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TOP QUARK PHYSICS @LHC - WHAT DO WE STUDY?
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Top-quark spin; why do we care?

W e Witb vertex: Spin structure
* Top decay products remember Iits Spin
\  Measure Vtb and new couplings
o g e CP violation beyond the SM
.  Cosmological context: Baryogenesis
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W-helicity combined measurement 8 TeV
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W-helicity In top quark decay

ttbar final state q = Jet single top q = forward Jet
Sem|-|ept0n|C qi > Jet t-channel
b - b tagged Jet W W e,u = Isolated
- > b tagged Jet L .
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https://link.springer.com/article/10.1140/epjc/s10052-017-4819-4
http://dx.doi.org/10.1007/JHEP01(2015)053

W-helicity ATLAS+CMS combination 8 TeV

w JHEP 08 (2020) 51
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https://link.springer.com/article/10.1007/JHEP08(2020)051

W-helicity EFT Interpretation Coeiient Operatordims
A

6]
SM Effective Field Theory (SMEFT) Interpretation up to dim6 Lsm + Z O[

)

\Scale BSM physics.
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Polarized top production (single top)
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Witb vertex: Polarized production in t-channel

A
EW production: | For the sake of the argument: ub to td N ZMF d J, Spin
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Wtb vertex: Polarized production In t-channel

The three angular cos(@) distributions are mapped to 8 independent bins

Q =4-0(cos Ea'fzr)_ +2-0(cosb,,’) +O(cosb,,)

2] ] | | | | | | ]
§ - ATLAS Preliminary ¢ Data [Ct-channel
Wosnoo Vs =13 TeV, 139 fb" [t tW, s-ch [W+jets  —
_ Signal Region []Z+jets, VV [ others i
~ top quark B Multijet 72 Uncertainty

20000— Post-Fit —

150001

10000F

—

ta / Pred.

0.96 3 7

"ONLY"” 4 TEMPLATES DESCRIBE PHYSICS:

1 4+ P. ] — P. P. P,
Foo + ~Fo_+ —F.+ —TF,
2 2 P 7% 7Y

- Template fit

Systematics:
PX' 1 .5_ I D | I D | I D I ° J ER .
- ATLAS Preliminary  JES, btagging
L (=13 TeV, 139 fb™  t-channel simulation
0.5 —
i top quark ]
0_— & o ¥ _
E top antiquark E
-0.9~ ]
 +best Fit |
—1— [ 68% CL stat. only
i 68% CL stat.+syst. ]
- 2% Powheg-Box+Pythia8 -
_1 .5_ [ 1 1 | | [ 1 1 | | [ 1 1 1 | [ 1 1 | | | 1 1 1 | [ 1 1 | |

—1.5 —1 —0.5 0

ATLAS-CONF-2021-027

W-helicity and Top Polarisation -- Marcel Vreeswijk — CKM2021

0.5 1 1.5
P,

Nik[hef




t-channel: particle level and EFT mterpretatlon

In EFT many operators can contribute, ~1000. z I
In t-channel only three operators that interfere with SM. O L ATLASPreliminary ° Pestfitvalue .
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Top polarization in tZg, a rare production ProCessS | . pastopr0.010

] 138fb' (13 TeV) CMS 138 fb' (13 TeV)
E B DL L L v LI LI L L B "\X L I Y IR
= 16 CMS % g @, MGASUTEMENE.
— : : : TheO"y :
— - NN tZq (mcluswe); H_._lH E—1 Stat. unc
'3 14 § Measurement . & I T o Tolalung.
- \ % O ;
%" 12F N Oizq(3+ Arcos(0,)) ;gggg;;;::»: tZq (£7) s = I
S joE %aMC@NLO, 4FS iy \\ N [ I Y/ B
1 EXAMPLE e - S 5 \ . q(y) H—e—H
00 T gb 21 aMC@NLO, 5FS ¢ ’ A
0(13TeV) = 0.8Z5,05pb ° £ \}\@\\\\« E Gl f———
: N e e e e e
Event selection based on three leptons | 4 S '\‘\‘\k\*\*\* — Al A
1 palr ConSIStent Wlth Z decay 2 \\\\\\x : _: | | 1 | | | 1 | L 1 1 | 1 1 | | 1 1 | | | 1 | | 1 1 | | | 1 | L 1 1
&.- ST IN RS TN N TSN N U S NHNT ST NS SR SN SN N A SN 0 02 04 06 0.8 1 1.2 14 16 1.8

Polarisation angle defined intoprest |  —m—m—mW—W—7m—m—mWWWW—W—F—F+———————————— Observed / Predicted

frame

&)

;\\\-\\-\\\-\\\ PO _ Syste m at| CS:

TRCTEURE LSRR RS _
i 4+ Background modelling
0.5 -| + B-tagging, lepton-id
0805 04 02 ¢ 02 04 06 08 1 ° JES .
Parton-levelcos(@;,) * Scales and radiation

—.

