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The SM success story

We have found a scalar that couples to mass
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The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs
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The SM success story

We have found a scalar that couples to mass
* |t behaves quite a bit like the SM Higgs
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The SM success story

We have found a scalar that couples to mass

* |t behaves quite a bit like the SM Higgs

Particle mass [GeV]

At least one missing ingredient...

Still some way to go to pin down
precise interactions

The priority mission of the LHC is
to characterise the EWSB sector
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The top couples to the Higgs!
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* Indirect evidence from gluon fusion production
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All players are in the game

LHC legacy = precise measurements of EWSB
the interactions that govern EWSB h

SM is a spontaneously broken, gauge-Yukawa theory

Offers a parametrisation, lacks dynamical origin for the weak scale
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Delicate ‘balance’ conserves unitarity & renormalisability



Key players
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Paradigm shift at the energy
frontier for BSM searches

(bump hunts)
Indirect (scouting tails) SM

Language that marries
& Heavy new physics

Standard Model Effective Field Theory (SMEFT)

Encodes a parameter space for deviations
from interactions between SM particles
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SMEFT: SM v2.0

Wilsonian approach: world is a low energy EFT
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[Grzadkowski et al.; JHEP 1010 (2010) 085]
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D=6 operators

‘Warsaw’ basis

[Grzadkowski et al.; JHEP 1010 (2010) 085]
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Measure the couplings of the SM at dimension-6 (and beyond)
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Extend the reach of our colliders to NP beyond nominal energy
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Strategy

Warsaw, SILH, HISZ, Higgs Basis

Flavor assumptions
Universal, diagonal, 3rd gen, general?

Symmetries
CP Baryon/Lepton number?
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Rate measurements Ttot. s M= ——
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Rate measurements Ttot. s M= ——
OSM

Differential
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o)
Rate measurements Ttot. , M= ——
OSM
Differential 22
ITferentia IMx
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Rate measurements  Gwot.. #= OL

SM

Diff tial do energy, angular
fferential 57 qv, ang
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Rate measurements  0wt., = ——
OSM
Diff tial do energy, angular
fferential 57 qv, ang
High-level
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Rate measurements Ttot. s M= ——

OSM
Diff tial da enerqy. anqular
lrrerentia g Micsc gy, g
asymmetries
High-level
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O

Rate measurements Ttot. s M= ——

OSM
Diff tial do enerqgy, anqgular
fferential 7 9y ang

asymmetries
- optimal
High-level observables
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O

Rate measurements Ttot. s M= ——

OSM
Differential do. enerqgy, angular
dMxx
asymmetries
High-level gggg?/;b/es
NN-output
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Determine dependence on
Wilson coetfticients
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Determine dependence on
Wilson coetfticients

OZOSM"‘Z % int Z CJOZ]
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Strategy

Determine dependence on
Wilson coetfticients

OZOSM"‘Z % int Z CJOZ]

Precise Monte Carlo tools
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[CMS.: PRL 122 (2019) 132003]
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vvvvv

Fiducial volume

Not sensitive to
deviations outside
acceptance
(model dependent)

Events / 40 GeV

1.:.; L Stat uxe. iurmlinc. ; ' * i
o.si ' -
% 50 100 180 200

0 .(2) (@GeV]
[CMS.: PRL 122 (2019) 132003]
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S, oM bW

S b Nemomptal Fiducial volume

o [ [We

i 60- t;xullﬁtxma‘ e B N t 't' l_

% | 23jets, 1 btagged (BDT > 0.5) O ,Se,nSl ve O.

o {  dewviations outside
acceptance
(model dependent)

, _ — Extract lIimits
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°81E-'- TR 6 C ayb) TeV 7]

0 50 100 150 _ 200
p (2] (GeV]

[CMS.; PRL 122 (2019) 132003]
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Strategy

{Oi, Oj, cous On} - L (CZ',CJ',

[Aebischer et al.; arXiv:1810.07698]
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—

{0;,04,...,0,} > L (ci,cj, ooy Cpyy O

[Aebischer et al.; arXiv:1810.07698]
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—

{0;,04,...,0,} > L (ci,cj, ooy Cpyy O

[Aebischer et al.; arXiv:1810.07698]
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Degeneracies/blind directions
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Degeneracies/blind directions
New processes/observables
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Degeneracies/blind directions
New processes/observables

Map to UV models

K. Mimasu - 06/02/2020 11 SMEFT in the EW sector



Strategy

Degeneracies/blind directions
New processes/observables
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Degeneracies/blind directions
New processes/observables

Map to UV models

Hints of new physics?
Constrain classes of models

Validity of EFT
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Strategy

Degeneracies/blind directions
New processes/observables

Map to UV models

Hints of new physics?
Constrain classes of models

Validity of EFT

A posteriori: depends on sensitivity
Intrinsically model dependent
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Global approach

Global approach essential
» Large parameter space predicting intrinsically small effects

* Given UV model could generate many operators
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Global approach essential
Large parameter space predicting intrinsically small effects

Given UV model could generate many operators

e.qg. direct ttH measurement breaks y: and ggH degeneracy

20, | LHC current pp-tll | 20 | HL-LHC 3000 (b
| pp—H | ‘
10 10
l [ ' _
| | - -
, | b |
| 0 = 0
/\ :

-10 - 10 pp—+tcH
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SMEFT for EWSB sector
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SMEFT for EWSB sector

Bosonic operators of minimal basis cover
deviations in the gauge/Higgs sector

Including the top — going beyonad
universal flavor assumption

Exploit approximate SM flavor symmetry (broken by Yukawas)

universal  U(3)L X U(3)e X U(3)q x U(3)u X U(3)g
top U(3)L x U(3)e x U(2)a x U(2)u X

(eT0)*(Qt )

(Q “’”W) , W, G

YPH2D - (67D, ) Q1 Q) [(Q"7' Q), (AP 1),..]
(@ Q)@ ), (@Y QY Q) -

Single out independent  ¢*H?:
operators for modified  y2xm -
top/EW interactions
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Several LO implementations available

« dimetop (LHC Top WG) * SMEFTsim (complete Warsaw basis)
htto.//feynrules.irmp.ucl.ac.be/wiki/dimétop htto.//feynrules.irmp.ucl.ac.be/wiki/SMEFT
« SMEFTIr (Warsaw in Re gauge) « HEL (SILH, flavour universal)

https.//few.edu.pl/smeft htto://fevnrules.irmp.ucl.ac.be/wiki/HEL
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Several LO implementations available

dimetop (LHC Top WG) SMEFTsim (complete Warsaw basis)
htto.//feynrules.irmp.ucl.ac.be/wiki/dimétop htto.//feynrules.irmp.ucl.ac.be/wiki/SMEFT
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Several LO implementations available

dimetop (LHC Top WG) SMEFTsim (complete Warsaw basis)
htto.//feynrules.irmp.ucl.ac.be/wiki/dimétop htto.//feynrules.irmp.ucl.ac.be/wiki/SMEFT
SMEFTfr (Warsaw in Re gauge) HEL (SILH, flavour universal)
https.//few.edu.pl/smeft htto.//feynrules.irmp.ucl.ac.be/wiki/HEL

Going beyond: SMEFT@NLO

NLO QCD implementation Full EWSB sector (top/Higgs/EW)
htto.//feynrules.irmp.ucl.ac.be/wiki/SMEF TatNL O
POWH EG_BOX/MCFM http://[powhegbox.mib.infn.it

VH NLO QCD + PS for Higgs/EW operators (SILH)
Drell-Yan & EW Higgs production with more operators
WW with TGC & quark vertex operators

tt with EW top operator loops
SMEFT single top
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SMEFIT analysis of LHC top quark data
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Recent global analysis of LEP + LHC Run | & Il data
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Indirect (loop) effects

Recent progress: top operators in EW loops

* Relatively poorly-known top quark interactions contributing to precisely
measured observables

* Loop suppression overcome by large allowed values for Wilson coefficients

* Lead to complementary constraints & useful input to future fits

/-pole observables Top pair production
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Going forward

So far, global analyses consider top & Higgs/EW in isolation

Many rare top/EW processes are within LHC reach

tyj (2018), tZj (2018), ttZ (2019),

tZW (20207), 4t (20217?), ttWj (20217), tHj (~20307) "
t ;EW

at the heart of EWSB

Timely moment to consider them together
* Make statements about models that address the origin of the weak scale
« Exploit new NLO QCD technology for SMEFT

Thorough programme of sensitivity studies

* Maximise energy growing effects - part Il high energy top quark scattering

 |dentity new processes e.g. ttbb - part lll: ttbb
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Can we do better? Many EW processes considered so far:

Do not grow maximally with energy (E2) 9 (0000} —=— 1
Have suppressed SM interference ~ 02 /A2 g~~~ 7
Are not at the heart of EWSB 9. 0QQQI—+— ¢

This is the heart of EWSB!

