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Why top quarks?
- heaviest known particle, only “bare” quark
- high statistics allows precision tests and search for
new physics (Effective Field Theory frameworks)
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Copious production at the LHC (top-factory):
- =140/fb @13TeV collected in Run 2 by ATLAS...
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https://www.science.org/doi/10.1126/science.abk1781

tt charge asymmetry

tt central-forward charge asymmetry (Act) happens only at NLO
- gg initiated process remains charge symmetric to all orders

- higher orders interference in gg and qq, and EW contributions lead to asymmetries
+ also BSM physics can lead to enhancements

- challenging to measure at the LHC (qgq ~ 10% of production fraction @13 TeV)
+ Extremely subtle precent-level (0.6%) effect (one of the most precise SM tests in top physics)
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tt charge asymmetry

arXiv:2208.12095 - Accepted by JHEP

Extracted from 139/fb @13TeV data using single

lepton (e/p) and dilepton channels
- |+jets: resolved+boosted (p1(t) = 400 GeV)

Resolved: BDT to assign the different jets to the

top systems
- using KLFitter, masses of hadronic top and W,
various angular variables
- best combination considered and only events with
good reconstruction retained
Boosted: hadronic top reconstructed as a single
large-R jet
- mass and T3z used to “tag” hadronic tops
- leptonic side reconstructed from the Etmiss, [epton
and a R=0.4 jet
Dilepton: small-R jets and exactly 2 light leptons
- Neutrino Weighting (NW) algorithm to select well
reconstructed events
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https://arxiv.org/abs/2208.12095

tt charge asymmetry )

arXiv:2208.12095 - Accepted by JHEP

|Ay| unfolded using a likelihood-based technique
called “fully bayesian unfolding”

- inclusive and differential in bins of the m# and
B« (absolute longitudinal boost of tt system in
the z-direction)

- systematic uncertainties are marginalised and
can be constrained by the data

Inclusive charge asymmetry Ac = (0.68+0.15)%

- in agreement with NNLO QCD + NLO EW
predictions

- 4,70 from no-asymmetry hypothesis

- EFT limits based on the inclusive and m« results

+  First evidence for charge
' asymmetry in pp collisions!
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https://arxiv.org/abs/2208.12095

tt charge asymmetry

arXiv:2208.12095 - A

|Ay| unfolded using a likeli

called “fully bayesian unfa

- inclusive and differential

Bt (absolute longituding
the z-direction)

- systematic uncertainties

can be constrained by t

Inclusive charge asymmet

- in agreement with NNLQ
predictions

- 4,70 from no-asymmet

- EFT limits based on the
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https://arxiv.org/abs/2208.12095

tt charge asymmetry (boosted) C\MS\

arXiv:2208.02751 - Submitted to PLB \ A

New CMS measurement of Ac in I+jets boosted events
(mua >750 GeV)
- in boosted environment gg or qq productions are
enhanced - larger Ac
- top quarks produced with large Lorentz boosts -
+ non isolated leptons, unlike previous CMS results
+ overlapping jets
- three hadronic top categories: resolved, semi-resolved
and boosted
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https://arxiv.org/abs/2208.02751

tt charge asymmetry (boosted) C\MS\

arXiv:2208.02751 - Submitted to PLB Wz

Data unfolded with a binned maximum likelihood fit and compared to theoretical
prediction with NNLO QCD and NLO EW corrections

Ameas = (0. 69+8 gg) % (error is dominated by the statistical component)

- results are in very good agreement with the SM prediction
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+ First charge asymmetry result
: in boosted regime
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https://arxiv.org/abs/2208.02751

tt+W charge asymmetry

arXiv:2301.04245

In ttW production, the qq’ initial state leads to larger
Ac than in tt production
- the W in ttW is radiated from initial g’ state and acts
as event polarization, enhancing the asymmetry
between the tt

First measurement of Ac in ttW using 139 /fb of ATLAS
data at 13 TeV

- performed in the 3 charged leptons (e or y) channel

3|_ Odd lepton: always from (anti)top quark
(3L) .
: need to select the correct one

- signal and control regions (SRs and CRs) defined by
requirements on number of jets and b-tagged jets

- dedicated CRs to estimate the non-prompt lepton
source from HF/LF decay or y-conv.

