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Entanglement is there... MVos

Quantum entanglement in top quark pair production

Collect top quark data,
separate in three regions,
measure “entangled-o-meter” D

D # 0: top quark spins are correlated.
Confirms something we have known since 2012.

Read more about this!

https://atlas.cern/Updates/Briefing/Top-Entanglement

_01} ATLAS Preliminary
/s =13 TeV, 140 fb-!

D <-1/3: top quarks are “entangled”
This is new and exciting!

Particle-level D

« Updates / News on Theory prediction
« Systematic uncertainties ?
* Need complete picture at LHC

- CMS answer is out!

---- Limit (Powheg + Pythia8)

W Theory uncertainty

—-— Limit (Powheg + Herwig7)
@® Data ]
@® Powheg + Pythia8 (hvq)
B Powheg + Herwig7 (hvq)

380 <m(tt) <500 m(tt) > 500
Invariant Mass Range [GeV]
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News from chatGPT...Nov 2023

Q: Tell me about the quantum entanglement of top quarks

A: It's important to note that the behavior of particles on the quantum
level is not always intuitive, and while entanglement is a fascinating
and well-studied phenomenon, its application and relevance depend
on the specific characteristics of the particles involved.

At the current state of knowledge up to my last training cut-off in
January 2022, discussions of quantum entanglement with top quarks
were not a common topic in the scientific literature.

If there have been significant developments or new insights in this
area beyond 2022, | recommend checking more recent sources for the
latest information.
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News from chatGPT...March 7th 2024

Q: Tell me about the quantum entanglement of top quarks

A: Quantum entanglement is a physical phenomenon that occurs
when pairs or groups of particles are generated, interact, or share
spatial proximity in a way such that the quantum state of each particle
cannot be described independently of the state of the others, even
when the particles are separated by a large distance.

In the context of top quarks, quantum entanglement can occur during
particle collisions, such as those produced in a particle accelerator
(e.g., the Large Hadron Collider). Top quarks are produced in pairs
through the strong force and, due to their incredibly short lifetime, they
decay almost instantly after their production.

During their production, certain properties (like spin) of the two top
quarks can become entangled. ...
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How to probe entanglement

Fundamental predictions of QM:

o Entangled states cannot be described by independent
superpositions: measuring particle spin in an entangled
system immediately reveals the spin state of the
second particle

o Nobel Prize in 2022 for Aspect, Clauser in Zeilinger

e What does it mean to be entangled: if not separable!

Observed Affected
“"here" “over there"

How to produce a top quark

e Atthe LHC top quarks are produced in a mixed state and
thus can be represented as a (complex) density operator

]4 + ZZ (BTO'Z ® [2 + Bz'_IQ ® Ui) + Ei,j@jai ® O'j
p =
4

e Remarkably, tr[C] can be probed from a single >me<

differential cross section

1 do _1(1 D ) D = tr[C]
odcosp 2 059 B 3

Experimental goal =
measure D
(entanglement proxy)
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Phase space of Entanglement

J.A. Aquilar-Saavedra & J. A.
Casas EPJC 82, 666

D<—-= —> Entangled!

[ 4
o
e Focus of low mass phase space m(tt) < 400 GeV
o Most statistics
o Sensitive with only 2016 data ag
e Apply additional B,(tt) < 0.9 cut to enhance e fraction
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https://epjc.epj.org/articles/epjc/abs/2022/08/10052_2022_Article_10630/10052_2022_Article_10630.html

Top quark threshold region

Known “unknowns”...

Mismodeling seen for m = 345 GeV

Consistent between dilepton & lepton+jets and CMS & ATLAS
Even at different center-of-mass energies

CMS-PAS-TOP-20-006
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http://cds.cern.ch/record/2803771?ln=en
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_7907/10052_2020_Article_7907.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112003

Toponium — top quark bound states

e New (hypothetical) exciting SM resonance EPJC 60, 375
> Spin and color singlet—=> Maximal entanglement Kiyo, et. al

e Excesses seen could be from toponium

e Signal model includes toponium contributions

14 F -
T 3¢ Figure credit: A.Hoang [ ]
1.2 | =
- gg - 'S,
s 1 Ff ]
Q
Q [
2 o8| gg — 'S, .
= : :
~— 06 — -
S [ ]
©
N ~ 3a 8] ]
L [ ]
Q\u% 0.2 | LHC Vs = 14 TeV .
R TR BRI BT EPEPEPE SR SRR BT BT