%‘Mﬁ b/b %Wﬁ | ‘%
t/t
q——» —

Embed top/EW 2—2 scattering amplitudes

Probe mixed top/EW/Higgs interactions
Unitarity violating behaviour (energy growth) « vE, E2
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Scattering unitarity

WL WL = WL WL Unitarity ‘cancellations’ in the SM

A=| g g |+ +o(mely o Lmw = pO
2
g
~ E4 ~ E4 ~ 2
triple-gauge quartic -\WSB

Diboson (TGC) VBS (TGC, QGC) EW Higgs prod./decay

Deviations from SM interactions — energy growth

» Cancellations are a feature of gauge invariance & EWSEB mechanism

* E-growth: theory has limited validity range — heavy new physics
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lops ana unitarity

Analogous behaviour in scatterings involving fermions
V/h V/h
A ~ E? — EY gauge interactions

A ~ me —> E_l FWSB mechanism
/ J

igh-energy limit with finite mass effects

* Jop quark scattering sector especially rich

Limited validity range

SM Effective Field Theory

Heavy new physics
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Energy growth in SMEFT

Dim-6
./4 ./4 (1 r C;

V2 | vE E?
A2 i CJ A2 + C A2
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Energy growth in SMEFT

Dim-6

E E?
A~ Ay 1_|_sz Y )

A2 +CJF+CI€A2

Rate measurements will become systematics dominated
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Energy growth in SMEFT

Dim-6

E E?
A~ Asy, 1_|_sz Y )

A2 V) A2 +c A2

Rate measurements will become systematics dominated
Increasingly high-energy measurements scale with lumi.
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Energy growth in SMEFT
Dim-6
v? vE E’\\ ‘Energy helps accuracy’
A~ Asi ‘ A2 A2 TOhe A2 [Farina et al.; PLB 772 (2017) 210-215]

Rate measurements will become systematics dominated
Increasingly high-energy measurements scale with lumi.

K. Mimasu - 06/02/2020 26 SMEFT in the EW sector



Energy growth in SMEFT

Dim-6

v? vE E*\ ‘Enerqgy helps accuracy’
A~ Ay, 1—|—cZA CJA2—|— A2 gy neip 1%
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Energy growth in SMEFT

Dim-6

v? vE E?\ ‘Energyv helps accurac
A~ Ay, 1—|—CZA CJA2 +c A2 gy neip %

Rate measurements will become systematics dominated

Increasingly high-energy measurements scale with lumi.

However, inserting an SMEFT operator into an amplitude
does not guarantee energy growth...

Operator contribution to a given process:
(2) May not grow maximally with energy (E2) (b) Have suppressed interference w/ SM

There will always be some scattering amplitude that
displays maximal (E2) growth w.r.t the SM



Dim-6 -
v v B2\ - ’
A~ Ao (£ i s 4 o n Ckp) Energy helps accuracy

Rate measurements will become systematics dominated
Increasingly measurements scale with lumi.

However, inserting an SMEFT operator into an amplitude
does not guarantee energy growth...

Operator contribution to a given process:
May not grow maximally with energy (E?) Have suppressed interference w/ SM

There will always be scattering amplitude that
displays maximal (E2) growth w.r.t the SM

Phenomenologists job: find and exploit them



[Mantani, Maltoni & KM: JHEP 10 (2019) 004]
[Dror et al.; JHEP 01 (2016) 071]

Our study
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Our study

B B’ Single-top Two-top (tt)

w/o Higgs |bW — t(Z/v) [tW —tW
t(Z)v) = t(Z/7)

w/ Higgs |bW — th t(Z/vy) —th
/! th—th

f

Considered 10, 2 — 2 scattering amplitudes with > one top

* High energy limit: s ~ | t | » v2 Unitarity: max energy dependence = E°

« Study unitarity cancellations/energy growth in SMEFT vs. anomalous couplings
* Do they interfere in an energy-growing way with the SM?

* How can we access them through collider processes?



b B’ Single-top Two-top (tt)

w/o Higgs | bW — t(Z/7y) [tW —tW
t(Z/y) = t(Z/7)

w/ Higgs |bW — th t(Z/y) —th
f! th —th

f

Considered 10, 2 — 2 scattering amplitudes with > one top

High energy limit: s ~ | t | » v2 Unitarity: max energy dependence = E°
Study unitarity cancellations/energy growth in SMEFT vs. anomalous couplings
Do they interfere in an energy-growing way with the SM?

How can we access them through ?

Interesting processes: ‘rare’ EW top production
tZ], tWi, tHj, tZW, tHW, ttW|, VBF-tt, ttXY...
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Q. z(g’é D, (p) (f’;." b) + h.c

Relevant dim-6 operators for EW-top scattering

« Warsaw basis with U(2)a x U(2), x U(3)s x U(3). x U(3)e flavor symmetry
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Relevant dim-6 operators for EW-top scattering

« Warsaw basis with U(2)a x U(2), x U(3)s x U(3). x U(3)e flavor symmetry

* Bosonic + top specific operators
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SMEFT for EWSB

lmore constrainedl lless constrainedl
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Relevant dim-6 operators for EW-top scattering

« Warsaw basis with U(2)a x U(2), x U(3)s x U(3). x U(3)e flavor symmetry

* Bosonic + top specific operators
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Example: bW+— tH

W h W+ h W+ t
1\ , -
y -
y
/
- W b
b t b t b h

In the SM, fully left handed, longitudinal W configuration ~ EO
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Example: bW+— tH

W h W+ h W+ t

b t b t

In the SM, fully left handed, longitudinal W configuration ~ EO
Anomalous interactions:

* tbW vertex: present in all diagrams — overall rescaling ~ EO
« bbH vertex: « mb = 0

« HWW & ttH Iinteractions: participate in a unitarity cancellation ~ v E

A(bln WL7 tR) X \/jt(zm?/vgth — Pw4mt)

* Fixing couplings to SM values sends it to E-




pW+— tH In SMEFT
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pW+— tH In SMEFT

SMEFT: many more sources of energy growth
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pW+— tH In SMEFT

Helicity configurations
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pW+— tH In SMEFT

Helicity configurations
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pW+— tH In SMEFT

Helicity configurations
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pW+— tH In SMEFT

Schematic SM E-dependence down to E-2
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pW+— tH In SMEFT

Operators with some degree of growth
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pW+— tH In SMEFT

Max growth
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pW+— tH In SMEFT

Interfering E-growth: SU(2) current operator
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pW+— tH In SMEFT

Non-interfering / no E growth in interference
/\ba AW& At SM Ottp ngtb Och OtW Ogg
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Non-interfering / no E growth in interference
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pW+— tH In SMEFT

Non-interfering / no E growth in interference
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pW+— tH In SMEFT

Sub-leading growth « EW scale (mi, mw, V)
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pW+— tH In SMEFT

Sub-leading growth « EW scale (mi, mw, V)
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pW+— tH In SMEFT

No E-growing interterence
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pW+— tH In SMEFT
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One source of energy growth from modified SM interactions

* Yukawa operator: disconnects kinematical mass from coupling to Higgs
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pW+— tH In SMEFT

One source of energy growth from modified SM interactions

* Yukawa operator: disconnects kinematical mass from coupling to Higgs

N /
y

. h
) /N ’UE/A2 hG_l_ EL bR
t

N\

t G+

O = (¢T)*(Qt@) ~v*/Ap === h
t b
 ‘Unitarity cancellation” OR dim-5 contact-interaction w/ charged Goldstone

Max growth from dim-6 contact-terms
b

O, = i($ D) (4" 1) + hc.

