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Performance -2 new strategies

o140~ ATLAS Online Lumincsity ' J
® With energy increase the search concentrates on new (rare) :iz— = -
signatures ;; o

® E-U channel for top quark discovery at the Tevatron & !

o 7724l for Higgs boson discovery at LHC :

® 3-lepton golden channel for SUSY

Run 3
e With increase luminosity shift to kinematic characteristics g
® Bump-hunting i-
e Tails of distributions . 1/ /
PR ﬂ‘,;a:h T:m PO N N
® Further increase — angular correlations — physics of spin
TR/I('KFR' B barrel New Small Wheel (NSW) P id
- CRYSTAL ECAL Total weight . 412500 T muon chambers muon chambers Darrettorold mognet
CMS &en:: dhammr ;ﬁg m
/ ua;':euc - A Tosla
y I PRESHOWER

endcap
muon chambers inner detectors

RETURN YOKE

endcap toroid

SUPERCONDUCTING magnet

MAGNET

- FORWARD
CALORIMETER

@ solenoid magnet
barrel hadronic calorimeter

7y~ \
ATLAS
k MUON CHAMBERS EXPERIMENT /
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CMS

Outline

® CP and polarization of Higgs boson
e Atlas: VBF production, H2yy decay
e CMS: H2> 11
e CMS: H>Z"2Z>41
* Entanglement in Higgs decay
e CMS and Atlas: H2Z*Z—>4]
* Entanglement and quantum observables in top-antitop system
* Atlas and CMS — dilepton channel
® CMS — leptontjets channel

* “Toponium” — quasi-bound state production

* Atlas and CMS — dilepton channel
® CMS — leptontjets channel

® Conclusions

\ /
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Higgs boson properties
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CMS

CP and polarization of Higgs boson

» Current experimental sensitivity still allows for possible CP-violating contributions
e VBF Higgs production with H=>yy decay, using 164 fb*! of Run3 data

+ HVV couplings can be probed via VBF/VH production and HVV decays
(g q q Wz ) ( Wiz 7 )
wiZ -
(|
. - A \ H wiz " V2
\ : J \ /

+ Using the Standard Model Effective Field Theory (SMEFT) formalism to parameterize
the HVV interactions

¢;: Wilson coofficients Operator Structure | Coupling
Lowerr = Lsm + Z P 0;: SMEFT CP-odd dim-6 S Busis
operators Opyw  @OWI Wil ¢ o
Cross-section decnmposnmn. Ogwp @ Tf"t’“;a B ey
Owp '8, B Chi
=0M|] +ZA,”¢, +ZBmc +Zcﬂ,1c,c1 ,
i<j
Lmear Quadratu: Cross-term
. (CP-0dd) (CP-even) (CP-even) .
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CP and polarization of Higgs boson
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0.1} smd ]
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S 8o ATLAS + Data E
8 o f /s=136TeV, 164 10" Ve s
B 79E VBFH - yy & E
S .
2 = Other Higgs 3
L
S 60 M, €[120, 130] GeV [ Cont. Bkg. =
2 - a_shape-only, T+M +L Syst. Unc. =
50E- In(1+S/B) weighted 3

| |VBF (a=1.10) | iVBF(a=202) [ _VBF (3 =084)

o

Polarization:
o =g(HV V)/g(HVV)
ar=g(HVV7)/g(HVV)

In the SM: o = a7 =1,

anomalous couplings predicted by BSM models,

e.g., composite Higgs

CP and polarization of Higgs boson

* Sensitive to polarization — Ad¢ between VBF jets

ATLAS
Vs=13.6 TeV, 164 fb’’

a; (shape+rate) —o—

Expected -»- Observed

Best Fit 95% C.L.

0.91 [0.70, 1.14]

Regina Demina, University of

[0.77, 1.25]
E 0.91 [0.50, 1.20]
—*

a; (shape-only) : [0.61, 1.31]

: 1.04 [0.93,1.17]

a, (shape+rate) R [0.89, 1.13]

g 1.10 [0.84, 2.02]
aL(sthe-nnlﬂ | i ' | | [0.77,165]
0 0.5 1 1.5 2 25 3

Parameter value
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CMS.
~—  CP structure of Higgs-t Yukawa coupling
® Use T2 e, U, or T, P, a'P, a’pP" decays, with P — the charged decay

