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Outline

Topics covered in this lecture:

» Introduction
» The Wib vertex structure (within and beyond the SM)

» Single Top quark (SM and beyond)

» TopFit

Anténio Onofre Top Quark Physics @ LHC



The top quark

@ 2015 was the top quark’s 20" anniversary

it was discovered by CDF and DO in 1995 =% .9 CH
PRL74 2626-2631 (1995); w | aem | oo )| e ) g
PRL74 2632-2637 (1995). “ofeolfoll @
@ It completes the 3 family structure of the SM “W ‘9 :““ "“'
@ top is the weak-isospin .9 W @ W @
partner of the b-quark e e e
@ spin=1/2 "D .0 .0 @
@ charge = +2/3 |e| festen )| ot )| nedftho ) | Weoson

@ Top quark is the heaviest known fundamental particle
(my = 173.34 + 0.76 GeV, World comb.(2014), arXiv:1403.4427)

@ Top decays (almost exclusively) through t — bW
BR(t — sW) <0.18%, BR(t — dW) <0.02%

@ M = 1.42 GeV (including mp, my, as, EW corrections)
@ 74=(3.291%%) x10~25s (DO, PRD 85 091104, 2012)
< /\5&0 ~(100 MeV)~! ~ 10~23s (hadronization time)
= top decays before hadronization takes place
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Introduction

The phenomenology of Top Quark Physics is too Rich
1= impossible to cover everything here

Top quark @ LHC

@ tt production

\ ’ ‘;“‘1"‘ /1+‘ Anomalous
@ 04 Production ¢ / {| Couplings
it cross-section WY 7 ‘ iolati
o Mass J || €P violation
Resonance — AN
o the Wib vertex struct. |production || N\ »
(W polarization, Production || ~——_ AN
kinematics
t — bW decay and =T
. p Spin Y
anomalous couplings) | Pelarization | - N~
<
e FCNC Rare/non SM Decays [~ X
e Charge Asymmetry Branching Ratios |
@ Single top production IVip| |

@ Ccross section
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The Wtb vertex structure |

b (spin = 1/2)

t (spin = 1/2) ‘<th (= Vi in SM)

W (spin = 1)
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The Wib vertex structure

Why is it necessary a precise

model-independent measurement of the Wtb
vertex structure?

@ It may reveal physics beyond the Standard Model
e Vj, could be different from the Standard Model value
e Anomalous couplings may appear at the vertex
@ It may help understand possible other new physics beyond the
Standard Model
e top quarks decay almost exclusively to t — Wb
e understanding the structure of the Wtb vertex helps
revealling possible non-standard ¢t production at LHC,
Zit/~tt couplings at ILC, etc.

e important for B and K physics (indirect limits on anomalous
couplings, see later)
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The Wib vertex structure

The Wtb vertex must be determined by a global
fit to several observables:

@ Several, theorectically equivalent, observables studied for
tt production at LHC (not all explored yet @ LHC)

@ Single top cross section usefull (sensitive to Vy, and
anomalous couplings)

@ Indirect limits from b — s available (not used)

@ The most general CP-conserving vertex for top quarks
on-shell is used

@ All couplings are allowed to vary freely in TopFit to find the
allowed regions for a given CL
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The Wt

tex re

@ Production at the LHC:

g t 9 vyoooTr—— ¢ q>mw<t
f owwoo—If 3 f

g

o(f)=177.3+9.948 pb @ 7 Tev, o(11)=252.9+11.7%4 pb @8 Tev, o (17)-8321 pb @ 13 Tev
NNLO+NNLL, m; =172.5 GeV PLB 710 612 (2012), PRL 109 132001(2012),

JHEP 1212 054(2012), JHEP 1301 080(2013), PRL110 252004 (2013).

