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Introduction: Theory
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Albert Einstein, Boris Podolsky, and Nathan Rosen

questioned whether QM gives a complete description of
reality. They introduced a thought experiment (a.k.a EPR
paradox)

Alain Aspect’s Bell test experiments (1981-1982)
Used to test Bell’s inequalities
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ATLAS, CMS, Bellell test quantum entanglement

J.S. Bells’s Theorem Formulated Bell’s Inequality: I
in high energy particle pairs (ft,7*77)

predictions of local hidden variable theories must obey
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quarks at the ATLAS detector
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Introduction: Theory

O Bit Quantum Superposition
In classical computing, a bit can only be in one state, either 0 or 1
. Classical Physics: | 1> or |M-ﬁ=>
O Qubit “bit"
it
Unlike classical bits, qubits can exist in a superposition. Quantum Physics: | 1 > + |m>

They can represent both 0 and 1 simultaneously. qubit

Entanglement:

W) = al0y+ BI1) (Jal* + |B* = 1). ID) + )i

J Quantum mixed state

Quantum mixed state can be described by a density matrix Quantum foundations: Bell's inequality, quantum nonlocality..
Quantum information processing: quantum communication,
p = 2pilpiNdil

quantum computation, quantum simulation etc ...
d General density matrix for a qubit

I,4+YB;0'®I,
2

For single bit, p = , Where B is a spin polarization and are Pauli matrices
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Introduction: Entanglement observables

O Spin Density Matrix (SDM) for Two-qubit system (7 77) theoretical signal region
* Spin quantum state of a T-pair is described by the spin density matrix , Concurrence(t+t-) ,

1
=z e+ z B} (6;®1) + z B; (IQg;) + Z Cii(0;®0;)]
i Jj i,j
where Bl-+/ B;" is spin polarization oftt /17, C;j is correlation matrix connecting spin of Tt /1~
L QE observables based on SDM:

e 12
* Concurrence C[p] : _ (s—4mYsin’y
' 4mZsin? 6 + s(cos? 6 + 1)

For a bipartite qubit system, an entanglement monotone can be defined as: e R

vo entanglement (0 )< Clp] = max(0,2, ~ 1, ~ 1, ~ 1,) { 1) AN EAtEngea cos

m12(t+t-)

where A; are the eigenvalues, in decreasing order, of the matrix

R = ‘/\/ﬁﬁ\/ﬁ: withp = (0,803)p"(0,Q03)

e Bell-inequality: an optimized operator m12[C]:

matcl=m+m, Cuglel D SRS EORES (e
. 4m?Zsin? 0 + s(cos?26 + 1)

where m; > m, > mj are the eigenvalues of the positive semi-definite matrix M = CTC

= -08 -06 -04 -02 0 0.2 0.4 0.6 0.8
cos@
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Introduction: Entanglement observables

B, C
«p = %[1@1 + Y B (;®D) + X; B (I®0;) + X, ; Cij(0:®0;), where: -

J T
31 do P3
B.i=——j 0*—(h* - /
' KiO ¢ dﬂi(h “ P1 9\
9 1 do - .
L. = — + - +.p. - .p. pz
Cij x+:c_ajd” dQo d.fl+d!2‘(h e)(h™ - &) +ﬂ
T

* k; = 1.0, h* are polarimetric vectors for .

« So the key point is to retrieve h*, and B, C coefficients correspond to the mean 7"' Us
value of h* in different directions of {¢;}(i = 1,2,3), usually {#,#, k}. W
* hoc —[2(¢"N,)q — (9" 4. )N] > 7C
N
V
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STCF Detector

d ITK: Inner Tracker

Scintillator
291 cm » T
L LT ITKW: cylindrical MPGD
ITKM: CMOS M-MAPS
Muon Detector
d MDC: Main Drift Chamber, Central tracker
[ J ° + —_ .
NN || Mok Detectou ™ /i~ track Reconstruction
Superconducting Solenoid Manget (] PIDE: Particle Identification-Endcap
45¢cm —» “
s I l /]]] Electromagnetic Calorimeter DTOF: DIRC-like TOF
) (72222 . _
" HID (BTOF/ RICH) ]| = {5, PIDB: Particle Identification-Barrel
g | | RICH: Ring Imaging Cherenkov detectors Csl-MPGD
ISIE=S | " Iron Yoke | : _
Main Drift Chamber g | | BTOF: Barrel-TOF
A « 7% /m” Identificaton
ll;:.‘lci-l;2':'A'....::;;:’i?_il_‘l._l:l;;l_'.I,l'_a(_:k_e[__,____, o - 1 ECAL(EMC): Electromagnetic Calorimeter pure Csl + APD
Interaction Point " ' ' : ' : ; « 19 Reconstruction