0
Ground state (n=1) S-wave bound state dominates: 335 3400 345 3503955 960 365 370 975 380

« spin-singlet vs. spin-triplet (depending on M [GeV]
production channel) color singlet vs color octett
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https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7

Signal modeling & Uncertainties

e Combined signal model: tt + toponium (n,)

o Only spin-0 n, accounted for
o n.improves data modeling in the threshold region
o 47500 signal candidates in 35.9 fb! collected in 2016

e Main background sources: Z+jet (MG5 + data-driven corrections), single

top (powheg MC), diboson (pythia8 MC)

Leading experimental uncertainties

Analysis CMS Preliminary 35.9 b (13 TeV) *  Jetenergy scale and reso!“tfon
region > 10° :, i Z‘/W ‘ o r\] =t Leading theory-based uncertainties
tt+ tt other signa . . . .
(\5 104 1 Diboson [ Singlet Stat ® Syst 3 TOpomum normallzatlon
_g 103 B 5, signal Bl Z+jets ¢ Data : hd Parton Shower
(0]
T 102
H Source Uncertainty
10! D
345 <m,;; <400
10° Toponium normalization 9.79%
10~ : — JES 9.68%
§|§ 1 of -~ |No b} rew. — Powheg+Pythia8 ] Parton Shower (ISR) 6.81%
. [ —+|Nopirew &y —H Now ] Scale 1.68%
1.0;-_-;& e e T e Parton Shower (FSR) 1.00%
s . ‘ / JER 0.76%
'8 g ) ='owheg+H:3rwig + M(‘szaMIC@NI‘_O [FLFX} —— Powheg+Pythia8 Z+jets shape 0.67%
* Top quark pr 0.23%
PDF 0.16%
0.9k . R Z Color reconnection 0.11%
4x[107 6x 107 103 2x103
m(tt) [GeV]
PURDUE A. Jung Observation of Quantum Entanglement 9



Observation of Entanglement

o« The entanglement proxy D is extracted
with a template fit
- Systematic effects included as
nuisances
« How to create variations of D outside of
SM ?
1. Generate top pairs with no spin

[92]

Events /0.3

Post-fit cos ¢ distribution

imi 35.9fb"" (13 TeV
eoooog‘MS,Pfe,l”.mr,’a{y, — 3591 (13Tev)
] t+zZ/W Bl 1, signal i signal
50000 [ Diboson 1 Single t Stat @ Syst
= ttoth El Z+jet ¢ Data
40000}

- 0.0<3<0.9
20000}
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0
: L T L AL LA R R
E § 1.025 ;—|— Powheg+Pythia8  —— No 7, 7;
1.000} . I | |
:ﬁ G
0975 T ]

-1 -0.66 -0.33 0.0 0.33 0.66 1.0

correlation (noSC, D = 0) cose
2. Created new samples with mixture of o Miduretomplates
. CMSPrQI{m/r?aryl ___ 359fb (13TeV)
SM and noSC to obtain D € [Dgy, 0] Graocof M .
3. Extend the fit for variations of [-1, Dgy] "} —
8000k 345 < m(tt) <400 GeVE=—=—= ]
[ 0.0<(3<0.9 ]
eoooﬁ .
e Use samples of SC and noSC to change e
fraction of tt with aligned vs opposite spins | T orecmnemn ]
o Any value of D between -1 and 1 can be Lo oweNoSenCom |
reached a1 ]
o(M)+a(W)-c(1)-a(iT) L — —
O-(TT)+0-(~L~L)+O-(T~L)+O-(~LT) 520-75 — 066 035 00 03 066 71
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Slide credit:

Observation of Entanglement ~ **

First measurement of entanglement of top quarks
with CMS data
Check the PAS for more information