—> Lepton+jets (~ 30%):
Top pair decay channels  Top pair branching fractions = ei,ui)

Aljots 44%
o ju)
f -‘3:’: ﬁ_ all-hadronic
S 3
£5 3 -
B[S E
i ™ 1% H
- tButets L = Dilepton (~ 5%):
2 muon-jets me ([ — et pi)
© electron-ets o 2% Lsiets 15% T4 b
U
) + - -
b@& e’ Wt ud cs ejets 15% b v
-
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The Wib vertex structure

Effective Wtb vertex from dim-6 operators

L = b (VLPL aF VRPR)t Wll_
iochvq,

B Wi (9LPL+ grPR)t W, +he.

%I‘Q %I‘Q

[EPJC50 (2007) 519, NPB804 (2008) 160, NPB812 (2009) 181]
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The Wib vertex structure

Effective Wtb vertex from dim-6 operators

L = b (VLPL aF VRPR)t Wll_
iochvq,

B Wi (9LPL+ grPR)t W, +he.

%I‘Q %I‘Q

[EPJC50 (2007) 519, NPB804 (2008) 160, NPB812 (2009) 181]

How to probe anomalous couplings in the Wib vertex?
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The Wib vertex structure

Effective Wtb vertex from dim-6 operators

by" (VLPL+ ViPR)t W,

" q,

% T (9P +GrPR)t W, +he

[EPJC50 (2007) 519, NPB804 (2008) 160, NPB812 (2009) 181]

How to probe anomalous couplings in the Wib vertex?
@ indirect limits from B-physics

@ measurements of single top quark production: cross-section and
angular distibutions

@ measurements of tf production: angular distributions of top quark
decays
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B-physics constraints to Witb vertex

IFT-2/2008
Anomalous Witb coupling effects in the weak radiative B-meson decay

Bohdan Grzadkowski and Mikolaj Misiak
Institute of Theoretical Physics, University of Warsaw, PL-00-681 Warsaw, Poland and
Theoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland
(Dated: February 7, 2008)

We sLudy the effect of anomalous Wt couplings on the B — X, branching ratio. The considered
couplings ar as parts of gauge- ia sion-six operators that are built out of the
Statcard Model fields only. One-loop e butions ou the charged-current vertices are assumed
to be of the same order as the trec-level flavour-changing neutral current ones. Bounds on the
corresponding Wilson coefficients are derived.

Y Y ¥ Y
. . n
t t t t t t t
b o WoN,s LIV .S .S by x "
4 \ FIG. 2: Diagrams with non-SM it~ vertices that contribute to
. . 77 ().
w w n x
t . s b - t - s . - . .
t Hooft gauge. The relevant Feynman diagrams with
non-SM b — ¢ vertices are shown in Fig. 1. In addition,
y i analogous six diagrams with non-SM t — s vertices and
W x two diagrams with non-SM #ty vertices (Fig. 2) occur in
the case of f£%(x). In the case of f¢*(x), there are also
b < t s b t s diagrams where the intermediate t-quark gets replaced
- . = . by u or ¢. The functions f§**(z) have been found by re-

placing the external photon by the gluon in the diagrams
like the ones in the first row of Fig. 1.

: Diagrams with non-SM b — ¢ vertices that contribute Our final results for /7" (z) read:

% (). The pseudogoldstone boson is denoted by 7

[EPJC57 (2008) 183]




B-physics constraints to Witb vertex

BR(B — Xsvy) = (3.55 +£0.24 19% 4+ 0.03) x 107
[hep-ex/0603003]

BR(B — Xsv) x 10*

(3.154+0.23) — 4.14 (V. — Vi) + 411 Vi
53.99; — 2.12 gr — 8.03 C¥)(110)

2
o l:(VL — Vi, VR, 91, 9r, Cgp)) ]

+

o [(VL — Vi, Vg, ... .)2] ~1.32(V, — Vip)? —262(V, — Vip) VR +12970VA +. ..

