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Motivation:

It is challenging to see
entanglement at High _ ’
Energy Colliders(HEC) and % We saw it at LHCl!

it is interesting to check
’rhe sensi’rivi’ry Of H EC TO Observation of quantum entanglement in top-quark pairs using the ATLAS detector

ATLAS Collaboration

o) t

p ro e q U O n U m We report the highesi-energy observation of entanglement, in top—antitop quark events produced at the Large Hadron Gollider, using a proton—proton collision data set with a center-of-

C Orre | O ‘I‘i O ns mas;s energy of \/E = 13 TeV and an integrated Iumino§ity 0f7140 b1 recorded with the ATLAS experiment. Spin entanglement is detécted from Trhe measurement of a single observable
D, inferred from the angle between the charged leptons in their parent top- and antitop-quark rest frames. The observable is measured in a narrow interval around the top—antitop quark
production threshold, where the entanglement detection is expected to be significant. It is reported in a fiducial phase space defined with stable particles to minimize the uncertainties that
stem frem limitations of the Monte Carlo event generators and the parton shower model in madelling top-quark pair preduction. The entanglement marker is measured to be
D = —0.547 + 0.002 (stat.) £ 0.021 (syst.) for 340 < m,; < 380 GeV. The observed result is more than five standard deviations 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.

Observation of quantum entanglement in top quark pair production in proton-proton collisions at .\/E =13 TeV
CMS Collaboration
6 June 2024
Submitted to Reports on Progress in Physics

Abstract: Entanglement is an intrinsic property of quantum mechanics and is predicted to be exhibited in the particles produced at the Large Hadron Collider. A measurement of the extent of entanglement in top quark-antiquark (%)
events produced in proton-proton collisions at a center-of-mass energy of 13 TeV is performed with the data recorded by the CMS experiment at the CERN LHC in 2016, and corresponding to an integrated luminosity of 36 3 fb 1
The events are selected based on the presence of two leptons with opposite charges and high transverse momentum_An entanglement-sensitive observable D is derived from the top quark spin-dependent parts of the tT production
density matrix and measured in the region of the tT production threshold. Values of D<—1/3 are evidence of entanglement and D is observed (expected) to be —0 480fg:g§g (—0 AG?fgjggg) at the parton level. With an observed

significance of 5.1 standard deviations with respect to the non-entangled hypothesis, this provides observation of quantum mechanical entanglement within t¥ pairs in this phase space. This measurement provides a new probe of
quantum mechanics at the highest energies ever produced



» As we dlready have signal of sensitivity of high energy colliders for quantum observables, it
motivates us to study the impact of higher order EW correction and of new physics on the
quantum observables(QO).

Why H - VV?¢

o Quantum information of H —» ZZ* is highly studied in several paper at LHC at LO and also puts
constraints on New physics.

o Due to the scalar nature of Higgs, the ZZ* is highly entangled state on the whole phase space
and it is shown:
1. Violation of Bell's inequality
2. Decaying particles of Z bosons keep information of Z polarization due to chiral decay.

o Experimental advantage:
1. Pure signal
2. Fully re-constructable final state (no neutrinos)
3. Disadvantage: small statistics



List of work on VV spin correlation at colliders

Testing entanglement and Bell inequalities in H — ZZ by J. A. Aguilar-Saavedra, A.
Bernal, J. A. Casas , and J. M. Moreno

Entanglement and Bell inequalities violation in H — ZZ with anomalous coupling by
Alexander Bernal, Pawel Caban and Jakub Rembielinski

Quantum state tomography, entanglement detection and Bell violation prospects
in weak decays of massive particles: Rachel Ashby-Pickering, Alan J. Barr,
Agnieszka Wierzchucka

Bell inequalities and quantum entanglement in weak gauge boson production at
the LHC and future colliders by Marco Fabbrichesi, Roberto Floreanini, Emidio
Gabrielli, Luca Marzola

Spin Correlations in Decay Chains Involving W Bosons* by Jennifer M. Smillie
Stringent bounds on HWW and HZZ anomalous couplings with quantum
tomography at the LHC by M. Fabbrichesia, R. Floreaninia, E. Gabriellib,a,c,d and
L. Marzolad

Bell-type inequalities for systems of relativistic vector bosons by Alan J. Barr, Pawet
Caban, and Jakub Rembielinski

Breaking down the entire W boson spin observables from its decay by J. A. Aguilar-
Saavedra, J. Bernabéu

Testing Bell inequalities in Higgs boson decays by Alan J. Barr

The Z boson spin observables as messengers of new physics by J. A. Aguilar-
Saavedra, J. Bernabéu, V. A. Mitsou, A. Segarra



Questions : What do we want to studye

« Quantum observables related to spin correlation
between bi-partite (Z,Z,). Z-boson has spin-1 and spin
can have three polarizations, which also called “qutrit”.
We need the spin density matrix of bi-partite qutrit
system.

