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Introduction / Goal

« Our goal is to constrain the top-quark related Wilson coeficients of the SMEFT

. The fits have been performed using HEPit [Eur. Phys. J. C (2020) 80:456]

« Limits using the latest LHC measurements have been extracted
« Estimations for the HL-LHC derived

« Prospects for our limits in the HL-LHC and possible future e*e- colliders also obtained

Machine P(e™, e7) Energy Luminosity
250 GeV 2 ab™!
+30%, F80%
ILC (£30%, F80%) 500 GeV 4 ab~!
Possible (£20%, F80%) 1 TeV 8 ab~!
380 GeV 1ab!
future ete
_ CLIC (0%, +80%) 1.5 TeV 2.5 ab~1
colliders 3 TeV 5 ab-l
Z-pole 150 ab~!
24 bt
FCC-ee Unpolarised 0 GeV ba
350 GeV 0.41 ab™!
365 GeV 2.65 ab™1
Z-pole 57.5 ab™! e
FACT
24 20 ab~! ’
CEPC Unpolarised 0 GeV Oa
350 GeV 0.2 ab™!
360 GeV 1 ab™!
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https://link.springer.com/article/10.1140/epjc/s10052-020-7904-z

Top quark couplings

Top quark couples to other SM fields through its gauge and Yukawa interactions
t2>Wb coupling and tt strong production studied already at the Tevatron
High statistics at the LHC: tt+bosons (7, Z, W and H) became available

: W helicity and several
single top single top quark measurements

Differential cross-sections, top decay
spin correlations, W

charge asymmetry, etc.
Top Yukawa coupling

Top weak isospin
Top electric charge b t+Z

[E73+ RS coupling:
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Reaching very rare processes as data increase

Top Quark Production Cross Section Measurements Status: April 2024
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Increasing number of differential measurements and reaching very high precision.
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Measurements used in our fit to top quark EW couplings

JHEP02(2022)032

Process Observable Vs | C Experiment
pp — ttH +tHq o 13 TeV 140 fb~! ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb~! ATLAS
pp — tty do/dpy. (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 b1 CMS
pp — tyq o 13 TeV 36 fh~! CMS
pp — W o 13 TeV 36 fb! CMS
pp — tb (s-ch) o 8 TeV 20 fb~! LHC
pp — tW o 8 TeV 20 fh~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~! LHC
t— Wb Fy., Fp, 8 TeV 20 fh! LHC
pp — tb (s-ch) o 1.96 TeV 9.7 fh~! Tevatron
e"et — bb Ry, APprp | ~91GeV | 2021 pb~' | LEP/SLD
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SMEFT operators relevant for the top quark

Basis: complete, non-redundant set of operators
Dimension 6: several operators affecting top quark interactions

Two-fermion op. (2F): QQ + V,G,¢p O-,—
Four-fermion op. (4F): QQQQ, QQqq, QQll t/

» The exact number depends on CP/flavour assumptions
* In our studies, we consider only real parameters
* In this first study, we considered eight 2F operators

Left and right-handed couplings of EW dipole operators 2F operators relevant
the t- and b-quark to the Z for top quark physics
- = — N
O<3PQ = % (qr”y’” q) ((p{lD L qo) Ow =(gt'c"Vu) (8(;0 W!fv)
1 _ 1= 32 _ _
Opq =3(ar'aq)(e"i gu‘i" \160\0‘ Oaw = (gt'o*Vd) (@WJV) & | O Ougr. Oyqn - tEZ vertex
—1(= = — - (2 _ —
Opu =3 (ay*u) ¢'iDue O =(go""u) (Efp BMV) A Oww, O - ttZ and tty vertices
Opa =+ {9tD,0) Qip—={56" (B

Basis rotated following the
prescription of the LHC Top WG:
Og 2 Oz =c0sBy Oy -sinby Og
0N g > O,q=0"-00) 4

arXiv: 1802.07237

Charged current interaction

Opus = 3 (Ty*d) (9T €iDyo) \‘ec;\o‘
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The power of differential cross sections
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Sensitivity of each observable

* LH/RH couplings of t/b quarks to Z: 04, 04, Of:’()?
* EW dipole operators: 0,7, O, Opw
* Top Yukawa: Oy,