- BDT trained to achieve the best “lepton-top-quark”
association (71% efficient)
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https://arxiv.org/abs/2301.04245

arXiv:2301.04245

Simultaneous fit to the numbers of observed events in the SRs
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i Agf = (—12.3 £ 13.6(stat.) = 5.1 (syst.)) %
ALy = (—8.4102(scale) + 0.6(MC stat.)) % from SHERPA

After unfolding at particle level and fiducial phase space:
- AL = (—11.2 £ 17.0(stat) £ 5.5 (syst.) %
(AL, = (—6.375 K(scale) = 0.4(MC stat.)) % from SHERPA
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E Statistically dominated.
In agreement with SM
predictions



https://arxiv.org/abs/2301.04245

Overview of tt(+X) asymmetries
ATL-PHYS-PUB-2023-013

EXP
. SM prediction*
ATLAS Preliminary P
< Measurement
13 TeV, June 2023
tt + j: Madgraph5_aMC@NLO ; — tt: Phys. Rev. D 86, 034026 (2012)
(NLO QCD) 5 ¥ (NLO'QCD + NLO EW)
tty: Madgraph5_aMC@NLO | tt: Phys. Rev. D 98, 014003 (2018)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-013/

tt spin correlation CMS~

Phys. Rev. D 100 (2019) 072002 -

In tt production, top quarks produced unpolarised top rest frame antitop rest frame
because of QCD parity conservation P
- - correlated spins between top pairs t‘\‘—\’f
- accessible via |Agy|, in dilepton tt decays, no top P
reconstruction required 1 do 1

_ — + .t - ) —_pt.C. )
0 (4W)2(1+B 4B -4 cz)

Most recent CMS measurement of top-quark polarisation basi: n O

and tt spin correlation in dilepton events at 13 TeV {k,r,n} antitop
- Relative lepton directions follow 3x3 matrix C of spin o /.
correlation coefficients > beam

- 15 coefficients (Bl.i,Cl-j) characterize spin dependence "

of production

- each coefficient probed by measuring 1D anqgular distribution at A N
P y g g A ot

parton level

do

1
_ spin decorrelation D measured indirectly by =—(1 —=Dcos¢,,)
o dcos @y,
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

tt spin correlation

Phys. Rev. D 100 (2019) 072002
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' Observations are consistent ;
' with the SM predictions !

' Top quark polarization (six B . ' Spin diagonal coefficients (Ci)
' coefficients) consistent with zero : consistent with expectations ,

Results used to set constraints on top quark
chromomagnetic, chromoelectric dipole moments (CMDM
and CEDM) and anomalous couplings

- CMDM: —0.24 < C,5/A* < 0.07 TeV 2@ 95% C.L
. CEDM: —0.33 < CL./A* < 0.20TeV™ @ 95% C.L.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072002

W helicity )

Phys. Lett. B 843 (2023) 137829

EXPERIMENT

Witb properties in tt events determined by structure of weak interaction
- W bosons polarised mostly longitudinally (Fo) or left-handed (FL) in the SM (Fo + FL + Fr = 1)
- sensitive to anomalous Wtb couplings (any significant Fr = new physics!)

longitudinal W L-handed W R-handed W

-1 +1
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- opposite-sign dilepton channel extremely pure in tt - —
events (>97%) O e |
- Neutrino Weighting (NW) algorithm to remove events s000/ .
with poorly reconstructed kinematics e
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https://www.sciencedirect.com/science/article/pii/S0370269323001636

A W helicity

Phys. Lett. B 843 (2023) 137829

The differential decay rate of top quarks considering the y: .'..'..'Ef: :
angle 0* is given by - -+ Fe=
- normalized angular distribution of charged lepton decay from : m—
the W unfolded to particle level using an iterative Bayesian re

unfolding (IBU) method
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https://www.sciencedirect.com/science/article/pii/S0370269323001636

Top-quark polarisation )

JHEP11 (2022) 040

At the LHC (pp collisions)...

