
Part 2 
The standard model 

as an EFT
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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
• It behaves quite a bit like the SM Higgs

At least one missing ingredient…

Still some way to go to pin down 
precise interactions

So far, all HEP data is broadly 
consistent with SM expectations

c,s? 
u,d,e?
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h

The LHC mission continues…
Precision measurements
New physics searches



Where is everybody?
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The best motivation for EFT

41

Are they out of reach?



• Low energy degrees of freedom: 

42

Back to reality
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The standard model is a great candidate for EFT
• A well understood low energy theory around the weak scale, v

{Qi, Li, ui, di, ei, g, �,W
±, Z, h}
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• LHC data indicates a gap to the new physics mass scale

Paradigm shift at the energy 
frontier for BSM searches
Direct (bump hunts)
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The standard model is a great candidate for EFT
• A well understood low energy theory around the weak scale, v

{Qi, Li, ui, di, ei, g, �,W
±, Z, h}
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• LHC data indicates a gap to the new physics mass scale

E > ELHCE

SM

Paradigm shift at the energy 
frontier for BSM searches
Direct (bump hunts)
Indirect (scouting tails)
⇒ New physics is heavy

Precision measurements + Heavy new physics
Standard Model Effective Field Theory (SMEFT)
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SMEFT
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SM gauge symmetry & linear EWSB

Parameter space for new interactions between SM particles

SU(3)c x SU(2)L x U(1)Y

' =

✓
G+

v + h+ iG0

◆
: 2 1

2
<latexit sha1_base64="pp+Idezy6pBz1YwxYN2abzENxFk="></latexit>

Operator expansion: Le↵ =
X

i

ciOD
i

⇤D�4 more
fields
derivatives

→

• Higgs is an SU(2) doublet

• With all nice features of EFT (gauge symmetry, matching, improvability,…)

At dimension-5, only one operator
• Lepton number violating Weinberg operator (neutrino masses)

L = LSM +
1

⇤
L5 +

1

⇤2
L6 + · · ·

<latexit sha1_base64="QgK/6YykhV/qNHh6aUnw45UNM40="></latexit>

Dimension-6 is the lowest non-trivial order
(L̄c ·H)(L ·H)

<latexit sha1_base64="T3DLssyt5gFJxCh7TuWHa4HitBQ="></latexit>

• Operators are SU(3)c x SU(2)L x U(1)Y singlets
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Operator classes
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Dimension-6 operators of the SMEFT:
gauge boson self-coupling

Higgs potential, self-coupling

Higgs-fermion (Yukawa)

gauge-fermion (Z,W)

gauge-Higgs

Higgs-Z 

dipole

four fermion

diboson

di-Higgs

ttH, H→bb

Z,W prod.

ggH, H→VV

mZ (LEP)

ffV, ffVH

ffff scattering

Interaction Impact
X

3 : ✏IJKW
I
µ⌫ W

J,⌫⇢
W

K,µ
⇢ X

2
H

2 : ('†
')2Ga

µ⌫G
µ⌫
a

H
6 : ('†

')3 H
4
D

2 : ('†
D

µ
')⇤('†

D
µ
')

 
2
H

3 : ('†
')2(q̄i uj '̃)  

2
XH : (q̄i �

µ⌫
uj '̃)Bµ⌫

 
2
H

2
D : ('†$

Dµ ')(q̄i �
µ
qj)  

4 : (q̄i �
µ
qj)(q̄k �µ ql)
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µ
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2
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2
H

2
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Dµ ')(q̄i �
µ
qj)  
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SM gauge 
group singlets
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D=6 basis
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[Grzadkowski et al.; JHEP 10 (2010) 085]

‘Warsaw’ basis

59 independent operators

76: flavor universal
2499: flavor general

[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]

# real parameters (degrees of freedom)
All fermion generations have the same coefficient
Independent coefficient for all flavor combinations

Number for Dimension 8 (835, 36971) known (up to D=15!) 
[Henning et al.; JHEP 08 (2017) 016]
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[Grzadkowski et al.; JHEP 10 (2010) 085]

‘Warsaw’ basis

59 independent operators

76: flavor universal
2499: flavor general

[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]

# real parameters (degrees of freedom)
All fermion generations have the same coefficient
Independent coefficient for all flavor combinations

Number for Dimension 8 (835, 36971) known (up to D=15!) 

