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Natural Flavoring 5
Served with homemade mochi and condensed milk.
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Super Island Coconut Island
Acai, Strawberry, Frozen Yogurt, Blueberry, Popping Boba. Coconut, Mango, Soft Ice Cream, Popping Boba.

Pink Island Tropi
i : ropical Island
Strawberry, Lychee Mint, Soft Ice Cream, Popping Boba; Mango, Pineapple, Soft Ice Cream, Popping Boba.

Green Island
(3 WMafcha Green Tea, Yuzu, Frozen Yogurt, Azuki Bean,
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Standard Model of Elementary Particle Physics

three generations of matter interactions / force carriers
(fermions) (bosons)
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* Electromagnetic, strong, and weak interaction among elementary particles
* Elegant Gauge symmetry: SU(3)XSU(2)xU(1)
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Heavy Quarks

mass
charge
spin

three generations of matter
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o Carry spin and flavor

o Excellent tools to test the Standard Model

3

)

Nature: fermion participating in strong, electromagnetic, and weak
o Charm and bottom: hadronize and then decay
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Interesting Features of Heavy Quarks

CP Violation Exotic Hadrons
Vud Vus Vub
Vekmr =\ Vea Ves  Vep
Via Vis Vi
Above QCD Scale: Aycp BSM Physics: FCNC b — s
down strange charm bottom b s
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Colliders for Heavy Flavor Physics

Interaction

&
BEPC II Beljmg Electron P05|tron Colllder II (BEPC ey Super Regin Belle |1 detector

RS -
Sloragc rmg ~240m ‘ -~ \ == P KEKB
\ p \'{ //‘ 2 ¢
4 ¢ ' ~ :

electron / positron
linear injector

G4 2004: started BEP(II/BESIII construction
\ % ¥ Double rings ) ) .
; R ¥ Beam energy: 1-2.3 GeV positron damping ring
% "/ { v Designed luminosity: 1x10 cm?s!

2008: test run
‘2009 today: BESIII physics runs

LHC RHIC

EBISY. _.J i

BOOSTER

@
N

* Production of heavy quarks at high energy colliders around the world
o Different collisions systems
o Possible beam polarization 5
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e Clean initial state: eTe™
e Precision studies of charm and bottom quarks physics
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Heavy lon Collision

Early Universe

| Future LHC Experiments

The Phases of QCD

y
‘ Current RHIC Experiments
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Hadron Gas 7
Superconductor
Nuclear
L= Vacuum Matter _ Neutron Stars
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QCD Factorization Theorem

do': |do* 4
=|PDF(z,pup)PDF (zopp = (%1, T2, prs pr f2ADc 1. (2 = Pu,. /Pc; 1F)
dpr dp
parton distribution ; adronisation via
functions pQCD par‘tqmc fragmentation
cross section

De"'e_(zr .uz) = Dep(Z; .uz) — Dpp(Zi #2) = D(Zr .uz)

» Factorization of soft and hard processes
* Hard processes: perturbatively calculable
» Soft processes: not perturbative
o Universal in elementary collisions
o Determined from experiments at different scales
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Heavy Quark Hadronization

Fragmentation

Quarks “pop out” from vacuum

Coalescence

Recombining with surrounding quarks

* Due to the strong nature: they confine into hadrons

* Processes: Q = Hy
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Charm Hadronization

Non-Relativistic QCD Model

J/p(1S), P(2S)

N
PH-<ENIX

@——0

p p
Color .
Singlet
‘ p» O —— Au/Al
/\}2~5_| — 1 o v T r Lo T
S [ p+pfs=200GeV o PHENIX )
< N, 1.2<|y|<2.2 PYTHIA8 Monash ]
Soft ‘ ‘é; 2 N, (Anp =0 PYTHIAS Detroit
z i
Gluons 1} e ;
z |
Color ' s T _ﬁ""? '+_+ _____ + B
2 4 _
Octet ; i
0.5— ’\(— =
‘ ! PH ENIX ]
E preliminary 1
o ————3
Z Shl, Universe 2023, 9(7), 322 N,/ <Nch)
6:5\ N
: LABORATORY DIRECTED s
&7’? RESEARCH & DEVELOPMENT 10 ‘;Q NLA(T)IOSN ﬁ!gmg g




