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Top quark precision measurements

« Two processes: tt and t-channel single top production
+ Two interactions: strong (gtt vertex) and weak (Wtb vertex)
# Only one significant decay channel: W boson + b quark.

+ Measurements constrain both the strength of these couplings and
their structure.

+ Two languages: EFT and anomalous couplings
C; 5
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+ Precision measurements are based on production cross sections and
angular analyses of decay products.



tt cross section

Standard model production mechanisms

for qg—tt and gg—tt.

s-channel qg—tt
s,t, u-channel gg—tt.
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All measurements in good agreement
with SM predictions.

They can be interpreted in the
framework of effective field
theory i



tt cross section and effective field theory

Cu = v ~ C v C v
i) A—ZG (qa“ TAu) @Gﬁy - A—C;]‘}UF;CG;:1 Gf’\Gf\j" + ALS (nggo) GﬁVGA” ; :
(1) (3) C Dimension 6
q /- = aq (- L ey e uu = I :
+ =5 (@9 @*9) + 55 (@7 9) (@7 9) + S5 (@) (@7 u) operators leading to
C(ﬁ? 5 - 0(8) : 5 C(S) : . e ¢
+ 2% (@, T4q) (87T ) + /;1;1 (@) (@ TAd) + S5 (@ T4u) (G*T4d) a modification of the
production cross
w01 : ‘ A . : ‘ _01 : 5
o | © | | section.
0.0F---------- \ ——————————— 0.0F----------- /MU - ------ - 0.0F----------F Y
; The plots show
N | | . N constraints on their
Wilson coefficients
—0255 —0.1 0?0 0.1 0.2 —0255 —01 ollo 0.1 0.2 0255 —0.1 ofo 0.1 02 (Or lerear.
“ ‘e “ combinations).
o1 : ‘ 01 : : : 01
[§ ) | (<}
All other coefficients
0.0f------------E- - -] 00F-----------"\EA |
constrained to zero
: in these plots.
—0.1} . 1 =01} |
0.2 L : . —0.2

And %2 o1 oo 01 02 T Sn 00 o g2 o “o1 o0 Andy Buckley et al. (TOPFitter), JHEP 1604 (2016) 015
%, 3, <



Kinematics of tt production+decay

* Rapidity of tt system

W t / * Production angle in tt rest frame
* Polar and azimuthal angle of W+ boson
o * Polar and azimuthal angle of W- boson
/ * Polar and azimuthal angle of the fermion
= from W- decay
[
/ * Polar and azimuthal angle of the
/ W antifermion from the W+ decay.
D
q v\

Decays are classified as dilepton (10.5%), lepton + jets
(43.8%), and fully hadronic (45.7%, not used for

precision measurement).
Measurements are based upon distributions of

observables — projections of the joint PDF for the
production+decay process. Sensitive to the structure

of the gtt vertex (production) and the Wtb vertex
(decay) 2



(fb/GeV)

Spin correlations

Eaa o LL+RR partons produce tt pairs w/ opposite spins
= s LR+RL partons produce tt pairs w/ aligned spins
Ce e 2 New physics can alter the spin correlation:

e & * Via exotic production mechanisms (Z’, heavy
T e e Higgs, SUSY)
_ \\\ \\\—é * Via virtual effects (anomalous couplings) at the ggt
e \\\\\ = vertex.

el e

250 500 750 1000 1250 1500 1750  Stephen . Parke, arXiv:1202.2345
Mg (GeV)

Decay time of the top quark (10-25 s) shorter than the hadronization time (10-2* s)
==> spin information is transferred to the decay products of the top quark.

The weak decay of the top quark t—=Wb is a spin analyzer.