Warsaw

Strongly Interacting 
Light Higgs “SILH”

Higgs Basis

HISZ

[Grzadkowski et al.; JHEP 10 (2010) 085]

[Giudice et al.; JHEP 06 (2007) 045] 
[Elias-Miró et al.; JHEP 11 (2013) 066]

[Gupta, Pomarol & Riva; PRD 91 (2015) 035001] 
[Falkowski & Riva; JHEP 02 (2015) 039]

[Hagiwara et al.; PRD 48 (1993) 2182]

[Henning et al.; JHEP 08 (2017) 016]
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45

[Grzadkowski et al.; JHEP 10 (2010) 085]

‘Warsaw’ basis

59 independent operators

76: flavor universal
2499: flavor general

[Buchmuller & Wyler; Nucl. Phys. B 268 (1986) 621]

# real parameters (degrees of freedom)
All fermion generations have the same coefficient
Independent coefficient for all flavor combinations

Number for Dimension 8 (835, 36971) known (up to D=15!) 

Warsaw

Strongly Interacting 
Light Higgs “SILH”

Higgs Basis

HISZ

[Grzadkowski et al.; JHEP 10 (2010) 085]

[Giudice et al.; JHEP 06 (2007) 045] 
[Elias-Miró et al.; JHEP 11 (2013) 066]

[Gupta, Pomarol & Riva; PRD 91 (2015) 035001] 
[Falkowski & Riva; JHEP 02 (2015) 039]

[Hagiwara et al.; PRD 48 (1993) 2182]

Rosetta: an operator basis translator for SMEFT
[Falkowski et al.; EPJC 75 (2015) 12, 583]

https://rosetta.hepforge.org

[Henning et al.; JHEP 08 (2017) 016]
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The SMEFT Wilson coefficients are theory input parameters
• In addition & analogous to SM input parameters {↵S,↵EW , GF ,mZ ,mH ,mfi}

<latexit sha1_base64="hTmIfS1FVfhLFgXFAM+55PCFL+4="></latexit>

LHC precision programme

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

Extend the energy reach of our colliders to NP beyond ECM

SMEFT: SM v2.0

{ci}
<latexit sha1_base64="ooUL5eVb72u8sdeAs1XIizT1G58="></latexit>

In order to do this, we must understand the impact of 
SMEFT interactions on scattering amplitudes in the low 
energy model (SM)
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A) New Lorentz structures: contact interactions & derivatives
• Explicit source of energy growth

Impact of SMEFT

B) Modification of SM (dim-4) terms
• After electroweak symmetry breaking

X
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2
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2
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Dµ ')(q̄i �
µ
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h'i = 1p
2

✓
0
v

◆
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O6 ! vO5, v
2
O4

<latexit sha1_base64="PTON55tz6mW04Wy6AjMW4rzpygw="></latexit>

('†')(q̄ u '̃) ! v2(q̄ u '̃)

('†')6 ! v2('†')4, v4('†')2, . . .

('†$Dµ')(f̄ �µf) ! v2Zµ(f̄ �µf)

('†')2Fµ⌫Fµ⌫ ! v2Fµ⌫Fµ⌫
<latexit sha1_base64="l+r+L0P9wxFlQAdLUpy1EH6r5I4="></latexit>

Yukawa
Higgs potential
gauge-fermion
gauge kinetic 

• Shift of SM-like interactions 
• Spoiling of unitarity cancellations of the SM → more energy growth 
• SM inputs are extracted by comparing a few measurements to theory 
➡ Extraction of SM inputs now depends on ci

Modification
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Muon decay data gives: GF = 1.17x10-5 GeV-2→ v = 246 GeV
• EFT contribution:

GF example

W�µ�

⌫µ

⌫̄e

e�

<latexit sha1_base64="1hrQkttv0Tt2DJYHxhpZtqKnW8U="></latexit>

µ�

⌫µ

⌫̄e

e�

<latexit sha1_base64="Ba8WTDAiRITU62Oo4HvVKC5i3yw="></latexit>

• A contains the OF up to a Fierz transformation

A
B,C

• B,C shifts W couplings to leptons after EWSB

New relation between Higgs vev and Fermi constant

Propagate to all observables that depend on v! 
(expanded to order 1/Λ2)



Leading contribution from interference
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Pick a SMEFT basis and appropriate symmetries
• Control the number of parameters (2499 is a bit tough) 
• Work out the Feynman rules (e.g. using FeynRules) 
• Calculate Matrix element of scattering processes e.g. pp→ X

Computing observables

Generic contribution from SMEFT is an expansion in Λ2

� = �SM +
X

i

ci
⇤2

�i
(int.) +

X

i,j

cicj
⇤4

�ij
(sq.)

<latexit sha1_base64="eqBctAk5hzLnIJFRCSLIl/aJIiU="></latexit>

A = ASM +
X

i

ci
⇤2

Ai

<latexit sha1_base64="UCnEW+Cr+TOeWjEjzqkiBnGY+0k="></latexit>

single operator insertion |ASM |2
<latexit sha1_base64="OFpNe1DYYQY2J2nKWHh9GBR+1Mc="></latexit>

|AEFT |2
<latexit sha1_base64="6+XyGG6Dsh/HpEvb5D5XXGpGRm4="></latexit>

2Re[A⇤
SMAEFT ]

<latexit sha1_base64="wldUuNCcHBT43XI37N5P635xf+8="></latexit>

• Quadratic EFT term is formally higher order, although basis independent 
• Subleading unless interference forbidden/suppressed (symmetries/helicity) 
• Importance with respect to dim-8 operators is model dependent

flavor structure, 
CP conservation, 
...
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SMEFT roadmap
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Basis

Warsaw, SILH, HISZ, Higgs Basis

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

Symmetries
CP, Baryon/Lepton number?
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SMEFT roadmap
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Basis
Processes 

& 
Observables

Warsaw, SILH, HISZ, Higgs Basis

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

Symmetries
CP, Baryon/Lepton number?

Rate measurements

Differential

�tot. , µ =
�

�SM
<latexit sha1_base64="xjJsn9vKNGGDFVZUG5bqEU6FLZc="></latexit>

d�

dMxx
<latexit sha1_base64="ifs0Uvd6x0Sx3nX2JcBsNJcz71c="></latexit>

High-level

asymmetries

energy, angular

optimal 
observables

NN-output
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SMEFT roadmap
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Basis
Processes 

& 
Observables

Sensitivity

Warsaw, SILH, HISZ, Higgs Basis

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

Symmetries
CP, Baryon/Lepton number?

Rate measurements

Differential

�tot. , µ =
�

�SM
<latexit sha1_base64="xjJsn9vKNGGDFVZUG5bqEU6FLZc="></latexit>

d�

dMxx
<latexit sha1_base64="ifs0Uvd6x0Sx3nX2JcBsNJcz71c="></latexit>

High-level

asymmetries

energy, angular

optimal 
observables

NN-output

O = OSM +
X

i

ci
⇤2

O
i
int +

X

i,j

ci cj
⇤4

O
ij
sq

<latexit sha1_base64="Swnw8nzxYIlfPXLKic8/cGtbSw8="></latexit>

Determine dependence on 
Wilson coefficients

Precise Monte Carlo tools
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SMEFT roadmap
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Basis
Processes 

& 
Observables

Sensitivity

Measurement
Warsaw, SILH, HISZ, Higgs Basis

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

Symmetries
CP, Baryon/Lepton number?

