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Catalogue of standard & exotic processes involving the top quark.Top physics
program is concerned with all of these. This talk puts the spotlight on EW vertices.




EFT, anomalous couplings & the Witb vertex

The effect of BSM physics at a
high mass scale A is L= Lo

parameterized using higher
dimensional operators
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There are three ATLAS measurements that contribute to
constraints on the couplings:

* The single-top production cross-section.

PRD 90 (2014) 11206 (7 TeV)
EPJC 77 (2017) 531 (8 TeV)

JHEP 04 (2017) 086 (13 TeV)

« Measurement of W-boson helicity fractions in #f events.

EPJC 77 2017 264 (8 TeV)

JHEP 08 (2020) 051 (8 TeV, ATLAS/CMS combination)

* Measurement of angular distributions in the decay of single
top quarks.

JHEP 12 (2017) 017 (8 TeV)



Electroweak production (single top

t-channel s-channel tW-channel

T | T
- ATLAS Preliminary ) Cross-sections have a quadratic dependence

t-channel single top-quark production
[ Sep 2018 on EFT coefficients.
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Single top cross section measurements in ATLAS

ATLAS Preliminary Sep 2018
Single top-quark production

t-channel
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=== NLO+NNLL QCD atm, = 172.5 GeV—
MSTW2008 NNLO PDF

—— NLO QCD atm, =172.5 GeV
MSTW2008 NLO PDF
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s-channel

T TTITI

¥ t-channel 4.59 fb™ PRD 90 (2014) 112006 total
8 t-channel 20.2 fb™ ey c77 (2017) 531 } stat.

I t-channel 3.2 fb™ JHEP 04 (2017) 086

§ tW 2.05 fb” pLB 716 (2012) 142

5 tW 20.3 fb™" JHEP 01 (2016) 064

§ tW 3.2 fb™" uHEP 01 (2018) 063

v s-channel 95% CL limit 0.7 fb™ ATLAS-CONF-2011-118
§ s-clhannel 20.|3 fo! pLB 756 (2016) 228

| |
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Cross section measurements are
interpreted in terms of frv V.

frv is an overall form factor incorporating
the effects of all BSM physics.

The most precise measurements are

obtained at

s=3. ey

More precision is required at
\/E = 13 TeV, where current

measurements are based on only 3.2 fb-1
of the available 139 fb-1 (work in

progress).

LHCtopWG

t-channel:
ATLAS+CMS 7+8 TeV"”
JHEP 05 (2019) 088
CMS 13 TeV*
PLB 800 (2019) 135042 (35.9 fb™)

ATLAS 13 TeV*
JHEP 04 (2017) 086 (3.2fb™")

tw:
ATLAS+CMS 7+8 TeV"”
JHEP 05 (2019) 088
ATLAS 13 TeV*
JHEP 01 (2018) 63 (3.2 fb™)

CMS 13 TeV
JHEP 10 (2018) 117 (35.9 fb™)

s-channel:

ATLAS+CMS 8 TeV"”
JHEP 05 (2019) 088

all channels:

ATLAS+CMS 7+8 TeV"”
JHEP 05 (2019) 088

ATLAS+CMS Preliminary

November 2020

Gmeas

: from single top quark production
theo

o, NLO+NNLL MSTW2008nnlo

theo tofal theo
PRD 83 }201 1; 091503, PRD 82 (2010) 054018,

PRD 81 (2010) 054028

AGy..: Scale ® PDF
My = 172.5 GeV

[fyVl = (Meas) * (theo)

I 1.020 + 0.040 + 0.020
I—H-i—l 0.98 £ 0.07 +£0.02
et 1.07 + 0.09 + 0.02

1.020 + 0.090 + 0.040
—_ ; 1.14 £0.24 £ 0.04
——e—tH 0.94 + 0.07 + 0.04
—_ iy 0.970 + 0.150 + 0.020
e 1.020 + 0.040 £ 0.020

! including top-quark mass uncertainty
2 Gypeo: NLO PDFALHC11 (NPPS205 (2010) 10, CPC191 (2015) 74)
8 including beam energy uncertainty
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T'he Witb vertex from top quark decay

Four transition amplitudes are involved in the decay of the top quark.
Interference occurs between pairs of transitions.

| WLbL>

= Wb~ > | HVbL>

—

=

| WobR>
. | uvbr>
| WRbR> =l

In principle it is possible to measure:
* four amplitudes

* twe one phases (only one because amplitudes to right handed b’s are
tiny.)

and then to relate these to the Vi, V&, g1, and gr

alternately, to cq(;i]) ; Cpabr Cowr AN Cpyy
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EPJC 77 (2017) 264: W-boson helicity fractions in top quark decay

Main innovation: use of both the leptonic and hadronic side in the lepton+jets channel.

