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Introduction

In t-channel single-top production, the Wtb vertex appears in both production and
decay, allowing one to isolate BSM contributions to the Wtb vertex, from other BSM
effects.

The most general form of the Wtb vertex 1is:

g 7 ~ g 5i0"q, _

Ly = ——=by" (VL Pp + VrPr)tW, [ — —=b P+ grPr)tW, + h.c.,
Wtb /2 v (VL Py rPR) LT3 mw (9 PL + grPr) m

In SM at tree-level V=V, Vg=g; z=0

Deviations would provide hints of BSM physics.
Complex values could imply top quark decay has a CP-violating component.

For dim-6 EFT, the couplings are constants. In that case we can write

Vi =V, C<33+3)” Vi = 033* v — V2033 v V2 55 U
L=V + a gL CdW AQ?gR 20 ;

A2 ¢ A2’ e

The V-A structure of the SM predicts the top quarks to be highly polarised,

By utilizing the polarisation of the top in
t-channel, we can search for complex couplings.




Previous ATLAS result
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Already used in at least one global fit. Many inputs,
but dominant constraints for this plot are:
e EDM provides highly correlated constraint.
&_ provides orthogonal constraint.
V. Cirigliano, et al. Phys. Rev. D 94 (2016) 034031
arXiv:1605.04311 (hep-ph)
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JHEP 04 (2016) 023 1510.03764 [hep-ex]
Simultaneously measure F; +F; and phase between amplitudes for ¢

decay to transverse or longitudinal W, accompanied by left-handed
b.
Im[gr/V,] € [-0.17, 0.23] @ 95 C.L.

Assumes V=g, =0




@ The two analyses to be presented

Atlas has recently completed two measurements of angular decays of top
quarks produced in t-channel single-top. They used similar event selections,
but the extraction of physics parameters was different. One uses
measurement of asymmetries, while the other measures parameters of 3-d
decay distributions.

1. Probing the Wb vertex structure in #-channel

single-top-quark production and decay in pp collisions at \/s=8 TeV
with the ATLAS detector

2. Analysis of the Wtb vertex from the measurement of triple-
differential angular decay rates of single top quarks produced in the -
channel at \/s=8 TeV with the ATLAS detector




Probing the Wtb vertex structure in #-channel
single-top-quark production and decay

in pp collisions at \/s=8 TeV with the ATLAS
detector

JHEPO4 (2017) 124
arXiv: 1702.08309 [hep-ex]




Axes and Angles

Asymmetry Angular observable  Polarisation observable  SM prediction

Deﬁne asymmetries along many e - e o
different axes. Some are sensitive to A cos by cos 0} Fy + Fv) 0.10
interactions in top decay, while Aep cos b (= 1) 08
.. . . A cos 0 —0.20
others are sensitive to polarisation, o s o7 0.34
FB £ .
which depends on the production ARy cos 6} 0
VCI"[CX ) A;’f cos 0} cos ¢, —0.14

AN cos 0} cos ¢y 0

6, and By defined in the top-quark rest frame.
All other angles defined in the rest frame of W
boson arising from the top-quark decay.




Reconstructed Distributions e e

Vs=8TeV,20.2fb" |
Signal region
[ vV, Z+jets

I Multijet
V7, Stat.+Multijet unc.

* Cut-based analysis optimised for S/B and reduction of
systematic uncertainties. 105 e
4 independent regions defined, enhanced in signal or l %% WW/W

various backgrounds. Used to set background 1 08060402 0 02 04 06 0080361
normalisations. !

Plots made along axes defined by relevant angular
observables.
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Vs=8TeV,20.2 " |
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* Two bins for forward-backward asymmetries. :
 Four-bins for edge central asymmetries. O et

» Two example plots shown here. g;‘:ﬁf;wet -
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” . - ATLAS
¢ Unfolding and SM checks s =aTev, 2021

— e
Bayesian unfolding done to parton level.

Unfolding depends on assumed couplings in MC sample.
» For all but two of the asymmetries, SM Monte Carlo

samples are used for unfolding.

* Consistency check of SM. 4o
For A¥p and ALy, Im([gg] is allowed to float in the ¢ SM prediction
. . . — Stat. uncertainty

unfolding, while all other couplings are kept at SM _ Total uncertainty AL

values. oo b b b

« Used to extract bounds on Im[gg]. oingula?.:symr(r?:try

ATLAS
For one example which can be /s =8 TeV. 20.2 fo

compared to a result from CMS.
—0— <S>

Abp =% aP (0.45 SM) et <Te>

<S>

=0.49+0.03(stat)+0.05(syst) ATLAS <S>
=0.26%0.03(stat)£0.11(syst) CMS o <A>
JHEPO4(2016)O73 4 SM prediction ‘e <A>

