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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)

» Rare decays of top quarks and Flavor Changing
Neutral Currents (FCNC)
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Introduction

@ Top quark completes the 3 family U
structure of the SM £
ot "
o top is the weak-isospin § d .7 i k:
partner of the b-quark « VIV . 3
e spin=1/2 S 3
e charge = +2/3 |e| g € u .. 2

Three Generations of Matter

@ Top quark is the heaviest known quark
(m; =173.34 + 0.76 GeV, ATLAS+CMS+CDF+D0)

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

o MM =1.42 Gev
(including my, my, as, EW corrections)
o Agsp=(100 MeV)~"'=1023s (hadronization time)
o <10~ Bg

= top decays before hadronization
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Introduction

Top quark @ LHC

@ tt production

oo \ / ‘ Anomalous
i Production {| Couplings
e Mass cross-section , Wi 7 CP violati
Resonance ' J \ [ e
e the Wib vertex struct. | production || i =
(W polarization, Production || T
bW d d kinematics
t— ecay ar.] Top Spin
anomalous couplings) | Pelarization

e FCNC [Rare/ron M Bocays T ?’h
e Charge Asymmetry Branching Ratios |

@ Single top production [Vsp| .
@ Cross section
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The Wtb vertex structure |




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 Wib vertex structure

Effective Wib vertex from dim-6 operators

L — \gfb B (VLPL+ VaPR) t Wy
£B "q (9.PL+ 9rPR)t W, +h.c.
V2o My .

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

Effective Wib vertex from dim-6 operators

L — %5 B (VLPL+ VaPR) t Wy
i[) "y (QLPL + g,qPF,’) tW- +hec.
V2 o My K

[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 Wib vertex from dim-6 operators

L (VLPL+ VRPR)t W

_95
\f
}B g, (9.PL+ 9rPR)t Wl: + h.c.

[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 f production: angular distributions of top quark
decays
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B-physics constraints to Witb vertex

BR(B — Xsvy) = (3.55 +£0.24 19% 4+ o.os) 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
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The Wib vertex structure

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

Probing anomalous Wtb couplings in top pair decays

1. AL Aguilar-Saavedra® J. Carvalho?, N. Castro®. A. Onofre®. F. Veloso?

@ Departamento de Fisica Tedrica y del Cosmos and CAFPE,
Universidad de Granada, E-18071 Granada, Spain
b LIP - Departamento de Fisica,
Universidade de Coimbra, 5004-516 Coimbra, Portugal

¢ UCP, Rua Dr. Mendes Pinheiro 24, 3080 Figueira da Foz, Portugol

Abstract

We investigate several quantities, defined in the decays of top quark pairs
which can be used to explore non-standard Wb interactions. Two new angular
asymmetries are introduced in the leptonic decay of top (anti)quarks. Both are
very sensitive to anomalous Wib couplings, and their measurement allows for a
precise determination of the Wohelicity fractions. We also examine other angular
and energy asymmetries, the W helicity fractions and their ratios, as well as spin
correlation asymmetries, analysing their dependence on anomalous Wib couplings
and identifing the quantities which are most sensitive to them. It is explicitly
shown that spin correlation asymmetries are less sensitive to new interactions in
the decay of the top quark; therefore, when combined with the measurement of
other observables, they can be used to determine the # spin correlation even in
the presence of anomalous Wb couplings. We finally discuss some asymmetries
which can be used to test CP violation in ¢ production and complex phases in

the effective Wib vertex

o Onofre p Q 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) =T'r+ 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
'y — 7| [ m¢ 2 2 2 2 2 2 1 SV
o= S {W (IVLI*+ [Ve[*] (1 — 3, — 22} — 2, 2} + 2;) — 4z, Re VL VR
W
+ [0l + losl?] (1= % +13) — 4z, Re gugis

~2" Re [Vigh + Vagi] (1 — =y —23)
My
122 5, Re [Vigh + Vgl (1+ 2%, — rg)} ,

My,

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

1
7| = E(mf + My +mi — 2miME — 2mPm? — 2M2.m?)Y/?
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The Wib vertex structure

@ [arXiv:hep-ph0605190v2 18 Mar 2007]