Rate measurements

Differential

�tot. , µ =
�

�SM
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d�

dMxx
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High-level

asymmetries

energy, angular

optimal 
observables

NN-output

O = OSM +
X

i

ci
⇤2

O
i
int +

X

i,j

ci cj
⇤4

O
ij
sq
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Determine dependence on 
Wilson coefficients

Precise Monte Carlo tools

Fiducial volume
Not sensitive to 
deviations outside 
acceptance 
(model dependent)

Extract limits
ci ⇢ [a, b]

⇥
TeV�2

⇤
<latexit sha1_base64="wQNUelVVT0cGFmnwpFRbyrUKLpw="></latexit>

[CMS.; PRL 122 (2019) 132003]
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SMEFT roadmap
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Basis
Processes 

& 
Observables

Sensitivity

Measurement

Global fit

Warsaw, SILH, HISZ, Higgs Basis

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

Symmetries
CP, Baryon/Lepton number?

Rate measurements

Differential

�tot. , µ =
�

�SM
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energy, angular

optimal 
observables

NN-output
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X
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Determine dependence on 
Wilson coefficients

Precise Monte Carlo tools

Fiducial volume
Not sensitive to 
deviations outside 
acceptance 
(model dependent)

Extract limits
ci ⇢ [a, b]

⇥
TeV�2

⇤
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[CMS.; PRL 122 (2019) 132003]

{Oi,Oj , ...,On}
<latexit sha1_base64="JoX+l9a+mBUr78DWqL0CbHWptrY="></latexit>

L

⇣
ci, cj , ..., cn, ~✓

��� ~O
⌘
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→
[Aebischer et al.; arXiv:1810.07698]

Individual 
Marginalised 
Pulls,…

Observations/ 
LimitsMap to UV models

Degeneracies/blind directions
New processes/observables

Hints of new physics? 
Constrain classes of models

Validity of EFT
A posteriori: depends on sensitivity  

Intrinsically model dependent



Part 3 
Application: 

SMEFT in the EW sector
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SMEFT@LHC: key players

52

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

Jets



K. Mimasu - 21/11/2019 Searching for new physics with EFT

Big news of the year

53



The top couples to the Higgs!
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The top couples to the Higgs!
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Big news of the year
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• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 

interaction via ttH observation at > 5!

t

g

g

h
yt
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• Indirect evidence from gluon fusion production
• Direct determination of the top quark Yukawa 
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Consistent with SM ~ 100% errors
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Big news of the year
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t

W, Z h

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

interaction via ttH observation at > 5!
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EWSB sector at the LHC

54

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
SMEFT contributions break this balance
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Current operators
+ · · ·

<latexit sha1_base64="620+6NahZxWQr6BFn0MTxnKH/44="></latexit>

Precision EW on the Z peak (LEP)

No energy 
growth w.r.t SM 

(overall rescaling)
v2

⇤2

<latexit sha1_base64="Dmf0kzM7Xcuw+zWEFav8Y+OvZnM="></latexit>

EW Higgs production

vE
⇤2
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vE
⇤2
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[Ellis et al.; JHEP 06 (2018) 146]
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Two fermions
Yukawa operators
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Non-Abelian



[Maltoni, Vryonidou & Zhang; JHEP 1610 (2016) 123]
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Global approach essential 
• e.g. direct ttH measurement breaks degeneracy 

among yt, ggH and dipole in gg-fusion
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Four fermions
E2

⇤2

<latexit sha1_base64="3PyuDf4R2DSU60izZdN3BlzpGxI="></latexit>

Pandora’s box of SMEFT

Many structures allowed:
Lorentz scalar/vector currents
SU(2) singlet/triplet
SU(3) singlet/octet
They appear everywhere…

For the LHC, the interesting set involves at least one qq current
Four light quarks (qqqq) → dijet production (strong constraints)
Two light-two lepton (qqll) → Drell Yan (strong constraints)
Two light-two heavy (qqQQ) → tt invariant mass, single top (quite strong constraints)
Four heavy (QQQQ) → 4 top, ttbb (relatively unconstrained)

Also contribute to higher point (ttH, ttZ, ttW, Zjj,…) and ‘pollute’/complicate fits

We can limit their number by 
assuming flavor universality
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SMEFT for EWSB sector

61
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Bosonic operators of flavor universal bases 
cover deviations in the gauge/Higgs sector
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SMEFT for EWSB sector
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t