[EPJC57 (2008) 183]
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The Wib vertex structure

[PRD 45 (1992) 124]

b (spin = 1/2)

t (spin = 1/2) ‘<

W (spin = 1)
W helicity fractions (Fo = o/I, FL =T /T, Fg = Tr/l):
+ / 4
W 0 1W+ TW+
t 1t Tt
2 1o 2 1 Te H2 | o
+/2 +12 -1

longitudinal W left-handed W  right-handed W
SM (LO): F,= 0.6966 F =0.3030 F.=0.0004

Anténio Onofre Top Quark Physics @ LHC



The Wt

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

tex re

2 W helicity fractions and ratios

The polarisation of the W bosons emitted in the top decay is sensitive to non-standard
couplings [17]. The W bosons can be produced with positive (right-handed), negative
(left-handed) or zero helicity, with corresponding partial widths T'p, 'z, Ty, being
r=r¢ — W"*‘b) = Ir+ Ty + T The I'p component vanishes in the m, = 0
limit because the b quarks produced in top decays have left-handed chirality, and for
vanishing my, the helicity and the chirality states coincide. The three partial widths
can be calculated for a general Wb vertex as parameterised in Eq. (1)), vielding
1—-792‘5‘ m; Vit o Val?] (1 2 9.2 2 2 1Y 4o Re V2 V2
0= g {W [Vif* + Val’] (1 - 2§y — 22 — oy} + 2}) — 4oy Re ViV
+ [locl” + loxl”] (1 = i +27) — 4z, Re ggn

m, -
72]\4{;’&- Vigh + Vaai] (1 — 2d, — 2)
+2%15R(' [Vegy, + Viegi] (L + 2 — rg)} s

being zw = Mw /1y, zp = mp/m; and

1
|7] = E(mf + M, +mi — 2m2ME, — 2m2m? — 2M2m2)\/?
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The Wib vertex structure

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

Frr = 32|q| {[IVal + [Vel*] (1 — oy + 23) — 4z Re Vi VR
'2
+M'2 [loz|* + lor*] (1 — a3 — 225 — 275 + 7;) — 4z, Re gz0%
_QER(J [Vigk + Vror) (1 —zh — 17)
2 Vi "y Re [Vigy + Veop) (1 + 2% — :rg)}
2
ST Mit’ {=ab [Vel” = Val’] + [loo]” = loa’] (1 - 23)

+2zy Re [Vigr — Veor] + 2zwxy Re [Vig) — Veogl}
% (1—2z3, — 27; + 3y, — 223,73 + 23) (2)
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The Wib vertex structure

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

the modulus of the W boson three-momentum in the top quark rest frame. The total

top width is

7’| m}

r = o 12 {IVL? + V] (1423, — 225 — 225, + 23,27 + 23)

2 P 2 2 Ty 2 Ty TRT
*12.’.{'”;$5R(‘VLLR+2|:|QL‘ +|gR\ ] 1*7721'57?* 9 +.Tb
—12z{, 7, Re gr.g% — 6zwRe [Vigk + Vrgi] (1 — =y — 27)
+6zwxs Re [Vigr + Vagg) (1 + g :rg)} . (4)
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[EPJC50 (2007) 519]

anomalous couplings = deviations in W helicity fractions J

Fo

L OBy =0.008 1
[ m=1725GeV ]
0.720 M, =0 GeV 1 0.006 [~ !
3 0.004 [ E
0.71- 9 B ]
[ 0.002 B
o7t Vr b ]
£ 0 g 1
0.69F B " ]
3 9 -0.002 [ E
r - m = 172.5 GeV 1
E E =172, ]
0.68¢ -0.004 - m, =0 GeV 3
L L L L L L L L L L L L L L L | L L L L L L L J
063 56.150.1:005 0 0.05 0.1 0.15 0.2 020 5°6150.1:005 0 0.05 0.1 0.15 0.2 0.008) 576.150.1-0.05 0 0.05 0.1 0.15 0.2

anomalous coupling anomalous coupling anomalous coupling




The Wib vertex structure

[EPJC50 (2007) 519]

anomalous couplings = deviations in W helicity fractions J

e 0.73 T T T o 0.33 T T T LLKOAOOS
[ m =172.5GeV m, =172.5 Ge'
0.720 M, = 4.8 GeV 1 0.32 M, = 4.8 GeV il 0.006 [~ !
3 0.004 [- E
0.71F 0.31
f 0.002 |- 1
0.7 03
i of 9 B
0.69] 0.29; ]
F -0.002 |- 1
F m, =172.5 GeV ]
068 0.28 -0.004 F m = 4.8 Gev 7]
L L L L L L Il L Il L Il L Il L r L Il L L L Il L u}
0'6-6.2 -0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 0'2-6.2 -0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 0400(_50_2 -0.15-0.1-0.05 0 0.05 0.1 0.15 0.2
anomalous coupling anomalous coupling anomalous coupling

