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Top Quark Physics

e Top quark is the heaviest fundamental particle
discovered thus far: m, =172.52+0.33 GeV

° Unique: 1 1 1 my [arXiv:2402.08713]
—_— = < < T3
my Ly Aqep A
production  lifetime  hadronization  SPin—flip
107275 107*°s 10-2% g 0-% g

e LHCis atop quark factory (100m+ thus far)
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Top Quark Spin Correlations

e Spin correlations are dependent on production mode (gg vs. gq) and higher
orbital momenta - function of e.g. @, m(tt)

o Top quark spin cannot be measured directly

o Fully preserved in charged leptonic and down-type quark decays of W boson

« Measured in the helicity basis ”

b

dileptonic :
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¢
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[PRD 100 (2019) 072002]
Measurement of Top Quark Spin Density Matrix in dilepton

o Spin density matrix fully captured by a four-fold angular distribution

1 d*o 1 o _
o= = (14K + kP 0 - ke - (CO)
Py,
« Spin Polarization P/P = | P.
P

o Can integrate above four-fold angular distribution to get 1D distributions
for each spin coefficient

ldo 1
~°7 = (1 + [Coef 1) f ()

October 1, 2024 Quantum tests in collider physics


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

[PRD 100 (2019) 072002]

Measurement of Top Quark Spin Density Matrix in dilepton

« SM predicts zero polarization for tt (< 107%) — QCD is CP even
o Zero polarization = zero slope at parton level

1
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[PRD 100 (2019) 072002]
Measurement of Top Quark Spin Density Matrix in dilepton

e SM predicts non-zero for tt
- Non-zero - asymmetry in cos@{cos@zj distribution at parton level
1 do _ 1 1 gi Hj CMS 35.9 b (13 TeV)
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How to probe entanglement
e What does it mean to be not entangled? Separable!

¥) =la)a®|b)B

o For pure states this is easy - measure entanglement entropy

o At the LHC top quarks are produced in a mixed state and thus can be
represented as a density operator

1 . . . .
p = 1[14 +Zi(Bi+O'l ® 12 +Bi_12 ® O'l) +Zi’jCijO'l ® O']]
« Need to determine an entanglement witness, A

o Hard to show density operator is separable but you can “easily” show it
IS non-separable - entangled!
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Peres, Phys. Rev. Lett. 77, 1413
Horodecki, Phys. Lett. A 232, 5

How to probe entanglement: Peres-Horodecki Criterion

If a state is separable - Unit trace, Hermitian, Eigenvalues = 0
Therefore, a state is entangled if the above conditions don’t hold for the

partial transpose of the spin density matrix, p
A sufficient condition for entanglement using Peres-Horodecki Criterion:

A= Cnn + |Ckk T Crrl — 1 > 0 [Eur_Phys. J. Plus 136, 907]

At low m(tt)
Cor, >0&C,.>0-tr|C] >1
tr|C] 1 do

1
D =— =§(1—Dcosg0)

3 Ecicosgo
D < —3 —entangled!

Measure D to access entanglement information!
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[2406.03976] (accepted to ROPP)
How to discover entangled top quarks

e CMS Simulation (13 TeV SeParg'%'e
o« CMS probed the production E : B led 21\\
threshold region for =70 Langie +
entanglement = 650 R
o Mostly timelike (spacelike)
separated decays in production % 0.4
threshold (boosted) region 550
500 06
450
-0.8
400
- Entaneled o
1.0 0.5 0.0 0.5 1.0Entangled
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Measurement of Entanglement in Threshold Region - Method

. Dileptonic channel [2406.03976] (accepted to ROPP)
(ee/,u,u/e,u) W/ 2016 data 250 CMISISimlulgtipn __ | (1|3 TgV) Sep‘?r;l())le
. Used m;;, method for > =
- O, 700F <
reconstructing both =" 1.,
neutrinos ' 650 T
. Measured D using a binned 60| Separable o
profile likelihood fit of cos ¢ ssob  f t , W
> Performed fit in:
345 < m(tf) < 400 GeV & 500 1 0°
S, (tt) < 0.9 450 :
o Performed the fit both including 0.8
& excluding the ground state of 400
toponium, n, 350 1.0

