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Entanglement is there... M\oS

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

—> stay tuned

---- 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...

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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Entanglement prospects

_ _ _ M f's, latest ;
« Studied extensively theoreticaly. . aSVArﬁkZ .Ja 32 Nogsa

« Measured by the DO, CDF, ATLAS and  Phys. Rev. Lett. 130, 221801 (2023)
CMS collaborations.

* No link between spin-correlations and
quantum entanglement so far. New probes:

* Spin-Correlations not Quantum Discord & Steering
Entanglement!

« However, Quantum Entanglement c
Spin-Correlations.

1.0
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.221801

Future collider landscape

Direct Searches
Depends on
collider
environment e
Future
LHC multi-TeV
Electron-lon collider = colliders
X en
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| Future colliders (FCC like)

©
HL® ©

Differential Time [yrs]
Detector “Precision”
005G —-6)% Quote: Reports that say that something hasn't

happened are always interesting to me,
because as we know, there are known
knowns; there are things we know we know.
We also know there are known unknowns;
that is to say we know there are some things
we do not know. But there are also unknown
unknowns — the ones we don't know we don't
know.
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\Hard Groundwork

a Complex issue of different setups in ATLAS & CMS
* LHCtopWG effort from both sides: e o o W b

Mass distribution for reconstructed top

.« . TO'O7\‘\\\‘||\‘\\\‘||\‘\\\‘\|\‘\\\7_I"— 7\‘\\\||\\\\‘\\l\‘\\\\‘l\\\‘\\7
JOIned ATLAS + CMS effo rt '% r ATLAS+CMS Simulation Preliminary = Pow HEG+PYTHIAS ] %g 0.014 F ATLAS+CMS Simulation Preliminary 1’0m_m,+1’\1umﬁ_i
C o.04 [ LHCIopWG f=13TeVv 4 O F LHCtopWG f=13TeV ]
= o4 P Common (by A\TLAS) —— 1 goonz|- Common (by A\TLAS) -
 Enormous amount of person S ok Common by M) =+= 1 2, ¢ Common (by CMS) =+~
o - -
. . . (Y 8 C
power also in understanding of & f ERE:
L 0.006 |-
systematlc uncertainties across oot |- = i
0.002 |
both experiments R
g 1.05 _I":'; . _E g 1.05
=3 0.45 T | SR E ] "-'_H T SRL HY . +J_q_"|"'|' hail !1_ g
& B ATLAS+CMS Prellmmary Vs = 13 TeV (Nov. 2020) ] > AILEET T &
= - LHCopWG s eV (Nov ) ] 2 o5 %; Y iy E 2 0o = E
e + ATLAS L 36 1 fb1 - 0_9 i Il ‘ L L1 ‘ 11 Il ‘ L1 L ‘ | I - ‘ L L1 ‘ 11 1 ‘ L1 L B 0‘9 E L ‘ L L1 1 | L1 L ‘ - 11 ‘ L L1 ‘ 1 11 L ‘ L1 B
— 0.4 T Eur Phys.J.C 80 (2020) 754 —_—— 4 6o S0 100 120 140 160 180 o 200 250 300 350 400
[ 1 = f;.#._f.:: my [GeV] my [GeV]
CMS,L=359fb | ]
8 Phys. Rev. D 100 (2019) 072002 i

= = ATLAS Powheg+Pythia8 |

S d| Ao(I",
o
&

a Facilitate future combinations, studies on

IIIIIIII|III

I CMS Powheg+Pythia8 r-—-o*—-—!
0.3 ettead e ] SYSTEMAtiC uncertainties, etc.
WO s ereenatorsl 1 o Vital and critical for success of Run 3 (and beyond)
0_25__ ----- ATLAS Powheg+Herwig7 — .
i awsuesavc.emes | o Mlany details, please check:
% i ' ' ' ' [LHCtopWG: Common samples]
o5 B ]
== e o T L Y K LT ELT — - X
= 1"""""“’“’*(“"“;*““}‘“ Towards common MC settings in ATLAS & CMS:
8% g.gsf B Ao & Moo . ATL-PHYS-PUB-2021-016 & CMS NOTE-2021/005
n;_ 0 /6 /3 /2 27E/3 5n/6 b1

Parton level| Ao(I*, IN)|[rad]
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CommonSamplesPlots

