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J Introduction

J Tracking

= Traditional method
= GNN method

] Vertexing

= Vertexing method
=  Application on dark photon search

J Summary
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l DarkSHINE Exper

® DarkSHINE is a proposed fixed-target experiment that utilizing electron beam from SHINE aimed at
searching the light dark matter.

® The DarkSHINE detector system is consisted of tagging tracker, recoil tracker, ECAL and HCAL.

Stagger strip trackers
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l Dark Photon Search

Two model parameters:
* Coupling constant ¢

* Light dark matter search: dark photon |- Dark photon mass m,;

1

L= Lsy +H=
M 2 cos By,

FY¥WE, 1 L
uv

4

According to the decay channel of dark photon, we have invisible and visible decay.

1072

\

1071
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2
F'™WEL +m5 A

MJTJﬁ |

We will focus on visible decay

”
.0

Bump hunting : High production rate

Challenging region :

* Signal rate too low for bump hunting
e Lifetime too short for beam-dump experiment
-> Displaced vertex reconstruction needed!

Beam-dump experiment : Long decay length

target + shield decay volume
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l Signal and Background _r=esmd

arixv:0906.0580

—————————————————————————————————————————————————————————————————————————————————————————————

Main background

Signal ) _
(both virtual y — e*e™)
e y <
- :?J\FJ<:::(— e~ hIJ\YJ<:::{_ e~

(a) (b)

A’ production and decay y* trident reaction Bethe-Heitler trident reaction

_______________________________

* To differentiate signal from background, the key is to reconstruct the displaced vertex through tracking and vertexing.
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l Tracking and Vertexing sl

= We apply full chain reconstruction from hits to tracks and to vertexes. We adopt Kalman Filter algorithm

for both tracking (GenFit) and vertexing (Rave).

= The simulation is based on Geant4. CalcHEP generator is used for signal production.

..............................................................................................................

: digitization
Simulation Seed finder S8 Seeding
’ !
Greedy finder g Finding
Kalman filter
Fitting
Vertexing
Algorithm
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l Hit Reconstruction

Strip clustering

Cluster strip hits on single layer.
Use mean shift clustering, based
on the weighted distance (energy
deposition of hits) to the center
of cluster.

MJTﬁ

Merge u, v layer

(

(u) _ (xl cos 6, — y; sin 91)
v X, cos B, — y, sin 6,
A= (cos 6; —sin 91)
cosf, —sinb,

5)=47()
oy 0xy> _ 41 (0'1% O'uzv) Aa-Hr

2

Use transformation of coordinates,
can handle any cases.
With error propagation.
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l Track Finding and Fitting sl

® Track finding

* Greedy algorithm + circle fit (Kasa method).

* Good tracking efficiency for single-track

* 97% in single-track case

e 70% in 3-track case, improvement needed

® Track fitting

e Kalman filter algorithm based on GenfFit.
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l GNN Tracking: Build the Network o a=rsmull

Node Features Edge Attributes

» (x, ¥, z, Bx, By, Bz) (R, theta, phi)
We connect hits from adjacent tracker

module to form a graph for each
event.

LinkNet
_ LinkNet (c/assification):

* To predict if an edge is a true particle
trajectory passing through the two
connected node

The task of GNN is to predict the truth

edge that connects hits from the same
track.

Transformer Conv
---------- Combine the strengths of GNN
and transformer model

x (mm)

Edge Scores (y)
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https://pytorch-geometric.readthedocs.io/en/latest/generated/torch_geometric.nn.conv.TransformerConv.html

l GNN Tracking: Training sl

train_loss, valid_loss
roup train_loss O Group valid_loss

® Loss function
* Binary cross-entropy with logit
« L=Y[-Pilog(c(y)) — (1 =9 log(1—a(y))]
® Optimization
e Adam algorithm

® Dataset

. . — Al
* 10° dark photon visible decay events N 106 = Ty
e train:validation: test = 3:1: 1
E ‘2 10% A
% -3 3 108
—40 102 4
Red: truth edge o
=451 Green: predict edge
0 2I5 5|0 7'5 160 12IS 15|»0 17'5 0.0 0.'2 0:4 0.|6 018 1.0
z [mm] Edge Score
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l GNN Tracking: Result

s MN\T=sutul 1
The output of GNN is the score of each edge. We use the Dijkstra algorithm to cluster the edges into track

25 50

\: 5 2
_s| Red: truth edge é e\i/
Green: predict edge
: 75 100 125 150 175
z [mm]

The 3-track reconstruction efficiency comparison
m, [MeV] 20 50 100 200
Greedy + circle fit 60% 75% 77% 75% 69%
GNN + Dijkstra 82% 85% 85% 85% 84%
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l Vertexing

* Use GenFit track as input (in the preliminary study, we use truth track finding result).