: - [ 4+0.998 T «——
+0.966 d
decos - = (1 O COS Xz') /2 ;=< —0314 »
X Y 03 ¢ INLO)
b

Angle between decay product and spin axis, : —0.393
top rest frame. 6



Old news: spin correlations established 1n 2012

Simplest observable is Ad, the difference in azimuth of two leptons in the laboratory

frame:
 Does not require the reconstruction of full event kinematics
» Can easily be applied to top dilepton events, the cleanest sample of tt events
These correlations are established %9003—' Caata T AL )\'s'—t
experimentally in 2012 using the T Ot (SM,
.p e Y 5 " 8001~ 47 ?unc)orrelated) Ldt=2.11b" -
distribution of Ap==> - W single top .
700E mZ/y *+jets E
- diboson |
== fSM nspln _|_ (]. T fSM)nnospin 6005_. fake leptons | +

500F =

fsm factor has SM expectation of 1.0 4oo§ ..... -
300, [T =

fSM:1-3O +0.14 +0'27—O.22 Phys. Rev. Lett. 108 (2012) 212001 200:____| _
100F .

5.1 o observation of spin correlations (ATLAS), %
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Spin Correlations in 8 TeV data and limits on the mg,

* dilepton events used ¢
* Spin correlation strength Anelicity=(Niike-Nuntike) / (Niike+Nuntike) €xtracted < g / -
* Bounds on the mass of the lightest stop inferred. t “““““ X
<
 The search looks for right-handed tops from the lightest stop. :t _________ 0
q N
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In the Zero Momentum Frame (ZMF), we

Spin correlations in all three directions

identify three angles:
Helicity angle O

Transverse angle, L production plane

“R-axis angle”, third orthogonal direction

All components of the tt pair spin-density
matrix measured in the analysis from ATLAS.

1 do

o d cos 6d cos 6, 4 (

Spin correlations

JHEP 03 g2017) 113, |

s lev ZUATD

¢ JHEP 12 (2015) 026 result = (stat+det) = (mod)

1 — Ccos 8, cos 92) Simplest form.
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ATLAS
Cross correlations
C(n,k)+C(k,n)
C(n,k)-C(k,n)
C(n,r)+C(r,n)

C(n,r)-C(r,n)

C(r,k)+C(k,r) ———o4+——

C(r,k)-C(k,r)

JHEP 03 (201 20113

IsS=8 1ev - 210

¢JHEP 12 (2015) 026 result = (stat+det) = (mod)

—_———— -0.012 = (0.089) = (0.087)
—d -0.040 = (0.065) + (0.058)

4—eo—— 0.117 = (0.082) = (0.102)
—— -0.006 = (0.082) + (0.070)
-0.261 = (0.112) = (0.135)

——¢—o——— 0.073 = (0.122) = (0.148)

C(k,k) ———— 0.296 = (0.072) = (0.057)
C(n,n) — 0.304 = (0.038) = (0.047)
C(r,r) 4o 0.086 = (0.075) = (0.122)
L Col e e ]y
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» beam direction



CMS 8 TeV (dilepton analysis

. CMS Prelimi 19.5fb” (8 TeV CMS Pprelimi 5fo’ (8 TeV

CMS collaboration, PRD D 93 052007 (2016). The = el .um.:)(. T L e e +'o;tai;jt5¢nc')(§ il
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(Chromo-moments at the gtt vertex

Variable fsm =£ (stat) £ (syst) = (theor) Total uncertainty
Ang 1L s e et ot
Ao 0.90 +0.09+0.10+0.05 +0.15 CMS PRD 93 052007 (2016)
Ace, 0.87 +0.17 £+ 0.21 £ 0.04 +0.27
Apgp (vs. My) 1.12 £0.06 +0.08 022 S
o &faﬂ”T‘ltG“ — éfia”” G2
eff 9 Uv 9 Y5 Uv
- me . 7 mye 5
e = Mot bl — dy

The CMS analysis is sensitive

2 to Re([1;) and Im(at)

9s 9
Dimensionless anomalous chromo-magnetic & electric dipole moment parameters.

e 33 Vi R 33 Vi, (ot i e,
off, = —ReC - P A2 oft, = —ReC -~ TV Relation to Wilson coetficients

gS gS J.A. Aiguilar-Saveedra, Nucl.Phys.B812:181-204,2009

Hl



Re(j1) & Im(d) from spin correlations (CMS)

1 do | do

oldlAd | NodlAd, ]

do

+ Re (4,)

o d|Adyp-|

Fit to Re([i;) assuming all other parameters have SM values

==c>

—0.053 < Re({i) < 0.042 (95%)

Using the asymmetry in cosd ==>

-0.053 < Re(fie) < 0.026 (95%)

CP violation in tt production? From Acpv=Ap+-Ap.