Prospects at the HL-LHC

Polarisation (0 in SM)

Spin Correlation

Double diff. xsec

Cut SUSY tt Single Top | Diboson
1 d2 1 2 leptons | 3180752 46942286 6291825 875681
g €rotr €yt | 14%,14% | 14%,14% | 2%,2% 9%,9 %
— =—(1+ Bf,l_ COS Qf_ + Bli COS 6”1 — C(a,b)cos 6’?_ COS 6’3 ) [ 2jets | 2230452 | 34109607 | 3035953 | 123486
a d CcOS gid CcOS 913 4 €0t €cut | 10%,70% | 10%,73% | 1%,48% | 1%,14 %
MET 1867103 27796121 2462018 112145
€rotr €cut | 8%,84% | 8%,81% | 1%,81% | 1%,91%
b-tag 1812201 27133968 2204553 49470
€totr €cut 8 O/o, 97 % 8 O/o, 98 % 1 0/o, 90 % 1 %), 44 %
b e Tq . -
_— Table 3: Summary of flat systematic uncertainties.
t Ve Vu s Vis q Systematic Uncertainty Yellow Report Recommendation
w+ Muon 1D 0.5 %
g Electron ID 1%
w- Luminosity 1%
- - b-tagging 1%
§ e, 1T q Pile Up 2%
- - . Theoretical 50 % of current 14 TeV cross-sections
b Ve H Vu ] V‘t J q
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.

x10°

=4
o
<

b-jet constraint {“

_\._\_\<

N,

constrained

v solutions

lepton constrain

CMS Projection
e L R S e

3000 fb' (14 TeV!
—ree e B2

£ 3000F
) L

z § 2500
& 25001
2000}
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1000f

100

Single Top .
Diboson 1
—— SusY m.=1825 GeV m,=15 GeV ]

200 300 400 500 600
Top pT[GeV]
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Prospects at the HL-LHC

Reminder: Solve the hierarchy problem
— need a top quark partner

Signal to bg separation at 185 GeV

lor ” E
Ipr Qi a O
Mmoo Q o
s 5 PO
A;II[ [Z) O t
e - b
li b
CHidden layers
Employ Machine
learning to construct
a more powerful
discriminant based on
top quark properties

CMS Phase 2 Simulation Preliminary (13 TeV)
v
s~ g 6 Sig m(f) = 185, m(xo) = 10 GeV test
/ t N > Background test
\ Os Sig m(f) = 185, m(xo) = 10 GeV train
— —— t— —p— — = X
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h \ <,
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—_—— e — — —
h h 3
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Significantly better sensitivity
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Prospects at the HL-LHC

Double diff. xsec Polarisation (0 in SM)

1 d’o
odcos@?dcos@’ 4

CMS 35917 (13 TeV)
(%. 07, T T T T T T |
@) 3 e Unfolded data ----NLO, SM 1
Ol o r — POWHEGV2 + PYTHIA8 -~ NLO, uncorrelated 1
Ib-c 0 6: -.- MG5_aMC@NLO + PYTHIA8 [FxFx] )
bt ) - sssa $ .. _i
U L -
: — ¥ Opemgg angle between
0.4 o leptons in top parent
F ‘ . rest fra
1,05/ mStat état@Syst——; _me
> ,
o
2
'_

D measured ~ D theory,uncorrelated

fsm =
D theory,correlated — D theory,uncorrelated

- Expected precision:
02 —3)%

Spin Correlation

_ 1(1 + B% cos 6% + B? cos#® — C(a, b) cos #* cos 6°)

3000 fb™' (14 TeV)

foy £ (stat) £ (syst) £ (theo)
0.74+0.07 + 0.19 + 0.07
1.004£0.00+0.11+ 0.04
1.05+0.08+ 0.08 + 0.11
1.00+ 0.00+ 0.07 + 0.06
0.98 + 0.03 + 0.04 + 0.01
1.00+ 0.00 + 0.03+ 0.00
1.24+0.03+ 0.06+ 0.07

1.00+ 0.00+ 0.04 + 0.04

CMS PhysRevD.100.072002

CMS PhysRevD.100.072002

CMS PhysRevD.100.072002

ATLAS Eur.Phys.).C 80, 754

CMS
Phase 2 Simulation Preliminary
Standard model
Acory ~—————
AL‘:W Projected e
Ay, i
A| A0 Projected e
D —
D Projected <+
Iy .
|A¢"| Projected ——
0.5 1

1.5 2

2.5 3

SM spin correlation fraction

Contributed to Snowmass, CMS-PAS-FTR-18-034
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_Slde track: What to measure... .