- EW production: highly polarised top quarks due to V-A nature
- detectable: accessible via angular distributions (in top rest frame)
- spin polarisation: depends upon specific top-/antitop- sample and chosen basis
N(CT)—=N(CI) .
+Pi: , /1] wrt. i
NCT)+N(CL)
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https://link.springer.com/article/10.1007/JHEP11(2022)040

Top-quark polarisation

JHEP11 (2022) 040

Fiducial measurement of top polarisation in t-channel with full
Run Il dataset (139 /fb)
- template fit: measurement of top quark and anti-quark
polarisations at reco. level within a fiducial region
- unfolding: normalised differential measurements (cosOxy/-)

unfolded at particle level
- EFT interpretation of the unfolded results

£+jets channel and profile likelihood fit of polarisations:

- 4 regions: 2 SRs (top, anti-top) + 2 CRs (W+jets, tt)

- 6 polarisations P(t)={Pxt, Pyt, P2t} and P(t)={Px!, Pyi, P}
- QOctant distribution “Q” to fit in SR (cosBx/ cosBy/ cosiy)
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https://link.springer.com/article/10.1007/JHEP11(2022)040

Top-quark polarisation

JHEP11 (2022) 040

Fiducial measurement of top polarisation in t-channel with full

Run Il dataset (139 /fb)

- template fit: measurement of top quark and anti-quark

polarisations at reco. level within a fiducial region

- unfolding: normalised differential measurements (cosOxy/-)

unfolded at particle level
- EFT interpretation of the unfolded results

£+jets channel and profile likelihood fit of polarisations:

PX' 1.57\\\\‘\\\\‘\\\\ T T T T 1T T 1T
- ATLAS
Parameter Extracted value (stat.) e V=13 Tev, 139 fb B
t-channel norm. +1.045 +0.022 (£ 0.006) §
W+ jets norm. +1.148 £ 0.027 (£ 0.005) 0.5 N
tf norm. +1.005 £0.016 (+0.004) - top quark
P, +0.01 +0.18 (+0.02 ) oF >, .. ~
Pff_, —0.02 +£0.20 (+0.03) : top antiquark
Il . == N =N =N =N =N =N =N N N N N NN NN =W ' B
: P;, —0.029 £ 0.027 (+0.011) —0.5[ 7]
- l B
rop —0.007 £0.051 (£0.017) [ +bestFit
Sy —— M 68% CL stat. only —
P!, +0.91 +£0.10 (+0.02 ) " 68% CL stat.+syst.
i_ - EINNLO SM Prediction -
Pl _0.79 i0.16 (i0.03 ) _1 57\ L1 | ‘ I ‘ I ‘ I I | ‘ I | ‘ 1 1 1 \7
£ 45 4 05 0 0.5 1 15
P,

. Very good agreement with NLO SM
Py = 0 - no CP violation
Largest uncertainty from jet-energy
resolution (JER)
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https://link.springer.com/article/10.1007/JHEP11(2022)040

Top-quark polarisation )

JHEP11 (2022) 040

Three normalised angular observables (cos0x/y/z) unfolded to particle level

- lterative Bayesian Unfolding (IBU) employed for deconvolution
- comparisons with different MC predictions at particle level in fiducial region

EFT interpretation of normalised cosOxy with morphing technique

- parametric description for EFT operators using minimal number of templates
- focus on Owv (variables not sensitive 1o Ogq, Ogq)

Sketch of a morphing example

olaw) = (’)§M + cw - OsmOw + Gy - OtZW
SM

Ciw Ciw
ogM 68% CL 95% CL | 68% CL  95% CL
terference All terms | [<0.3,0.8] [-0.9,1.4] | [<0.5,—0.1] [-0.8,0.2]