15 correct mp has to be considered!
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The Wib vertex structure

20.008 [T
w roy

0006
0.004 |

0.002 |

oFf

-0.002|- 3

-0.004F

_ A T P T PR P
0.008)5°6.15-0.1-0.05 0 0.05 0.1 0.15 0.2
anomalous coupling

example: |Fg| < 0.003 can be converted into a Vg constraint
using the intersection method:

i —0.101 < Vg < 0.101 (mp = 0.0 GeV)
= —0.067 < Vg < 0.136 (mp, = 4.8 GeV)
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Measuring the W helicity states

. 2
1 dN 3 sing;\? 1—cosf;\? 1+ cos6;
T = 5 | Fo +F|——5—*) +Fr|—5—F
Ndcoso; 2 V2 2 2
wf vrtandgn gm0 /s‘M ]
é sl FO:FO/ Tt
i osl- 35
Ieptonlc w Rl Mg (rescaled)
rest frame F ot / \ /]
90)
t——— W 3—»1) 1
0, =m— 0 i ]
e e
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Measuring the W helicity states

W polarisation can be measured by:

@ Fitting cos 0} to obtain the W helicity fractions (Fo, Fi, Fg)

@ Fitting cos 0; to obtain the W helicity ratios:
I pp = FH/FO =55x10"* (SM, LO)

© Computing angular asymmetries: A = Fisoegi =1 Fleos =]

cos 67 >t)+N(cos 0; <t)

Arg = 3/4[Fx — F] s T -
= —0.2227 (SM, LO) 7

A, =3B[Fo+ (1 + B)Fr] - oo\
— 0.5436 (SM, LO) e

. LR LN VA g A
= —0.8409 (SM, LO) 0

(B=213_1) [EPJC50 (2007) 519]
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The Wib

@ [arXiv:hep-ph0605190v2 18 Mar 2007]
@ How do Arg, Ay and A_ behave?

(5) 4 ucture

05 T 083 T T T
03650 E| 083F |
0360F E| 0836F ]
0555F . / Bl
- 0838f B
Fossof Bl !
<
0840F B
[ES E
oswk 0saf
0s35F 084
o I L Ll I ! I o I L Lo L L I
02 015 01 005 0 005 01 015 02 02 0I5 01 005 © 005 01 0I5 02
coupling coupling
02 T T T T T T
onf 3
022f 3
E
<
03[ b
024f
02 L I L I I

Il [
02 015 01 005 o 005 01 015 02
coupling

Figure 4: Dependence of the asymmetries A, A_ and Apg on the couplings gr. gr

and Vg, for the CP-conserving case.
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The Wib ver re in tt events

ct

Summary of W-boson helicity meas. @ LHC

ATLAS+CMS Preliminary LHCIOPWG May 2017 |H-"-+—i| el
otal stal
I Theory (NNLO QCD)
PRD 81 (2010) 111503 (R) FR FL Fo
—e—=—+ Data (F_F /F))
ATLAS 2010 single lepton, {s=7 TeV, L =35pb™” Hra—HH—a1—H
ATLAS-CONF-2011-037
ATLAS 2011 single lepton and dilepton, r 7TeV, L =1.04 1! HisH e
JHEP 1206 (2012) 088
CMS 2011 single lepton, Ys=7 TeV, L =221b T HaH b——H
CMS-PAS-TOP-11-020
LHC combination, {s=7 T Ha H+H
ATLAS-CONF-2013-033, CMS PAS- TOP 12-025
ATLAS 2012 single lepton, Ys=8 TeV, L,=202 fo! [ ball
EPJC 77 (2017) 264
CMS 2011 single lepton, Ys=7 TeV, L =50 i L H4H
JHEP 10 (2013) 167
CMS 2012 single top, {s=8 TeV, L =19 7o’ HaH K
JHEP 01 (2015) 053
CMS 2012 single lepton, {s=8 TeV, L, =19.8 1t o H
PLB 762 (2016) 512
CMS 2012 dilepton, Vs=8 TeV, L, =19.7 fo" il Fad
CMS-PAS-TOP-14-017
* superseded by published result L N

