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Angular Information

pi<

e What types of physics can we access with angular
information?
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Angular Information

Azimuthal-type angles

<

X

N

e Spin correlation (Agp), quantum entanglement (D),
Toponium (A¢ near threshold).
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Angular Information

Polar-type angles

pi<

 Forward-backward (Arg), charge (Aly|), and energy
asymmetries (AE(HJ-)).
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Angular Information

Event-specific basis

p<

e Spin density matrix (lAc, n, r), t=channel polarisation
(Cx, Oy, 7).
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Angular Information

Cartesian basis

e Quantum tomography.
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Spin Correlation and Polarisation
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t-channel polarisation NEW! ?!;\I!rﬁé

 Polarisation measured in t-channel production using full
Run2 data.

e Events required to have exactly one lepton, two jets, and
significant MET and exactly one b-tagged jet (as well as
some additional multi-jet suppression cuts).

o S/B after selection in signal region is 0.94.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-027/

t-channel polarisation NEW!| $ATLAS
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t-channel polarisation

Profile likelihood
function used to

extract
polarisation

vectors for top
and anti-top.
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NEW!

ATLAS-CONF-2021-027

e X,Y,Zangles
constructed
using spectator
jet Iin top rest-
frame.
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t-channel polarisation

Octant variable
constructed and
used in fit by
slicing phase-
space.
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t-channel polarisation
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t-channel polarisation NEW! ?ATLAS
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e Data also unfolded to particle level in fiducial phase space for
EFT fit.

e Good agreement with SM predictions.
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- - CMS,
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e No new full Run2 A¢ (yet) but ATLAS and CMS are progressing
towards combining previous results.
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- - CMS,
Spin Correlation (Ag) NEW! ?ATLAS 55

We’re sorry,
ATLAS cares
very much
about NNLO!
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- - CMS,
Spin Correlation (Ao) NEW!| SOATLAS

ATLAS webpage online shortly
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e “New” Monte Carlo predictions (such as Powheg bb4l) may also
sculpt this observable.
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T
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Spin Density Matrix >

Phys. Rev. D 100 (2019) 072002

e Gold standard measurement for spin
structure of the top quark!

e Measure the single and double
angles between leptons and a special
“spin analysing basis” in dileptonic tt
events.

* Angles correspond direction to
elements of spin density matrix:
= C = 3x diagonal elements (spin corr.)
=) B = 6x polarisation
= 6x Off diagonal “cross correlations”
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Spin Density Matrix
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Spin Density Matrix
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Spin Density Matrix >

Phys. Rev. D 100 (2019) 072002
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e Observables are very sensitive to the presence of spin
correlation, but tricky to reconstruct and unfold.

* From extracting all the information possible from these obs.
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Phys. Rev. D 100 (2019) 072002
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* No new full Run2 (yet), previous results agree with SM
predictions but are heavily affected by tt modelling uncertainties
= New technigques/better understanding of modelling needed as

much as more datal
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W boson polarization fractions

e Can use similar observables (with a slightly different definition) to
measure the helicity of the W boson.

e Recent ATLAS + CMS combination of Run1 results in excellent
agreement with the SM.
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Production Asymmetries
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Asymmetries

qq anihilation
A

events

—top quark
—antitop quark

A=
T Np+ Ny

gg fusion
I\

events
—top quark
—antitop quark

_ N(A|y|>0)—=N(A|y| <0)
CT Ny > 0)+NA|y| <0)

* Preference in direction of top and anti-top in ppbar collisions.

At the LHC, no directional preference, but tops are preferentially more

forward than anti-tops.

o Effect arises due to higher order interference effects and are both
sensitive to potential new physics.
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Charge Asymmetry $ATLAS

ATLAS-CONF-2019-026
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e ATLAS found strong evidence (40) for charge asymmetry in the
I+jets channel using full Run2 data.
= Set limits on 4 linear combinations of 4-fermion EFT operators.
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Forward/Backward Asymmetry >
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e CMS use a template method to isolate the gqgbar initial state and
measure Ars with 35.9 fb-1in l+jets events.
= Also fit anomalous chromoelectric (d) & chromomagnetic (u) moments.
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https://cds.cern.ch/record/2690358/files/TOP-15-018-pas.pdf

