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What do we mean by “top quark properties”?
Person A: Mass, Width

Person B: Gauge and Yukawa couplings

Person C: Cross section, Ac, W helicity fractions
At the level of the SM Lagrangian, it is a well-defined question:
top —ti ((7_'_ e Y$ ie IaW igSTc¢c)t —mtft

Everything is determined by: «, $,,, (tg, 1Mt (+SM symmetries).

These are not observables but free parameters of the theory, fixed by some measurement.

nature __ mtheory solve
Omeasured _ Opredicted(a) theory ~ nature >«




Introduction

What do we mean by “top quark properties”?
Person A: Mass, Width

Person B: Gauge and Yukawa couplings

Person C: Cross section, Ac, W helicity fractions
At the level of the SM Lagrangian, it is a well-defined question:
top —ti ((7_'_ e Y$ ie IaW igSTc¢c)t —mtft

Everything is determined by: «, $,,, (tg, 1Mt (+SM symmetries).

Once the parameters are reliably fixed, we try to test the theory, i.e. try to falsify the model, i.e. find New Physics:

nature __ theory test
Omeasured o Opredicted(a) « theory ~ nature?




Introduction

What do we mean by “top quark properties”?
Person A: Mass, Width

Person B: Gauge and Yukawa couplings

Person C: Cross section, Ac, W helicity fractions
At the level of the SM Lagrangian, it is a well-defined question:
top —ti ((7_'_ e Y$ ie IaW igSTc¢c)t —mtft

Everything is determined by: «, $,,, (tg, 1Mt (+SM symmetries).

— We have to probe observables that are sensitive to physics beyond the SM

— We need high precision to reliably identify small deviations



How to search for New Physics?

Strategy I: Explicit model building and testing the predictions

z

AN Introduce a new L£pgn such that Lpsy — LM in some limit

Strategy II: Model-independent Effective Field Theory (EFT)

wx e Extend the SM such that £ = Loy + — 5 OdlmG + ..., fit to data yields constraint on

A

L£4im6 s the most general expression that respects all symmetries of the SM




How to search for New Physics?

Strategy I: Explicit model building and testing the predictions

V4

AN Introduce a new L£pgn such that Lpsy — LM in some limit

Strategy II: Model-independent Effective Field Theory (EFT)
C; -
wx e Extend the SM such that £ = Loy + A_; (9,? im6 1 fit to data yields constraint on

is the most general expression that respects all symmetries of the SM

ci
A
£dim6

SM-EFT:  Assumptions: Consequences:
« New Physics is heavy — Effects from dim6 dominate over dimsS, ...

« New Physics does not break SU(2),xU(1) at £ < A — Relations between anomalous couplings of SM fields
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Add new dim6 Lagrangian term
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Yields modified coupling for ttZ and tbW
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How to search for New Physics?

Add new dim6 Lagrangian term

Oy = i(g" Ducb)(ULV”UL
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SU(Z)XU(l) invariant
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SM-EFT interference squared dim6 EFT term \
Ci/A?

Example:
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Yields modified coupling for ttZ and tbW
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How to search for New Physics?

Example:

Add new dimé6 Lagrangian term Yields modified coupling for #tZ and tbW

Oggi® = i(¢' Du?b)(ULV”UL \ \4; ie

. (1) s - 2200)
- 25w Cw A2
SU(2)xU(1) invariant

] A Céal
Cross sectlon contrlbutlon / \\%/( - \/‘ 55, | i (1 T )

OBSM = OSM + A2 OEFT + A4 OEFT?

A\ v J N J Interpreting top-quark LHC measurements

e in the standard-model effective field theory
SM-EFT interference squared dim6 EFT term
J. A. Aguilar Saavedra,' C. Deg(m de, G. Durieux,”
9 F. Maltoni," E. \num(luu C. Zhang®
/» ST
4
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K cut b

1
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How to search for New Physics?

