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Introduction

Main purpose of this thesis
@ Provide an overall perspective for SMEFT framework.
@ Study the effects of several dimension-six (D6) operators.
@ Improve the sensitivity for top-quark new physics.

@ Scattering process et + e~ — t + ¢ in QED and SM.
@ Scattering process e + e~ — t + ¢ in SMEFT.

@ Fully polarized top-quark decays in SMEFT.

@ Summary and outlook.
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Scattering process et + e~ — t + in QED and SM

Process e +e — t +tin QED and SM
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Figure: Feynman diagrams of process et + e~ — t + £ (a),
The total cross-section of process et + e~ — ¢t + £ in QED and SM (b)
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Scattering process et + e~ — t + in QED and SM

Process e +e — t +tin QED and SM
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Figure: Angular distribution for /s = 500 GeV (a), forward-backward asymmetry (b).

@ Forward-backward asymmetry:

Arp = = (1)
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An introduction to SMEFT
Square amplitude of process e — + [ — + ¢ in SMEFT
Physical results in SMEFT

Scattering process et + e~ —— t 4 tinSMEFT

An introduction to SMEFT

1 1 1
Lomprr = L5 + =3 oG - = cOQ® +0 (F) 2)

V.

Main procedure in SMEFT

@ We followed the "Warsaw basis"', then we perform the SSB mechanism
and further field, coupling rescalings when moving from weak to mass
eigenstates basis®

= All bilinear terms of gauge, Higgs, fermion fields are canonical.

@ We added R¢-gauge fixing terms? in the Lagrangian
= In mass basis of SMEFT, all propagators become SM-like.

@ We derive new Feynman rules® = Calculate physical quantities.

TJHEP 10 (2010) 085, arXiv: 1008.4884
2arXiv: 1704.0388
3Further informations see backup slide
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An introduction to SMEFT
Square amplitude of process e — + et —— t + £in SMEFT
Physical results in SMEFT

Square amplitude calculation with FORM

Scattering process et + e~ —— t 4 tinSMEFT

t(pa)

Figure: The Feynman diagrams of process e~ + et — t 4 £ in SMEFT.

3
M =237 (My + Mz + Macp) (M, + Mz +Map)t - (3)

spins

The unpolarized squared amplitude calculation is done using FORM.
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N + - - An introduction to SMEFT
Scattering process e ™ + t + tin SMEFT Square amplitude of process e — + ¢ + —— ¢+ fin SMEFT

Physical results in SMEFT

Top-quark electroweak couplings

@ Setting Cy5, Cow, Cyp, Cow s and Cy to zero
=- Using the parameters in SM.

@ Top-quark electroweak couplings: Cuw, Cup, Cy, Ciy, and Copu.
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Figure: The dependence of total cross-section on D6 operators for /s = 500 GeV (a).
The effectof D6 operators on total cross-section at C; = C;v% /A% = —0.1 (b).
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An introduction to SMEFT
Square amplitude of process e — + ¢ + —— ¢+ fin SMEFT
Physical results in SMEFT

Scattering process et + e~ —— t 4 tinSMEFT
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An introduction to SMEFT
Square amplitude of process e — + ¢ + —— ¢+ fin SMEFT
Physical results in SMEFT

Scattering process et + e~ —— t 4 tinSMEFT

Four-fermion interactions

@ Four-fermion couplings: Ciu, Ceu, Cqe, Ciy, and Cy,. J
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Figure: The dependence of total cross-section on Four-fermion operators for /s = 500
GeV (a), the effects of Four-fermion operators with C; = —0.01 (b).
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Scattering process et + e~ —— t 4 tinSMEFT

An introduction to SMEFT
Square amplitude of process e — + ¢ + —— ¢+ fin SMEFT
Physical results in SMEFT
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@ The effects of four-fermion
operators on FB asymmetry,
rapidity distribution for /s = 500
(GeV) at C; = —0.1.
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Spin density matrix methodology
Fully polarized top-quark decay

Fully polarized top-quark decays Physical results

Spin density matrix methodology

@ We re-construct a direct methodology for connecting the decay
distributions to the spin observables of W-boson'

@ We apply this method to the decay of top-quark with an anomalous Wtb
coupling and cross-check the results with previous papers'?2

| \

W-boson spin observables
Being spin-1 particle, W spin state can be described by 3 x 3 matrix with

@ hermitian with unit trace,
@ positive semidefinite.

= Need 8 parameters (spin observables) to describe the spin state of
W-boson.