Energy Asymmetry NEW! @ATLAS

TOPQ-2019-28-002

TS—— ) = c’P'(AE > 0) — 6°P'(AE < 0)
\ ?\/ | EXT 6o AE > 0) + 6P(AE < 0)
& |

t |

I
\. | AE =E, - E;
I

t

6" = 0(0:|yz > 0)+

e Asymmetry at tree-level in ttj events. o(w—0;y;z <0)
* Sensitive to four-quark operator insertions (orange dots).

e Measured in boosted l+jets final state with hard additional
jet (ot > 100 GeV) using full Run2 data.
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Energy Asymmetry NEW!l Y%ATLAS

TOPQ-2019-28-002

« I ! . I . . I l I - D P ' P i A
o _ ATLAS Preliminary=— MadGraph5_aMC@NLO S \)/4; TLAS Prellml_r11ary x  best fit value -
— - {s=13 TeV, 139 fb —— Data (stat only) - o 4o EBTeV 13970 68% CT
o 21 --4--- Data (stat + syst) ] s , 95,,/ eEL

> . ;
<C

ANy o
A TS,
0 SOONONNNNINNANNINNNNIINANNNNANNANNNNNNN
A R
AR
AR NN OO SINANNNNNNNNNNNN YT
NSNUNNNNNNNUNNNNNNNNY A
) AN AN 0
SR - [ 1
— OO NN NN N —
4 | \\\\\\\\\\\\4\\\\ AN — _2»
L . .
| 1 ’ e \\ S
’ - ~
-6 : — a4t —— 68% CL expected |
. e e
C L | L | L | L N B 95% CL expected
0 /4 /2 3n/4 A t t -
6, [rad] C3L (TeVIN)?

 Unfolded to particle level, no significant deviation from SM.

e Inclusive asymmetry Al% = — 0.043 = 0.020 in close
agreement with SM expectation.

 Limits placed on 4-fermion operators.
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Spin in ttZ events

Jay Howarth 30



Spin in ttZ events NEW!

N ] University

Yoo lindl & (yf Glasgow

Accepted by EPJC
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e Spin correlation VERY different in ttX events than in tt:

= Can’t use lab-frame observables like Ad.

= Spin density matrix from tt works well, along with cos(®).

e Could potentially find evidence with existing data and

discover with full Run2+3 data.
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https://arxiv.org/abs/2106.09690

Y|

M University

Spln in ttZ events NEW!| geseaus of Glasgow

Accepted by EPJC

Coofficient 114 NLO tt NLOW ttZ NLO tt NLOW
13 TeV 13 TeV 14 TeV 14 TeV

Crr —0.198 + 0.004 0.071 £ 0.008 —0.190 + 0.004 0.072 £ 0.008
Ckk —0.193 £+ 0.004 0.331 + 0.002 —0.182 + 0.004 0.331 + 0.002
cnn  —0.117 £ 0.004 0.326 + 0.002 —0.118 £ 0.004 0.325 + 0.002
Cric —0.173 £+ 0.006 —0.206 + 0.002 —0.180 + 0.006 —0.204 + 0.004
Ckn 0.012 + 0.006 <2.107° —0.001 + 0.006 <2.10°°
Crn —0.004 + 0.006 <1-107° 0.006 + 0.006 <1.10"°
Cr 0.007 £ 0.006 <1-10"° —0.004 + 0.006 <1-10"°
Cre 0.003 + 0.006 <1-10° 0.001 £+ 0.006 <1-10°
Cn 0.005 + 0.006 <1-107° —0.008 + 0.006 <1-107°
b 0.055 + 0.001 <2.107° 0.055 + 0.001 <2.107°
b, 0.055 + 0.001 <2-107° 0.057 + 0.001 <2.107°
by —0.077 £ 0.001 <4-107%® —0.077 £ 0.001 <4-107°
b, —0.076 + 0.001 <4-107°® —0.074 + 0.001 <4-107°
b 0.001 + 0.001 <3-.107° 0.001 + 0.001 <3-10°
b, 0.001 + 0.001 <3-107° —0.001 = 0.001 <3-107°
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= = 2T ] University
Spln In ttZ events NEW!| gsSeel & of Glasgow
Accepted by EPJC
Coofficient 14 NLO tt NLOW ttZ NLO tt NLOW
13 TeV 13 TeV 14 TeV 14 TeV
¢ —0.198 £+ 0.004 0.071 £+ 0.008 —0.190 + 0.004 0.072 £ 0.008
cer ~ —0.193 + 0.004 0.331 + 0.002 —0.182 + 0.004 0.331 + 0.002
Cnn  —0.117 £+ 0.004 0.326 + 0.002 —0.118 + 0.004 0.325 + 0.002
¢ —0.173 £ 0.006 —0.206
Ckn 0.012 + 0.006 < 2{e Non-zero polarisations due
crn —0.004 £ 0.006 <1 - :
. 0.007 + 0006 < 1 to E_W Interaction when Z
Cr 0.003 + 0.006 <1| radiates from the top (can be
Cn 0.005 £ 0.006 <1| enhanced to above 15% with
bt 0.055 + 0.001 | <2{ suitable kinematic cuts!
b, 0.055 + 0.001 | <2 ' 0.0 J.00 <Z-
by —0.077 £ 0.001 | <4-107° —0.077 £ 0.001 <4-107°
b, —0.076 + 0.001 | <4-107®* —0.074 £ 0.001 <4-.1073
hF 0.001 £ 0.001 <3-10°° 0.001 + 0.001 <3.107°
b, 0.001 + 0.001 <3-107° —0.001 = 0.001 <3-107°
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Spin in ttZ events
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NEW!
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s=13TeV,3/+4/ ttZ events