. Fityields D at parton level,
accounting for all detector

effects
12t Prelimi 35.9 fb~!' (13 TeV
. 5 standard deviations CMS Preliminary 359 fb™' (13 TeV)
observation of top quarks being o, Canglement Threshold
entangled at tt threshold e/ POWHEGV2+PYTHIAS
4 MG5_aMC@NLO+PYTHIAS8 [FxFx]
-+ POWHEGvV2+HERWIG
« Good agreement with SM 0000 (tT only) 345 < my; < 400 GeV
. . . 0.0<3<0.9
- significantly improved by
including n, ©
—0.489385% | ——o—i
Dops = —0.478 + 0.017 (stat) ¢'oz1 (syst) . o &
- o
0478398 | . o & &
Deyp = —0.465 £ 0.017 (stat) i838§§ (syst)
result + (total) Likelihood scan result
AR T T T AN ST T N AN SN MR S S NNNAN N

Ll Ll L Ll Ll
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
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https://cds.cern.ch/record/2893854

Quantum Tomography @Future colliders

Differential
Detector “Precision’
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* Arich exciting new field!
Bright future ahead - join the fun
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Conclusions & QOutlook

= ATLAS measurement of entanglement in top quark events shows
deviations to the SM

= CMS: Top quark pair entanglement is in agreement with SM

= Improved description & modeling when including toponium
" Quantum Entanglement & Tomography (at high energy colliders)
* New and exciting field of Quantum Information in HEP

= New approach to test and challenge the SM o {uned for new
results on top quark
entanglement!

= Exciting community study completed and P5 vision is out!

" Future e+e- collider machines: careful preparation of initial state,
other probes of entanglement

" Promising scenarios of entanglement probes
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FCC ee — Prospects

February 2022
T

 Ultimate precision for top quark properties: ?Z§-gf::;;;hf:f;Sﬁﬁvzgzz;::z:gt:;:;i}
mass, width, and Yukawa coupling
 Can use measurement of cross section
shape around threshold to extract m,, I, y; ol

o

and as T
 m; @ I; simultaneous fit expected &4

+17 MeV (m;), =45 MeV (I}) 102

* &5ysc dominated by theory, e.g. m; ~ 45 MeV!

« Current top mass average (LHC + Tevatron): § '
172.69+0.3 GeV

« Entanglement prospects: Prepare initial 0T a0, 5000
state!

- HERA demonstrated polarization is =TT T
possible but challenging and time-
dependent! ég // P50

« EIC will have improved methods... R
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Peres-Horodecki Criterion ..

¢ [f a state is separable — Unit trace, Hermitian, Eigenvalues > 0

e Therefore, a state is entangled if the above conditions don’t hold
for the partial transpose of the spin density matrix, p

o A sufficient condition for entanglement using Peres-Horodecki
Criterion:

A=633+|C11+C22|—1>0 [

° Atlowmtf,611>0&C22>09A+1=tT[C]>1

« Remarkably, tr|C] can be probed from a single differential cross
section
1 do

odcosg

tr|C]
3

1
=5(1 — D cosp) D = —

e Thisyields —3D > 1 as a sufficient condition for entanglement
e Measure D to access entanglement information!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.1413
https://www.sciencedirect.com/science/article/abs/pii/S0375960197004167
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1

Initial State: Polarization of e-beam

- HERA demonstrated polarization is | e
possible but challenging and time-

dependent!

EIC will have improved methods...but

Need high polarization for
hadrons and electrons of >
70%

Need both polarization Pe=30%
directions present in the same ,, gg |
fill to suppress systematics 5 | ___F;V_V'"eke
Spin need to be longitudinalin  _ 20} HErA [ —
the IP %?, _23 : , - -
Electron spin need to be 40 t
vertical in the arcs o / P(0)=+85%
Systematic uncertainties for 100 - L0)=59%
. 0 o 10 15 20 25 30
entanglement proxies ? min)
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Hard Groundwork

joined ATLAS + CMS

a Complex issue of different setups in ATLAS & CMS

LHCtopWG effort from both sides:

effort

Enormous amount of person

power also in understanding of
systematic uncertainties across

both experiments

©
~
[é)]

I~ ATLAS+CMS Prellmmary
- LHCtopWG
ATLAS, L = 36.1 fb'

0.4 + Eur. Phys. J. C 80 (2020) 754

Bl [1/rad]

CMS, L = 35.9 fb'
Phys. Rev. D 100 (2019) 072002

do

S d| Ao(I",
=)
&

= = ATLAS Powheg+Pythia8
CMS Powheg+Pythia8

1

0.3

0.25

S

"7 [FxFx, 2 add. jets]

ATLAS MG5aMC+Pythia8
[aMC@NLO, NLO incl.]