0.0 0.2 0.4 0.6 0.8 _1 .0
B, (tt) Entangled
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Measurement of Entanglement in Threshold Region - Method

e Needto fit POI D

o Q: How to create variations of D?
o A: Generate top quark pairs with zero
spin correlation 2> D =0

o Can create new samples with
mixtures of SM and no spin corr.

o These mixtures only probe
[Dgp, 0] Mirror to probe [—1, Dgy]
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[2406.03976] (accepted to ROPP)
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Measurement of Entanglement in Threshold Region

« Large mismodeling seen for m(tt) = 345 GeV
o Consistent between dilepton & and CMS & ATLAS

2402.08486 (submitted to JHEP) JHEP 07 (2023) 141 Phys. Rev. D 104, 092013
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.092013
https://link.springer.com/content/pdf/10.1007/JHEP07(2023)141.pdf
https://arxiv.org/abs/2402.08486

Measurement of Entanglement in Threshold Region

e Large mismodeling seen for mi = 345 GeV e Theory predictions with
Excesses seen could be from toponium NRQCD.
e New (hypothetical) exciting SM resonance e Colorsinglet and octet

o Spin singlet> Maximally entangled tt contributions to spin singlet
o  Exciting implications for entanglement measurements!

e Signal model includes spin and color singlet 1551]

EPJC 60, 375 (2009)

2402.08486 (submitted to JHEP) JHEP 07 (2023) 141
{CMS 138 fb' (13 TeV) o T 14 ¢
< ET 1 T " T T T T T T [ T T T T [ T T T T3 - —
. = Dilepton, parton level - 3 2 | ATLAS e Data i
o - * Egl\i; dsLT E;Cz ) 1 8 | Vs-13Tev, 140" -~ aMC@NLO+Her7.1.3 _| 12
o] 10_1 _ o + X _—5 . ::.;. 10 - .....' -.. Powheg+Herwig7.0.4 E
— = 0 FxFx+PYT, X" =7 3 % = - --- Powheg+Pythia8 ]
'E = a F’OW+HER,12 =4 J o —!. L.“I‘_.‘ -.- Powheg+Herwig7.1.3 = 1 r
€ 102%% v miC-1755GeV, 1P =18 o B ki - aMC@NLO+Pythia8 2
o E o o m{mc = 169.5 GeV, =6 3 10 il_ I - Powheg+Pythia8 (rew. = 5 .
B g - Total unc 7 - ey == Stat error = a 08 r
S 10—3 l ’ - - l Stat @ Syst error . E i
o o [ Stat. unc. = i ey ] = I
:'_"" 7 ] — 06 B
—oEeA Yy 1= ] — b -
E S B E o
= = i i — )
S ] - i ] 04 qq—>381'8' §
— — muﬂi ]
E 1 | I ]
- 107 | — .
o e+ v ] 3 I 02 1 LHC Vs = 14 TeV ]
— % -I IIIIIIIIIIIIIIIIII.J:-II-JI-‘:-‘!IIIIIII_I_:_!_\--l--l--l- 0 e T T T T T T
o i S S 335 340 345 350 355 360 365 370 375 380
= LTy
700 200 300 400 500 600 700 800 M [GeV]

500 1000 1500 2000  [GeV]

October 1, 2024 m(tt) [GeV] Quantum tests in collider physics 14


https://link.springer.com/content/pdf/10.1007/JHEP07(2023)141.pdf
https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7
https://arxiv.org/abs/2402.08486

[2406.03976] (accepted to ROPP)

Pre-fit Distributions

o Better agreement when including n;
e« MadGraph5 aMC@NLO+Pythia8 describes the cos ¢ distribution better
near production threshold
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Post-fit Distribution [2406.03976] (accepted to ROPP)

e Good agreement within uncertainties
o Post-fit value of 2.53% more spin correlated tt contribution
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Measurement of Entanglement in Threshold Region - Results
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- [2406.03976] (accepted to ROPP)
Conclusion oS
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Helicity Basis: Spin Quantization Axes {k, 1, 7}

Helicity k-axis: top quark direction in tt rest frame

* Transverse fi-axis: transverse to production plane

(p x k)

__ sign(cos Oy)

sin O

e T-axis: orthogonal to the other two axes

sign(cos ©,)

r= (f)—i(cos G)t)

sin O

}.;)l: direction of the incoming parton, i.e. the direction of
the proton beam (z-direction in the laboratory frame)

O,: top quark scattering angle in tt rest frame
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