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The SM success story
We have found a scalar that couples to mass
• It behaves quite a bit like the SM Higgs

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

t

W, Z h

c,s? 
u,d,e?

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

h



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

Big news of 2019

4



The top couples to the Higgs!

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

Big news of 2019

4

S/
(S

+B
) W

ei
gh

te
d 

Ev
en

ts
 / 

G
eV

0

5

10

15

20

Data
S+B
Background

σ1 ±
σ2 ±

S/(S+B) weighted
All categories=1.3

Htt
µ

--

Preliminary CMS TeV)  (13-1 41.5 fb
Htt

γγ→H

 (GeV)γγm
100 110 120 130 140 150 160 170 180
5−

0

5

10
B component subtracted



The top couples to the Higgs!

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

Big news of 2019

4

• Indirect evidence from gluon fusion production t

g

g

h
yt

<latexit sha1_base64="lm/uSfwY//trAwHcp3NMf4/ldd0="></latexit>



The top couples to the Higgs!

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

Big news of 2019

4

• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 

interaction via ttH observation at > 5𝜎

t

g

g

h
yt

<latexit sha1_base64="lm/uSfwY//trAwHcp3NMf4/ldd0="></latexit>

g t̄

g t

hyt

<latexit sha1_base64="M+MHRkONKeXKd5ZxF3yVXa6TphQ="></latexit>



The top couples to the Higgs!

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

Big news of 2019

4

• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 

interaction via ttH observation at > 5𝜎

t

g

g

h
yt

<latexit sha1_base64="lm/uSfwY//trAwHcp3NMf4/ldd0="></latexit>

g t̄

g t

hyt

<latexit sha1_base64="M+MHRkONKeXKd5ZxF3yVXa6TphQ="></latexit>

Consistent with SM ~ 100% errors



The top couples to the Higgs!

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

Big news of 2019

4

t

W, Z h

• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 

interaction via ttH observation at > 5𝜎

t

g

g

h
yt

<latexit sha1_base64="lm/uSfwY//trAwHcp3NMf4/ldd0="></latexit>

g t̄

g t

hyt

<latexit sha1_base64="M+MHRkONKeXKd5ZxF3yVXa6TphQ="></latexit>



t

W, Z h

The top couples to the Higgs!

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

Big news of 2019

4

• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 

interaction via ttH observation at > 5𝜎

t

g

g

h
yt

<latexit sha1_base64="lm/uSfwY//trAwHcp3NMf4/ldd0="></latexit>

g t̄

g t

hyt

<latexit sha1_base64="M+MHRkONKeXKd5ZxF3yVXa6TphQ="></latexit>



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

EWSB sector at the LHC

5



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

EWSB sector at the LHC

5

All players are in the game
t

W, Z h
EWSB



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

EWSB sector at the LHC

5

All players are in the game
t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB

• Offers a parametrisation, lacks dynamical origin for the weak scale



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB

• Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry ↔ Constraints/Relations



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB

• Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry ↔ Constraints/Relations

yf F̄LfR '
<latexit sha1_base64="MVLMJeufLmfhLw21xD7x90k/2wo="></latexit>

(Dµ')† (Dµ')
<latexit sha1_base64="AcBJ+aAwyd5v1HiPBLsMK2LI71c="></latexit>

Mass ↔ Higgs coupling



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB

• Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry ↔ Constraints/Relations

yf F̄LfR '
<latexit sha1_base64="MVLMJeufLmfhLw21xD7x90k/2wo="></latexit>

(Dµ')† (Dµ')
<latexit sha1_base64="AcBJ+aAwyd5v1HiPBLsMK2LI71c="></latexit>

Mass ↔ Higgs coupling

1

4
W a

µ⌫W
µ⌫
a

<latexit sha1_base64="gvtwNC2F3DWZj3GDGLsRmsmwj2Y="></latexit>

iF̄ /DF
<latexit sha1_base64="9il6KQL8gjQEmGteh68mpAbxQcM="></latexit>

Self-interactions ↔ Gauge currents



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

EWSB sector at the LHC

5

All players are in the game

SM is a spontaneously broken, gauge-Yukawa theory

t

W, Z h
EWSBLHC legacy = precise measurements of 

the interactions that govern EWSB

• Offers a parametrisation, lacks dynamical origin for the weak scale

Symmetry ↔ Constraints/Relations

yf F̄LfR '
<latexit sha1_base64="MVLMJeufLmfhLw21xD7x90k/2wo="></latexit>

(Dµ')† (Dµ')
<latexit sha1_base64="AcBJ+aAwyd5v1HiPBLsMK2LI71c="></latexit>

Mass ↔ Higgs coupling

1

4
W a

µ⌫W
µ⌫
a

<latexit sha1_base64="gvtwNC2F3DWZj3GDGLsRmsmwj2Y="></latexit>

iF̄ /DF
<latexit sha1_base64="9il6KQL8gjQEmGteh68mpAbxQcM="></latexit>

Self-interactions ↔ Gauge currents

Delicate ‘balance’ conserves unitarity & renormalisability



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

Key players

6

Higgs

Top EW

ggF

HH

ttH VH/VBF

FCNC tt+V

t+H/Z

tt single 
top

TGC

EWPO

BRH

CPV

Flavor

Decays

VBStttt DY



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

Quiet at the TeV scale…

7



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

Quiet at the TeV scale…

7



Where is everybody?

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

Quiet at the TeV scale…

7



Where is everybody?

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

Quiet at the TeV scale…

7

Are they out of reach?



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

Subtle at the TeV scale

8



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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches



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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)

E

SM



E

SM

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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)
Indirect (scouting tails)



E > ELHCE

SM

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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)
Indirect (scouting tails)
⇒ New physics is heavy



E > ELHCE

SM

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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)
Indirect (scouting tails)
⇒ New physics is heavy

Language that marries  
Precision measurements & Heavy new physics



E > ELHCE

SM

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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)
Indirect (scouting tails)
⇒ New physics is heavy

Language that marries  
Precision measurements & Heavy new physics

Standard Model Effective Field Theory (SMEFT)



E > ELHCE

SM

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

Subtle at the TeV scale

8

Paradigm shift at the energy 
frontier for BSM searches

Direct (bump hunts)
Indirect (scouting tails)
⇒ New physics is heavy

Language that marries  
Precision measurements & Heavy new physics

Standard Model Effective Field Theory (SMEFT)

Encodes a parameter space for deviations 
from interactions between SM particles
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[Grzadkowski et al.; JHEP 1010 (2010) 085]
‘Warsaw’ basis

Degrees of freedom 76: flavor universal 2499: flavor general

Measure the couplings of the SM at dimension-6 (and beyond)

Extend the reach of our colliders to NP beyond nominal energy
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Several LO implementations available

[Aguilar-Saavedra et al.; arXiv:1802.07237]

• dim6top (LHC Top WG)
http://feynrules.irmp.ucl.ac.be/wiki/dim6top

• SMEFTsim (complete Warsaw basis)
http://feynrules.irmp.ucl.ac.be/wiki/SMEFT
[Brivio et al.; JHEP 1712 (2017) 070]

• SMEFTfr (Warsaw in Rξ gauge)
https://few.edu.pl/smeft
[Misiak et al.; JHEP 1902 (2019) 051] [Alloul et al.; JHEP 04 (2014) 262]

• HEL (SILH, flavour universal)
http://feynrules.irmp.ucl.ac.be/wiki/HEL
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[Bylund, Maltoni, Tsinikos, Vryonidou, Zhang; JHEP 1605 (2016) 052]  

[Maltoni, Vryonidou, Zhang; JHEP 1610 (2016) 123]  
[Degrande, Fuks, Mawatari, KM, Sanz; EPJC 77 (2017) 4, 262] 

[Degrande, Maltoni, KM, Zhang, Vryonidou; JHEP 1810 (2018) 005]
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https://few.edu.pl/smeft
[Misiak et al.; JHEP 1902 (2019) 051] [Alloul et al.; JHEP 04 (2014) 262]

• HEL (SILH, flavour universal)
http://feynrules.irmp.ucl.ac.be/wiki/HEL

POWHEG-BOX/MCFM 
• 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

[KM et al.; JHEP 1608 (2016) 039]

http://powhegbox.mib.infn.it

[Alioli et al.; JHEP 08 (2018) 205]

[Baglio et al.; PRD 99 (2019) 035029]

[Martini & Schulze ; arXiv:1911.11244]

[Neumann & Sullivan.; JHEP 06 (2019) 022]
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VH STXS   [ATLAS-CONF-2018-053]
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[Hartland et al.; JHEP 1904 (2019)100]
• (N)NLO QCD predictions for SM
• Mostly NLO QCD for SMEFT • > 10 production processes

• > 100 7,8,13 TeV LHC measurements
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• 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

[Martini & Schulze ; arXiv:1911.11244]

Top pair productionZ-pole observables

[Zhang, Greiner & 
Willenbrock; PRD 86 
(2012) 014024]

EW Higgs production & decay
[Zhang & Vryonidou; JHEP 08 (2018) 036]
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Many rare top/EW processes are within LHC reach
t𝛾j (2018), tZj (2018), ttZ (2019),  

tZW (2020?), 4t (2021?), ttWj (2021?), tHj (~2030?)