Bottom Hadronization

CcMS PbPb 5,02 TeV (17 b 0.9 CMS PbPb 5.02 TeV (1.7 nb™)
60; 0 _:\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\:
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B.°
@FP Phys. Letts. B 829 (2022) 137062

* First observation of B with greater than 5¢ in heavy-ion collisions
* Enhancement of B /B* in heavy-ion collisions
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Exotic Hadron: X(3872) at the LHC
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Ongoing Project: X(3872) at RHIC

D° Model
Calculations

D°-D™ “molecule”  Diquark-diantiquark :
o Peking
X(3872) > J/Ypp - e'en'm Xudong Yu  University  >CNU
)
p ‘ > < ‘ p
Predicted X (3872) Yield Lower Bound Upper Bound
Hadronic Molecule 1525 4727
Compact Tetraquark 163 179

* Adding a data point to study X(3872) at RHIC
~ ¥
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Detector Instrumentation

Tracking and Vertexing

Layer(L)1 L2 L3 L4 L5 L6 L7 L8

coarse
track
parameters

precise
track
parameters

increased precision of track parameters >

Particle Identification

PbPb, Vsyy = 2.76 TeV, 0-10% central
2.0<p<2.5GeV/c, lyl<0.5
mass assumption: pion

number of tracks

S =15 20
dE/dx"PC — (dE/dx"FC) (a.u.)

Calorimetry

Shashlik |
Forwa rd “H\HJ‘“““‘:“

I Il
Ll

%

14

)
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Tracking and Vertexing Detector

Tracking and Vertexing

Layer(L)1 L2 L3 L4 L5 L6 L7 L8

increased precision of track parameters >

Past Experience

* Physics Performance

* Quality Control

* Detector Commissioning

 Readout Electronics

* Accelerator Beam Background Studies
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Heavy Flavor Tracker with STAR

K¢ —» m*m™

L
IST at 14 cm - \ Definition of Topological Cut parameters

!
1
pcAal [/ DCA Daughters
!
! Decay Length
/
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/

0.05

= = P : £ “'\
h o = % .
= N
rreeeee "'| VAl . L s
0

BERKELEY LAB 0 0.5 1 15 2 25
P, (GeV/c)

e Validation with KQ - mtm~

KS Invariant Mass for P < 0.3GeV/c?

=3

T[T T[T TT T[T T[T T T rrIyT

L 1 1 1 1 1 1 I 1
8.4 042 044 046 048 05 052 054 056 058 0.6
Mass (GeV/c?)

Z. Shi, Undergraduate
Honors Thesis at UC
Berkeley

o Elliptic flow: verified n, = 2 through quark coalescence hadronization
* Enable heavy flavor physics program at RHIC: D° and A}
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ALICE Inner Tracking System (ITS)

Outer Barrel

Middle
Layers

ol = i e ap s |
A = main QC General Task Skeleton Layout P ——— T ——— »fh L |
o “ [ s -
QC Process Information Canvas
. 1
1sh Cx .
C Red = QC Waiting
o84— (N | e -
0.6—
o 4* File Being Proccessed: infiles/run000313/data-link0
L File Processed: 6
Refresh now [~
0.2— Event Being Processed: 56106
ol v vy P I T A
-0.5 0.5 1 1.5 2 2.5

* Quality Control System and on-call expert during commissioning
* Noisy pixel calibration: masking noisy pixels with a dynamical database
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The sPHENIX Experiment

sPHENIX Experiment at RHIC

) Data recorded: 2023-07-16 00:54:00 EST
Run / Event: 21707 / 36
Collisions: Au + Au @ VSyy = 200 GeV




Basic Information About MVTX

Name: Monolithic-Active-Pixel-Sensor-based Vertex Detector (MVTX)
Adapted from ALICE ITS

Innermost of SPHENIX: ~5 um spatial resolution for vertexing
Streaming and trigger readout capabilities