ATLAS Powheg+Herwig7

CMS MG5aMC+Pythia8

B ATLAS stat. @ syst.

Data or MC

TC/I2
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on/3  5n/6
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T

)| [rad]

Mass distribution for W bosons

o
)
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Common (by CMS) =+=
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7\‘\\\‘II\‘\\\‘II\‘\\\‘\l\‘\\\7
r ATLAS+CMS Simulation Preliminary ~ Powmnec+PyTria8 7

Common (by ATLAS) —+— 7:

1

||-
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TRy e Sl Pyrhycb e hy

'|‘*‘._,,+
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¥

i
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0.014
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o o
°
[} -
= 1Y

I3
o}
S 2
(=2} o]

0.002 |

CMS/ATLAS
° ~
o o o
o Ul - 1

Q
£
T

Mass

distribution for reconstructed top

7\‘\\\I|\\\\‘\\I\‘\\\\‘I\\\‘\\7
[ ATLAS+CMS Simulation Preliminary =~ Pownec+PyrHia8 o

r LHCtopWG

Vs =13 TeV
Common (by ATLAS) =—+— —]
Common (by CMS) =+= ]

L L
400
m; [GeV]

a Facilitate future combinations, studies on
systematic uncertainties, etc.
o Vital and critical for success of Run 3 (and beyond)
» Many details, please check:

Towards common MC settings in ATLAS & CMS:
ATL-PHYS-PUB-2021-016 & CMS NOTE-2021/005
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CommonSamplesPlots

TR .
AP

ﬁ\ , 2022
U’ PFOSpECtS at the HL-LHC
Double diff. xsec Polarisation (0 in SM Spin Correlation _
( ) P Cut SUSY tt Single Top | Diboson
1 d2 2 leptons 3180752 46942286 6291825 875681
0- €totr €cut 14 0/o, 14 % 14 0/0, 14 % 2 OA), 2% 9 0/o, 9%
— ( 1 + B cos 6% + B2 cost® - C (a, b) cos 6% cos o> ) [ 2jets | 2230452 | 34109607 | 3035953 | 123486
a d CcOS 9‘1 d CcOS Hb 4 €totr €cut | 10%,70% | 10%,73% | 1%,48% | 1%,14 %
MET 1867103 27796121 2462018 112145
€totr €cut 8%,84% | 8%,81% 1%,81% | 1%,91%
b-tag 1812201 27133968 2204553 49470
€totr €cut 8 o/0, 97 % 8 O/o, 98 % 1 0/o, 90 % 1 o/o, 44 %
b e tq . -
—, Table 3: Summary of flat systematic uncertainties.
t Ve Vu s Vis q Systematic Uncertainty Yellow Report Recommendation
w+ Muon ID 0.5 %
g Electron ID 1%
w- Luminosity 1%
- o b-tagging 1%
t e, l.l,, T, q Pile Up 2%
_ _ = . Theoretical 50 % of current 14 TeV cross-sections
b Ves Vs Vi, 4
Table 4: Summary of shape-based systematic uncertainties.
Systematic Uncertainty Yellow Report Recommendation
. . . PDF M, based look-up table
* Using conservation of 4-momentum (with top pr 9% of Run2
Jet Energy Scale from shape
the mass of the top and W boson Jet Energy Resolton from shape
Renormalization and Factorization Scale 50 % of Run2

assumed)

* The measured b and | momenta together
help constrain the neutrino momentum to
an ellipse.

