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Top Pair Spin Correlation

* top quark: discovered in 1995 by CDF&DO
e does the top quark have spin 1/2?

* top quark pair production: top quarks are
not polarised, but spin of top and anti-top

quarks are correlated
I

* top quarks have short lifetime:

T = (331‘%3) X 10_25 S | p@ collaboration,
: PRL 106, 022001 (2011)

* decay before spins can flip .
* spin information is contained in decay product
e measure tt spin correlation: consistent with SM prediction for a spin 1/2 particle?
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New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
* analyse the whole chain of top pair production and top decay

e.dg. heavy Higgs, DM, ... e.g. anomalous EFT couplings

Top Pair Spin Correlations at CMS - Christian Schwanenberger - LHCTopWG Meeting 5 3



tt production density matrix

‘]\4|2 x A -+ B+ - S1 T+ B . So + C’ijslz-sgj

9 3 t -
200000 g(p1) + g(p2) > tlkr,51) + Tk, 2)
g ™ f

Bernreuther, Heisler, Si, JHEP 1512, 026 (2015)

t
< Q(pl) + Q(pz) — t(kl, 81) + t_(kz, 82)

— completely characterises spin dependence
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tt production density matrix
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in top quark rest frame
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tt production density matrix

IM|* < A

\

determines cross section and kinematical
distributions independent of top spin
(e.g. madistribution etc.)

e test of QCD predictions
e search for new physics
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tt production density matrix
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tt production density matrix
IM|* < A
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tt production density matrix

IM|* B"-s; + B
Bf = bipi+byki+byn; n—pxk

longitudinal polarisation transverse polarisation

/ N\

bi%, b2t = 0: P-violation b3+ + 0: P-even, CP-violating
(=0 in LO QCD) (#0 through absorptive parts)

sp
Iy gb charged lepton

4
”\
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tt production density matrix
B—I—

orthonormal basis:

{k,r,n}

Top Pair Spin Correlations at CMS

= bk + by

longitudinal polarisation

°S1—|—B_

- Christian Schwanenberger -

T + b, 1,

transverse polarisation

N YO
P = (P —yk)
N P
n—r(pxk)
y=k-p, r=11-9>
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Longitudinal and transverse polarisation

\M|2o< B+°Sl—|—B_°SQ

B = b ki + b F; + by
— \/

s0x10 CMS Preliminary ~ 35.9 fo'' (13 TeV)

CMS-PAS-TOP—-18-006
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— in agreement with SM
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Longitudinal and transverse polarisation

CMS-PAS-TOP—-18-006 k

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 fb™' (13 TeV) CMS Preliminary 35.9 b (13 TeV)

T

T T

X - N 1 N 1 N T
ol B [+ Unfolded Data --=-NLO, SM 1 ) "+ Unfolded Data ----NLO, SM 1 | "+ Unfolded Data ----NLO, SM 1
© 8 | — POWHEGV2 + PYTHIA8 -~ NLO, unpolarized | '8 8 | — POWHEGV2 + PYTHIA8 -~ NLO, unpolarized | © 8 | — POWHEGV2 + PYTHIA8 -~ NLO, unpolarized |
© L -~ MG5_aMC@NLO + PYTHIA8 [FxFx] ] o L -~ MG5_aMC@NLO + PYTHIA8 [FxFx] ] © L -~ MG5_aMC@NLO + PYTHIA8 [FxFx] ]
—Io 0.551 — —Io 0.55[ - ~o 0.55F .
1 r 4 I N AR S S S S

0.5 === I _i_ -T— T Jl' ] 0.5¢ $ ' . _t 1 I ] 05'14_'_,_ I I -{ Y
0.451 — 0.451 . 0.45F .
. " Il . . Il . i | . . . i | " " | " . | " . " L | " " | " : | . "
1.051-™ Stat Stat @ Syst i 1,05 m Stat Stat @ Syst a 105 I Stat Stat ® Syst a
Sle i | Sl= | | Sz :
3z ([ 3T gig

= i 1 | ol I 1 ~ I 1
0.95 n 0.95 N 095 .
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
coso cost) cos]

e unfold to top parton level with regularized unfolding method (TUnfold)
» extrapolate to full phase space
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Longitudinal and transverse polarisation

\M|2o< B+°Sl—|—B_°SQ

CMS Preliminary 35.9 b (13 TeV)
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tt production density matrix

‘M‘z X C’ijslz-sgj

spin correlation

X X X
X X X
X X X

e
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tt production density matrix
‘]\4|2 X C'z-jslz-sgj

spin correlation

Cij = Crik: k + ¢ Fifj + Cunfl
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tt production density matrix

2
| M|" C'i51i52;
spin correlation
Ckk, Crry Cnn, Crk: C-even, P- even X X X
+0 in LO QCD X X X
/ X X X