Timely moment to consider them together 

at the heart of EWSB

• Make statements about models that address the origin of the weak scale
• Exploit new NLO QCD technology for SMEFT

Thorough programme of sensitivity studies

• Identify new processes e.g. ttbb  - part III: ttbb

• Maximise energy growing effects - part II: high energy top quark scattering

H

t EW



Part II 
High energy top/EW 

scattering
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Dim-6

(a) May not grow maximally with energy (E2) (b) Have suppressed interference w/ SM

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

Operator contribution to a given process:

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

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

Phenomenologists job: find and exploit them

[Azatov et al.; PRD 95 (2017) no. 6, 065014] 

‘Energy helps accuracy’
[Farina et al.; PLB 772 (2017) 210-215] 
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Considered 10, 2 → 2 scattering amplitudes with ≥ one top

Interesting processes: ‘rare’ EW top production
tZj, tWj, tHj, tZW, tHW, ttWj, VBF-tt, ttXY… 
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• Fixing couplings to SM values sends it to E-1
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Summary: max growths

Most top operators show max growth somewhere

single-top

two-top 
w/o Higgs

two-top 
w/ Higgs

⟹ top operatorsgauge/higgs operators ⟸ Energy-growing 
interference

• Interfering growth rare, only in longitudinal configurations (c.f. helicity selection)
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• Simplest processes: ttZ, ttH, tt𝛾 have been measured
• Dominantly QCD-induced: modified interactions do not lead to E-growth
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Motivates alternative channel: single top + Z(W)

• Simplest processes: ttZ, ttH, tt𝛾 have been measured
• Dominantly QCD-induced: modified interactions do not lead to E-growth
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• LHC has recently measured tZj > 5𝜎 [CMS Collaboration; PRL 122 (2019) 132003] 
[ATLAS Collaboration; ATLAS-CONF-2019-043]
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= ~100 x

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

• LHC has recently measured tZj > 5𝜎

[Degrande, Maltoni, KM, Vryonidou, Zhang; JHEP 1810 (2018) 005] 

[CMS Collaboration; PRL 122 (2019) 132003] 
[ATLAS Collaboration; ATLAS-CONF-2019-043]

• Previous study showed promising sensitivity to E-growing effects from 
modified ttZ/bbZ/WWZ interactions (same for tHj)
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tZj total & high energy xs
interference/SM square/SM

Cancellations

Ci = 1 
Inclusive 
pT (Z)> 500 GeV

Energy growth

Expected growth from 2→2 absent!
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tZW total & high energy xs
interference/SM square/SM

Cancellations
gone!

Expected growth is there!

Energy growth

Ci = 1 
Inclusive 
pT (W,Z)> 500 GeV

Very interesting process 
that should be 

measured at the LHC
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Charged current operator
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Yukawa operator
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 ttZh: LHC vs FCC-hh

𝜎100 = 130 fb

Interference: 
energy growth 
& O(1) effects

Quadratic: 
energy growth 
& O(10-100)

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

𝜎13 = 1.2 fb

Interference: 
phase space 
cancellations 

Quadratic: 
energy growth 

& O(1-10)
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Essential prediction of SMEFT
• Higgs & Goldstones in the same multiplet

• Modified EW top interactions predict energy growth in 
higher multiplicity processes involving longitudinal 
gauge bosons, Higgs & top quarks

[Henning et al.; PRL 123 (2019), no.18 181801] 



Part III 
Pinpointing four fermion 

operators in ttbb



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators

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

Four fermions

45

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ jf i

f kf̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ j

f i

f k

f̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

4F

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



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators

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

Four fermions

45

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ jf i

f kf̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ j

f i

f k

f̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

4F

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



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators

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

Four fermions

45

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ jf i

f kf̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ j

f i

f k

f̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

4F

• Four heavy (QQQQ)

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



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators

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

Four fermions

45

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ jf i

f kf̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ j

f i

f k

f̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

4F

• Four heavy (QQQQ)

Quark operator decomposition:

• Two-heavy two-light (QQqq)
3rd gen. only
3rd gen. + universal light gen.
universal light gen.



