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The Standard Model of Particle Physics

lifetime < QCD <
| timescale

\ |

spin-flip |
timescale

1072%%°s < 107%s <K 107 %'g

'@ Top Decays before it can form bound
states:

* Unique opportunity to study the spin
mformahon of fop quark
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Top Quark pair production at LHC
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® Top quark-antiquark pairs (tt) produced via strong inte

raction
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Spin analysis power o
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qu measured in top rest frame relative to boost direction (“helicity basis”)




Spin analysis power «
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L© @ measures how well a given daughter probes the spin of its parent |
| _ _ * ) _

—— — == —— —

|

@ For lepton a=1

—

|

- Top rest frame dN
. Quantisation axis () d cos 07 % Leptons (7)) are

preferentially produced

in the top spin direction |
| ,

N

¥ Measurements of cos 0*
| lepton can provide *
information about top
spin

qu measured in top rest frame relative to boost direction (“helicity basis”)




tt di-lepton channel

® The best spin analyser is fepfon, which is whﬁifl;cnel should be chosen |

v — Neutrino

t £+ = Lepton

£~ = Lepton |

v — Neutrino



tt Spin Correlations in the di-lepton channel

| Anti-Top rest frame

5

Anti-Top C——

anti-top |

I d°c I N S S .
— = (1+Bﬁlr cos 05 + B~ cos 6_—C(a, b)cos 6 cos 6’_)
0 dcos@idcos@r 4



tt Spin Correlations in the di-lepton channel

I d°c I N S S .
—_— = (1+B“ cos 0% + B” cos ”—C(a, b)cos 67 cos 9_)
6 dcos@idcoso? 4

Top (+) Anti-Top (-) ',
cOoS («9&) cos (¢°)

cos (¢") cos (6")

cos (07) cos (0")
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tt Spin Correlations in the di-lepton channel

I d°c I N S S .
—_— = (1+B“ cos 0% + B” cos ”—C(a, b)cos 67 cos 9_)
6 dcos@idcosd 4

Top (+) Anti-Top (-) " '+

- E— = i —— —— = S

cos (¢%) cos (¢*

J!
|

COS ((9:) Bi’l; = 6 polarisations observables
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tt Spin Correlations in the di-lepton channel

I d°c I N S S .
—_— = (1+B“ cos &, + B” cos 0 —C(a, b)cos 6 cos 9_)
0 dcos@idcos@ 4

n
Top (+) Anti-Top (-) " '+

C(#, k) C(i, k)

A9 cos (7)) —»p C(7,#) C(h, 7)

cos (0,) €<~

C(r,n) C(n, n)

N —

3x3 matrix C(da, IA9) of ,
spin correlation coefficients. k -+
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tt Spin Correlations in the di-lepton channel

1 d°c I A i Bb eoc b F 1 cos O
e ——— (1+B‘Z cos 07 + B” cos 6”—C(a, b)cos 6 cos 6’—)

6 dcos 04d cos 60

sk gk cdb cib b
8T 87 ChP CGHM CH, P

Bi‘ g" C(k,A) C(#,h) C@A,h)

N —

15 polarisation and spin correlation observables
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How to probe Spin Correlation observables ?

I d°c I N T S .
— - — = — (1+le_ cos 05 + B” cos 0”—C(a, b)cos G- cos 9_)
0 dcos@idcos@® 4

cos 64 cos 6°

5 (1 + [COEF.] .X) f(X) x=cos0; , cosf’ or

. Bi=3<cos#!>,B>=3<cost > |

C(a, IA9) = —9 < cos Hﬁcos 6’% >

Mean Method Slope Method
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Spin Correlation
Measurements




Spin correlation, Data/MC

|
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@® Full Run2 data

|

@ MC Samples
- Signal: 77 (PowHeg + Pythia8)
- Backgrounds:

®Z and W+jets

® Single top (Wt channel)

® Di-boson

e Fakes from 7 and single-top

@® Event Selection

- Exactly two leptons (e or u), p}ep > 25 Gev

= Opposite charge leptons
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S/B is extremely high and Data/MC is very good

|
|
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Spin correlation, Unfolding

e — i

B e

® Using TRExFitter to perform a profile likelihood
‘unfolding

@® Included systematics:

e /1 modelling systematics

® Weight systematics

|

= Larger impact from 77 modelling systematics

——— —— = o i — =_— i —

e o — —_ —— —

@ Unfolded C(k,k) = O.332J_r8:82‘7l (mean method, in
!

agreement with the SM prediction)

|

e —
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é )
Using Mcléa only as a starting point but the analysis
is aimed at using the full Run2 dataset.

\ J
leb \\V//'
2.00 1 ATLAS work in progress 4 Truth
1754 VS=13TeV, L =36 fb~* ® Unfolded data
1.50 - +
v 1.25 A ‘+
c
£ 1.00 -
wl
0.75 -
0.50 -
0.25 - ¢ P
0.00
N o
-§ 1745
|_
© 10T ®
©
a

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos6k cosB

A C(k, k)

Uncertainty source -
tf modelling - +0.043/-0.058
Weight systematics ~ +0.002 / -0.003
Background MC stat. (gammas) +0.007 /-0.006

Total systematic uncert. +0.044 / -0.059
Statistical uncert. +0.032
Total +0.054 / -0.067




EFT Interpretation



Bottom-up approach, SM-EFT

|

Z SMEFT —

@ 1 operator with D=5: OF) =

— Weinberg operator

= Z'\p

Lagrangian
with new

19

] @ 59 independent O® preserving B
L, OD L, | '
@ 5 independent O©) violating B and

particles at A

—

and L

@ 3 generations: 2499 operators!

—— w— - — — —



SM-EFT, D=6 Basis, Top pair Sector

<5>@<5>

2 SMEFT = Z (4) Z
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SM-EFT, D=6 Basis, Top pair Sector

OO

2 SMEFT = Z (4) Z

©)p6)
Z mq_ O L
m A2 A3

** Top and an anti-top and one gluon operator
% 4-quark fermion operator

21
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|

I n fra d uc 1' i O n — » '® Generate simulation samples:

o Define EFT model : SMEFT@NLO model (LO / NLO)
o SM
o%* SMEFT@NLO model =

l

% What Wilson coefficients should be considered ? |

=> LO and NLO

-p * * ! % Ctg

i- Preform Global Fit using spin correlation ‘ % 4-quark operators: ctq8
observables at LO or NLO fo constrain Wilson | ¢ | — T
Coefficient ? - l

|
|

.~ <*Decay tops (using MadSpin)
| ~*¥ Possible at LO and impossible at NLO

l " ATLAS Top Workshop, slide 5
|

- % What effect does this have on the EFT |
contribution to spin correlation at NLO? ‘

22 ~ — - - -
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https://indico.cern.ch/event/1139204/contributions/4847555/attachments/2438752/4177270/TopWorkshopFinal.pdf

Global Fit at LO or NLO ?

— What effect does this have on the EFT contribution to|

'spin correlation at NLO?

