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Top and angles

e The top quark is the heaviest elementary particle:
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e Top quark spin and polarization
- Spin: tt spins are correlated, information can be deduced from the angular
distributions of decay products
Can we then observe spin correlations in top quark pair production ?
- Polarization:
Negligible longitudinal polarization in tt (parity conservation in strong interaction)
~100% polarization in single top (V-A structure)

e The top sector is unique to study quark spin and polarization
- (Can be altered by new physics (Z', charged Higgs, SUSY, ...)
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Spin correlation predictions

e Spin configurations
- Different and complementary at Tevatron and LHC
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e Choice of quantization axis
- Beam basis: direction of the colliding hadrons in the tt rest frame
- Off-diagonal basis: vanishing tt like-spin contribution at LO
- Helicity basis: t flight direction in the tt rest frame
- Maximal basis: maximal correlation for production from gluon fusion
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The tt decay product angular distribution

e Double differential distribution in polar angles
- For two tt final-state decay product

1 do 1
— = —(1 4+ a1 Py cos 07 + as Py cos Oy + ayap A cos 01 cos )
odcosfidcosbl, 4

lepton LLUSL LU spin analysing basis
0: angle of the decay particule 4 \ J

P: degree of polarization (P=0 in the SM) L L ER L
a: spin-analyzing power of the decay particle i A

! : atlill
C =- aia2A : tt spin correlation bret
(asymmetry in the cosB1cos62 distribution) A

lepton

(—0.456 (—0.389) helicity at Tevatron, a=1 for the charged lepton
o= ot toy—on —on _ ! +0.910 (4+0.806) beamline at T'evatron, and down-type quark at LO
o+ oy +or + 0oy +0.918 (4+0.913) oft-diagonal at T'evatron,
=-0.31 for u-t k
+0.305  (+0.311) helicity at LHC (14TeV). 041 for baquark.

LO (NLO: PRL87, 242002, 2001)

e Azimuthal correlations:
From interference between spin components
- Easier to observe (lab frame)

1 do | +0.132 Tevatron,
o dng ~ 2L T D cosad) P=1_0353 LHCcu4Tew)

for the dilepton channel
(t/t rest frame)
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First search for spin correlation w

PRL85, 256 (2000)
e Tevatron Run I, 125 pb!
- Off-diagonal basis (optimal for qq)
- SM prediction: C=0.88 (@ 1.8 TeV)
- 6 events in the dilepton channel, reconstructed with the neutrino weighting method
- 2D binned likelihood (cosB*, cosB")
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First spin correlation analysis
in the lepton+jets channel
PRD83, 031104(R) (2011)
e Tevatron Run II, 4.3 fb
- Helicity basis
- SM prediction: k=0.40 (@ 1.96 TeV)
- Down-type quark: jet closest to the b-jet (in the W rest frame)

Correct assignment 60% of the time
- Template fit to the distributions of cosB, « cosB4 and cosB) x cosBp

k= 0.60 = 0.50 (stat) £ 0.16 (syst)
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Spin correlation analysis w

in the dilepton channel PLB702, 16 (201)

e Tevatron Run II, 5.4 fb'l
- Beam basis
- SM prediction: C=0.78 (@ 1.96 TeV, NLO)
- Dilepton event reconstructed with the neutrino weighting method
- Template fit to the distribution of cosBi1 cosBi;, simultaneous fit with the tt cross

section
tt Z  Diboson Instrumental Expected Observed
Number of events 3247355 75715 1713 2373 439750 441
C' = 0.1017,752 (stat+syst)
———— 77— 20— T
03 DO —— No spin corr. _| [ DO L=54fb" —— Data ]
I e SISpin corr. E B tf SM spin corr. -
o i 1501 [ ]1tf no spin corr.
N o2 — 12 [ Backgrounds
— | cC =
© _
E - g 100-
o H i
Z = ; . i
0'1_ goowind | 50_ —
O_—‘.—'_ ! Ll [cksbreiets - 0 N
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cos 6, cos 6, cos 0, cos 6,
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First measurement of spin correlation w

using a matrix element approach

e Tevatron Run II, 5.4 fb

R —

Normalized

Beam basis B
Fraction f of tt event with correlated spin over total number of tt (f=1 in the SM)
Using a discriminant R based on per-event probability

Pign(z; H = ¢)

Pion (23 H = u) + Pygpn(z; H = ¢)

0.15F

e
-

0.05

Pign(x; H)

Oobs

Cen)t M@y, H)

PRL107, 033001 (2011)

! /fPDF(Q1)fPDF(Q2)dQ1dQ2

v W(x,y) d®s.