7’7

Trr = 32 {[IVe* + Ve]*] (1 — 23y + 27) — 4zy Re VLV

+M'2 [|_r;'1,|2 + |ggl ] (1 — :rf,‘ — Q:r.g — x%,‘rg‘ + rg) — 4z, Re grgn
u

QM Re [Vigh + Varop) (1 — 23y — x3)

2111 zy Re [Vigr, + Vrop) (1 +rk — rg)}

g
ST "z = {—afy IV~ 1Vid®] + [oul” — lowl®] (1 - 23)
+2rw Re [Vigg — Veor] + 2zws Re [Vigr — Vagg|}

% (1—2z3, — 27; + 3y, — 223,73 + 23)
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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}

U= 5w {IVal? + VR’] (1 + 23y — 2a5 — 223y + 225 + 23)
Ty i i g2
i Re ViV + 2l + o) (1 75 20 - T )
—12z{, 7, Re gr.g% — 6zwRe [Vigk + Vrgi] (1 — =y — 27)

62wy Re [Vig) + Vaghl (1 + 28 —22)} . (4)
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The Wt

tex

[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

o 073

T T T T - 0.33 T T T LL.IOAOOS
[ m =172.5GeV m, =172.5 Ge'

0.72F M, = 4.8 GeV 1 0.32 M, = 4.8 GeV il 0.006 [~
3 0.004 -

0.002 -

or g !

-0.002 B
m, =172.5 GeV ]
-0.004 - m, = 4.8 GeV 3

L L L L L L L L L L L L L L | L L L L L L L J
063561501005 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

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

20.008 [T T T
w r y
0006
0.004 |

0.002 |

oFf

-0.002|- 3

-0.004F

| I N SR W N N R
~0.008y5°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)

Anténio Onofre Top Quark Physics @ LHC



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
S Y ]
Z sl / FO:ro/ Tt
i osl- 35
Ieptonlc W F=l My (rescaled)
rest frame F ot / \ /]
eéb
b —— W 3—» b 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, = f{soegi=1-Fleos =]

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

Arg = 3/4[Fr — Fi] e,
= —0.2227 (SM, LO) ]

A. =3B[Fo+ (1 + B)Fal BN nh
= 0.5436 (SM, LO) Peo

A_ = —3B[Fy + (1 + B)FL] I 7 [ AD |
_ _0.8409 (SM, LO) U

(B=213_-1) [EPJC50 (2007) 519]
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The Wib vertex structure

@ [arXiv:hep-ph0605190v2 18 Mar 2007]
@ How do p; g behave?

Ik T T T T T T 048 T T T \ T T
f ] \
of ] 044 \
or 1 \
g Y R Y—

% 3F ] < 042

«

&
oF =
L 1 040
s ]
E 1 1 1 I I I I 038 I I 1 I 1 I I
02 015 -01 -005 0 005 01 015 02 02 015 01 -005 0 005 01 015 02

coupling. coupling.

Figure 3: Dependence of the helicity ratios pgpr, = I'r /T on the anomalous couplings
in Eq. (I), in the CP-conserving case.
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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 |
060k E| 0s36f 4
osssf- - / ~ El /
- 0838f \ / B
Fossof - B ' [
£ - /.
r 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 Wt

@ [arXiv:hep-ph0605190v2 18 Mar 2007]
@ A rough comparison between results

F; Pi
Ve [-0.062,0.13] [—0.029,0.099]
[-0.060,0.028] [—0.046,0.013]
[-0.023,0.021] [-0.025,0.026]

qL
9gr

Table 1: 1o bounds of anomalous couplings obtained from the measurement of helicity

fractions F; and ratios p;.

