISR photon + initial

Calorimeter
conditions, then p;,; - p, = Py ; //Muonsystem

2
mA’ htemp

1000 — Entries 11443

u | Mean 66.37

C ( Std Dev 4.69
800 —
600
400|
200 - H} my = 8.0GeV, Am = 1.28GeV,

L —4

- m, =3.2GeV,e = 107", ap = 0.1
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SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle Il”. https://arxiv.org/pdf/1911.03176.pdf 8



https://arxiv.org/pdf/1911.03176.pdf

Vertex detector

Displaced Vertex

» Two oppositely charged tracks emerge
from a displaced vertex, comprising of
[T1~. Powerful in rejecting backgrounds
by using my, , dr

Drift chamber

Calorimeter

Muon system

*dr? = dx* + dy?

htemp
250 Entries 11443
Mean 0.6357
Std Dev 0.2662

200

MMW

my = 8.0GeV, Am, = 1.28 GeV,
simulated signal m, = 3.2GeV, ¢ = 1074 ap = 0.1
ol ey 1

0.2 0.4 0.6 0.8 1 1.2 |
Vertex mass (GeV/cz)
SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle Il”. https://arxiv.org/pdf/1911.03176.pdf °
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Cut on ISR Photon

Variable Description

E... >1GeV

ISR CM frame energy

clusterReg = 2

Selecting ECL clusters in the barrel

ZernikeMVA > 0.7

MVA output trained on Zernike Moments
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Cut on V; daughters

Variable Description

dr > 0.1 cm

distance (|dg| for tracks) w.r.t IP

nCDCHits > 4

Number of CDC hits associated to the tracks

Ercr <2 GeV or NaN

ECL Cluster Energy

Cut on V}

Variable Description

p>0.1GeV/c

Vo Momentum

Pem < 2.0 GeV/c

Vo’s momentum in CM frame

dcosf € (—0.6,0.95)

Polar angle of vertex w.r.t. IP

dr > 0.5 Transverse distance with respect to IP for a vertex
dy < 0.5 cm dy, distance from IP in r — ¢ plane, of each daughter
2o < 1cm dy, or z distance from IP, of each daughter

p-dr/pdr < 0.999

Displaced vertex’s Pointing Vector

Mo yete- > 0.01 GeV/c?

Invariant vertex mass, assuming it comes from photo-conversions
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Cut on Event Variable Description
Igjgl.lil:'@,l < 0.88 Angle between the ISR momentum and vertex position
Orsrv, > 0.5 Angle between ISR and V;’s daughters’ momenta
0, . <2.1rad and ¢ (0.45,0.62) rad Polar angle of recoil momentum
NISR Photon = 1 Number of ISR Photons in the event
NTracks = 2 Number of tracks in the event
NSignature = 1 Number of events with displaced vertex 4+ ISR signature
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Background: Composition

100 |

80 |

» While this IDM signature is clean, some 60§
standard model processes can fake it i

20

» Example:

- Direct radiative pair production with an undetected photon l(i.e.
ete”™ — t17y(y) with t = e, u, x)

- Photo-conversions (y — ete™ ) from direct radiative pair production
or radiative photon pair production (¢Te™ — yy(y))

. Meson Decays (e.g. ete™ — KQKIE);/ where Kg — atn7)

SOURCE: M. Duerr et al. “Invisible and displaced dark matter signatures at Belle |I”. https://arxiv.org/pdf/1911.03176.pdf 14
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Background vs. Signal Separation

j : - 20k MC15rd
- Applying all aforementioned pre-selections, r

we go from the entire Belle 2 dataset down !
to something manageable — 60

40

I ce
mixed B XX
charged I hh~sr

AN

- For more fine-tuned cuts to further ol
suppress backgrounds: ot

» Introduce a BDT using physically
meaningful variables

- Make signal model dependent cuts
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Features for BDT

- Total Extra Energy (GeV): For any additional tracks and photons
(besides those used by signal), sum over their energies

 LeptonlD: Checking the particle ID of each track forming the vertex

120 F

: = signal | 1500} [ signal — ™ = lXX
100:- 1250;_ [ 1 mixed B hh~isr
sof [ charged B cc
60:_ 1000; 0 eepp B uu

; 7505‘ [ eeee B dd
0 500 F B T B ss
20r @ 250 | B [ 1 signal
O: of B ce

0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.0 0.2 0.4 0.6 0.8 1.0
Eextra(GeV) eID | pID of Track 1 16



light leptonBDT models

Eextra/event
—log(1 — cos Zpa)
—log(1 —cos Zoa)

cos ZIsR, v |

(n+e)ID for track 1

heavy leptonBDT models

(n+e)ID for track 0

e ——— TN
0 25 50 75 100 ?