At colliders we can’t measure the guantum state of

the bi-partite qutrit system directly
* we can measure “Direction and momentum of
decaying particles”
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Outline of talk:

Definitions of quantum observables.

v

Define irreducible tensor operator parameterization for the spin density
matrix.

Quantum state tomography.
Observables and density matrix at LO for SM for H — 4f.
NLO effect on density matrix and on observables.

Effect of new intermediate states and EFT on quantum observables.

vV v v v v

Conclusion.



> Lets take a bi-partite (particle ‘a’ and particle ‘b’') quantum system. If we can write pure
state of bi-partite system as follows:

[Yap) = [Y2)R[Pp) Separable state

[Wap) # [Ya)B[Yp) Enfangle state

> For given {p;, |Y;)} an ensemble of pure state, the density operator/matrix for the quantum
system is defined as

p = 2;ipilYXil. Where ¥;p; =1

with the characteristics

1. Tr(p)=1
2. For any arbitrary vector | ¢), It satisfies the positivity condition (¢|p|e) = 0



Entanglement Measures

% Peres-Horodecki condition for Entanglement R

If p™» has Trace one and

p=Nipipt®p) —— pTb = Y, pipf@(p!) iggrgb@
For on
POSfroe o State is
entangled

s Von Neumann entropy: For pure state
S(p) = —Tr(p Log2(p))
For mix state S (Z pipé) = H(p;) + Zpig(pﬁ,)
where 0 < S pipi) < Log(d), d=3 ifor qutrit and ﬁ;bm(p) = —plogp — (1 — p)log(1 — p),
S(p) =0 (separable state), S(p) = Log(d), (Maximally entangled)

Above entanglement measures are good for pure state, not for mixed states.



[ ]
E n TO n g | e m e n -l- WI -|- n e SS :quonTiTies that give conditions sufficient to establish the presence of

entanglement in the system.

s Concurrence
1. For pure state, it is defined analytically as follow

C(|v)) = v2(1 — tr (pr)?), r =a(or)b,

P. Rungta,V. Buzek, C.M. Caves,M.Hillery,G.J.MilburnPhys.Rev. A 64, 042315 (2001),

where p, = Tr,(p) is the reduced density matrix.

2. For mix state, It is defined using optimization process

C[p] = inf Cl1¥;)]
(o] [lw”;pr [|¥i)] .
where the infimum is taken over all the possible decompositions of p into
pure states.

No analytical formula for
C(p) >0 Enfanglement concurrence for mix stafe bi-
condifion partite qutrit system.



% The analytical form of upper and lower bounds on the concurrence for qutrits

C.-J. Zhang, Y.-X. Gong, Y.-S. Zhang, and G.-C.

(C(p))2 > 92 nmx( Tr ,02 _ Trpi. Tr ,02 — Tr ,Of) (C(p))2 <2 min(l — Tr 03: 1 — Tr ,OE) Guo, Phys. Rev. A, vol. 78, p. 042308,0ct 2008

F. Mintert, A. Buchleitner, Phys. Rev. Lett. 98,
140505 (2007)

If lower bound of concurrence is greater than zero then the quantum state of system is entangled.

% Criterion to decide if a state is mixed or pure

Pure state : Tr(p?)=1 Entangled

- Separable

Mixed state: Tr(p?)<1

Hidden Variable



B e | | -l-yp e in eq U O “Ties : are inequalities which can discriminate QM from

any local-real hidden variable theories.
[Clauser, Horne,
Shimony, Holt, 1969]

Alice . 5 (spin 0) Bob
a (spin 1/2) A 4 S (spin 1/2)

o - ik - @
a (s) b (s
1
‘ Rensu = 5 | €5us) = (50500 + €sus) + (s |
a’ (sy) b’ (s

