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Introduction: Dirac String

Assume an electron is transported along a closed path enclosing the Dirac String,
the phase transition of its wave function should be:
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Introduction: GUT Monopole

Standard Viodei

g SU3)c x [SU(2), % U(l)y]/
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Introduction: GUT Monopole

Standard iodel

g SU(3)c x [SU(2) L, X U(l)y]/
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Motivation: Symmetry Broken by Symmetry

To accommodate magnetic monopoles in classic electromagnetism,
let’s rewrite the Maxwell Equations in a symmetric way:

V-D=drp.  yxg-122. 477
l c Ot C l

Scalar vector

V- B = 4mp,, —VXﬁzlﬁB 47Tfm

l "

pseudoscalar pseudovector
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Motivation:

If you accept the idea of magnetic charge, you may notice
the following Duality Transforms are completely trivial:

Pe \ cosé  siné oL
om |\ —sin& cosé o It is just our

convention to say a
K ) particle possessing

- . )
( ;7,6 ) — ( CO‘?& sing ) ( _],e an electric charge or
Tm —sin§  cos§ ]7/71 magnetic charge.

5 o What really matters
E \ cosé  siné E’ is the fraction...
H )\ —sinf cosé H’

CP violation is a necessary consequence of the existence
of a particle carrying both electric charge and magnetic

charge.



IMionopole Physics: interaction

ﬁ:g(é—ﬁxﬁ)
do do do

d_Q:d_QRldQA

d_()' B 9262
dUr  4p2c2sint(v/2)

Rutherford Scattering

dO- Correction by considering the electron spin (Y. Kazama, C. N. Yang, and
dQ A A.S. Goldhaber, Phys. Rev. D 15, 2287 (1977) )
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iVionopole Ph
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cnergy Loss in iViatter

Energy loss for monopoles of a
single Dirac charge in Silicon.
experimental data open circle
for protons in Silicon are also
shown. The solid curves are
calculated from the
corresponding theoretical
work mentioned in
parentheses. The solid curve
inside the shaded region
shows the Ahlen and Kinoshita
result for monopoles. The
figure is reprinted from D. E.
Groom’s 1986 review article.
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iMionopole Physics: Energy in Matter
1 IR i
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Simulation: Monopole Physics: Energy Loss
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Geant4 simulation
of monopole
transportation in
Silicon.

And the a linear
interpolation was
implemented to
the unknown
region.
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dE/dX(MeV/cm)

Zukai Wang

Simulation: Energy Loss of Monopole:
In All Related Material
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Neutrino Oscillation
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NOVA Far Detector
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NOvVA Far Detector
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NOVA Far Detector
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NOvVA Far Detector T U@ch@o@o

16-cell PVC extrusions (15% TiO,). Each NOVA cell:

3.9cm x 6.0cm x 15.6 cm

32 in a sealed module. Alternating X/Y planes.

Read out by wavelength-shifting fiber into one %y
pixel of a 32-pixel avalanche photodiode (APD) Scintillator cell with

looped WLS Fiber

Plane of vertical cells

\ 4 el g
a\ Plane of horizontal cells
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NOvVA Monopole Search Strategy

1. Look for highly-ionizing, penetrating particles
* Covers the high-p range: > 1072
2. Look for sub-luminal, penetrating particles

* Covers the low- range: 8 <102

\\

~
\\

Zukai Wang ~L_
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OvA Far Detector T

ASIC: Application Specific Integrated Circuit
ADC = N x exp|—(t —to)/F{1 — exp|—(t — to)/R]}

Simulated APD Response to A Muon CellHit
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Simulation: Detector Response
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Calibration: Single Cell Hit of a slow Monopole

Predicted APD response for a slow magnetic monopole

O n
9: 1600 K predicted curve
1400 : . Simulated ADC readout
12005_—
18 temit
I to —t to —t
1000{ ADC = N’ / exp(— =)L — exp( 06t — to)dto
tentry
800 |-
600 {— F = Fall Time = 7000ns
N R = Rise Time= 380ns
400 —
200
IIII|IIII|IIII|II]]IIllIIIIII|IIII|IIII|IlllIllII|