Fmeas = 0.747073" (stat+syst) Cpess = 0.57 = 0.31(stat + syst)

improve sensitivity by ~ 30% (compared to using a single distribution)

2] .
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: | 40-
- 20-
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First evidence for spin correlation w

PRL108, 032004 (2012)
e Tevatron Run II, 5.3 fb!
- Beam basis
- Lepton+jets channel (combined with dilepton events)
at least 2 b-jet candidates
- Using a discriminant based on per-event probability computed with the tt matrix element
all jet-parton assignment considered

fmeas = 0.8 & O°29(Stat + SySt) 3.1 SD dway from f=0

exclude: f < 0.344 (0.052) at the 95(99.7)% C.L. Source 1SD —1SD

Muon identification 0.003 —0.003

Electron identification and smearing 0.009 —0.008

PDF 0.058 —0.051

€ 1404 Tt e gt my 0.024 —0.040

'é_,e 1405 —— Data D@, L=5.3 fb”  DOL=54T0 Triggers 0.007 —0.008

g 1207 — 1t SM spin corr. 0.8 Opposite charge selection 0.002 —0.002
= ] tt no spin corr. I

100-] M measured tt Jet energy scale 0.005 —0.028

= ‘9\}:‘;{ s 0k Jet reconstruction and identification 0.007 —0.035

80 mmmm Multijet - b-tagging 0.012 —0.012

] o Normalization 0.039 —-0.043

0.4r MC statistics 0.015 —0.015

Instrumental background 0.003 —0.003

0.2k Luminosity 0.023 —0.023

[ Multijet background 0.007 —0.007

T Other 0.007 —0.007

-1 0 B 2 MC statistics for template fits 0.156 —0.156

freas Total systematic uncertainty 0.176 —0.184

Statistical uncertainty 0.251 —0.258
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First observation of spin correlation

e |HC7TeV, 2.1fb!
- Lab frame PRL108, 212001 (2012)
- Dilepton azimuthal angle, no need for top reconstruction
- Template fit to the distribution of A® (SM, uncorrelated)

A
%
L
A
S

to extract the amount of spin correlation T
< 900f . data ATLAS
S F Ot (SM) :
W 800F~47 _[ Ldt=2.1fb -
_ - ...t (uncorrelated, - .
Z/y* (= ete” /utp)+jets (MC+DD) 64715 : -sirggle top ) ]
P . 700F m Z/y*+jets T
/v (— 77)+jets (MC) 175 +£29 - ® diboson ; .
Fake leptons (DD) 1607 3,° GOog_.fake leptons ;
Single top (MC) 197 4+ 21 5001 xges .
Diboson (MC) 148 + 20 4001 L ]
Total (non-tt) 7407 5o° 300 ; C .
tt (MC) 35307350 2005 E
Total expected 42701320 1005_ .
Gbserved - ———
0 0.5 1 1.5 2 2.5 3
A¢
Uncertainty source AfSM
Data statistics +0.14
SM 10.27 MC simulation template statistics +0.09
oM ‘ iy Ll osra Luminosit +0.01
f7 =1.30 £ 0.14 (stat) Zg3; (syst) oty o
Jet energy scale, resolution and efficiency +0.12
— NLO generator +0.08
5'1 SD away from f O Parton shower and fragmentation +0.08
ISR/FSR +0.07
PDF uncertainty +0.07
Top quark mass +0.01
Fake leptons +0.16/—0.07
Calorimeter readout +0.01
All systematics +0.27/-0.22
Statistical + Systematic +0.30/—0.26
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Spin correlation measurement
in the dilepton channel

PRL112, 182001 (2014)

e LHC7TeV,5fbt

- Helicity basis and lab frame

- Dilepton events reconstructed using the matrix weighting technique (for the cos8
based measurement)

- Angular asymmetry unfolded to parton level (singular value decomposition)

Asymmetry Data (unfolded) MC@NLO NLO (SM, correlated) NLO (uncorrelated)