W, Z h
EWSBIncluding the top → going beyond 

universal flavor assumption
Exploit approximate SM flavor symmetry (broken by Yukawas)

U(3)L x U(3)e x U(3)Q x U(3)u x U(3)d

U(3)L x U(3)e x U(2)Q x U(2)u x U(3)d

Single out independent 
operators for modified 
top/EW interactions

universal
top
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Top quark interactions not so 
well known: LHC is the first 
precision top machine

cf. Minimal 
flavor violation

[D’Ambrosio et al.; Nucl. 
Phys. B645 (2002) 155]



SMEFT programme requires MC tools for precise predictions
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MC tools for SMEFT
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Several implementations exist, mostly FeynRules/UFO
http://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

[Alloul et al.; JHEP 1404 (2014) 110] 
[Brivio et al.; JHEP 1712 (2017) 070] 

[Aguilar Saavedra et al.; arXiv:1802.07237] 
[Artoisenet et al.; JHEP 1311 (2013) 043] 

[Falkowski et al.; EPJC 75 (2015) 12, 583] 
[Greljo et al,; EPJC 77 (2017) 12, 838]

• HEL, SMEFTsim, dim6top… 
• Higgs Characterisation, BSMC, HiggsPO

At LO:

NLO precision can be important
• Reduce scale uncertainties, get better predictions for normalisations/shapes 
• Operator sensitivity can arise at one-loop

This is the state-of-the-art
• Currently NLOQCD is available 
• Will provide required precision in SMEFT analyses for the LHC lifetime

Useful if relatively weakly constrained 
directions contribute to precisely 
measured observables

http://arxiv.org/abs/arXiv:1802.07237
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Going beyond: SMEFT@NLO

http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
• NLO QCD (FeynRules//NLOCT/UFO) • Full EWSB sector (top/Higgs/EW)

[Degrande, Durieux, Maltoni, KM, 
Vryonidou, Zhang; in preparation]

[Zhang; PRL 116 (2016) 162002]    
[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]

single-top 
ttZ & tt" 
ttH, ggH, H+j 
VH & VBF 
tZq & tHq

Based on:

Advantage: process independent
• NLO QCD for any desired process • 4 fermion operators forthcoming

The full (2499 x 2499) anomalous dimension matrix known
[Alonso*, Jenkins, Manohar & 
Trott; JHEP 1310 (2013) 087,  

JHEP 1401 (2014) 035 & JHEP 
1404 (2014) 159*] 

• RG-improved predictions possible
• Running from matching scale to e.g. LHC
• EFT scale uncertainties
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Other tools
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Single & double Higgs 
• HiGlu, SusHi, HPAIR, HiggsPair 

eHDECAY for BR 

HAWK 
• VBF and VH @ NLO in QCD & EW for SM + 2 anomalous couplings 

VBFNLO 
• General (FO) tool for Higgs/weak boson production @ NLO in QCD 

VH via POWHEG-BOX/MCFM 
• NLO QCD + PS event generation for Higgs/EW operators (SILH) 

HELatNLO 
• FeynRules/NLOCT/UFO implementation of Higgs/EW operators 
• VH, VBF & any other process of interest (CPV operators also on the way) 

Dilepton & EW Higgs in POWHEG-BOX 
• Larger set of operators considered

http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk

https://www.itp.kit.edu/vbfnlo

[KM, Sanz & Williams.; JHEP 1608 (2016) 039]
http://powhegbox.mib.infn.it

[Degrande, et al.; EPJC 77 (2017) 4, 262] 
http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO

[Baglio et al.; arXiv:1404.3940]

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

[Contino et al.; Comp. Phys. Comm. 185 (2014) 3412-3423]

[Spira; arXiv:hep-ph/9510347] 
[Harlander, Liebler & Mantler; arXiv:1605.03190] 

[Dawson, Dittmaier & Spira; Phys. Rev. D58:115012] 
[Goertz et al.; JHEP 1504 (2015) 167]