For LHV theories For QM

Let’s write CHSH inequality for a bi-particle qubit system

(Sa'f"b) — <T(050]|Sa3blq‘(0ﬂ)> - (ﬁﬁ)

(ab) = f a(M)b(A) P(A)dA

/P(,‘\)d}\ =1

From Kazuki slides



Bell type inequalifies

4 )
[ 1 Local-hidden Variable(LHV) theories

V2 QM

. - J

Repsy < 4

1
Repsu = B} |(5‘u5';;) — (5,5,) + (5,8) + (Su-'f"-'-)l
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Université Paris-Saclay & J.F. Clauser & Assoc., University of Vienna.
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Bell nonlocality for the quitrit system

CGLMP inequality

I3 = P(A1 = Bl) + P(B1 = Ao + 1) -+ P(Az = Bg) s P(Bg = Al) D. Collins, N. Gisin, N. Linden, S. Massar and S.
Popescu, Phys. Rev. Lett. 88, 040404 (2002)
— P(A; =By —1) = P(By = A) — P(Ay = By — 1) — P(By = A; — 1)@
P(A; = B; + k) are the probability that the outcomes for party A A. Ac’In, T. Durt, N. Gisin, and J. I. Latorre, “Quantum
. . [ lity in two three-| | syst J'Phys. Rev. A,
and B, measuring 4; and B;, differ by k modulo 3. Vol 65, b, 052305, Moy 2002 Y
= %{Sﬂ@fi‘mtﬁ;'@s'y)+AZ{'®A4+A¥,'®A5

How can we measure it¢ o

. B'=(VeU)!'BVeU)
As we know we can compute expectation value of any
operator in QM if we know density matrix

o
—

I3 = Tr[pB’]

Where B’ is bell operator.
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Bell nonlocality for the qutrit system
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Quantum tomography

The Polarization operator basis parameterization/ ireducible
tensor parameterization

1 ~ ~ ~ ~
p=gls @1y + AT @ 1y + Apy Ly © T + Cppary s, T @ TF2)

For spin-1, the spin operator S and
polarization operator are relates as

1 . 1

Too = —=1, T1M=E

7 S,  Tom = Zcmysps;

Constraint on A and C coefficient in
spherical basis

(AL = (-)MAL =12

M M
CL]:Ml.?LZ:MZ = ( 1) i+ &{CL] )_M]:L29_M2)*



Quantum tomography

The Polarization operator basis parametrization/ ireducible
tensor parametrization

1 A - A A
P = 5[13 & 13 + A%MTLM & 13 + A%M]-B & TLM + C'L1,J\Jl,Lz,f\/fzirLl_]M1 & TLQMZ]
We know how the angular differential cross section is related to

density matrix:
1 dO’ 28,51 —|— 1 QSb —|— 1 , , , ,
J— pu— Aas A - A - A Fa Aah Aa F A N A
o ande 47T A Z P( s Nas by b) ( 3 ) b( b b)

!
Aaa/\’aa)\ba/\b

_ (%)2 Tr [p(Ty © Tp)7).

The traces of decay density matrix can be written in term of spherical harmonics as

Tr[1:07] = 2v/7Y)(0,0), Tr[TyI7] = BY{M(0,9), Tr[TyI"] = BY,"(0,6)

2T

These traces of decay matrix is same for all spin-1 parficle decay B, =\2maand B, = |=
5

except B; coefficient, which depends on decay products
Spin analyzing power



Quantum tomography

Now we have normalized joint angular distribution in ferm of
spherical harmonics and function

1 do 1

E d$) de - (4.31-)2 []' + AEMBEYI{M (Baa ‘;ba.) + A%MB?JYEJ (Bb: qbb)

+ CL1M1L2M2 B?Jl BEQYLﬂfl (935 (v‘f)ﬂ)ylfg (953 st)]

We can compute full spin density matrix using experimental data by
using following tomographic reconstruction:

Bl .
fldeZQ Vi () dudy = T2 A7y G = asb
7 e " Ba b Total 80 parameters
1 do . . e gb
/EdQQdeYLFI(QG)Yth(Qb) d$2,dSdy, = (4})220L1M1L2M2

A9, = sin 0,d0,d¢,




The spin density maftrix and
quantum observables at LO



Observables and density matrix

Lets compute amplitude square for generic vector and pseudo-vector currents

B mf“j’? —

M — 1Cy ﬁl"m(CLPL + CRPR)UQ ﬁg’}/“(dLPL + dRPR)U4 ! ch+
= 5 , 5 5 , ; 2 _ g2
(m2 — Mg, +iMy,Tv,)(mg — My, +iMy,Ty,) B = varin 4