Example:

Add new dim6 Lagrangian term Yields modified coupling for #tZ and tbW

A Al

¢ im - v 1
Od 6 (ULO'“ TatR)quﬁV \ % ] o Qt}

=gy + iE(QEPL + 9R Pr)q,c7

- ot
Cross sectlon contrlbutlon / Y 1=Tgu + T ( U PL+gr Pr)a.e)

O'B ar — Teae L Pa S
E? E o
— Interpreting top-quark LHC measurements
g =0 o) (0} 2 preting top=q
BSM SM _+_ A2 EFT —|— A4 EFT in the standard-model effective field theory
// J A Aguilar Saavedra,' C. Degrande.* G. Durieus,
Mal idou,? s)
Ci/A2 Ci(Eee/A] D 113\;111111(11 l1 Buviov \ i /. Dekens v Vx]i hl c Ei(l%llll n
s AD rl( lesl, LG gy " lan; dlll(“lll
energy dependence leads to M. Mongond Do *L_M o
iolati f unitari Ci(Eecut /4 T. Plehn,* F. Srhulze
violation of unitarity A. Tonero,? M. Trott,” S. Westhoff,'® C. White,2? A. \\ulm ' J. Zupan.?

linear limit

Require: F < A
— Limit energy range of the analysis -
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Anatomy of Top Quark Production at the LHC

Features:

« Very complex final state (often up to 8 particles)

« Sufficiently large cross sections
Z, « Small backgrounds & clean signature (if W— leptons)
« Meaningful separation into production and decay dynamics

« Sensitivity to New Physics

E
http://atlas.ch

) Ma‘rch 2919 » » CMS Preliminary

@ 7 TeV CMS measurement (L < 5.0 o) E

0 8 TeV CMS measurement (L < 19.6 fo™) b
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Theory prediction
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Anatomy of Top Quark Production at the LHC

Features:

« Very complex final state (often up to 8 particles)

« Sufficiently large cross sections
Z, « Small backgrounds & clean signature (if W— leptons)
« Meaningful separation into production and decay dynamics

« Sensitivity to New Physics

E
http://atlas.ch

. Mach2ote CMS Preliminary
Sy 8 {Tot s e <505, ]
1 . e} : B 13 TeV CMS measurement (L <137 o)
Special property: Aqcp < I'y < my ° |
o : E
:‘8 ™ : H : : : —
/ % ::;je&a . n _§
« No hadronic bound states « Production and decay are 5 .l : (B ERNRR" 1T “
i 8 Z m g E & ? ?ﬁ ‘_;?
o A g : 3
« Spin information is transferred separated by large time scale g1 als iERIA Y 3
. a, . .
to decay products « Top quarks like to go on- 10 " Ly .
shell before they decay 10°F n LR g
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Anatomy of Top Quark Production at the LHC
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yA s 7Yy H ’ Sensitivity to couplings of neutral gauge bosons
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Anatomy of Top Quark Production at the LHC

Associated production:

| Z e H ’ Sen31t1V1tY to couplings of neutral gauge bosons
\ and the Higgs Boson
Cos = (6'¢9)(Grur) 0%, — (g i) HWL,, - Allows to probe a large range of new couplings
/(3,33) a .
Coq =106""Duo) (omats). Oy = (quotr'bw) HWL,, + Electroweak top quark couplings are not very
C'(E;lq_ﬁ\?i} — ]_((A)TD'[ {,-)) (f ~ M fL) f)ijg@ ((} Iy 'R_) HB‘““ '
' ‘ well constrained
C3 =1 (6" Du) (Fry*tr)-
« Tevatron never produced tthar+X final states
- S . « Relations from EW precision observables
v ¢ 0y, = Iyl av*q, Ol =le ¢ qu, P
>< O =yl "o, Ol yu = loye = go*u re2vo ()] () e (37)
i o+ Oc = evt'e gvuq, +308] (5) e ()

Oey = ey,e uY'u, O.‘?q = 77#-7” EI'Y#TICL
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Anatomy of Top Quark Production at the LHC

Single top quark production:

Only mentioned briefly for brevity

Excellent sensitivity to tbW coupling and top quark mass

g — . CcMS
_ = 3 H Preliminary Projection
3 .33) vz E
1(( #“) (tLyratr), E o5 -n W, JHEP 12(2016)123
o '5:_ = o (1), JHEP 08(2016) 029
t ‘/‘/ Ozi = 1( ]LD;L¢)(UR’YudR) Z r sec. vix, PRD 93(2016)2006
s “F - -~ single t, arXiv:1703.02530
b 0% — ( -‘“’7ij ) HIL‘ 1 g . F —— lsjets, PRD 93(2016)2004
ulW — g 73] c 190 e
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33 TP I s E
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The big picture
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Spin Correlations

Top quarks produced at the LHC are unpolarized.

t

However, the relative polarization of top and anti-top is correlated.

(quantization axis = direction of flight)

SM __
Cro =

#(0+ ) —# (4 ) | ~46%at Tevatron,
#total | +31% at LHC.



Spin Correlations

Top quarks produced at the LHC are unpolarized.
t

However, the relative polarization of top and anti-top is correlated.

SM __
Cro =

#(0+ ) —# (4 ) | ~46%at Tevatron,
#total | +31% at LHC.

Interesting quantity because very sensitive to New Physics:

2

U Lasa = 225 evy (@7"°q) (7,,8°1)
2mg
2
9s - a T a — a ny a
3 +7 53 & {(@"ost"q) (Byut"t) + (977 ostq) (Frt™t) }

t

(quantization axis = direction of flight)

(OBSM _ -89% c,,
LO +18% ¢

1



Spin Correlations

In the early days (Tevatron run-II) it was questionable whether spin correl. are observable.
Non-perturbative effects and radiative top quark decays wash out the correlation.
Thanks to Aqcp < I'y < my |, the non pert. dilution is small. No collinear enhancement.

—> Spin correlations first observed by DZero (2011) in A¢,, distribution using MEM methods.

Important: (V-A) interaction in decay transfers spin information to decay products
Top quark spin correlation is imprinted in lepton angular distribution

os——DRilepton Fvente

Vs = 14 TeV ] 0.14f . _f

avg my < 400 GeV - ]
1 z 0.12 ]

] 5 ]

] 2 0.10} ]

] = anae ]

] < 0.08) ]

£ 006}

¢+~ Azimuthal Angle

(1/0y) do/d(sg)

Q
E 0.04 == Tops, No Spin Corr.
0.02F —— Stop, RH, 200 GeV
0.00k . 1 Stop, LH,200GeV ]

AP0



Spin Correlations

Higher order corrections to spin correlations in top quark pair production at the LHC
—P see also talk by

Arnd Behring

State-of-the-art:
Institut fir Theoretische Teilchenphysik und Kosmologie, Rene Poncelet

NNLO CD f k RWTH Aachen University, D-52056 Aachen, Germany and
Or top quar Institute for Theoretical Particle Physics, KIT, Karlsruhe, Germany
rOduction + de Ca N \;VA Michat Czakon
p y Institut fiir Theoretische Teilchenphysik und Kosmologie,

RWTH Aachen University, D-52056 Aachen, Germany

Alexander Mitov, Andrew S. Papanastasiou, and Rene Poncelet
Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK
(Dated: January 17, 2019)

L6
w—_—————————————————

dol© = (olhOxLO ;%] T e s Inclusive Sl — o Fiducial | | ‘
a2 <4 1 _
M T ) 3 Y
2 <2 o -~ LHC 13 TeV m; = 172.5 GeV e P o 1725 GV
doNO = JgNLOXLO | g LOXNLO _ —F (ﬁ)) do™© , (1) S s S Sl i /4 PDE NP DEsianle T i ——— e R S(‘M(I:H;Tj‘; L Tas e
t ~ 1050 110
doNNLO dO_NNLOxLO+dO_LOxNNLO+d0_|NLO><NLO R f ; e | é‘%ﬁ .
2 ' ————— S N
o) o () B ——
— Tt oo do©.. R —— S S 1 e
r© 02 g —— S — . —
! (Ft ) - "‘””0 0.2 0.4 06 08 — * o z oc““ - - - M — i 1
AG(,0)/m i AS(, D)/
B Exp. data from ATLAS-CONF-2018-027
Quote: “In our view the most plausible explanation for this discrepancy 13 TEV, 36 fb-1
lies in the extrapolation of the fiducial measurement to the full phase
space.”