\ M Order 1/A* | [-0.3,0.8] [-0.9,1.4] | [-0.5,—0.1] [-0.8,0.2]
/ Order 1/A2 | [-0.3,0.8] [~0.8,1.5] | [~0.6,—0.1] [-0.8,0.2]
)

NucI Instrum. Meth. A 771 (2015) 39
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https://www.sciencedirect.com/science/article/pii/S0168900214011814?via=ihub
https://link.springer.com/article/10.1007/JHEP11(2022)040

Top-quark polarisation

JHEP11 (2022) 040

Three normalised angular observables (cos0x/y/z) unfolded to particle level

- lterative Bayesian Unfolding (IBU) employed for deconvolution
- comparisons with different MC predictions at particle level in fiducial region

EFT interpretation of normalised cosOxy with morphing technique
- parametric description for EFT operators using minimal number of templates
- focus on Owv (variables not sensitive 1o Ogq, Ogq)
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Vew good agreement with NLO SM predlctlon ; ' No deviation from 0 observed ,
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Conclusion

The top quark has come a long way since 1995 (discovery)

- back then: missing quark, similar to other quarks
- today: know that top quark is special

In precision era, top-quark spin is key to an abundance of different research areas

- so far, Standard Model describes data extremely well
- more results with the Run 2 dataset in the pipeline
- Run 3 (and beyond) promise even larger datasets

Many more exciting top physics results still to come!
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, , - - 1
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8 . iy 1 r
P E cortinaton | i measurements in tt+X , N3 ]
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o | - - o= 1 H -
: I_Ewdence _of charge a_symmetry : : Most precise W helicity . : F_|rst _top (anti-top) :
, in pp collisions and first result , . 1, polarisation measurement ,
: in boosted regime! : ! measurement so far : : at 13 TeV :
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Charge asymmetry

ATLAS-CONF-2019-026
Measurements reinterpreted in EFT

ATLAS Vs =13 TeV, 139 fb’’ . : .

" ATus. NNLO 0CD + NLO EW - C-= 4-fermion operator assuming flavour conservation

 Differential m, oL and equal u-d type couplings (maps onto axi-gluon)

A2 -4 - °°

: _ﬁ-zfA IR A - theory paper: JHEP03(2011)125
Co [ Inclusive and differential results surpass ATLAS+CMS Run |
ci - e -
JR7 N I W combination
Qq i
Coa | i - no large dependence on quadratic terms
cAl = pri S : : . ,
o L e - dimension 6 approach is stable and appropriate
Co [T
8 | > ——n i i T . .
Ciq + —— NNLOQCD + NLOEW  ATLAS —— NNLOQCD +NLOEW  ATLAS
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L e ' 4+ single-lepton +  single-lepton
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iu oo =0 002 1 =0 ++
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M; (GeV) Ac ()

Measured  Stat Syst MCstat Total Theory
Fiducial phase space (Ald)
> 750 0.22 +044 022 +032 14 0.72 106
750-900 | 039 @ ok 0w Tose  0.6070g
> 900 118  +058 9% 4041 0% 083108
Full phase space (Ac)

> 750 069  +044 P +032 L 09475F
750 — 900 2.43 +065 92 f04 H084 0.87 +0:0¢
> 900 037  £058 i T w1017
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@ Charge asymmetry (boosted)
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tt+y charge asymmetry )

Phys. Lett. B 843 (2023) 137848

_ tt+y production EXPERIMEN
tt+y has enhanced qq initiated production . LT
- perfect playground for tests of Actt Y ! a7 _
| 7 ¢ 7 tt+y decay
- enhancement only for events where the 4 : .

