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ttvs. TT

e  What qubit measurements can we currently make at the LHC?
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ttvs. TT

e Electroweak production in the s-channel

e When the photon dominates
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ttvs. TT

e When the photon dominates
AptH) 4+ (1= A) :
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pure, entangled mixed, separable
e Sideremark:inete > 1T

e Challenging, but doable near threshold
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e Signal already sizable at CM of 10.6 GeV
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ttvs. TT

e Brief comparison between these final states
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e Both final states achieve nearly maximal entanglement and Bell nonlocality
e Non-zero polarization has implications for quantum discord
Cij spin correlations
1 + . o
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T Leptons

Concurrence (C>0)

©
(=)
140 2
&
D
o
120 )
//Q’.L
hee <100 G
— 100 ,/m =
S /
(O] /
8 [
£ 80 \
g

60 ///;_

0.0 0.2 0.4

M [GeV]

140

120

=
o
o

(o]
o

Bell Nonlocality (B>0)

20/m=0.6

m;, < 10'0 GeV

60

40

o

0.0

204/



T Leptons

Decays of single T

Decays of T*1°

TAU Decay

Decay  Spin Analyzing Power Branching Ratio
T, 1.00 10.8%
p(r®)v, 0.41 25.5%
elVelr —0.33 17.8%
Lz —0.34 17.4%
m 1% ® Overall results benefits from all channels
np 6%
Concurrence Impact Bell Impact
pp 7%
PP np np
—— 1 (3.9%
en 4% o
14.8% 13.7% nn
ep 9% - 11.3% g -
pT[ 4% 9.4% He
ep
Pp 9% 14.5%

up
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T Lepton Reconstruction

8 unknowns, 6 constraints

Can we reconstruct both 77 and T
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System is underconstrained, need estimation technique

Missing Mass Calculator

— 8 unknowns, 8 constraints

Vr

8 unknowns, 4 constraints

Elagin, Murat, Pranko, Safonov 1012.4686

e Originally developed by the CDF collaboration at
Tevatron — adopted by the ATLAS experiment.

e Accounts for the kinematic constraints while considering
the variation of energy and position of the particles in
the decay cascades over the allowed phase space.

e The solution with the highest likelihood and largest
weight is set as a final estimator of my.
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T Lepton Reconstruction

We frain a generative network to infer neutrino momenta directly from
event-level observables

e Diffusion models learn the underlying probability distribution

e We use the Point-Edge Transformer (PET) architecture
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T Lepton Reconstruction

e We train a generative network to infer neutrino momenta directly from event-level observables

e Train each decay channel separately

e Generate 10 million for each channel (80% training, 20% validation)

Input Features

Category Variables Description
Emiss (pIRiss, ¢miss)  Missing transverse momentum vec-
tor
(pr,m, ¢, E) Four-momentum
. Charge Electric charge of T-visible parts
7 Visible Components
PID Electron, muon, or pion identifica-
tion
(prsm, ¢, E) Four-momentum
Small-R Jets Charge Electric charge of the jet
PID Particle identification
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T Lepton Reconstruction

Network performance for neutrino kinematics

Our PET network

—— Reco
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The 171 Final State

e Signal region around the Z

80 GeV < m,r < 100 GeV
0.6(7/2) < 0 < m/2

140

< 260/m=0.6

o

M+r <100 GeV

0.0 0.2 0.4 0.6 0.8 1.0

Triggers

e DiTau (nm, np, pp)
o Leading p,(1) > 35 GeV
o  Sub-eading p,(1) > 25 GeV

e Tau + Muon (um, pp)
o p,(1) >25GeV
o pylp) > 14 GeV

e Tau + Electron (em, ep)
o p(1) > 25GeV
o p,le) >17 GeV
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The 171 Final State

e We reconstruct the density matrix both ways

e Decay Approach

C11 Ci2 C13
C91 Cyo Co3
C31 C39 Cs3

e Measure angles in 7" and T rest frames
e Use template fit to extract Cij components

Cz'j =

SPIN
CORRELATIONS

Kinematic Approach g, Hain, bl 20 0RE

e Parametrize spin correlation matrix by 6 and 8
e 0 = scattering angle, B = speed of T
e Example: at the Z-pole

1 0 0
<2
sin“ 6
Cij ~ 1+cos? 6 0
0 0 _ sin26
1+cos? 6

e Measure of 0 to get c:
e Corrections (due to smearing) not needed

e Full formula used for results

13
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The 171 Final State

e Background events per 1 fb

\/

Subchannel W — v W — tv Z = tt QCD Total
SR & di-7 Trigger (pp > 35 GeV & p7? > 25 GeV )
T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
o < 0.01 < 0.01 < 0.01 0.05+£0.05 <0.01 § 0.05%0.05
pp < 0.01 < 0.01 < 0.01 0.10£0.07 <0.01 § 0.10£0.07
SR & e + 7 Trigger (pf > 14 GeV & pT. > 25 GeV ) or single-e Trigger (p5 ¥ 26 GeV)
em < 0.01 < 0.01 < 0.01 287+038 <0.01 § 2.87+0.38
ep 1.93+£0.86 0.62+0.36 < 0.01 11.19+£0.75 < 0.01 J13.74+1.20
SR & p+ 7 Trigger (pf > 17 GeV & pT. > 25 GeV ) or single-u Trigger (p ¥ 26 GeV)
um < 0.01 0.41 +£0.29 < 0.01 4.13 £ 0.46 < 0.01 J 4.554+0.54
wp 1.16 £0.67 0.6240.36 < 0.01 < 0.01 < 0.01 1.78 £ 0.76

