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OUTLINE

Kappa and EFT 

EFT strategy, operators, basis, constraints, … 

Techniques: RGE, matching, QCD correction, 
automatic tools. 

Summary
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KAPPA

Coupling scale factors 
κi are defined in such a way that the cross sections σii or the partial decay widths Γii associated with the SM particle i scale with the 

factor κi2 

Loops 
QCD NLO factorize

Width 

In general, decay to BSM particles cannot be excluded
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WHY EFT?

Kinematics: in terms of EFT, 𝜅 captures only operators of type: 

In general dim-6 lead terms  
to different kinematic structures.  

Odim6 = (H†H)OH
SM , e.g. �t ! ct'/⇤

2

[T. Corbett et al. 2015]
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WHY EFT?

Kinematics: in terms of EFT, 𝜅 captures only operators of type: 

In general dim-6 lead terms  
to different kinematic structures.  

Precision: 𝜅 is not consistent  
with loops (no EW symm.) 

It means that precision is limited.  Not improvable to all orders.  (Despite that 
some QCD corrections are incorporated by 𝜅’s.) 

EFT is the most natural TH for SM deviation that is consistent to every order.

Odim6 = (H†H)OH
SM , e.g. �t ! ct'/⇤
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[T. Corbett et al. 2015]
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H ! �� at One Loop

In EFT

[Ghezzi, Gomez-Ambrosio, Passarino, Uccirati 2015]
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H ! �� at One Loop

In EFT

Kappa:

κ -factors can be introduced also at NLO level; 
they are combinations of Wilson coefficients, 
but we have to extend the scheme with the 
inclusion of process dependent, non-
factorizable, contributions. 

[Ghezzi, Gomez-Ambrosio, Passarino, Uccirati 2015]
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http://arxiv.org/abs/1505.03706v1


THE EFFECTIVE APPROACH

[R. Contino]
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[B. Grzadkowski et al, 2010]

Including: 
TGC 
Higgs self interaction 
Yukawa 
Higgs-Gauge boson 
Dipole 
W/Z-Fermion current 
4-fermion

59 operators, 76 d.o.f 
2499 with 3 generations

[W. Buchuller, D.Wyler 1986]
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http://arxiv.org/pdf/1008.4884.pdf
http://www.sciencedirect.com/science/article/pii/0550321386902622


Predictions can be systematically improved. 

Renormalizable, order by order in           expansion. 

Higher order in both                   can be included:

1/⇤

↵, 1/⇤

O(1) +O(↵s) +O(1/⇤2) +O(↵s/⇤
2) + · · ·

LO SM LO EFTNLO SM NLO EFT
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BASIS

Certain (linear combinations of) operators may be equivalent, due to EOM, 
integration by parts, Fierz identity, etc.  The following basis are useful for Higgs 
sector:

EGGM basis

EOM 
&

[J. Elias-Miro et al. 2013]
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Convenient for PEWM, TGC, and Higgs 

2 flat directions in PEWM become more 
transparent 

3 TGC couplings directly related to 3 
operators

[A. Falkowski and F. Riva 2014]

[C. Grojean et al. 2006]



CONSTRAINING EW SECTOR

EW sector probed by PEWM+TGC+Higgs:  8+3+8

(+)

1. PEWM

(-)

2. TGC (and Higgs) 3. New from Higgs

assuming flavor symmetry

10

Mainly from Z-pole: only 8 d.o.f 
(10 would appear in BW/Warsaw)

gZ1 , � , �ZW-pair production:

[A. Falkowski and F. Riva 2014]

http://arxiv.org/abs/1411.0669v3


Overlap between Higgs and TGC

Higgs is the new tool 
to precision EW physics

[A. Falkowski et al. 2015]
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http://arxiv.org/abs/1508.00581


Overlap between Higgs and TGC

Higgs is the new tool 
to precision EW physics

[A. Falkowski et al. 2015]
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Combined fit example
[J. Ellis et al. 2014]

Signal-strength data 
combined with TGC 

(Higgs, TGC, combination)

See also [A. Falkowski, F. Riva 2014] [A. Pomarol, F. Riva 2013]

[T. Corbett et al. 2015] [T. Corbett et al. 2013]

[H. Belusca-Maito 2014] and many others…

http://arxiv.org/abs/1508.00581


PRECISION EFT: 
LOOP AND AUTOMATION
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EFT LOOPS: WHY?

Run I Higgs has approached 10% level: loops start to become important.
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EFT LOOPS: WHY?

Run I Higgs has approached 10% level: loops start to become important.

Example: H->Diphoton 
 
 
 
 
 
 

Other examples of ~10% loop effects:

QCD corrections easily reach O(1)

Tools and techniques to improve predictions.

Allow each coefficient vary in [-2,+2]. 
  
LO: generate uniformly 
NLO: generate uniformly

⇤ = 3 TeV
aAA

a�D, a�⇤, at�, ab�, aAA

[G. Passarino]

[C. Grojean et al. 2013] [C. Englert, M. Spannowsky 2014]

[F. Demartin et al. 2014]
[Degrande, Maltoni, Wang, CZ 2014] [D. B. Franzosi, CZ, 2015]
[C. Anastasiou et al. 2014]
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EFT LOOPS: WHY?