Enable heavy flavor physics program in sPHENIX o
19 (Q Los Alamos
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The MVTX Detector System

Front-End. Readout Rack
Redout Unit

or-‘Z

[ 4

Back-End

FELIX Servers




MVTX Commissioning

w1 ued o

Intense work over the past 2 years

- | ipe (fragile) g5
2mm clearance with the beryllium beam pipe (fragile) ‘ro Los Alamo
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ALPIDE Silicon Chip and Signal Processing
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Readout Systems

CAN bus

Trigger & Clock

9-sensor stave

. 1T 1 1 1 1 1 Ig
MVTX Electronic crrrr )

1 “FireFly”

Readout System W i

FPC E Power | :
ALPIDE | :
Sensors . /)' Filtering Capacitors _ regulators

/Cold Plate Regulated Power

»

‘ | ‘ ) Trigger
| Samtec Twinax

Back End
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I3
. [e] 2
I

Al/ML Trigger

Experimental Hall : Counting House

I
|
|
|
1 Power Board
1
1
I

Interaction Region

MVTX Detector Electronics consists of three parts
Sensor-Stave (9 ALPIDE chips) | Front End-Readout Unit | Back End-FELIX

] Buffer B =i
SPHENIX § e
i | Buffer Box =
Re a d O ut Triggered Readout — To the
_________________________________ 100Gbit/s BiEEox | SDCC/HPSS
Syste m Streaming Readout NS?:/‘:::; k| Buffer Box o

—| Buffer Box

— Buffer Box &

~15kHz '
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sPHENIX MVTX Data Analysis

Fake-Hit Rate/Pixel/Event [ab.]

Low Noise Level

0 masked pixels

X masked pixels

T — e T Fannas 5

107k - - 107 - - El

072 = Run 20126 L0_00 Lo_o1 T 072 = Run 21070 L0_00 Lo_o1 E|
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Low noise level after noisy pixel masking

3D Channel Mapping

GlobalY:GlobalX:GlobalZ GlobalY:GlobalX

S
e

All MVTX hits in AuAu Collisions

3500

1500

Tracklet Reconstruction

Cluster : 56 /53 /36 ; Track : 30
8/23/2023

y [cm]

Reconstruction tracklets with MVTX

Offline Analysis Vertex Determination

2023-08-30
R

IS T T T T 1
2160; SPHENIX Preliminary ]
8‘ 1400 Au+Au |5, =200 GeV ]
e r ]
g120f -
2 r ]
© 100F .
80F E
60F -

Y

cov v b b by N
9015210 55 0 5 10 15 20
vgandidate [cm]

40F

20F

Reconstruction vertex with MVTX
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Beam Background at RHIC and the LHC

sPHENIX MVTX at RHIC

o b~ 3
l

Row Position [cm]
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§ [ Peaking/Total: 0.0062
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e Beam halo effect?

* Beam gas interaction
Additional peaks seen at £ 120 ns

mm

ALICE ITS at the LHC

Busy violation per chip - run 543921 - duration 28min

-40 -30 -20 -10 O 10 20 30 40
mm

ALICE ZDC

TDC Time (ns) ZNA TC

After mitigation by LHC
Collider Department

RunNumber: 543549
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Solutions

Number of Events

Absorber Shielding

- 1218

[30.9]

0.966
[24.5]

MBD + ZDC Trigger

10°

E -
[ RunID: 23738
[ Total Events: 67504
10° "
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[ PeakingTotal: 0.0062
10°
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o+ N + -+
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200 -150 -1 150 2

00 -50 0 50 100
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MBD Charge Q
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Fast Auto Recovery
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12:46

am Background Commissioning Detector

12:47 12:48

13:45:30  13:46:00 13:46:30 13:47:00 13:47:30  13:48:00 13:48:30  13:49:00  13:49:30

Beam Background Particles

No Show Max Detector
Readout in Run 23

)
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Cosmic Ray Event Display

SPHENIX Tracker

2023-08-23, Run 25926 - All EBDCs, BCO 128330850911
0-Field Cosmics Data

Linear fit to MVTX, INTT, and TPOT hits only

* Cosmic muon events display of the sSPHENIX tracking system without B field
 HCAL coincident trigger required
e (Clear straight-line track

1% Los Alamo
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Particle Identification

Particle Identification

PbPb, Vsyy = 2.76 TeV, 0-10% central
2.0<p<2.5GeV/c, lyl<0.5
mass assumption: pion

15 10

dE/dxTPC - (dE/dXC) (a.u.)