L MUD: Muon Detector RPC + scintillator
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t-pair Production on STCF

I i E ! i Gle+le’;)‘rl“t" | o ‘/I/—If‘ —_—
O t-pair Production on STCF 25 ) - —
o 2f // ]
 STCF:2-7GeV event rate: 3.5%10°/y(4.26GeV) e ( ;
0 | L1 L L L |
e E,,=4.26GeV: highest o(t177) o e . c
E.,=6.0-7.0GeV: higher significance of Quantum Entanglement L N § k.

| KEDR ‘\ : .AV‘L‘F - ..;4-.{ AR " N

3 oy N ¥ .5‘“'&7'% 1// bl L _
* Decaychannel: T > TV, T = pV;, T = AV, T > €V, V,, T — 1V, Ve 2 ” W | E

3 3.5 4 4.5 5
Calibration] Measure I I

 Tau pair production on Oscar 2.6.2 (Fullsim + digi + reco): FPACKIT oo Highest ofr't)

Thr.  below open ¢

Highest o(t*1)

5 R == B L B L DAL B B
5 | STCF Simulation — aMC@NLO |
v' /s = 6GeV,10 million events ~ 0.0042ab~with ISR < I e=6cev, 10a —wwe ]
' i pp channel E
v Matrix element (LHE) simulated via aMC@NLO 06 % f H
B - P1 , < (] ot ]
. . 04— 2 B
v' Tau decay simulated via aMC@NLO(taudecay_UFO) S ﬁ P |
0.2— |
v’ Spin correlations between tau and their decay products are fully considered - 1
0 e b by by g Ly | I—_—-—-—O—i_:_l_.
%.51; ,,,,,,,,,,,,,,, *””L,HHT?L i 14,.,@“:
1 Background Simulation: Considered different tau decay channel sl 35’ ‘4 45’ 5 1
2025/07/03 | | | (s[GeV] 9



2025/07/03

Reconstruction and Analysis

10



Reconstruction

Q Signaldecay: Tt~ - pTp vV . T
3
main background: tt7” - prrn% tt 1T - w0ttt > pK*etc ) P1 . 9\ )
e e
O Selection criteria: / P2
p
y energy E > 0.05 GeV(endcap), E > 0.025 GeV(barrel) Tt *
geometric acceptance: 20° < 6 < 160°
, — 7L
 Reconstruction step: 2
0. Numberof ™ =1, Numberofz™ =1 W .
1. Passed y-level machine learning selection, Number of y = 4(separate T b2 o
> 7C
signal from bkg) 7\7
2. Passed pairing of y, Passed pairing of % and t*/ ™ 0%

3. Passed event-level machine learning selection
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Step1: 7° gamma Reconstruction

d Beam background gamma: cut by ECAL(~200ps)

Input variable: gam_seed Input variable: gam_cos Input variable: gam_latmom

12

ISR feature: low energy, relatively forward

0 Use BDTG to Select t° gamma from other gamma(ISR

{1/N} dN / 0.0465
{1/N} dN/ 0.0482
{1/N} dN/ 0.0228

gamma)

M I P P U B
WO-fiow (S,8): {0.0, 0.07% (0.0, 0.07%
WO-fiow (S,8): {0.0, 0.07% 0.0, 0.01%

AT PP Y I T P P
WO fiow (5,B): {0.0, 9.01% 1 {0.0, 0.01%

L L L i ¥ A5 W (AL i
02 04 06 08B 1 12 14 16 18 08060402 0 02 04 06 08 0 01 02 03 04 05 06 07 08 09