R T Y

Non-zero A and C coefficients for vector and vector-axial couplings

a _  ab
50=A30#0
(a

A5

—=+1=0C222_2#0

V2

Ci-1110=Ci111,-1=—-Cs 121 =—-C212-1#0

Ca222-2=—Ci010=2—-Ca020#0

All A and C coefficient are
. . 1 . ’ N ) N : .
real in this case p= 5[13 @15+ AL TM @ 15+ AL 15 @ T 4 Cryagy o an, THM @ TEMe]



Observables and density matrix

Lets compute amplitude square for generic vector and pseudo-vector currents

B cy ﬁl"}/ﬂ(CLPL + CRPR)’UQ ﬁg’}/“(dLPL + dRPR)U4

IM =

(m2 — My, +iMy,Ty,)(mj — My, +iMy,Ty,)

Non-zero A and C coefficients for vector and vector-axial couplings

50=A30#0
%4—1:0222—27&0
\/§ 1Sy
Ci-1110=Ci111,-1=—-Cs 121 =—-C212-1#0

11

Cae22-2=-—Cip10=2—Cap020F#0

All A and C coefficient are
real in this case

p=

| =

0
0

0
0
0
0
0
0

141
1+ 54350
C2,-1,21

Ca,_229

o o o oo o o o o o

C1,2,-1

1245,

Ca,-1,2,1

o O o o o 9o o o o

Ca22 2

Ca12,-1

1+

NG

1 Al
52,0

o O O O o o o o O




Observables and density matrix

First task: reconstruct the quantum state: easy in this case but not always

(00000000 0)
00000000 0 (00 0 0 0 0 0 00)
0 0 U!}U 0 0 oo o o 0o 0 0 00
0 0 aya}y 0 apaj 0 aya® 0 0
00 0 0\9\000 a, =a_ 00 0 0 0 0 0 00
p= 0 0 Y 0 2 0 Y 0 0 < p=1 0 0 apa} 0 agag 0 aga®™ 0 0
00 0 0/0/0 0 0 - 0o 000 0000
00 aay 0 aaj 0 aa 0 0
0 0 0y 0 0 0 00 0 0 0 0 0 00
00 0O0O0O0O0O00O0 \00 0 0 0 0 0 00)
\0 0000000 O0)

z=1-2x

By looking this we can directly write the helicity

state. State is entangled, if any 2 ‘a’s’
|l/)>=a+|+_>+a0|00>+a_|_+> are Nnon-zero.

a, =a_ Also CP conserving condition



Observables and density matrix
1. Entanglement 23

[0 0 0 0 0 0 0 0 0) o .

0 0 0 0 0 0 0 0 0 Sufficient condition for Entanglement

0 0 1+£A313,[] 0 02,1?2,_1 0 Czjzjgi_g 0 0 CZ,Z,Z,—Z 0 or C2,1,2,—1 #+ 0

0 0 0 0 0 0 0 0 0

p:% 00 Cpipr 0 1-v24L, 0 Coipq 0 0 W >=ayl+->+al00>+a|—+>

00 0 0 0 0 0 0 0

00 Cy 292 0 Cy_121 0 1‘1‘%3115,[1 0 0

0 0 0 0 0 0 0 00 /00 0 0 0 0 0 00)

\0 0 0 0 0 0 0 0 0) 00 0O 0O 0 0 0 00
0 0 aya}y 0 apaj 0 aya® 0 0
00 0 0 0 0 0 00

p=1 0 0 apa} 0 apayg 0 aga® 0 0

00 0 0 0 0 0 00
00 aa}, 0 aa; 0 aa 0 0
00 0 0 0 0 0 00
\0O0O 0 0 0 0 0 00)




> Generate event for H » ete~u*u~ with Madgraph5 aMC@NLO at NLO EW accuracy. In
the analysis we label large invariant mass is Z; ,, and other one is Z, ;.

> Define Helicity basis, z-axis is taken in the direction of the Z; three-momentum in the H rest
frame.

X = sign(cosB)(p —cosO2)/sinb, y =ZX X

> The angles (8,4, $1/4) are the polar coordinates of the 3-momenfum of negatively charge
lepton from the Z, ,, in the Z, ,, rest frame.