F score Eextra/event
° I|ght mA/ S 0.96 (n+e)ID for track 1
. medium: 0.96 < m,, < 3.9 ()b for track 0

—log(1 —cos ZLoa)

heavy: m,, < 3.9

COS AISR, Vo

. 2 ............I....I....I....I....
(units are GeV/C) 0 25 50 75 100 125 150

F score



IBDT > -0.1, light
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100 |

50 |
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IBDT > -0.1, light
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lepton_prediction_light link
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—log(e)=2.4 ap=0.1 my'=0.96 m,,=0.32 Amy=0.128
—log(e)=3.2 ap=0.1 mx'=0.39 m,,=0.13 Am,=0.052
—log(e)=2.6 ap=0.1 ma'=0.6 m,,=0.2 Am,=0.08
—log(2)=3.2 ap=0.1 mx'=0.96 my,=0.32 Am,=0.128
—log(e)=4.0 ap=0.1 my'=0.96 m,,=0.32 Am,=0.128
—log(e)=2.6 ap=0.1 my'=0.24 m,,=0.08 Amy=0.032
—log(e)=2.4 ap=0.1 m=0.6 m,,=0.2 Am,=0.08

BDT performance
(used Punzi FOM to optimize)

link

2.

102 ¢

10 |

IBDT > 0.98, light

0F

B 60 - 80
m?ecoil
IBDT > 0.98, light
| -
L H| —L_::|_ o
1 TH |
0.980 0.985 0.990 0.995

lepton_prediction_light
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Signal Dependent Cuts

» In addition, we can also do signal dependent cuts

. Vertex Mass (my,) < Am »

E .. =F E <2m. c?

miss X101 A1,11 X1
200 [ [ signal 6003— [ signal
i —>

[ 500 f
150 : [ I 11XX

: o 1 mixed B hh~se
100 300 F [ charged B cc

2002— 0 eepp B uu
0 | I I ccce m dd

: : - s

0 SESER oL .

0.0 0.5 1.0 1.5 2.0 0 2 4 6 8 0 B 1 signal

mv, (GGV/C ) Emiss<GeV) B ee

—log(e)=3.6 ap=0.1 myzy'=6.0 my,=2.0 Am,=0.8 19
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Signal Extraction .

80

+ Given how few events we have remaining, let's  “} |
40 -
do a single bin counting experiment |

20

- For a given signal window and its dependent N
cuts, estimate signal vs. background

. P =P (u+b|n)xP.(th|m)

- 1st term: data used to extract u signal events with b backgrounds

. 2nd term: information from MC or a control sample (where 7T is a
pre-determined scale factor)

. p_j.’lf IS used




—log(g)=3.0 ap=0.1 mz'=0.6 m,=0.2 Am,=0.08

[ signal, eff = 0.901
—— lower bound

—— upper bound

— .I,

Defining Signal Window (
- Since we’re not fitting, we just need to define J L\
—log(e)=3.0 ap=0.1 xllz':_i:%ggl\lzo.m Am,=0.316
* Do this by defining 90% CL (90% of events w/

equal areas from the median)

1.0
120 - ] | / J
B 0.5 F
100 - 0.0 ‘ ' : ‘
- 0 20 40 60 80
S0 | —log(e)=3.4 ap=0.1 mz'=6.0 my,=2.0 Am,=0.8
i Conf. = 0.9
i 50 %104
60 B S
40 _ 1.5+
20 10
O [ = = E_E__J-_—-i_ti:l; 0.5 r
0 20 40 60 80
2 2)\2 1 ey .
mrecoil(GeV/ c?) 00 0 20 40 60 80

2 WV /e2)2
Miecoi (GeV/c?)

[ signal, eff = 0.9

[ signal, eff = 0.9
—— lower bound
—— upper bound
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Upper Limit

» With our selection, our signal extraction method, we should have
some idea of how will perform.