359fb (13TeV) Phys. Rev. D 100, 072002 (2019)

c

o

3

» Observable Coefficient | Coefficient function
[7)]

@ cos 6% Bt b
) cos 0% BX v
8 cos 0] B b
c 14 14 -
3 cos 0} B} b,
2 cos 67 BY b}
T cos 0 B} b,
)

® cos 0% cos 6% Cic Cik
= r r
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g cos 67 cos 65 Con Con
= cos 0 cos 0% +cosb5cos6y | Cu+Cr, | e
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COS Prap A, >
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& € -
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e e e e < <
O O O oc o:

Bin of normalized differential cross section

Correlation are non-trivial and only experiments can determine!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

|Future colliders (FCC like)

©,
HL@ ©

Differential Time [yrs]
Detector “Precision”

05 —6)% 02 —-3)%

Theory:

e+e- @Permille level
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Future colliders (FCC like)

Proposal Name CM energy Lum. /TP Years of ears to )| Construction | Est. operating
nom. (range) | @ nom. CME | pre-project first cost range electric power
[TeV] [103% cm 257 1] R&D physics [2021 B$] [MW]
FCC-eel? 0.24 7.7 (28.9) 0-2 13-18 12-18 290
(0.09-0.37)
CEPC!2 0.24 8.3 (16.6) 0-2 13-18 12-18 340
(0.09-0.37)
ILC? - Higgs 0.25 2.7 0-2 <12 7-12 140
factory (0.09-1)
CLIC? - Higgs 0.38 2.3 13-18 7-12 110
factory (0.09-1)
CCC? (Cool 0.25 1.3 13-18 7-12 150
Copper Collider) (0.25-0.55)
High Energy ILC 3 6.1 19-24 18-30 ~400
(1-3)
High Energy CLIC 3 5.9 3-5 19-24 18-30 ~550
(1.5-3)
High Energy CCC 3 6.0 3-5 19-24 12-18 ~700
(1-3)

« Avery interesting perspective is provided by future colliders, where ttbar pairs are
expected to be produced from e+e- collisions, such as the FCC-ee
* Channel: In particular, in future linear e+e— colliders

PURDUE A. Jung
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e CC ee — Prospects

""" T . . . . lFebfu?r/i'O:Z
1.4 [ tEthreshold - m{* 171.5 GeV ]

- —QQbar_Threshold NNNLO —FCC-ee 350 LS only 1
1.2 - —ISR only —FCC-ee 350 LS+ISR ]

« Ultimate precision for top quark properties:
mass, width, and Yukawa coupling

« Can use measurement of cross section
shape around threshold to extract m;, I, y;
and ag

 m; @ I; simultaneous fit expected 6444
+17 MeV (m;), =45 MeV (I})

* O5yst dominated by theory, e.g. m; ~ 45 MeV!

e Current top mass average (LHC + Tevatron):
172.69+0.3 GeV

 Entanglement prospects: Prepare initial
state!

cross section [pb]

1[0 _
107 ¢ ttZ

Cross section [fb]

« HERA demonstrated polarization is 10°
possible but challenging and time- e
dependent! S
« EIC will have improved methods... V5 [GeV]
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il FCC ee / CEPC — Prospects

Ultimate precision for top quark
properties: mass, width, and Yukawa

coupling

Can use measurement of cross
section shape around threshold to

extract m, I}, y, and ag

m; @ I’y simultaneous fit expected
Ostat: =17 MeV (m;), £45 MeV (I})
dsysc dominated by theory, e.g. m; ~

45 MeV!

Current top mass average (LHC +
Tevatron): 172.69+0.3 GeV
Entanglement prospects: Prepare

initial state!

Entanglement proxy matters...

[arXiv:2309.08103]

e+e- 2 Zh, h—>tau tau:

Channels Obs. QM Clas. Exp. @CEPC
A 0.164 0.119 0.155 £ 0.287
Z U
m1 + ma >1 <1 2.124+1.11
A 0.164 0.119 0.140 £ 0.098
Z — 33
m1 + ma >1 <1 1.20 £ 0.37

0.7 T T 1 T T T T T T
0 True @Parton
Rec. @Had.

— — Rec. @QLep.