@ Mean Method: C(lAc, IAc) = — 9 < cos 6’& COS 6’§ >

SM NLO : C(k, k) = 0.366313 +/- 0.0042 (stat)
Ctg NLO : C(k, k) = 0.375982 +/- 0.0042 (stat)

® (,,=0.5 affect the SM value by 10%
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Arbitrary Unit
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Global Fit at LO or NLO

Arbitrary Unit

- What effect does this have on the EFT contribution to

'spin correlation at NLO?

® The impact of c,, at NLO/LO is low

@ Preform Global Fit at NLO using spin correlation
observables.

NLO /LO
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\[_ =13 Tev """""""""""""""""""""""""""""""""""" Ctg=0.5 NLO-weight >ﬂ----—_
Ctg=0.5 LO _

cos6 cosoX
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SMEFT dependence on Spin Correlation observables

- SMEFT dependence parameterised as polynomials in 0.450] —— Fit (SM. . 8) = (0.34653, 0.03744, -0.00412)
\AJ: : . Abdellah (SM=0.3465, a, B) = (0.03744, -0.00521)
Wilson coefficients: we| + Data
C C2 Confidence band
18 18
C(k,k) = C(k, k)q, - e a - A D 0.400-
0.375
| _ < ¢
- Compute a., and ,Bcg. | 0.325
| f !
- We can use the measured C(k, k), the estimated C(k, k)¢, with|| 300
their statistical and systematic uncertainties, and the o, and - t
,Bctg, to derive global constraints on the c,, operator coefficient. ATLAS work in progress
0-250 75 -1.0 -0.5 0.0 0.5 1.0 1.5
— , , S ctg
- C,, strongly affect the C(k, k) observable
L_ _
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BONUS: SMEFT@NLO Vs DiméTop

- Standalone: Individually generate EFT sample for given

Wilson coefficient value (with same seeds ...)

- Re-weighting: User Re-weighting to generate EFT samples

- Perfect agreement between two model using Re-weighting
= Cost: weighted events have larger statistical
uncertainty that an unweighted sample (Standalone) with

the same number of events.

= SMEFT@NLO model and Dimétop model show appx. same value of

1 Uq8 and f ¢ [within the statistical uncertainties.]

20

Standalone

0.42
— Fit Dim6top (SM, a, 8) = (0.33068, -0.01303, -0.00247)
040/ —— Fit SMEFT (SM, a, ) = (0.32774, -0.00989, -0.00069)
e Data Dim6top
e Data SMEFT
0381 —— Gonfidence band Dim6top
—— Confidence band SMEFT
0.36-
' 0.34 #
=
7 #
0.32] i
0.30-
0.28-
[ ]
os; ATLAS work in progress
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
th8
Re-weighting
0.42
—— Fit Dim6top (SM, a, B) = (0.32862, -0.01446, -0.00337)
040! — FitSMEFT (SM, a, §) = (0.32972, -0.01437, -0.00355)
e Data Dim6top
e Data SMEFT
0381 Confidence band Dim6top
—— Confidence band SMEFT
0.361
' 0.34
5
@)
0.321
0.301
0.281
s, ATLAS work in progress
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
th8




Summary

® Direct measurements of spin correlations in close agreemen with SM pdiin

@ Precision top quark spin measurements are a powerful probe of new physics and
complementary to other approaches. |

@ Study the impact of EFT at LO and NLO on spin correlation observables
o Preform Global Fit at NLO J

|

|

)

* SMEFT@NLO and DiméTop comparaison

_ } - . — - R _ N _ - - — - — — — — — — —
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® Quantum Entanglement at LHC
® Violation of Bell inequalities (BIs) at LHC



Quantum Entanglement in tt

_ “
{

lWhaf IS Quantum Entanglement?

Alice * B Bob

e

'@ Observed in photons,
. superconductors .... Humm LHC ?

— =

29



Quantum Entanglement in tt

‘What is Quantum Enfanglement? How is it reflected in a tt production?

Alice ] » Bob |

|

e — =

® Observed ierhoi'ons,jZfo, 1‘@ SP'" State Of 1' and t qu“rks
| superconductors ... I-Iumm LI-IC ? ' produced at the LHC can be
- - ———————— entangled, and this can be probed

experimentally W

30



Where to look for Quantum Entanglement in

Entanglement Criterion - Concurrence

e e R — —— S S —_

1 _
p:z<1®1 Bo,® 1+ B1® o+ Cyo,
@ By invoking the Peres-Horodecki criterion:
E_Cnn ‘Ckk Crr —1>0

|

max(A,0)

@ Concurrence C[p] =

L

®6j>

is a sufficient condition for the presence of entanglement

31

@ The tt production is described by the production spin density matrix: |

.'..'.? ITheory paper

Clpl

Not

Entangled Entangled

Some Variable



https://arxiv.org/abs/2003.02280

|Theory paper

Where to look for Quantum Entanglement in t1?

Not
Entangled

Entangled

Entanglement Criterion - Concurrence

e —— — — =

@ The tt production is described by the production spin density matrix: Clp]

1 _
p=7(181+B6,01+B1®6+Ci@0)

@ By invoking the Peres-Horodecki criterion: Some Variable

A=-C,+|Cu+C,l-1>0

| 900

is a sufficient condition for the presence of entanglement
max(A,0)

800

=
D
=

|

@ Concurrence C|p]| =

L

+ 600

500

400

0.0

32 - Concurrence C|p]


https://arxiv.org/abs/2003.02280

Where to look for Quantum Entanglement in t1?

@ The condition A > O translates into D < -1/3,

Equivalent Measurable Observable

e —_—

“* D=—(Cy+C,+C,)/3

1 do 1
@ Experimentally : — = (1 — D cos (Pff>
cdcosg,, 2

|@ Needs to be measured differentially as a function of

Mtf

33

Theory paper

—-0.2}

-1.0

_—-—————
— - —
-— -
-
=
—
—

—— LO Analytical
- = MadGraph +MadSpin

400

500

600 700 800 900 1000

]\/Iﬁ[GeV]



https://arxiv.org/abs/2003.02280

Where to look for Quantum Entanglement in t1?

Equivalent Measurable Observable

e —_—

® The condition A > O translates into D < -1/3,
“* D=—(Cy+C,+C,)/3

1 do 1
@ Experimentally : — = (1 — D cos (Pff>
cdcosg,, 2

|@ Needs to be measured differentially as a function of
Mtf

;| ole Mﬁ <= 400 Geyv:
= if D < -1/3, the stat is entangled!

34

Theory paper

0.0

—-0.2}

-1.0

_—_————
— — —
-— -
-
=
—
—

—— LO Analytical
- = MadGraph +MadSpin

400

500

600 700 800 900 1000
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https://arxiv.org/abs/2003.02280

Recent Related Measurement

= ————

on M. by the CMS collaboration.

o D =-0.237 + 0.011 > -1/3

* No search for entanglement

o _ —_—

@ Recently, D was measured with no selection

35

w CMS 35.9 b (13 TeV)

I

B ' I

- ¢ Unfolded data ----NLO, SM .
- —POWHEGV2 + PYTHIA8 -- NLO, uncorrelated _
- - - MG5_aMC@NLO + PYTHIAS [FxFx] -

do
O dcosg
o
N

O
»

. . | . ! | ! ' -
~------- mStat = Stat® Syst _

Theory

ICMS paper



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

rl

|

1 do

o dcosg,,

1
> (1 —Dcosqo%)

normalised cross-sechon

@ Mean method: After integration, one can just measure |

the mean of the distribution: D = — 3 <COS §”ff>

@ Compare both methods:

® Measure the unfolded D using different bin of
the distribution cos ¢,,: 2/4/6/8/10 Bins

® With Slope method
= Stat Only: Gain 40%

= Stat+syst: Gain 17%

What is the best method for measuring D observable ?