0.5
W boson helicity fractions

\ AFo/Fo=3%, NAF,/F =5% Fgr=-0.008+0.014




The t — bW decay in tt events

General Witb vertex Eur.Phys.J. C50 (2007) 519-533
= I hr (Pt kPt W — LB (g ger) W
= /2 7" (VLFL RIR V2" My ILFL + gRrR w

Vector (V&) and Tensor like couplings (g1, gr) zero @ tree level in SM

@ Angular distributions of the top decay products (and asymmetries) can be used to
probe anomalous couplings at the Wib vertex 15> Combinations is the game!

A
JHEPO1 053 (2015) ﬁ ATLAS CONF-2016-097 @{i PRD 93 (2016) 11, 113021
i )
CMS 00 1e77@8TeV)
- ATLAS Preliminary o 3_\'\
is=8TeV, 202" &’025
0.5 — <Sp 0.
- [ EN o
3
o o <> 01
o 0
2 &£/ o | 2]
o <A 03]
L + SM prediction P
-0.5] @ 68% CL « Bestfit st oeoramy T A> Pl
W @95%CL SM pred. —Total uncertainty %, 01
M v
-0.4 -0.2 0.2 0.4 06 04 02 0 02 04 06 08 «02 o e

W boson spin observable Zoa™ gy 027

@ What nex“t7 I~ extract the spin pro?)erhes of the mensagers of new physics
from data Phys. Rev. D 93 (2016) 011301 (ATLAS-CONF-2016-097)

@ Assuming V=1 (Vg=0) I=5" What is the current LHC status of Vy, in the
SM? What about the top quark couplings to other bosons?
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Single top quark
production




The Wib vertex structure

@ Single top quark production cross section @ LHC-

W+
q q b w q . t th
w b v t
b t
g b g t q" b b
t-channel (Wt-prod.) (s-channel)
64.57+2:3 pb 15.741 1 pb 4.637920 pb — @ 7TeV
87. 76*31 “941 pb 22, 37*11 5522 pb 561702 pb <= @ 8TeV
217 +10pb 71.7£1.8£83.4 pb 11.92+0.40 pb <= @ 13,14TeV A
T
L
@ Powerfull probe of Vi, ( 5Vy,/ Vi, few % @ LHC ) and Test of physics BSM é

(FCNC in t-channel; W’ in s-channel)

ATLAS+CMS Preliminary LHCtOpWG
Single top-quark production
November 2016

Aot /ot ~10%@ 7-8TeV, 20% @13TeV ‘
Aowt/ow ~20%@ 7-8TeV, 30% @13TeV \
ATLAS@8 TeV:
‘ os = 4.8 +0.8(stat.); 5 (syst.) pb (3.2 sign.) ‘
CMS@8 TeV:
| 75(95%) < 28.8 pb |

T

Inclusive cross-section [pb]




Single Top Quark

l\\"

Summary of Vy, Measurements @ LHC @

ATLAS4+CMS Preliminary LHCIOpWG November 2016

from single top quark production
oot NLOSNNLL MSTW2008l0
PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 1 (2010) 054028
46, scale ® PDF
My = 1725 GeV