Prediction
Measurement

1
> (1+a; P COS(6,)))

1
lepton: Al — 5 alﬁ Ay, = 0.54 = 0.16 (stat) = 0.06 (syst)

W-helicity and Top Polarisation -- Marcel Vreeswijk — CKM2021 \ iEI'I ef



Unpolarized top production (ttbar)

Spin correlation
and
Search for CP violation
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TOP QUARK PAIR PRODUCTION: SPIN CORRELATION

e,u

Example spin

configuration //7
qrwmm MML
i
G. MAHLON 1 4 18 1 _ 5)

Several other spin configurations
possible: there Is a net effect

/

do

Theory

Many angular combinations to study (in ttbar frame)
“"Easy’’ quantity in lab frame in di-lepton events: azimuthal angle Agy;
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0 7/6

CM'S I ' I
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| [ !
- ¢ Unfolded data
. —POWHEGV2 + PYTHIAS

— ----NLO, SM
. -- NLO, uncorrelated
[ NNLO, SM

-~ MG5_aMC@NLO + PYTHIAS [FxFx]

! | !
Stat @ Syst

! !
| Stat

Tc/S n/'2
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on/3  51/6

CMS: PHYS. REV. D 100 (2019) 072002

] ATLAS: EUR. PHYS. J. C 80 (2020) 754

Spin correlation!

| Some tension seen in

data vs Powheg.

Disappears when NLO QCD- and
EW- corrections are consistently
Included in the normalized
differential cross section.
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http://dx.doi.org/10.1103/PhysRevD.100.072002
https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6

ttbar: A closer look mto spln polarisation and correlation

Reminder:

top Is produced unpolarised In ttbar

Measure 3+3 (t+tbar) angular
projections of lepton In ttbar system

dc

o dﬁl d0),

{4?1: 'El ' 2 E@El)

\ / Correlation

Polarisation
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Correlation “matrix’»’
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EFT interpretation: limits operator O,

—0.24 < Cyc/A? < 0.07 TeV?

Chromo-magnetic-dipole-moment
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Chromo-electric-dipole-moment
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Hunting CP violation In ttbar

Search for CP-odd new Oy = Qee(Pv, Po Per Pj,) < Qeblyy - (P X P/},
physics in semi-leptonic ttbar. Os = Qee(P, po — o Pes Pj,) & Qe(Po — Po) - (Pe < Pj,) | Aqp(O))
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1T 08 06 04 02 0 02 04 (o)s/mo ?Gevf o) o) oo o
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CONCLUSION

 LHC Is a top factory
* Spin structure of the Wtb vertex Is being pinned down
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BACKUP
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W<itb vertex function vs EFT

Model independent search for New Physics at the EW symmetry breaking scale

Traditional vertex function CP violation if gr # g*
R

g T - g —iot"g, / -
Lwwp = Y by" (VLPL + VRPR)IW,, — ¥ b p— (gLPL + grPr) W,

Newer: SM Effective Field Theory (SMEFT) Interpretation up to dim6

O 6 Correspond
T
J::SM -+ Z EOI
/)
In EFT many operators can contribute, ~1000.
In t-channel only three operators that interfere
with SM. CP violation if C,yy # C;y

Cew Cqor Coo
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W-HELICITY

19.8 fb! (8TeV)

19.8 fb' (8TeV)

T ] T @ Data T | LELELE ELELALE BLELIL r @ Data
4500 = cMs e+jets B o cts 2000 CMS u+jets B uijets
4000 -®- T bkg B Wit kg
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» 2500 @ -
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= -1 -08-06-04-02 0 02 04 06 08 1 = -1 -08-06-04-02 0 02 04 06 08 1 PHYS. LETT. B 762 (2016) 512
Leptonic cos(6%) Leptonic cos(6%)
19.8 fb! (8TeV) 19.8 fb' (8TeV)
L LI B R I I R R 4500 T @ Data
4000—CcMS e+jets B ejets w+jets B vsjets
W0 bkg 4000 W0t bkg
3500 B W-+jets B W-jets
3000 " Single top 3500 " |Single top
BDY+jets 3000 BDY+jets
= 2500 B Vutiijet = B Vutiijet
€ 2000 | E 82500 E
Z - £ 2000 =
* 1500 E * 1500 =
1000 _i 1000 —§
500 - 500 -
o 1.2F = @ 1.2
_g 1E¥= = Chi = 'g 1
608 III||III|IIII|IIII|IIII|IIII|IIII|IIIIIIIIIII-|E 608 | {1 | 11 111 1 {1 [ 11 | 11 |
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http://dx.doi.org/10.1016/j.physletb.2016.10.007