- Strategy:
- Bootstrap our background MC samples and create a toy dataset
 Apply selection and obtain a signal yield -> convert to upper limit
Do this N times and obtain some default set of values

» Use the median value from these toy trials for sensitivity plots

24



What a given trial looks like

120 =
100 |
80 F Counting Exp.
i —log(e)=3.0 ap=0.1 mz=1.1448 m,,=0.3816 Am,=0.15264
60 N B B background
i BN signal
40 N 0 ¢  observed
[ I
20 é
0 [ 1 I pres v I} | i ;g_;
0 20 40 60 >
00%/ <T> m2_ . (GeV /c2)? L0 observed upper limit : 4.674
o CONL. i — (L
interval O 8 —_ - CLsAexp
L B o CL ey
I 420 CLg, exp
06 — a=0.05
— i
@) i
0.4
0.2 B
0.0 _' L i
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u (POI) ?
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=
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00 05 1.0 15 20 25 3.0
m, (GeV/cz)

W

- After performing 100 samplings per
model, we get some 95% observed UL

* (from best fit signal value and
knwoeldge of background)

 From here, we want to convert the
median upper limit value to a cross
section that relates # of events to
something meaningful

* |.e. cross-section
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— esig (full), conf=0.900

N | Elxclusion Plot (predicted/observed) w/ 360fb-
1600 R
Preliminary
my I
—3.00 1000 B0 3
2 [
| 600 —4 _
- 200 _10_2 101 100 10!
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_ Upper Limit (100 trials), conf = 0.9
L of
= U(mar, Am,, m,,, )
}J | ® & 00 O ° ° [ J -
< 4F Oobserved — A I
> g L} n(my,, mar, €, Am) X
23t
o L
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ap =0.1, mg =2.5m,,, A = O4mx1

107
;10—5
11076
102 |7
'510_ §:
] <
';10_8 =
w1073 f \g
11n—9 A
1070 §
; A
. w
hermal Qpih? 10710
_ ---- thermal target ({2pyn” = :
10 ‘4--. 1 Uil X2 uclay 1Ciigull - 1 =
-------- 60 cm x2 decay length t 1107
mms=  Belle II mono-vy proj. rescaled i P
mem Sensitivity of displaced search i . 10-12
=1 BaBar mono-y limit rescaled i 0
-5 ' 2
107 10- 100 10!
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Next Steps

 Control Sample (K-Short Veto, yy sample, TT)
» Understanding BDT systematics
« Systematics?

- Additional sanity checks on produced signal

- Better contour plotting code...

 Write...

30
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Confidence Level = 0.9 - 90% Confidence, Signal Retention

I 2 /ager = T16387.6 / 119 = 6020.1 !
80 I a0 = —2.567 +0.002 :
& al = 1.271+0.001 20
L [ a2 = 0.752 4 0.000 i
~_ 60 ) i} ) I
> - X2 /mgor = 1350644 / 119 = 1135.0 15
5 [ a0 =0.786+0.002 !
= 40} al = 0.657 +0.001 [
70 a2 = 0.888 + 0.000 10 fFrom ISR photon
Ngé 90 [ 2 /Ngor = 24416038.9 / 119 = 205176.8 Emin_ energy req.
= i a0 = 13.606 + 0.002 5k
[ al = 7.353+0.001 |
ok a2 = 0.067 + 0.000
i I I S Y S ST S SN USSR NS S — 0
0 2 4 6 8 10 0.775 0.800 0.825 0.850 0.875 0.900 0.925
my (GeV/c?)
reapply and check
1 , L] L]
grouping by mA Confidence Level = 0.9 signal retention
averaging and std for vy, yerr /e 209/ T30
80 [ a0 =-1.68840.087
S al = 0.347+0.098
V6o a2 = 0.897 +0.018
; \z/lldu[ = -_)40 / 7 = TT
@ _ al =1.379+0.082
© wf al = 0.329 + 0.069
f§ a2 = 0.921 4+ 0.008
Y- 20 | C/Mger = 1.2 / 7= 0.2
8 a0 = 14.089 + 0.220
al = 6.731+ 1.274
ok a2 = 0.129 4 0.131
| " A L | " A A 1 A " A | L A A l N A A |
0 2 4 6 8 10
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Venn Diagram for
—log(e)=3.2 ap=0.1 mx'=9.6 my,=3.2 Am,=1.28

1422

3466

Venn Diagram for
—log(e)=4.0 ap=0.1 mx'=3.9 my,=1.3 Am,=0.52

[ hie [ Imm
] stt - L1

942 7952
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['Grid10', 'Grid11'] distribution
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relevant elements
I 1

Whatis an F-score?

The F-score (also known as the F1 score or F-measure) is a metric used to

evaluate the performance of a Machine Learning model. [t combines precision

andrecallinto a single score. true positives  false positives

F-measure formula:

e F-score =2 * (precision * recall) / (precision + recall) retrieved elements

How many retrieved How many relevant
items are relevant? items are retrieved?