———— e — a1

photon is radiated by initial state o g L || t Y
partons (a.k.a. “tt+y production”) N ot M . \ﬁ%

I+y+jets selection with Run |l data:

0 TTT T[T T T[T T [T T[T T[T T[T T T T[T T T[T T [ orTT
'c 16000 —
o .

- kinematic likelihood fit (KLFitter) to reconstruct tt system o T e mirpocton.
- Neural Network to separate signal (tt+y prod) vs. backgrounds 000" Criey Ee
+ “tt+y decay” as irreducible background oo, =
+ two regions NN<0.6 and NN>0.6 ]

6000— Z

4000—

Main backgrounds: prompt y, jet- and e-faking y
- tt+y decay (30%) and prompt-y (15%) estimated with MC S 5

- data-driven e-faking y (16%) using tag-and-probe Z-ee/ey events ' 7/ - / ///%

- data-driven jet-faking y (7 %) using ABCD method (y-iso and y-ID) |

Data / Pred.
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tt+y charge asymmetry

Phys. Lett. B 843 (2023) 137848

Actt extraction by Profile Likelihood Unfolding (PLU)

- Actf= -0.003 + 0.029 = -0.003 + 0.024(stat) + 0.017(syst) Total uncertainty

- precision is limited by the statistical uncertainty

r-------------------------------

1+ Consistent with SM prediction

 Actt = -0.014+0.001 (MadGraph NLO) ;
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Statistical uncertainty

MC statistical uncertainties
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Background processes 0.008
tty production 0.004
Modelling uncertainties
tty production modelling 0.003
Background modelling 0.002
Prompt background normalisation 0.002
Experimental uncertainties

~ Jet 0.009
Fake-lepton background estimate 0.005
ET'S 0.005
Fake-photon background estimates  0.003

7] Photon 0.001
b-tagging 0.001
Other experimental 0.004
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‘tt+y charge asymmetry
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.th charge asymmetry

