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Top Quark Spin Correlations and Polarization at LHC

@ Motivation
@ Polarized Top Quark Decay

@ Top Quark Spin Correlations and Polarization
in {f production and decay @NLO

o Double Angular Distribution
e Openning Angle Distribution

o New Physics

@ Summary
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o Lifetime of Top Quark is extremely short
— Decay before hadronization
— Properties including spin information are not polluted

@ Theoretical predictions for top quark production cross
section and spin effects - - - are reliable

@ Large Cross Section for f production @ LHC

@ Good oppotunity to study top quark spin correlations and
polarizations in tf production and decay @LHC
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Polarized Top Quark Decay

Top Quark Spin Analyzer

Ensemble of Top Quarks Self-Analyses its Spin Polarization via its
Parity-Violating Weak Decays

I+v,+b

t—> Wr+b— _
[Q1+Q2+b

Standard V-A Charged Current Interaction — Charged Lepton

| = e, u, T or d-type quark: the Best Analyzer of Top Spin

i, Decay Distribution of (100%) Polarized t — f+ - - -
r
S %dcgsﬁ,« = % (1 + KfCOS'Gf)
" K¢: the top quark spin analyzing power of f
K, = 1 (Maximal)
Kp = —Kw = —0.41

<
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Polarized Top Quark Decay
NLO QCD Corrections to Top Quark Spin Analyzing Power

Semi-leptonic Decays: t — bl™v,, bItv,+g

Non-leptonic Decays: t — bq1Gz, bq1G2 + 9 = t = jvj1j2; Jbj1/2J3 |
Spin Analyzer Quality Factor k¢:

Al d u b < )
LO: 1 1 -0.32 -041 051 0.2
NLO: 0999 0966 -0.31 -0.39 0.47

Czarnecki, Jezabek, Kiihn '91 (semileptonic)
Brandenburg, Si, Uwer 02 (non-leptonic)

—> The charged lepton is the best analyzer of top quark spin
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Top Quark Spin Correlations & Polarization in tt production

For the {f production process at LHC

@ tt Spin Correlations:

o Large Effect in SM, mainly due to QCD

e Strength Depends on the Choice of
Reference Axes — t, t Spin Quantization Axes
in On-shell Approximation

@ Polarization of t,/: (very) Small

e Normal to Production Plane(P-even, T-odd) due to QCD
Absorptive Parts

e Polarization in Production Plane(Parity-violation) due to Weak
Interactions
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Spin Correlations in Hadronic tt Production

A(8,6) =< 4(8-8)(b-8) >= ey () NG NG

For on-shell t, t: &, b« Spin Axes, eg.,

a=k;, b=Kk; (helicity basis)

B:<4(§t-é)>:m

)

— can be measured via angular distributions




Dilepton channel

Best process to study top quark spin effects
pp— tt4+ X = 1T+ X
@ 0. =0,=x(i",a), 6_=0,=<(I",b)
@ O =<(I",/'")inresp. t, T rest frames

t D
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Spin Effects in Hadronic ft Production and Decay

@ Double Angular Distribution
1 d’c 1
o do0s6, cos0_ = 2[1 + BycosO + BycosO  — Ccos6, cosb |
@ Openning Angle Distribution

1 do 1
— =-[1-D
G dcoso 2[ S

@ C & D reflects spin-spin correlations between t and t
D=x,k. D=-3<cos¢>, —1<D<A

C=x4 K A=—-9<cos6,cosO >, —-1<C<

@ By and B reflects top quark spin polarization
B; =3 < cosOy >, B, =3 < cosH_ >
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Double Angular Distribution

1 d’c 1 A . A
Emzzﬁ—i—ﬁcos(h—kBEcosﬁ —C(a,b)cos6, cosb ]

All observables based on cos0 & cos0_ can be defined using
three orthogonal spin quantisation axes:

@ The helicity axis is defined as the top quark direction in the ¢t rest
frame: k

@ The transverse axis defined to be transverse to the production
plane created by the top quark direction and the beam axis: h

@ The axis orthogonal to the other two axes k & fi: t

A A

—tk=*FfA=hk=0
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Top Quark Polarizations

Expectation values NLO predictions @LHC 8 TeV  Observables

B 0.0030 +0.0010 cos 6%
Bk 0.0034 +0.0010 cos 6%
B? 0.0035+0.0004 cos 07
B" 0.0035+0.0004 cos 8"
B, 0.0013+0.0010 cos ',
B 0.0015+0.0010 cos®”
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Top Quark Spin Correlations

Expectation values NLO predictions @LHC 8 TeV Observables
C(k, k) 0.318+0.003 cos 6% cos 0
C(n,n) 0.3324+0.002 cos 6’} cos 8"
C(r,r) 0.055+0.009 cos 0’ cosO’