' ATLAS work in progress vs =13 TeV, £ = 36 fb™* SignalModellingSys em/ee/mm

—&— Stat Only
—8— SysMcNLO
SysPowH7
—0— SysMcNLO&&SysPowH7

0.90 A

—0

0.60 A ®

10
Number of bins

2 3 4 5 6 7 8 9

_- . Use Slope method for the measurement of
- ‘D observable




Entanglement at LHC ?

@ Calculate the likelihood ratio by comparing the observed and the non-
entangled values:

ATLAS work In progress
d et &
| E 4 . ....... . ---- s ................ ‘

2_

360

380

400 420
m¢ threshold [GeV]

ol
.
: |
“ a
=
ol
"
....
"
"
" .
B
B
®
T

|

‘® Unfold to parton-level:
= Profile Likelihood Unfolding (PLU)
= Iterative Bayesian Unfolding (IBU)

@ Tests of both methods are ongoing, but a decision has not been made yet on which method to use. \
@ Possible first-time measurement of quantum entanglement.

—

(D = —1/3)

go = — 21n -
) Z(D)

e PLU

o IBU* (ME Pythia)
o IBU* (ME herwig)

*all modelling
systematics in PLU,
only ME & PS in IBU




Bell inequalities (BIs) Historically?

® EPR Paradox: There are some hidden
~ variables that are missing in order to have a
full theory.

® If local hidden variables holds, ?th

‘I

. satisfy some inequality.

% @, p < constant , where € measures

correlation between the supposedly non-
interacting subsystems A and B.

Violation of Bls = Entanglement

Violation o ntanglement

38




©2110.10112

Evidence of Bell inequality violation o, CHomuses

|

® The Bell/CHSH inequality

| (ab) — (ab’) + (a'b) + (a'b’)| <2

ttspin density matrix:

= Method 1: max,, | (ab) — (ab’) + (a'b) + (a@'b))| = 24/A+ X’
| = Method 2: | —C..+ C, | <+/2 (At high m,; and O.,,)

| where 1 and .’ are the two largest eigenvalues of C'C
L _

Clk, k) €3, k) (i, ky
C(k,7) C(7,7) C(a,T)
C(k, ) C(#,n) C(A, i)

39


https://arxiv.org/pdf/2110.10112.pdf
https://arxiv.org/pdf/2102.11883.pdf

Evidence of Bell inequality violation

|

® The Bell/CHSH inequality

| (ab) — (ab’) + (a'b) + (a'b’)| <2

ttspin density matrix:

= Method 1: max,, | (ab) — (ab’) + (a'b) + (a@'b))| = 24/A+ X’
| = Method 2: | —C..+ C, | <+/2 (At high m,; and O.,,)

| where i and 1’ are the two largest eigenvalues of C'C
w

|

Clk, k) €3, k) (i, ky
C(k,7) C(7,7) C(a,T)
C(k, ) C(#,n) C(A, i)
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Evidence of Bell inequality violation

|

!

|

|

® The Bell/CHSH inequality

| (ab) — (ab’) + (a'b) + (a'b’)| <2

ttspin density matrix:

= Method 1: max - ‘ (ab) — (ab") + (a'b) + (a'b’)

=2\/A+ X

= Method 2: | — C..+C,, | <1/2 (At high m,: and 6,,)

where A and 1’ are the two largest eigenvalues of C'C

Clk, k) €3, k) (i, ky
C(k,?) C(?,7) C(a, 1)
C(k,n) C(7, n) C(n, n)

41

ATLAS work In progress

>= 2 IS a violation

r!

Invariant Mass m. [TeV]

20+ N ]
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—

| ATLAS work in progress <-\/§ or > \/5 is a violation

Invariant Mass m. [TeV]
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Summary

ﬁ\

e

@ Spin correlation ant EFT in’rerpre’r;’rion

= Direct measurements of spin correlations with Full Run2 Data

= Precision top quark spin measurements are a powerful probe of new
physics and complementary to other approaches.

@ Entanglement and Bls

= ATLAS preliminary results show the sensitivity of Entanglement
between top quarks at the LHC for the first time.

= Bell inequalities violations can be tested with LHC data, which is an
important test that has not been conducted before.

— — _— = T e — — T — — E— — —
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Thank You






Spacelike probability, %

100}
80!
60"
10/
20!
“s00 1000 1500 2000 (V)

Figure 3.4: Fraction of ¢ and ¢ decays that are spacelike separated,
for ¢t pairs with a given my;.
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Comparison of methods

e Disclaimer: there are other unfolding method on the market

IBU: FBU: PFU:

well established method successfully used in top analyses @) relatively new — need testing!

syst. included in the formalism @ syst. included in the formalism

nominal result indep. on syst.

cannot constrain systematics regularization can be added as regularization can be added as

o , prior constraint term(s)
non-trivial to combine
channels can become computationally @ easily handles channel
iIntense combination, N_ . #N__
can have N, . #N - e
truth” ' \reco secondary parameter

can handle channel
combination, N_ . #N____
secondary parameter extraction @) can constrain systematics (*)

&
&
@
o
@

extraction

Q0 9000

not easy to add control
regions, simultaneous
background fit...

@ can constrain systematics (*) @ can easily add control regions

@ coherent formalism with e.g.

total cross-sections

@source
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https://indico.cern.ch/event/1139204/contributions/4862053/attachments/2437944/4175759/TopStatistics_Pinamonti_ATLAStopWS2022.pdf

Measurement of D observables: Mean V.s Slope Uncertainty

)

n/Dmean

(5Dslope/Dslope) / (5Dmea

0.90 A

0.85 A

0.80 A

0.75 -

o
~
o

0.65 A

0.60 -

ATLAS Internal vs =13 TeV, £ = 36 fb~! SignalModellingSys em/ee/mm

—&— Stat Only
—&— SysMcNLO
SysPowH7
—8— SysMcNLO&&SysPowH7

—~

2 3 4 5 6 7 8 9 10
Number of bins

jfZ Uncertainty Gained

NumOfBins

10

Stat Only

36 %

39 %

40 %

39 %

42 %

Sys McNLO

31 %

37 %

41 %

40 %

40 %

Sys PowH7

Sys

McNLO,PowH7

12 %

14 %

17 %

20 %

20 %
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1 do

o
—— =—(1—-Dcos
o dcos@,, "2 ( (p”ﬂ"ﬂ)

E— = — s e — —

O, Slope Measuring the slope of the differential
normalised cross-section

@ Mean: After integration, one can just measure the
mean of the distribution: D = — 3 <cos g0%>

@ Compare both methods:

® Measure the unfolded D using different bin
of the distribution cos ¢,,: 2/4/6/8/10 Bins
= Stat Only
Add Slgnal modelllng sys’remaﬂcs

What is the best method for measuring D observable ?

work in progress

ATLAS Internal vs=13TeV, £ = 36 fb! Stat Only, em/ee/mm
® Fit mcData Mean (a, B, y) = (-0.18332, -0.06562, 0.00433)
—0.25 - € Fit mcData Slope (a, B, y) = (-0.35137, -0.02248, 0.0016)
]
—0.30 - N,
\0
—_ \0
> N\
S \.
S N
< -0.35 N\,
% N, T
: N
N\
A \,\
~ - '\,\ 1
—0.40 - TS~o '~
NNNNN ; '\.\ ]
~~~~~~~~~~~ ~_ $ =%
—0.45 A
I 1 I
(O] 2 -
o
o
2 1 . 3
E ¢ L J Q L 4
©
U
= 0
2 3 4 5 6 7 9 10
Number of bins

= The Mean method is biased by the number of bins
= The Slope method displays a small static error




iTheory papeJ

‘-b -V * —— Entanglement Criterion - Concurrence
1, ] J, | _ _
max(A,0)
Concurrence Clp] = >
@ The tt production is described by the production spin
densify matrix: | Entangled NOt
Entangled

1 _

Clpl

® By invoking the Peres-Horodecki criterion:

| =-C,+ |Cu+C,|-1>0

Some Variable

49 Theoretical prediction (LO)


https://arxiv.org/abs/2003.02280

|
|
|
'“

S—

'@ At high energies and production angles, tt [
pair are produced in a spin-triplet pure state,

not separable — Max. Entangled

_ __

|
|
|

—

‘@ At threshold, tt pair are produced in a spin-

singlet state, not separable —& Max. Entangled

E— __ - e e —— D

iTheory papeﬂ

———» Entanglement Criterion - Concurrence
] , _ _

q i
q t
9 i
9 i

50 Theoretical prediction (LO)


https://arxiv.org/abs/2003.02280
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https://arxiv.org/abs/2003.02280

_ -_'T)

Model Independen’r e.g. Effecflve Fleld Theory (EFT)

Model-Dependent, e.g. SUSY|

11 ) U v n t 11 ) U v ? n

\\ N
N
e j e —

~ Scouting tails)
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EFT: What is it all about?

Energy e
| Top-Down

New Physics

A\ cut-off

Low-energy scale |

| BSM Model (UV Model)

]

|

1

|
|

“

Example: Heavy quark effective |

— — i N

theory, Weak effective theory ] \

{
|
|

‘NFocus of this talk

|

| "
: !

Bottom-Up

| Unknown inte

—

[y

“

|
i‘
|

|

Example: Standard Model- ;

Effective Field Theory (SMEFT)

= — = = ===




‘Warsaw’ basis |
!

SM-EFT: Dimé operators

_ _ Grzadkowski—iskrzyr_\ski—Misiak—Rosi:lT - E - e N TR e L
| (LL) (LL) (RR)(RR) (LL) (RR) | X3 ®° and ®*D? P23 ‘
| Ou (ovulr) (sy* 1) Oee (Epvner) (7" er) Ole (lovulr) (87" ) | | O¢ | FABC G,ﬁ"’GprpC“ O (dTd)3 Oeo (¢TD) (Ire,P) h
| 09 | (@vua) (@) || Ow | (Govaw) @y u) || Ow (o) @y u) || | Oz | FABCGIGPGH || Oy | (@TO)TI(010) Ouo (67) (Gour®)

i (5P’Y_#T'qr) (@7*7'qt) || Oua (dpypdr) (dsy" dt) Ol (lpvulr) (dsy™dt) Ow | e"KWIPWPWEH || Oop | (€1DHD)* (91D, d) || Oy (¢Td) (gpd, D) |
Oﬁ) (lovulr) (Gsv* qe) Oeu (&pyuer) (dsy™ ue) Oge (Gpvnar) (Esv"er) O— | UK wWlv Wz}lp w K
OS) (/_P'Yu"'llr) (‘—757“7'Iqt) Oed (ép’Yuer) (JS’Y“dt) Ot(;lu) (Gpvqr) (Osy" ur) = P Z : 5 > o
O | (@ovutr) (evde) || OF | (@ TAar) (B TAue) 0 _YX® N S
OO | (Gyry, TAur) (o™ TAdk) ng) (Goynqr) (e de) Ovc ot gfi‘u CALY O (/pi,uu er) 'O W/, OSN) (CMI;_?“ P) Elpyu/,)
O | (o7 Tar) (dsv TAdr) Opz | @TO GG || O | (o er) DB oY) | (ofi 13_4 &) (pr!v*1r) | |
(LR) (RL) and (LR) (LR) Pt | Oow | ®tO WL W || Oug | (Goo TAu) @GS, || Ose | (07D, @) (54 er)
Oleda (Fe) (d:q)) Odug B e [(d2)T C uP] [(q29)T C 1] Qi T W"w w!mv Ouww | (Gpo*” ur) ! W;.Iw (’)Sblg (¢T’;BM ®) (gpv*qr) :
Opua | (@hur) e (G5 de) Oqqu e ep [(ap?)T Caf*] [(u7) C ] Oos | 10 BLB» || O | (Goo ur) B || Og) | (01 Dé ®) (Gor'v*qr) | |
| O 4 | (@ T u)ejx (GETAdy) || O, e ejemn [(g59)T C aP¥] [(q2™) CI7] || Ops | @10 BB || Ouc | (Gpo*? TAd,) G, || Oou | (®Fi Dy ®) (@7 ur) | |
| O, (Ber) ejx (G5 ue) O e (r'e)jk ('€)mn [(g59) T C qP¥] [(q27™)T C I]] | Oows | ®Tr'é W) ,B* || Ogw | (Goo*¥dr) 'O WL, || Ood (&1i D, &) (dpy¥d) ]
Oleau | (Bouwer) i (ot ut) || Oauo =7 [(d5)"C uf] [(u7)7 C ] Oyis | ®17'® W1,B4 || Ous | (30"d) ®Bus || Ooua | i(B1D,0) (@n0d,) |
g=q,, =1, u=ug, d=dr, e =eg , p, r,s, t = generation indices | g=q, =1, u=ug,d=dgr, e=ep : B:i = TlB; —BMT' : p, r = generation indices |

Field strength tensors, X/w S {Gﬁv, Wiv’ Bﬂy}
|
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Mean Method

q t
2 q t

C C
kK _k tQS tQS
c" = 0Og, + A2a+ A4'B

In what way does the EFT affect the spin

correlation at LO and NLO? —— Fit Dim6top (a,, a,, a,) = (1.0, 0.01427, 0.00298)
- | Method . 0g| — FitSMEFT (ay, a,, a,) = (1.0, 0.01422, 0.00293)
[ : | e Data Dimb6top
= Cross validate the SMEFT@NLO implementation | og| o DataSMERT
| | - —— Confidence band Dim6top
| ° ° —— Confidence band SMEFT
agains DiméTop model
f _ 1.04

Comments | 3 1.00

- .3 and B, ¢ are model dependent

| | 0.981

= SMEFT@NLO model and Dimétop model show appx. same value 0.96

| .

of a5 and B, ¢ [within the statistical uncertainties.] . work in progress

| f - 7T 15 -1.0 -0.5 0.0 0.5 1.0 15
th8
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Analysis strategy

M1 Standard Model (5M1)

M EFT model to predict new
physics (SMEFT@NLO, Dimé6Top)
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Analysis strategy

Define theory model| » __ Process |

M Generate proton-proton collision

M Define the degree of precision of the
simulation: LO / NLO ...
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Analysis strategy

The dashed tracks
are invisible to
the detector

S
[Neutrino
5
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Analysis strategy