» Several vertexing methods (in Rave):
* Kalman filter

e Adaptive Vertex Fitter

® Implemented based on rave (https://rave.hepforge.org/)

vertex: (17.62, 19.27, 92.28)
theta: 0.0361
dispersion: 0.01

21 1 track 0 track 1
vix id: 0 vix id: 0
chi2: 24.14 chi2: 13.45

collinearity: 7.40e-03 collinearity: 3.09e-03

p p:
(0.003, 0.005, 0.162) (-0.004, 0.001, 2.142)
hits: hits:

(17:60, 19.27,100.33)
(17.55, 19.29, 130.33)

(17.76, 19.51, 100.33)
(18.29, 20.45, 130.33)
20 - (18.65, 21.43,160.33)
(19.04, 22.02, 190.33)
(19.28, 22.64, 220.33)
(19.43, 23.53, 250.33)

(17.49, 19.31, 160.33)
(17.41, 19.33, 190.33)
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(17.27, 19.39, 250.33)
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RecTrk2_vertex_z0_diff

RecTrk2_vertex_z0_diff
- Entries 697
Mean -0.3094
107 Std Dev 5677
E x2 / ndf 104.8/ 48
C Prob 4.135e-06
- Constant 0.1022 £ 0.0062
L Mean 0.08776 £ 0.11048
Sigma 2.649+0.118
1072 =
10°7° E
: 1 | L1l 1 I Il I 1 1 1 | | N T -
—40 -30 -20 20 30 40

vertex z [mm]

Signal vertex resolution: 2.6 mm
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https://rave.hepforge.org/

Vertexing o e=smul L

We select several vertexing parameters to improve the vertex resolution:

Vertex invariant mass vs z Track p min vs dz Theta vs dz
_ h2d_invMass_z_all — 150 h2d_trkPMin_dz_all _ _ h2d_theta_dz_all
£ Entries 170926 £ 3 Entries 170926 £ Entries 170926
£ Mean x 1378 E 1083 £ . = | Meanx 0009154
N Mean y 1.657 N 1.809 N - = "= _ |Meany 1.885
2 StdDevx  11.06 1003 7519 : - - Std Dev x 0.00995
g StdDevy  39.94 3997

T A{StdDevy 3991
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Invariant mass Track momentum Track intersection angle

* The vertex z resolution is highly dependent on the angle, the momentum of tracks (multiple scattering effect).
* We add cut on these variables to improve the vertex z resolution.
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l Vertexing Application: Visible Decay Search =l

) We study the vertex resolution on the main background of visible decay.

Vertexing result of e"N = e"Ne*e™ process:

h_vertex_dz_impParCutX0

S 0.07 Entries 1527

Cut summary S Mean 6.148
Std Dev 9.162

2/ ndf 103.6/46

Track p>0.5GeV Prob 2.521e-06

) ) 0.05 Constant  0.04284 + 0.00146
Kinematics cut Mean 6.44+0.24
Sigma 8.644 +0.193

o
=3
=

Invariant mass > 20 MeV

o
=}
@

Shared hit num =0

o
o
I

Reconstruction track cut

o
o

Co"_l|I\llII||\III||I\I|IIII‘IIII|I\II|I

Impact parameter cut

|
» Bkg vertex
resolution; 8.6 mm

T R R soy pwbty |0 ) s | L0
-100 -50 0 50 100 150
Vertex z (recon - truth) [mm]

lo

Recon vertex num >=1

Vertex dispersion < 0.4 mm EQT: 3E14
Vertex parameter cut Event type eBrem + conv ePairProd
Vertex theta > 0.012 rad

Event num 7.5E12 4.3E11

VSR Ieaeidlen = (1P el Eme: Event num (after cut) 2.2E10 1.2E9

<0.3mm
> 6.8 sigma

0.1 background range (65mm, 99mm)
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l Exclusion Limit mﬂdﬁ

From the vertex reconstruction result of e™N — e"Ne*e™ process, assuming the reconstructed vertex is
Gaussian distribution, we define the displaced vertex region at (65, 99) mm from the target.

® The exclusion limit for DarkSHINE (1 year run, 3E14 EQT) is estimated.
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l Exclusion Limit mﬂdﬁ

If the vertex resolution can be improved by a factor of 2 (4.3mm), the signal region can be further

extended.
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J summary sl

We have developed the full tracking and vertexing framework at DarkSHINE.

@® TraCking

* Asimple track finding algorithm (Greedy find + circle fit) is implemented with good tracking efficiency (~*97%) in
single track case.

e Track fitting algorithm with Kalman Filter based on GenFit is implemented.

* GNN track finding is developed to improved tracking efficiency in 3-track case (from ~70% to ~85%).

® Vertexing

* Vertex reconstruction based on GenFit and Rave has been developed with mm-level resolution on vertex Z.

* DarkSHINE can reach state-of-art sensitivity for dark photon visible decay search using improved vertex
reconstruction.
* My, (30 MeV, 60 MeV)
* ¢ (4e-5, 2e-4)
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