Past Experience
* Physics performance
e CMS Silicon Strip dE/dx Calibration

. {5 Los Alamos
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118

PID Performance with STAR TPC and TOF

$  Au+Au200GeV |

dE/dx (keV/cm)
()

B
|

2

05 1 2
STAR TPC Momentum (GeV/c)

2

1.8

1.6

14

1.2

1

0.8

0.6

ST AR TO F Momentum p (GeVic)

KS Invariant Mass Distribution

Counts

300 f—
250 f—
200 f—
150 f—

100

50—
:||||||||1||||||[1|| T IR BN B A B R
8.4 042 044 046 048 05 052 054 056 0.58 0.6
Mass (GeV/c?)

Excellent separation of charged
particles: e, T, K, p

Crucial for heavy ion physics studies
Reconstruct K —» mwtm™

o {3 Los Alamos
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CMS Silicon Detector dE/dx Calibration

Support Frame )
(carbon fiber / Mirco-Bonds Front End Hybrid ) o
graphite) with flex tail Dtrk1dedx vs Dtrk1P After Strip Only dedx Calibration

x 9
3 Yk
q) —
° L
- -
=8
o rC
C 10°
7 -
6
C 10*
Kapton Circuit . o
Silicon Sensors - bias voltage + filters :’ ftch /:u:apter _— 5 B
1 or 2 per module - backplane isolation SNOUE 1TOM Feacoy C
chips to sensor C
- temperature sensor C
4
L 10
0

5 3 35
Dtrk1P (GeV/c)

V>0

Possible separation of protons but not pions from kaons
Limited hadron PID capabilities of the CMS silicon tracker
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Calorimetry

Calorimetry

W/SciFi
SPECAL
Design

Shashlik
Design

Past Experience
* Fermilab Test Beam Studies of sSPHENIX EMCAL
e EIC Forward EMCAL R&D

" {3 Los Alaomos
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SPHENIX EMCAL Test Beam at Fermilab

Position Scan Path

210 +

190 A N a N a a
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C . Energy resolution for electrons

s 2.5x2.5 cm? region centered on a tower

C n~1
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IEEE Trans. Nucl. Sci, (No. TNS-00239-2020.) ‘5 Los Aldmos
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EIC Forward Shashlik EMCAL R&D

7° Merging Probability vs 7® Energy

0_2 AT T T T I T T T T I T T T T I T T T T I T T T I
. . . | . . ]
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Cutting-Edge Technologies

Machine Learning (ML)

Output

Hidden Layer

Input

Field Programming Gate
Array (FPGA) Integrated
Circuit

High Performance
Computing (HPC)

Application of the latest technologies to achieve physics goals
o Obtain better results in a shorter time

34
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Fast ML Trigger Development

Autonomous fast decision
making to take good data

(" sPHENIX ’ 1 Offline
MVTX (Si Pixels) H— -_» simulation
Online
i Strips —> buffer
— Trigger signal _| Offline data
L TPC b B processing
2021 2022 2023 2024 2025 2030+
EEEEEN #
: Deployed Last year
Project Started First AuAu for pp of Large
Da.ta Taking AuAu Deploy Al Device
Taking Data
Phase I: SPHENIX at RHIC Taking Phase IlI: EIC
'\‘
i i%® Los Alamos

NATIONAL LABORATORY



Field Programming Gate Array (FPGA)