L L L B

400 T T T T

% %
;E) [ ATLAS ¢ Data t?W(QCD): ;E) EATLAS ¢ Data t?W(QCD)E g A A R R LA RN AR R g T T T T T T T
2 L LY ! ] 2 E LY ! ] § ATLAS ¢ Data {fw (QCD) § ATLAS ® Data tfw (QCD) ]
“ 2501 C‘ER=H1F3 TeAV’_ 139 0" -::V (EW) -:5 . W 350 C‘E;H‘s TeAV;139 fo! .::V (EW) .:: - i \s=13TeV, 139 o Wiw EW) Wtz & Vs=13TeV, 139 fo”' Waw EwW) Wtiz g
[ OR-HFe, An o 1Fy ] F CR-HFe, An o Fy ] CR-tfZ, AW HF Wyconv. CR-Z, AN’ HF My-conv. ] 1
[ Postfit Mv-conv. WtH ] 300 Post-fit Mv-conv. WtH ) 3 Post-fit -m.; Wizg i Post-fit -,;,.; Wizg T ATLAS E =13 TeV, 139 fb
200~ Wizq i WZ/ZZ'_’JetS__ F Wizq //WZ/ZZ'_’Je‘s ] Wz/zz +jets [lOther | Wz/zZ +jets [l Other g TTT T T T[T I T [T T[T T T [T T T[T I T [ TTTI[TT
L [l Other 77 Uncertainty 250:_ [l Other 77 Uncertainty _: 7/ Uncertainty ] 7/ Uncertainty B )
b ] o 9 A 4 | —
150!;3%/7_/ 2 27 . ¢ E - ] | —e— 1.59+0.40 N;, (AM)
C ] A 1 ] . |
L ] (- = 1 ] |
100[~ ] E 1 ] h |
C b : E ] ] ] e 1284015 | N, (An)
50 kb 1 E ] !
F B E = |
£ E e e |
, = ) J . . ! _
5 o 5 o e 5 0 ! 30 .- 1.05+£0.14 | N_ (AT)
© q25F © q250 3 a 12 é D & 120 ¢ 3 | iz
ST 35 S B » P 2 ////(/W//O 7 PR ( A |
§ 075t ¢ § 075t ¢ (] T E B o07s5F E 8 0755 3 |
0415 50 55 % 35 yn e 550 0'.15 50 55 36 35 20 ye =0 0.5 200 300 400 500 600 700 800 900 1000 05 200 300 400 500 600 700 800 900 1000 _l" 1 04 + 0 10 N/‘ (A,n+)
G G : - HF
3rd Leading Lepton P, [GeV] 3rd Leading Lepton P, [GeV] Hir [GeV] Hir [GeV] :
@ ®) (a) (b) i
|
- 098 £0.09 | N“(An)
2 oof i ; , I
a e e a R B e S 8 ATLAS # Data ttw (Qcp) Iltw (EW) !
& 400F ATLAS # Data {iw @cp) & E ATLAS # Data {iw (cp) 1 Y 80F 5o 13Tev, 13087 Wiz HF, HF, !
w F Vs=13TeV, 139 o' Wtiw EW) WMtz B @ 400F (5= 13Tev, 139 fo! Wciw EW) W(iZ E ' Il y-conv. WtiH mizq ) o .
350F CR-HFyw, A HF, HF, 4 350:_ CR-HF, AT HF, HF, E 70F CR-y-conv wz/zz+jets [l Other // Uncertainty '.l‘ 0.98 +0.08 NHF (AT] )
F Postit Wy-conv. WtH ] £ Post-it MWy-conv. WtH ] Post-it \
300F Wizg Wz/zz +jets a00F- Wizg W2/zZ +ets ] 60F i
F W other 77 Uncertainty F [l Other 77 Uncertainty J sob |
250F = E ] _
”» ] 2507, i % . 0.83+0.09 | NS (An)
; : SN ?
s 4 3 b s 3 !
E 1 E ¢ E 20 ! + e +
100 P, 3 E iR E ! 1.27 £ 0.40 Ny-conv (AT'I )
E . 100 E 7 ¢ A 10 |
E E B E '
sof . 50 —: g 1 !
E | E bl g 12 e —
. | L L | 1 4 . | | 1 | ! ] P_‘ 7, % 2 A 4 < 4 I 074 i 034 N A
. R _ R —e s ()
a - S s 0
3 sty 2 $ 3 A5y coopsssssisssisid] 06 :
8 o7s5f : 8 075F 3 A an e
E 3 -~ -
0‘15 20 25 30 35 40 45 50 0'\15 20 25 30 35 40 45 50 0'12 :t 0'14 AC (tt W)
3rd Leading Lepton p_[GeV] 3rd Leading Lepton p_[GeV] © T P T T T T T
© @ 0 06 1 15 2 25 3 35

N. Bruscino  Top-quark spin properties at LHC | CKM 2023 | 21-Sep-2023



.th charge asymmetry

Preselection
Ne(E=elp) =3
pL (1%t/20d/31) > 30GeV, > 20GeV, > 15GeV
Sum of lepton charges +1
m(tyfsp > 30GeV
Region-specific requirements
SR-15-10WNjets | SR-1b-highNjes | SR-2b-10WNjets | SR-2b-highNjets
Nies [2,3] > 4 [2,3] >4
Nb-jets =1 =1 >2 >2
Eiss > 50GeV > 50 GeV - -
Nz cand. =0
Lepton criteria TTT
e/y ambiguity-cuts satisfy all
CR-t{Z CR-HF, CR-HF CR-y-conv
£1st/2nd/3rd eee tte tlu tle, tel, ell
Nijets >4 >2 >2 >2
Nbp.jets > =1 =1 >1
Eiss - <50GeV < 50GeV <50 GeV
Nz cand. =1 =0 =0 =0
Lepton criteria I'TT ITT ITT TTT
e/y ambiguity-cuts satisfy all satisfy all satisfy all > 1 fail