Gt~ , h
— _ N /
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One source of energy growth from modified SM interactions

Yukawa operator: disconnects kinematical mass from coupling to Higgs

+\
N\
N\

, h
0., = (¢10)*(Qt@) ~/Ap---= 1 =y //\\/N\UE/AQ hG™ i, br
t b t

‘Unitarity cancellation’ OR dim-5 w/ charged Goldstone

Max growth from dim-6 contaot—terms

0(3) :Z(SOTD T SO)(Q/Y TIQ ~ 2 /A2 » NE2/A2 ha G"" tfylu’b
Opu = i(P Dpp)(t7* b) + hoc. /\

No anomalous coupling analogues (recall Wtb vertex only rescales)

Prediction from gauge invariant dim-6 operators
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Summary: max growths
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Summary: max growths

gauge/higgs operators < > top operators
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Summary: max growths

gauge/higgs operators <«

> [op operators

Energy-growing

interference
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Summary: max growths

Energy-growing

gauge/higgs operators < > [Op operators nterference
Oun | Opo O Ouw | Oviws |Ow | O | O | O | O [ OF | O, | O
bW —tZ| E | — ~ - rF |E*| - |E*|E*| E |L* | E| E*| .
; T single-top
bW =ty | — - - - E |E| - | B2 | E — - | -1 -
MWW s th| — | — | — F - - |\ B| - |E*| - |E* | - | E?
Qoo | Oue | Ovs | Ouw | Ocws | Ow | Ow | Ows | Ouw (')5 1.;}, O«(. :f;}; o
W »IW | E > F I L B DR I DR B O B O B DL
L4 =14 | E F F F I — | E | K2 E?T | K E | K two-top
1 Zstv | — | - | E | E| E | | - |E|E| -] - |- w/o Higgs
ty =ty | — - | E E E - | - | E | E - - | -
Oup | Opn | Qo | O | Quwvis | Ow | Qup | Ovis | Ouns | O | O24 | O | O
17 slh| M I [ F, F| KPR | R R? R two-top
iy—=ih| — | = | K| K| kK | = | = | |r]| ||| WwWHQggs
ith—ih| FE E - — - - E - . — - — -

Most top operators show max growth somewhere

* Interfering growth rare, only in longitudinal configurations (c.f. helicity selection)
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Collider processes: rare top production
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Embedding the amplitudes

Collection of ‘sensitivity’ studies, general discussion
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Embedding the amplitudes

Collection of ‘sensitivity’ studies, general discussion
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tZ|fWZ: bW+— t/

W+ Z Wt Z Wt ¢
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/0N

h t ] t h 7
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th/tWZ: pbW+— t/

Z Wt

A(bln Wo,tr, ZO) X \/ (3 + t) (gbZL - thL T ng)
A(br, Wo, tr, Zo) o< V=t (2mi, (97, — 97, + Gwz) — gwzm3).
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th/tWZ: pbW+— t/

A(bL,Wo,tL,ZQ) OC 8 -|—t . —E+ Iw z|
A(br, Wo,tr, Zy) o< v t(Qm (92, — 97 + Gwz) — Gwzm3) .
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th/tWZ: pbW+— t/

A(br, Wo,tr, Zo) o< v/s(s + 1) . H+ Gw z|

A(br, Wo,tr, Zo) 2mvv. H m mm
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tZ|fWZ: bW+— t/

Ao, Aws Aes Az Opi oL
_707 _70 —
—,0,+,0 V—tms  /—tmy
_|_707 _70 T
+707+70 —
many — — . —.0 —
more b
R _7+7O SO
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Top/EW Interactions

Top quark interactions are relatively poorly known

« Simplest processes: ttZ, ttH, tty have been measured
* Dominantly QCD-induced: modified interactions do not lead to E-growth

« EW contribution involves off-shell intermediate states: suppress E-growth

9 0000 —=—¢
NX—Z.’\/\M/Z
9.QQQQ—=—t




Top quark interactions are relatively
Simplest processes: ttZ, ttH, tty have been measured
Dominantly QCD-induced: modified interactions do not lead to E-growth

EW contribution involves off-shell intermediate states:
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Motivates alternative channel: single top + Z(W)
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Top quark interactions are relatively
Simplest processes: ttZ, ttH, tty have been measured
Dominantly QCD-induced: modified interactions do not lead to E-growth

EW contribution involves off-shell intermediate states:

9 O000—=-—1
NX—QQ.'WWZ
9QQQQ——!

Motivates alternative channel: single top + Z(W)

LHC has recently measured tZ] > 5¢

Previous study showed promising sensitivity to E-growing effects from
modified ttZ/bbZ/WW/Z interactions (same for tHj)



tZ] total & high energy xs

Jocp = - v log(ri) : wlegl(ri ;) o 100(re)

Oew = 621.3 fb o' -»tZ ) tot

Lf:- 794.8 ab o PP J i B loglr.:le)
¥ max iim

-
....
Tt e e
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tZ] total & high energy xs

Yoco =~ 1) log(r;) ] (1)’og(rl',i) o 10G(ri)

Oew = 621.3 fo o -tz O o

Lf,:'- 794.8 ab‘ - PP J 70  logtiie)
* max

o
-
»”

-

-
-

-
il TN

bl TR

Ci=1
Inclusive
pT(Z)> 500 GeV
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tZ] total & high energy xs

interference/SM square/SM
Goco = - log(ry) ( ’og(ri,i) " Fiot
i B pp=tz] o ! it

S —————
—
-~

-
-
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Inclusive
o7 (Z)> 500 GeV
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tZ] total & high energy xs

interference/SM square/SM
Goco = - log(ry) ( ’og(ri,i) " Fiot
i B pp=tz] o ! it

S —————
-
-~

-
-

Owv ' Oy

Inclusive
o7 (Z)> 500 GeV
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Expected growth from 2—2 absent!




tZW total & high energy xs

pp—=>tZW d£’og(r i i) e log(reo)

— + log(rur)
Y = max lim
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tZW total & high energy xs

interference/SM square/SM
Oocn = - ]_I ( ) ]_, ( ,l') e Jog(reo
e o pp—>tZW oy 0 o

N 4
v — |

Inclusive
ot (W,Z)> 500 GeV
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tZW total & high energy xs

interference/SM square/SM
T R PPLZW e

N 4
v — |

Inclusive
ot (W,Z)> 500 GeV
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tZW total & high energy xs

interference/SM square/SM
Ogcn = - Iog(r) ,Og(r,l') e Jog(reo
e i R ppotzW o L o

N 4
v — |

Expected growth is there! Inclusive
ot (W,Z)> 500 GeV
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tZW total & high energy xs

interference/SM square/SM
Ogcn = - Iog(r) ,Og(r,l') e Jog(reo
| w0 pp2tcW o ¢ b

Expected growth is there! Inclusive
o7 (W,Z)> 500 GeV
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tZW total & high energy xs

interference/SM square/SM
Oagcn = - Iog(ri) ,Og(rl,l') e Jog(reoe
[z;w:;;z-z.;'*] e ppotzW % _ : :oz(,.l,,,:
"u\\ o.t * max iim

bW-tZ] N B
P Very intere
Expected growth is there! that should be Inclusive
measured at the LHC p1 (W,2)> 500 GeV
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Yukawa operator

CLIC VBF s (GeV)

vBF '