Ang 0.113 + 0.010 4+ 0.006 + 0.012  0.110 = 0.001 0.1157 001 0.210"0 00

Acie, —0.021 £ 0.023 £ 0.025 £ 0.010 —0.078 + 0.001 —0.078 £ 0.006 0

unfolded distribution < — X X
CMS, 5.0 b at Vs =7 TeV CMS, 5.0 b at \s = 7 TeV symmetry variable Ag €102
-il-: - W Blernreuthelr & Z.-G.Slsi - (IData-bkg.l) unfoldeli 3 ,,,::._ 1.8 w. 'Ber]nrelutr;er l& ZI__GI_ Sil L,_I (Dlat:;-blkg_l) u'nfollde'd—: ] et energy scale 0.002 0.012
g 05¢ Gui=m Syst uncertainty %Da’ S b SMr=m) Syt unceriainly - Lepton energy scale 0.001  0.001
~ C .Bernreuther & Z-G.Si 7 6 ernreuther & Z-G.Si st. uncertain -

D y45f " (uncorrelated,u=m)  — MC@NLO parton level ] 8 fooe x:.rs:orrelattehd, p&=sz); > MC@NLO parton level ] Background 0.003 0.001
L F : = 1.4F _ = Fact. and renorm. scales 0.001 0.010
L o04f = < 100 B E Top-quark mass 0.001  0.003
A E e G 8 - . Parton distribution functions 0.002  0.002
0.35[- . '\Q/ 1:_ B Jet energy resolution <0.001 <0.001
- = 1 8 osf E Pileup 0.002  0.002
P s 1L 60 e b-tagging scale factor <0.001 <0.001
0950 e B T F e ] Lepton selection <0.001 <0.001
oot 0.4t E T decay polarization 0.001  0.002
0.2 - e e - Unfolding 0.004 0.020
T N Total systematic uncertainty 0.006  0.025
0 0.5 1 1.5 2 2.5 3 -1 0.5 0 0.5 1 T iohti taint 0.012 0.010

Ap, (radians) cos(6%) cos(6?) op Pr EWep g T
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Events/0.17

Ratio

Events /0.15

Ratio

Dilepton reconstructed using the neutrino weighting method
lepton+jets reconstructed with a likelihood

Spin correlation measurement
in the dilepton and lepton+jets channels

n»r=-»

PRD90, 112016 (2014)

4 observables: A®, S-ratio of matrix element (like-helicity gluon w/ or w/o spin

correlation), cosB+ « cosB- in the helicity and maximal basis
different dependences to terms of the tt spin density matrices

-1
LHC 7 TeV, 4.6 fb
| |
| |
— fi I
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_____________________________________________________________________________________

tt spin correlation measurements

fgy * (stat) =+ (syst)
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(1/0)(do/d 1A ¢,])

Spin correlation and search for new physics [€is

LHC 7 TeV, 5 fb!
- Search for anomalous ttg with A® distribution used for spin correlation measurement
- Effective chromo-magnetic dipole moment
dy . ~ _ Ys .
Lopr = —@U""T“tGZV - Etza%‘wg,:r“tcgv, He = He
Small contribution from NP, restricted to Re(p):
147 _ (3 i ) + Re(ju) (1 2 ) R?)SSZ Re(7;) < 0.117 at 95% CL
o d|Agy| o d|Apyl| ) spm . o d|Apyl| ) np e < Re(jir) <0. °
SM NP 5 Off_cnns Preliminary, 5.0 fb™' at (s =7 TeV
0‘(:Z;W.Bernreuther&Z.-G.Si ,_e; 02: .................. E Z:z:; —
0.4§ é 0.1; ......... \D 0.342

0.2~
0.15F
0.1

0.05

-0.2? .'. 028— ® Data
03F .. 0.26—
c . - — Result of the fit
oab . 0.24
E - W.Bernreuther & Z.-G.Si 0.00F- — — SM NLOW
v e b b e b by Iy T
0 05 ! 15 2 25 8 -0.50‘ . ‘0.‘5‘ - “I - ‘1.‘5‘ . ‘é‘ . ‘2ﬁ5‘ . ‘:‘3‘ 02:I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
A ¢ | A ¢ “0 0.5 1 1.5 2 25 3

F. Déliot, Top at Twenty, 9-APR-15

CMS PAS TOP-14-005
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LHC

Spin correlation and search for new physics

8 TeV, 20.3 fb

- Lab frame _ L .
- In SUSY: if t; and X are light: tit: similar final state as tt :
ti — t X (M > me+ mya)

but zero spin correlation is predicted

.
o
S
[2)
—
C

()
>
L

Ratio

Floating tt normalization

f =1.20 + 0.05 (stat) + 0.13 (syst).