S e e e e 2
| WLbL>\\ -
Zfﬂ+ s JI S
— | |Wob> |— | HVbL> W+ o g
% Al s S S e e = (9*,’
—
| WObR>\\
| HVbR> &
Wb bt e o L et
The determination of helicity fractions in top decay uses the helicity angle 6*: the
angle between the antifermion from the W+ in the W+ rest frame, and the W+ in the b

top rest frame.

1

dl’

I dcos &*F

3 : 3 y 3 2
=Z(1—cos (9*)F0+§(1—COSQ*) FL+§(1+COS(9) I

Since Fy + F; + F = 1, there only two of three quantities are independently constrained

in a fit to the helicity angle 6*
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The analysis EPJC 77 (2017) 264 is carried out in tf events

b U or ¢ tag the charm to

The lepton+jets channel is used. infer the s
The determination of helicity fractions
in top decay uses the helicity angle 6*:
the angle between the antifermion , :
from the W+ in the W+ rest frame, and the trley side.
the W+ in the top rest frame.

— S S =

The determination of helicity fractions
in antitop decay uses the helicity
angle 6*: the angle between the

the easy side.

Analysis is

based on the fermion from the W- in the W- rest
semileptonic frame, and the W- in the antitop rest
dec ay frame.



Event reconstruction, more precisely:

Kinematic fitter (KLFitter) is used to infer
the kinematics of the double-decay b Uorc
process.

The fitter incorporates:

* flavor-specific and #-dependent transfer
functions from jet to quark.
transfer functions from MET to neutrino.
Breit-Wigner distribution for top and W mass.
* Flavor-specific, p; dependent b-tagging variable

probabilities on all jets

The likelihood is maximized over both
event kinematics and quark flavor
assignments (up to 120 combinations).

The combination with the highest

on

likelihood is accepted.

= S— H—— E——



Event reconstruction

Log likelihood after minimization over
kinematic parameters and jet assignment

combinations.

cut *
o 20000 T T T T T e e T T
> C  ATLAS Simulation e+jets (> 2 b-tags) 3
818000 ~
5 16000E- 7 tf right E
14000 tt wrong E
12000 ;— tt non-reco —;
10000 tt background i
80001 =
6000 3353333 =
4000F- =
20001 @ . _\ =

O =S e e s o e L b
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Log Likelihood

In 60% of tf lepton+jet events, the assignment of

down-type quark is correct.
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Template-fits are performed simultaneously in

the leptonic channel
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Templates for the signa are
derived from NLO ¢ signal
MC reweighted at the
generator level to
distributions from the
relevant W boson
polarization.

Then the data is fit to
templates for the signal and
all background sources.

ATLAS
Hadronic analyser

I Ldt=20.2f", {s=8TeV

e+jets (1 b-tag) e+jets (> 2 b-tags)

Best Fit
[ Background
Data
u+jets (1 b-tag) u+jets (= 2 b-tags)

-0.5
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Results

Fy,=0.709 £ 0.012 (stat) £ 0.015 (syst)

Re(gr)

rATLAS W 99.7% CL ?;’ - ATLAS I 99.7% CL
= 4 95.5% CL o = 95.5% CL
FR = —0.008 = 0.006 (stat) =0.012 (syst) 0-3__/Ldt= 20.2 he=—> Oss.s% cL 0.8 /Ldt =202 fb ' ==> Oss_s% cL
u SM o SM
0.6V/s =8 TeV 0.6 /s =8TeV
F; =0.299 £ 0.008 (stat) = 0.013 (syst) - EFTfitter I EFTfitter
0.4 V=1 0.4 V=1
0.2 VR=0 0.2 9.=0
0.0F | <> 0.0F Q
-0.2F -0.2F
S S 0.2 0.4 B S R (K-S NN ¥
Re(g.) Re(Vg)
Assumptions:
* All anomalous couplings are real.
* Unconsidered couplings are fixed to their SM values.
The measurements are consistent with the Standard Model; however o Vi — zwgrl” + Vi — zwgr |’
Vi — zwgrl® + Ve = 2wgrl® + 2|2 VL — gr|* + 2|20 Ve — g1|
: 2 . : 2|z, VL — -
* there is an ambiguity, as shown in the plots. i e

Vi — Zwgr|’ + Ve — wgr|’ + 2 |2u Ve — gr|* + 2|2 Va — gz
=0 2|37va _QL‘2
Vi, — SCw£IR|2 + |Vr — «ngL|2 e G e 9R|2 AR ey 9L|2

* there is essentially no constraint on the couplings if the above
assumptions are not imposed.