— Stat. uncertainty

— Total uncertainty
11 I L1 | ‘ 11 1 ‘ L1 | ‘ 11 1 ‘ L1 | ‘ |- ‘ L1 | I |
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W-boson spin observable
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Bounds on Im[gg]é | cmmen

4000

AN, and AL, are most sensitive to changes | ° mgzo

. - w..lmg. =-0.23
in Im[ggl- 2000 ~-.Img, =+0.23

Using their extracted values while allowing [ W) Stat sMulijet unc. |
Im[gg] to float . o

(correlation between AY; and Ak, =-0.05) 1 -08 06 04 02 |
assuming VL = 1 and VR = gL = Re[gR] = 0: coso)
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Im[gR] < [-0.18, 0.06] @ 95 C.L. s

Vs =8 TeV, 20.2 fb"
Improvement over 7 TeV result Signal region

e s e s e s s et i e o e

e Data 2012
—1Im 9, = 0
ceee Im g,=-0.23
-=-Im g,=+0.23

Stat.+Multijet unc. |
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Systematic Uncertainties

cases where syst uncertainty is larger than stat uncertainty

Uncertainty source AAfg x10*  AARE x10°  AApp x 10 Adpe x 107 AAN; x 102 AATL x 102 AANY x 102 AALS x 102

Statistical uncertainty +2.6 +3.1 +2.3 128 +2.2 +3.1 +3.0 +4.6

Simulation statistics +1.7 +1.9 +1.4 +1.7 +1.3 +2.0 +1.8 +2.9
Luminosity <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Background normalisation +0.5 +0.5 +0.9 +0.7 +0.4 +1.1 +0.6 +1.1

miss : +0.9 +0.4 +1.1 +0.8 +0.3 +0.5 +0.5 +0.4
EF'™ reconstruction ol o7 Tor e o s o 03

: +1.0 +0.1 +0.6 +0.1 +13 +0.6 +1.6
Lepton reconstruction 04 “13 +1.4 ~03 Z02 215 ~05 ~0.6

Jet reconstruction +2.1 £2.5 +1.2 +1.8 +0.8 +0.5 +1.6 +1.3

413 42,0 +3.4 42,0 +0.9 139 40,6 445
Jet energy scale 19 “16 27 ~07 208 16 225 —25

Jet flavour tagging +0.9 +0.3 +0.6 +0.4 +0.2 +0.6 +0.3 +0.6
PDF +0.2 <0.1 <0.1 +0.2 +0.1 +0.1 +0.1 +0.4
tf generator +2.3 +1.0 +0.2 +1.2 1+0.2 +1.7 +1.3
tt parton shower +0.6 +0.5 +0.3 +1.5 +1.0 +0.9 +1.6
tt scales +0.2 +0.4 +1.2 +0.3 +0.3 +0.8 +0.3 +1.3
W, s-channel generator +1.0 +1.1 +0.4 +0.3 +0.2 +0.8 +0.3 +1.4
W, s-channel scales +0.9 +0.3 +0.3 +0.3 +0.6 +0.5 +04 +0.9

t-channel NLO generator +1.4 +0.6 +0.6 +2.7 +0.3 +2.6
+3.2

t-channel LO-NLO generator +1.5 +2.0 +1.8 +0.5 +1.9 +1.3
t-channel parton shower +0.5 +1.0 +0.2 +0.7 +0.9 <0.1 +1.1

t-channel scales +1.1 +2.0 +0.6 +1.6 +0.9 +2.2 +1.4 +2.6

W+jets, multijet modelling Y 0.9 22 13 B 113 106 123

- - . : . : . 8.3 438 10.9
Total systematic uncertainty tgj i??, igg ii"g f%g ts,g J_r5,4 J_rm.l
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Analysis of the Wtb vertex from the measurement of
triple-differential angular decay rates of single top
quarks produced in the z-channel at \/s=8 TeV with

the ATLAS detector

TOPQ-2015-11
Paper in preparation




Top decay distribution can be fully expressed 1n
terms of 4 Helicity amplitudes
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Terms in Black: measured by W-Helicity analyses } Used in 7 TeV result
Terms in Green: also measure relative phase between amplitudes
Terms in Red: measures polarization and different combinations of amplitudes




We can make this look more complicated

. 1 dN 1

g <!A1 P =14, - 1|2> Mo,1,0(0,0%,¢")

(|A 412 = 2040 2 =204y 3 2+ 1AL, 7)) Mozo(0,0, ")

= | (1404 P+ 1Ay P+ 140 3P 140,y ) Moo o(0.6°.6°)

= (14047 = Aoy 140y P = 141y ) Mi0o(0,67,6)

SPIAL ) Myo(6,6%,6%)

(|A1,%‘2 + 2|Ao,%|2 - 2‘A0,7%|2 - |A71,7%|2) M 2,0(0,0%,97)

9 coefficients of orthogonal functions




@ Why do we do this?