Ongoing efforts aim at systematically promoting EFT to NLO： 

RG  

H Decay  

QCD automation 

Matching 
…….

[C. Grojean et al. 2013]

[E. E. Jenkins et al. 2013] [E. E. Jenkins et al. 2013] [R. Alonso et al. 2013]

[J. Elias-Miro et al. 2013][J. Elias-Miro et al. 2013]

[G. Passarino 2012] [M. Ghezz et al. 2015] [R. Contino et al. 2014]

[C. Hartmann, M. Trott 2015] [C. Hartmann, M. Trott 2015]

[P. Artoisenet et al. 2013] [F. Demartin et al. 2014] [C. Degrande  et al. in prep]

[Degrande, Maltoni, Wang, CZ 2014] [D. B. Franzosi, CZ, 2015] [Bylund, Evryonidou, Tsinikos, CZ, in prep]

[B. Henning et al. 2014] [C.-W. Chiang et al. 2015] [R. Huo 2015]



EFT LOOPS: HOW?

UV Model

Observables
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LOOPS: RG

Warsaw/BW basis: Completed 

Running of SM dim-4 and dim-6 ADM at one loop. 

All Yukawas and three generations. 

𝛄: 2499⨉2499 

EGGM basis: 

One generation, only top Yukawa. 

Bosonic operators: 13⨉13

[J. Elias-Miro et al. 2013]

[E. E. Jenkins et al. 2013] [R. Alonso et al. 2013][E. E. Jenkins et al. 2013]
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µ
d

dµ
C(4) / C(4) +

m2
H

⇤2
C(6)µ

d

dµ
C(6)

i = �ijC
(6)
j

http://arxiv.org/abs/1312.2928
http://arxiv.org/abs/arXiv:1310.4838
http://arxiv.org/abs/arXiv:1312.2014
http://arxiv.org/abs/1308.2627


EFT LOOPS: HOW?

UV Model

Observables

EFT: Ci(⇤)

EFT:Ci(mH)

1. Matching

2. Running

3. “Mapping”

LO: Solving EOM

NLO: Covariant Derivative Expansion
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EFT LOOPS: MATCHING

Lagrangian:
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EFT LOOPS: MATCHING

LO: solve EOM

Lagrangian:
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EFT LOOPS: MATCHING

LO: solve EOM

Lagrangian:

NLO: CDE — computing the one-loop effective action that leaves 
gauge invariance manifest at every step of the calculation. [M. Gaillard 1986]

[O. Cheyette 1988]

19

[B. Henning et al. 2014]

http://arxiv.org/abs/1412.1837


EFT LOOPS: MATCHING

Universal result

Pure gauge part

[B. Henning et al. 2014]
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http://arxiv.org/abs/1412.1837


Example: Scalar triplet

EOM
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Example: Scalar triplet

EOM
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Example: Scalar triplet

EOM
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Example: Scalar triplet

EOM

21



More applications 

Scalar doublet, stop, gauge bosons, … 

Generic scalar, vector-like fermion, chargino/neutralino

[B. Henning et al. 2014]

[C.-W. Chiang et al. 2015]

[R. Huo 2015]

EFT LOOPS: MATCHING

http://arxiv.org/abs/1412.1837
http://arxiv.org/abs/1505.06334
http://arxiv.org/abs/1506.00840


EFT LOOPS: HOW?

UV Model

Observables

EFT: Ci(⇤)

EFT:Ci(mH)

1. Matching

2. Running

3. “Mapping”

LO: many tools available 
FeynRules       MadGraph5       Pythia      Delphes 

upgrade to NLO
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EFT LOOPS: 
QCD AUTOMATION

EFT @ NLO in QCD have started to become available 
in MadGraph5_aMC@NLO platform

24



EFT operators

Observables

?

25



EFT operators

Observables

LO

FeynRules

Feynman Rules 
(UFO model)

Parton level

Hadron level

MadGraph

Pythia/Herwig

PGS/Delphes
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EFT operators

Observables

LO

FeynRules

Feynman Rules 
(UFO model)

Parton level

Hadron level

MadGraph

Pythia/Herwig

PGS/Delphes

NLO

+ NLOCT

MadGraph5_aMC@NLO

Automatic generation of 
one-loop counterterms

Automatic NLO: Loop+Real+PS

[C. Degrande 2014]

[J. Alwall et al. 2014]
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EFT LOOPS: 
QCD AUTOMATION

Example #1:  Higgs Characterization @ NLO

Framework for studying  
Higgs couplings, consistent  
and automated at NLO.