2] .
© L ATLAS Preliminary all channels -
LI>J 1 OOO __ e Data —_
I Ldt=07016" [ ]
800 __ - Z/'Y *'l'jets __
- %% Fake leptons -
. B other Ew ]
600 =
400 L -
200 Lz
0 1 2 3 >4
Number of jets
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Analysis strategy
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Analysis strategy

Unfolding

o1



Analysis strategy

Unfolding

- It Spin Correlations in the di-leptons channel

- EFT Interpretation

62

\

= Quantum Entanglement at LHC
- Bell inequalities at LHC




Method

— e —————

'@ Generate simulation samples:

= Preform Global Fit using Spin correlation observes

at LO or NLO to constrain Wilson Coefficient ?

— 5 | & Define EFT model : SMEFT@NLO model (LO / NLO) |

* SM

o SMEFT@NLO model ==> LO and NLO

e === _ e —————
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Method

= e —————

'@ Generate simulation samples:

= Preform Global Fit using Spin correlation observes

at LO or NLO to constrain Wilson Coefficient ?

— » | ¢ Define EFT model : SMEFT@NLO model (LO / NLO) |

* SM

o SMEFT@NLO model ==> LO and NLO

___ S = - —_ -

|

| ¢* What Wilson coefficients should be considered ? |

% Ctg

* 4-quark operators: ctq8
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Method

== e —————

'@ Generate simulation samples:

= Preform Global Fit using Spin correlation observes

at LO or NLO to constrain Wilson Coefficient ?

—p | % Define EFT model : SMEFT@NLO model (LO / NLO) |

* SM

o SMEFT@NLO model ==> LO and NLO

e === _ _— = — =

|

| l» What Wilson coefficients should be considered ? |

| <= oge Ctg

e

o} Decay tops (using MadSpin)

o Possible at LO and impossible at NLO

* 4-quark operators: ctq8
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Method

== e —————

'@ Generate simulation samples:

= Preform Global Fit using Spin correlation observes

at LO or NLO to constrain Wilson Coefficient ? — | % Define EFT model : SWEFT@NLO model (LO / NLO) |

* SM

o SMEFT@NLO model ==> LO and NLO

e === _ _— = — =

|

| l» What Wilson coefficients should be considered ? |

| <= oge Ctg

e

o} Decay tops (using MadSpin)

o Possible at LO and impossible at NLO

* 4-quark operators: ctq8

e ———

[
!

¢ What effect does this have on the EFT
contribution to spin correlation at LO and NLO?

06



- How does spin correlation change in SM at LO and NLO?

ATLAS Simulation Internal [~ ’ =

uﬁgﬁgﬂgTevmm_é ................................ ;. ........................................ ;m_:
5 5 5 SM LO 3

workinprogress ............... ................................ _

=
c
>
>
el
©
—
=
O
e
<

0.06

Mean Method: C(k, k) = — 9 < cos «9& cos O > o.osi—

SM LO : C(k, k) = 0.341 'l'/- 0.004 (S"'d"') 0.03
SM NLO : C(k, k) = 0.366 'l'/- 0.004 (S"'G"') 0.02

0.01

@ Consistent with SM expectations (NLO from 1508.05271) | S R S e

L 5 e A
1.875 F- ................................ ................................ ...... =
1.5 F- f f f —
0.625 z_ ...... ................................ ................................ ...... _z

@ Using SM at NLO: Gain 2%

NLO /LO

67 1 0.5 0 0.5 :
cosB cosp”



https://arxiv.org/pdf/1508.05271.pdf

= In what way does the EFT affect the spin correlation at

LO and NLO?

008 T T OISO SO S OSSN S B

— % — ATLAS Simulation Internal [ =

R R L e — 1 — MO -

- 0.06 f__v_ivgr.k__in__pr(i)g_ress _______________ _____________________________ tg _____________________ _f

Mean Method: C(l%, ]2) — — 0 < coS HZAT_ COS (gé > 0.05;_ _______________________________________________________________ ;_.. ..... TS _;
SM NLO : C(k, k) = 0.366313 +/- 0.0042 (stat) _ __________________________________________ N S R N E

Ctg NLO : C(K, k) = 0.375982 +/- 0.0042 (stat) NI e o i N =

® ¢,,=0.5 affect the SM value by 10%. e

E ;:4““‘“"‘“"'“““'“'“‘““'““““““""”"‘*—:::ﬁéﬁfﬁﬁﬁffffffﬁffffﬁﬁféfffﬁffffffﬁfffﬁffﬁffﬁfffﬁfffﬁffffffffffﬁﬁfﬁffﬁffﬁfffﬁfﬁfé

68 1 0.5 0 0.5 1
cosB coso”




= In what way does the EFT affect the spin correlation at

LO and NLO?

- Zf; 008 ;_AlTLASSmuIatluonlnternal”I- """ - (|>=05NLO """""""" _;
% 0.07 :_ S=13TGV ................................ .......................... Ct:=0'5 NLO-weight->d----—:
< - . C,=0.5LO Bl
0.06 :__W_grk__m__prqgr_ess ________________ - R — =
0053_- ..... JE O S S _f
. . 0_043_ ............................................................. _.—— ............................................................... _f
@ The impact of Ctg at NLO/LO is low - oL -
0_03__ ..................................................... ;T ..................... e —]
@ Preform Global Fit at NLO using spin - r 1 -
002__ .......................................... _ ............................................ Lo __
correlation observables. - i N -
0.0 ;.;;—i .................................................................... —_____ ......................... _:
A — T e
2.5 — .
O 1.875
o 125
> 0.625
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Mean Method

Co G
| Clk, k) = Clh, K)gny + — +—
In what way does the EFT affect the spin
correlation at LO and NLO? o §
Bl | 0.450{ —— Fit (SM, a, B) = (0.34653, 0.03744, -0.00412)
Abdellah (SM=0.3465, a, B) = (0.03744, -0.00521)
f 04251 ©° Data
L - COI’TIPU'"G a and ﬁ ? o Confidence band
L , _ o 0.400-
0.375-
< t
= 0.350-
Comments
B — — e == 0.325-
'® We can use the measured c(k, k), the estimated +
| 0.300-
c(k, k)¢ys with their statistical and systematic ;
uncertainties, and the a and f, to derive global 2 .