—0.068 < Im (d¢)< 0.067 (95%)

(Chromomagnetic moment is also constrained by differential cross

section in CMS; see talk by Xin Chen in parallel session.)
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Latest word on spin correlations (ATLAS, 13 TeV)

|ATLAS-CONEF-2018-027]

* Spi ion i 5 PR S e L
Spin correlation in eu channel. P R r I B E el S ST
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@ 1.4F [ Excess spin correlation I [ e
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Detector-level A¢(I*,)/x [rad/n] Detector-level A¢(I*,I)/x [rad/n]
Region fam Significance (incl. theory uncertainties)

ms < 450 GeV 1.11 £ 0.04 £ 0.13 0.85 (0.84)
450 < myz < 550 GeV  1.17 4+ 0.09 £ 0.14 1.00 (0.91)

550 < m,; < 800 GeV  1.6040.24 +0.35 I3 @57 , e
My > 800 GeV 2.2+1.8+23 0.41 (0.40) SUSY interpretation in progress

inclusive 1.250 4+ 0.026 £+ 0.063 3.70 (3.20) < The trend was present in past measurements 13

The only hint so far of an
anomaly in tt production...




The Wtb vertex

The previous results are probes of the gtt vertex, assuming a SM Wtb vertex.

Experiment also can probe the Wtb vertex, as we will show in the next slides.

g ; -
T =i = by* (Vo Py + ViPg) W,

g ;i0"q, -

et P ol il tH ¢
\/5 M, (8L LT8R R) 7
x 2
5V, = CO* 5 =1/2033
oge -\ SL aw a2
2 V2
Vo=t e
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Language of anomalous
couplings

Language of effective
field theory



W Boson Helicity Fractions

| WLbL>
| WobL>

S

| WobR>
| WRbR>

(NNLO QCD) Phys. Rev. D 81, 111503 (2010)

W.

} Fo=0.687(5)

Er =0311(5)

Fr=0.0017(1)

Helicity fractions are
determined from an
analysis of the angle 6* :
angle between the W boson
in the top quark frame and
the charged lepton in the
W frame.

t
>/

I dbP 3 )
= I —Cosi)
e FEdcost: &
sy 3
+Z (sin 9*)2F0

3 2
+§(1 + cos 6*)” Fp




Helicity fractions from tt events (CMS)

* Lepton+tjet events

19.8 fb (8TeV)
T T

—
T T T T T ® Data
- CMS utjets B ets
r Wt bkg
r W-jets

4000 L

- Single t
C WDY+jets

= "

c - Multijet

5 30001 LU
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2 r

£

C

w
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Leptonic cos(6*

19.8 o' (8TeV)
OFcms

81 E
© E oypey 'y Yy ynVey V= y. Y- Y. ¥ v
ke) Ey- M il &
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= -1 -08-06-04-02 0 02 04 06 08 1

Leptonic cos(6*)

PLB 762 (2016) 512

Require 1 lepton (e or u) + 4 jets events, two of which are b-tagged.
Reconstruct neutrino momentum, tt system, angles 6* on hadronic and leptonic side
Binned likelihood fit to 8 on leptonic side extracts helicity fractions.

Channel Fy £ (stat) & (syst) Fr &+ (stat) & (syst) Fgr £ (stat) = (syst) por

e+jets 0.705 £0.013+£0.037 0.304£0.009+£0.020 —0.009 £ 0.005+£0.021 —0.950
p+jets 0.685 £0.013+£0.024 0.328+£0.009+£0.014 —0.013 £ 0.005+0.017 —0.957
(+jets 0.681 £0.012+0.023 0.323£0.008+£0.014 —0.004 £ 0.005+£0.014 —0.959