C(n,k)+ C(k,n) 0.0023 cos 0" cos 0% + cos€

C(n, k) — C(k,n) 0 cos 0" cos 0% — cos¢

C(n,r)+C(r,n) 0.0010 cos 0’} cosB” + cos€
C(n,r)—C(r,n) 0 cos 0’} cos8” —cos€
C(r,k)+ C(k,r) —0.226 +0.004 cos 0’ cos 0% + cos€
C(r,k) — C(k,r) 0 cos 0’ cos 0% — cos€
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Top Quark Polarizations @LHC 8 TeV

ATLAS ls=8TeV-202fb*

Polarisations 4 JHEP 12 (2015) 026 result + (stat+det) = (mod)
BX ———t -0.044 + (0.027) £ (0.026)

BX —— 4 -0.064 + (0.030) + (0.023)

B! ——t -0.018 + (0.023) * (0.024)

B" ———— 0.023 + (0.024) + (0.034)

B 4—e—— 0.039 * (0.030) = (0.029)

BL —4—e—— 0.033 * (0.029) = (0.045)

Il I Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il I Il
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Polarisation
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Top Quark Spin Correlations @LHC 8 TeV

ATLAS ls=8TeV-202fb*

Spin correlations 4JHEP 12 (2015) 026 result = (stat+det) £ (mod)
C(k,k) —_—e—— 0.296 + (0.072) + (0.057)
C(n,n) —i— 0.304 + (0.038) + (0.047)
c(r,r) ——o—r 0.086 + (0.075) + (0.122)

Il I Il ‘ Il ‘ Il Il ‘ Il Il ‘ Il Il I Il

-0.2 0 0.2 0.4 0.6 0.8

Spin correlation
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Top Quark Spin Cross-Correlations @LHC 8 TeV

ATLAS Is=8TeV-20.2fb™

Cross correlations ¢JHEP 12 (2015) 026 result + (stat+det) + (mod)
C(n,k)+C(k,n) —_——— -0.012 + (0.089) * (0.087)
C(n,k)-C(k,n) —— -0.040 + (0.065) * (0.058)
C(n,r)+C(r,n) 4—e—— 0.117 £ (0.082) % (0.102)
C(n,r)-C(r,n) — e -0.006 + (0.082) + (0.070)
C(r,k)+C(k,r) ——et—— -0.261 + (0.112) + (0.135)
C(r,k)-C(k,r) ———o——— 0.073 + (0.122) + (0.148)

o b by b b b b b Py By
-08 -06 -04 -0.2 0 0.2

Cross correlation
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Top Quark Polarizations @LHC 13 TeV

CMS Preliminary 35.9 b (13 TeV)
—e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculation *— MG5_aMC@NLO + PYTHIA8 [FxFx] result = (stat) = (syst)
B! | —f : 0.005 = 0.010 = 0.021
B ; , = : )
s . —o : i 0.008 = 0.010 = 0.021
r [ al
Bj et % -0.023+0.011+0.013
r
B, et = -0.0100.011= 0.017
B} b3 0.006 + 0.009 = 0.010
B; Pt 0.017 £ 0.009 = 0.009
1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
Polarization
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Top Quark Spin Correlations @LHC 13 TeV

CMS Preliminary 35.9fb™ (13 TeV)
—e— Data —+— POWHEGV2 + PYTHIA8

—=— NLO calculation ~ —*— MG5_aMC@NLO + PYTHIA8 [FxFx] result = (stat) = (syst)

L

Cu bt 0.299 + 0.022 = 0.031

Cor H™e—+ 0.080 + 0.023 = 0.023

Cin Hi'e—  0.329x 00120017

-D e 0.237 = 0.007 = 0.009

lab

089 o™ 0.167 = 0.003  0.011

A A Herl L, 0.103 = 0.003 = 0.008

1 1 1 1 | 1 1 1 1 | Il 1 1 1 | 1 1 1 1 | 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5

Spin correlation
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Top Quark Spin Cross-Correlations @LHC 13 TeV

CMS Preliminary 35.9fb™ (13 TeV)

—e— Data —+— POWHEGV2 + PYTHIA8

—=— NLO calculation —¥— MG5_aMC@NLO + PYTHIA8 [FxFx] result = (stat) = (syst)
C,+C, +—+Tp—— -0.193 = 0.035 = 0.053
C.C. N H—e—+ 0.057 + 0.035 = 0.029
C.+C., et -0.004 = 0.028 = 0.024
C..C., H—— -0.001= 0.028 = 0.025
C.+C.. H—e—+] -0.043 + 0.031+ 0.026
C..Cc ¥ h—e—t 0.040 = 0.025 = 0.016
| - | | I l | | | - | | - | 1111 | 1111 | 1 1

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

Cross correlation
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Double Angular Distribution @ 8 & 13 TeV

o Top Quark Spin Correlations measured
at LHC 8 &13 TeV agree with SM predictions

o No Large Deviations observed
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Openning Angle Distribution