LHC 13 TeV
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tth

v
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Embedding the amplitudes

‘Future collider’ amplitudes & processes

tWi | tZj tvi | tWZ | tW~ | thj | thW
bW —tZ2 v v v
bW — t~ v v v
bW — th v v
tHW ()| ttWW | ttZ(5) | tiy(j) | ttyy | ttvZ | tHZZ | VBF
(W — t W v v | v
t/l >tz e | v v
t7 — te v/ v v v
ty =ty A 4 v
tth(j) ttZh ttyh tthh
tZ —th v v
ty —th v v
th —=>th v




Embedding the amplitudes

‘Future collider’ amplitudes & processes

tWi | tZj | tyj | tWZ | tWxy
bW —tZ v v v
bW =ty | v v
bW — th v v
tW (5) | tEW W ttv~ | ttvZ | ttZ7Z | VBF
(LW —=tW v v
v v
v v
ty —ty v v

tth(j)

ttZh
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ttZh: LHC vs FCC-hh
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ttZh: LHC vs FCC-hh

013 = 12 fb t ) e log(riot)

¢ log(rue)
* max lim

1
|

i

]

tZ-th
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ttZh: LHC vs FCC-hh High energy: pr(Z,h) > 500 GeV

log(r;) 7 log(ri, )
_ (1) ! (1) 1 e log(riot)
013 = . Og0 p ad ch o * log(rye)

* max lim
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o7 (Z,h) > 500 GeV

High energy

LHC vs FCC-hh
ci3=1.21b

ttZn

e log(riot)
¢ log(rue)

* max lim

Interference
phase space

cancellations

SMEFT in the EW sector
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ttZh: LHC vs FCC-hh High energy: pr(Z,h) > 500 GeV

| . - | . o
o3 = 1.21b oy " pp-tizh oy 20" o)

¢ log(rue)
* max lim

O
Interference: Quadratic:
phase space Ogto % energy growth
cancellations & O(1-10)
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ttZh: LHC vs FCC-hh

ci3= 1.2 1b

Interference:

High energy: pr(Z,h) > 500 GeV

phase space
cancellations

tZ-th

it S

*
;
!

!

tZ-th
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Quadratic:

O energy growth
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t/h: LHC vs FCC-hh igh energy: pr(Z,h) > 500 GeV

log(r; I log(r; i .
o1a=1. oy " p-tiZh oy 9" oot

¢ log(rue)
* max lim
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energy growth

& O(1) effects
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pT(Z,h) > 500 GeV

High energy

L HC vs FCC-hh
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HIgh-energy EW tops
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HIgh-energy =W tops

Sometimes, need to go beyond 4-point scattering
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HIgh-energy =W tops

Sometimes, need to go beyond 4-point scattering
* Yukawa & Triple Higgs operators (3 & 6 Higgs fields)

t

(PT0)*(Qte)  ~v /A === h

t
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Sometimes, need to go beyond 4-point scattering
* Yukawa & Triple Higgs operators (3 & 6 Higgs fields)
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HIgh-energy =W tops

Sometimes, need to go beyond 4-point scattering
* Yukawa & Triple Higgs operators (3 & 6 Higgs fields)

th —th
tWL—>tWL
o2 /A2 — — — ~ vE/A\?
(eTe)?(Qt @) ve/A h » ”/ t 7, = tZr
bWL—>th



HIgh-energy =W tops

Sometimes, need to go beyond 4-point scattering
* Yukawa & Triple Higgs operators (3 & 6 Higgs fields)

(PTe)?(Qtp)  ~vP/A*p-=== h » ~ F2 /A2



Sometimes, need to go beyond 4-point scattering
Yukawa & Triple Higgs operators (3 & 6 Higgs fields)

t t
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Sometimes, need to go beyond 4-point scattering
Yukawa & Triple Higgs operators (3 & 6 Higgs fields)
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Essential prediction of SMEFT . e
Higgs & Goldstones in the same multiplet . v2 \v+h+iG°

Moditied EW top interactions predict energy growth in
higher multiplicity processes involving
gauge bosons, Higgs & top guarks



Part ||
Pinpointing four fermion
operators In ttbb

W UCLouvain (7 be\J\




Four fermions

Pandora’s box of EFT

* Many flavor indices (mostly flavor violating)

In the top/EW SMEFT:

« U(3)° x U(2)2 flavor assumption ~ 30 operators

3rd gen. only
3rd gen. + universal light gen.

universal light gen.
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« U(3)° x U(2)2 flavor assumption ~ 30 operators

Quark operator decomposition:
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3rd gen. + universal light gen.

universal light gen.
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Pandora’s box of EFT 74 AT —_—
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« U(3)° x U(2)2 flavor assumption ~ 30 operators
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* Four heavy (QQQQ) 3rd gen. only
3rd gen. + universal light gen.
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Four fermions

Pandora’s box of EFT 74 AT —_—

* Many flavor indices (mostly flavor violating)

In the top/EW SMEFT:

« U(3)° x U(2)2 flavor assumption ~ 30 operators

Quark operator decomposition:

* Four heavy (QQQQ) 3rd gen. only
» Two-heavy two-light (QQqgq) 3@ gen. + universal light gen.
universal light gen.



Four fermions

i ‘X fi
Pandora’s box Of EFT 74514 St G, )
T RS ‘ ' v :

* Many flavor indices (mostly flavor violating)

In the top/EW SMEFT:

« U(3)° x U(2)2 flavor assumption ~ 30 operators

Quark operator decomposition:

* Four heavy (QQQQ) 3rd gen. only
» Two-heavy two-light (QQqgq) 3@ gen. + universal light gen.

 Four-light (0goq) universal light gen.



Four fermions

Pandora’s box of EFT 74 s 1
1 t R \Q s

* Many flavor indices (mostly flavor violating)

In the top/EW SMEFT:

« U(3)° x U(2)2 flavor assumption ~ 30 operators

Quark operator decomposition:

* Four heavy (QQQQ) 3rd gen. only
» Two-heavy two-light (QQqgq) 3@ gen. + universal light gen.
 Four-light (0goq) universal light gen.

Can contribute to virtually any top-quark process



Four fermions

Pandora’s box of EFT 74 s gt
ij =8 -

* Many flavor indices (mostly flavor violating)

In the top/EW SMEFT:

« U(3)% x U(2)? flavor assumption ~ 30 operators

Quark operator decomposition:

* Four heavy (QQQQ) 3rd gen. only
» Two-heavy two-light (QQqgq) 3@ gen. + universal light gen.
+ Four-light (0go0q) universal light gen.

Can contribute to virtually any top-quark process

tt, tt+W/Z/H/y, single-top(+X), 4top, ttbb, ttj]



Generated by heavy new

pohysics coupled to 3rd gen.

Top mass generation

/' |Composite dynamics

Contain tttt, ttbb & bbbb
INnteractions

Color single/triplet
Scalar/vector currents

/R chiral currents

Partly constrained by four
top production at the LHC

Ogo = (@ 7 Q) (Q 1" Q).
Ogo = (@1 T% Q) (R T* Q)
Oy = (1 Ve ©) (€Y t)
O%b—(t%L )(b”yu b)7
0%, = (t v, T* t) (bv, T ),
Oge = (@1 @) (L™ 1),

(@ Yu T Q) (t " T t),
Ogp = (@ 7 Q) (b2 1),

(Q v T Q) (by" T b).
Oty = (Q 1) e (Q D),
O%th = (Q T4 t)e (Q T4 b)

e contributes to four top



Four top production

Very rare process at the LHC ~ 9 tb
- LHC is at the edge of discovery (2.6 o)

Not yet a precision measurement

« Sensitive to four-heavy & two-heavy operators

* High mass threshold ~ 700 GeV

Operator Expected C; / A? (TeV~2) Observed (TeV?)