If, Vel + (meas) £ (theo)

t-channel:
:Js;‘.,%.,m s e 1024006002 5 .
ATLA + HY -
HeH I | Vp|? extracted with:
SUSTIOY o ar-rsem HeH v, 2 o |y, 2
QST 7w H tb,0bs. |~ = G o tb,5M
CMS combined 748 TeV HeH 0.998 +0.038 + 0.016 ’
M Te! + +
e m!u @sn) e 1osz007002
ATLAS 13 TeV' 1.07 £0.09 £ 0.02
bt | 3lVal/|Vi| ©510% |
(Wt:
A he o @ose?) L 182018 £0
A0 oy ozzo0s (s91") — 101 %0ts “o0s
ATLAS 8 TeV , —+— 1010104003
oot ¢ rosions I=Z° What about the top quark
LHC combined 8 TeV'* I 1.02 +0.08 +0.04
S PASToR 15515 couplings to the known
ATLAS 3 TeV* ——rtf—f— 11410241004
s-chanet gauge bosons (v, W, Z, H)?
ATLAS 8 TeV’ S 0937918 +0.04
: S
NSSsms Azmm 10,CPC191 (201874
* inchuding beam energy uncertainty
| 1 | | 1 1 1

04 06 08 1 12 14 16 18
oV




What can single top
production say about the Wtb
vertex structure beyond V;,?




Single top quark production

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

Single top quark production at LHC
with anomalous Wtb couplings

Jo AL Aguilar-Saavedra

Departamento de Fisica Tedrica y del Cosmos and CAFPE,

Universidad de Granado, E-18071 Granada, Spain
Abstract

We investigate single top production in the presence of anomalons Wtb cou-
plings. We explicitly show that, if these couplings arise from gange invariant

effective operators, the only relevant couplings for single top production and de-

 are the usual 4# and ¢#¥q, terms, where g is the W boson momentum. This
the Wib interaction

involves off-shell top and /or bottom quarks. With this parameterisation for the

happens even in the single top production processes wh

Wb vertex, we obtain expressions for the dependence on anomalous conplings of
the single top cross sections, for (i) the &-channel process, performing a matching
between ¢ and tbj production, where 7 is a light jet; (i} s-channel th production;
(i) associated $W = production, including the correction from tW=b  We nse
these expressions to estimate, with a fast detector simulation, the simultaneous
limits which the measurement of single top cross sections at LHC will set on Vg,
and possible anomalons conplings. Finally, a combination with top decay asym-
metries and angular distributions is performed, showing how the lmits can be

improved when the latter are included in a global fit to Wb couplings

0 Onofre



Single top quark production

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

New physics beyond the Standard Model (SM) is expected to affect especially the
top quark, and, in particular, it may modify its charged current interaction with its
SU(2), partner the bottom quark. For on-shell t. b and W. the most general Wib
vertex involving terms up to dimension five can be written as ||

05 97 ' - o
Ly = —ﬁb"ﬂ" (VLP, + VRPR)t W,
n
- i
_9 e

N

with ¢ = p, — pp [(being p, and py the momenta of the top and & quark. respectively,

(gr.Pr + grPr)t W, +He. (1)

[ollowing the fermion How), which equals the W boson momentum. Additional e#k,
and k* terms, where k = p; + py. can be absorbed into this Lagrangian using Gordon
identities. If the W boson is on its mass shell or it conples to massless external fermions

ation vector of the W boson. so that terms

we have g*e, = 0, where ¢, is the pol
proportional to ¢ can be dropped from the effective vertex. Within the SM, the
only Wib inter:

VL, = Vi = 1. The rest of couplings are called “anomalous” and vanish at the tree level.

tion term at the tree level is given by the left-handed * term. with

although they can be generated by radiative corrections. They are not necessarily
constants but rather “form factors”, usually approximated by the constant term (as we

will do in this work). If we assume that CP is conserved in the Wb interaction then

Vi.g and gg g are real, and Vg can be taken to be positive without loss of generality.




Single top quark production
q 7 q q g ¢ q ¢
b t & b b w g b
o =osm (VB + k%" VE+ kYR VL Vo + k% g8 + k% g8 + k9% g gr +...)