Cnr, Ckn: P-odd, CP-even Ck, Cr: P-odd, CP-odd
tiny in SM (absorpt. parts) +0 only in BSM
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tt cross correlation

M|*

CMS Preliminary 35.9 fb" (13 TeV)
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tt spin correlation
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. _ spin correlation
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tt spin correlation

2
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spin correlation
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tt spin correlation

‘]\4|2 X C’ijslz-sgj

spin correlation

CMS Preliminary 35.9 fb' (13 TeV)
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tt spin correlation

‘]\4|2 X C’ijslz-sgj

spin correlation
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tt spin correlation

M|*

CMS Preliminary

—»— NNLO calculation
—— POWHEGV2 + PYTHIA8
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tt spin correlation

2 o
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. spin correlation
1 dO’LO
—e— Data OLO dA(bgg X
—=— NLO calculation X

1 ddonro  donro dULO

Ryro = as(

C. ULO dAgy 070 dA¢ee X
difference to MCs of O(os2) rel. to LO CMS  Preliminary 3,5-9.fb"€13TeV)
2"+ Unfolded Data -NLO, SM ]
- — POWHEGV2 + PYTHIAS8 - NLO, uncorrelated

- MG5_aMC@NLO + PYTHIA8 [Fxe] --------

. ! : | . . } . ! .
| mStat - Stat@Syst

Spin correlation

0 /6 73 w2 273 b5ul6 =«

— in agreement with SM

Top Pair Spin Correlations at CMS - Christian Schwanenberger - LHCTopWG Meeting 23



Spin correlation strength

CMS Preliminary 35.9 fo'' (13 TeV)
—e— Data Standard model
fou = (stat) = (syst) = (theo)
C. H—e— 0.90 = 0.07 = 0.09 = 0.01
C, e . ——4  1.13:0.320.33+0.12
C.. H-e—H 1.01x 0.04 = 0.05 = 0.01
C.+C,, : : . | ! 0.94 + 0.17 = 0.26 = 0.01
D H-e-H 0.97 = 0.03 = 0.04 + 0.02
lab
Acos, . : 0.74 = 0.07 = 0.22 = 0.07
AlAcpI|I —+—+e—+— 1.10 = 0.04 + 0.09 = 0.12
| | I | | | | | | | | | | | | | | | | |
0.5 1 1.5 2

SM spin correlation fraction fSM
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Search for EFT

CMS-PAS-TOP—-18-006

N
< [CMS Preliminary A=1TeV 35.9fb" (13 TeV)’
L _
oL _
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4l + 20 (all) —
-\ e S Nominal (linear) 7
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I B A I TR TR T N S TR

0 0.2 0.4
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+
‘ chromomagnetic \
A%

O = vi8s(Qr T"t)§Gy,

— strongest direct
constraint to date!

Top Pair Spin Correlations at CMS - Christian Schwanenberger - LHCTopWG Meeting 25



Search for Heavy Higgs/DM production

« spin information allows to explore scalar/ g

t
pseudoscalar nature of heavy Higgs/DM mediator . d
. combining dilepton and I+jets channels
. t
« published as cMS-PAS-HIG-17-027 g
_ CMS Preliminary ___tt channel ' ' ' ' ' ' _35.9fb"! (13 TeV) CMS Preliminary  35.9 fo~! (13 TeV)
% 300°F -1 < Chet < -0.6 -0.6 < Chet < -0.2 ‘ -0.2 < Chet < 0.2 0.2 < Che1 < 0.6 06 <Cha<l ] - 950/o CL ||m|ts
Q : : 225 o
> 250f 1t Data : 1 £ Observed 95% expected
|5 : tStingIe top 1 COSCP 8 | —— Expected B 68% expected
G 200F o O 5,20 Dasi >Ta  Talma=5.0%
Post-fit unc. =
150 a
3
100 {1 ©
50}
= 2 ‘ 7 )
11 ;
R TR TL LN TR TR TR T N T R
- G T B o } B S LT
Do_g—lA,SpGeV‘,S%iZ ¥ }L P . [ k1 {
500 750 1000 500 750 1000 500

75';0 10‘00 500 750 10‘00 500 7%0 1000 400 500 600 700
\1& [GeV] ma [GeV]
— spin correlation variables

. . g pseudoscalar
help significantly! m,=500 GeV, [,/ m, - 5%
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Conclusions

“They are spinning, the tops!”

e systematic analysis of spin
and polarisation properties by
spin density matrix exploration

e high precision measurements

e so far the tops are spinning
as predicted by the SM

e very sensitive searches for
new physics, such as for EFT
couplings, heavy Higgs, etc.