Helicity fractions

19.8 fb™! (8TeV)

o 0.10
0.38— O e+jets ~
- CMS ) 2 0.08
B O utjets &-‘
- 0.06
0.36 L ® I+jets combined
B 0.04
U ST * SM
0.34— N N e 0.02
- 0.00
0.32\— 4.
S N [N -0.02
0.30— \ : -0.04
| ——95%CL
L -0.06
- e 68% CL
0.28— -0.08
B 1 I 1 1 I 1 1 I ) I ) I 1 1 I 1 1 I 1 1
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76
Fo

Anomalous couplings

19.8 fb™! (8TeV)
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=
w

V =1,V =0

Combined u+jets and e+jets

a

[ sso cL
| Jo5% cL
* SM
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1 1 1 1 1 1 1
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Events /0.13

Data/Fit

Helicity fractions from tt events (ATLAS)

Lepton+jet events
Require 1 lepton (e or ) + 4 jets events, at least one of which are b-tagged.
Kinematic fit (KLFitter, NIM A 748 18 2014) to reconstruct tt system

Binned likelihood fit to 6* from both leptonic & hadronic side used
* How is that possible?

> b-tagging on the hadronic side to identify (anti)fermion from W decay!

Hadronic an

alyser
fL dt=20.21", Vys=8TeV

etjets (1 b-tag)

e+jets (= 2 b-tags)

p+jets (1 b-tag)

Best Fit

[ Background

¢ Data

ptjets (= 2 b-tags)

%fl_ dt=2021", Vs =8 TeV
; etjets (= 2 b-tags)

A L L L A
:_ATLAS
[ Leptonic analyser

L

—— Best Fit

[ Background 3
* Data —

p+jets (= 2 b-tags) é

EP] 77 (2017) 264

A A

128 : : : : : , : , =
R -
' -1 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 1 o
cos 6*
2 1.0 1.0
s  [ATLAS I 99.7% CL £ [ ATLAS I 99.7% CL
e b p 95.5% CL e | 95.5% CL
0.8 __/ L dt = 20.2 he=—=> 68.3% CL 0.8~ /L dt =202 fo 'e=—=> 68.3% CL
C Osm r OsM
0.6/s =8 TeV 0.6 /s =8TeV
C EF Tfitter i EFTfitter
_ - =0
0.2F Va=0 0.2 9%
0.0 D> 0.0 CQ
_0.2F —0.2f
L 1 | 1 1 1 | 1 | 1 I 1 B 1 1 1 1 | 11 1 1 | 1 11 1 I 1 1 11 | 1 1 1 1 | 1 1 1 1
04— o2 0.0 0.2 0.4 0.4 0 05 00 485 10 45
Re(gn) 1 Re(Vr)

cos 6*

Fo=0.709+0.012 (stat+bkg.norm)+0.015 (syst)
F1=0.299+0.008 (stat+bkg.norm)+0.013 (syst)
Fr=-0.008+0.006 (stat+bkg.norm)+0.012 (syst)

Jet reconstruction and signal modeling
dominant systematic errors.



Single top processes and the Wb vertex

t-channel

s-channel

tW-channel

The Wtb vertex occurs both at production
and decay in all single top processes. Direct

measurement of | Vi |

b

T

T

T

—

o
™o
l

T

T

Inclusive cross-section [pb]

ATLAS+CMS Preliminary
LHCtopWG

Single top-quark production

November 2017
t-channel
V“ tVV
s-channel

B ATLAS t-channel

PRD 90 (2014) 112006, EPJC 77 (2017)531,
JHEP 04 (2017)086

® CMS t-channel
JHEP 12 (2012) 035, JHEP 06 (2014) 090,

PLB 772(2017) 752

O ATLAStW
PLB 716 (2012) 142, JHEP 01(2016) 064,
arXiv:1612.07231

twW
PRL 110(2013)022003, PRL 112(2014) 231802,
PAS-TOP-17-018

*  LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A  ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,

PLB 756 (2016) 228

Y CMS s-channel
JHEP 09 (2016) 027 95% CL
x 7+8 TeV combined fit 95% CL

NNLO PpLB 736 (2014)58

scale uncertainty

NLO +NNLL prps3(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028
tW: tf contribution removed

scale ® PDF @ a, uncertainty

= NLO NPPS205 (2010)10, CPC191(2015)74
== me,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for tf removal =60 GeV and w= 65GeV