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators

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

Four fermions

45

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄j

fi

fk

f̄l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ jf i

f kf̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

f̄ j

f i

f k

f̄ l

<latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit><latexit sha1_base64="g3yDt5sjuPS2AxbgXV3elMpOETo="></latexit>

4F

• Four heavy (QQQQ)

Quark operator decomposition:

• Two-heavy two-light (QQqq)
• Four-light (qqqq)

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



Pandora’s box of EFT 
• Many flavor indices (mostly flavor violating) 

In the top/EW SMEFT: 
• U(3)3 x U(2)2 flavor assumption ~ 30 operators
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4F

• Four heavy (QQQQ)

Quark operator decomposition:

• Two-heavy two-light (QQqq)
• Four-light (qqqq)

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

Can contribute to virtually any top-quark process

tt, tt+W/Z/H/𝛾, single-top(+X), 4top, ttbb, ttjj



Generated by heavy new 
physics coupled to 3rd gen. 
• Top mass generation 
• Z’/Composite dynamics 

Contain tttt, ttbb & bbbb 
interactions 
• Color single/triplet 
• Scalar/vector currents 
• L/R chiral currents 

Partly constrained by four 
top production at the LHC
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• contributes to four top

•  



Very rare process at the LHC ~ 9 fb 
• LHC is at the edge of discovery (2.6 𝜎)
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[CMS; EPJC  80 (2020) no.2, 75]

Not yet a precision measurement 
• Sensitive to four-heavy & two-heavy operators 
• High mass threshold ~ 700 GeV

4 out of 14 relevant 
degrees of freedom

[CMS; JHEP 1911 (2019) 082]



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

Affected by 13 out of 14 operators 
• Some of which have never been constrained before

[Jezo et al.,EPJC 78 (2018) 6, 502]

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

[D’Hondt, Mariotti, KM, Moortgat, Zhang; JHEP  1811 (2018) 131]

[Degrande et al.; JHEP 03 (2011) 125]
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Virtues of ttbb
- New sensitivity to 4Q 
operators 
- Breaks degeneracy 
from four-top 
- Sufficiently large 
cross section to exploit 
differential observables

{ }
degeneracy in four-top
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Fiducial (acceptance)

Unfolded to full PS 
(assuming SM)

[CMS; PLB 776 (2018) 355-378]
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Fiducial (acceptance)

Unfolded to full PS 
(assuming SM)

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

LO simulation with MG5_aMC@NLO:  https://feynrules.irmp.ucl.ac.be/wiki/dim6top
[Aguilar-Saavedra et. al; CERN-LPCC-2018-01]
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Fiducial (acceptance)

Unfolded to full PS 
(assuming SM)

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

LO simulation with MG5_aMC@NLO:  https://feynrules.irmp.ucl.ac.be/wiki/dim6top
[Aguilar-Saavedra et. al; CERN-LPCC-2018-01]

Singlets: no interference with SM

Octets: interference with SM, quadratic 
piece suppressed by colour factors
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• Limits from current 
measurement 

• 300 fb-1 projections 
assuming 10% 
systematic uncertainty

σCMS = 88 ±12(stat.) ±29(syst.) fb  [LHC13, 2.3 fb-1]
Case study: one operator at a time
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High energy kinematic variable: M4b 
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• From events below 1.5 TeV  
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Case study: one operator at a time

High energy kinematic variable: M4b 
• Invariant mass of 4 b-jets 
• Improves sensitivity to 4F operators 
• From events below 1.5 TeV  
• Set upper threshold Mcut = 2 TeV

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

2 b-tags 
Min ΔR(l, jet) assigned to tops 

MET > 30 GeV
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Case study: one operator at a time

High energy kinematic variable: M4b 
• Invariant mass of 4 b-jets 
• Improves sensitivity to 4F operators 
• From events below 1.5 TeV  
• Set upper threshold Mcut = 2 TeV
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Reconstructed-level selection 
2 leptons, pT>20 GeV, |η|<2.5 
≥ 4 jets, pT>30 GeV, |η|<2.5 

2 b-tags 
Min ΔR(l, jet) assigned to tops 

MET > 30 GeV
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Case study: one operator at a time
18 kinematical observables

NN classifierpT, Mij, ΔRij, …

Cut or Template fit on discriminant

Limit summary
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Case study: one operator at a time

Competitive/better individual limits from ttbb!