S
o

N~YdN/d cos O
(@]
ot

0.4 .
1 sigma-level

lTiTlTl‘lil"_l"—l"—'

0 3 1 Il 1 1 I 1 Il 1 I Il 1 1 I 1 1 1 1

-1.0 —-0.5 0.0 0.5
cos O r

A:

1.0

N(cosbr <0) — N(cosb > 0)

N(cosbOrr < 0) + N(cosbr, > 0)
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https://arxiv.org/pdf/2309.08103.pdf

FCC ee — Timeline

[ FCC-ee physics run ]

Start accelerator commissioning Start detector commissioning

End of HL-LHC operation Start detector installation

Start accelerator installation

Start accelerator component production
Technical design & prototyping completed

Start detector component production
Four detector TDRs completed

Ground-breaking and start civil engineering

Start engineering design Detector CDRs (>4) submitted to FC3

Completion of HL-LHC: more ATS personnel available
FCC Approval, R&D, start prototyping

Completion of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming

European Strategy Update
Detector Eol submission by the community

European Strategy Update
FCC Feasibility Study Report

W

p——

[ FCC-ee Accelerator

FCC-ee Detectors

Slide from

[ Key dates j
Michael Benedikt

‘ - Essentially need to start R&D on detector (& accelerator) now-ish! \
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Belle Il — Prospects

 Circular colliders pushing the frontier on EW precision
e.g. FCC-ee at Z-pole, 5x10'? compared to Zee ~ LEP x 10°

Particle production (10°) B° /B° B+ /B~ B°/B. Ay/Ay & 7 /7t
Belle 11 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150
Quantity current | ILC250 | ILC-GigaZ FCC-ee CEPC CLIC380
. i : Aa(mz)~! (x10%) | 17.8* 17.8* 3.8 (1.2) 17.8*
Flavor physics with Amy (MeV) 12* | 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)
~10"2bb, cc (CKM, CP Amy (MeV) 2.1* | 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1*
Ampg (MeV) 170* 14 2.5 (2) 5.9 78
violation in neutral B ( 2 1.2 (0.3) 1.8 (0.9)
mesons,...) 1.5 (0.2) 0.12 0.005 (0.025) |  2.3*
14 (45) | 1.5 (8) 1.5 (2) 60 (15)
* Tau physics program 82 (4.5) 3 (8) 3.0 (1.8) | 390 (14)
i 86 (4.5) 3 (8) 1.2 (20) 550 (14)
with ~2x1011 7 (lepton 53 (35) 9 (50) 3 (21) 360 (92)
universality, ...) 140 (25) | 20 (37) 6 (30) 190 (67)
Ac?_, (pb) 37 0.035 (4) 0.05 (2) 37
« QCD at the Z (coupling, SR, (x10°) 2.4* | 05(1.0) | 0.2(0.5) 0.004 (0.3) 0.003 (0.2) | 2.5 (1.0)
. 6R, (x103) 1.6* | 0.5 (1.0) | 0.2(0.2) | 0.003(0.05) | 0.003 (0.1) | 2.5 (1.0)
fragmentation....) SR, (x10°) 2.2 | 0.6 (1.0) | 0.2(0.4) 0.003 (0.1) 0.003 (0.1) | 3.3 (5.0)
« and much more SRy (x103) 3.1* | 0.4 (1.0) | 0.04 (0.7) | 0.0014 (< 0.3) | 0.005 (0.2) | 1.5 (1.0)
SR.(x103) 17* | 0.6 (5.0) | 0.2 (3.0) 0.015 (1.5) 0.02 (1) 2.4 (5.0)
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Belle Il — Prospects

« At B-Factories, e+e—- collisions can be
properly adjusted in order to create Y(4S)(b
b).
* Y(4S)(b b)decays to BO + BO, where we
have |BO) =[ bd),| BO) =|b d).
 We get an entangled state:
.+ 132 (|BOY| "B0O)Y — | "B0)|BO)).