* Charged current interaction: 0, dark shades: differential ttZ and tty meas.
light shades (full length): inclusive ”

X = Xsm 'FL% 2 CiXi(l)]"'b% X CiCszg'z)J"' o

Linear Terms Quadratic Terms

102 | Individual Uncertainty per Observable (95% prob.)
>
ES = e
J ‘ﬁ_ tr‘:t; |~% §_
. ] el > 8 &
[HEPR . I, o
- _S = Sensitivity coming from:

728 < L =
R - E@ %%— - Cow = V_VheI|C|ty and tty
% 10% | fn% .%*%E 5 5 >§ g | Cot > ttZ
c ] 5| . S Cpo & Ciy > LEP/SLD
s % T S = ¥ _
g g ~m n Ciz = tty and ttZ
- RS N P
§ &3 s | ~ Coep 2 tZ and W helicity

ks E < k-
s _ = . Significant improvement from
100 = ;; . ttZ and tty differential
measurements ©
Cy, Cow Cout C’;Q Co Ciz Con Cow
JH EP02(2022)032 Operator Coefficients
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Complementarity between observables

* LH/RH couplings of t/b quarks to Z: 0, 0Q’ 0% JHEP02(2022)032
* EW dipole operators: 0z, Ouy, Opw

* Top Yukawa: Oy,

* Charged current interaction: 0,

o tyq m ttZinc N tZq mm ttyinc
(7 diff Bl Wb o tty diff | Global

| FTC

Sensitivity coming from:
Cowy=> W helicity and tty
C,, = tty and ttZ

Significant improvement from
ttZ and tty differential
measurements ©

CuwIN? (TeV™2)

95% prob. bounds
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Results of the global fit

v Constraints of linear (only A~2 terms) global fit are similar to those of the quadratic (A~2+A™*) fit
- Overall comparable results
- Main difference between the two sets of results seen for C,,

v/ Bounds compatible with SM within 20

v 95% prob. bounds: + 0.35-7 TeV-2

Globgl Fit LHC-]l-LEP+Tevlatron

i a | - | Baseline A™* m  Baseline A2 @ 4F A2 @ All Eorr. A2 .] Robust Limitl
Cu/51 IFHKJ i '—?—*—?— +7 Tev-z i \
Cor | mﬂt i E | — i +0.9 Te\l/'2 i \

. | : + 0.6 Te\)' Check the robustness of the fit:
~ Ciz| : [ —'_0.'-'—_'_ ST — 1 1) Extension of our basis: with
< : : : : :
= - | : +0.35TeV2 | | 4F QQqq operators and C,;

- t | | ) | | | 1
g | | +09Tev2 | | 2) Correlations between different
0 c?, - __‘.__l_ | observables (ansatzs for non-
e : | A .,:,-2 : : pUb“Shed Corre|ati0nS have been
£ ol e ——— 2TV, i | estimated)
vQ ! ,:,::.:‘ : :
| | | + 5 TeV2 | ¥ | 3) Missing higher-orders in og in
Co/104 T S — :T‘: [ : B i 1 EFT parametrisations
+ 4 TeV-2 : :
Cip/10 @ U :#. b > Robust limits: envelope
: : : : | obtained from results of new fits
7 -3 = =) 0 : 5 3 , With these effects
Values (TeV—2)
JHEP02(2022)032
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Currently updating the fit — various updates

« New LHC results available
« Expanding basis, now also bounds on QQqq and QQIl operators

. Extrapolations to HL-LHC (3000 fb")

- Scaling of uncertainties (HL-LHC S2 scenario):
* theoretical: 1/2
- stat. & experimental syst.: 1/7L

* modelling syst.: 1/2
« Projections for HL-LHC and future lepton colliders

- Inputs for Snowmass White Paper & European Strategy

* Now quoting expected bounds (centered in 0, SM)

Inputs used for lepton colliders
P P * Quoting bounds as full-interval divided by 2

Top & A"y, « Very preliminar results — work ongoin

optimal observables for top (arXiv:1807.02121) y P _ ) going
« Shown today: only linear results