Observables at LO level

Sufficient condition for Entanglement
Cz)z’z’_z * O or 62,1’2,_1 * 0

25

inclusive myz, > 10 GeV mg, > 20 GeV mz, > 30 GeV

Ca22,—2 0.581 + 0.005 0.619 + 0.004 0.713 + 0.004 0.775 £ 0.003
Ca1.2.-1 -0.938 + 0.004 -0.975 + 0.003 -1.017 £+ 0.003 -1.014 £+ 0.003
I3 2.601 = 0.006 2.672 + 0.004 2.772 +£ 0.004 2.794 + 0.005

Bell nonlocality condition I3 > 2
For maximal entangled state I; = 2.8729




Observables at LO level

b
50=A30#0
2.0
= +1=0C%22-2#0
V2
Cr-111=C111,-1=—-C 121 =—-C2121

Ca22 -2=—C1010=2—-C2020#0

e

(0000000
0000000
0 0 0,y 0
00 0 0\0
p=10 0 yv 0 =z 0 y
00 0 o/o/o
0 0 0
0 0 0
0 0 0

0
0 0
0 0

o O
o O

o o o o o o o o O

o o o O o o o o O

inclusive myz, > 10 GeV myg, > 20 GeV mz, > 30 GeV
C222-2 0.581 + 0.005 0.619 + 0.004 0.713 + 0.004 0.775 £ 0.003
C21.2,-1 -0.938 + 0.004 -0.975 + 0.003 -1.017 £ 0.003 -1.014 + 0.003
T3 2.601 + 0.006 2.672 + 0.004 2.772 + 0.004 2.794 + 0.005
No cuts
0.195 4+ 0.002 - —0.313 £0.003 - 0.194 + 0.001 - -
pramo — | 0,313 40.003 - 0.612 +0.001 - —0.313 & 0.003 - -
0.194 £ 0.001 - —0.313 £0.003 - 0.195 £ 0.003 - -




NLO EW Results

mgz, vs mz, (NLO)

20 a0 &0 80 10 120
mgz, [GeV]

ln—ﬂ

m—'l.'l.

m—"l.!

m—"l.!

m—'l.?

[ per bin [GeV]
mz, [GeV]

mz, Vs Mz, (NLO/LO ratio)

20

18

L&

14

=
B

-
=]

LOYMLO ratio

0e

0

02




NLO EW Results

mgz, vs mz, (NLO)

mgz, [GeV]

mz, [GeV]

mz, Vs Mz, (NLO/LO ratio)

LOYMLO ratio

02

We studied the NLO effects for 3 different cuts on boson masses

1. No cuts

2. Mz, >30 GeV (small NLO correction, small beta reason)
3. 85 < M; <95GeV (Large phase space)



NLO EW Results

Go=A50#0
%4-1:0222—2%0
Cl-111=Ci11,-1=-0Cy 121 =-C12-1#0

Co99-9=—C1010=2—Cap20#0

All relation between the coefficients are broken and coefficients are getting

NO cuts

LO NLO NLO /LO
AL, -0.592 + 0.001 0509 + 0.002 | 0.860 + 0.002
A%, -0.591 + 0.001 0.565 + 0.002 | 0.956 + 0.002
Coia—1 ~0.937 + 0.002 -0.943 4+ 0.004 | 1.006 + 0.003

~C111.-1 0944001 | -016+002 | 0.17+0.02
Ajo/V2+1 0.5817 + 0.0007 0.640 + 0.001 1.101 + 0.002
Coo9.—2 0.581 + 0.003 0.568 + 0.004 0.977 + 0.006

—C1.01,0 059 £0.01 | 003+002 | 0.06=+0.04 ||

C2.02.0 1.418 + 0.003 1.400 + 0.005 0.987 + 0.003

Ci01,0 + 2 1.41 + 0.01 1.97 + 0.02 1.39 + 0.01

from 1 tfo 90 % corrections at NLO EW.




NLO EW Results

a _ Ab
50=A30#0
a
A3

—— +1=0C999_9#0
NG 9,29 -9 7

Cl-111=Ci11,-1=-0Cy 121 =-C12-1#0

Co99-9=—C1010=2—Cap20#0

All relation between the coefficients are broken and coefficients are getting

NO cuts

from 1 tfo 90 % corrections at NLO EW.