Ol —2.0, 1.9] (—2.2,2.1]

1 -_ E -_ -
Oho (—2.0, 1.9] (—2.2,2.0]
Oy (—3.4, 3.3] (—3.7, 3.5]
Ogt (—7.4,6.3] (—8.0, 6.8]

4 out of 14 relevant
degrees of freedom



Less rare process at the LHC ~ 3 pb
Measured at the LHC with ~ 30% accuracy
Major background for ttH —bb
Challenging process for MC predictions in SM

Turn it around into a new physics signature

Affected by 13 out of 14 operators

Some of which have never been constrained before

Exploratory study of 4 heavy quark operators in ttbb

New limits & future projections from EFT-optimised, differential analyses

New & complementary information w.r.t 4 top measurement



ttob in SMEFT

Opcrator LLbb LLLt
Obg = 5 (@ Q) (@ Q). / { /
Obg =5 (@ T4 Q) (@9 T4 Q), / v
Oy = (t Yu t) (b v b) v
0% = (¢ v, T* 1) (b, T4 b) v/

Obs = (@7 Q) (07" 1),
Ofn=(QmT*Q) (by" T b),
Oqun = (Q )= (QB),

Obior = (R T4 t) e (Q T b).

NN NN NS

}

degeneracy in four-top

(1) _ 1

Virtues of ttbb

- New sensitivity to 4Q
operators

- Breaks degeneracy
from four-top

- Sufficiently large
Cross section to exploit
differential observables




Fiduclal cross section
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Flduclal cross section

[CMS: PLB 776 (2018) 355-378]

Phase space Tiiub [pb] 0 [pb] UL
; - Measurement | 0.088 =0.012 £ 0.029 3.7 0.1 +0.7 0.024 £+ 0.003 £ 0.007
737 1
“lducial (acceptance)  visible | o) (POWHEG) 0.070 = 0.009 5.1+ 0.5 0.014 + 0.001
Measurement 40+06+13 184 £ 6 £33 0.022 + 0.003 &+ 0.006
Jnfolded to full PS Full 1 oM (PownEG) 3.2 =04 257 + 26 0.012 + 0.001

(assuming SM)
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Flduclal cross section

[CMS: PLB 776 (2018) 355-378]

Phase space Cigop [PP] 0 [pb] UL
- - .. Measurement | 0.088 =0.012 4+ 0.029 3.7 £0.1£0.7 0.024 = 0.003 £ 0.007
“lducial (acceptance)  visible | o) (POWHEG) 0.070 = 0.009 5.1+ 0.5 0.014 + 0.001
Measurement 40+£061+13 184 £ 6433 0.022 £ 0.003 £ 0.006
Jniolded to full PS Full | oM (PowHEG) 3.2 = 0.4 257 + 26 0.012 =+ 0.001
(assuming SM)
L O simulation with MG5 aMC@NL O https://feynrules.irmp.ucl.ac.be/wiki/dim6top

[Aguilar-Saavedra et. al; CERN-LPCC-2018-01]
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Flduclal cross section

[CMS: PLB 776 (2018) 355-378]

Phase space Canp PP 05 [pbl Tavb/ Tt
- - Measurement | 0.088 =0.0124+0.029 3.7 =01 £0.7 0.024 = 0.003 £ 0.007
Zisible
“lducial (acceptance)  visible | o\, (POWHEG) 0.070 = 0.009 5.1+ 0.5 0.014 + 0.001
Measurement 40+£061+13 184 6433 0.022 £ 0.003 &£ 0.006
Jnfolded to full PS Full SM (POWHEG) 3.2=04 257 £ 26 0.012 £ 0.001

(assuming SM)

LO simulation with MG5_aMC@NLO:

Ofit = OSM (1 + p1 - Ci + P2 - 022)

Singlets: no interference with SM

Octets: interference with SM, quadratic
piece suppressed by colour factors

K. Mimasu - 06/02/2020
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https://feynrules.irmp.ucl.ac.be/wiki/dim6top
[Aqguilar-Saavedra et. al;, CERN-LPCC-2018-01]
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Flduclal cross section

Case study: one operator at a time
Ocms = 88 +12(stat.) £29(syst.) tb [LHC13, 2.3 fb-1]

o [pb] =0.078 (1 + 0.0011 C + 0.0049 C?)
= N sample points I * Limits from current

fitted cross section

CMS result 95% CL (2.3 fb™) measurement
mmmem CMS prospect 95% CL (300 fb™)

0.35
0.3

0.25

» 300 fb-1 projections
assuming 10%
systematic uncertainty

o
\S)

0.15

o
—

cross section [pb]

|
O
o
al

T T T TR




Tall of ttbb

Case study: one operator at a time
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Tall of ttbb

Case study: one operator at a time

High energy kinematic variable: Map
* |Invariant mass of 4 b-jets

* Improves sensitivity to 4F operators

* From events below 1.5 TeV

* Set upper threshold Mcyt = 2 TeV

— SM only

SM + EFT
~ CL, =10TeVv?

SM + EFT
T Cl, =20Tev?

L

05 1 45 2 325
M,, [TeV]



Tall of ttbb

Case study: one operator at a time

High energy kinematic variable: Map
* |Invariant mass of 4 b-jets

* Improves sensitivity to 4F operators

* From events below 1.5 TeV

* Set upper threshold Mcyt = 2 TeV

— SM only

SM + EFT
~ CL, =10TeVv?

SM + EFT
TG, =20TeV?

05 1 15 2 25
M,, [TeV]

Reconstructed-level selection
2 leptons, pT>20 GeV, |n|<2.5
> 4 jets, pT>30 GeV, [n|<2.5

2 b-tags

Min AR(l, jet) assigned to tops
MET > 30 GeV




High energy kinematic variable: Map

Invariant mass of 4 b-jets
Improves sensitivity to 4F operators
From events below 1.5 eV

Set upper threshold Mcut = 2 TeV

U

— SM only

SM + EFT
o Céb =10 TeV*?

SM + EFT
TG, =20TeV?

Cy, [TeV?]

cross section [fb]

107"

1072

Case study: one operator at a time

Reconstructed-level selection
2 leptons, pT>20 GeV, |n|<2.5
> 4 jets, pT>30 GeV, [n|<2.5

2 b-tags

Min AR(l, jet) assigned to tops
MET > 30 GeV

LHC@13 TeV, 300 fb-1

559 95% CL limit @ 300 fb™’

a?%%%%*@VV“VVOvvvvv@@@@@@"c*%
R0 00 020 020 20 020 20 202020 %0 2020202020 2202026202202
0000000200020 20 202020 2020 202020202020 26%0 2020222
ZERERRERRIERRIRLIERLERLIRLIRLIRLRIELRLKS
RERERRRRERERERELRILRRLRELRRLLRLRLLRLILRLRKS
G IRIERRRLILILILRR
KRR G RRRRRRLIRLIRLIKIKRS

SRR
IRRRRK

SM cross section after
M, > 'V'ZE'

200 400 600

800 1000 1200 1400 1600

MES [GeV]



|_earning eftective operators

Case study: one operator at a time
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|_earning eftective operators

Case study: one operator at a time

18 kinematical observables

ot, M, ARjj;, ... * NN classifier

— EFT — SM

. rosrerulf il | PRRTEN [TV ST TN T ST TSR T ST UNY VT AT U AU SRR N U A T R
0O 01 02 03 04 05 06 07 08 09 1
discriminator P(tL) + P(tR)
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|_earning eftective operators

Case study: one operator at a time

18 kinematical observables

ot, M, ARjj;, ... * NN classifier

— EFT — SM

rosrerulf il | RTINSV T VT W S VRN W N UNT AT TN U NNUUNY NN WU NN AN N A
0O 01 02 03 04 05 06 07 08 09 1
discriminator P(tI )+ P(tR)

Cut or Template fit on discriminant
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|_earning effective operators

Case study: one operator at a time

18 kinematical observables

ot, M, ARjj;, ... * NN classifier

— EFT — SM

rosrerwlf il RTINSV T VT W S VRN W N UNT AT TN U NNUUNY NN WU NN AN N A
0O 01 02 03 04 05 06 07 08 09 1
discriminator P(t| )+ P(tn)

Cut or Template fit on discriminant

K. Mimasu - 06/02/2020 53
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Limit summary

Template Fit
Neural Network
— M, selection
——— CMS @ 300 fb™

—_—

:l I llilll ill

lllllil Lt i1l llillllil
15 -10 5 0 5 10 15
95% CL limits [TeV?]
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Comparing to 4 top

Case study: one operator at a time

300 fb-1 projections from 4-top

Qur study

Operator 4-top d-top 4-top this work
(Mt = 2TeV)  (Mew =3TeV) | (Mot = 4TeV) | (Mewt = 2 TeV)

Cao [—3.9,3.5 —2.9,2.6) —2.8,2.5 —2.1,2.3]

Coo [—11.8,10.5] —8.8,7.8] —8.4,7.4 —4.5,3.1]

Co [—3.2,3.3 —2.4,2.4] —2.2,2.3] —2.1,2.3

Cor [—7.4,5.8] —5.4,4.3] —5.1,4.1 —3.9,3.8

Competitive/better individual limits from ttbb!