- scale uncertainty

scale ® PDF @ o, uncertainty
M= 172.5 GeV

[e10} 1els

llllll

|

|

llllll

|
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(s [TeV]

All consistent with SM value |V | =1

. (¢}
ATLAS+CMS Preliminary i v, |=|/- from single top quark production May 2018
- LHCtOpWG Otheo
W Oineo- NLO+NNLL MSTW2008nnlo
PRD 83 é201 1; 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028 ———
Aoy, scale ® PDF total theo
My, = 172.5 GeV
If Vil = (meas) = (theo)
t-channel:
ATLAS 7 TeV' i 1.02 + 0.06 + 0.02
PRD 90 (2014) 112006 (4.59 fb™) :
ATLAS 8 TeV" HreH 1.028 + 0.042 = 0.024
EPJC 77 (2017) 531 (20.2fb™")
CMS 7 TeV e 1.020 + 0.046 = 0.017
JHEP 12 (2012) 035 (1.17-1.56fb™") :
CMS 8 TeV e 0.979 = 0.045 = 0.016
JHEP 06 (2014) 090 (19.7 fb™")
CMS combination 7+8 TeV HeH 0.998 = 0.038 = 0.016
JHEP 06 (2014) 090
CMS 13 TeV?® e+ 1.05 + 0.07 + 0.02
PLB 772 (2017) 752 (2.3fb™")
ATLAS 13 TeV*® E—ta— 1.07 = 0.09 = 0.02
JHEP 04 (2017) 086 (3.2b™")
Wt: ;
ATLAS 7 TeV 1 } - i 1.03701°+0.03
PLB 716 (2012) 142 (2.051b™") : -0
CMS 7 TeV ——t———— 1.01+ 016 +0.03
PRL 110 (2013) 022003 (4.9 fb™") -0.13 -0.04
ATLAS 8 TeV " 1 —t ] 1.01+0.10 = 0.03
JHEP 01 (2016) 064 (20.3fo™")
CMS 8 TeV' , —to——| 1.03+0.12 + 0.04
PRL 112 (2014) 231802 (12.2fb™")
LHC combination 8 TeV thctopwa ———] 1.02 = 0.08 = 0.04
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019 :
ATLAS 13 TeV?® I : | 1.14=0.24:0.04
EPJC 78 (2018) 186 (3.2fb™")
s-channel:
ATLAS 8 TeV’ } . 0.93707% + 0.04
PLB 756 (2016) 228 (20.3 tb™") i -
! including top-quark mass uncertainty
0,00: NLO PDFALHC11
NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I | 1 1 1 | 1 1 1 | 1 1 1 |
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Helicity fraction measurements in single top t-channel

JHEP 02 (2017) 028

1.4
1.3
1.2

1.1

50" (7 TeV) + 19.7 1™ (8 TeV)

CMS [ ] 95% CL observed
[ 68% CL observed

---------- 95% CL expected
—— 68% CL expected

T

0.8
0.7F-
0 6: 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 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
If"I
5.0fb (7 TeV) + 19.7 b (8 TeV)
0.4
- CMS [ ]95% CL observed
0.3F [ 68% CL observed
0.2 E 95% CL expected
—— 68% CL expected
-0.2
_O 3 : 1 1 1 1 I I 1 I 1 I 1 1 I 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
L
If; I

- >

5.0f" (7 TeV) + 19.7 fb (8 TeV)

1.4

- CMS [ 195% CL observed
1.3 [ 68% CL observed
1.2 E_ ---------- 95% CL expected
1.1 —— 68% CL expected

)

0.8
0.7
O 6 : 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 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3
I
T
5.0fb™ (7 TeV) + 19.7 fb™ (8 TeV)
03 - CMS [ ]95% CL observed
r [ 68% CL observed
0.2 R 95% CL expected
B —— 68% CL expected
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Beyond helicity fractions in single top t-channel