\

1Phys. Rev. D93 (2016) 011301, arXiv: 1508.04592.
2Nucl. Phys. B840 (2010) 349-378, arXiv: 1005.5382.
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Spin density matrix methodology

Fully polarized top-quark decay

Fully polarized top-quark decays Physical results

W-boson density matrix

1 2
1 1
=3l 525M5M+ZTMT (4)
M=-—1 M=-2
W-boson density matrix elements!
1 1 1 1 2
priz1 =3 + §<Sz> + %<T0>a Poo =3 = _6<TO>’
> Vo0 = == [(Se) FilS,)] F o= [(A1) F i{Aa)], )
22 V2
pi-1 = (B1) —i(B2),

1See backup slide for conventions and notations
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Spin density matrix methodology
Fully polarized top-quark decay
Physical results

Fully polarized top-quark decays

Normalized distribution of W+ boson

o Fully differential W decay width

dr

- , i(m—m/)¢ g1 1 )
dcosfde C;ﬂ/ Pmm’€ LN CLEING)) (6)

@ Normalized distribution of W+ boson'
1 dr 3 [1 )
I dcosfd¢  8x [5 SRRt < [
+ (S,)cosf + (S;)cos¢sind + (S,) sin @ sin 6
— (A1)cos¢psin 20 — (Asg) sin ¢ sin 260
+(B1) cos2¢ sin® 0 + (B,) sin 2¢sin” 4] . (7)

1 1

c \/6<TO>} (1 — 3cos?0)

<

1See backup slide for connection of spin-observables to angular distributions and
asymmetries.
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Spin density matrix methodology
Fully polarized top-quark decay

Fully polarized top-quark decays Physical results

Fully polarized top-quark decay

Anomalous Wtb coupling
g2 ~ g2 7ic"q
L = — L by" [VL P + VRP tW, Zp
Wtb \[ Y [ LLL R R] \/i M

_972 g * + 92 ~ia"" gy

g PL + grPR|tW,,

l91 Pr + grPL] bW,

(8)
whereas the parameters in Lagrangian (8) are
2
Vi = Vi, Vr C¢ud Az
91 = VaCH % gr = V2Chw 13- ©)
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Spin density matrix methodology
Fully polarized top-quark decay

Fully polarized top-quark decays Physical resuits

Polarized square amplitude

@ We choose top-quark rest frame and setting the positive of z-axis in the
direction of W-boson momentum ¢. The spin four-vector of polarized
top-quark defined as

sy, = (0, sinf cos ¢, sinfsin ¢, coso). (10)

@ Polarized squared amplitude’:

—2

1 * g
Mi; =33 AZM (t = Wib) Mj (¢ = W;b) = Fmipy; (1)
b

@ Preserve m;, # 0 and calculate each matrix elements with fully higher
order of z, = my/my.

"Each matrix elements are calculated by program FORM
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Spin density matrix methodology
Fully polarized top-quark decay
Physical results

Fully polarized top-quark decays

Fully polarized top-quark decay

W-boson density matrix elements'

P00 —A0+2|_1A cos 6,
pr1+1 = Bo(l £ cosb) + 2%31(1 + cosf),
t

P£10 = Po+1 = |:\/_MW (Co +iDo) £ \/—m Moy (Cr + iD1)] sin e ™7,

p+171 = 0. (12)

4

'Good agreement with Nucl. Phys. B840 (2010) 349-378 up to O(x?)
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Spin density matrix methodology
Fully polarized top-quark decay
Physical results

Fully polarized top-quark decays

<S> <S> | <S> | <Th> | <A > | <Ay>
Ref.! 0.510 0 -0.302 | -0.445 0.255 0
SM Results 1 | 0.510 0 -0.303 | -0.445 | 0.255 0
8[%) 0% 0% 0.3% 0% 0% 0%
Ref.! 0.500 0 -0.278 | -0.472 0.249 0
gr =0.03 | Results 1 | 0.499 0 -0.281 | -0.472 0.249 0
8[%) 0.2% 0% 1.08% 0% 0% 0%
Ref.! 0.507 | -0.084 | -0.284 | -0.434 0.253 -0.042
gr = 0.10i | Results1 0.508 | -0.084 | -0.312 | -0.434 0.254 | -0.042
3[%] 0.2% 0% 9.85% 0% 0.3% 0%

Table: Cross-check with Ref. 1 for W spin observables in polarized top-quark decays.

' Phys. Rev. D93 (2016) 011301, arXiv: 1508.04592.
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Summary and outlook

Summary and outlook

@ Calculated the total cross-section for process e™ +e~ — t 4+ in SMEFT
and effects of D6 operators relevant to top-quark physics (NEW).

@ Several distributions and FB asymmetry are sensitive to Wilson
coefficients of D6 operators (NEW).

@ Re-constructed the density matrix of W-boson and identified eight
spin-observables of W-boson by the angular distributions and
asymmetries.

@ Calculated analytically density matrix elements of W-boson resulting
from polarized top-quark decays with fully higher order of =, (NEW).

@ Re-produced W spin observables in fully polarized top-quark decays
with the presence of Wtb anomalous couplings.

V.