O Input train variable ] gan.cos o

E..0q:energy deposited in the center crystal of the shower ; o § : _§§ : §§
Etotar hits cos(6) o EF 3 £ 12
secondary moment: ). E;1i" /D E; i i i
5 EE E]
S0 ' 2 se— > y ° 0 0.05 0.4 045 02 028 03 035 04
Lateral moment:2?=3 E iriz / (E 17'02 + E 27,.02 + Z?:B E l'T'iZ) gam_energy gam_secmom gam_ad2mom
Agzmoment: § L1 f, 5 (£) eim® 108 ] ¢
Etor " % \Ro 2 ot ¥ c L i
. E = o4 3= = 0 2 1 EES
Variable2= 1 — Zsced o1z 35 = o 5 2 38
xa 0.1E] s ; 1S ig
0.08 E —Eg 2 :5 2 —;E
0 hits = 1 2 i o i
H _ 0.02 343 : Y 1s i3
VarlableB_ (ﬂ_ 1)/(hlt5 — 1), hltS >1 OFEe 10 15 20 25 S0 a0 aE % 04 02 03 04 05 06 07 68 % 02 0408 08 1L A TE s
E seed gam_hits gam_var2 gam_var3
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Step1: 7° gamma Reconstruction

O Main background: ISR gamma

U Set BDTG cut=0

1 retaining about 80% pi0 gamma and 20% other gamma(ISR)
U Efficiency : pp decay channel(25.2%), all channel(7.3%)

Background rejection versus Signal efficiency

Cut efficiencies and optimal cut value

TMVA overtraining check for classifier: BDTG

———. Signal purity

2025/07/03

IMVA

e e Signal efficiency"purity B 400 Signal (est sampie) | " '|" |+ Sighal (iraihing sample) | 3 _§ 3 *'_““"‘\-. T =
— Batfkground ficiency, S/{S+B | o E 35 m Background (test sample) = Background (training sample)_: 8 0.9 : \‘ :
."? 1 i ]l g 2 FKolmogorov-Smirnov test: signal (background) probability = 0.598 (0.697) ] ;‘__" C \ .
5 — 1258 Z o = o 08F N\ .
& \ .___:Nq"" - = - 3 - _ B g C \ ]
2 08| i =N 10p 2 4 . ® o7f -
g .8 [ \ ’_',_--" \ —20 & 25 [ EES i} Tk \ ]
B - ] i8 C ]
:g B _:__::','f ----------------------- _\\ \ ] 2 ’2; 13 S 06f \ E
I.lt.l 0.6 E‘_’_,.;-* ” SN =15 72; B g oM - \ ]
i \ \ \: 15 18 0.5 .
0.4 - W-¥10 3 13 - \‘
qﬁ . ; Js - 3
- \ \\: 1 e = 0.4 —MVA Method: .
0.2 —For:1000 signal-an d-10002M -5 M @ r =——BDT ¥

[ events the:maximum S/{S+Bis — 0.5 ’////, ) H 0.3 BTG
L 25.159 wheri\ cuttln’? at -0.111 “-....,h_r- y (91810 D S - !
0 L1 L1 1 111 111 111 111 111 111 11 0 0 i+ I b= 0.2 Ci1 11 111 1111 L1l 111l 11l | I - | 1111 1111
-08 06 04 02 0 02 04 06 038 -08 06 04 -0.2 0 02 04 06 038 0 01 02 03 04 05 06 07 08 0.9 1
Cut value applied on BDTG output BDTG response Signal efficiency
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StepZ2: Event Pairing

O Loop all pairing schemes and select
d Kalman Kinematic Fit (BES)

Pairing gamma

e Using mass constraints of "

. . 0 . + —_ _

Pairing T~ with ™ /T~ , Solve the v energy-momentum Pv(1y Pv(z) N T

* Add Missing Momentum v4, v, (6 unknown quantities ) %’

 Add Energy-momentum conservation (4 equation) W a

e Add Mass constraints of T (2 equation) T il

> 7C
. . A2 — Etotal 2
U passed the pairing cut: ¥y < 10 & p, = Pvp) T Pv(2) <— and select less y o
N