FPGA Evaluation Board Mentor 3 UConn Students at BNL

H s = (] "': F ﬂ' "‘“»:: :M YJ“ " "’n

Connectivity Kit

éﬁ\ LABORATORY DIRECTED
LDRD RESEARCH & DEVELOPMENT

e Secured LANL LDRD grant to purchase a FPGA evaluate board hardware

e Supervised with 3 UConn students to install the

~ ¥
setup at BNL 36 ‘:Q Los Alamos

NATIONAL LABORATORY



High Performance Computing

THE UNIVERSITY
OF ARIZONA

T
7T+
Hadronic Tau Decay, for instance,
T~ S U T Tm~ T

* Principal Investigator: LANL Tier_1 high performance computing resources:
Chicoma/CPU and Chicoma/Rome GPU

* Created guest account for my Physics PhD student Deepsana Shahi from the
University of Arizona for machine learning model development

1% Los Alamos

NATIONAL LABORATORY
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Future Opportunities

Electron-lon Collider SuperKEKB Upgrade

woed AL
| el

Snowmass 2021 White Paper
Upgrading SuperKEKB with a Polarized Electron Beam:
Discovery Potential and Proposed Implementation

April 13, 2022
US Belle I Group !
and
Belle II/SuperKEKB e- Polarization Upgrade Working Group *

D

DO

Belle IT++

Snowmass 2021

Credit: Francesco Forti, Virginia Tech

* High luminosity and highly polarized beams S
: yandienyp 38 i@ Los Alamos
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Spin Degree of Freedom
Polarized SuperKEKB RHIC: p'p!

- 9..@

Precision EW

Hadronlzatlon\
Q EIC: ep
Y/Z
\ Q j J
) % ¢ ) N
q Q Q" N =
TV ol + o'
e Spin studies through polarization of the beams TN
3 @ Los Alamos




Future Detector Projects for the EIC

| ‘h ‘i
‘\‘m\\‘\

EIC Forward EMCAL Fast ML for the EIC
‘\“WfSh&Sh'lk

EM HM

Clusters \\lForwa rd - -
ik ‘\‘LEMCAL r
‘ “ SPHENIX A Offline

[ MvTX (siPixels) H— simulation
nline
[ INTT(sistips) H— uffer

Offline data
| TPC processing

J,

g O
52

 Many future detector R&D opportunities at the EIC with the application of
latest technologies including ML, FPGA, and HPC

1% Los Alamos

NATIONAL LABORATORY
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Timeline

|

SPHE}RIIX 1
End of sSPHENIX Beginning of
and RHIC the EIC |
I ePIC Detector Studies :
|
SPHENIX Analysis > :
AuAu p'p! Audu : I e”+ p/A
|
: EIC Collider Construction I ePIC Analysis >
|
| 3 g i P & ]
\%
| D D > : : O
|
I Belle 1l Analysis ! .
|
+ - | |
I Now e’ e I | Polarized ete™?
|
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Heavy Flavor Physics

* Fascinating features: CP violation, exotic hadron, and
above Agcp, potential BSM physics

 Studies at high energy colliders from e*te™ to 44

Instrumentation

* Detector technologies: tracking, PID, calorimeters

e Accelerator studies: beam background issues at RHIC and LHC
* Cutting-edge technologies: ML, FPGA, and HPC

Future Opportunities
e EICinthe U.S. and SuperKEKB upgrade in Japan

* Physics related to spin polarization
 Detector R&D projects with ML and FPGA 7
* Synergy between physics and electrical engineering = Belle I
Many exciting opportunities in the high luminosity and highly polarized beam era

to explore in the flavorful universe in the next decades!
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Thank You
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Back Up
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STAR Tracking Performance

.0045

Widtho

0004 B M ............................................

0 0035 A ................................................ :

00025 e ........................................... ............................................. .................

0003 T —— AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA ;

0.002 | |

0 0.5 1

2
Pt (GeV)

* Excellent momentum resolution for reconstructed K2 in the level of 5 MeV

» Track Quality Selection in the K2 analysi
o TPCFit Points =2 20
o At least 1 hit per HFT layer
o DCA to primary vertex > 0.1 cm

S.