. . work In progress
constraints on the ¢, g operator coefficients. 0280 1o 65 00 05 o 5
_ . _ — ctg
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Summary

@ Precision top quark spin measaremem‘s are a pov;erflbe w pysi
- complementary to other approaches.

@ Study the impact of EFT at LO and NLO on spin correlation observables

®* Preform Global Fit at NLO

[a



Mean Method

q t
2 q t

C C
kK _k tQS tQS
c" = 0Og, + A2a+ A4'B

In what way does the EFT affect the spin

correlation at LO and NLO? —— Fit Dim6top (a,, a,, a,) = (1.0, 0.01427, 0.00298)
- | Method . 0g| — FitSMEFT (ay, a,, a,) = (1.0, 0.01422, 0.00293)
[ : | e Data Dimb6top
= Cross validate the SMEFT@NLO implementation | og| o DataSMERT
| | - —— Confidence band Dim6top
| ° ° —— Confidence band SMEFT
agains DiméTop model
f _ 1.04

Comments | 3 1.00

- .3 and B, ¢ are model dependent

;L | 0.98-

= SMEFT@NLO model and Dimétop model show appx. same value 0.96-

| .

of a5 and S ¢ [within the statistical uncertainties.] o work in progress

| f - T 15 -1.0 -0.5 0.0 0.5 1.0 15
th8
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Which Wilson coefficients affects 7 production the most ?

parameter tt single ¢

@ 18 operator expect to affect tf process :

¢ 4-quark (2-heavy, 2-light) operator

¢ Heavy quark boson

@ We Can not prob gluon self-coupling ¢G
in dimétop or SMEFT@NLO

1910.03606 /3



https://arxiv.org/pdf/1910.03606.pdf

Top quark polarisation

In agreement with the predictions -

|l F |
ol B 0.8 ATLAS Particle level | ATLAS /s=8TeV -20.2 fb™
| o O - —&— data
EO 7E- /s=8TeV,20.2fb" — pPOWHEG-hvq+PYTHIAG | o
—lo 'F | | Polarisations ¢ JHEP 12 (2015) 026 result + (stat+det) + (mod)
0.6 *
0.5 + ¢ r o——¢ -0.044 = (0.027) = (0.026)
0.4—* 1 % i BX o ¢ -0.064 = (0.030) = (0.023)
z —(1 + B’ cos 6)
0.3 2 + + n
- B, - - -0.018 + (0.023) + (0.024)
0.2
0.1 B" —4—o——  0.023 = (0.024) = (0.034)
Bn Bn e — B’ +—o 0.039 = (0.030) = (0.029)
+ _ _ 1.4+
b 1'21_ ........ P O VO i B' —eo 0.033 = (0.029) =+ (0.045)
Qla 0.8 *
0'6_ --------------------------------------- | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1 -0.8-06-04-02 0 0.2 0.4 0.6 0.8 1 203 0.2 01 0 0.1 0.2 03
COSQE Polarisation

ATLAS * ATLAS

e e —————

|

@ Measurements not yet sensitive to small level ofpolaris:fi in the SM

@ This distribution should be sloped if top quarks are produced with high polarisation:

= Dominant uncertainty affects top rest frame reconstruction

|
|
|
|
|


https://arxiv.org/pdf/1612.07004.pdf
https://arxiv.org/pdf/1612.07004.pdf

Spin correlation

In agreement with the predictions

< - #
; B 2.2F ATLAS Particle level | ATLAS /s =8 TeV - 20.2 fb™
O — —— data
o X 2__ = -1 |
| B Sf (s=8TeV,20.2fb" —— POWHEG-hva+PYTHIAG ' | Spin correlations ¢ JHEP 12 (2015) 026 result = (stat+det) = (mod)
| 81.8F
S S =
| C( k k) C( }’,‘« k) C(ﬁ k) “TE PO 0.296 + (0.072) = (0.057)
\ ? | ? ? 1.2
\ \\\\‘* - 1:_ ( )
i l (1 — C(l% lAc)cos ok cos 9’2> log :
A ~ A ~ A 0-85— > ’ + O Y- ‘COS 0k cos Ok C(n,n) —_——— 0.304 = (0.038) = (0.047)
0.4 t ¢
| 0.2 ' ' C(r,r) o 0.086 = (0.075) = (0.122)
A ~ ~ ~ ~ ~ 0_ | | IR B | | |
C(k,n) C(r,n) C(n,n) 1.4
©lg 1.21 + + ¢ | | | | | |
bt q, 1____",_ ________________________________________________________ | | | | |
al& + 0.2 0 0.2 0.4 0.6 0.8
8.2: + Spin correlation
1 -0.8-06-04-02 0 0.2 0.4 06 0.8 i ATLAS
cose¥ coso"

ATLAS

O Thm_be symmetric ig ’rh n sin celi &

l

'@ Spin correlations along each axis consistent with SM expectations

d\
J


https://arxiv.org/pdf/1612.07004.pdf
https://arxiv.org/pdf/1612.07004.pdf

SM-EFT: What is it all about? Fermions:

Heavy scalar: ©

Energy

Z = ZW) + Ly,
New Physics Full (W) (w, D)

Integrating out heavy scalar

A = M cut-off

Cg
M2

Low-energy scale

ZLgrr = Z(y) +

1
5(1/71//) (wy)

/0



SM-EFT: What is it all about?

| Couplings = Wilson coefficients |

< =7 cfOf
HET T Z Nd—4 | Haher (res) dimerion |

operators suppressed by NP scale | |

%f

 SM-EFT valldly

o o ]
@ fZeﬁ = z PV should respect:

1,d>5

% SU(3)C ® SU(2)L ® U(1)Y




|
!
Les Stat Only, em, 0 < mg <= 500 Gev
| ATLAS Internal 1 Truth € Unfolded Data
Vs =13TeV, £ =36fb!
® Unfolding: remove detector effects, to get the truth-level I *
distribution. 2’ ;
|
¢
® Systematic uncertainties, for now only considering the main '
uncertainties, signal modelling systematics: |
of* aMCNLO-Herwig Vs. aMCNLO-Pythia8

closure test

/8



Mean Method

q t
2 q t

C C
kK _k tQS tQS
c" = 0Og, + A2a+ A4'B

In what way does the EFT affect the spin

correlation at LO and NLO? —— Fit Dim6top (a,, a,, a,) = (1.0, 0.01427, 0.00298)
o | Methd 1081 T Fit SMEFT (a,, a4, a,) = (1.0, 0.01422, 0.00293)
[ | e Data Dimb6top
= Cross validate the SMEFT@NLO implementation | og| o DataSMERT
| - —— Confidence band Dim6top
agains Dim6Top model —— Confidence band SMEFT
, - 1.04 -

Comments | 3 1.00

- .3 and B, ¢ are model dependent

| | 0.98-

= SMEFT@NLO model and Dimétop model show appx. same value 0.96-

‘\

of a5 and B, ¢ [within the statistical uncertainties.] 004

| f — T 15 -1.0 -0.5 0.0 0.5 1.0 15
th8
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Cress Section, ctq8

1.10

Ok Osm
—
o
o

0.94

1.081

1.061

1.04

1.00+

0.981

0.96

— Fit Dim6top (a,, a4, a,) = (1.0, 0.01427, 0.00298)
— Fit SMEFT (a,, a4, a,) = (1.0, 0.01422, 0.00293)
e Data Dim6top
e Data SMEFT

—— Confidence band Dim6top
—— Confidence band SMEFT

-1.5 -1.0 -0.5 0.0 0.5