Sensible since extrapolation does not use NNLO QCD simulation.
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Top Quark Mass

This is a very broad field. Therefore just the basics:

« m; is an important parameter of the SM: consistency checks, vacuum stability

. i : nature __ »~N*LOtheory
my is a parameter of the Lagrangian — (0 Opre dicted

measured — (my, ren. scheme)

« Typical mass definitions: Pole mass, MSbar mass, MSR mass

M, [GeV]

80.5

80.45

80.4

80.35

80.3

80.25

[rrrTpTTIT T

68% and 95% GL contours
M Fitwio M, and m measurements
Fit wio M,,, m and M, measurements |

| D

irect M,, and m measurements

I I S

IRNRARREERR

M,, comb. & 1o
[ M, =80.379 = 0.013 GeV

8

Pole top mass M, in GeV
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1701 -

hor g e

10 Stability
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Higgs mass M}, in GeV



Top Quark Mass

This is a very broad field. Therefore just the basics:

« m; is an important parameter of the SM: consistency checks, vacuum stability

ONXLOtheory
predicted

« Typical mass definitions: Pole mass, MSbar mass, MSR mass

. : nature
« m;is a parameter of the Lagrangian — (O """ . =

(my, ren. scheme)

pmp

« Since MC generators are involved in the extraction of m;, the term “MC mass” appeared

theory
Opredicted'

Arguments have been presented that MC mass should be numerically close to pole mass

Strictly speaking: not a well-defined mass. No relation between Oglaetausfr ods

— MC mass is a slippery notion. It would be better to discuss sources of uncertainties.

— Monte Carlo modeling cannot be avoided completely, but should be reduced to a minimum

in favor of first principle calculations.

M, [GeV]

80.5

80.45

80.4

80.35

80.3

80.25

[rrrTpTTIT T

68% and 95% CL contours
M| Fit wio M,, and m measurements

Fit wio M,,, m and M, measurements |

Direct M,, and m measurements

I I S

IRNRARREERR

M,, comb. + 1o
M,, =80.379 = 0.013 GeV/

[€] fitterl..J’ |

8

Pole top mass M, in GeV

180 190
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180

[ Instability

175 |-
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[ 1612
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=T 109 ]
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Top Quark Mass

State-of-the-art:

ATLAS+CMS Preliminary
LHClopWG

World comb. (Mar 2014) [2]
stat
total uncertainty

My, sSummary, {s = 7-13 TeV  November 2018

total stat

At this level of precision:
Spin correlated top quark production+decay needs to be

my, total (stat + syst) \s Ref
LHC comb. (Sep 2013) LHctopwa FH—l 173.29 + 095 (0.35 + 0.88) 7TeV 1 d d' ] 1 b
World comb(. (N':ar 201)4) H*H 173.34 1 0.76 (0.36 + 0.67) 196-7 ITL]v (2] accounte for’ UnfOI lng/SImulatlon Of Sta le top quarks
ATLAS, |+jets H——t 172.33+ 1.27 (0.75+ 1.02) 7TeV (3] : b .
ATLAS,di:epton = 173.79.+ 1.41 (0.54 £ 1.30) 7TeV [3] 1S no longer JuStlﬁed'
ATLAS, all jets —e—175.1£1.8 (142 1.2) 7TeV [4]
ATLAS, single top =t 172.2+2.1(0.7+2.0) 8TeV [5]
ATLAS, dilepton - 172.99 + 0.85 (0.41+ 0.74) 8TeV (5]
ATLAS, all jets — 173.722 1.15 (0.55 £ 1.01) 3 TeV [7]
ATLAS, I+jets = 172,082 0.91 (0.39 £ 0.82)
ATLAS comb. (Oct 2018) H¥H 172,69+ 0.48 (0.25 + 0.41)
CMS, l+jets = 173.492 1.06 (0.43 £ 0.97)
CMS, dilepton —t— 172,50+ 1.52 (0.43 + 1.46)
CMS, all jets ——— 173.49+ 1.41 (0.69 + 1.23) 7TeV [1
CMS, I+jets HeH 172,35+ 0.51 (0.16 + 0.48) 8TeV [12]
CMS, dilepton —fef= 172.82+1.23 (0.19+ 1.22)
CMS, all jets. - 172.32+ 0.64 (0.25+ 0.59)
CMS, single top e 172.95+ 1.22 (0.77 + 0.95)
CMS comb. (Sep 2015) HH 172.441 0.48 (0.13 £ 0.47)
CMS, l+jets - 172.25+ 0.63 (0.08 + 0.62)
CMS, dilepton et 172.33+ 0.70 (0.14 + 0.69)
CMS, all jets [ | 172,342 0.79 (0.20 £ 0.76)