A, A Apg
Vg [-0.15,0.15] [-0.056,0.11]  [—0.12,0.15]
¢, [-0.12,0.082] [-0.057,0.026] [—0.092,0.062|
gr [-0.019,0.018] [—0.024,0.022] [—0.027,0.025]

Table 2: 16 bounds on anomalous couplings obtained from the measurement of angular

asymietries,
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The Wib vertex

W polarization in t — bW decays

CMS [CMS PAS TOP-13-008]  ATLAS [JHEP 1206 (2012) 088]
Fo  0.659 - 0.015(stat) £ 0.023(syst)  0.67 - 0.03(stat) & 0.06(syst)
F.  0.350+0.010(stat) + 0.024(syst)  0.32 = 0.02(stat) & 0.03(syst)
Fr  —0.009 & 0.006(stat) + 0.020(syst)  0.01 = 0.01(stat) & 0.04(syst)

dominant uncertainties: {f modelling (ATLAS+CMS), JES and template stat. (ATLAS)

— i A
L= % A (ViPL + VaPa) t Wr — % “M 9 (9P + grPR)t W
%"ﬂ [ cmsis= 7w 500" |
= 031~ Muon and electron channels, combined WescL
o2 [[os%cL 4
o = SM

o —
iy =

'°“§ [JHEP 10 (2013) 167]

T —— |
P u||uw|u| Hl‘u\ SOt

! AN
-1 08 -06-04 02 0 02 04 08

- - - -0. . ¥ 0.3 0.4
cos(e") Relg)
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W polarisation beyond helicity fractions

@ New idea to study top decays: [NPB840 (2010) 349]
=z consider transverse and normal directions

g => W mom in ¢ rest frame
5, => top spin
N=5xq
T=GxN

meaningful for polarised # decays

(e.g. in single top production)

0y => angle between ¢, §

determine F., Fy, F_ 1 _dr 3 X2, 3 X2 X L 3 20X X
meg(ljtcow[) 7% +§(17005943) F + g sin 07 F(,J

9 = angle between (, T
determine FT, F[, FT

Al =3[FY -] Al ~064PImg|

0) = angle between ¢, N

determine FYY, FY, FN
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Single top quark
production




Single top quark production

@ Production Cross section (several channels)

Vipy @ LHC

) Single top quark cross section @ LHC:
t

e w+
Vi

t-channel (Wt-prod.) (s-channel)
64.642.4 pb 15.7+1.1 pb 4.640.2 pb @ 7TeV b
87.84+3.4 pb 22.44+1.5pb 5.6+0.3 pb < @ 8TeV

@ Powerfull probe of Vi, (6 Vy/ Vi few % @ LHC ) and
Test of physics BSM ( FCNC in t-channel; W’ in s-channel)

@ CMS and ATLAS results within SM expectations:

E T ——T 7 E 3
EATLAS Preliminary Mach2ot4 | & E CMS Preliminary R
Csingle top-quark production t-channel | ~ + Single top-quark production 4
r 1 . w___ |

102 wi_| F — E
E ) - r 4 sechannel

— § NLOWNNLL at m, = 1725 GeV. 10 —

L 'i = MSTW2008 NNLO PDF

P " s-channel

RO, corsea o1 3

T #tchannel 1.04 0" rio
t Zt-channel 20.3 fb” aTuas cone 2014007
1 EWL2.051b” pLe 716 2012 142 10
E DW 203 fo" arias.conz013-100 CMS, PAS-TOP-12:040
E v . ] . Rpprox NNLO Kidonakis PRO 81, 054028 (2010) |
s-channel 95% C.L. limit 0.7 fb” Arigscone o110 B Jvpe a0 it PR S1,

| | |
5 6 7 8 9 10 11 12 13 14 35 4 % 6 7 s § 0 i1 5 B

Vs [Tev)
\s[TeV]

-

NS, o be ub. 10 JHEP
S Approx, NALO Kidonakis, PRO 82, 054018 (2010)

single top-quark cross-section o [pb]

N, Phys.Rev.Lat 110, 022003 (2013)
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ion