Pinpointing operators

[S. Moortgat; IRN Terascale meeting 09/2018 |
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Pinpointing operators

More than one operator on at once

[S. Moortgat; IRN Terascale meeting 09/2018 |
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Pinpointing operators

More than one operator on at once

* Multi-class output architecture for the neural network

[S. Moortgat; IRN Terascale meeting 09/2018 ]
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Pinpointing operators

More than one operator on at once

* Multi-class output architecture for the neural network

18 kinematic input 50 nodes (10% dropout) 3 output classes
observables
\
AR Miny Pr P(SM) )
AR("][)) 7.’1,’,,._.[371,(2) PT([I) \
AR(by.by) M. [0y .02) pr(f;)
AR(bl.'tg) 71!,’,':,(1)'_ ,[2) })’r(bl) P(tl_)
AR(hgf]) 7?1,'"._.[1)2 :Il) 1)1(')2) =
AR addy adds) | my,, (addy adds) pr(add;) ")
1ins (0 o.add, addy) pr(add,) P(t )
M (01 €20y by addy aidds) R
3
> b=
i=1

[S. Moortgat; IRN Terascale meeting 09/2018 ]
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Pinpointing operators

More than one operator on at once
* Multi-class output architecture for the neural network

* Trained to identity SM vs |lefi-handed vs right-handed top operators

18 kinematic input 50 nodes (10% dropout) 3 output classes
observables
.
AR Miny Pr P(SM) )
AR(l () Miny(l1,€2) pr(ty) \
AR(by.by) M. [0y .02) pr(f;)
AR(bl .4[2) 7”,'".',“)'_ ,(2) I)'r(bl) P(tl_)
AR(bg,f}) T?Ii,.t.(i)g,tl) 1)1(')2) /
AR addy adds) | my,, (addy adds) pr(add;) ")
1ins (0 o.add, addy) pr(add,) P(t )
M (01 €20y by addy aidds) R
3
>0 -
i=1

[S. Moortgat; IRN Terascale meeting 09/2018 ]
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Pinpointing operators
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Pinpointing operators

Combined discriminants

P(SM), P(tr) & P(tL)

Desired Combined NN QOutput
Discrimination used for limits

S 3

by i)
= SMvs 1, Plts ) +P(5M)
S g

% 8

T = P(tr)
ZgE | SMvie PEn)+P(5M)
)

< A

£ £ | EFTvsSM Pty) + Flix)
< 5

% S

-'cg L

S E P(ly)
g3 b Vs tr P(iL)+P(iz)
K. Mimasu - 06/02/2020
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Pinpointing operators

Combined discriminants
P(SM), P(tr) & P(tL)

Desired Combined NN Output
Discrimination used for limits

S 5
» * PltL)
28 SMvst,, P+ P(5M)
© 9
e 5
< B * P(tz)

=
ZgE | SMvie Ptn)+ P(5M)
=S
< B
= £ | EFTvssM P(t) + Plix)
2 ©
» & *
’g &
S < P(lb)
£ 3 bLvsig P(tL)+P(iR)

*One operator at a time
‘Left & Right handed at once
K. Mimasu - 06/02/2020
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Pinpointing operators

Combined discriminants
P(SM), P(tr) & P(tL)

)
L) + P(tR)

Desired Combined NN Output
Discrimination used for limits
2 3 * Plty)

L,
= SMvs 1, Pl +P(5M)
S g
e O
< S * P(tr)

=
=g SM vs tr Plen + P(5M)
=)
o B

o
g 8 EFT vs SM Pty) + Pliy)
< 8
= © *
gg
< 8 P(l)
Z 3 b vsin P(tL)+P(iR)

*One operator at a time
‘Left & Right handed at once

discriminator Pt

2D discriminant
SM vs. EFT ® t| vs. tg

i lllllllllllll]lllllllllllll ll L | lllllllll-
1_ —
- .SM.SM+EFT SM+EFT -

i left-handed top right-handed top -
0.8 —
0.6 e e e e . ceEmEE
- - m E E E EEEEEEEEEEENENS

- EEEEEEEEEEEEEEEEE. -

u T L T T T TR R R R R RNt
0.4 -Il-----lIIIII.--I!
' = | TTIRRERERE IR IR
B Y1 T T TIRRERERNEBREREIT I

B N EEEEEEEEEenEEEEEY

s s B EEEEEEEEEEEEEEE
02 = » aEEEEEeEEDEEDEEEEED
B « « " m m E s s DD EEEEHEH3

. . 4 s m aom " = v m o @B oo @B
o_ 11 llllllllllllllllllllllllllll 'l lil:lll?l?l,—
0O 01 02 03 04 05 06 0.7 08 09 1
discriminator P(tL) + P(tR)



Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-
-y - SM+EFT SM4+EFT - 1 oy =
el Bl s [ icithanded op I right-handed top - SMvs EFT + (G, Cp) =(0.0)
<08 .
o ]
S / R 4=
T 06 FITE ;
E :::-: 3=
= L E
T n
-g 0.4 . EEE= 2__
© |Smm = ;
{mmm & -
) / - I
/‘ Tom o
| A WS 2L & F 0:
% 0.1 02 03 04 05 06 07 08 09 1 —
vy 1l

discriminator P(tL) - P(tR)

A) SM observation: ‘2§
(Cap, Ci) = (0.,0.)

R R RN )
1D cut on SM vs EFT discriminant CL, [Tev?
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Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

,_dg 1_; """""""" SM+E|__T """"""" SM+EI__F ) — —— SMvs EFT + (C,..C,) =(00)
= :‘_. Bl sv [ o handed top M right-handed top SR
E-r 0.8 ] _
‘g 0.6 _.;.'Sm 4r
g 7 —— 3_"
% 0.4| of
0.2 // B < c: 1
' % Lok
% 0.1 0.2 03 04 05 06 0.7 0.8 09 1 —
discriminator P(t ) + P(t ) =5 -1
A) SM observation: i
-3
(Cab, Cw) =(0.,0.) i
—44l Illlllllllllllllllllll llIIll Ill
4 3 -2 -10 1 2 3 4
2D cut for t.-rich signal region CL, [Tev?
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Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

;L;u: 1| H . —— SMvs EFT + (C;b.C:b) = (0,0)
=l [ v e SM+EFT -
o |- - left-handed top right-handed top -
= 0.8 , — SR 1 —— SR 2
& -
S SR 1 4=
5 os :
g 1T T 3:_
B 04 b o
© 1 o
mEE = SR 2 e
o2 ===§ -
- [ N
Lt — 0
% 01 02 03 04 05 06 07 08 09 1 =
discriminator P(t ) + P(t ) vy -l
A - 2
A) SM observation: ;
-3:
(Cab, Civ) =(0.,0.) .
:lllll ‘|l| llll lllll\llllll

-4 -3 —é —1l o 1 2 :IBtll
2D cut for tg-rich signal region Cl, [Tev?
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Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

S — SMVsEFT + (C] Cl)=(0.0)
~ |0 — —
— SM+EFT SM+EFT _ ama .
a Ti i ISM.Ieftjnanded top righ:handed top - SR 1 combined SR1 &SR 2
g 0'8 i — SR2
S / . ..SR1
— .- -
E e s —
= mEEE =
g o4 +H
© HEE =
EHEE=
0.2 / BEB= SR 2
so@o
LI -
| % nan

% 01 02 03 04 05 06 0.7 08 09 1
discriminator P(tL) + P(tR)

A) SM observation:
(Capb, Cw) = (0.,0.)