O

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000
ns

lllustration of APD response of a monopole with 5 — 10_3passing

through a cell horizontally described by an analytical expression.
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Simulation::Event Display of High Energy Muon
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Simulation::Event Display of Single Monopole
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Simulation::Event Display of Single Monopole
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Simulation: Event Display of Single Monopole
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DAQ & DDT: Architecture

11520 FEBs
(368,4600 det channels)

[
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DDT: Framework

Bl 3 working version exists
_ close to a working version
L1 under development

Live Data
_ Brian Calibration Brian
Gavin 7ukai
Tracking Moilgr\;\clales Zukai

Andrew
Hit Hit
Unpacker Producer

Shared
Milliblock

Hit Sorter Hit Slicer

ST EIVER Zukai

Fast Clustering
Monopoles

Duyang Jan
Martin
Simulated
Data (MC)
Andrew
Alec
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DDT: PatRec Algorithm

“3D” Hough Transform
Take all pairs of hits and find three
voting parameters for each.
e DOCA * Ordinary straight
:|— track reconstruction
* cosf algorithm

* This additional
parameter implies a
timing cut in
recognizing a track
with certain velocity

In this 3D Hough space monopoles are
identified as clusters of points, “noise” is
randomly spread out

Zukai Wang

X 3
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Background pair.
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DDT:Structure of Trigger With PatRec

[ TDC Sorter ]

l

[ Time Slicer ]

l

[ Remove Noise ]

l

[ Space Slicer J
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DDT: Structure of Trigger With PatRec

[ TDC Sorter ]

v v
B [ Time Slicer ]
Global Pattern

Recognition l
. J [ Remove Noise ]

l

[ Space Slicer J

\ v I 1

[Monopoles} [ Supernova ] [ Nue }[Calibraﬁon]
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DDT: Algorithm: Logic Flow

e Partition by DCM and Time Slice: this step reduces the

Partitioning number of combinations

e Looping over all hits combinations

e sel e Caleulating the voting parameters for each
pair

e Transform results of each
 Peak pair are put into

Identification corresponding containers
e Making selections of each

container to register a
peak(track)

Zukai Wang Monopoles In NOVA
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DDT: Algorithm: Why Partition?

o o
[
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X Rt
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C(N,) = No(N, — 1)/2
Cb(NS,Nb) = (Nb —|—N3)(Nb + Ng — 1)/2 — CS(NS) = Nb(Nb + 2N, — 1)/2
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DDT: Algorithm: Why Partition?
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Algorithm lllustration

Here is an example of simulated cosmic events in
500 us, containing ~10,000 hits.

Our goal is to quickly pick out the all the hits
belonging to any track.



lllustration:Cosmic Raw Hits

X| XZ/YZ Projections
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3D Hough Space of Cosmic Tracks

A % Signature of a Slow Monopole track

vpro

W b 00 O~

n

NI T T A AR AR ETA AT T
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0
3000

- -0.2 cosv
2000 & 06 -0.4

-3000 ¢4 O

Combinations with Vpro > 7ns/cm have been cut off (supposed to

~contain all hits of cosmic rays).
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Reconstruction::Algorithm::“Ground Floor” of
Hough Space
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No Slow Monopoles on this floor



lllustration: Reconstructed 2D Tracks
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Result

e A test using a cosmic simulation of 50 ms live
time has been done: containing ~5,000 cosmic
tracks with 1,004,344 hits in FD.