—4+— NLO QCD SM, spin off ]

—— NLO QCD SM, spin on —]

—0.077 = 0.001
—0.076 = 0.001
0.001 = 0.001
0.001 £+ 0.001

<4.1073
<4.107°
<3.107°
<3.107°

—0.077 = 0.001
—0.074 £ 0.001

0.001 &= 0.001
—0.001 £+ 0.001

] University
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Accepted by EPJC
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14 TeV

).072 = 0.008
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Conclusions SATLAS

N

el

* Angular analyses are some of the most powerful tools we
have in understanding the behaviour of the top quark.

 Full Run2 analyses are starting to mature (song remains the
same for many, modelling systematics are intolerably large).

“What's the point of having a 1% stat uncertainty if you’re gonna
stick a 20% Parton shower uncertainty on it...” Jay, ranting in a pub

e Some exciting never-before explored avenues to pursue:
= |nterplay with Quantum information field (Entanglement).
= Replacing “the top decays before it can hadronise” with “the
top almost always decays before it can hadronsie” (i.e.
discovering topponium)
= Studying spin in ttZ events.
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Backup
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Energy Asymmetry ?ATLAS

TOPQ-2019-28-002

Ag (A™) Ag (A7)
C(TeV/A)® | oo L 95% CL 68% CL 95% CL
ng —0.41,0.47] [-0.65,0.67] | [-0.68,4.06] [-3.36,6.16]
C1Q8q —0.87,1.24] [-1.72,2.10] | [-1.26,4.76] [-3.24,9.64]
o —0.43,0.52] [-0.69,0.75] | [-0.60,5.76] [-3.42,9.36]
C,, —-1.41,0.84] [-2.01,1.43] | [-1.86,1.70] [-3.30,3.98]
cl —0.50,0.56] [-0.78,0.81] | [-0.96,5.82] [-4.72,8.88]
c? -1.00,1.01] [-1.71,1.56] | [-1.30,2.52] [-3.02,4.66]
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Spin Correlation and Polarisation ATLAS

EXPERIMENT

QCD Production

e Dominant production for tt.
o Parity invariant = no intrinsic polarisation.

e Some degree of spin correlation, depending on
sensible choice of reference basis.

e Dominant production for single top.
o Violates parity = expect strong polarisation.
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Energy Asymmetry NEW! ?ATLAS

TOPQ-2019-28-002

ATLAS internal N Ac
Vs =13TeV, 139fb? BN Ag (expected)
—— 68%CL
---- 95% CL
Cll ] F——t1
Qq i
b= p—e- ==
8
Coq -1 . N
c1 F i
tq ]
g - —t-i
Cig - —n
cL F——t
tu | e
k- ————f1
Cau - —]

5 -4 -3 -2 -1 0 1 2 3 4 5
C (TeV/N)?

Jay Howarth 40


https://cds.cern.ch/record/2779414/files/TOPQ-2019-28-002.pdf