1 2013102 epos 2017 18
)4 . .
| | " T single measurements with
L1 L1110 [ I 0 L1 1 L1 L1 1 .
165 170 175 180 185 smallest systematics

Myop [GEV]



Top Quark Mass

State-of-the-art:

NLO QCD

Top quark decays

Off-shell effects

Advanced understanding of PS uncert.

8LE bhae, my = 172.5 GeV

1 Mellin moment o
2% Mellin moment  u

A Theoretical Study of Top-Mass Measurements at 1| P82 m = ITRS0NGEE GV e
Hu7.1: my = 17539271932 GeV
the LHC Using NLO+PS Generators of Increasing =
&
Accuracy fm hd ’ [ll
(Jan 2018) g e 1| ] il
Z ol 1 il
172 [1'[ m I]'[
Silvia Ferrario Ravasio,” Toma$ Je%o0,” Paolo Nason,® Carlo Oleari® 170
168
- 5 CET T T T T |
NLO and off-shell effects in top quark mass R e—— ]
determinations C ol gt o E
3 NLOJCH™ cafioration, offset 083 +0.07 GeV 1
t, M ;

(Sep 2017)

Gudrun Heinrich,* Andreas Maier,” Richard Nisius,* Johannes Schlenk,’
Markus Schulze,? Ludovic Scyboz,” Jan Winter ©

Fragmentation uncertainties in hadronic observables for
top-quark mass measurements

Gennaro Corcella *, Roberto Franceschini®, Doojin Kim

A INFN, Laboratori Nazionali di Frascati, Via E. Fermi 40, 00044 Frascati (RM), Taly
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New Physics in Single Top

Eur. Phys. 1. C (2018) 78:919 THE EUROPEAN
https://doi.org/10.1 140/epje/s 10052-018-6399-3 PHYSICAL JOURNAL c

Regular Article - Theoretical Physics

Effective operators in z-channel single top production and decay

M. de Beurs', E. Laenen 2, M. Vreeswijk‘, E. Vryonidﬂum'u

! Nikhef, Science Park 105, Amsterdam, The Netherlands

2 ITFA, University of Amsterdam, Science Park 904, Amsterdam, The Netherlands
* ITF, Utrecht University, Leuvenlaan 4, Utrecht, The Netherlands

+ CERN Theory Division, 1211 Geneva 23, Switzerland

ESM

Wtb = —

(3)
O%Q

Owv

®3)
qQ7""S

3

gVip _
=L G (x)y*Prt(z) Wy(z) + h. c.
1 — _ N
i7vt (' D) (@'7'Q)
_ simultaneously affect