O Efficiency : pp decay channel(45.9%), all channel(22.4%) )%

L For pp decay channel: true pairing: 98.25% , wrong pairing: 0.92% , include ISR: 0.83%
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StepZ2: Event Pairing

d mass constraints of T[O

. . E
| pairing cut py = pv(l) + pv(z) < tc;tal W
—

P2
* Ensurepy ;) < Eq T .
* Inputp, to Event-level ML selection to select pp channel N
1400 — n° mass = o |
~ Entries 2 B —_—
. oro 600~ ppehanne
1200 o Std Dev 0.005805 B — other channel
L 22 / ndf 467.5/39 B
B Constant 1375 + 12.5 500 —
1000~ Soms 0009574 000008 -
B 400(—
= 800[— =
S B =] B
8 [ 8 300
600~ -
400 :_ 200 :—
200~ 100{—
B L I L L 1 1 1 I 1 1 I L L L I L L L [ il L
Jos 0.1 012 014 016 0.8 0.2 % 1 > 3 4 5 6 7
° mass[GeV] p [GeV]
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Step3: pp event Reconstruction

0 a - nn’n?) etc

 Main background event: pa(p —
1 Use BDTG

d Input train variable
momentum Pv(1y Pv(2y Pt Pr 4 py

Pairing x2, v,
PID: probPi, probMu, probK
nGamma before gamma-level BDTG cut
d Set BDTG cut =-0.2 , retaining about 87% signal event
and 40% other event

[ Efficiency : pp decay channel(87.5%), all channel(78.8%)

2025/07/03

TMVA overtraining check for classifier: BDTG

1.8
1.6

(1/N) AN/ dx

14
1.2

0.8
0.6
0.4

'Signdl (test shmple) | -

Background

'+" Signhl (training sample)
(test sample) = Background (training sampl

Ill_

e) -

olmo

|III|III|III|

0.2 &

o <N 1 1
-08 06 04 -0.2 0 0.2 0.4 06 038
BDTG response
Cut efficiencies and optimal cut value
Signal efficiency ——— Signal purity .
------- Signal efficiency’purity
Background efficiency S/iS+B
g K : i
T I : — — i
L _ -
e \ o ‘>"/ e
> TN {120
g 0.8 - Vet §
s N \ i
Q B \-— i \ \ ¥ 15
= 0.6 I":-’\---- """""
w [ =" '--\ \ 1
= i) 1
0.4 \ 10
\ 1
B 1
0.2 For ‘-OGQ'slgnal‘and-woe‘backguh\ LY 15
[ évents the maximum S/{S+B is \ 1
| 24.40 whien cuttling at -o.?2
o 11 1 11 1 11 1 111 D

08 06 04 02 0 02 04 06 08

Cut value applied on BDTG output

U/O-flow (S, B): (0.0, 0.0)% / (0.0, 0.0)%

Significance

16



Reconstruction: cutflow

U pp decay channel (1000W events test)

step Percentage of previous step Signal purity
Signal + BKG Signal

Total events - - 6.9%

Number of charged tracks = 2, total charge =0 | 65.4% 78.9% 8.3%
Number of photons =4 7.3% 25.2% 28.8%
Number of ¥ =1, Numberof ™ =1 51.8% 72.3% 40.1%
Passed the particle pairing 22.4% 45.9% 82.0%
Passed event-level machine learning selection | 78.8% 87.5% 91.1%
Passed the T momentum reconstruction 85.3% 85.4% 91.2%

Overall efficiency: 0.37% , Signal efficiency: 4.9% , Signal purity: 91.2%

Signal region: true pairing: 89.56% , pp wrong pairing: 0.84% , include ISR: 0.76% , Background event: 8.83%

2025/07/03

17



Reconstruction: P,

O P, reconstruction: solving a set of analytic equations

O Existing problem:
* Because of two missing v, the T flight direction is calculated with a two-fold ambiguity
* Vertex resolution/POCA point resolution(o, ~ 235um, o ~ 80um)

O Assuming higher resolution(o, ~ 80um, o7 ~ 27um)
* Replace reconstruction vertex by smearing vertex

* We can solve the two-fold ambiguity and reconstruction P;