product momentum, R — their Impact parameter vector from PV

CMS Frokiminary P B2 4l (156 Tely

Mode e*rv p*ww h¥v h™n% h¥n’z% h*h"h™v E‘j pwinman ~ T pereman 1 meram 1 poremm ] =D
: I s {Beat )
Type T, T, Th Th Th Th w Bz
B{%} 17.8 174 115 259 9.5 9.8 " -m
Resonance  — — —  p(770) ay(1260) a,(1260) _mﬁﬂ.
Symbol e p m a,” a” : g i : T
o8 - - : L e
R . f T " ﬁrmru.lmlm.'rr'l
econstru;ctlon ¢} (I)CP ; CMS Frsiminary " 24w 130 e
E EoTamAaT : BT 87 BOT oE-0E| |BOT B3 ~4— Data
- P B ’ | |
R*- R*- b
\ |:> ‘ﬁl_ b 'ﬁl‘ ta b . : —
_P's+ ﬁ'a+ i:: + _P'-+ § u?: :‘rﬂ_ N T‘- == ++:k +H-+-+*m+{ﬁ.++m+++1i+
‘ a—.u—m—: Bin numbar
CMS Profiminary . o 24 W7 (156 Tel)

180T 3700 I (BOT D003 : IBO0T 08-1.0)

g .k ; s :

R A e A

= n w Jlﬁ J’;‘_ El
e Ein numbar

K CMS-PAS-HIG-25-012 /
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CMS

CP structure of Higgs-t Yukawa coupling

e Use H2> 1T channel to constrain the effective CP mixing angle oHTT of
the admixture of scalar and pseudoscalar couplings

HTT =7 4+ 16° , SM d val fO T 14°
* A =7 * , expected value o + :
- CMS pFraliminary 62,4 ' (13.6 TaV) 1
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% 2 1.75 ¢» Best fit —— 95.5% CL j25c\'|
gk _y - -- 99.7%CL
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Spin correlations in H—ZZ—4l (Atlas)

The golden channel of Higgs discovery continues to deliver stunning results

1251

i ; e 100; = iice;:;irmy ﬁ
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$=1Z bosons — 2 qutrit system > entangled hypothesis (blue solid line) meclGe
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Entanglement in H—=ZZ—4| (Atlas)
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, CP structure of Higgs
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CP structure of Higgs and entanglement of Z bosons
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The fully longitudinal (f;) and fully transverse (f;) Z boson polarizations are excluded at >60.
=> entangled state of qutrits (assuming Quantum Mechanics and CP conservation)

conditions exist for measuring violation of the Bell—type inequality in the H—ZZ decays

(assuming large coherence of the transverse and longitudinal amplitudes) /
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CMS
EFT analysis of HVV couplings

Dashed blue line - f1;= 0.5
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o ol o o o = 3 fixothers 0017005 [-0.09,0.16] 0.00735; [-0.09,0.10]
T | el s, floatall 0.17+223  [—0.03,0.63] 0.00°0%% [—0.23,0.83]
DX el | = S DY, 2 fixothers 03302  [0.00,077] 0.00°01 [-0.15,0.79]
5% B Sm in N
T ot b e 2, floatall  0.0073% [-0.18,0.19] 000703 [—054,0.57]
. L e 2 fixothers  0.02'5) [—0.09,0.26] 0007 [-0.39,0.41]
e s — o floatall 0.00°0%2  [-0.19,0.08] 000705 [-0.22,0.11]
CMS Praiminary :::t 13 and 136 TeN) ) CMS Fraiminany Ei:b'-j‘zan:llﬁ TeN) = fix ﬂtthS _ﬂﬂltggé [_013' Dm] [}DDZRE% [—[}.DB, [}[}7]
=ig S Nl s, foatall 0.06*042 [—0.13,042] 0.00792 [—0.60,0.47]
:‘“ e B A fixothers  0.09100 [—0.04,035] 000701 [-041,0.31]
vy & } = { vy 0,08 011
D CP% wEEE % 1 D int
uﬂ'_lu:d:— L% &0 I_i_
u a | .
.
r'_z (.c 1 . - n . .
' D'EE D
Observed and expected constraints on fractional contribution in the EFT framework.
A simultaneous measurement of eight Higgs boson couplings to electroweak vector bosons is carried
out within the frameworks of anomalous couplings and effective field theory.
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Top quark-antiquark pair at LHC
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CMS
Spin correlation in top-antitop system

Polarization, P and spin correlation matrix, C determines

the angular distribution of the decay products in the helicity basis

K - spin analyzing power of top/antitop decay products — max for charged
leptons and d-type quarks (d or s)

() — unit vector in the direction of the decay product
2x3(P)+3x3(C) =15 coefficients Q_

There is a shortcut: use y —opening angle between the two decay products in

.
-\i\:k\

asin [1212.4888] 5 w/w
90 _ G (1+xP-Q+kP-Q-KiQ-C-B) o)
deQ rorm | d |

rotated tt frame (a.k.a helicity angle) ol
ds
= A(1+ DkK cos ¢)
dcos c .
and )z, where the sign of n-component in one of the decay products is q;
I ted: do ~ ~ "
TR — = A(1+ DK cos )
\_ dcos x -
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CMS