e~ g b

“" By H.G. Moser °

solid lines: SM expectation

concurrence

05 . “signal” region for observing entanglement

-1.0 -0.5 0.0 0.5 1.0

By Christian Veelken

Collider Type NE P[%] Lint
e /et |ab™! /IP
HL-LHC PP 14 TeV 3
ILC and C? ee 250 GeV [+80/ £ 30 2
c.o.m almost 350 GeV |80/ +£30| 0.2
similar 500" GeV |+80/ 4+ 30 4
1 TeV |+80/+20| 8
CLIC ee 380 GeV | £80/0 1
CEPC ee Mz 60
2Myvyy 3.6
240 GeV 20
360 GeV 1
FCC-ee ee Mz 150
2Myy 10
240 GeV )
2 Miop 1.5

A YA
Assume the same Polarization not
physics reach for ILC in baseline

and newly proposed .
LY design for C3

C3
\ AN J
Other technological solutions

(including HELEN) summarized in
https://arxiv.org/pdf/2209.14136.pdf
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h . h 2208.06030
R ...even further into the Future
Proposal Name CM energy Lum./TP Years of [ Years to ]| Construction | Est. operating
nom. (range) | @ nom. CME |Jpre-project first cost range electric power
[TeV] [1034 cm—2s571] R&D physics [2021 B3| [MW]|
Muon Collider 10 20 (40) >10 >25 12-18 ~300
(1.5-14)
FCC-hh 100 30 (60) >10 >25 30-50 ~560
SPPS 125 13 (26) >10 >25 30-80 ~400
(75-125)
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...even further into the Future

FUTURE
CIRCULAR
COLLIDER

FCC timeline

| NN D —
 Fessy iy ] e |

Geological investigations, infrastructure Tunnel, site and technical
detailed design and tendering preparation infrastructure construction
FCC-ee accelerator and detector R&D and technical
design
. Long model magnets,
Superconducti ts R&D .
pm‘mypes, a
FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector
and technical design construction, installation, commissioning

20 FCC-gg, [ 10 years
~ 15 years operation

FCC-ee dismantling, CE
& infrastructure
adaptations FCC-hh_

FCC-ee accelerator and detector
consfruction, installation, commissioning

High-field magnet
industrialization and

series production

FCCh, 70
-5 e

Note: FCC Conceptual Design Study
started in 2014 leading to CDR
in 2018

Technical schedule:

T FCC-ee could start

operation in 2040 or earlier

{
Feasibility Stud Project I b HL-LHC O ti f FCC [¢] ti f FCC-hh
easibility Study roject approval by ) peration o -ee peration o -hh
(geology, R&D on accelerator, CERN Council Construction starts ends (15 years physics exploitation) ~ (~ 20 years of physics exploitation)

detector and computing
technologies, administrative
procedures with the Host States,
environmental impact, financial
feasibility, etc.)

(or alternative project selected)

[ ) Y v

Realistic schedule takes into account:

U CERN Council approval timeline

O past experience in building colliders at CERN

Q that HL-LHC will run until ~ 2041

- ANY future collider at CERN cannot
start physics operation before 2045-2048
(but construction will proceed in parallel to
HL-LHC operation)

F. Gianotti

- Essentially need to start R&D on detector (& accelerator) now-ish!

PURDUE A. Jung

UNIVERSITY
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US perspective: Snowmass

Proton Driver Front End Cooling Acceleration Collider Ring
m I .
. . . . |B=T 5 5|2 2T, o o
g £ £ £ |95t El8 % < £ =
= = c ‘g > 56 S 2 |© % 8 - @ 8 be)
A E &8 & [8Ex® g|8 4L © 2% o 2 —
,g, © 93 § e go 2 8as 2 2 Accelerators: H “
< § a alz 2 = Linacs, RLA or FFAG, RCS
= O
Short, intense proton lonisation cooling of Acceleration to collision  cojiision
bunch muon in matter energy
Protons produce pions which
decay into muons
muons are captured 500 |
Parameter Symbol unit
Centre-of-mass energy E.,, TeV 3 10 14
O] V34 —2 2 | oc A > 200t
Luminosity L 10°"em™%s | 1.8 | 20 40 2
Collider circumference Clroll km 4.5 10 14 :. 100
Average field (B) T 7 | 10.5 | 10.5 \4
Muons/bunch N 102 22 18 | 1.8 50|
Repetition rate fr Hz 5 ) D
Beam power P.oi MW 5.3 | 144 | 20
Longitudinal emittance €r MeVm 75| 75 | 7.5 20— : ' ' '
e o e s . » '3 14 ¢ > 14 5 10 15 20 25 30
Transverse emittance € pm 25 25 25
B * 3 =4 =4 2
P bun(l} lengt‘h ()’; mm : 1.2 1.Q7 [ sy [TeV]
IP betafunction 5} mim 5) 1.5 | 1.07
[P beam size o pm 3 0.9 | 0.63
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- Significant R&D is required to demonstrate MuC elements (Cooling, Fast ramping

magnets, Target, Neutrino Flux, Beam Induced Background,...)