POCA reconstruction vs truth
- Entries 16581 3 —
600— Mean 0.00236 r 70
B Std Dev 0.3596 |
N 22/ naf 1217 /195 L
- Constant 5017 +5.9 2 —60
500— Mean  -0.0004536 + 0.0019368 -
r Sigma 0.2358 + 0.0020 N
o - —50
400 s F
N Qo B
< = = N
3 00— P
8 300~ = -
- s
200 -1
100}— —2f-
ok 3L 0
2025/07/03 2 -3 - 3 18
reconstruction pz(MeV)




U P, reconstruction: Kalman Kinematic Fit (BES)
O Event cut:
* Because of two missing v, the 1 flight direction is calculated with a two-fold ambiguity

* Select event which two 1 flight direction is similar

reconstruction vs truth reconstruction vs truth
3r 3 —35
B —60 B
of- ol —(30
[ —150 B
[ N —25
— & — &
3 3 I
S L = [
Q_>< 0 — Q_N 0 —
= - < -
~ B 5 B
h— _1 __ 20 = —1 __
-2 10 -2 5
C | | | | | 0 5L | | | | | 0

_3 L L L L L L L L L L L L L L L L L L L L L Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
-3 —2 -1 0 1 2 3 -3 -2 —1 0 1 2 3
2025/ 07/ 03 reconstruction pX(MeV) reconstruction p_(MeV)

19



2025/07/03

Results and Systematics

20



SDM Reconstruction

O Spin quantum state of a T-pair is described by the spin density matrix
1 N _
i j i,j

Bf/ B;" is spin polarization of ttT7, C;j is spin correlation matrix

c L B B L L L L L I £ AR ELELE LA B LA BRI B LA B AL BN B = LR BN B LA NN B IR RN BLRME
€600 STCF Simulati = @ r imulat 1 87005 sreF simulat =
S O imulation I Sig . S700 STCF Simulation I Sig = 3 = imulation I i -
. . e ] .k [ 3
< I Vs=6GeV,0.0014 ab" . < £ Vs=6GeV,0.0014 ab" = <600 [ Vs =6GeV, 0.0014 ab” & =
800 o5 channel Bkg B 600 5p channel Bkg = E pp channel Bkg ]
T Sig Mean: -0.43642 ] 500 - Sig Mean: 0.55739 = 500 —  sig Mean: 0.50042 -
400 Bkg Mean: -0.04163 7 C  Bkg Mean: 0.21184 . C Bkg Mean: 0.09667 E
- ] 400 3 400 =
300 — ] - ] - ]
r n 300 - T 300 — —]
200 - - - - - .
- ] 200 - — 200 e
100~ - 100 = 100 - =
9- - ok ] oF .
= VS > 15 > 15
5 5 E
2 1——-WHHHMﬂﬂHHmﬂﬂnmwﬂnmnnnﬂﬂmﬂhﬁmﬂHHWHHHHWHﬁ"" ST 1 27T
0568 6 4 2 0 2 4 6 8 10 057 =8 6 4 =2 0 2 4 6 8 10 05{5~ 8
(h*n) (h'n) (h*r) (h'r)

2025/07/03 21



Uncertainties and Systematics

0 A sample of 10 million MC events with ISR under Oscar full detector simulation

O For systematics, we simulate the experimental resolution by randomly varying (“smearing”) the four-vectors of
the charged and neutral particles produced in the T decays before applying kinematic cut and fit

 We evaluated the statistical uncertainty via bootstrap method. Extend the sample to 100 million, the

uncertainties o will reaches 5%

ete” > -e- Full space ete > ttr -+ Full space
6.0 GeV, 0.0042 ab™ ~®-cos <04 6.0 GeV, 0.0042 ab" —— c0s <0.4
pp channel pp channel
Full Stat Syst o[ %] Full Stat Syst a[%]
C=0.23976 +0.02837 +0.02527 +0.01289 11.8 mq, = 0.79067 +0.05451 +0.04933 +0.02319 6.9
€=0.19886 +0.02113 +0.01867 +0.00990 10.6 mqy, = 0.47166 +0.03001 +0.02653 +0.01403 6.4
-0 e
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII III|III|III|III|III|III|III|III|III|III|

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
2025/07/03 concurrence mi2 22



Results and Prospect 4

O The prospective value for tau pair concurrence under the STCF luminosity :