[Denner et al.; JHEP 1203 (2012) 075]

http://powhegbox.mib.infn.it

https://www.itp.kit.edu/~maggie/eHDECAY/

http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk
https://www.itp.kit.edu/vbfnlo
http://powhegbox.mib.infn.it
http://feynrules.irmp.ucl.ac.be/wiki/HELatNLO
http://powhegbox.mib.infn.it
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ttZ differential   [CMS-PAS-TOP-18-009]
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VH STXS   [ATLAS-CONF-2018-053]
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VH STXS   [ATLAS-CONF-2018-053]

Limited to small subsets of operator space
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LHC top measurements
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State-of-the-art top EFT fit

K. Mimasu - 21/11/2019 Searching for new physics with EFT

Application: SMEFiT

67

[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

• 34 Wilson coefficients g t̄
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Let’s dissect 
the results
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SMEFiT results
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1 TeV

3 TeV

Λ(c=1)

0.3 TeV

Individual: all other c’s=0 Marginalised: all other c’s allowed to vary

“New physics scale”
ci
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= ai ! ⇤ =

r
ci
a
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Energy reach
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tt+single-top (differential) ‘rare’ top modes 
(inclusive)
ttV, tZq, 4t, ttbb

Validity in 
question…

Still much 
further to go

≲ 100 fb-1 
↓ 

3000 fb-1

Some scales as low as few 100’s of GeV LHC measurements easily at this scale!

large statistics → stronger constraints
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Validity
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Check impact of high energy by removing differential Mtt data

Not all measurements dominated by high energy
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Higher orders
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Impact of NLO and 1/Λ4

pure 1/Λ4

LO vs NLO 1/Λ2 vs 1/Λ4

O = OSM +
X

i

ci
⇤2

O
i
int +

X

i,j

ci cj
⇤4

O
ij
sq
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So far, global analyses consider top & Higgs/EW in isolation
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Going forward
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Many rare top/EW processes are within LHC reach
t"j (2018), tZj (2018), ttZ (2019),  

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

Timely moment to consider them together 

t

W, Z h
EWSBat 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 [D’Hondt, Mariotti, KM, Moortgat & Zhang;  

JHEP 1811 (2018) 131]
• Maximise energy growing effects



Many EW processes considered so far:
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High-energy EW tops

73

[Mantani, Maltoni & KM; arXiv:1904.05637]

• Do not grow maximally with energy (E2)
• Have suppressed SM interference
• Are not at the heart of EWSB

This is the heart of EWSB!
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Embed top/EW 2→2 scattering amplitudes
• Probe mixed top/EW/Higgs interactions
• Unitarity violating behaviour (energy growth) ∝ vE, E2 

Analogous to VL 
scattering

Can we do better?
g t̄

g t

Z⇠ v2/⇤2
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[Dror et al.; JHEP 01 (2016) 071] 
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Scattering unitarity
WL WL → WL WL: Unitarity ‘cancellations’ in the SM
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triple-gauge
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Scattering unitarity
WL WL → WL WL: Unitarity ‘cancellations’ in the SM

+
g2
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triple-gauge
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Scattering unitarity
WL WL → WL WL: Unitarity ‘cancellations’ in the SM

+
g2

<latexit sha1_base64="YC6fJkWcKuA8VS52wtcZ8Y2Iq8E="></latexit><latexit sha1_base64="YC6fJkWcKuA8VS52wtcZ8Y2Iq8E="></latexit><latexit sha1_base64="YC6fJkWcKuA8VS52wtcZ8Y2Iq8E="></latexit><latexit sha1_base64="YC6fJkWcKuA8VS52wtcZ8Y2Iq8E="></latexit><latexit sha1_base64="YC6fJkWcKuA8VS52wtcZ8Y2Iq8E="></latexit>

⇠ E4
<latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit>

quartic

mW
v

mW
v

<latexit sha1_base64="jehSUDFNcJuKzh/mNxFIHK6zZ00="></latexit><latexit sha1_base64="jehSUDFNcJuKzh/mNxFIHK6zZ00="></latexit><latexit sha1_base64="jehSUDFNcJuKzh/mNxFIHK6zZ00="></latexit><latexit sha1_base64="jehSUDFNcJuKzh/mNxFIHK6zZ00="></latexit><latexit sha1_base64="jehSUDFNcJuKzh/mNxFIHK6zZ00="></latexit>