@ Fitting Willsion coefficients by using expermental data.
@ Re-calculate process e™ + e~ — t + £ in polarized case.

v
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Summary and outlook

Backup slide (Higgs sector)

The full Lagrangian of Higgs field including dimension-six operators is
Lrriggs = (Dpt) (D) - [—/f (6'0) + 2 (¢T¢)Q]
+* (96) +C% (679) O (876) + C*P (¢'Dus)” (81 D)
(13)

Minimization of the potential one obtains the vacuum state with a correction
of D6 operators, which reads

1 0
<¢> = ﬁ <U>

. [2u° 3u3
h — [
with v 3 + ﬂ)\5/20 ,

notice that v is called the vaccum expectation value (vev). From now on, we
just only use this vev for all expressions and Feynman rules.
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Summary and outlook

Backup slide (Higgs sector)

The Lagrangian bilinear terms of the scalar fields are given by,

1 1 1 1
LHiggs = 3 |:1—|—§C¢D’U2—2C¢DU2:| (B#H)Q—F |:§‘u2_7)\ +§51}20¢:| H?
1 1 _
+5 {1 + §C¢Dv2] (0,2°)° + (9,87) (0" ®™). (15)

In order to obtain the canonically normalized kinetic terms one needs field
rescalings as follows:

h= (1 + %(quﬁ - c@v?) H, G°= <1 + %C¢Dv2) %, G* =t
(16)

The squared mass of the normalized Higgs field h is

Mz = M — [30¢ —2)\Cyo + %cw] v*. (17)
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Summary and outlook

Backup slide (Gauge sector)

Within SMEFT framework, the gauge sector now reads,
1 1 1 v
Liinge = =7 GG = JWL W — 2B, B" + (D)’ (D"9)
+ Cya (¢f¢) GquAW
T I Tpv T pv T_I I g
+ Cow (616) Wi W™ + Cup (6'0) Buu B + Cows (6'76) WL, B
+Cop (6'D0)” (67D"9). (18)

To obtain the normalized kinetic term of gauge fields we rescaled the fields as

Wi = (1-Cewv®) W,
B, (1 - Cypv*) By (19)
éﬁ = (1 — C¢G’U2) Gﬁ
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Summary and outlook

Backup slide (Mass of W and Z boson)

The bilinear part of the Lagrangian for electroweak gauge bosons is

Lo = —= (WhL W' + W2, W) + ; giv (WWW““’JrW LW

B 1 Cowpv?| (W
C¢WBU2 1 B*

_2 _ <3
v 73 B g5 —Gqig2| (W
T T

3(
(W}

N | — »J;\r—t

To normalize canonically kinetic terms and diagonal masses simultaneously,
we introduced a rotation which reads,

1y
Wi = 7 (Wi FiW30)

W2\ 1 —€/2 cosd  sinf\ [ Z,
B, \—e¢/2 1 —sinf  cosf) \A, )"
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Summary and outlook

Backup slide (Mass of W and Z boson)

Chronologically, the masses of W= boson, Z boson, and photon corrected by

dimension-six operators are presented as follow:

71 a2 72 1 2 9291 (22)
Mz =-/gi+gsv|1+-Cypv l+ems"—= ),
2 4 93 + 97
My =0
(23)

whereas
€= C¢WBU2 .

et + e~ — t + t and fully polarized top-quark decays in SMEFT
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Summary and outlook

Backup slide

Cancellation of gauge-fixing parameters

@ Z-boson propagator in R¢ — gauge:

—1

qudv
A () = —— | gy — (1 — £7) 2T
1% (Q) qg — mQZ |:glt ( §Z)q2 — £Zm22:|
—1 quqv o quqv
= g — - 24
¢> —mi [g“ m } "M — EgmY) )

— The first term of (24) is independent with gauge-fixing parameter,
the second term will cancel the Goldstone-boson diagram G°.
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Summary and outlook

Backup slide (Conventions in spin density matrix)

In Cartesian coordinates:

1 .
Si1=TF— (S, £iS,), So=25., Tis=S5%,

V2
1
Ty = % [54.15_1 + S_1541 + 283] , Ty = 7 [SilSO + SOSil} (25)
whereas the explicit form of S, Sy, S. are
1 0 1 0 1 0 1 0 1 0 O
Se=—7=1|1 0 1), Sy=—|[-1 0 1], S.=|0 0 0 |.
V2o 1 o V2i\ g 1 o 0 0 -1

For convenience we used the following operators in the Cartesian basis:

1 1
§(T1—T—1), Ag = ?(TI +T1_1),

1
B = 5 (Tz + T72)7 By = 2@ (T2 -1 2) . (26)

A =
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Summary and outlook

Eight spin-observable of 17 boson

App = £ [(cos6 > 0) — Tcos < 0)] = 5(5:) (27)
Apo=1 {r <|c059\>%)ff(\0050|<%)} =om e
‘”TF = £ [P(cosé > 0) ~ T(cosé < 0)] = 2 (S.) (29)
28— L nsing > 0) ~ D(sing < 0)] = 2(s,) (30)
Abp = % [[(cos ¢ cosf > 0) — T(cos ¢ cosf < 0)] = —%<A1> (31)
A2, = % [[(sin ¢ cos 6 > 0) — T(sin ¢cos 6 < 0)] = —%(A2> (32)

AL = % [[(cos 26 > 0) — T'(cos 26 < 0)] = %(131) (33)

AL = % [[(sin26 > 0) — I(sin2¢ < 0)] = %(Bg (34)
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