Single top quark prod

@ Dominant production @ LHC

e ’ )
" INFN
t channel: ATLAS e
. a0
a &
" 2005 1% " ™ : T
. ATLAS Preliminar Ldt=203fo =8 TeV
= ATLAS: new update with 20 fb-! at 8 TeV, NN 2 ~eadh PO
3 N i e i : : ~ M t-channel
analysis using 14 discriminating variables [ 300 P,
A - - [} W Wejets
= Signal selection: one e or u, 2jets- Itag events 7 o 5] 2+ets, doson
W Multjet
= Multijet background rate determined from o chgen @ pinker.
1
data (ME; fit)
» Fiducial cross-section determined within 0
g 0.2
detector acceptance: i3 . ZE— —"j
el ).
4 g
1\\ ° G, =3.37 £ 0.05 (stat) £ 0.47 (syst) b 0 02 04 08 N‘j’\'fmpu:
\\“\ \ + 0.09(lumi) pb
\ ) = L . Presented for the 1% time
> = Largest systematics: jet energy scale, signal in this conference:
T T T T T
generator (ACERMC vs aMC@NLO) ATLAS Proiminary | Ll =203 " \s=8 TeV
Fiducial volume: i .
Predicted idcial cross-sectir
Object Cut aMC@NLO(2-3)+ Herwig ———
Elcctrons pr>25GeV and | <2.5 Powheg(2-3)+ Pythiab
Muons 25 GeV and 25
h_:“ g z b u:v o :: b 3 Powheg(2-3)+Pythias - B
pr>35GeV,if2.75 < |yl <35  [Powheg(2—2)+Pythia6 ——
Lepton (6), Jets () ARCE, j) > 04 |AcerMC+Pythias p=172.5 GoV —w—di
£ Ef™ > 0 GeV AcerMG+Pythiab 1160 GeV [ —
Transverse W-boson mass (W) > 50 GeV ! ! ! n L
Lepton (), jet with the highest pr (j1) pr (€ > 40 Gev (1 - & 15 2 25 3 3.5 4
o} [pb]
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Single top quark production

@ Dominant production @ LHC

A
t channel: ATLAS z C

B

¢ Extrapolated to the entire phase space using various

4
generator assumptions
¢ Assuming aMC@NLO + Herwig:
Gy = 82.6 £ |.2(stat) + | [.4(syst) + 3.1(PDF) + 2.3(lumi) pb
T T T T T T T

ATLAS Preliminary [ Ldt=203M" 1s=8TeV
Data corrected with
acceptance correction from:

NLO+NNLL (MSTW2008)
aMC@NLO(2—3)+Herwig —_—
Powheg(2—3)+Pythiaé —
Powheg(2—3)+Pythia8 —_—
Powheg(2—2)+Pythiaé —

AcerMC+Pythiaé u=172.5 GeV -
AcerMC+Pythiaé u=60 GeV =~——
i 1 1 ] 1 1 1

1
40 50 60 70 80 90 100
o, [pb]
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Single top quark prod

@ Dominant production @ LHC

1g° CMS, (5= B TeV, L = 10.7 ib", muon, 2-et 1-tag

ol ‘8 + Dota
w % 5 Eumn:mm\
t channel: CMS 3. S
g [] Syst. uncertainty

¢ CMS: updated 8 TeV analysis with the entire
5 dataset
« Signal region: one e or 1, 2jets- | tag events,
reconstr. top mass window: 130<m, , <220 GeV o=

[P I T T T

15 2 25 3 35 4 45

P T

* Shapes for W+jets and tt are determined from

Wiije € -channel ingle 1op quark production
control regions in data (m,,, SB, 3jet-2tag) z T T T T
= Signal,W+jets, tt yields determined from a fit to % wh
the || distribution H
‘\\‘ G = 83.6 & 2.3(stat) + 7.4(syst) pb £
& Rgy, = 1.24 + 0.08(stat) + 0.12(syst) £
. La est uncertainty: signal modeling (POWHEG * iy Yo
OMPHEP), jet energy scale T 1 _E?ﬁ?ﬁ’;’:ﬁﬁ??ﬁ@ o E
rest AT
N N

e LHC Combination: (TOPLHCWG, uslng BLUE), using

107 CMS, VS =8TeV, L =19.7 tb ', muon, 2-jet 1-tag
preliminary result ( T T T . T T

* Data
lt-channel
e, tw, s-cnannel

85 + 4 sml) + | I(syst) + 3(lumi) pb

85 12 pl

Events/10 GeV

08/ EWiztots, aibnsons —|
[laco munjet
e To be updated wn.h latest results! 08l [lsyst unconainty |

04

[n.| >2.53

02

m,, (Gev)
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Single top quark production