@ the k factors determine the dependence on anomalous
couplings

@ the « factors are, in general, different for t and t production

@ the measurement of the single top production
cross-section allows to obtain a measurement of
VL (= Vi) and bounds on anomalous couplings

Anténio Onofre Top Quark Physics @ LHC



Single top quark production

e t-channel
@ [arXiv:hep-ph0605190v2 18 Mar 2007]

w w w

(a) (b) (¢)
Figure 2: Sample Feynman diagrams for single top production in the t-channel process.
Additional diagrams are obtained by crossing the light quark fermion line, and/or
replacing (u, d) by (¢, s). The diagrams for antitop production are the charge conjugate

ones.
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Single top quark production

e t-channel [arXiv:hep-ph0605190v2 18 Mar 2007]

tj tj
" AQ  Ame Am e AQ  Ame  Amy
V3 09160923 5 + 0 1.082-1084  * + 5
9t 175-179  TOOR 00N oo | 216-217  HRE NS X
3 218 0 MO0 fow | 1ms-vmr IRER BET Bos
Vegr —(0.348—0.365) 397 *0 'y —(0.038 - 0.040) 380 +5- 2
Vigr —(0.006—0.008) 8008 5 3 —(0.399 - 0.408)  fops 0 3

Table 1: Representative r factors for the ¢j and fj processes and their uncertainties,

explained in the text. Errors smaller than 0.005 are omitted.

thj ibj
5 AQ  Am  Am, K AQ  Am,  Am
VR 00270032 Y 4 4P 1068~ 1069  *oes g 1D
ViVe ~0.117 B —0.126 e ]
9 1.96 — 2.01 A 2.98 - 3.00 o o £
G 207-20 MBS MR | aesoan T e x
Vegr —(0.539 - 0.550) +9912  +0 b —(0.169 - 0.172) FO010 0014 0
Vigr,  —(0.121—-0.134) 3999+ 'y —(0.567 - 0.571) 9 %

Table 2: Representative # factors for the thj and tbj processes and their uncertainties,

explained in the text. Errors smaller than 0.005 are omitted.

(ii) The coefficient of the V2 term is different for single top and single antitop pro-
duction, but the differences cancel to a large extent in the total cross section.
This property makes the ratio R(f/t) = o(f)/o(t) more sensitive to a Vi compo-

nent than the total cross section itself. A purely left-handed interaction yields
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Single top quark production

¢ tW associated production
@ [arXiv:hep-ph0605190v2 18 Mar 2007]

Figure 5: Feynman diagrams for single top production in the gb — tW ™ process.
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Single top quark production

e tW associated prod. [arXiv:hep-ph0605190v2 18 Mar 2007]

K AQ Amy  Amy
Vi 1
G.gh 346357 19E iomn 00
Vi9r, VoL 1

Table T: Representative & factors for the tW = and {W™* processes and their uncertain-

ties, explained in the text. Errors smaller than 0.005 are omitted

@ boa [— — b
b b
w w b w 3 W
' "
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w t W t. W w
b '
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5 AQ  Am, Am,
5
V2 1
2 2y +019 40009 +0.030
9.9k 451-473 oo Toon TG

Vigr,Vegr 121-123 1385 13058 15

Table 8: Representative & factors for the tW~=b and #W b processes and their uncer-

tainties, explained in the text. Errors smaller than 0.005 are omitted.
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Single top quark production

e S-channel
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Single top quark production

e s-channel [arXiv:hep-ph0605190v2 18 Mar 2007]

ih
" AQ  Ame  Amy I AQ  Ami Amy
Vi 1 1
. " 10, 10.005 . 0 o +0.006
ViVi 0.121 o o. 0.005 0.127 o 0. 0.006
2.9% 13.06-13.10 93 0% £ 12.22 - 1228 93 #0340
40007 40012 +0.055 40008 HO.013  +0.056
9LIR 123 Tooos ooz o83 125 Zoooo  Zoots o056
Vigr-Veor 0415 X I3 AER B T
S _ f0.009 10057 4o 10.008  40.057 40
Vigr.Vegr 5.51 coto  ‘oosr o 0010 0056 -0

Table 5: x factors for the th and b processes and their uncertainties, explained in the
text. Errors smaller than 0.005 are omitted.

(i) The & factors of g and g are a factor of four larger than for the t-channel process,
because in ¢b production the s-channel W boson carries a larger momentum, and
so the g, factor in the o vertex gives a larger enhancement.

