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tt Production at Threshold
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https://link.springer.com/article/10.1007/JHEP08(2024)013

tt Production at Threshold

Nature 633 (2024) 542
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* The threshold region, where top- @ V

antitop pairs are produced nearly  A7| Ag 7

EXPERIMENT

at rest, is a major focus for ATLAS  ¢imiedto nawe CERN.EP.2023.230
and CMS March 20, 2024

* Active Research Frontier :

* Quantum Entanglement Studies: Observation of quantum entanglement with top
quarks at the ATLAS detector

* Key for exploring top-quark
entanglement and testing quantum
meChar"CS at hlgh energles Entanglement is a striking ®eature of quantum mechanics | 1-3], with applications In fields such

as metrology, cryptography, quantum Information, and quantum computation [4-8]. It has been

observed In a wide varlety of systems and length scales, ranging from the microscopic [9-13]

: . to the macroscopic [ 14-16]. However, entanglement remains largely unexplored at the highest

) . accessible energy scales. We report the highest-energy observation of entanglement, In
Focus Of TOday S Presentatlon' top-antitop quark events produced at the Large Hadron Collider, using a proton-proton
collision data set with a center-of-mass energy of s = 13 TeV and an Integrated luminosity

of 140 fb~! recorded with the ATLAS experiment. Spin entanglement Is detected from the

The ATLAS Collaboration

. . measurement of a single observable D, Inferred from the angle between the charged leptons

¢ Pu bl |C resu ItS On the Observatlon In thelr parent top- angd antitop-quark rest frames. The obsegrvable Is measured g:a :aF;row
. interval around the top-antitop quark production threshold, where the entanglement detection

Of q u antu m entan g |em ent | n to p— Isexpected to be significant. It is reported in a fiducial phase space defined with stable particles

. . to minimize the uncertainties that stem from limitations of the Monte Carlo event generators

q Uark pa| I's Wlth th e ATLAS and the parton shower model in modeling top-quark pair production. The entanglement marker

Is measured to be D =—0.537 £ 0.002 (stat.) = 0.019 (syst.) for 340 < m,; < 380 GeV. The

d etecto r observed result 1s more than five standard devlations from a scenario without entanglement

and hence constitutes both the first observation of entanglement In a pair of quarks and the
highest-energy observation of entanglement to date.


https://arxiv.org/abs/2311.07288

Entanglement Theory

* Spin correlations between top and anti-top provide novel approach to measure
entanglement

* Tops have an extremely short lifetime

Top lifetime Hadronization Spin

» The tf system forms a bipartite spin 1/2 system

» The spin of the #f decay products are correlated to the spin of the tops

Spin Density Matrix
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Entanglement Theory
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* At LHC 7t has negligible polarisation hypothesis for different assumptions

of relative uncertainty on D
* Observable

* From the Peres-Horodecki criterion
trlC] < —1

* Define the spin correlation coefficient

D=t[C]—->D<-1/3

» D can be determined from
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https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1

Entanglement Theory
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Analysis Strategy

e Event Selection
* Select ey dilepton tt events

* Extremely pure channel (~90% tt)
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Analysis Strategy

e Event Selection
* Select ey dilepton tt events

* Extremely pure channel (~90% tt)

e Top Reconstruction
e Estimate Calibration curve

* Data and simulation corrected to fiducial particle level using calibration curve
e Extract spin correlation coefficient

* Extract D at fiducial particle level

D=-3 <cos¢ >
o) ]
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Event Selection
e Full run 2 data-set (140 fb™1)
e

Leptons N =1,Nu=1
- Lepton p; £>15GeV (L =eorp)
v Jets Niets = 2, pr = 25 GeV
* Split into four regions B-jets Nb =2, DLIr = 85%

* Dominant backgrounds

o Wt, diboson, Z — 17, fakes

SR : Tops are maximally entangled

o : Entanglement diluted
eru= CR Fakes
* VR2 : No entanglement
° : Used to estimate non-prompt
T
e*u”
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Top Reconstruction

* Need to reconstruct the top and anti-top

e Top Reconstruction

«t=b+el/ut +v ...is challenging because of A
MET NZ
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Top Reconstruction

* Primary technique: I

* Ellipse Method : A geometric approach that provides
analytical solutions for the neutrino momenta based on 7 YiIThi
kinematic constraints in dileptonic top decays

* Alternative techniques:

* Neutrino Weighting method:

nje”
e Scans over possible neutrino pseudo-rapidities

Ww-

* Assigns weights to solutions based on their consistency
with the observed missing transverse momentum

.