— LHC offers new era of high
precision that we have just
entered and might lead to new
discoveries
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Backup
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Obeservables and coefficient functions

Observable Measured coefficient | Coefficient function
cos 0} B} b
cos 65 B} b,
cos 0] Bj b’
cos 65 B, b,
cos 07 4 b,y
cos 607 5 b,
cos 0" BY* b
cos 65* Bk -
cos 0" By bt
cos 05" By* b,
cos 9’1‘ cos 9’2‘ Crr Ckk
cos 0 cos 0, Crr Crr
cos 07 cos 0 Cun Cin
cos 0] cos 05 + cos 05 cos 0 | C + Cyr Crk
cos 07 cos 05 — cos 0f cos 05 | Cyx — Cpy Cn
cos 0} cos 05 + cos 0] cos 05 | Cpr + Cyyy Cy
cos 6 cos 6y — cos 07 cos 0y | Cpr — Cpy Ck
cos 0% cos 05 + cos 0% cos 0% | Cpi + Cy Cin
cos 07 cos 05 — cos 0% cos 0 | Cux — Cry —Cy
cos @ D _(Ckk+crr+cnn)/3
COS Plab Alb 9 N/A
|A4)M| A|A¢M| N/A
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Systematic uncertainties: polarisation

Source Uncertainty
BX BY B; B, B! By B BY  B* B

JER 0.001 0.002 0.001 0001 0001 0001 0000 0.001 0.001 0.001
JES 0011 0.012 0.007 0.009 0003 0.003 0.009 0.008 0.007 0.007
Unclustered energy 0.001 0.002 0.001 0001 0000 0001 0.001 0.000 0.001 0.002
Pileup 0.000 0.000 0.002 0.002 0000 0001 0.001 0.001 0.000 0.000
Trigger 0.001 0.001 0.001 0001 0000 0.000 0.001 0.001 0.002 0.002
Lepton ID/isolation 0.001  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Kinematic reconstruction ~ 0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
b tagging 0.003 0.004 0.003 0003 0000 0000 0.002 0.002 0.001 0.001
Background 0.008 0.008 0.005 0.008 0001 0.001 0.004 0.005 0.002 0.002
Scale 0.005 0.004 0.004 0009 0003 0.004 0.003 0.004 0.006 0.005
B-fragmentation 0.009 0.009 0.004 0005 0000 0001 0001 0001 0.001 0.001
B-hadron semi-lep. BF 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Color reconnection 0.005 0.003 0.003 0.004 0008 0.005 0.006 0.008 0.006 0.008
Underlying event 0.001 0.003 0.001 0003 0002 0003 0.003 0.002 0.004 0.004
ME/PS matching 0.006 0.006 0.004 0001 0003 0004 0.003 0.003 0.004 0.004
Top quark mass 0.006 0.007 0.000 0001 0001 0002 0.002 0.001 0.002 0.002
PDF 0.002 0.002 0.000 0.000 0.000 0.000 0.004 0.004 0.002 0.002
Top quark pr 0.003 0.003 0.001 0.001 0000 0.000 0.001 0.001 0.000 0.000
Total systematic 0021 0.021 0.013 0017 0010 0.009 0.014 0.014 0.013 0.014
Data statistics 0.009 0.008 0.009 0.009 0007 0008 0.010 0.010 0.010 0.009
MC statistics 0.003 0.003 0.003 0.003 0003 0003 0.004 0.004 0.004 0.003
Background MC statistics  0.005 0.005 0.005 0.005 0.004 0.004 0.006 0.006 0.005 0.005
Total statistical 0010 0.010 0.011 0.011 0009 0.009 0.012 0.012 0.012 0.011
Total 0023 0.024 0017 0020 0013 0.013 0.018 0.019 0.018 0.017
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Systematic uncertainties: spin correlation