W-HELICITY ATLAS+CMS COMBINATION 8 TEV

—

1

1 dr 3 3 2 3 .
- = 2 (1—cos?8*) Fy+ = (1—cos®*)" F + = (1 6*)" F.
rdﬂﬂﬁﬂ* 4{ Cos ] D+S( COS } L_I"B{ + COos ) 'FR
| 1 JT [0
®
ATLAS+CMS {s=8TeV R -
LHCtopWG total stat
e w”)| Fa F,
- Data (F _/F /F)
ATLAS 2012 I+jets, L =20.2fb" HeH
EPJC 77 (2017) 264 int
CMS 2012 e+jets, L =19.8fb™ e
PLB 762 (2016) 512 int
CMS 2012 p+jets, L _198fb‘ HH
PLB 762 (2016) 512 in
CMS 2012 single top, L _197fb1 o |
JHEP 01 (2015) 053
ATLAS+CMS, Vs =8 TeV
LHCIOPWG 1 | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8
W boson polarization fractions
Measurement F, Fi Fr
ATLAS (E—i—jets) 0.709 = 0.012 £0.015 0.299 =0.008 = 0.013 —0.008 £ 0.006 = 0.012
CMS (e+jets) 0.705 = 0.013 £0.037 0.304 = 0.009 == 0.020 —0.009 £ 0.005 £ 0.021
CMS (;L—I—jets) 0.685 £0.013 £0.024 0.328 =£0.009 = 0.014 —0.013 £ 0.005 £ 0.017
CMS (single top) 0.720 £ 0.039 £ 0.037 0.298 £0.028 +£0.032 —0.018 £0.019 +0.011
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JHEP 08 (2020) 51

ATLAS+CMS combination

F, Fi,
Fractions 0.693 0.315
Uncertainty category
Samples size and background determination
Stat+bkg 0.009 0.006
Size of simulated samples 0.005 0.003
Detector modelling
JES 0.004 0.002
JER 0.004 0.002
b tagging 0.001 0.001
JVF 0.001 0.001
Jet reconstruction < 0.001 < 0.001
Lepton efficiency 0.002 0.001
Pileup < 0.001 < 0.001
Signal modelling
Top quark mass 0.003 0.004
Simulation model choice 0.006 0.005
Radiation and scales 0.005 0.004
Top quark pr 0.001 0.002
PDF 0.001 0.001
Single top method 0.001 < 0.001
Total uncertainty 0.014 0.011
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TOP QUARK PAIR PRODUCTION: SPIN CORRELATION

Top pair produced unpolarised but correlated!

(14 cos0)? : (1 —cos ).

(b) p—1

/- :

TWW/‘-F ﬁ_ﬂ_ﬂ.ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ-ﬂ_z

(@) -0

//7 (1+3)%:(1—B)?

0000000000 ﬁﬂﬂﬂ_ﬂ_ﬂﬂﬂﬂﬂ_ﬂ_;

gﬁﬁ/ﬁ =/ = £ b
Y t
"' _ W

G. MAHLON

W-helicity and Top Polarisation --

—

* Nett effect
Several “optimal” spin
axis possible
« “Easy’ quantity:
In di-lepton events use
azimuthal angle Ay,

3" o

4 Ue,Uﬂ
7 W
t .U
TWW « 0000000000 b
e, u
Ue,l)ﬂ
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SING OP QUARK PAIR PRODUCTION

-channel tW-channel s-channel 1Zq channel

(rare SM process)

W
: t
v W VA
W D b t
W
t 1 EXAMPLE
0(13TeV) = 217235pb o(13TeV) = 72*4pb c(13TeV) = 10.3*$4pb  0(13TeV) = 0.8154:2pb
CP violation If gp # gr
Focus here on t-channel: SV gR/ IR
Large cross section, small background  , = _ _ 9 Loy p o+ vePo) W — -2 b it gy (GLPL + g Pr) IW-
EW Production - Spin Polarised V2 L\ my 7’
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