OttH
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Expanding the SMEFT basis

- Besides the 2F op, also including QQqq and QQIl operators in the global fit

2-quark operators

Couplings of the t- and b- EW dipole operators
quark to the Z

o?,,Qz(@r’y*‘Q (<p*i<5>iup) Oy Qt'o"'t) (ep* Wy,
o= (277 RW(M w= (Qclo) (o' Wy

- = [0) C_?O'“Vt c0*B
Ope(v) = (E(B)Y*t(b)) (¢"iDy o | 8 = ( ) (60" Buv)
- ic di t- k yuk
Coefficients Chromo-magnetic dipole op. quark yukawa
fitted Oic = (Qo'liv TAt) (8(P* G;fv) Orp = ((_Qt) (8(p* (PT¢)

4-quark operators

Couplings of light quarks with t- and b-quarks
8)(1 8)(1 1.8)(1,1 8)(1 8)(1 3.8)(3.1 8)(1
Ogu)( ) Ogd)( ) qu )(1.1) Oé?u)( ) Og.?d)( ) qu )(3.1) qu)( )

2-quark 2-lepton operators

Couplings of light leptons with t- and b-quarks
Oeb Olb Oet Olt OeQ O/-E) O/_Q
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Process Observable VS L Experiment
pp — tt do/dmy; (15+3 bins) | 13 TeV 137 fb~! CMS
pp — tt dAc/dmg (5+2 bins) | 13 TeV 139 b1 ATLAS
pp — ttH do /dpY (6 bins) 13 TeV 139 fb~! ATLAS
pp — ttZ do /dpZ (8 bins) 13 TeV 140 fb! ATLAS
pp — tty do /dpy. (10 bins) 13 TeV 140 fb~1 ATLAS
pp — LW o 13 TeV 138 fb! CMS
pp — tZq o 13 TeV 138 fb~! CMS
pp — tyq o 13 TeV 140 fb~! ATLAS
pp — tb (s-ch) o 8 TeV 20 fb~! LHC
pp — tW o 8 TeV 20 fb~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~1 LHC
t— Wb Fy, Fi, 8 TeV 20 fb~1 LHC
pp — tt dApg/dmg (4 bins) | 1.96 TeV | 9.7 fb~! Tevatron
pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
e"et — bb Ry, A%5; 5 ~ 91 GeV | 202.1 pb~! | LEP/SLD

Also: ttll cross-section (for m;>m,) sensitive to QQIl operators
and quantum observables sensitive to QQqq and ctG (work from MSc students)

Measurements used in our NEW fit to top quark couplings
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Input measurements: tt differential measurements

~ — NNLOQCD+NLOEW  ATLAS _
2 008 ___. C8 =05 Vs=13TeV, 139 fb"
tt XS - PRD 104, 092013 (2021) D 006l o510
. tu ™ "
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‘g E CMS  e/p+ets Data Pred. Ba’ 0.04; + single-lepton
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4 Srere 1t11 . r s
CE A wn R ’
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1P F " - N © v
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© 1 | ] L ] ] | o0 : : : tt [A'_]
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Input measurements: tt+X cross-sections

tty - JHEP 10 (2024) 191 ttZ - JHEP 07 (2024) 163
T Famas T TS T e
n B i - ATLAS ]
O) 2 _ 1 _ [ il e Data =
x 10F Is=13TeV, 140y MG5_aMC+P8 3 © 018 o 13TeV, 140b" --MG5_aMC@NLO+Pythia 8]
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1: © 0.12F - B Total uncertainty —
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g o) O'SW E g ) 0 7W _l ............................................. .:
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ttW - JHEP 07 (2023) 219 _1
o 38 " (13 TeV) ttH - Nature 607, p.52-59 (2022)
CMs - Measurement /['/ EPJC 80 (2020) 428
C —— Stat. unc. | JHEP 11 (2021) 29 _ C
:_ —— Total unc. _ 200 — ATLAS
Nominal +stat +syst | :
L TN 845 117 111 o) L 7
g :Z 7 —— 996 +61+68 £ 100 — L
E . —— 868 +63 +64 E S) [ I
[ Dilepton —— 905 £42 +51 h :
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Sensitive observables to entanglement with top quarks