+ ⇠ E0
<latexit sha1_base64="m2u/Zt/Mzz8HydH9KBYm+JFaDC4="></latexit><latexit sha1_base64="m2u/Zt/Mzz8HydH9KBYm+JFaDC4="></latexit><latexit sha1_base64="m2u/Zt/Mzz8HydH9KBYm+JFaDC4="></latexit><latexit sha1_base64="m2u/Zt/Mzz8HydH9KBYm+JFaDC4="></latexit><latexit sha1_base64="m2u/Zt/Mzz8HydH9KBYm+JFaDC4="></latexit>

=

⇠ E2
<latexit sha1_base64="K2x1pg0SC9sX670lqMZDS/ErUv0="></latexit><latexit sha1_base64="K2x1pg0SC9sX670lqMZDS/ErUv0="></latexit><latexit sha1_base64="K2x1pg0SC9sX670lqMZDS/ErUv0="></latexit><latexit sha1_base64="K2x1pg0SC9sX670lqMZDS/ErUv0="></latexit><latexit sha1_base64="K2x1pg0SC9sX670lqMZDS/ErUv0="></latexit>

EWSB

g g

<latexit sha1_base64="Km+0RjiXQcYguS/CHRyUFuY/uw0="></latexit><latexit sha1_base64="Km+0RjiXQcYguS/CHRyUFuY/uw0="></latexit><latexit sha1_base64="Km+0RjiXQcYguS/CHRyUFuY/uw0="></latexit><latexit sha1_base64="Km+0RjiXQcYguS/CHRyUFuY/uw0="></latexit><latexit sha1_base64="Km+0RjiXQcYguS/CHRyUFuY/uw0="></latexit>

A =
<latexit sha1_base64="OGyEEiLMEnMLf3q0++KdZ3DjbCM="></latexit><latexit sha1_base64="OGyEEiLMEnMLf3q0++KdZ3DjbCM="></latexit><latexit sha1_base64="OGyEEiLMEnMLf3q0++KdZ3DjbCM="></latexit><latexit sha1_base64="OGyEEiLMEnMLf3q0++KdZ3DjbCM="></latexit><latexit sha1_base64="OGyEEiLMEnMLf3q0++KdZ3DjbCM="></latexit>

=

⇠ E4
<latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit><latexit sha1_base64="JV2LMTpUwYGFU1nyK2rNNztktDQ="></latexit>

triple-gauge

Deviations from SM interactions → energy growth

• E-growth: theory has limited validity range → heavy new physics

• Cancellations are a feature of gauge invariance & EWSB mechanism

Diboson (TGC) VBS (TGC, QGC) EW Higgs prod./decay
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Analogous behaviour in scatterings involving fermions

Tops and unitarity

A ⇠ E2 ! E0
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gauge interactions

EWSB mechanismA ⇠ mfE ! E�1
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f
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V/h
<latexit sha1_base64="nUqM3w07akcUHBgzSD2l9NDgzYk="></latexit>

V/h
<latexit sha1_base64="nUqM3w07akcUHBgzSD2l9NDgzYk="></latexit>

High-energy limit with finite mass effects
• Top quark scattering sector especially rich

Limited validity range 
Heavy new physics SM Effective Field Theory
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Energy growth in SMEFT
A ⇠ ASM

✓
1 + ci

v2

⇤2
+ cj

v E

⇤2
+ ck

E2

⇤2

◆
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Dim-6

• May not grow maximally with energy (E2) • 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

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

Our study

Interesting processes: ‘rare’ EW top production
tZj, tWj, tHj, tZW, tHW, ttWj, VBF-tt,… 

• High energy limit: s ~ | t | ≫ v2

• 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?