Combining t. & tr signal regions C!
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Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

AN RARAE LRRE AR LR L ARAN RARRE LN RN ML i — SMvs EFT + «¥WCD=4Qm

=
-~ 1=
H_:ﬂ SM+EFT SM+EFT —_— QR1 e i
ol P & Bl sv [ ieft-handed top M right-handed top - SR 1 combined SR 1 & SR 2
) N -
= 08] i —— SR2 — template fit
B i e
m — * " " Eo"omomomEEEEN
c 0'6_ ------------- IIII--=:-
E - -m OO W e
= B =W T T RAE R R R R RN R R R
8 04 - l.-.lIIIIII-IIL
£ b - roTENEESSEIIIIZISSRiD
= i comEEEEEEEEEE T EEEEY
- s pEEEENEEEEERENEDEEE S
0.2 s s s s EEEEEEEEEEE00EES
i T rITIIIIIIoTIEE

-a
e

I IS A IS IV S AT RREI S A SR | | vl g ®
0.1 02 03 04 05 06 07 08 09
discriminator P(tL) + P(tR)

A) SM observation:
(Capb, Cip) = (0.,0.)

'—ll Illlllllllllllllllllll llllll l'l

<4 3 -2 -1 0 1 2 3 4
Template fit to 2D discriminant Co,, [TeV?



Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

%‘i T msvmsye.. op Il e handed top_; — SMvsEFT  + (C,C)=(6.030)
E:’o.s |
xr : i o
E HEH 6F
-.l_! -
%; 0‘4 ==:: 41
===: &
02 ===: > 2
::!: [i}]
A nl |:. O:
0.1 02 03 05 0.6 07 08 09 1 -
dlscrlmlnator P(t) +P(t) —E —2:
B) BSM observation: —F
—B
(Cap, Cw) = (5.,3.) i
TEEEE e R R T PR R
-8 6 4 2 0 2 4 6 8
1D cut on SM vs EFT discriminant CL, [TeV?]
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Pinpointing operators
Two operators at a time
95% CL region, 300 fb-1

Illllllll]llll]llll['lllllTTll“ ll lll LI e .
- ~combined

Am i
& — —— SM vs EFT
ol oy 1 SM+EFT SM4+EFT SR1&SR?2
a .i i .SM .Ieft-handed top right-handed top - ; 1
< 08l ] + (C ,Ctb) =(5.0,3.0)
a '/ i ab
g / ..« SR1
= -
g ~ 1T
: S
© 1 1 K]
I
°'2 / SSE:
LI - -
l A

% 01 02 03 04 05 06 0.7 08 09 1
discriminator P(tL) E P(tR)

B) BSM observation:

(Cap, Civ) = (5.,3.) a . Cao = 0 excluded
o | | l—8l l—611—4”—2110”2l l411161 8l
Combining t. & tr signal regions Co, [TeV?
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Pinpointing operators

Two operators at a time

q llll]ll'I]llll]'llll'TTllTnlll L)
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SMEFT is a thriving field at the LHC
Opportune time to study EWSB sector in full

Healthy, ongoing dialogue between theory and experiment
Precision MC tools available

Global top/Higgs/EW fit on the way!

New insight into the origin of EWSB

Challenges & open questions

How to deal with sig/bkg/statistical overlap in global fits

Roadmap for the future
High energy EW-top quark production
Thorough programme of sensitivity studies at the LHC & beyond
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Ihe top Is special

The top couples to the Higgs, strongly:
* Heaviest known particle in the SM

* |ts mass may determine the fate of our universe...

[Bednyakov et al.; PRL 115 (2015) 201802],...
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Ihe top Is special

The top couples to the Higgs, strongly:
* Heaviest known particle in the SM

* lts mass may determine the fate of our universe...

* Key role in BSM physics addressing radiative

stability of mn

h___

102 top pairs
108 single top

M, GeV

l""f)

The LHC is a top factory
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It couples to EW gauge bosons

Through its decay
Clean, single Wb channel (Vip ~1)

Before hadronisation — it is ‘free’

h h
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It couples to EW gauge bosons

Through its decay

Clean, single Wb channel (Vi ~1) t -

Before hadronisation — it is ‘free’

h h
== n~b5x107%s < Thad = ~ 2 x 107**s
I, Aqcp

(1 + cosby)

Preserves helicity information X
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It couples to EW gauge bosons

%74
Through its decay

Clean, single Wb channel (Vi ~1) t — Vip ~ 1
Before hadronisation — itis ‘free’
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It couples to EW gauge bosons

|44
Through its decay
Clean, single Wb channel (Vi ~1) t — Vip ~ 1
Before hadronisation = it is ‘free’
b
_ ﬁ —25 _ h —24
Tt—Ft O X107 "s K Thad'_AQCD 2 X 10" “"s
1 dI
Preserves helicity information T, dcosiﬁg X (1 T COS 92)
Neutral gauge interactions less well-known P
Measured ttZ, tty for the first time at the LHC 7/

2019: precision around 10%



| HC top measurements
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Heavy new states are integrated out

C@OZD

Operator expansion: Leg = Z AD—2

Truncated at dimension-6

p2_M2
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local operators
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local operators

Heavy new states are integrated out = Uit out of SM fields
. c; OP fields
Operator expansion: Leg = AZD_7“4 — more
1

v? vE FE? Energy growing

T A2 AZT A T effects (tails)

Truncated at dimension-6

M=A
g° p2 < A2




SMEFT

local operators

Heavy new states are integrated out ~ Luilt out of SM fields
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SMEFT

local operators

Heavy new states are integrated out ~ Luilt out of SM fields
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SMEFT

Heavy new states are integrated out —
Operator expansion: Leg = Z AD-1
v? vE E?

Truncated at dimension-6
ct. Fermi Theory

YA AT AT T
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local operators
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top/EW couplings in SMEFT

Current operators

W2H2D : (01D, 0)(Q1* Q) [(QA Q), (F4 1), ..]

?}2

~ 13 Z, "', W;ﬁ“b}
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top/EW couplings in SMEFT

Current operators
WHD: (01D, 0)(Q4" Q) [(Q4"7' Q). (E4" 1), ..
2

— % Z, "', W;ﬁ“b}

« Shift SM Z, W couplings to fermion currents

« Photon (gluon) interaction protected by U(1)aepaco)
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top/EW couplings in SMEFT

Current operators g (OO0 —e—
< _ — —
VPH?D : ("D ) (@4 Q) (@' Q), (E4" 1), ...] ~ A 7
2
v - - g t
— 13 Z,, ty"t, W ty"D) QOQOY—>
« Shift SM Z, W couplings to fermion currents Overall rescaling of rate

« Photon (gluon) interaction protected by U(1)aepaco)
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top/EW couplings in SMEFT
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top/EW couplings in SMEFT

Current operators

< _ — —
VP H2D : ("Du ) (@7 Q) (@AM Q), (E4% 1), ..]
2
(V) — _
— 13 Z, tyHt, W tyMD]
« Shift SM Z, W couplings to fermion currents

« Photon (gluon) interaction protected by U(1)aepaco)

Dipole operators
VX H: (Qo" t$)Bu, W,

pvs

Gl

_— _
A2 Lo tr 0,V trot by aﬂwlﬂ

« Helicity-flip, p-dependent Z, W, y & g couplings

* Energy growth: pr(V) tails, V-polarisation
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top/EW couplings in SMEFT

Current operators

< _ — —
VP H2D 2 (p'D, ) Q4" Q) (@7 Q), (E4" 1), ..]
2
(V) — _
— 43 Z, tyHt, W tyMD]
« Shift SM Z, W couplings to fermion currents