Fr
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ATLAS-CMS combination

ATLAS+CMS Is=8TeV ——
LHCtopWG total stat
B NNLO QCD .
oo | o i Results are very precise and
—e—=——  Data(F /F/F)
| _1 agree with the standard
ATLAS 2012 l+jets, L =20.2 fb HeH
EPJC 77 (2017) 264 int
CMS 2012 e+jets, L =19.8 fb"’ HeH N |Odel_
PLB 762 (2016) 512 int
CMS 2012 u+ets, L =19.8 1™ HeH H
PLB 762 (2016) 512 int
CMS 2012 single top, L. =19.7 fo! e H—=
JHEP 01 (2015) 053 in . .
Production of right-handed
ATLAS+CMS, Vs =8 TeV I

LHCtopWG

7
; o o s s W’s too small to be
W boson polarization fractions
observed.

In the ATLAS-CMS combination, the ambiguity is resolved using the cross section
measurements.
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Angular analysis in single top t-channel

JHEP 12 (2017) 017 (8 TeV)

In single top t-channel events, the top quark is
almost fully polarized along the direction of the

spectator quark.

q

The A’s are the amplitudes we
previously encountered.

P is the polarization==>

The triple differential cross section
yields new information only in
situations where P # 0O

Because of that circumstance, it is germane to
consider not one but three angles.:

e = = =~ ——

6: tdecay polar angle Triple differential decay rate

0": W decay polar angle
d*: W decay azimuthal angle

1 d°N 1 (3
— = —|A 1|2(1+Pcos€)(1+cosé?*)2
N dcos0dQ*  8rx

|A - 1| (1—Pcos@)(1—cos€*)
3
|A 1| (1—Pcos€)+|A 1| (1 + Pcos @) ) sin® 0%
2 0, 0,—

34/2 .
— \/_Psinﬁsinﬁ*(1+cose*)Re 9" A 1A*

%

J

P sin 0 sin 0* (1 — cos 6*) Re _"f’*A_L ;A B



Series of analyses from ATLAS

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

Triple differential cross section:

1 dI’ M;3(61,62,¢) = V2rY™(01,0)Y" (62, $)
p(ea(g*a ¢*) =S

0.06

Deconvolved A m

TTTTTTI T TT T T T T T T TTT T ]T
® RERRE RN RRRN [TETPTTT
o
5
pm
N
<)

o
o
=)
o

0.04

0.02

-0.02

-0.04

-0.06

-0.08

-0.1b

= V27Y™ (01, $)Y;" (62, 0)

0.1

0.08— (s=8TeV,2021b"

- ATLAS
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[JTHEP 42:(2017 ) 017]

Decompose the
differential
decay rate into
orthogonal
functions and
perform Fourier
analysis.

Use Fourier
techniques to
deconvolve the
detector.



Helicity fractions & phases with 7o 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

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

f17 < 0.053 (68% CL)
fit < 0.120(95% C€L)

+ 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+

f1=1-F;. Also measured in 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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Anomalous couplings with rzo assumptions on other parameters.

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

2 0450 ATLAS . X Best Fit
s [V /Vil =023 (68% CL) T gap 'STBTeV2020 S L
» | VR/VL e .37 (95% CL) = 95% CL —

4 |gL/VL| < 0.19 (68% CL)
$ |gL/VL| =30:29 (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]

18 [JHEP 12 (2017) 017]



The Zttvertex

ZO

ic"'p
= 5 v . 5
tht =rer. y//t <C1,V+ 14 Cl,A) = (Cz’v+ ly CZ,A)] tZ'u > . . .
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The vertex is probed in t7Z production in an updated & | Fo 7 Uncertiny
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Inclusive cross section:
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T'he ytt vertex

[”ytt = —tht_’}/'utAlu T €t_

2y

edie i
|

my

& + i) tA,

The vertex is probed in tfy/tWy production in an updated
ATLAS measurement of total and differential cross sections
using full Run I data sample. JTHEP 09 (2020) 049

Signature: one electron, one oppositely charged muon, 2 b-

jets, 1 photon.
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Conclusions

* We have reviewed three analysis related to the Wtb vertex: Single top cross sections, W Boson
polarization in top quark decay, and angular analysis in single top t-channel events.

« fi=1=Fy, fq,f{, 6_ from single top angular distributions and ‘ TivV ‘ from cross section

measurements represent 5 independent observables quantities.

« Helicity fraction measurements provide the best precision on two parameters, F; and F),
(independent of each other, but dependent on those previously mentioned).

* The Wtb vertex is described by:
4 couplings strengths + 3 relative phases= 7 parameters.

* An ideal way to use all this information would be to combine it, but correlations in systematic
uncertainties make this challenging.

* Future measurements are being designed with combination in mind.

» Total and differential cross sections in ¢fy and tfZ productions measured in full Run II dataset,
presaging rich opportunities to fully investigate the Ztt and y#t vertices.
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Furthermore: ATLAS results on other top couplings?

W W+

See page 4 \\
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