For reconstructed decays, triple-differential decay distribution can
be expressed as sum of same orthogonal M-functions.

9(979 7¢ )_ N sin 8dOdO* _kzl;na’k,lyka‘l (979 7¢ )

Ml??l (97 0", ¢*) — \/%Yk:m(ev O>lem<9*7 ¢*)

As you remember from undergraduate physics courses

A / 06,67, ") M7 (6,67, ¢*)dM

For a data set this becomes Ak, l,m — <Mlyfl* (‘97 9*7 ¢*)>

Orthogonal Series Density Estimation (OSDE)




Why do we do this?

Determine through MC, a migration matrix, G, linking true coefficients,
a1 m» With reconstructed, 4, | ,, coefficients.

Keep enough terms to accurately unfold to the true coefficients.

Fit set of reconstructed coefficients, with a covariance matrix, C.
(Can be done analytically)

@=UA-G- )T - ct . (A-G-a)
Extract set of deconvolved coefficients along with covariance matrix V

Note: C is covariance matrix for reconstructed coefficients.
V is covariance matrix for deconvolved coefficients.

N.B.: G depends on values of anomalous couplings, so unfolding depends




Extracted Parameters

2 2
Deconvolved coefficients expressed ‘AL% + ‘A—l,—é
in terms of 5 parameters defined by
helicity amplitudes plus

polarization, P.

fi=

|+ 40,3 C 4o, 2 ;fLJrFR:I-

_ Fgr

6 parameters extracted from the 9 ’ 7 F1 +Fp
deconvolved coefficients.

Not previously measured

X2(@) = (@rn(d@) — a@@)" V= (@rn(@) — a(@))

Likelihood in terms of 6 parameters including all correlations determined by sum of the two X2.
G calculated at each point in parameter space with corresponding set of anomalous couplings.
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Likelihood 1s calculated numerically in full
6-d space of parameters
Two 2-d and one 1-d profiles shown here

Likelihood (Arbitrary units)
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0.14— ATLAS Preliminary X Best Fit

- Vs=8TeV, 202" o SM

1 68% CL
95% CL
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01 Polarisation
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fO+VS f1+
Comparable uncertainty in f;*
to W-Helicity, f

&, not shown, as all values from —r to © are allowed by likelihood.




Constraints on Couplings

0.5
- 0.45
0.4

R
TLAS Preliminary X Best Fit
Vs =8TeV, 20.2 fb™" « SM
11168% CL
95% CL

« As with W helicity, observables only sensitive to 0.35
ratio of couplings: normalize to V. 0.3
Use all parameters expect P to calculate couplings. .25
Real and Imaginary parts allowed, but since 6, is 0.2
not constrained, only plot |Vx/Vy | and |g /Vi|. 445

0.1
0.05

é ATLIAS Prglimin;ry >|< Bes’l Fit
s=8TeV, 20.2 fb™" e SM

I 68% CL

95% CL

1 1 1 1 I 1 1 1 1
0.1 0.2 0.3

Measuring multi-dimensional decay rates allows

bounds to be placed on various Wtb couplings

without making assumptions about the others.

* W-helicity measurements cannot separate the
effects of Vi and g; .

« By measuring both f;* and f;", one can
separate them.
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Conclusions

The ATLAS collaboration has made many measurements
of quantities related to angular distributions in the decay of
top quarks produced in t-channel single-top production.
Measurements are consistent with the SM and have been
used to provide constraints on possible anomalous
couplings in the Wtb vertex.

Important to separate the two amplitudes contributing to
F, —, 0.
The increased integrated luminosity, and better o 0.2
understanding of systematic effects allow a large &
improvement over the results obtained with the

7 TeV data set.

Next step will be to combine with

tt W-helicty results.

Fold into global EFT fits.

T I T T T I T T T T T T I T T T
ATLAS Preliminar
iminary . SM

JHEP 04 (2016) 023
Assumptions: VR =g = 0
\s=7TeV,46f"
+ Best Fit
I 68% CL
95% CL

{s=8TeV, 20.2 b’
x Best Fit
[ 68% CL
95% CL

Further improvements are expected with the
13 TeV data set.
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Comparison of 8 TeV result to
published 7 TeV result







Why f,is important

Without knowledge of f3t, only region  f;" and f;" are sensitive to different
inside circle of f;"=0 curve could be combinations of Vg and g; . Measuring

excluded by W-helicity alone. both 1s required to separate the couplings
fof =0.2,0.1,0.0 +_—

(l)l‘l“ll = 0.5 "n"lo'

T X Best Fit <

s=28TeV, 20.2 fjf’ e SM 2

I 68% CL

95% CL
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Curves that correspond to F, F;, Fy at

SM values, for different assumed
values of f;