C=0.23976 + 0.02527|stat.| £ 0.01289[syst. |
Promising for an witness (>50) of the entanglement
U For the witness mq,
mq, = 0.79067 + 0.04933[stat.] + 0.02319[syst. ]

Still not enough to support violation of Bell’s Inequality, we need:
e Higher event vertex resolution

* Higher reconstruction accuracy

(d Use entanglement witness for search of tauonium
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t-pair Production on STCF

O Cross section of 7-pair Production

O STCF: 2-7GeV event rate: 3.5x10°/y(4.26GeV)

d E.n

| I | I
. _ Eun(GeV) o (nb)
e 4.26GeV: h|ghe5t O'(T-I_T ) 3.500 ° 0
3.6‘580 2.44:4
e 6.0-7.0GeV: higher significance of Quantum 4174 5565
4.199 3.566
4.250 3.561

Entanglement 11.000

O Decay channel:t - v, T = pv, T = a1V, T =

Production cross section

eVeVy, T = UV, Vg
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t-pair MC simulation

 Tau pair production on STCF
v' Matrix element (LHE) simulated via aMC@NLO
v Tau decay simulated via aMC@NLO(taudecay UFO)
v’ Considered ISR
v’ Spin correlations between tau and their decay products
are fully considered

v' \[s = 6GeV, 10 million events ~ 0.0042ab™?
d Detector simulation (Fullsim + digi + reco)

* Oscar 2.6.2
O Background Simulation

* Considered different tau decay channel

2025/07/03

A.U./Bin

0.8

0.6

I
~

o
)

KKMC/aMC@NLO
o -
[

o
T T

| STCF Simulation
[ Vs=6GeV, 10 ab’

pp channel

— aMC@NLO |
— KKMC

5 5.5 6

(s[GeV]
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t-pair Production

theoretical signal region

: . T
O Tau pair production on STCF % . Conourtence(r++- ) »
v' Matrix element (LHE) simulated via aMC@NLO P1 0\ '

v Tau decay simulated via aMC@NLO P2
: + P4
v' Considered ISR T

v s = 6GeV,0.0042ab~1
(J Considered ISR

A -08 -06 -04 02 0 02 04 06 08 1
. 5 | STCF Simulation — aMC@NLO _| cosf
V/S(KKMC generator) Ratio: KKMC / aMC@NLO < ooy, oa o
L pp channel ] m12(t+t-)
[ Concurrence: B i
. 0.6— En
clo] = (s—4m?%)sin? 6 B ]
PI= 4m? sin? 0+s(cos? 8+1) 04 -
O mi12[C]: o i
. 2 L i
(s—4m2) sin? 0 ! ]
m C =1+( . ) I T B Lot
12[C] 4m? sin2 0+s(cos? 8+1) o or -
§ .1**************** *}**H**M’l**ﬂ***(£TJJ*9*‘J*Fr’
205 * .
g 2 55 3 35 4 45 5 55 r -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
* (s[GeV] cos6
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Variable from ECAL

O From Bo Wang

o E.1 Input Variables

6

620 The input variables considered to distinguish y from Kg are listed:

621 ® Njir: the number of hitting crystals in EMC.
622 e E.cq/E3x3: the ratio of energy deposited in the center crystal of the shower and energy deposited
623 in the 3x3 crystal around the center of the shower.
624 e FE3,3/Es,s: the ratio of energy deposited in the 3x3 crystal and 5x5 crystal around the center of the
625 shower.
626 e A>) moment and A4, moment: the Zernike moment A,,,, is defined as:
E; | .
An,m = |Z E_lfn,m(ri/RO)em"pl (3)
i tot
627 with f50 = 2x%> — 1 and f;, = 4x* — 3x2, i denotes the different crystals, E; is the energy deposited
628 in the crystal and r; is its distance from the shower center.
629 e secondary moment, which is defined as: }; E,~ri2/ Y E;
i i

630 e lateral moment, which is defined as: 37 , E,vrl.2 /(E lr(z) + Ezrg + 20, Eir?)

e3t The variables with low correlation coefficient as shown in Fig. 83 are choosen as the input parameters )8

sz such as Ny, Egeea/ E3x3, E3x3/Esys and Agp moment.