300 fb-1 projections from 4-top
[Zhang; Chin. Phys. C42 (2018) 023104]

Our study
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[S. Moortgat; IRN Terascale meeting 09/2018 ]



More than one operator on at once
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More than one operator on at once
• Multi-class output architecture for the neural network
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More than one operator on at once
• Multi-class output architecture for the neural network
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[S. Moortgat; IRN Terascale meeting 09/2018 ]



More than one operator on at once
• Multi-class output architecture for the neural network
• Trained to identify SM vs left-handed vs right-handed top operators
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[S. Moortgat; IRN Terascale meeting 09/2018 ]
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Combined discriminants 
P(SM), P(tR) & P(tL)
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Combined discriminants 
P(SM), P(tR) & P(tL)
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*

*

*

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

2D discriminant
SM vs. EFT ⊗ tL vs. tR
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Two operators at a time
95% CL region, 300 fb-1

A) SM observation:  
A. (CQb, Ctb) = (0.,0.)

1D cut on SM vs EFT discriminant
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Two operators at a time
95% CL region, 300 fb-1

A) SM observation:  
A. (CQb, Ctb) = (0.,0.)

2D cut for tL-rich signal region
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Two operators at a time
95% CL region, 300 fb-1

A) SM observation:  
A. (CQb, Ctb) = (0.,0.)

2D cut for tR-rich signal region
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Two operators at a time
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Two operators at a time
95% CL region, 300 fb-1

1D cut on SM vs EFT discriminant

B) BSM observation:  
A. (CQb, Ctb) = (5.,3.)
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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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Current operators

Dipole operators

• Shift SM Z, W couplings to fermion currents 
• Photon (gluon) interaction protected by U(1)QED(QCD) 

• Helicity-flip, p-dependent Z, W, 𝛾 & g couplings 

• Energy growth: pT(V) tails, V-polarisation
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• Disconnects kinematical mass from Yukawa coupling 
• ttH + ggF(indirect)
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Four-fermion operators

• Disconnects kinematical mass from Yukawa coupling 
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Yukawa operator

Four-fermion operators

• Disconnects kinematical mass from Yukawa coupling 
• ttH + ggF(indirect)

• Contact terms between four light/heavy quarks 
• top pair+asymmetries & single top
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Four-fermion operators

• Disconnects kinematical mass from Yukawa coupling 
• ttH + ggF(indirect)
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• top pair+asymmetries & single top
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• 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.

tt̄Z(`+`�) tt̄W , tt̄H, tZj, WZ,...

tt̄H(bb̄) tt̄Z, tt̄bb̄, tt̄W , tZj,...

tt̄H(��) tt̄, bb̄H, tHj, tHW

tt̄H(⌧+⌧�) tt̄W (W ), tt̄Z,...

tZj tt̄V , tHj, tHW , tZW ,...

tHj tt̄H, tt̄Z, tt̄bb̄, tt̄W , tZj,...

tt̄tt̄ tt̄W , tt̄Z, tt̄H,...
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• 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?

Global fit nightmare

Different strategy?
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• 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?

Global fit nightmare

Different strategy?
Combined, multi-channel  
searches: tt+tj+ttX+tX
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• 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?

Global fit nightmare

Different strategy?
Combined, multi-channel  
searches: tt+tj+ttX+tX

“Global measurements 
for global fits”
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[CMS-TOP-17-020]

Simultaneous tt and tW signal region
Bonus: EFT interpretation!

There is hope…
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Check impact of high energy by removing differential Mtt bins
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Impact of NLO and 1/Λ4

pure 1/Λ4

LO vs NLO 1/Λ2 vs 1/Λ4
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Mcut < 2 TeV required for all energy scales of the process 
• Valid interpretation for ΛNP > Mcut 

Tree-level matching: c/Λ2 ~ g*2/ΛNP2 
• Dim-6 EFT contribution to amplitude scales at most ~ c(E/Λ)2 
• NP perturbativity bound: c(E/Λ)2 < (4π)2
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Sensitivity dominated by EFT squared (1/Λ4) terms 
• Non-interference due to colour 
• Large Wilson coefficients ~ strong coupling regime 

Are higher dimension operators relevant? 

As long as E < Λ 
• 6 fermion operators: at least dim-10 ~ (E/Λ)6 

• Dim-8 four fermion operators ~ (E/Λ)4
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&
one coupling & one scale power counting:

schematically:
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ttbb operator + 2 derivatives 
gttbb contact term 
ggttbb contact term
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g* enhancement