* Timing & Overall Performance:
Finds all tracks that hit more than 2 planes
~5 times faster than previous reconstruction module

# of total tracks # of tracks longer than 2 planes
MC Truth 4840 2987
Reco Info 3272 2987(100% reconstructed!)




Limit: NOVA Potential: Overburden

COMPOSITE ROOF SECTION

18" CIP COMPOSI|TE CONCRETE TOPPING |
OVER 30" PRESTRESSED CONCRETE

ROOF BEAMS, SEE SC-31, DETAIL 1
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Limit: NOVA Potential

90% C.L. Upper Limits on Magnetic Monopole Flux (cm2s™sr?)
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B (vie)
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The NOVA potential curve is generated with a toy MC with a simplified
Jukai wang Calculation of energy loss of monopales from outer space.
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Sensitivity: NOvVA Potential

1.2x107"° ,

15 Parker Bound
1.0x10 s
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» Sensitivity goes as surface area: mFA, where F is the flux

e Qur acceptance is not yet known: we hope we can do better for
80% for high-mass monopoles and perhaps half that for low-mass

* Eventually, if the acceptance is large enough, we can beat MACRO

* Should be able to beat SLIM for intermediate-mass monopoles
Zukai Wang Monopoles In NOVA
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Outlook: Problems To Be Solved

* Simulation: Overlay Mechanism;

* Reconstruction & Trigger: Current pattern
recognition package is still not fast enough;

e Efficiency Estimation

Zukai Wang Monopoles In NOVA
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Back Up::Problem 1: Split Tracks
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Back Up::Problem: Split Tracks

doca

- No matter how loose the
500 — binning is, you always

n have a chance to split
o I Binning boundary the Hough peak:

- I To prevent looping over
300 — all hits again, the binning

: is pre-determined.
20
100 -

O —l 1 o | l l|‘|-I-l|' l\|.u\Lk_1_ | —_— I 1 1 1 1 L J — A_‘JI.LI'V‘;l 1 1

-2000 -1000 Q0 1000 2000
doca
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Potential Solution: Combining Grids

The entire time slice

______ Partitioned by DCM
boundaries

Looping over each combination of cells in the

p HoUgh N
' division, and combining all the ballots from all
‘ divisions.

_ Each Hough result is put

i- ------ I- into the cubic grids:

Above significanc Below significance

threshold ‘/ “/ threshold X C X d X V

Combining only adjacent (let me explain this in the next slide)
grids

Zukai Wang Monopoles In NOVA 51



Defining Adjacent Grids

* Now we have vxcxd grids in the cube (v bins in vpro,
etc), and each grid can be labeled as:

(U’ia Ci, dz)

e The distance of the two grids(vs, ¢i, d;)and (v;, ¢, d;)
is defined as following:

2 2 2
(vi — ;)" + (¢i — ¢;)" + (di — d;)
 Two grids are adjacent to each other if their distance is
below 4.



Algorithm: General Organizing

Hough Looping over each combination of cells in the

' division, and combining all the ballots from all
‘ divisions.

_ Each Hough result is put

------  Company into the cubic grids:

Below significance

threshold X C X d X V

Above significance

threshold

Aristophanes’ Process

Let me explain later..

Platoon: hit list, which contains all the hits in a track (if perfectly done).

Zukai Wang Monopoles In NOVA 53



Back Up::Problem 2: Fake Tracks

A hit caused
by a cosmic

Hits associated Muon

with a shower

noise

Zukai Wang Monopoles In NOVA 54



Back Up: Problem 2: Fake Tracks

A hit caused
by a cosmic

Hits associated Muon

with a shower

Accidentally, these hits meet the timing
noise requirements to be filled into the same
velocity grid.

Zukai Wang Monopoles In NOVA 55



Back Up: Path Length Inside Cell

the pathlength inside cell

x10°
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0 1 2 3

200,000 Isotropic generated monopole’s distribution.

Zukai Wang
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Monopoles In NOVA
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Back Up:Number of Cells Hits per Monopole in FD
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200,000 Isotropic generated monopole’s distribution.
Zukai Wang Monopoles In NOVA
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Back Up:Number of Saturated Cells Hits per
Monopole in FD

2 E
3 [
%1045—
2 E
1035—
1025—
10 -
E il
:Illlllllllllll Il”“”" |l|ll|lll|l
0 100 200 300 400 500 600 700

number of saturated (pe>1500) hits

Note: assuming hits with PE > 1500 will be saturated, without
zukai wang  considering attenuation. Monopoles In NOVA



Back Up: Energy Deposit per Monopole in FD

/200MeV

|2||||
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200,000 Isotropic generated monopole’s distribution.
Zukai Wang Monopoles In NOVA
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Back Up: Path Length Inside FD