Spin correlation and entanglement in ttbar system

Top quark has s=1/2,itis a qubit -> Top-antitop quark pair is a two-qubit system
The system is considered segarable if its den51ty matrix can be factored into individual states

apff

Otherwise, it is considered entangled = Peres-Horodecki criterion

DE = Cnn+ | Crr +Ckk |>1

%) = — (1) £ |4)),

Hg]H
[N}

There are four pure maximally entangled (Bell) states:

[TF) = —= ([T £ 1))

1.0 %
oo at high M t?triplet vector state
o8 (Pr-@, P, O+ D)

0.7

at low M 7 singlet
pseudoscalar state ¥~

Peres-Horodecki criterion - Peres-Horodecki criterion

40.6

+40.5

l,, A,=C -C -C, =3D>I

0.3
D, =Tr(C)=-3D>1 N, T
1 0.1 3
D<-=
3 0.0 0.2 0.4 0.6 0.8 1.0 00
A. Peres, Phys. Rev. Lett. 77,1413 (° ﬁ
QHorodeckl, Physics Letters A 232 TOp angle With the beam Axis /
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ds
dcosc
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Dilepton channel

Advantages of dilepton channel: clean, have 2 charged leptons(max spin analyzing power)

To extract D we measure the distribution in the sensitive variable — cos ¥ LI fit for the slope

-1} ATLAS é.l
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o e §0
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L+jets channel

*  We pursue both strategies — evaluation of the full correlation matrix C and polarization vectors P as well as D
and D~ measurements

* The measurements are done inclusively and differentially in bins of M, cos@ and top quark p;

* Event reconstruction (jet-parton assignment) is performed using NN
® Leptontjets have higher statistics and better Mtt resolution, but
®* Major challenge — identify d-type jets from W boson decay

* Divide events into categories based on lepton flavor, number of b-tags, and NN score

Fraction of tt events with correctly assigned
jets to partons including d-type quark

N (tT,

correct)

19
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We observe the distribution over top quark decay products:

99 (1+xP-Q+KP-O-xkkQ-C-O)
deQ norm

the functions of angles of top and antitop decay products

S, ={ksing cosf,...- kkcosq cosq,}

components of P and C

15
O
— Generator IeveILE Constant Smt - SO + anSm

Extraction of spin correlation

Full measurement of the vectors P and matrix C is performed using templates defined based on

The total cross section is a linear combination of these templates with coetticients Q_

Unlver51ty of Rochester
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Decomposition into eigenstates

® Based on the measured polarizations and full spin correlation matrix we can

construct the probability density matrix and decompose it into its eigenstates,

evaluate properties like purity and von Neumann entropy Phys. Rev. D 113,
L051101 — DOI: https://doi.org/10.1103 /hkgw-dztk
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Quantum magic

F RC R

o Knowing the full spin correlation matrix Phys.Rev.D 110 (2024) 11, 11 501 ‘
allows to evaluate many quantum B J e gg ’
information properties of the system |

* Quantum computers are expected to vastly
outperform classical computers.

* Naively, this is due to quantum superposition
and entanglement.

* However, this not quite true.

* To see why, we need the concept of a stabiliser SRR  Cosb
state
0.8¢ Helicity basis
® Gottesman-Knill theorem: For every quantum 07} (b Messurement = 1o
computer containing stabiliser states only, 0.6 $i
there is a classical computer that is just as i f’-S'Jr 4 -
efficient! Soap % ki
0.3F —
® Need quantum magic - Stabilizer Rényi ok T 1 ! ]
Entropies 01} H 2602.15115
IC{JS(S)IO'OO 0407 1 0407 1 0407 1 0407 1
m(tt)[GeV]300 400 600 800 13000
Magic — story got picked up by Quanta Magazine
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° Discord — a measure of correlation beyond classical mutual information

Bell inequality

2602.15115

® Steerability — ability to influence (or steer) the result of the measurement on the “Bob” (top

e Bell inequality violation marker — if > 1 BIV can be observed in this region of phase space
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Toponium predictions

* Top quark is very short-lived O(10-°s)< hadronization time O(10**s)

* A small contribution from the ttbar bound state (pseudoscalar color singlet)

® [Z.Phys. C 48 (1990) 613] hypothesized before top quark discovery
* Expected just below the production threshold K. Hagiwara et al. PLB 666 (2008) 71

Li Ju et al. [2004.03088] use NR-QCD

* Itis not expected to form bound states, but, in quantum mechanics what is not forbidden is allowed