Single top t-channel events have high (~90%) polarization along the spectator quark direction
to the V-A structure of the weak interaction. This makes possible a unique set of measurements

| WLbL>

ey BVl

| WobR>
. | uvbr>
| WRbR> f— ¥

| t>

Helicity fraction measurements determine the relative strength of three
categories (L,R, 0). One can also separate four categories and determine
a relative phase. From there go to constraints on Vg, g1, gr
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Decay kinematics depend on 3 angles.

e*’q)*
W <«

0: tdecay polar angle

0: W decay polar angle

¢*: W decay azimuthal angle

1

N d cos 0dQ* 87z

2
3v/2
2

%

3
{— 1Ay l|2(1 + Pcos0) (1 + cos %)

|A i 1| (1—Pcos<9)(1—cos€*)

Psin@sin 6* (1 + cos@*)Re |e

Psin@sin6* (1 — cosf*)Re |e

2

3
<|A 1| (1—PcosH)+|AO 1| (1+Pcos€)> sin’ 6%

2

DTA IA*II

—iCb*A_l,_%A(;k 1]
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Asymmetries in single top t-channel

Spectator quark
(top rest frame) -

ATLAS
Vs=8TeV, 20.2 fb"

—@ — <SS>
——— <T>
- @H <SZ>

—o+— <S>

—@ <A >

4 SM prediction
— Stat. uncertainty
— Total uncertainty
\\I\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\I\
-06 -04 02 0 02 04 06 08
W-boson spin observable

— @——— <A>

W (top rest frame)

Asymmetry Angular observable

Polarisation observable = SM prediction

App
ARY
ArB
Agc
Afg
Apg
Ay

N,¢
App

cos B,

cos by cos 8
cos 0
cos 8}
cos 0]
cos 0¥

cos 0} cos ¢

cos 0 cos ¢}y

50 P 0.45
SP(Fr + FL) 0.10
3(S5) = $(Fr — FR) ~0.23
3,./3(Thy = 2(1 - 3F) —0.20
3(51) 0.34

—5(82) 0
—2(4) —0.14

2(As) 0

1 dl’

T ‘ T T T ‘ T T T
ATLAS
S

Vs =8TeV, 20.2 fb po— AL
@ A::VlVa

AFB
AEC
et Aks
— @ A;B
@ 4 SM prediction AN

— Stat. uncertainty .
o — Total uncertainty Ars

1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 I 1

-0.4 -0.2 0 0.2 0.4 0.6

Angular asymmetry

3 2 1

"

o — = (300829*—1>+ S~ )cos 6%
T d(cos0%)dgps 8z | 3 o) . Sl

+(S))cos ¢ sin OF + (S,)sin ¢’ sin G
— (A, )cos g% sin 20% — (A,)sin ¢ sin 207 }

Multiple angular asymmetries measured.
All consistent with SM.
CP violation parameter:

Im(gr) € [—0.18,0.06]

95%C.L.

If all other anomalous couplings zero and VL=1
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Series of analyses from ATLAS

Double [JHEP 04 (2016) 023] and triple [JHEP 12 (2017) 017] differential decay rates.

Triple differential cross section:

.

plLoE Ol — = M (01,62, ) = V27Y (61,0) Y™ (62, )
3 \/—
— V27Y™(61, 6)Y™ (03, 0)
= ap M (6,0%, ¢") Decompose the
differential
¢ O — decay rate into
g 0.081— B8 Tev, 202 1" t e Orth()gonal
S 006 T¥le2 :
g oot 4’—% | . functions and
E — 2w 4 perform Fourier
002} ] analysis.
-0.04— i —
= |
-0.06/— 1 l —
—o.osi— i - Use Fourier

-0.1L I I
a a a a

techniques to

JHER 12 (2017)017] deconvolve the
detector.
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Helicity fractions & phases with o assumptions on other
parameters

fo*: the fraction of b’s which are right-handed in events
with longitudinal W’s

for < 0.041 (68% CL)
for < 0.085 (95% CL) unique measurement

f1*: the fraction of b’s which are right-handed in events
with transverse W’s.

f17 < 0.053 (68% CL)
= 0.120(95% €E)

+ O _I T T I L I T 1 T L I T 1 7T I L T 1 T I L I T 1 T I T T I_
0.14— ATLAS X Best Fit

- Vs=8TeV, 202" e SM .