Helicity basis {k, 7, 71}

1 d 1
Threshold ——=2 = _ (1 + a,@,D cosd,,)
cdcosl, 2

being cos@, =p, Dy

angle between the directions of two decay
products measured in _their parent top
quark and antiquark rest frames

Sketch from PRD 100 (2019) 072002

. O
\ P
7 1 do 1
b Boosted ———=—(14+a,a,D,cos6’
ftng o dcosf., 2( avb3 )
é ,t being  cosbl, =P, P},
" W % with inverted sign of n-component
“v/ J \\\\ in one of the decay products
Cri. +C... +C
D=—( kk ;r nn)<_1/3
Conditions for entanglement Cpi, + C,.p — C
g Dn=—( kk ;r nn)>_|_1/3
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Entanglement measurements with top quarks @ LHC

ATLAS & CMS results [1] Nature 633 (2024) 542

[2] arXiv:2406.03976
Threshold regime Boosted regime

[3] arXiv:2409.11067

Dilepton ATLAS (140/fb) >5c [1 . .
P ( ) [1] CMS I+jets paper includes the full
m;<380 GeV : . )
) matrix measurements in various
Particle-level :
regions of the phase-space.
CMS (36/fb) >50 [2] Here we have just explored the
m,<400 GeV & B,<0.9 threshold and boosted regimes.
Parton-level More to explore in terms of EFT...
Lepton+jets CMS (140/fb) 2.26 [3] CMS (140/fb) >5¢ [3]
m,<400 GeV m>800 GeV & |cos(0)<0.4
Parton-level Parton-level
CMS 36.3fb"' (13 TeV)
/e 'l;olwvnﬁ(:'v:z+IHER'\\"1(I;+I++'U('/,}|I R CMS 138 fo™' (13 TeV)
/W MG5_aMC@GNLO(FxFx) + PYTHIAS + 7, I fe 2 1'15 Data
/ y o e Y THIAS I Oi = stat, total unc.
a = Powheg+P8
O ey | 09E  __ PowhegsH
14 Data extr. with PH+P8 i) < 400 Ge O 08F MG5+P8
/8 Data extr. with PH+P8+7, Bu(tt) <0.9 " o E -.-.. MINNLO+P8
Ilm é OE 06 ;':T:T:T:TI'Z'ZTZT:IITI'ZTZTZT:T:T:':',
RPIL J— Il 0.5
| 0O o4f
| ) : 6.1(5.5)c 4.0(3.6)c
I g 0.3F l Separable states l
048098 e g m(tf) > 800 GeV m(tf) > 1000 GeV
A I I S I Icos(6)l < 0.4 Icos(8)l < 0.4

-0.66 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30
D
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Sensitivity on O, operator

] - - - 103__ - ]
Individual limits ; ) Global limits
: Z . z
Linear+Quad. Only linear =2
' o
102_ 102_ ;C: 102_
E
—~ g 2 —~
2 2 = 3
£ 10! e 10°; ¢ £ 1wy  ~0(0.5 TeV?)
5 o S 5
$ f,_g LO X ) n
2 g8 o EEE 2
04 ‘lﬁlt E‘)‘EEDE
100_ £ 10 %w 100' :Zuggg
' = $3is
* 53
MSc thesis of
Belén Duran = 1071 =y
o® O o®

- Sensitivity from D @ threshold and D, @ boosted compared to that from other observables:
differential cross-sections in tt, diff. tt charge-asymmetry, diff. ttZ o, diff. tty o, ttH &

- New entanglement observables may help to resolve blind directions

- When including only linear terms, bounds from D,, are degraded significantly
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ttll process (m; > m,) to constrain QQIl operators at LHC

Define high-m, region (m;>m,: m;>100 GeV) with 4 bins:
[100-120], [120-140], [140-180], >180 GeV