@ Dominant production @ LHC

INFN

t channel; distributions

* The t-channel data sample is large enough to study
6 distributions
-> differential cross sections
» Signal can be enhanced by requiring e.g.: large forward jet
pseudorapidity: ;| > 2.0

CMS Preliminary, 5.0 fb’, {5 =8 TeV CMS Preliminary, 50 i, {5=8TeV
B AAmnasass s T

lepton charge cosO* [l

i 08 06 04 02 O 02 04 05 08 1
‘cose”

o

Top/antitop Top polarization

@ cross-section ratio (W helicity, )

[11 6 *, = angle between lepton in W rest frame and the W in top rest frame.
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What can single top
production say about the Wtb
vertex structure beyond V;,?




Single top quark production

INFN

| | from single top

The |V,,| measurement in single-top events provides a unique opportunity to
L1 directly probe the top production Wib vertex: |V,,| = (o/c™(jv,|=1))"?, assuming
|Vl 2 Vi, [Vigl or equivalently B(t—Wb) = |
Deviations from the SM are potentially sensitive to new physics

+ Eight measurements in the t channel and in tWV, the latter with less precision

(- ATLAS: )
TTV: |V, = 113014 (tch., 11.9%) ]
Vigl = 103016 (EW, 17.0%) $\

8TeV: V| = 0.97+0.01 (stat) % o 1 (syst)+0.6(gen+PDF)"% o (th)+0.01 (lumi) ©
0.9749% 4 1o (t-ch., 9.8%)
[Vl = 1.10£0.12(exp)£0.03(th)  (tWV.11.2%)

- CMS:
7TeV: \vm\ = 1,020+ 0.046(exp) £ 0017(ch) (wch. 48%) } [Vl = 0.998 + 0.038(exp)

Vil = 1014016 1 | (exp)*093 ;  (th)  (EW, 14.8%) + 0.016(th)
8TeV: |V,,| = 0.979 + 0.045(exp) + 0.016(th) (t-ch. 4.9%) (7+8TeV t-ch., comb.: 4.1%)
Vip| = 1.03 + 0.12(exp)+0.04(th) (EW 12.3%)
v
7
@ ¢ Considering ATLAS+CMS combination with future updates
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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
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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 ¢ q q g t q ¢
b t g 3 b woog b
o= oy (VL2 + HVR V.‘% + IQVLVR VLVF{ + KQL gE + KQR g2H + K;QLQH 9.9R + .. )

@ the « 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 V| (= Vi)
and bounds on anomalous couplings
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Single top quark production

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

w w w

(a) (b) (0)
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
Iz 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
9k 218 0 o0 Thow | LTS-LTT GEE TRGE Thos
Vegr —(0.348-0.365) 0907 *% +H —(0.038—0.040) *+3:080  +0- 2
Vrgr  —(0.006—0.008) *+0:90¢ 9 —(0.399 — 0.408)  *Dpgs 9
Table 1: Representative x factors for the ¢j and £j processes and their uncertainties,

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

thj ibj
5 AQ  Am  Am, 5 AQ  Am,  Am

VR 00270032 Y 4 4P 1068~ 1069  *oes g 1D
ViVie ~0.117 B . i -0.126 pr R S 4

A 1.96 — 2.01 o o D 2.98 — 3.00 B o S

I 207—208  F006 +001 0. 208—211 1O 380 )
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

o Onofre

p Q
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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

Vigr, VoL 1

Table 7: Representative & factors for the tW = and IW™ processes and their uncertain-

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

@ b P b @ b o b
b b
w w b w 3 W
. .
b b
» ¢ e .. ¢ .
9 b a t ll t a t
w t W t. W w
b A
; :
(] t 3 b o b 92 b
K AQ  Am, Am,
,
vz 1
PP £019 40000 40030
9i-9r  451-473 Toor Togr Yo
/s /s +0.014 +0.005 +0.
Vigr Vegr 1.21—123 10014 #0005 0.