| AAL(iW)
Experimental uncertainties
Jet energy resolution 0.013
Pile-up 0.007
b-tagging 0.005
Leptons 0.004
Emiss 0.004
Jet energy scale 0.0032
Luminosity 0.0006
MC modelling uncertainties
ttW modelling 0.013
ttZ modelling 0.010
HF,/,, modelling 0.006
tt H modelling 0.005
Other uncertainties
An* CR-dependency 0.05
MC statistical uncertainty | 0.019
Data statistical uncertainty | 0.14
Total uncertainty | 0.15
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| AAL(itw)PL
Experimental uncertainties
Leptons 0.014
Jet energy resolution 0.011
Pile-up 0.008
Jet energy scale 0.004
E%‘iss 0.0015
Luminosity 0.0011
Jet vertex tagger 0.00027
MC modelling uncertainties
ttW modelling 0.022
ttZ modelling 0.017
HF,/,, modelling 0.015
Others modelling 0.015
WZ/ZZ + jets modelling 0.014
ttH modelling 0.006
Other uncertainties
Unfolding bias 0.004
An* CR-dependency 0.04
MC statistical uncertainty [ 0.027
Response matrix ‘ 0.009
Data statistical uncertainty ‘ 0.17
Total uncertainty | 0.18




tt spin correlation

Phys. Rev. D 100 (2019) 072002 Wi

TABLE I Observables and their corresponding measured coefficients, production spin density matrix coefficient functions, and P and
CP symmetry properties. For the laboratory-frame asymmetries shown in the last two rows, there is no direct correspondence with the
coefficient functions.

Dt __ 1+1 + A + A
B i b k ki + b r r i + b n n i Observable Measured coefficient Coefficient function Symmetries
~ A A k k + - -
C" — kk+C ff+c ﬁﬁ cosﬂ}c Bllc b,i P-odd, CP-even
ij — CkkMilj rrlil’j nn'tiltj cos 65 B% b P-odd, CP-even
A A~ cos @] B] bf P-odd, CP-even
7.k T 2.7 7. 05 B} by P-odd, CP-
ik Kify) & car(Aify + Fif) e i i o o
1 1 + - , CP-
T oA AT AT & A cos @} B} b, P-even, CP-even
+ Cpn(kifi; + 7ik;) + ¢, (Fik; — ;7)) cos 65 Bb b P-odd, CP-even
A A cos 64 B by P-odd, CP-even
+ ck(n,-rj - r,-nj) + cr(k,-nj - n,kj) cos 07" B b} P-odd, CP-even
cos 0%" By by P-odd, CP-even
cos 6% cos 0% Cix Cik P-even, CP-even
cos @7 cos 6} C,, Crr P-even, CP-even
cos 07 cos 63 Coun Cun P-even, CP-even
cos 6 cos 0% + cos 6% cos 6, Co + Cyr Crk P-even, CP-even
spin decorrelation D cos 6 cos 0% — cos 0% cos 6} Co — Chr Ch P-even, CP-odd
cos 07 cos 05 + cos 0] cos 83 C,,+C,, Chr P-odd, CP-even
cos @' cos @, — cos 07 cos 0 C,,—-C,, Cr P-odd, CP-odd
1 2 1 2
1 d O 1 cos 0% cos % + cos 6% cos 0% Cut + Crn Cin P-odd, CP-even

— cos 0" cos 0% — cos ¥ cos 67 Cot — Cin —-c, P-odd, CP-odd
d 2 ( 1 D cOS ¢) cos 1 2 1 2 D —(crx+ ¢+ €an)/3 P-even, CP-even
oadcos@ 4 e Cr '

COS @Pyap Al
|A¢t’t’| A|A¢ff|

x = cos @ cos 6.

15 observables

1
1
1 d 1
: 1 d’c ——01——(1+B’ cosd}),
1 _ odcos@; 2
1 : i 1 do 1 C,]:l:C], -1
1 O'dCOSOIIdCOSHé 1 do 1(1+B’ Cose) O-dx :E I—Txi COS |x:|:|,
sdcosdl 2 2 +
: _ i i | Ri ' i ' odcosty 2 = cos 0! cos @ + cos @ cos 6!
: = —(1+ Bj cos@; + B)cos @, — C;;cos & cos &), ldo 1 1 X4 = 08 0] c0s ¢ = cos 0 cos 0.
4 =-(1-Cyx)In
: ocdx 2 |x])°
|
|
|
|