Expected cross-section: 2.7 fb

From ATLAS ttZ/W 36 fb-! paper [Phys. Rev. D 99 (2019) 072009,  #&-Regions|  ZzPoe
expect ~70 ttee+ttpu events in that region for 140 fb-" in 3l ch.
\/A
loZ onZ| hi

m,>100 GeV

- -lllllllllllIII|IIIIIIIIIIIIIIlII-IIIIIIIIIlIIII|IIIIIIIIIIIIIIlII-IIIIIIIIIIIIIIlIIIlIIIIIIIIIIlII
ctit1 €1 -8__ mz1 T mzt T mzt
2,70 B0 Bint Bin2
ttz :: r y=100' r y=1.00' 7 y=1.00'
SRALHZHIM T1ep o000, T +-000%, T +00t%c,
3LttZHiMass S5l +0.00%,,,"¢,, i +0.01%,,,"c,, 1 +0.01%,,,"c,,
1.4f T + +
1.3f - . .
, ottt 12r T T T
_Flt 0.9_ L e -
08-IIIIIIIIIIlllllllIIIIIIIIIIIII IIIIII IIIIIIllllllllIIIIIIIIIIII IIIIII IIIIIIIIllllllIIIIIIIIIIIIII
-2-10123 210123 -2-10 12 3
c c c

linear+quadratic

*

MSc thesis of
Abel Gutiérrez
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Expected yields and uncertainty on o (LHC Run-2)

Expected signal yields: Process Inclusive | Bin 1 | Bin 2 | Bin3 | Bin 4
Parton pp — tfll 400 210 70 50 60
* # Reco pp — ttll 70 32 15 11 12
MSc thesis of Parton pp — ftee 130 70 24 | 15 18
Abel Gutierrez Reco pp — ttee 32 14 7 5 6
Parton pp — tfupu 130 70 24 15 18
Reco pp — ttup 38 18 8 6 6

pp - ttll at parton-level includes t leptons, whereas reco-level does not.

Estimated relative uncertainties on the cross section: l
Channel 1-POI-1-Bin 4-POlIs-4-Bins 1-POI-4-Bins
Inclusive Bin 1 Bin 2 Bin 3 Bin 4 Bins 1-4
= +50 % +49% +69 % 488 % +99 % +46 %
pp = tl (£26%) | (£36%) | (£56%) | (£70%) | (£74%) (£26 %)
. +62 % +69 % +94 % +116 % +125% +60 %
pp — ftee (£40%) | (£57%) | (£82%) | (£103%) | (+£106%) (£40%)
- +53 % +54 % +84 % +109 % +123% +49%
PP HER | (350n) | (246%) | (276%) | (£96%) | (£103%) (£34%)

In parenthesis: stat-only unc.

Cross-section could be estimated at HL-LHC with an unc. of ~20% (6% stat only)
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Bounds from LHC results and prospects for HL-LHC

Solid bars: individual fit 2F & 4F-QQll

Shadowed bars: global fit Linear fit

||
1 Il LHC B HL-LHC E Eflt
10" Pre\'\mmary I: FT\
] L S
104
10_1_ I I I ‘
1072
e O &8 o O &@ & O oS ok v

Ranges 95% (TeV~—2)

o
By the end of the HL-LHC:
2F global bounds expected to range from 0.1 (CtG & CtW) to 1 TeV-2 (Ctphi & Cphit)

4F-QQII global bounds are still poor O(100 TeV-2) - individual limits could reach O(1 TeV-2)
Including quadratic terms: 4F-QQII global bounds O(1 TeV-2)
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Bounds from LHC results and prospects for HL-LHC

Solid bars: individual fit Linear fit 4F-QQtt
Shadowed bars: global fit
| mEEm LHC WEE HLLHC )
_ i [:Eif.t
ﬁf\

L \\J

101 _ | | | | I | | I | | |
1072 I | I
’& C) 09’ & ‘5“09, C) Q? C) Q? \,@»

By the end of the HL-LHC: global bounds on 4F-QQtt operators
from tt production could reach O(5 TeV-2)

Ranges 95% (TeV—2)
=
| |

—

=
—_
|
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Prospects for HL-LHC and future e*e- colliders

Solid bars: individual fit

Shadowed bars: global fit Linear fit
107 MM Tevatron+LEP+LHC I HL-LHC+FCCee 91+240+350+365
] EEE {HL-LHC e HL-LHCHILC 250450041000
! | W HL-LHC+CEPC 91+240+350+360 BN HL-LHC+CLIC 3804150043000
Pre\'\m'\ﬂaw
100_
-
Z 1074
X
K
01072
<
aat
10_3—5
10_4—5
1075_

o o b &@ g o O o So @ o e

At future linear lepton colliders (running at various energies), QQIl bounds improved various
orders of magnitude. Limits are significantly better at linear e*e- than circular e*e- not only
because of higher collision energies but also polarized beams which help lift degeneracies.