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]

th i
" AQ  Ame  Amy I AQ  Ami Amy
Vi 1 1
. 10 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 R o426 Xf 0 *p o HGEE
S _ f0.009 10057 4o "y 10.008  40.057 40
Vigr.Vegr 5.51 Gow ‘oot o 548 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 very simila

although not equal (the
difference is not due to Monte Carlo statistics, which is very high). Then, the

measurement of the ratio o(fb)/o(tb) is not as useful as in the t-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

Lofs = 4
05
o1F E
= b ER
osf 4 o1F 1
O [Vm1v,0 1
10f: A
L L S B ¥ S R L Y
L 8

Figure 9: Estimated two-dimensional limits (with 68.3% CL) on (Vz, Va) and (g1 gr).
obtained from measurement of single top cross sections, with and without the ratio

R(#/t) for the ] final state.

e Using it observables  farxiv:nep-ph0605190v2 18 Mar 2007]

02—
osf- 3 “"‘

u= of &0 o

osf- q

oif

[

[

10f q t

02 04 (),b 08 1 12 057 02 0 02 04
v, 8

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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A first publication to show
what happens...

Phys. Rev. D 83, 117301 (2011)
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Constraining Wtb anomalous couplings: TopFit

@ Constraints on Wib vertex:

e combine the information of the most sensitive observables
(taking into account the correlations)

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

=5 this is the purpose of
TopF.it

‘http://www—ftae.ugr.es/topfit‘
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Observables from LHC

@ Top decay (in tt events): angular asymmetries
15> ATLAS Collaboration [ATLAS-CONF-2011-0371]:

A, =0.50 4+ 0.10 (stat) 4+ 0.06 (syst) (e)
A_ = —0.85 4 0.07 (stat) + 0.05 (syst) (e)
A: = 0.50 £ 0.08 (stat) + 0.04 (syst) (w)
A_ = —0.87 £ 0.04 (stat) £ 0.03 (syst) (w)

with p(A4+, A_) = 0.16, assuming m; = 172.5 GeV

@ Single top production [cMs-PAS-TOP-10-008]:

1 CMS Collaboration:
o = 83.6 & 30.0 pb
assuming m; = 172.5 GeV
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aints on the Wib vertex from early LHC data

~ R R A ¢ [T
o r ]

> 2 95% CL allowed regions B A, (ATLAS 2010) 1.5 95% CL allowed regions B A, (ATLAS 2010)
- | o, (CMS 2010) ~r m 0, (CMS2010) 1

155 ! F ! ]
- 3

05 0.5 E
0 o ]
-0.5 g 1
-0.5 -

] 1 .

-1.5 E F E
o[ TopFit gR:O, gLZOE -1.5F TopFit V=1, VRZOE

P I I IV I I U A i SR I T W R S B MR Bl B

N Lo

0 02040608 1 1.21. l.é i.8 -1 -0.8-0.6-0.4-02 0 02040608 1

9

L

<
=

(anomalous couplings assumed to be real)
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Top quarks and Flavor
Changing Neutral Currents
(FCNC)




FCNC @ de

@ Several {t FCNC Decay Channels Studied @ LHC:

u, ¢ u,c u,
t Z g q, v t t
gt ¥ g

Theoretical predictions for the BR of FCNC top quark decays

Process SM Qs 2HDM FC 2HDM MSSM R SUSY TC2 RS

t—uy 37x1071%  75x107° — — 2x107%  1x10°° — ~ 101
t— uz 8x 10~ 1.1 x10°4 - - 2x107% 3x10°° - ~107°
t—>ug  3.7x10'"  15x1077 — — 8x10°5 2x1i0* — ~ 10"
t— cy 46x107% 75x107% ~1076 ~107° 2x1078% 1x1076 ~107% ~107°
t— cZ 1x107"% 14 x107* ~1077  ~10710  2x107% 3x10°5 ~10* ~10°°
t — cg 46 %1072  15x1077 ~10* ~ 1078 8x10°5 2x10* ~10% ~107°

Acta Phys. Polon. B35 (2004) 2695

@ In the SM flavour changing neutral currents (FCNC) are forbidden at tree level
and much smaller than the dominant decay mode (t — bW) at one loop level
@ BSM models predict higher BR for top FCNC decays
I3 powerful probe for new physics
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FCNC @ production

12

New physics in single

FCNC in single-top production may arise from several new physics
scenarios affecting both production (u/c—t) and decay (e.g:u/c—tZ, ty, tg)

Keat ¢ g (L R
I [Vt ermistrisinog G;v] aut, gt

K, -
\/zgw /Z\qt Frk (fiPL+ fR Pr)q Z»u

) SO

ATLAS searches for FCNC in single top production with
SM t—Whb decay ( )
CMS looked for FCNC in associated tZ production (!