0121 W 68% CL
0_1__ 95% CL ]
0.081 =
0.06f —

0.04

0.02

IIIIIIIIIIIIIIIIIIIIIII_
0O 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

f+

fi=1-F.. Also measured in standard W boson

S

polarization analyses.

If nonzero, could signity CP violation
in top quark decay.

0.29673929 (stat.) F093 (syst.) = 0.29672%48

0.013 0.010 0.016
0.0027729137 (stat.) *09197 (gyst) = 0.0027790167
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o/m

_IIIIIIIIIII
- ATLAS

X Best Fit 1
0.06[~ ys=8Tev, 20.2 fo' e SM E
0.080 W 68% CL

: 95% CL
0.02- B
oF B

_0.02- E

~0.04 E

~0.06F E

n | | | | =

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
f

1
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Anomalous couplings with o assumptions on other parameters.

__|0.5_""|"""ll|llll||||||||||

2 0450 ATLAS . X Best Fit
* IVr/VLI <023 (68% CL) T pap PTBTEV202D S L
o | VR/VL 037 (95% CL) = 95% CL —

sz gL/VL | <0.19 (68% CL)
e .7 gL/VL l=:0:29 (95% CL)

Tighter limits exist from b — sy and from W helicity fractions in tt
events, but with assumptions on other parameters.

R
R R — 0.2 L L BN LRI BRI B
Re| R |€[-0.12,0.17] and Im|ZR|e[-0.07,0.06]. > T Atias X Best Fit -
%3 VL 2 015 Is=8TeV, 202 b e SM =
= - W 68% CL 1
0.1 95% CL
0.05F =
of E
~0.05]- E
01 -
1 v b Py Lvv v b v by Ly v v by I:
015057515 ~0.1 -0.05 0 0.05 0.1 0.15 0.2
Relg NL]

s [JHEP 12 (2017) 017]



ITriple-differental decay rate removes ambiguity from W-boson

helicity fraction measurements in tt events:

The triple differential decay rate measurement [JHEP 12 (2017) 017] eliminates the
secondary, BSM solution of the standard helicity fraction measurement and does so

without assumptions on any parameters of the Wtb vertex.

Re(gr)

0.8

0.6

04

0.2

0.0

0.4

-ATLAS W 99.7% CL
- /. 95.5% CL
__/ Ldt =202 be—ms> 68.3% CL
B O sm

/s =8 TeV

B EFTfitter
:_ V=1

R VR =0

L | | I | |

Sources of systematic error:

Helicity parameters

Coupling ratios

Bt i)hys""] %7 (20“1&‘.?(;L264

Source a(fi) | o@)/x | o(Re[gr/VL]) | c(Im[gr/VL])
Statistical 0.022 0.013 0.030 0.027
Jets 0.029 0.007 0.039 0.009
Leptons 0.014 0.002 0.017 <0.001
Efrniss <0.001 <0.001 <0.001 <0.001
Generator 0.027 0.006 0.030 0.010
Parton shower and hadronisation 0.004 0.003 <0.001 0.003
PDF variations 0.008 0.004 <0.001 <0.001
Background normalisation <0.001 <0.001 <0.001 <0.001
Multijet normalisation <0.001 <0.001 <0.001 <0.001
W+jets shape 0.015 0.005 0.007 0.009
Luminosity <0.001 <0.001 <0.001 <0.001
MC sample sizes 0.009 0.006 <0.001 0.013
Other <0.001 <0.001 <0.001 <0.001
Total systematic uncertainty 0.044 0.010 0.061 0.017
Total 0.049 0.017 0.068 0.032
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New information on the ttZ, ttW* interactions

Signal:
dilepton (ttW) d Z/v"
trilepton, 4-lepton (ttZ)