02/12/2024 Maria Moreno Llacer - Bounds on top SMEFT operators from recent LHC results 22



Outlook / Summary

Global SMEFT analyses are expanding and new available experimental results allow to
constrain a set of the SMEFT operators.

Here, we have presented some recent fits including legacy measurements from LEP and SLC,
the current LHC and expected results for future colliders to probe the top quark couplings.

A

New publication in preparation, along with a contribution for ECFA report. % «

N
JGJ
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NLO SMEFT global fit ete- 2> ZH

€+><PN./% y
Kz _I 5
Constraining QQee op. is important for Higgs self- - £y Mq
coupling (using ZH process)
vf* ee \\
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Corrections from QQee to ZH production at one loop
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EFT operators involving the top quark

QQqq ¢ = (u%,dy) u; = up, di = dp i=1,2
- ; : = (tr,b t=1tn, b=b
e 8 four-quark operators with LL and RR chiral structure Q= (tr,br) i R
1.8 _ 77 _ A = R
Og, = (@7 T Q)@Y T ) Og, = (Q7uQ) (T a:)
38 /A - A__l 2 1 — 1
05, = (@ QAN@'T 1" ¢;) 05, = Qv Q)@Y 7" ¢i)
8 _ (L AN\ (= A 1 _ -
O = ( YL’ t) (@Y T u;) O;, = ( t)(ui'y“u,-)
Oy = (T 4t)(divu T d;) Opa = (E4*t)(divuds) ;
e 6 four-quark operators with LR and RL chiral structure
0% = (O~*TA gy, T Ay oL = (O~ = ,
Qu == (Q'7 Q)(uz%t Uz) Qu — (Q'}' Q)(uz'}’puz)
A A
Qd - (Q'YHT Q)(d z7uT d;) OQd = (Q’Y Q)(d z")’ d;)
. A A 3
th = (g"'T Qi)(t’YuT t) th = (@y" Qi)(t'mt) ;
QQI I Operator  Definition Comment
Oet (epyuer)(tyHt) right-handed leptons and right-handed quarks in the 7€* €~ vertex
g Oge (Q-yl,Q)(é pYHer) right-handed leptons and left-handed quarks in the 17£* ¢~ and bb(Z vertices
§ On (l-py,,lr)(t_y”t) left-handed leptons and right-handed quarks in the t7€*£~ vertex
oy
8 01(412) ( ,,y,,lr)(Q-y" Q) left-handed leptons and left-handed quarks in the r7¢*¢~ and bb(? vertices, weak-singlet
0(3) (I ,,o-iyﬂlr)(Q-o'iy” Q) left-handed leptons and left-handed quarks in the t7£+£~ and bb(7 vertices, weak-triplet
Olle or (Tliej)e(Oktr) right and left handed leptons and right and left handed quarks in the 77¢* £~ vertex, weak singlet
0132 ot (lijocH*Ve j)e(QkO',“,t[) right and left handed leptons and right and left handed quarks in the 77¢* £~ vertex, weak triplet
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EFT operators involving the top quark

parameter tt single t tW tZ t decay ttZ 17274
Coa A2 = = - = A2 A2
Con A2 A H[AY - AYAT2AA[ATY] A2 A2

t\o/q Ctsu’ Ctsd A2 - o a a A2 -

N e e e e Lo R

LL,RR Coa AT A2 A2 - A2 A2 A AT A A
Ciu» Cig | AT[AT7] - - - - ATATY -
8 8 -2 -2
C8,Cy | A - - - - A -

t\o/l cy A2 - - - - A2 A2

t/” N\ ChyChy |ATHATY - - - ~ AYATY

LR RL ctlf AP Ay - - - _ A A A [AY

Coq - - - A2 - A2 -
CgQ - A™2 A2 A2 A2 - -
Cis - ~ L A2 - A2 -

N V,h Cotp - ATt ATt AT AT B B

t/O-— Ciz - Y - A2 -
Ciw - A2 A2 A2 A2 _ _
Cow — At At A4 A4 _ _
Cic A2 ATy A2 - A=2 A2 A