)
ATLAS also looked for CP violation in the Wtb vertex
using lepton angular distribution in single-top
( )

No deviation from SM prediction spotted so far

hc Zut, Zct

o
INFN
top "
ATLAS:
Kyl A < 5.1%103 TeV—!
KA < 1L1%102 TeV—!
CMS:

Kyl A < 0.45 TeV™!
Ky /A < 2.27 TeV-!

-

B(t—gu) < 3.1x10°
B(t—gc) < 1.6x10°
B(t—Zu) < 5-1x10°
B(t—Zc) < 0.1140
(95% CL)

A" = 0.031:+0.065(stat.) 0% ; 15 (syst)
anomalous tensor coupling:
-0.2< J(gy) <0.3,95%CL




What about couplings to other
bosons?
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Couplings to other Bosons

2 CMS . L=5.0f0 “ul s =7 TeV
2F @ s ,

tt +W,Z e E

168 Biew E

» &Y f W f

ttZ/VW: CMS: Inclusive search for same-sign dilepton from tcV, § :2 =:me E
20 V=W, Z, exclusive trilepton search from tcZ: 8
_ 17 Y 68
o o(ttV) = 0431017 | o(stat) 00, o(syst) pb (3.00) .
2
o o(ttZ) = 0.28%014, | (stat)*09 ; -(syst) pb (3.30) 0

£ n Jrano wiletn E

tty: Hjets used to detect tt pair; photon fake rate estimated R S WP, EE’:IME E

from template fit of photon/ch. hadron isolation m SN

«| [= Pt

o ATLAS, 7TeV: ) E
o(tey) = 2.0 + 0.5(stat) = 0.7(syst) £ 0.1 (lumi) pb B

. CMSBTeV:
& o(tty)/o(tt) = (1.07 + 0.07(stat)  0.27(syst))x 1072
@g — otty ) = 4 +0.2(stat) + 0.6(syst)pb
LEr(y) > 20GeV, AR(y.b)>0.1

Number of phoions

calculations

'(i * Results compatible within uncertainties with NLO

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

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

@ First publication done show limits improve significantly

@ Increase of collected luminosity at the LHC should allow to
have stringent bounds on the Wib vertex i=rapidly become
a precision physics field

@ Global 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!)

@ Couplings to bosons (v, Z, W, H) is the next thing to do

@ Studies @ LHC of FCNC processes both at decay and
production are promising (already best results in the world)
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Constraints on the Witb vertex:

effect of m; and correlations

> 12? QSD‘A) CL ;Ilow;d reg‘ions | ‘m‘:170‘ GeV “—"“C) E > l.2§ 950‘& CL ;Ilow;d reg‘ions | nominal (‘Te"a‘“’"J E
= m=175 GeV (LHC) J = increased conelaions
08" 1 o8 :
06F T = o6 .. =
04 1 o4 E
0.2 E 0.2 E
o 1o ;
-0.2- = -0.2- =
-0.4F - -0.4F -
-0.6) = -0.65 =
—0.8; TopFit g =1, gL=0 é —0.8; TopFit g =1, gL=0 é
02040608 1 12141618 2 02040608 1 12141618 2
\A \A

(increased correlations between W

different m; were considered . ) )
helicity fractions were introduced)
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Probing the Wib vertex: spin asymmetries

2 Db
@ polarised top decays K
1 dlr 1+ axcosty
Fdcosfy 2

De
I oy depends on the
anomalous couplings

X = top decay product => [y = momentum in ¢ rest frame

pj = jet momentum in ¢ rest frame

N(Q >0) —N(Q <0)

Ax

Q = cos(px,pj))  => N(Q > 0)+N(Q <0)
_ %Pux [P=0.95 (1) P=—0.93 ()]

[PLB 476 (2000) 323]
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