Source Uncertainty

Crk Crr Cin Cu+Cy Ck—Ci Cur+Cm Cur—GCun Cu+Cry  Cux — Cry D Alc%%q) A|A¢,/I
JER 0.001  0.001 0.001 0.004 0.002 0.001 0.001 0.003 0.001 0.000  0.000  0.000
JES 0.012  0.009 0.005 0.022 0.011 0.011 0.009 0.012 0.007 0.002  0.000  0.001
Unclustered energy 0.001  0.001  0.001 0.004 0.001 0.001 0.002 0.001 0.001 0.000  0.000  0.001
Pileup 0.002  0.000 0.001 0.004 0.001 0.001 0.002 0.001 0.001 0.001  0.000  0.001
Trigger 0.001  0.001  0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001  0.000
Lepton ID/isolation 0.001  0.001  0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000  0.000  0.000
Kinematic reconstruction ~ 0.000  0.000  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000  0.000
b tagging 0.004 0.001 0.002 0.005 0.001 0.001 0.001 0.001 0.001 0.001  0.000  0.000
Background 0.017  0.009 0.008 0.025 0.006 0.004 0.004 0.007 0.003 0.004 0.008  0.002
Scale 0.012  0.006 0.007 0.026 0.011 0.007 0.014 0.011 0.007 0.003  0.002  0.003
B-fragmentation 0.014 0.002 0.005 0.017 0.001 0.001 0.001 0.002 0.001 0.003  0.000  0.001
B-hadron semi-lep. BF 0.000  0.001  0.001 0.002 0.000 0.001 0.000 0.000 0.000 0.001  0.000  0.000
Color reconnection 0.005 0.013  0.006 0.013 0.011 0.014 0.017 0.009 0.008 0.002  0.001  0.001
Underlying event 0.008 0.002 0.002 0.004 0.010 0.007 0.005 0.007 0.002 0.003 0.001  0.001
ME/PS matching 0.004 0.003 0.001 0.009 0.016 0.011 0.001 0.012 0.009 0.002 0.002  0.004
Top quark mass 0.001  0.002 0.006 0.006 0.009 0.002 0.002 0.009 0.001 0.002  0.001  0.000
PDF 0.005 0.005 0.001 0.004 0.001 0.001 0.001 0.001 0.001 0.002  0.007  0.002
Top quark pt 0.008 0.010 0.005 0.019 0.000 0.001 0.000 0.001 0.000 0.004 0.003  0.005
Total systematic 0.031 0.023 0.017 0.053 0.029 0.024 0.025 0.026 0.016 0.009 0.011  0.008
Data statistics 0.018 0.019 0.010 0.029 0.029 0.024 0.025 0.025 0.020 0.006  0.003  0.003
MC statistics 0.007  0.007  0.004 0.011 0.011 0.009 0.009 0.010 0.008 0.002 0.001  0.001
Background MC statistics  0.011  0.010  0.005 0.018 0.017 0.012 0.010 0.015 0.012 0.003 0.002  0.002
Total statistical 0.022 0.023 0.012 0.035 0.035 0.028 0.028 0.031 0.025 0.007  0.003  0.003
Total 0.038 0.033 0.020 0.064 0.046 0.037 0.038 0.041 0.029 0.011  0.012  0.008
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Total correlation matrix: bins

e statistical e systematic

CMS  Preliminary 35.9 b (
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Total correlation matrix: coefficients

e statistical e systematic

CMS  Preliminary 35.9 fb™ (13 TeV) 1 CMS  Preliminary 35.9 b (13 TeV)

-
c
2
S
&
©
Q
o

Coefficient

£

L-ita x E £ % %
o o GO o O o
+ 7
£ X E

£ < o g =
Q O 83
o O o

'x < <
- O

Coefficient

B Top Pair Spin Correlations at CMS - Christian Schwanenberger - LHCTopWG Meeting 33 @



EFT coupling search
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New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
* analyse the whole chain of top pair production and top decay

><i i

X1
~(
X1
“stealth stop” b /
— SM spin correlation — no spin correlation
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Polarisation power

spin
analysing A charged lepton

1 dO' 1 basis "y
=—(1+a,cos0, - ' "/
o dCOS ei 2( l l) in tt ZMF frame \:\

b jet ‘
dilepton channel promises largest sensitivity % X"’”t"’""

lB’;;:(?eEZE:?' B:;; 'U‘;";;r (2002 )\/-\ in top quark rest frame
b-quark | W H/ I* \ﬂ d-quark or 5-quark | u-quark or c-quark
a; (LO) -041 | 041 1 1 -0.31
a; (NLO) || -0.39 | 0.39 |\ 0.998 0.93 -0.31

1 d'o 1
=—|(1 0s6,cosH
O dcos 91 dcos 92 4 ( _@ . 2) linear extraction:

whereC=Aaq, o, A=C
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Charge Asymmetry

e complementary to the LHC

» asymmetry in O(a ’) NLO QCD

interference between: Tevatron
qQ —-—6ese666—>—t Q t Ati _ N(A y>0)—N(Ay<O)
_ \ A ) _ 0600060 _ FB N(Ay>0)+N(Ay<O)
q ——<99000000—~t t
interference between: Tevatrond top
q t q t _ anti-top
> p{w& 56 < Ay=1Y, - Y;
TOEOUTT 666001 _
q t q t .
n
LHC
BACKWARD FORWAI:ID y =N(A|y|>0)—N(A|y|<O)
Pt F_B © N(Alyl>0)+N(Alyl<0)
p——> t—p
/ Asp =

/ F+ B LHC A top

i anti-top

Alyl= 1yl - nyl//
“NLO is LO for asymmetry” >
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