(ii) For th and b production the factors are ver
difference is not due to Monte (

simila

although not equal (the
Jarlo statistics, which is very high). Then, the
measurement of the ratio o(#b)/o(tb) is not as useful as in the ¢-channel process.

(iii) Interferences among couplings are again important, in particular between Vz and
gr, and between Vg and gr.




Constraints on anomalous couplings

o Limits from sinale top  farxiv:hep-ph0605190v2 18 Mar 2007
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Figure 9: Estimated two-dimensional limits (with 68.3% CL) on (Vz, Vi) and (gz, gr),

obtained from measurement of single top cross sections, with and without the ratio
R(t/t) for the tj final state.

@ Using it observables  farxiv:nep-ph0605190v2 18 Mar 2007]
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Figure 11: Combined limits on Wb couplings from single top cross section measure-
ments (excluding R(Z/t)) and top decay observables Ay, ppy. ry. The two graphs
correspond to different projections of the 4-dimensional allowed region (with 68.3%
CL)
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Can we do better?....... Yes, still

in preparation.
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Constraining Wtb anomalous couplings: TopFit

@ Constraints on Wib vertex:
@ combine the information of the most sensitive observables
(taking into account the correlations)
o Use new asymmetries Alg, ANy, ALy

e evaluate 95% CL allowed regions considering the
dependence of these observables with Vg, g, and gr

= this is the purpose of
T@pF.it

‘http://www—ftae.ugr.es/topfit‘
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Combination of Observabels

@ All single top quark production cross sections used @ LHC:

A D

t-channel (Wt-prod.) (s-channel)

@ Angular distributions in t-channel exploited
helicity formalism, PRD 93 (2016) 011301
15 full spin-density matrix for W helicity fractions

ner-x»

o momntum ntha | JHEPO4 (2017) 124 |

top rest frame

Asymmetry  Angular observable  Polarisation observable  SM prediction

¢ ! ALy cos O JacP 045
tatc kin the 1
:;,:(r:storrr::;r inthe ! AY cos by cos 6] 3P (Fr+FL) 0.10
7 A cos} 3(S3)=3(Fr - Fo) -023
" charged lepton in the i cos@ 3 [Ty = 3 (1-3Fp) -0.20
N (=§) | W rest frame ’I'L f & ‘/;( ">3 . o

‘ AL cos 6! sy 034

A%, cos 6 -3 0
A2 cos6; cos ¢ -2y -0.14
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Combination of Observabels

General Wtb vertex Eur.Phys.J. C50 (2007) 519-533

_ _ g zio*q, —
£ o= - byt (WPt Pt W, — b (9uPL+grPR) W,

V2 V2§ My

Vector (V&) and Tensor like couplings (g1, gr) zero @ tree level in SM

@ Angular distributions of the top decay products (and asymmetries) can be used
to probe anomalous couplings at the Wib vertex I=5° Combination is the game!

T
T
JHEP 04 (2017) 124 s PRD 97 (2018) no.1, 013007 PRD 97 (2018) 1, 013007 (TopFit)

T T T
ATLAS Preliminary

\s=8TeV, 202"

@

nm

. <S5

ey <Tp
vou <S> ‘
e <Sp ) (
ot <A '
+ SM prediction —e—— <A

Observables (O) Pull Distributions

— Stat. uncertainty
— Total uncertainty

I L Lt
06 -04 02 0 02 04 06 08

o B L s
o %oy - -
W boson spin observable ©, 0 Oness)Onews | %

@ All couplings allowed to vary (Real and Imaginary parts)
I3 Still significant room for improvement?
@ We expect to perform the same type of combination @ HL-LHC and HE-LHC
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Summary

@ Combination of production and decay observables is
crucial to constrain the Witb couplings

e Should be done not only within a single experiment, but
including all the available data from different experiments

@ Several studies show limits improve significantly on ALL
couplings
@ Increase of collected luminosity at the LHC should allow to
have stringent bounds on the Wib vertex = rapidly become
a precision physics field

@ Gilobal fit to the general complex Wib vertex requires not
only more data but also a complete set of observables
(TopFit available to experiments = use it!)
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