Hartland et al. 1901.05965; Brivio, SW et al. 1910.03606
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Complementarity between observables

" Left/Right-handed COUp“”gé)Of 2D 95% prob. contours showing complementarity btw. measurements
top/bottom to Z: 0, 049,05 Watch out for:

* EW dipole operators: 0;z, O;w, Opw
* Top Yukawa: O,
* Charged current interaction: 0

; ttZ in Cz, Cyy; tty and Whel. in Cy; tZq in Cpyp

ete-bb WEE ttZ diff EEE tZq e tyq o tiZinc mEE tZq mm ttyinc
ttw mm tiZinc  EEE Global iz diff B t>Wb  pum tfydiff M Global
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I b
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HEP{T
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Inclusive cross-section [pb]

Other input measurements: single top XS and W helicity

10?

10

- ATLAS+CMS Preliminary
LHCopWG

Single top-quark production
November 2020

- _i* t-channel

t-channel N
B ATLAS PRD90(2014) 112006, EPJC 77(2017)531, JHEP 04(2017) 086
® CMS uHer 3 . PLE 135042 ]
¢ ATLAS+CMS ukeros2019)088

tW

B ATLAS PLB716(2012)142, JHEP01(2016)064, JHEP 01(2018) 063
@® (CMS PRL110(2013)022003, PRL 112 (2014) 231802, JHEP 10(2018) 117

4+ ATLAS+CMS Jheros(2019)088 7

s-channel
B ATLAS PLe7s6(2016)228
® CMS JHEP09(2016)027 -

¢ ATLAS+CMS uiepos (2019 088 -

- - = NNLO PLB 736(2014) 58 -
scale uncertainty

[e10} ‘jes

=== NLO+NNLL PRD83(2011)091503,
PRD 82 (2010) 054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF & o, uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74

He= K= Mgy,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

tw: p: veto for tf removal =60 GeV and n= 65GeV
- scale uncertainty

scale ® PDF & o, uncertainty

~N -

Vs [TeV]

ATLAS+CMS Vs=8TeV ]
LHCtopWG total stat
BN Theory (WNLOQCD)| g F
PRD 81 (2010) 111503 (R) R L
—e—=——  Data(F F F)
ATLAS 2012 l+jets, L =20.2 o'
EPJC 77 (2017) 264 int
CMS 2012 e+jets, L =19.8 fo''
PLB 762 (2016) 512 int
CMS 2012 p+jets, L =19.8 b
PLB 762 (2016) 512 int
CMS 2012 single top, L =19.7 fb'
JHEP 01 (2015) 053 int
ATLAS+CMS, Vs =8 TeV
LHCtopWG
1 I L 1 1 I 1 1 I
0.2 0.4 0.6 0.8

W boson polarization fractions
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Advantage of diff. CM energies and beam polarisations

. - JHEP10(2018)168
Full advantage of flexible running at ILC: (2018)
two CM energies, two beam polarisations
@Ug 0.2 B P!+ SLD, R 91.6 GeV, ~0.2 nb’ - | I ! ! Lo !
[T e, o, 4(bb), 250 GeV, 1 ab™! 0.15 - a, \/5 = 500 GC\/, L= 5UU/fb_
[T 1c, o, 4(t). 500 GeV, 2 ab™ |
: 0.1F | | 0¢ 3
0.05 -
0P -

Ry —
3 ()
—0.05 |
P(e*,e”) = (+30%, —80%) —0.1F  PleT,e”) = (—30%, +80%) —
-0.2 : ' : |
-0.2 0 ?.2 015k i
Coa | | | | | 1 |
—015 —0.1 —-0.05 0 0.05 0.1 015
Good complementarity between TR
bb (LEP) and tt (future e+e- collider) data i
Note: transformations applied
CRl = Re,Im{C,4} = Re, Im{Cyw + Cup},
Sensitivity to 2-fermion op.: flat with CM energy CRI = Re,Im{C,z} = Re, Im{c% Cuw — 5% Cup}/swew.
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ttW XS and CA: potential constraints on 4F operators