* Renewed interest in the U.S. and Europe _
pu pr

- Formal collaboration formed e L S -
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» Exciting new opportunities...
- Essentially need to start R&D on detector (& accelerator) now-ish!
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Slide by Anadi Canepa

US Snowmass perspective

LHC

Higgs Factory

Multi TeV Colliders

Establish a targeted Develop an initial design for a first
- P stage TeV-scale Muon Collider in the
ANAE ANA Prioritize LHC and e*e” Higgs factory
20295-2030 | ,x experiments detector R&D Us.
program Support critical detector R&D towards
] EF multi-TeV colliders.
Continue
strong support Support construction Demonstrate principal risk mitigation
2030-2035 for the HL-LHC of an e*e~ Higgs for a first stage TeV-scale Muon
physics factory. Collider.
program.
Continuing
support of the
HL-LHC Support completing Demonstrate readiness to construct a
physics construction and first-stage TeV-scale Muon Collider.
Atrter 2035 program to the establishing the Ramp up funding support for detector
conclusion of physics program of R&D for energy frontier multi-TeV
archival the Higgs factory. colliders.
measurements

“The US EF community has also expressed renewed interest and ambition to bring
back energy-frontier collider physics to the US soil while maintaining its international
collaborative partnerships and obligations.”

PURDUE A. Jung

UNIVERSITY
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- Will be the 2nd ep/lon collider after 1st HERA ep collider @DESY
- Probes of Entanglement ?

Key facts

The Electron-lon Collider User Group (EICUG) consists of more
than 1200 physicists from over
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2.4 miles long accelerator 10% -

Project Design Goals

10% =

. High Luminosity: L= 1033 — 1034 cm-2sec-1, 10 — 100 fb-
1/year

Luminosity (cm2 sec?)

. Highly Polarized Beams: 70%

i Gluo‘s in nucleons and
1022 j= éNucIear Structure | ket -1

. Iéar\g;e Center of Mass Energy Range: E., =20- 140 |
e :

- Large lon Species Range: protons — Uranium ° ey Bl =0

. Accommodate a Second Interaction Region (IR) with a 2nd

Higher Energies
detector

Physics g%oals: Understand origin of mass & spin of the nucleon
structure / proton
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https://www.eicug.org/content/map.html

Ep/ion: Entanglement Entropy

 Entanglement entropy based on number  S=—trplnp=—-) p,Inp,
of charged particles "

» Always very hard to model accurately S = InfzG(z)]

« Factorization ansatz ? ep vs pp

Vi v 4 T T T — T T R — T T T — T
Qs (GeV?) 5 < Q* <10 GeV? 10 < Q* < 20 GeV?
1.33 1.07 0.93
| I | ] 3}
sparton Shadron 1
4 OMSTW B CMSm<05
ONNPDF HSS: In(z¥ + zq) HSS: In(zX + zg)
i | I — = NNPDF31 NNLO: In(zX + zg) 1 — =— NNPDF31 NNLO: In(zX + zgq)
w - *HERAPDF 4 - = -=NNPDF31sx NNLO+NLL: In(z¥ + zg) - == =NNPDF31sx NNLO+NLL: In(zX + zg)
(’) 1 10 10-* 101 10 1072
4

2+ T el 0<@QP<d0GV? ] eszss 10 < Q® < 100 GeV?
~;~. < Q"< AP,
™ 3 3k
0 ] 1 L # HSS: In(z¥ + zg) HSS: In(xX + xg)
10_4 10_3 Il — — NNPDF31 NNLO:In(z% + zg) 1T = — NNPDF31 NNLO: In(zX + xg)