• Max. unitary energy dependence: E0

f

B

f 0

B0
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[Mantani, Maltoni & KM; JHEP 10 (2019) 004]
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In the SM, fully left handed, longitudinal W configuration ~ E0

Example: bW+→ tH

Anomalous interactions:
• tbW vertex: present in all diagrams → overall rescaling ~ E0

• bbH vertex: ∝ mb → 0
• HWW & ttH interactions: participate in a unitarity cancellation ~ v E

A(bL,WL, tR) /
p
�t(2m2

Wgth � gWhmt)
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• Fixing couplings to SM values sends it to E-1
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One source of energy growth from modified SM interactions

bW+→ tH in SMEFT

• Yukawa operator: disconnects kinematical mass from coupling to Higgs

b

W+

t

h

⇠ vE/⇤2

<latexit sha1_base64="MMCEixaHMXh7arad8EEala5YRyI="></latexit>

Ot' = ('†')2(Q̄ t '̃)
<latexit sha1_base64="U5233w6073G63NJjdq4Vf6q9LOM="></latexit>

t

t̄

h⇠ v2/⇤2

<latexit sha1_base64="7YI5y4+Xl1LDfLMZ/sMfVcwG7V0="></latexit>
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One source of energy growth from modified SM interactions

bW+→ tH in SMEFT

• Yukawa operator: disconnects kinematical mass from coupling to Higgs

• ‘Unitarity cancellation’ OR dim-5 contact-interaction w/ charged Goldstone
b

G+

t

h

⇠ vE/⇤2

<latexit sha1_base64="qanwD6jsWvL+oT+U6C9FhNLotss="></latexit>

Max growth from dim-6 contact-terms

b

G+

t

h

⇠ E2/⇤2
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• No anomalous coupling analogues (recall Wtb vertex only rescales)
• Prediction from gauge invariant dim-6 operators

Ot' = ('†')2(Q̄ t '̃)
<latexit sha1_base64="U5233w6073G63NJjdq4Vf6q9LOM="></latexit>

O
(3)
'Q = i('†$Dµ ⌧

I')(Q̄ �µ ⌧I Q)

O'tb = i('̃Dµ')(t̄ �
µ b) + h.c.
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<latexit sha1_base64="0Nbc59V55xW2KEShAdXDh9WLw5M=">AAACHnicbZDLSgMxFIYz9VbrbdSN4CZYBMFSZqqgy6ILXbioYi/QqUMmzbShmcyQZIQy1Gdx4VYfw5241afwFUyns7CtBwIf/39OTvJ7EaNSWda3kVtYXFpeya8W1tY3NrfM7Z2GDGOBSR2HLBQtD0nCKCd1RRUjrUgQFHiMNL3B5dhvPhIhacjv1TAinQD1OPUpRkpLrrnXd0pXD8fQKTkeEokauTdOCXrunWsWrbKVFpwHO4MiyKrmmj9ON8RxQLjCDEnZtq1IdRIkFMWMjApOLEmE8AD1SFsjRwGRnST9wQgeaqUL/VDowxVM1b8TCQqkHAae7gyQ6stZbyz+57Vj5Z93EsqjWBGOJ4v8mEEVwnEcsEsFwYoNNSAsqH4rxH0kEFY6tKktPhnyINI3pIB4QSdkz+YxD41K2T4pV25Pi9WLLKs82AcH4AjY4AxUwTWogTrA4Am8gFfwZjwb78aH8TlpzRnZzC6YKuPrF30noVE=</latexit>

h @µG
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Collider processes: rare top production

Embedding the amplitudes



K. Mimasu - 21/11/2019 Searching for new physics with EFT81

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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tZj total & high energy xs
interference/SM square/SM

[Mantani, Maltoni & KM; arXiv:1904.05637 (accepted by JHEP)]

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

[Mantani, Maltoni & KM; arXiv:1904.05637 (accepted by JHEP)]

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



EFTs are a powerful tool for new physics searches 
complementary to the direct approach 

SMEFT is a thriving field in the LHC era 

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 

Roadmap for the future 
• High energy EW-top quark production 
• Increasingly rare processes that exploit energy growth
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Conclusions

84



Thank you!