1.0

1.5

30



Evidence of Entanglement

|

= — e —

T e ————— — e

— e = — —

'@ Other approach to look for Entanglement in 77 events:

o —C,—C,.—C, >1 at threshold (equivalent to measuring D)

'@ Other approach to look for Entanglement in 77 events:

% C,+C.—C_ > 1 at high regime (

©2110.10112
©2102.11883

—————— = e — R — — =

31

i

'@ Base selection:

® Two OS leptons (eu, uu, ee).

® At least $we one b-tagged jet |

© Work in progress, fresh results
| |

Invariant Mass m. [GeV]

-Ckk-Crr-Cnn

1300

E 0.667775 —1.9
1200 =
1100 :_o.ssosss

= —1
1000 [ 0.815155
900:—

0866105
800
| — 0.952755 0.628424
“ 700 —
| 600 :_1.11662 0.838787 0.527273
L —

‘} 500 :_1.32969 1.16571 0.921266 0.692772 0.5(5122
| = I
| 400 ;\

— 15034 1.53641 1.42382 1.27043 1.14872 1.05933 0.996451 0.960298
300_||||||||||||||||||||||||||||||||||||||||||||||||
N 0.1 0.2 0.3 0.4 05 4 0.6 0.7 0.8 0.9 1

) - e ——————— BCM2/71-

|

{

® > 1 sufficient conditions for entanglemen

® At parton lavel



https://arxiv.org/pdf/2110.10112.pdf
https://arxiv.org/pdf/2102.11883.pdf

|

Evidence Of Enfdnglemenf 5 Base selection:

® Two OS leptons (eu, uu, ee).

® At least $we one b-tagged jet |

p— e — w— — _—

. * ® Work in progress, fresh results
'@ Other approach to look for Entanglement in 77 events: |

| Ckk+Crr-Cnn /{/
< 1300 {{ |
| 8 127372 | 1.68341 2.08749 2.25173
= 1200 |
£
% 1 1 00 1.17071 ’ 1.55308 1.83553 2.08639
° ° ° (4v]
— _ S
“* C,+C.,.—C_>1 at high regime (high m,: and 0.,/ = T .
' e — _ _ — e I g . c . /
S 900
- 1.24742 1.56191 1.68851

800

0.976091 1.23084 1.37367

700
Selections C,+C,.—C,, 600 e B8
500
400
Weak 05
3OOO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ym2/7
Intermediate P f —— e
| o og o
® > 1 sufficient conditions for entanglemen
Strong | A —
®© At parton lavel
®©2110.10112
©2102.11883
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https://arxiv.org/pdf/2110.10112.pdf
https://arxiv.org/pdf/2102.11883.pdf

Polarised Top quark decay

_ _ dN | :
; 5(1 + BYacos07)

- Top rest frame d cos 0

~ Quantisation axis

— — — — e —

® —1 < B <1 is polarisation, measured along chosen axis (*)

(@ For a fully polarised ensemble of top quarks, B7 = 1.
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source

ATLAS Coordinate System

=
11

z (fowards LHCb) | &

X (_cenfre of LHC) 14

%


https://atlas.cern/resources/schematics

The Standard Model of Particle Physics

mass = =2.4 MeV/c?
charge | 2/3

spin §1/2 w’
P

g

~4.8 MeV/c?

i 4 - . —
» @ @ All ordinary matter is made from up |
down J' | quarks, down quarks, and electrons. |

___ — - — — — — — - - - -  —

=0.511 MeV/c?

electron

 The Pyramid of Complexity

u

LEPTONS
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https://www.instagram.com/p/CNjHCyWnk65/

The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter

e Ewe ® There are three coples, or ]
generations, of quarks and lepfons

mass | 2.4 MeV/c? ' =1.275 GeV/c? %172.44 GeV/c?

& I g N X Same properties, only heavier |

spin [§ 1/2 1/2 1/2 3 |
| up charm | top - ——

dl ~4.8 MeV/c* ~95 MeVj/c’ ~4.18 GeV/c? |

"l | BV 1/3 1/3 |

_. 1/2 \ 1/2 \ 1/2

= || down strange bottom

\ \
| =0.511 MeV/c? | 105 67 MeV/c 1 7768 GeV/c?
" |

LEPTONS
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The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter

(fermions)
| || 1l
mass | =2.4 MeV/c? 1 =1.275 GeV/c? | 2172.44 GeV/c?
charge §2/3 o 2/3 ‘ 2/3 Jai
spin §1/2 w 1/2 @ 1/2 y
charm top N, e —
| ° ° |
T 2 T — @ Leptons also include neutrinos, |
U | z4.8MeV/c =95 MeV/c z4.18 GeV/c '. |
. @ |- @ |- @ one for each generation

strange bottom

=1.7768 GeV/c?

| —

'i”xo.su MeV/c?

b ‘

electron

- =105.67 MeV/c?

31 2 ‘ 'E.S eV/c2
£ Q| @ |
> 1
E'J electron muon tau |
- neutrino J|

neutrino

neutrino
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The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter
| (fermions)
| | 1
| x|
| mass = =2.4 MeV/c? | =1.275GeV/c’ | 17244 GeV/c* |
charge @ 2/3 | 2/3 ‘ 2/3 i | ‘
spin §1/2 w 1/2 @ 1/2 a

charm top

up

~4.8 MeV/c? =95 MeV/c’ ~4.18 GeV/c’ '-

| XX | S 1/3 1/3 A |
- 1/2 @ H2 a e @ |

down strange bottom || i

,‘

@ All of these are matter particles,
or fermions

'2105.67 MeV/c? '~1.7768 GeV/c?

m 2 y 2 4 o 2
- <2.2eV/c - <1.7 MeV/c <15.5 MeV/c
g 0 0 0
- 1/2 1/2 1/2
& electron tau
- neutrino neutrino
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The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of antimatter
| (elementary antifermions)

mass  =2.2 MeWic? . =128 GeVic2 | =173.1 GeVic?

charge -3 -
spin % u

antiup

=4.7 MeVic*

=+ @

antidown

- —

=0.511 MeVic?

1
%

positron

= _ﬁli = —— p— e __
I

|

© Antimatter is exactly the same as matter |
| except one attribute is flipped: the charge

—

<2.2eVic?

electron
antineutrino
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The Standard Model of Particle Physics

Standard Model of Elementary Particles

three generations of matter |
| (fermions)
| 1 1l
|
| mass  =2.4 MeV/c? | ~1,275 GeV/c? %172.44 GeV/c?
charge | 2/3 A 2/3 o | §2/3 .
spin §1/2 w 1/2 3 1/2 3
up | charm || top

~4.8 MeV/c2 =95 MeV/c2 ~4.18 GeV/c?

| -1/3 | -1/3 -1/3 &
1/2 @ 1/2 3 1/2 @

strange bottom

~0.511 MeV/c? ' £105.67 MeV/c? 21,7768 GeV/c?

-1
1/2

electron

|

@ The other group of part

GAUGE BOSONS

2 . | =80.39 GeV/c? fhe S"’dﬂddf‘d MOdel are bOSOﬂS
O 0 +1 .

A | = These are the force carriers
™ lau Il Wboson o