Reconstructed channels
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The 171 Final State

e Signal events per 1 fb' by channel

Subchannel

Prongness lka X KB TT = 4T TT — €p TT =TT TT = TP TT = pp

SR & di-7 Trigger (p7 > 35 GeV & p7F > 25 GeV )

A 3924018 0094004 | 89.43+0.48 | 290401 0.14 £ 0.04
mp 0.124£0.03 22714065 —TOIL000 ] 206.39 +1.09 | 62040 28
pp <0.01 0.56£0.10  0.06+£001 —ZBTTOTI0 |629.99 +2.83

SR & e + 7 Trigger (p5 > 14 GeV & pT. > 25 GeV ) or single-e Trigger (p5 > 26 GeV)
er [37890+1.79 | 17524057 <0.01 0.01 £ 0.01 <0.01
ep IO [1233.90 +482| < o0.01 0034001  0.15+0.04
SR & p+ 7 Trigger (pf > 17 GeV & pT. > 25 GeV ) or single-p Trigger (pf. > 26 GeV)
pm | 565.94+2.19 | <0.01 <0.01 <0.01
12.63 £ 033 |1862.06 592  <o0.01 <0.01 0.04 £ 0.02

VHP

Reconstructed channels
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The 171 Final State

e Systematic uncertainties

e Systematics we consider are listed below
e Pie charts show each channel weighted by inverse variance

SR Only SR & Trigger
p wp Combined ‘ pp wp Combined
All Systematics 29.81% 29.76% 31.29% | 31.00% 29.82% 31.35%
MC Statistics 29.31%  29.56% 30.05% 28.93%  29.55% 28.66%
Luminosity 0.12% 0.08% 0.90% 7.73% 0.74% 6.10%
Background Cross-Section | 3.39% 0.07% 2.01% 1.51% 0.05% 1.06%
Signal Cross-Section 0.23% 0.23% 1.71% 3.12% 0.52% 2.41%
Tau Energy Scale 1.47% 2.50% 2.12% 1.20% 0.89% 1.47%
Jet Enery Scale 1.67% 1.50% 4.49% 2.41% 1.72% 8.05%
Soft MET (pz, py) 3.66% 1.90% 6.57% 6.68% 3.42% 7.11%
v Sampling 0.02% 0.02% 0.03% 0.06% 0.03% 0.07%

Concurrence Impact

14.8% 13.7%

11.3% 1%

9.4%

14.5%

Bell Impact

o

———mn (3.9%)

en

Hp

um



The 171 Final State

Results: >50 for Bell nonlocality

B=max(|Cjj £ Cj| = V2)

0.350 0:375 0.400 0.425 0.450 0.475 0.500 0.525
pp—>Z—TT Il Decay Method (MMC): Signal Region with Trigger
N Decay Method: Signal Region with Trigger
13 TeV, 140 fb~?! BN Decay Method: Signal Region
i Il Kinematic Method (MMC): Signal Region with Trigger
Combined: nn, mp, pp. I, Lo I Kinematic Method: Signal Region with Trigger

Concurrence C[p]

= =) Kinematic Method: Signal Region
Vi Il Full Stat Syst o[%] Sig.
3 & H ) ~ B = 0.39 *0:0% 802 #3081 10.0 >50
E) § " ° . B = 0.39 88 0C 08 651 550
© o b ® 4 B = 0.38 *3:91 +9.01 +0.00 3.81 >50
& n
] Q
] H o
o ©
= ©
D o
m wn

0.75 0.80 0.85 0.90 0.95 1.00

17



The 171 Final State

e Results: >50 for Bell nonlocality

B=max(|C;=C;jl-V2) (Bell states have B = 0.586)
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The 171 Final State

Results: >50 for concurrence

B=max(|Cj

Gyl - V2)
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The 171 Final State

Results: >50 concurrence (with the kinematic approach)

B=max(|Cjj £ Cj| = V2)
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The 171 Final State

Results: >50 for Bell nonlocality (with the kinematic approach)

B=max(|Cjj £ Cj| = V2)
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Conclusions

e T1+T- an excellent channel

e More events than tt (strong kinematic cuts not needed)
e Neuirino reconstruction solved by Point-Edge Transformer
e >50 for entanglement and Bell nonlocality with current data

e Can other quantum correlations be measured?

SPIN RECONSTRUCTED BY
CORRELATIONS
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BELL NONLOCALITY
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Bell Variable

We use the atypical normalization of the CHSH inequality

B(alaa2ab1,b2) \/—'I b

We use the approximate maximization

B= m_a.xlC’,-i s ijl - \/5
ij
This corresponds to the regions

-vV2<B<0 Bell local,
0<B<2-2 Bell nonlocal,

(@1-G®by-G)—(d1-G ®by-G) + (d2-G®b) -5) + (@2 F @b -7) | — V2.
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