16000 o S S B
140005 [ nt ATLAS -
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16, 7100 + 1100
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excluded at 95% CL

= T T T T
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& i i
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F. Déliot, Top at Twenty, 9-APR-15
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Spin correlation and search for new physics

LHC 8 TeV, 20.3 fb!
Lab frame

In SUSY: if T1 and §1 are light: t:t: similar final state as tt :

t1 — t {1 (mi > me+ my)

but zero spin correlation is predicted

Floating tt normalization

f =1.20 + 0.05 (stat) + 0.13 (syst).
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£ 14000 [ |smi =
& - L \s=8TeV, 203"
o 12000 i ifi(A=0) -
10000 9 B_ackground ....... p—
8000 f_ [ Jtt,180Gev [ =.='="'—_E
6000 E

.....

0_

1.2F

1.1

Ratio

1E
0.9F

0.8

0.8 1

Ao [rad] / ©

A
T
_ L
arXiv:1412.4742 A
accepted by PRL S
Process Yield
tt 54000 © 3600
Z [y +jets 2800 + 300
tV (single top) 2600 + 180
ttV 80+ 11
WW. . WZ,ZZ 180 £ 65
Fake leptons 780 £ 780
Total non-tt 6400 + 860
Expected 60000 * 3500
Stops between the top quark Observed 60424
mass and 191 GeV are i 7100 <+ 1100
excluded at 95% CL (m, = 180 GeV, mgo = 1 GeV)
tt1 production, t—>bffx /t—>cx /t—>be /t—>tx Status: Feb 2015
;600|||||||||||l||||ll||||||||||||||
(‘15’ - ATLAS Preliminary L, =201b" s=8TeV L, =47f" s=7 TeV o
—_ B t >ty x oL [1406.1122] 0L [1208.1447) T
Eolx'_ 500 __ =lt —>th 1L [1407.0583] 1L [1208.2590] __
||||t -t . , . .
- EmioWhY Lnorese s nusss - 566 Davide Gerbaudo’s
-t - CX 0L [1407.0608] -
: = Sbifg X 0L [1407.0608], 1L [1407.0583] talk t&mOI'I'OW
400}— 3¢
Expected limits

— = QObserved limits ====

All limits at 95% CL

300

200

N

N\‘lllllllllll

100

WL

300

£730

IlIIlIIl

600 700
m; [GeV]

500

18



>r‘=—|>

% Measurement of the top quark polarization

PRL111, 232002 (2013) PRL112, 182001 (2014)

e First study at DO (5.4 fb1) in the context of the FB asymmetry (pros7, o11103(r), 2013)
e LHC7TeV, 4.7/5 fb
- Helicity basis
- ATLAS: dilepton and lepton+jets, CMS: dilepton
- Study the cosB. distribution (w/ or w/o CP conservation, same or opposite a.P for t and t)

oy Popc = —0.035 4+ 0.014(stat) 4+ 0.037(syst)
oy Pepy = 0.020 & 0.016(stat) g o172 (syst)

s = o e SRS — Asymmetry Data (unfolded) MC@NLO
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c i 1r =TV 1

L%) r Vs=7TeV 1k PBkgd.  --aP=-03 A

unfolded distribution
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§ 0.6~ —
0 AISIANS. % b :
1080604020020406081108060402002040608 1 ©
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Top quark polarization in t-channel single top

LHC 8 TeV, 20 fb

CMS

[\

CMS PAS TOP-13-001

- Top-quark spin axis: ~ direction of the spectator quark (untagged jet) in the top
rest frame
- BDT to separate t-channel from background Prot;eSS 1\13;2 Cihj;;n;l El;g;%nga;;el
- Unfold the cosB, distribution W 29.0 + 45 227 + 40
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NLO SM prediction: P = 0.88
] BT electron 10° muon
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F. Déliot, Top at Twenty, 9-APR-15




Conclusion

The top sector is unique to study quark spin and polarization
Complementary measurements between Tevatron and LHC
We have observed tt spin correlation and performed the first measurement of top
quark polarization
Allow to constrain new physics

Still a lot to learn waiting for LHC Run 2 results
Differential measurements
Other spin density matrix measurements (transverse polarization, ...)
Measurements in single top

F. Déliot, Top at Twenty, 9-APR-15
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Top quark polarization

Tevatron Run II, 5.4 fb!
First study of the longitudinal top quark polarization in the light of the FB
asymmetry question
Top-quark polarization can change the correlation between tt FB asymmetry and
leptonic FB asymmetry
Study the cos6* distribution (assuming CP invariance)
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PRDS87, 011103(R) (2013)

lepton+jets
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0.5 1

Good agreement between data and SM predictions

F. Déliot, Top at Twenty, 9-APR-15
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