= =« =NNPDF31lsx NNLO+4NLL: In(zX + xg) = = - =NNPDF31sx NNLO+4NLL: In(zX + xg)
X 0 1 1 1 1 i1 1111 1 1 '} A1 1 111 O 1 1 11131 1111
10! 107 1072 10°* 1073 1072
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Initial State: Polarization of e-beam

- HERA demonstrated polarization is
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 FW'|I| )

fill to suppress systematics 50 — e 1
* Spin need to be longitudinalin -~ _ 20| HERA _____-_____:-:_I_:.:—-

the IP T o o '
» Electron spin need to be 40 t

vertical in the arcs ool P(0)=+85%
. Systematic uncertainties for 100 - - L0)=-59%

t | t . ) 0 5 10 15 20 25 30
entanglement proxies 7 ftrmin]
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Lots of opportunities ahead...

i TF8: Mechanics, Cooling,
* ECFA (European Committee for Future SoTomes, ~o0lng

-
Magnets, Services Y
& ¥
Accel matrix of im d ” "’ 7/
S & g &
ccelerators atrix or experiment/detector & L& F FE& &F E8y
& & N @ & & o o o o o5 &
S& o d C‘:"§e“’°(‘§/é’\o S5 e §fo &5
. FEFILTILIIITITISIILCTSLE s
mapped to technologies / R&D (DRD —— B weae
Conductor development 8.1 o . . . . . .
N UL solenoid 81 o
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° High field dipole 81 ()
T below CO» 82 [ ) [ )
Gas cooling 8.2 . . . . . . . [
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https://cds.cern.ch/record/2784893
https://cpad-dpf.org/?page_id=1549
https://aidainnova.web.cern.ch/european-roadmap-detector-rd

« R&D efforts on low-mass support structures Multi-functional composite structure
with integrated services for silicon detector Integration of cooling and other

systems g services into the support structures to

reduce mass further

* Novel approach to mechanics design
from inception phase of the
detector

 Need to start early/ier with R&D...

Future Mechanics and R&D:
1. “BlueSky Mechanics” for detectors at

future Colliders (FCC, muon, LC,
etc.) https:/arxiv.org/abs/2203.14347

2. “CalVision” project for mechanics of

dual readout calorimetry
https://arxiv.org/abs/2203.04312

Basic Research Needs for High Energy Physics
Detector Research & Development

ey
~ | =

' : D ’
| i
i §
i
)

LT

Spools of Carbon Fiber Interior of Impregnation Chamber Carbon Fiber

Impregnated with PPS
PEEK cooling line

Continuous fiber (AS4)
impregnated with PPS

carbon reinforced PPS
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https://arxiv.org/abs/2203.14347
https://arxiv.org/abs/2203.04312

| Want great physic’s results — why should you care ?

" Future detectors are huge, “mechanics” is a significant fraction of material
and also of the cost — serious risks related to raw and rare materials

= Substantial R&D in all areas to make FCC-ee/hh, muonC or others a reality

= |nterdisciplinary R&D can realize additional synergistic activities

= Lowest mass yet stiff and conductive (thermally and electrically) requires new approaches
https://arxiv.org/abs/2203.14347

Fraction of mechanics vs entire Detector material — 0.05
= Q - Private - work in progress
5 — -
€ A al === Impact of Mechanics (c) Q .04 — TDR, default :
3 0.3 — ?nrq‘p'lég??‘fr'?\?échan.cs iz . — EC combined, proposed
g - == Prgggsed Mechanlcs budget 0.03F — EC only Dee, proposed
%02
“6 3
c
Q
©
S = l ------
L 0.1 o I
i i
o 05 1 15 2 25 3 35 4 N
- 0O 05 1 15 2 25 3 35 4

Inl

» Can improve b-ID efficiencies by ~2% per b-jet and high b-jet multiplicity ~10% (absolut!)
« Significant improvement by novel approach, b-ID relevant for top & Higgs physics
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https://arxiv.org/abs/2203.14347

B Conclusions & Outlook

= Quantum entanglement/tomography (at high energy colliders)
" New and exciting field of Quantum Information in HEP
" New approach to test & challenge the SM

= \ery interesting workshops (Oxford, 1/4/3 Purdue, Florencia)

= LHC: ATLAS measurement of entanglement in top quark events,
non-trivial, complex “mixed-state” production

= Future ete™ machines: carefully prepared initial state
(including tunable beam polarization, except C3)

= e+e- seems promising scenarios to study Ql problems
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