Precision = —— Recall = —

slide 17 39



Eeff W.T.t.1light BDT

£off W.I.t.Imedium BDT

—
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e
\]
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Y,
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0.95

1.00

0.7 F

)

0.75

0.80

0.85 0.90
Cut value

0.95

1.00

min

quantile = 0.01

entile 01 ° Ceff — N post cut & reco/ N post reco
uantile = 0.2
i - Could do

€qr = Npost cut & reco’ Ngen but this
would now depend on € (kinetic
mixing) so hesitant

quantile = 0.5
—— quantile = 1

i —— min
H [ —— quantile = 0.01
% I —— quantile = 0.1

0.8 - —— quantile = 0.2

< i .
> I quantile = 0.5
g —— quantile = 1
5 i
— 0.6
$_3 o
B =
S04t

Y RS RS Ll Ll L

0.75 0.80 0.85 0.90 0.95 1.00

Cut value



0.250 f

Cut value

75 0.80 0.85 0.90 0.95 1.00

=
-
M _
= 0225}
o0 '
= 0.200
—~ i
0175
E |
70150 |
B _
0.125 F
0.
E _
= 020}
= [
= 018
i [
& [
2 016
o [
- |
= 0.14}
% i
0.12
W + =
10

0.75 0.80 0.85 0.90 0.95 1.00

—— min

—— quantile = 0.01

—— quantile = 0.1

—— quantile = 0.2
quantile = 0.5

—— quantile = 1

all_BDT_cuts = {
"light": 0.9716231155778894,
"medium": 0.9546683417085426,
"heavy": 0.9813115577889447
}

separated_BDT_cuts = {
"light": 0.991,
"medium": 0.9885778894472361,
"heavy": 0.9897889447236181
}

lepton_BDT_cuts = {
"light": 0.9861557788944724,
"medium": 0.9861557788944724,
"heavy": 0.9752562814070351

Cut value

—— min =
. A
— quantile = M
— quantile = >
—— quantile = %
quantile = é}
— quantile = =
s
=
=
£
2
W
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Playing around with BDTs

One subtle thing we’ve been playing around with is the influence of
|ept0n|D iS Utilized sBDT > 0.9, light 7 sBDT > 0.98, light

- Model 1 (top): muon and
electron ID are done
separately, and choose f
highest output 2 -

o MOdel 2 (bottom) S|ng|e s0F IBDT > 0.9, light 2.0:_ IBDT > 0.98, light
lepton|ID variable o st

- Model 3 (in-progress): muon '} Lof
and electron ID variables at | o L
the same time oo B ILIE LT PIE 1 | S
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esig (reten), conf=0.900

my (GeV/c?)

log(e)

esig (recon), conf=0.900

my' (GeV/c?)

esig (full), conf=0.900

- Still preliminary but these are efficiency tables used for upper limits

- Retention: # of events post cut & reconstruction / # of events post reconstruction

- Full: # of events post cut & reconstruction / # of generated events

slide 27
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Minor details on BDT usage

- Actually doing what Tia Crane called a “Boosted Decision Forest”

 Train N =4 (can increase later) BDTs and, using the ideas from
random forests, average them (also helps define uncertainty)

44



104

103

.- BDT: = prediction for an event with the i'th trial/tree
. (BDT;) = average over all the N=4 trials

« (Maybe there are other measures for BDT variance

light, leptonBDT

[ bkg: 6=0.021
[ sig: 0=0.021

-—0.6 | I—O.4 —0.2I
BDT; — (BDT})

0.0 0.2

but... This was first thought

104

103

102

10!

10°

- Usage: Measure for systematics by fluctuating BDT
cuts post PFOM cut by ~0.02 - 0.03

medium, leptonBDT

[ bkg: 0=0.028
[ sig: 6=0.029

—0.4 —0.2 0.0 0.2 0.4
BDT; — (BDT;)

L. = R Rrd.

heavy, leptonBDT

[ bkg: 0=0.027
[ sig: 0=0.029




0.2158 [17.45806506] [] 3.0342 [84.39782496 80.5251381 | [76.95944912 84.39782496 84.39782496 80.5251381 80.5251381 80.5251381

cut on bkg only sample cut on bkg only sample cut on bkg only sample
HoF 10T 10f
r 08F 0.8f
al 0.6F 0.6F
M 04 0.4f
02 0.2 _ ol
e 2z a4 e ams 180 0.0} ' ' ' ' 0.0l A
' ' ) : ’ ' 8 10 12 14 16 ’ 82 33 84

2 2
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