N. Bruscino  Top-quark spin properties at LHC | CKM 2023 | 21-Sep-2023 28



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

tt spin correlation CMS,

Phys. Rev. D 100 (2019) 072002 PZa )

TABLE IIIl. Measured coefficients and asymmetries and their total uncertainties. Predicted values from simulation are quoted with a
combination of statistical and scale uncertainties, while the NLO calculated values are quoted with their scale uncertainties [3,4]. The
NNLO QCD prediction for Aag,,|, With scale uncertainties, is 0.1 15f8‘8815 [69]. TABLE V. Summary of the systematic, statistical, and total uncertainties in the extracted #7 spin correlation coefficients and

asymmetries. An ellipsis (- --) is shown where the values are <0.0005.

Coefficient Measured POWHEGV2 MG5_aMC@NLO NLO calculation
Uncertainty
BY 0.005 +0.023 0.0040.6! 0.000%5 01 40745 x 107 s Cu C» Cwm Cou+Cir Cu=Cir Cor+Con Cor—=Crn Cot+Cin Cot—Cin D Al A
Y ) ’ ource rr nn T + r rk = r nr+ rn nr— “m n + n nk — n
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Top polarisation

2
0(xz) = O5m + 72 - Osm Odime + 57 * Oime

Interference term Pure BSM

EFT operator can contribute to production and/or decay vertex
3 operators that interfere with SM: Ogq, Ow and Oqaq

- four couplings: C¢q, Ciw, Ciw and Oqq

- Cww # Cwv » CP Violation

- prediction @NLO available: arXiv:1807.03576
Interpretation of normalized cosOx/y focuses on Cwv and Ciiw

- Og¢q affects only normalisation
- cosBx/y not sensitive to Oqgq

Morphing reference: ATL-PHYS-PUB-2015-047 68% CLC‘wgs% CL

CitW
68% CL  95% CL

) . . : All terms [-0.2,0.9] [-0.7, 1.5]
Morphing works with any choice of templates Order 1/A* | [.0.2.09] [0.7, L5]

[-0.5,-0.1] [-0.7,0.2]
[-0.5,-0.1] [-0.7,0.2]
[-0.5,-0.1] [-0.8,0.2]

- Uncertainty does depend on this choice Order 1/A* | [-0.2,1.0] [-0.7,1.7]
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IBU vs. FBU vs. SVD vs. PLU

Reference: arxiv.org/1201.4612

FBU differs from D’Agostini’s iterative unfolding (IBU) despite both using Bayes’ theorem.

- In FBU the answer is not an estimator and its covariance matrix, but a posterior probability density
defined in the space of possible spectra.
- FBU does not involve iterations, thus does not depend on a convergence criterion, nor on the first

point of an iterative procedure, which in IBU is named “prior”.

+ If more than one answers are equally likely, as can happen when the reconstructed spectrum has fewer bins than the
inferred one, then FBU reveals all of them, while IBU converges towards some of the possible solutions.

- Regularization is not done by interrupting iterations, but by choosing a prior which favours certain
characteristics, such as smoothness.

+ Thus, FBU offers intuition and full control of the regularizing condition, which makes the answer easy to interpret.
FBU differs significantly also from SVD unfolding.

- In FBU the migrations matrix is not distorted by singular value decomposition (SVD), therefore FBU
assumes the intended migrations model.

- The answer of FBU is not an estimator plus covariance matrix, but a probability density function
which does not have to be Gaussian, which is important especially in bins with small Poisson event
counts.

- FBU does not involve matrix inversion and computation of eigenvalues, which makes it more stable
numerically.

- SVD imposes curvature regularization, while FBU offers the freedom to use different regularization
choices. This freedom becomes necessary when the correct answer actually has large curvature, or
when the answer has only two bins, thus curvature is not even defined.

PLU is similar to FBU in terms of prior for regularisation, but it involves a Profile Likelihood fit too.
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