‘\\ == 4 Y “\\ ; 40
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EFT operators involving the top quark

Operator Definition -Description
Orw (Qort) T W Modifies the tWb, tty and ttZ vertices
OB (Qo*t) By Modifies the tWb, tty and ttZ vertices
Ota (Qom Tt) PGy Modifies the ttg vertex
Oé,lc)g (([7+i(5)’4(f7) (@'y" Q) Modifies the bbZ and ttZ vertices
o4t (¢'iDie) (11 Q) Modifies the ¢Wb, bbZ and t7Z vertices
Oyt ((P”(ﬁy 4’) (t7#t) Modifies the {7 vertex
Otp (@t) (G(P* <P+(p) Modifies Yukawa coupling of the top quarks
Ogpb ((P+i(ﬁy <P) (57” b) Modifies the bbZ vertex
(051}1)) . (@ q5) (ﬁk’)fy ql) Four left-handed quarks vertex, colour singlet, weak singlet
ij
(Offf;)) ikl (q,'yf‘r qJ) (qk'yVTI ql) Four left-handed quarks vertex, colour singlet, weak doublet
(Og)) - (qiv" q5) (uk')r,, ul) Two left-handed and two up-right-handed quarks vertex, colour singlet
ij
(OS;%)) . (@ T2 ) (Wyu TAw) Two left-handed and two up-right-handed quarks vertex, colour octet
ij
(Oc(;i)) - (@"q5) (deyudy) Two left-handed and two down-right-handed quarks vertex, colour singlet
ij
(051?1)) - ( FTA qJ) ( kY TA dl) Two left-handed and two down-right-handed quarks vertex, colour octet
ij
(Ouu)iikl (wiyHuy) (u },ul) Four up-right-handed quarks vertex, linear combination of colour singlet and octet
(Of}d) - (v uy) (E EYn dl) Two up-right-handed and two down-right-handed quarks vertex, colour singlet
ij
(01(,,8,1)) . (uz')f" TA u]) (Ek'y TA dl) Two up-right-handed and two down-right-handed quarks vertex, colour octet
K4
i Olfg ; (lpruly) (@Y Q) Left-handed leptons and left-handed quarks in the QQIl vertex, weak-singlet
pp
(Ogg)) (Lpyutllp) (Qyrr! Q) Left-handed leptons and left-handed quarks in the QQIl vertex, weak-doublet
pp
(Oet),y, (€pruep) (7" Right-handed leptons and right-handed quarks in the ttll vertex
(O1t) (lpyulp) (0" t) Left-handed leptons and right-handed quarks in the ttll vertex
(0ge),, (QruQ) (ep7tep) Right-handed leptons and left-handed quarks in the QQII vertex

2-quark

4-quark

2-quark-
2-lepton
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Anomalous couplings

Lagrangian (+ h.c.) NP couplings
Ly = —55by" (VLPp + VrPg) tW,- 0V, = 503, 5V = %Clom
— 56572 (91 Pr + grPr) tW,- 8gr, = Y2 Cyw Sgr = Y~ Ciw
Lz = —5t" (XEPL + XEPr — 253,Qu) 12, | 06X} = —%:Cpq SXE = —¥C,
- ﬁfiaz\zqy (d\Zf + idfﬂ’S) tZy, ody, = %RG (Ciz) §d% = %Im (Ciz)
Ly = —eQity tA, — et_% (d), +id)yys) tA, | 0d), = ‘/fj{’;‘t Re (2cw Cyw — Ciz)  6d)y = \/fxgnt Im (2ew Cov — Ciz)
Lyw = —%E(Y;V + z'Y;Afyg,) tH 8y = —%Re (Cyp) SYA = —%Ima}(—Z

Vertex corrections from dim 6 operators:
- Gauge interactions: only y* (vector) and o¥'q, (tensor) terms
- Higgs: only scalar and pseudo-scalar terms
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