]

For the double neutrino case, an
additional MET constraint is imposed.

b-jet constraint {\

x10° cms Prolectlon

3000 fb' (14 TeV]
S

3000F

s/bin

sz

constrained

v solutions

-z 5 2500
2 5

Ng

2000
1500

1000

lepton constrain

iboson

400 500 600
Top pT[GeV]
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https://cds.cern.ch/record/2813262

m(i;) (GeV]

o
2\ 2022
(& Prospects at the HL-LHC
R - j“%\
Reminder: Solve the hierarchy problem : :
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— Nneed a 1o uar artner
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oy | N N | | N N = . . .
= Run2 : EPJC 81(2021) 970
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8 ool PR iihfi o150 200 _ P L L L | & top quark properties
o =3 60 v HEN mEE S A
< 600 175 ' > WV 430 §
500 150 ¢ 40 ~ mEn Ll RN 1 2
125 @ & a & J20 E
400 g S
41.00 € 20 Il . o
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4075 E as
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1 L 1 A | A | A | " | l l
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1oozécl>o 500400 500 600 700 800 600 0.00

Significantly better sensitivity
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https://cds.cern.ch/record/2813262

o

2\ h , 2022
\® Prospects at the HL-LHC
Double diff. xsec Polarisation (0 in SM) Spin Correlation
1 d’o 1
— = —(1+ B% cos ¢ + B’ cos6” — C(a, b) cos 6 cos #”)
odcos@?dcos@’ 4
’ CMS
o 0 7?MS \ — 39 .f b_ (13 TeV} Phase 2 Simulation Preliminary 3000 fb™' (14 TeV)
8 8 - : ;gg\(l)\}(:i?Gd\;];a +PYTHIA8 —-:::8 Sr,::orrelated ]
"Ig . — 7 MG ANCENLO s PYTTIAR (B o u Standard model fo * (stat) £ (syst) £ (theo)
° 06; S ]
Y| S - el -] 'V — 0.74+0.07 £ 0.194+ 0.07  cMS PhysRevD.100.072002
: — ¥ Opening angle between
0.4 fresmeem leptons in top parent Alos, Projected e 1.00+0.00+ 0.11 + 0.04
105 _ sS@  Smose . rest fr _me A,\\O‘J —_—— 1.05+0.03+ 0.08 + 0.11  cMS PhysRevD.100.072002
_ Asy Proectd 1.004 0.00 + 0.07 + 0.06
-1 -0.5 0 : 0.5 1 D — 0.98+0.03+0.04 £ 0.01 CMS PhysRevD.100.072002
cosQ
D Projected -+ 1.00+ 0.00 + 0.03+ 0.00
f . Dmeasured - Dtheory,uncorrelated |A¢"| 1.24+ 0.03+ 0.06+ 0.07 ATLAS Eur.Phys.).C 80, 754
SM —
Dtheory,correlated - Dtheory,uncorrelated 1A ¢"| Projected 1 1.00+ 0.00+ 0.04 + 0.04
0.5 1 1.5 2 2.5 3
9 Expected precision - SM spin correlation fraction
— 0 .
0 (2 3) Yo Contributed to Snowmass, CMS-PAS-FTR-18-034
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https://cds.cern.ch/record/2813262

Ep/ion: Entanglement Entropy

of charged particles

Bjorken x

Entanglement entropy based on number
|dea: “regions” of proton by means of

Always very hard to model accurately
Factorization ansatz ? ep VS pp

S =—trplnp = —anlnpn

S = In[xzG(z)]

[ ]
QZ (GeV?)
1.33 1.07 0.93
| | |
Sparton Shadron
4 OMSTW B CMS <05 _
| ONNPDF
| YHERAPDF
Ll
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w
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TPALS
AP

@ CPAD: Detector R&D in the US
« Coordinated Panel for Advanced mml

Detectors
1 Noble Element Detectors
2 Photodetectors
3 Solid State Tracking
4 Readout and ASICs
5 Trigger and DAQ
6 Gaseous Detectors
7 Low-Background Detectors

To SUBSCRIBE to a mailing list called MYLIST:

« Send an e-mail message to listserv@fnal.gov 8 | Quantumand Superconducting Sensors

« Leave the subject line blank .

« Type “SUBSCRIBE MYLIST FIRSTNAME ¢ ey
LASTNAME” (without the quotation marks, and 0 Setector Mechanice
using the string before the @ in the mailing list’s
name as MYLIST- as well as your own name) in 11 Fast Timing

the body of the e-mail message
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https://cpad-dpf.org/?page_id=1549