—0.183 &£ 0.004

0.591 £ 0.001

—0.183 &£ 0.004

PNLO =

0.099 + 0.004 0 0 0 0
0 0.004 + 0.002 0 0.131 + 0.004 0

0 0 0.111 + 0.004 0
0 0.131 + 0.004 0 —0.009 + 0.002 0

0 0 —0.183 + 0.004 0
0 0 0 0 0

0 0 0.189 + 0.001 0
0 0 0 0 0
\ 0 0 0 0 0

LO NLO NLO /LO
A%,n -0.592 + 0.001 -0.509 + 0.002 0.860 + 0.002
A%,n -0.591 + 0.001 -0.565 + 0.002 0.956 + 0.002
Ca12.-1 -0.937 £ 0.002 -0.943 + 0.004 1.006 + 0.003
—C111-1 || 0944001 | -016+002 | 0.7 +0.02
A%‘U/\/i +1 0.5817 + 0.0007 0.640 4+ 0.001 1.101 + 0.002
Ca22 2 0.581 4+ 0.003 0.568 + 0.004 0.977 £ 0.006
—Ci010 ||  059+001 | 003+0.02 | 0.06+004 |
C2.020 1.418 + 0.003 1.400 + 0.005 0.987 + 0.003
Cro1,0+2 1.41 +£ 0.01 1.97 £ 0.02 1.39 £ 0.01
0 0 0 0
0 0 0 0 )
0 0.189 + 0.001 0 0
0 0 0 0
0 —0.183 + 0.004 0 0
—0.009 + 0.002 0 0.131 + 0.004 0 0852001 0.8420.01 0988 £0.005
L 0-1100.003 0 0 PNLO _ | 0.84+0.01 09780002 0.84+0.01
0.131 + 0.004 0 0.004 + 0.002 0 pLO
0 0 0 0.009 + 0.003/ 0.088 - 0.005 0.84 +0.01

0.85 £ 0.02




NLO EW Results

Mz, >30CGeV M

LO NLO / LO
50=A50#0 AL, 20.318 £ 0.001 | -0241 +0.002 | 0.758 + 0.005
A3, ’ : A2, -0.318 + 0.001 | -0.306 & 0.002 | 0.962 + 0.004
+1==Cs992-2#0 Con2.-1 -1.014 £+ 0.003 | -1.021 =+ 0.005 1.007 £+ 0.004

‘ﬁ . —Cii11 | -101+002 | -0.68 £ 0.02 0.67 + 0.02
Ci,-11,1=C111,-1=-Co 121 =—-C212-1#0 ALo/V2Z+1 | 0775 £ 0.001 0.830 & 0.001 | 1.070 + 0.001
Co, 2=—Cio10=2—Ch020#0 Ca2.9, 2 0.775 £ 0.003 0.766 + 0.004 | 0.987 + 0.004

| —Cloio | 077+£002 | 049 £0.03 0.63 + 0.02
C2,0.2,0 1.225 + 0.004 1.240 + 0.006 | 1.012 + 0.004

Cr01,0 + 2 1.23 4 0.02 1.51 4 0.03 1.23 4 0.02

All relation between the coefficients are broken and coefficients are getting

from 1 fo 37 % corrections at NLO EW.




NLO EW Results

Mz, > 30 GeV

Go=A50#0

[
A3

+1=0C222_2#0
V2 |

Cl-111=Ci11,-1=-0Cy 121 =-C12-1#0
Co99-9=—C1010=2—Cap20#0

LO NLO NLO /LO
Al -0.318 + 0.001 | -0.241 + 0.002 0.758 + 0.005
A2, -0.318 + 0.001 | -0.306 + 0.002 0.962 + 0.004
Cy12.-1 -1.014 £+ 0.003 | -1.021 £ 0.005 1.007 + 0.004
—Cy11-1 | -1.014+0.02 | -0.68 £ 0.02 0.67 4+ 0.02
A o/V2+1 0.775 + 0.001 0.830 + 0.001 1.070 + 0.001
Ca9.9.—2 0.775 £ 0.003 0.766 4+ 0.004 0.987 4 0.004
| —Cipio | 0774£002 | 049+ 0.03 0.63 + 0.02
C2.0.2.0 1.225 + 0.004 1.240 + 0.006 1.012 + 0.004
Cr010 +2 1.23 4+ 0.02 1.51 £ 0.03 1.23 4 0.02

All relation between the coefficients are broken and coefficients are getting

from 1 fo 37 % corrections at NLO EW.