+ s
u W g t
g 3 _I LI | T TTT | TTTT TTTT TTTT | TTTT | TTTT | TTTT T TT I_ 2 5 CMS Prellminary 36 fb-1 (1 3 TeV
— | * ATLAS best fit ] " . T 1 | LI | T /)/ p X7 T T L LI | UL ! LI T T
2 - ATLAS . 2 B 7% & 2-D best fit .
o L ] —— ATLAS 68% CL - — o % 68 ¢
= L Ve = - | . — contour
3] 2.5 B s=13TeV, 3.2 fo ATLAS 95% CL ]| 'g f§?§?§2 °°
Q 0 Y, — 95% contour
N - X + NLO prediction i 2 R 1-D best fit
! - & . . 1 ;///.///// — - best
8 L 5% L&KL HZ theory uncertainty | 222?/ % B DZ+10
G 2r- &2 8% W theory uncertainty | ?%?%Z 1-DttW = 1o
S F B ] - ok s tiZth ]
= B B0 .. _ sy e eory
. 1.5— vk o —
. X n L ;///./// = ttW theory |
15" - 7

K & - B 7 7/ i

- 0? - - 7 .

— 40 —

|

- 7

3
L
.
-~ Pid
. .
0.5 T -

Piae
-
-
_____
---------

o 05 1 15 2 25 3 35 4 g T S AR
ttW cross section [pb] ' ' -
Oy [PD]

EPJ] C77 (2017) 40 CMS-PAS-TOP-17-005
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CMS ttZ, & ttW analysis

g 12 CMS rreliminary 36 fb~1 (13 TeV) 12 CMS rreliminary 36 fb~1 (13 TqV)
t t —— best fit ) —— best fit :
-------- 1o CL -~ 1o CL
t o 20- CL o 20- CL
H
. S S & t
N 8 8
t ‘ = ~ =
— . = £
Z H q 6 f0n g 6
Cu I 7
g L P A S 4
Naming scheme from JHEP 2014 (April, 2014) 110 L
q W+ q H 2 3 : 2
’ '.. : e /‘"
—F e
. | F N 0 \ /
W+ 0712557100 7.5 —5.0 —2.5 0.0 25 50 0 5 10 15 20 25
! ErulN? [TeV~2] Eu/A? +10.9| [TeV~2]
— 12 CMS rreliminary 36 fb~1 (13 TeV) 1 CMS rreliminary 36 fb~1 (13 TeV)
CuW : . .
q U _ —— best fit —— best fit
Y loCL 0 T lo CL
.............. 20' CL 20- CL
8 8
CMS-PAS-TOP-17-005 p z
L= £
< 6 < 6
~N ~
| I
4 4
Wilson coefficient Best fit [TeV %] 10 CL [TeV ?] 20 CL [TeV 7]
Cu/ A% +0.1TeV 2| 32 [0.0,4.4] [0.0, 5.4] 2 . 2
|6,/ A%+ 18.5TeV 2| 19.1 [5.0,26.4] [0.0,325y e N e
C—"W/Azz 30 [-4.1,-15]and [1.2,4.1] ~1-5.1, 5.0] 0 -2 0 2 4 B0 o5 1.5“""1.5 '“2..0 25 3.0 35
CHM/A 94 [-103, -81] and [01, 21] [-111, -66] and [-1.4, 30] C_:uW/Az [Tev—Z] |C_:UB/A2| [Tev—Z]

Discussed in more detail in the talk of Olga (Likelihood contours assume all other Wilson coefficients are zero.)

Bylund in parallel session -



Conclusions

+ Measurement of tt, single top, ttZ and ttW processes are yielding precision information on
gtt, Wtb, ttZ, ttW= interactions in a corner of the standard model not fully explored till now.

# All measurements consistent with the standard model, but hints of an anomaly at the 3.2 ¢
level in the ATLAS measurement of spin correlations at 13 TeV

* Measurements are now being cast in the form of constraints on Wilson coefficients of EFT
operators.

* More precision to come with the full 13 TeV dataset, Run 3, and the HL-LHC
» Spin correlation measurement at 13 TeV with full dataset

« EFT approach becoming more common.

» More complete analyses of single top and tt angular distributions

» Greater sensitivity to rare decay modes ttW and ttZ.

# Challenge: gain control over systematic errors.
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