Y9 (Qar T t) W,
(@"7'as) (@' Q)

production and decay



New Physics in Single Top

3
Eur. Phys. 1. C (2018) 78:919 THE EUROPEAN y Vi
htips://doi.org/10.1140/epje/s 10052-018-6399-3 PHYSICAL JOURNAL C E‘S,Il/\%b = — Z gT;f (jf(x)'y“PLt(x) WM (.I‘) + h. c.
Regular Article - Theoretical Physics f=d,sb
N
3) Y =1 A I
. . . . 0! = i= D tr
Effective operators in z-channel single top production and decay PQ 2yt vy (@7 Q) .
ST gy _ simultaneously affect
1 123 il 14, OtW = Z/tgw(QU T t)ng e
M. de Beurs', E. Laenen', M. Vreeswijk', E. Vryonidou'*# 124 rOduCtlon and deca
! Nikhef, Science Park 105, Amsterdam, The Netherlands (3) . I = I p y
2 ITFA, University of Amsterdam, Science Park 904, Amsterdam, The Netherlands O Q rs == (qr/y T qS) (Q’y/ﬂ' Q)
# ITF, Utrecht University, Leuvenlaan 4, Utrecht, The Netherlands q%, Y,
+ CERN Theory Division, 1211 Geneva 23, Switzerland -
EFT=2 - onsr tWerr_,
% 0.12f — SM (137 pb) %’ o0.46F """
9'_ S D= qQ”.rs (190 pb) S o014
. . . o =T |- L. 2 o)
— First time consistent treatment at NLO QCD 5 e SRy S o
3 0.08| tW (148 pb) = o
= 0.08 0.08
c=175
e.g. top quark width changes: 004 e o=z
0.04F
oo2F T 0.02 €--35
lTeV2 lTeV4 0! 1 1 L1 1 1 1 1 1 1 L1 1 1 ;“"\-" . 0 L L L L | | | | | | | | ‘ | | | |
Liop(Cow) = Tsm + —5—Ceow I'w + —5—Chw Dewew
A2 4 o 7 o)
T 15 e b
TvsCy e - ST EEE
3 LE 1 proverrer s
%AIjg 0.5 L L ] ] L L | 1 | | 1 1 | | 1 | L
pd x 2 « 2
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Main ingredient: Generation of MC replicas (N=1000), similar to PDF fits

Results:
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A large compendium of studies for
« HL-LHC: 14 TeV, 3000 fb™!
- HE-LHC: 27 TeV, 15000 fb !

A few selections: ...

Top quark pair production

Top-pair production at the HL-LHC, 14 TeV
NNLO QCD
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Top-pair production at the HE-LHC,27 TeV
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Four top production

|HLLHC | Basic|  [HELHC | Basic
tttt gy 571.22 Tttty 15174.4
tttty 2/ 5006.34 ittt, 7/, 148898.
tttting -764.67 tttt -20141.9
it 2.5 x 10° ' 3.3 x 107
Hwt 32670 HWw 1.3 x 10°
HW 16758 HW 7.6 x 10°
tz 24516 iz 3.9 x 10°
W W=jj 4187.7 WEWEjj | 888700

Veb extraction
Rare decays

Fractional Error in |Ve|

<«
0.08/ Quote: " To date, [Vcb | has Blimitat95%CL. 3ab ', 14TeV 15ab ',27TeV Ref.
L  on always been measured in B t > gu 38x10° 56x107  [131]
| 300 fb" decays, ie. at an energy t— ge 321 % 107° ; 19.1x 1077 [731]
i o <;> scale mb , far below the 2 ARl gt
| —— 1200 o' 2 t— yu 8.6 x 10" [734]
002 — 3000 " weak scale, and it is t— e 74 %107 [734]
- currently known to an t = Hq 107 [

005 010 015 uncertainty of about 2%.



SUMMARY

» Studying top quark properties is a way of searching for physics beyond the SM

« The top quark system is an ideal place because it yields sensitivity to a large

variety of possible New Physics interactions
« Assuming SU(2)xU(1) symmetry holds, certain top quark interactions are related

« [ presented a selection of state-of-the-art on:
- Spin correlations
- Top quark mass

- Single top and Top pair associated production

« General trend in theory: Modeling is replaced by first principle calculations

This is what is required for reliably interpreting the data



Thanks for your attention!
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