« Photon (gluon) interaction protected by U(1)aepaco)

Dipole operators
V2 XH: (Qo" t$) By [W),

pvs

Gl

_— _
A2 Lo tr 0,V trot by auW/ﬂ

« Helicity-flip, p-dependent Z, W, y & g couplings

* Energy growth: pr(V) tails, V-polarisation
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Overall rescaling of rate
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top/EW couplings in SMEFT

Yukawa operator

VPH? : (0T0)?(Qt )
2

Ve _
— FtLtR h + h.c.
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top/EW couplings in SMEFT

Yukawa operator

VPH? : (p'0)2(Qt @)
’U2 —
— FtLtR h + h.c.
* Disconnects kinematical mass from Yukawa coupling

* ttH + ggF(indirect)
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top/EW couplings in SMEFT

Yukawa operator 7/0000)—=—
W (p10)(Qt9) BEE
2 _ g >

o %tLtRh—l—h.c. QOO

* Disconnects kinematical mass from Yukawa coupling

* ttH + ggF(indirect)

K. Mimasu - 06/02/2020 72 SMEFT in the EW sector



top/EW couplings in SMEFT

Yukawa operator 7 0000 —=—

VH? : (9T0)*(Qt D) RSl Sl

v? g el
—)FtLtRh—l—hC QOO

* Disconnects kinematical mass from Yukawa coupling

* ttH + ggF(indirect)

Four-fermion operators

Pt (@7 Q)@ q), (@7 Q) Q7. Q), ...
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top/EW couplings in SMEFT

Yukawa operator 7 0000 —=—

VH? : (9T0)*(Qt D) RSl Sl

v? g >
—>—tLtRh—|—hC \Q.QQQ/

A2
* Disconnects kinematical mass from Yukawa coupling

* ttH + ggF(indirect)
Four-fermion operators

ot (@ Q)G q), (@ Q) Q7. Q), ...

L) (@) (D) (@0

(ty"t) (Eyut) 5 (E97t) (Dyud) -]
« Contact terms between four light/heavy quarks
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top/EW couplings in SMEFT

Yukawa operator 7 0000 —=—

VH? : (9T0)*(Qt D) RSl Sl

v? g >
—>—tLtRh—|—hC \Q.QQQ/

A2
* Disconnects kinematical mass from Yukawa coupling

* ttH + ggF(indirect)
Four-fermion operators

ot (@ Q)G q), (@ Q) Q7. Q), ...

L) (@) (D) (@0

(ty"t) (Fyut) » (E7t) (byud) ;-]

« Contact terms between four light/heavy quarks

 top pair+asymmetries & single top QQQQ — 4 top & ttbb
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Operators can affect backgrounds... what is sig/bkg?
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Challenge tor SMEFT interpretation of top/EW measurements

Complex, high-multiplicity final state: b-jets, leptons, forward jets

Individual processes difficult to distinguish from each other

Significant statistical overlap among measurements

Operators can affect backgrounds... what is sig/bkg?

Sig. Bkg.

tZ(UT0") | W, ttH, tZj, W Z,...
ttH (bb) ttZ, ttbb, ttW, tZj,...

ttH (yy) tt, bbH, tHj, tHW
ttH(rr7r7) | tW (W), ttZ,...

tZj ttV, tHj, tHW , tZW ,...
tHj ttH, ttZ, ttbb, ttW, tZ3j,...

titi tHW, ttZ, ttH,...

Global fit nightmare

Different strategy”

Combined,
searches: tt+tj+ttX+tX

“Global measurements
for global fits”
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Global measurements

Search for new physics in top quark production in dilepton
final states in proton-proton collisions at /s = 13 TeV There is ho pe...

The CMS Collaboration®  [CNVS-TOP-1/-020]
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GGlobal measurements

Search for new physics in top quark production in dilepton
final states in proton-proton collisions at /s = 13 TeV There is ho pe...

The CMS Collaboration®  [CNVS-TOP-1/-020]

Simultaneous tt and tW signal region
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GGlobal measurements

Search for new physics in top quark production in dilepton
final states in proton-proton collisions at /s = 13 TeV There is ho pe...

The CMS Collaboration®  [CNS-TOF-1/-020]

Simultaneous tt and tW signal region

Bonus: EFT Interpretation!

CMS 35.9 b (13 TeV)

B LN | ]' LA ‘l L ] LA ! LA I LA ]' Ll LA I T F T
§ Obs. bestfit :

Cx10

1w

C(3)
Cqu1 0
C.x10

- p— 4 6
C./N? [Te\f2]
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Validity

SMEFiY analysis of LHC top quark data
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Higher orders

SMEFIT analysis of LHC top quark data

| mmm SMEFIT NLO, @A™ %)

Bm SMEFIT LO, O(A™%)
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95% Confidence Level Bounds (1/TeV?)
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Higher orders

Impact of NLO and 1/A4

SMEFIT analysis of LHC top quark data

| mmm SMEFIT NLO, @A™ %)
Bm SMEFIT LO, O(A™%)
| = SMEFIT NLO, @A 2)




95% Confidence Level Bounds (1/TeV?)
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Higher orders

Impact of NLO and 1/A4
SMEFIT analysis of LHC top quark data

| mmm SMEFIT NLO, @A™ %)
Bm SMEFIT LO, O(A™%)
| = SMEFIT NLO, @A 2)

pure 1/N\4




95% Confidence Level Bounds (1/TeV?)
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Higher orders

Impact of NLO and 1/A4 LO vs
SMEFIT analysis of LHC top quark data

| mmm SMEFIT NLO, @A™ %)
Bm SMEFIT LO, O(A™%)
| = SMEFIT NLO, @A 2)

pure 1/N\4




95% Confidence Level Bounds (1/TeV?)

Higher orders o-om+¥ jou+ X%

Impact of NLO and 1/A4 LO vs 1/A\2 vs

107 4

SMEFIT analysis of LHC top quark data
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Validity & Moy

Mcut < 2 TeV required for all energy scales of the process

« Valid interpretation for Anp > Meut

Tree-level matching: ¢//\? ~ g 2//\np?
« Dim-6 EFT contribution to amplitude scales at most ~ c(E//\)?

« NP perturbativity bound: c(E/A)2 < (41m)2

— 95% CL @:23fb" || IC,,IME /(4m°> 1 — 95% CL @:23fb" | |ICE,IM /(4n) >1
------- 95% CL @300 fo" [ ICg, IME /(4n)f* > 0.16 eeees 95% CL @300 o' [ IG5, IME /(4m) > 0.29

50¢ :
Bl L & B
> B > RCL T
o LT o LT
= 0 = o
PR TR T e - -

-0 - 0O [T
O .

-50 -50

1 1.5 2 2.5 3 3.5 4 4.5 1 1.5 2 2.5 3 3.5 4 4.5
M, [TeV] M, [TeV]

K. Mimasu - 06/02/2020 77 SMEFT in the EW sector



Sensitivity dominated by EFT squared (1/A%) terms

Non-interference due to colour

1(6) 2

C\°F > 1
Az ™

Are higher dimension operators relevant? D=10

Large Wilson coefficients ~ strong coupling regime

As long as E < A q t
6 fermion operators: at least dim-10 ~ (E/A\)e b
q b

Dim-8 four fermion operators ~ (E/A)#

schematically: ffffD,D, & [ffffGu

power counting:

4
ANP Dl-l- (}*H g*fL,R .qu.u
Lerr = — 5L Avp’ Avp’ AS2 7 A2
9 ANP ANP  AYL ANP

D

38



Power counting
—

g° p? < A?

(9:/95)E* /A% p = 1. SQ ~ INT

g* enhancement

cF g
frffD.D, 5~

ttbb operator + 2 derivatives
gttbb contact term
ggttbb contact term
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(8) 2
[IffGu S ~%%

dim-8 interference:

Nno g* enhancement

SMEFT in the EW sector

2 2 4
g p p
—Fb*p*m+m
)= D-g Cir Cir , 9
A2 A2 M?2