5000

/10cm

'
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200,000 Isotropic generated monopole’s distribution.
Zukai Wang Monopoles In NOVA
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Back Up: IVionopole Physics: Ahlen Formula

4t N.g?e? = 2m.c*B*y?* K(lg|) 1 6,
—[in + -5 — - — B(g])]
MeC I 2 2 2
Mean lonization Potential:
2 @)
Im = exp{ — / wSe(w)|[Inhwdw}
TW 0
Shifting Parameters:
‘g’/gD 1 2 3 4 5 6
B 0.248 | 0.672 1.022 1.243 1.464 1.685 gp = Ee
K 0.406 | 0.346 | 0.346 | 0.346 | 0.346 | 0.346 2

Zukai Wang

Monopoles In NOVA
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Back Up: iMionopole Physics:Lindhard
Technigue
Assuming the monopole passes through a degenerate Fermi gas of non-
interacting electrons (this assumption is applicable when the monopole is

slow enough: 3 < 0.01):

as the monopole’s velocity decreases, fewer electrons of the Fermi sea
are “available” for ionizing.

dF

T — (a2
dx g

C = C(wpa UF)

Zukai Wang Monopoles In NOVA 62



Monopole Sensitivity

Sensitivity roughly proportional to detector area \\ ,/

Very high-mass monopoles come isotropically from —

all sides, unlike cosmic rays, lower mass monopoles -~

from above \ >
The observed isotropic rate is: R = mFAe

* Fisthe flux of monopoles (cm=2srl) / \‘

* Aisthe total detector area (cm?)

* ¢ isthe detector efficiency, livetime, etc.
What we are after is not R, but the flux F = R/mtAe

If we see no monopoles assume R = 2.3 to get the
90% CL limit:

* F(90% CL) = 2.3 / mAe

Zukai Wang
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DDT::Algorithm: General Organizing

e Assume each cell hit is a soldier...
'"""-fl,l;\‘ 2 N

Monopoles In NOVA
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DDT::Algorithm::Mission

e Assum

e ach cell hit is a soldier...

......

Quickly identifying all hits from each straight track;

Monopoles In NOVA
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DDT::Algorithm::Mission

......

Quickly identifying all hits from each straight track;

Quickly pick out the monopole tracks among them (in
case there are some);

Monopoles In NOVA 66



DDT::Algorithm::Mission

......

Quickly identifying all hits from each straight track;

Quickly pick out the monopole tracks among them (in
case there are some);

Quickly generating a trigger window for each track.

Monopoles In NOVA 67



Zukai Wang

DDT::Algorithm::Partitioning

The entire time slice

Monopoles In NOVA

Partitioned by DCM
boundaries
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DDT::Algorithm::Partitioning

The entire time slice

Partitioned by DCM
boundaries

v
Looping over each combination of cells in the
division, and combining all the ballots from all

divisions.

Zukai Wang Monopoles In NOVA
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DDT :Algorithm::Mission

\\\

The entire time slice

Partitioned by DCM
boundaries

Looping over each combination of cells in the
division, and combining all the ballots from all
divisions.

Each Hough result is put

PP - into the cubic grids:

Below significance

threshold X C X d X V

Above significance
threshold ‘/

Zukai Wang Monopoles In NOVA
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Algorithm: Aristophanes’ Process

Remember, the elements we pushed
back into the companies are pairs of
cell hits.

We need to pick out all the individual
hits from a regiment to form a
platoon.

The challenge is to avoid pushing back
a same hit twice. And this is achieved
by using “unordered_set”.

The otatue of rhictoptanes and Wenander
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Algorithm: Uniqueness

Hash function compares the unique id (64
bits) of every soldier:

il \
2 \
\

0101101..0010001 000101111110 10111001

Last 44 bits of TDC 12 bits: Plane 8 bits: Cell

time space

Almost impossible for an ID collision of 2 hits in a
time slice.

Note: this is theoretically possible only when the
slice is longer than 2185.......

v ang ‘ Monopoles In NOVA 72