neutrino

— o —
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The Standard Model of Particle Physics

Standard Model ofElementa artii_les

three generations of matter | |
| (fermions) |
| || 1] |
|
| mass  =2.4 MeV/c? | =1.275 GeV/c? %172.44 GeV/c? ,l ~125.09 GeV/c?
charge | 2/3 . 2/3 | §2/3 . i 0
spin §1/2 w 1/2 3 1/2 3 i 0 H
up charm | top Higgs
|
) ~48Mev/c? ~95 MeV/c* ~4.18 GeV/c* 5‘
H -1/3 _ -1/3 J _1/3 P “\1‘ ﬂ
O @@ | 3
= | down strange | bottom ». |
Il | =3 p— = ,’ |
=0.511 MeV/c* £105.67 MeV/c? 21,7768 GeV/c? I |
X
| |2
|
electron ‘ 8 ‘.
| | p
2 | : | H~80.39 Gev/c’ i 0O l
o 0 ‘ ‘ . | é wJ \‘
- 12 ||: (O | — S —
Q ‘ | : | | ° ° ° |
electron muon tau | | | | |
ui | pestmo )| neutano J| neveno JIL WPoson J| l ® Higgs mechanism explains how |

particles get their m

e —— ——— e _ =— —— s —

ass
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SM—EFT VS Dim6TOP' C‘l'g work in progress
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a,/A* and SB;/A* at LO : C(r,r)

0.08

—— Fit (SM, a, B) = (0.03084, -0.0056, 0.00058)

—— Abdellah (SM=0.0308, a, B) = (-0.0056, 0.00046)
0.071 '« Data

—— Confidence band
0.06
0.051

o
0.04-
0.031
0.02-
[ )
work In progress
0.017—2% -1.0 -0.5 0.0 0.5 1.0 1.5
ctq8

0.08

—— Fit(SM, a, B) = (0.03084, -0.00638, 0.00117)

—— Abdellah (SM=0.0308, a, B) = (-0.00638, -0.00034)
0.071 '« Data

—— Confidence band
0.06-
0.05-

o
0.041
0.03- *
0.021
. work in progress
Y15 -1.0 -0.5 0.0 0.5 1.0 15
cqq81

0.2
—— Fit (SM, a, B) = (0.03084, 0.13542, -0.02633)
—— Abdellah (SM=0.0308, a, 8) = (0.13542, -0.02376) /
e Data
—— Confidence band
0.1
~ 0.0
S
-0.1
-0.2
[ ]
work In progress
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
ctg
0.08 0.08
—— Fit(SM, a, B) = (0.03084, -0.0, -0.00178) —— Fit (SM, a, B) = (0.03084, -0.00019, -3e-05)
—— Abdellah (SM=0.0308, a, B) = (0.0, -0.00373) —— Abdellah (SM=0.0308, a, 8) = (-0.00019, 0.00068)
0.07{  Data 0.077 o Data
—— Confidence band —— Confidence band
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SM‘EFT VS Dim6TOP, C"'q8 +/- 0.2 work in progress
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* Spin correlation :

SM NLO/LO, Ctg

¢ Are directly affected by Ctg expect Ckk where the
impact is small (we will discus it in details in part 2 also).

¢ For other spin corrections observables, the effect is

very low or not observed.

E _l | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | I_
3 4000-ATLAS Simulation Internal =5 B
Z “Vs=13 Tev -3 g esMnlo  eSMlo  eCi’=05 o
120001 R :
B = —'=|:_ i
10000~ . =L =
: & % :
B - _ _
- el g -
6000— = 1 -
- | | -
4000 = -
2000~ =
_I | | | | | I | | | | I | | | | I | | | | I |—

0 ~1 -0.5 0 0.5 1

cost’.cos6X + cosfcose!

;510000
Z35000
30000
25000
20000
15000
10000
5000

I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I

— ATLAS Simulation Internal ==
Vs =13 Tev

I | |

® SM nlo SMlo e C.’=0.5

[T

[ C:‘go=-2

C:g:°=1

llll|llll|llll|llll|llll|llll|lllllllll|—

IIII|IIII|IIII|IIII|IIII|IIII|IIII|

| = | | | | | | | | | | | | | | | | 1:1 J—

—1 -0.5 0) 0.5 1
cos0lcosb”

;ﬂOOOO
Z35000
30000
25000
20000
15000
10000
5000

1

I

FrTT1T 7 TTTT 7T TT T TTT T T T T T T T T TT T T T ]I
| | | | | | |

' | I I I I | I I I I | I I I I | I I I I | :
— ATLAS Simulation Internal == | .
Vs =13 Tev ® SM nio SMlo ®C.’=05
° Cr;°=-2 C?;°=1 E
| 7_1__ | | I | | | | I | | | | I | | _l __F: | I:

-1 -0.5 0) 0.5 1
cosfcosh"

Q5

%0000
Z35000
30000
25000
20000
15000
10000

5000

— |
_ ATLAS Simulation Internal =
L Vs =13 Tev

! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! |

® SM nlo SMlo e C;°=0.5

[ J C:‘g|°=-2

C::°=1

llll|llll|llll|llll|llll|llll|lllllllll‘—

IIII|IIII|IIII|IIII|IIII|IIII|IIII|

| | | I | | | | I | | | | I | | | |

—1 -0.5 0 0.5

—h

cos0!.coso!




% COSA¢Z§F :

¢ For Ctg=-2, the distribution
s ~ flat !!!

SM NLO/LO Ctg
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Initial stat qq VS Ctg

% Near Threshold

@ Fraction of gg is effected by Ctg
= +/- 2 (also +/- 1, 1,5)

% Above Threshold:

@ Fraction of gg is stable w.r.t Ctg
values !
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— 40
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© 35
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2 30
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~ ATLAS Simulation Internal e smqq Ctg=0.5 e Cig=2
- {s=13Tev
—  Only qq intial stat

At NLO

Initjal spét [%]

~ ATLAS Simulation Internal e smqq
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Initial stat qg VS Ctg M ,;

% Near Threshold

2 O Tarias St et o oo cogm E

@ Fraction of gg is effected by Ctg BT oo

= +/- 2 (also +/- 1, 1,5) : L :

— -

* Above Threshold: N - T|i 1}

. i t:ﬁ:&i#ﬁ%ﬁi&iﬁlmwW4 “z‘ HE

@ Fraction of gg is stable w.r.t Ctg E :
values ! °"300 400 500 600 700 800 900 1000

ttmass [GeEV]

* Same comments for ggq and gg (for
NLO) ==> See BackUp.
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gg initial stat VS 1 mass
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qa/qg initial stat VS 7 mass
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qa/qg Initial stat VS C(n,n)
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gg Initial stat VS C{(r,r)
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qa/qg Initial stat VS C(r,r)
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g Ctg = 0 corresponds to the SM
value.
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