® More recent works: B. Fuks et al Phys.Rev.D 104 (2021) 3, 034023 — Green function reweighting, Wan-

® Small and narrow color—singlet pseudoscalar resonance with a mass of 343 GeV and a width of ZFt’

1 2 [ gg singlet ««++ Born

1

%mmmw—ﬁ
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For 14TeV: total effect 336-346 GeV is about 6.5 pb [K. déﬁ O-la:ﬂo — iy m cf&tsz_)
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Toponium and entanglement

* Toponium (pseudo-scalar color singlet w0 — Mresomer | & coctlicient
¢ cy =02 in Lagrangian
predicted by non-relativistic QCD) 33 hooe
— 30
* M(toponium)-344 GeV, G=~6.5pb g
= 25
Sumino, Fujii, Hagiwara, Murayama & Ng (PRD"93) 250
Jezabek, Kuhn & Teubner (Z.Phys.C'92) 3'§15
B. Fuks et al. (PRD 104 (2021) 034023) 1o
* Toponium affects both the invariant mass 5 Toponium model
2m, LHC 13TeV
distribution and entanglement at the 330 336 32 348 354 360
threshold, but
. . . SM Fixed-Order
® Full spin correlations provide better os 9: cy=0.2
e —— ¢ ¢,=0.4
sensitivity, than one compound s =06
property — entanglement
) -0.5 N
%3 -0.6 A7
—0.7
—0.8
—0.9 Toponium model
F. Maltoni et al. JHEP03(2024)099 2m,|  HELITEV
k 330 336 ?:-],-27 [G—oél:-/S] 354 360
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Nature’s hints

CMS Preliminary 35.9 fb-1 (13 TeV)
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~1.50 tension with the expectation if toponium is not included — one of many hints (differential

cross section, weakened limits in A/ H%tt) Eur. Phys. ].C 79 (2019) 1028
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Dilepton channel - CMS

* Dilepton channel: Rep. Prog. Phys, §8 (2025) 057801 A significant excess is observed near the
t t threshold compared to the non-resonant production (pQCD), consistent with the
production of a color-singlet pseudoscalar quasi-bound toponium state, predicted
by NRQCD.

* 0=8.8 +1.2—1.4 pb.
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Dilepton channel - Atlas

This excess is consistent with the formation of colour-singlet and spin-
singlet quasi-bound states, as predicted by non-relativistic QCD, and

corresponds to an observed cross-section of 9.3+1.4-1.3pb.

arXiv:2601.11780
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CMS: lepton+jets channel

. . % . . .
e Mtt, the ttbar invariant mass - f3*, the velocity of the top relative to antitop
» Several systematic uncertainties (mt, JES, JER) are minimized, if not cancelled
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Pseudo scalar excess in lepton+jets

* Pre and post-fit “rolled out” distributions in §*, chel, chan
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For the baseline use theoretical top pair
production O o =832+40-46 pb

Measured in I+jets G s = 791+-25 pb

Excess of events over the continuum tt
production is observed with low 3% (~2
first large bins)
G . (N) =5.14+0.85-87 pb
Consistent with predicted

exp(N) =6.43 pb
[2102.11281, 2401.08751]
Significance 6.07
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Pseudoscalar excess in lepton+jets
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Have we discovered toponium?

* Toponium — a pseudoscalar ttbar bound state, a.k.a 1, is predicted by
non-relativistic QCD with a mass of 343 GeV — It would be nice to
discover N,

® In 2002, a team of Russian and American scientists created the first ever
atom of oganesson (Og), which is the heaviest chemical element ever
recorded to date. This nucleus, which consists of 118 protons and 161
neutrons, has a mass number of 279

e If confirmed toponium would be the heaviest particle ever observed
® The existing evidence is tantalizing

® Entanglement and spin correlations played an important role in this
observation

® More studies are needed to confirm the nature of the excess

/
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Conclusion

e Excellent performance of LHC accelerator complex and Atlas

and CMS detectors produced high quality, high statistics data,
and enabled exploration of subtle new signatures and
phenomena

® Probe CP structure of Higgs boson

e Establish quantum entanglement in the system of Z bosons
and top-antitop quark pairs

® Quantum tomography opens new possibilities to study new
effects (e.g. toponium) and explore the foundations of
quantum mechanics in systems of unstable relativistic
particles

\ /
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CP structure of Higgs
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CMS
CP structure of Higgs and entanglement of Z bosons
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The fully longitudinal (f;) and fully transverse (f;) Z boson polarizations are excluded at >60.
=> entangled state of qutrits (assuming Quantum Mechanics and CP conservation)
conditions exist for measuring violation of the Bell—type inequality in the H—ZZ decays

(assuming large coherence of the transverse and longitudinal amplitudes) /
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