PNLO (-ng > 30 GEV) _
pNLO (1o cuts)

((}.Tﬂ'i +0.05
0.44 + 0.04
1.98 4+ 0.08
0.44 + 0.04
1.54 + 0.04

1.34 £ 0.01

1.54 £ 0.04

0.800 = 0.002

1.54 = 0.04

1.35 £ 0.01

1.54 £0.04

1.98 £ 0.08
0.44 = 0.04

0.44 £+ 0.04




s The NLO EW corrections changed whole structure of the spin density
maftrix. Although at LO the quantum state of H — 41, is sfill hold the pure

state of Z,Z,,.

NLO EW Results

LO NLO
no cuts 0.917 = 0.007 0.669 £+ 0.003
mz, > 30 GeV 0.956 + 0.008 0.789 + 0.008
85 < myg, <95 GeV 0.924 4+ 0.005 0.696 £+ 0.004

% For mixed state, we can’t use same entanglement definition as LO. The

Value of purity Tr(p?)

lower bound of concurrence

(C(p))? no cuts mz, = 30 GeV 85 < mg, <95 GeV
2 1
LO 0.93 + 0.01 1.18 + 0.02 0.98 + 0.01
NLO 0.498 £ 0.006 0.87 £+ 0.02 0.524 £ 0.007

Value of the lower bound of the concurrence squared

% CGLMP inequality

no cuts

my, > 30 GeV

85 < my, <95 GeV

I3, LO

0% 2.62 + 0.02 2.79 + 0.01 2.64 + 0.01
I3, NLO

Oj; 2.548 + 0.009 2.76 £+ 0.01 2.597 £ 0.008




NLO EW Results
34

LO diagram




As we see for the top pair, LHC is sensitive to probe quantum observables. So it is time we
do computation with precision.

It is important to construct full spin density matrix using experiment data instead of just
computing 2 parameters using LO approximation.

NLO EW corrections are modifying whole shape of the spin density matrix and also getting
contribution from different states instead of only a pure state like LO. This demands the
careful use of entanglement observables to measure entanglement.

It is still possible to look for new physics but we have to do detailed study of the spin density
matrix and have to find the quantities which are not strongly affected by NLO EW
corrections.

And we can also look for the parameter space where we can reduce NLO corrections e.g
Mz, > 30 GeV although it will also reduce the number of events.

Stay tuned for final paper: you will find more information with more details.



Through Effective Field Theory (EFT) operators that modify
the HVV vertex.

Through the projection of various infermediate states onto
the spin density matrix of bipartite quirit system.



How NLO correction can be misinterpreted as new plil8iCcs e

1. What we are measuring at collider? -> four fermion angular momentum distribution
generated from Higgs decay. Lets write a generic current for H-> 4f S

h o o : i
Lipr = AS a; 11" Py P31y, With T = {1,795, 0pws Y Y5} 5
i a; = {ag,as,ar,ay,as}t
This is similar to using simplified models with resonant intermediate states.
# 1 2 2 2 12 12
ZMSJWS = F(lﬁ|ﬂg| Iy (u +b ) (u +b )),

1 .
ZME"J'VIT = F (128|CT|2[2H1 + 211, — H())) .

1
Z (MM + MsM7F) = X6 (64Re(csey) [(ab’ + a'b)IL, + (aad’ — bb') (11, — 113)]) ,

5

As we know the A and C coefficient are proportional to amplitude square due to following equation

1 do B .
- VM () dQ,dQy — —L AT i —ab
/Jdﬂadﬂb L (&) b=y em 1 =4

L _do . . B} BY
_/Jdﬂ dsl, L;MI(Q ) Mz(ﬂb) d§edSYp = Llﬂ_ 2 CLIMILQMZ



a Ab ?é 0

2,0 — 4120 :
3 7 1 3

A:z,u = Az,n 7 0, C‘B—,U,EJI 70

Aﬂ-
2.0
\/§ + 1 — 0212:21_2 ?é 0 CE,_]_?E,]_ f— 02,1,2.,—1 % n 025_2?2,2 s 02?2,2?_2 7£ []
Ci—1,1n = Cii1,1#0 Croi107#0
O]_.,—].,l,l — C]_ ]_ ]_ _l — —021_]_,251 p— —021]_,2,_1 % 0 It Bt 1