45

1% Los Alamos

NATIONAL LABORATORY



PID Performance

1.8

1.6

1.4

118

1.2

e, m = G e 1, N .
i S ¢ e .
. g o o e T e
o gttt .
) : ol 23

0.8

IIIIIII]Ill[lll[lll[lllllll

0.6 | ln .l- ‘ o ll ; v':l:‘..l.. l i 1 l A l l .l Ll l Ll - l LA 1 1 l Ll L1
0 0.5 1 1.5 2 25 3 3.
Momentum p (GeV/c)

Excellent r, K, p separation performance for the STAR TOF
In the K2 analysis, we apply

O E—E‘<Oo4lf8>0

o If no physical B, then |no,|< 3
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Further Improvement for the EIC

Clustering Algorithm 2D Projective Design
Single Photon Clustering Sanity Check ECCE EMCAL Position Width vs Incindent Photon 1
0.4
14 ECCE Pb Shashlik EMCAL -
- Clustered Energy > 50 MeV 035~
12— -#-Peak Threshold Parameter > 80 MeV 03 - +
=2 -#-Peak Threshold Parameter > 250 MeV T r
iel 1 < -
g N =’=_‘_++—0— go 251
(A - —— —— ; ~
5 0.8 - 4
g - e S 02F
8 = —— D N +
- o -
adn - .- v0.15
e | - ® L + 4
= B - +—o— ] C
& 04 . - < 01 Readout by Tower
- —.- - Photon Energy E = 5 GeV
— _._ —
0.2 —o 0.05 — Tower Energy > 20 MeV
B —»- C
0_|III|III|III|III|II_I._I_P_I_,+—M—__L‘Q‘__LJ__I_|_|_I_ :IIII|lIlI|IIII|IIlI|IIII|IIII]IIII|IIII
0o 2 4 6 8 10 12 14 16 18 85 3 35 4 45 5 55 6 865
Single Photon Energy (GeV) Incident Photon n

* Application of machine learning to optimize clustering algorithm
* Potential benefit with a projective tower design even for the EIC hadron-

going direction o ‘@ Los Alamos
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Spin Degree of Freedom

Quarks as spin 1/2 fermion carry spin and will evolve
Spin evolution from initial to final state is also interesting
O |SQ(tO)> - |SQ(t1)>
Can determine
Interesting phenomena like Collin’s effect related to quark spin
EvtGen implementation of hadron interaction with detector
o Existing implementation of heavy flavor decay with sPHENIX
o Further integration of spin polarization effect

18 {3 Los Alamos
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Heavy lon Phy5|cs

0N

Loo) momerium S

Nudeon momenium

Neutron Star Proton

® @ ®_°
oo @ ®
 Main purpose to use heavy quarks to study complex QCD systems
o Traversing the flavorful universe: a journey from isospin to bottomness
o Eventually understand how phenomena like as small as nucleons and as
large as neutron star arise from QCD
e Alternative it can contribute to heavy quark physics?

i {3 Los Alamos
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Polarized Colliders

BEPC and KEKB RHIC: p'p!
EIC: ep
|Se) = a|L) + B|R) o
la|? + |81 =1 Single Spin Asymmetry (TSSA)
o) = ¥|L) + SIR) o o
S,) = y|L) + 8|R A =
’ N ot + ot

Polarization: fix @ and [ to determine the outgoing quark spin state

 Chiral Belle: Belle Il polarization: precision electroweak studies in ete™
* Polarized RHIC (p"p") and EIC (ep/eA): spin structure of hadrons

. §@ Los Alaomos
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Heavy Quark in Heavy lon Collisions

Probe the Transport Properties of QGP Multiparton Interaction (MPI)

Initial hard scattering

Charm
c \production
D -—
[3

ol

Controlled probes for QCD system
o Initial spectral is perturbatively calculable
o Flavor tagging: interact with QCD system before decay

t §@ Los Alaomos
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Experimental Observable

@
N
Transverse Single Spin Asymmetry (TSSA) Double Spin Asymmetry
o — g ; oML gl gl _gh
AN = 0 TT= ML gl gy gt

e Extract underlying physics mechanism for specified processes
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Understand from Accelerator
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