* Simple kinematic matching

* Simplified method pairing each lepton with the closest b-
tagged jet

* No explicit neutrino reconstruction; used as a proxy for
reconstructing the top and antitop quarks
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Top Reconstruction

e Allows for the reconstruction of

m,; and cos(¢;))

* Estimate spin correlation
coefficient

D=-3.<cosp >
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Mapping to particle level

Using MC : create a map between
detector and fiducial particle level for
different values of D

Simulation is re-weighted at particle level
for different values of D

» Implemented as a function of m,; & cos¢g

Systematics propagated with their own
curves

* Added in quadrature
Corrects for detector effects

D extracted at a fiducial particle level

Arbitrary Units

Pred. / Nom

Re-weighting of cos¢ for different
values of D is shown at particle level

SRR SRS L LN LR LR LEES
- ATLAS Simulation -
N ‘c' s =13 TeV = nominal ]
10 340 < mji < 380 GeV -60% reweighting
r — -40% reweighting 7]
1:_ — -20% reweighting —:
0_8—— — +20% reweighting —
0.6— f =
0.4— — -
0.2— -
O:I 1 l L L l | I | I | I l | - l ) - l L1 l L1 I | I - l 1 :
15 T
1 - e ————
0.5- _ , , . l | . .
-1 -08-06-04-02 0 02 04 06 08 1
COS @

13



Calibration curve

* Using MC : create a map between
detector and fiducial particle level for An illustration of the calibration
different values of D curve mapping between detector
and particle level

* Simulation is re-weighted at particle level
for different values of D

» Implemented as a function of m,; & cos¢g
No entanglement

-------------------------------------------------------------------------------------

Entanglement

Particle level D

* Systematics propagated with their own
curves

Result

e Added in quadrature .......................

* (Corrects for detector effects

Reconstructed D

* D extracted at a fiducial particle level

C\E?W 14
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Generator Discrepancy

* Good agreement between PhPy8 and
PhHw7 at parton level

* Discrepancy arises at stable particle level

» Difference also present at detector
level

* |solated to shower ordering

* Treatment of spin effects in Monte Carlo
generators requires attention

Differences in cos¢ distribution
between PhPy8 and PhHw7 at
particle level
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Generator Discrepancy

Differences in cos¢ distribution
between Dipole shower and Angular
shower at particle level

—+— Herwig 7 LC Dipole shower
—+— Herwig 7 LOC Angular shower

* Good agreement between PhPy8 and
PhHw7 at parton level
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* Discrepancy arises at stable particle level

Arbitrary units

ATLAS Simulation
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* Calibration curve created using outline Constructed calibration curve for the
procedure SR showing the measured D in data
and simulation

 Uncertainty dominated by ¢f modelling £ L L L
s 9401 Aras Total Uncertainty ~ ~

S - Statistical Uncertainty”

e " Vs=13TeV, 140 fty’ e Daa ]

* Top quark decay § oz| 340<m<380Gev 5 Povahing ponts
 eee Entanglement limit _

* PDF uncertainty ol 1

* Observed results in the SR are 02| *'53.&#!
I m”"‘i‘ig" _— 1

e e fﬂr:ﬁf;.w ................... :

D = —0.547 £0.002[stat.] = 0.021[syst.] 04} = ]
First observation of - o

entanglement in quarks 02 —0.18 -0.16 ~0.14 —0.12 —0.1 -0.08 —0.06 —0.04

Detector-level D

C\E/RW 17



* Calibration curve created using outline

orocedure Me:asurec_l values of D for data and
simulation for the SR and VRs.
» Uncertainty dominated by #f modelling » VR2
01t ATLAS ®om
- /s=13TeV, 140 b’
* Top quark decay | VR1
-0.2}
: SR B
* PDF uncertainty R *°
2 —03F
& ettt ehetaterinectelewerertdtesltertee
g |
* Observed results in the SR are £ oal .
i B —=— Limit (Powheqg + Harwig7) |
—-=—- Limit (Powheq + Fythia8)
: & mm Theory Uncertainty ‘
D = —0.547 =£0.002[stat.] = 0.021[syst.] o5 @ D o
é @ Powheg = Pyihia8 (hvg)
B FPowheg + Henvig7 (hvq) :
=8 340 <m: < 330 <80 < mg < 500 myg = 500

First observation of

Farticle lave! Invarart Mass Rangae [GaeV)

entanglement in quarks
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Source of uncertainty ADgpserved(D = —0.537) AD [%e] ADcxpccmd(D = -0.470) AD %]

Signal modeling 0.017 4 32 0.015 32
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.2 0.001 0.1
Jets 0.004 0.7 0.004 0.8
b-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 < 0.1
E.l.mi”s 0.002 0.4 0.002 0.4
Backgrounds 0.005 0.9 0.005 1.1
Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.019 3.5 0.017 3.6
Total uncertainty 0.019 3.5 0.017 3.6

Svstematic uncertainty source Relative size (for SM D value)

op-quark decay 3 1.6%
ndisiribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO QCD + NLO EW reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
hgamp setting 0.1%

cin)) 19



Conclusions

* Threshold region is a very active area of research
* Quantum entanglement measured for the first time in quarks

» Measured in the region 340 GeV < M,; < 380 GeV

* Results shown at fiducial particle level

D = —0.547 = 0.002[stat.] £ 0.021[syst.]

* Discrepancy between generators at particle level

* |solated to angular ordering used by Herwig7
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Most Recent Search

“ PusLisarn ror SISSA By @ SPRINGER
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Search for heavy neutral Higgs bosons decaying into a
top quark pair in 140fb—' of proton-proton collision
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Analysis Specifics

b-jet
Top jet with 3-prong /9
%et close to substructure Nl close i
- —— -
- — - Neutrino
Neutrino P N’ t’_ ely
eutrino
1L Resolved 1L Merged 2L
-
low p ™ high p
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1L Distributions

Ratio to Bkg.
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Limits on BSM Model
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