1 do 1
— =—-[1-D
G dcoso 2[ cos ) J

@ D defined w.r.t ¢ = <((/T,/~) inresp. t, t rest frames:
SM prediction: —0.228 +0.005 @ NLO
CMS '17: —0.205+0.031 @ 8TeV
SM prediction: —0.24310-3% @ NLO
CMS °18: —0.237+0.011 @ 13TeV
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Opening Angle Distributions

0.8 0.7

07 L 1/0 do/dcosp, ] 1/0 do/dcosg,

03 ‘ L L 03 | ! ‘

L
COs@y cosy,

e Opening angle distributions depend on
the reference frame
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Azimuthal Angle A¢y Distribution

Transverse momentum between two charged leptons

o p'*(in top rest frame) = p7 (in Lab. frame)
o pl-*(in anti — top rest frame) = p'; (in Lab. frame)

—> The azimuthal angle:
Ady = cos™ [ﬁ¢ -f)'?]

does not depend on reference fame

PP (Y o
— The distribution 5 dAd;

can be measured @LHC

without exact top quark momentum reconstruction!
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Azimuthal Angle Ady Distribution @7 & 8 TeV

19.5fb" (8 TeV)

[} — U T T T —]
: %P oms  —NLO,SM * Data ]
1 r LO --MC@NLO 1
CMS, 5.0 fb" at Vs =7 TeV ] 2y
Fr e e T 045 no spin corr.
F W.Bernreuther & Z-G.Si —¥— (Data-bkg.) unfolded o]
0.5 (sMu=m) ] E ° F 1
W.Bernreuther & Z-G.Si Syst. uncertainty 8
0.45 " (uncorrelated, p =m,) —— MC@NLO parton level | =

©
i
T T

1/c dc/d(A(pI #)
=)
©S  w
w &

! ! ! ! !

I EEEWE FEEEE FEET e

0.25 &t t t i t } { f f t g
[

R T i

5.1 Py

R BT BT PP BT I | %0'95_ ; ; i 4 ; E

0 0.5 1 1.5 2 25 o 0 n/6 /3 n/2 2n/3  51/6 n

A9, (radians) Ag,,|
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Azimuthal Angle A¢y Distribution @13 TeV

1.3

® ) @ 1.08 [
B [ ATLAS Inclusive  _J £ | oo Inclusive ATLAS
s L 4 — 061 3
= 12[ (5=13TeV. 3611 —— % Vs=13TeV,36.1fb"
B D L a
= ¢ Data 1 S 104 ]
ol:- [ — Powheg+Pythia8 ] % E ] ]
|F 1.1 — NLO QCD+EW (u_ =m, ] € 102[ \ . E
g I MCFM - ] ) e - ] ]
. [ — NNLO ] > ; e W
~o [ ] ﬁ 1 I y z
- - o ¢ Data ——
[ ] 0.98f — Powheg+Pythia8 | b
[ ] PP8 scale up/down L
r 1 0.96] —— NLO QCD+EW (u__=m)) =
0.9 = NLO QCD+EW scale up/down -
e MCFM ]
‘‘‘‘‘‘ ] 094 __ NNLO X
T PR PR PR ST N ST AR AT | NNLO scale up/down B
0. 0.9 ik S P B S
80 0.102 03 04 05 06 070809 1 20 0.1 0.2 0.3 0.4 05 0.6 0.7 08 09 1
Parton level A¢(I",I)/x [rad/n] Parton level A¢(I*,I)/x [rad/x]

The measured azimuthal angle distribution

@ agree with NLO QCD + mixed QCD-EW @ 7, 8 & 13 TeV
@ higher than NLO MC generators & NNLO prediction @13TeV
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New Physics w.r.t top quark spin

Effective NP Lagrangian for {t production

Inp = 72g—mt [ Fo* THGE, + Qtic™ys TGE,

@ [i;: chromo-magnetic (CMDM) dipole moments of the top quark
@ d;: chromo-electric (CEDM) dipole moments of the top quark
Top Quark Spin may be related to i; or d;, ed.,

Chel = —9 < c0s01cos0y > = Che, ,,e, Re[,ut]

—> Precise measurement of C;., can restrict i, ...
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06, cos6, cos8, cos,

Normalized distribution of SM and New Physics
Precise measurement can give constraint on i, ...

CMS 14 @LHC 7 TeV : —0.043 < ji; < 0.117 @ 95% CL
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@ The measured top quark spin correlations and polorization
w.r.t double angular agree with SM predictions @NLO

@ The measured azimuthal angle A¢; distributions
o agree with SM predictions @NLO @LHC 7, 8 & 13 TeV
o deviation from NLO MC generators & NNLO @13TeV
— Top quark spin are correlated in {f production
and decay @LHC
@ No obvious evidence for new physics w.r.t top quark spin

@ LHC is a top quark factory
—> a precision era of top quark physics
— more studies on top quark physics are still necessary

Thanks a lot for your attention )
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