=1

Co92-2=—C1010=2—C2020#0

(0.08 0.00 0.00 001 —0)H1 0.0l 0.00 0.00 0.00\ Xe4¢ 00 0 0 0 0 0 0

0.00 0.00 000 0.12 001 -0.02 0.00 0.00 0.01 0 X 0 VY—» 0 0 0 0 0

0.00 0.00 0.2 001 —0.18 0.00 0.19 0.00 0.00 0 0 Xe-q 0-Y-r"_ 0 Z 0 0

0.00 0.12 001 000 001 060 —0.01 0.01 0.01 0 Y-r 0 X 0 0 0 0 0

pnLo = | 0.01 0.00 —0.18 0.01 059 0.00 —0.18 0.00 —0.01 p=| 0 0 Y-r 0 Z 0 Y-r 0
0.00 0.02 0.00 000 0.00 —061 0.01 014 0.00 o 0 0 =0 0 X7 0 Y- 0

0.00 0.00 0.19 001 —0.18 001 012 0.01 0.00 00 4 0= 0 X-g 0 0

0.00 0.00 000 001 000 014 001 001 0.00 L U R

0 0 0 0 0 0 0 0 Xi+g

\0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.01 0.09)




Effect of modified H 1o ZZ vertex on spin density matrix

1

Ay (EFT) = - (ulgwm%; + a2 (guvPa-pp — pﬂy;ubﬁ) + (L;{,t’.#uﬂﬁpgpg) *

w(py)yu(eLPr, + crPr)v(p2) w(ps) v (dr P + dpPr)v(pa)

/00 0 0 0 0 0 00 \ Highezr Dim Operators
00 0 0o 0 0 0 0 0 Lhzz = %alzﬁz#h + %:‘LZWZ‘“” + %.&ZWZN"”’
0 0 aya’l 0 ayal 0 aga®™ 0 0
¢co-0 0 0 0 0 00 Again we got pure density matrix of pure state

p = 0 0 apa’ 0 apa; 0 apa® 0 0 |¢ > = a+| + —> 4+ a0|0 0>+ a_| — 4>

0 0 0 0 0 0 0 0 0
0 0 u;_u;j_ 0 a_ay 0 a_a* 0 0
o0 0 0 O 0O 0 00 [ a, +a_ ]

\0 0O 0 0 0 0 0 00)

a+ = j—;?rmamb\/(r:% + r:‘i._)[d% + ﬂ%,_) (—Q(LT’H‘L%; + ug(mi + mg — m;‘i) T iaﬁ)lﬁ(mﬁ, mi? TILE))

ay = _ﬂ\/ (¢2 + &) (d2 + d%) (2aymimi — ajmi, (m2 + mj — mj3))



Complex numbers

i —_
Al,[] =

b
_Al,(l

a __ Ab
20 = A2

a
AE,I’]

— * — p— *
015_1?1,1 = Cl.,l,l,—l = _CE,—l,Q,l - _(-_"2,1.,2,—1

_ *
Cap2-2 = Cz,—:z,;z,z

[0

0
0

0
0
0

0
0

\[]

p=

W=

o o oo o o oo o o o

7 T1= —CLo10

0

0
1+ 43, — /343
/320 2410
0

—Cy 1,11+ Co 121

0

Co_222
0
0

o o o o o o o 9o O

New non-zero coefficiients

Crpz20 = —Ca0,10
Co020=2+Crp10
Ao
% = Ca0,1,0
Cl-121=CY 19 1=—Co100=-C3,
0 0 0 0 0\
0 0 0 0 0
—Ca11,-1+C2121 0 Cap2 2 0 0
0 0 0 0 0
1— \/514%,“ 0 Coii-1+Co12-1 0 0

0

0
Co—1110+Ca 121 0 1+ ﬁfl:ﬁ,() + \/%A:f,n 0 0
0

0
0

0 0

0 0
0 0 0 0)

All 9 entries are different from non-zero.

S0=A5,#0

a
A3
= +1=0929,-2#0

V2

Cr-111=Cr11-1=-0s121=-Cy12-17#0

1%

Cy9-2=-Crp10=2-Cy020#0

0000 0 0\
000 0 0 0
0 0 0,y 0 2z 0 O
0000070000
0O 0Oy O 2z 0 v 00
000000000
0 0 = 0 vy 0 2 00
000000000
00000000 O0)



Real part of coefficients / LD value
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