[P. Artoisenet et al. 2013] [F. Demartin et al. 2014]
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http://arxiv.org/abs/1306.6464
http://arxiv.org/abs/1407.5089


ttH production:

27



./bin/mg5_aMC 
>import model HC_NLO_X0  
>generate p p > x0 t t~ [QCD] 
>output some_DIR  
>launch

ttH production:
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>output some_DIR  
>launch

ttH production:
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[F. Demartin et al. 2014]

http://arxiv.org/abs/1407.5089


EFT LOOPS: 
QCD AUTOMATION

Example #2:  Top EFT @ NLO

Chromo dipole in ttbar production

[D. B. Franzosi, CZ, 2015]

28

http://arxiv.org/abs/1503.08841


EFT LOOPS: 
QCD AUTOMATION

Example #2:  Top EFT @ NLO

Chromo dipole in ttbar production

./bin/mg5_aMC 
>import model TEFT 
>generate p p > t t~ EFT=1 [QCD] 
>output some_DIR 
>launch

[D. B. Franzosi, CZ, 2015]
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EFT LOOPS: 
QCD AUTOMATION

Example #2:  Top EFT @ NLO

Chromo dipole in ttbar production
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[D. B. Franzosi, CZ, 2015]
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EFT LOOPS: 
QCD AUTOMATION

Example #2:  Top EFT @ NLO

EW dipole in single top and ttZ (preliminary)
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EFT LOOPS: 
QCD AUTOMATION

page 6/22

Diagrams made by MadGraph5
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Diagrams made by MadGraph5
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EFT LOOPS: 
QCD AUTOMATION

Example #3:  Loop-induced gg>H and gg>HH

Chromo dipole in ttbar production (preliminary)
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[V. Hirschi, O. Mattelaer 2015]

[F. Maltoni, E. Vryonidou, CZ]
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EFT LOOPS: HOW?

UV Model

Observables

EFT: Ci(⇤)

EFT:Ci(mH)

1. Matching

2. Running

3. “Mapping”

LO: Solving EOM

NLO: Covariant Derivative Expansion

One loop: completed in Warsaw/BW

LO: many tools available 
FeynRules       MadGraph5       Pythia      Delphes 

upgrade to NLO
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EFT LOOPS: HOW?

UV Model

Observables

EFT: Ci(⇤)

EFT:Ci(mH)

1. Matching

2. Running

3. “Mapping”

LO: Solving EOM

NLO: Covariant Derivative Expansion

One loop: completed in Warsaw/BW

LO: many tools available 
FeynRules       MadGraph5       Pythia      Delphes 

upgrade to NLO

One Loop EFT:  
Almost there!
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SUMMARY

Effective field theory allows for extending kappas at loop order. 

Universal framework to combine precision EW, TGC with Higgs 
data. 

Advances in EFT @ NLO: 

Complete one-loop RGE results. 

Technique for one-loop matching. 

Automatic tools for NLO simulations under way.
34
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BASIS

EW-Higgs operators: a comparison
Warsaw/BW/Standard HISZ SILH/GGPR

OW = ✏IJKW I⌫
µ W J⇢

⌫ WKµ
⇢ OWWW = Tr[Ŵµ⌫Ŵ

⌫⇢Ŵµ
⇢ ] O3W = 1

3!g✏abcW
a⌫
µ W b

⌫⇢W
c⇢µ

O'W = '†'W I
µ⌫W

Iµ⌫ OWW = �†Ŵµ⌫Ŵ
µ⌫� —

O'B = '†'Bµ⌫B
µ⌫ OBB = �†B̂µ⌫B̂

µ⌫� OBB = g02|H|2Bµ⌫B
µ⌫

O'WB = '†�I'W I
µ⌫B

µ⌫ OBW = �†B̂µ⌫Ŵ
µ⌫� —

— OW = (Dµ�)
†Ŵµ⌫(D⌫�) OHW = ig(DµH)†�a(D⌫H)W a

µ⌫

— OB = (Dµ�)
†B̂µ⌫(D⌫�) OHB = ig0(DµH)†(D⌫H)Bµ⌫

— ODW = Tr
⇣
[Dµ, Ŵ⌫⇢][D

µ, Ŵ ⌫⇢]
⌘

O2W = � 1
2

�
DµW a

µ⌫

�2

— ODB = � g02

2 (@µB⌫⇢)(@
µB⌫⇢) O2B = � 1

2 (@
µBµ⌫)

2

— — OW = ig
2

⇣
H†�a !D µH

⌘
D⌫W a

µ⌫

— — OB = ig0

2

⇣
H† !D µH

⌘
@⌫Bµ⌫

O'D =
�
'†Dµ'

�⇤ �
'†Dµ'

� O�,1 = (Dµ�)
†��†(Dµ�) OT = 1

2

⇣
H† !D µH

⌘2

O'⇤ = ('†')⇤('†') O�,2 = 1
2@µ(�

†�)@µ(�†�) OH = 1
2 (@

µ|H|2)2
O' = ('†')3 O�,3 = 1

3

�
�†�

�3 O6 = �|H|6
— O�,4 = (Dµ�)

†(Dµ�)(�†�) —

[S. Willenbrock and CZ 2014]
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EOM can be applied in both directions  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Warsaw/BW basis: Bosonic->Fermionic

Universal for 3 generations.  Convenient for RG.

37

Gauge boson+Higgs with Fermions, summed  
over 3 generations



EOM can be applied in both directions  

Warsaw/BW basis: Bosonic->Fermionic

Universal for 3 generations.  Convenient for RG.

HISZ, SILH, EGGM:  Fermionic->Bosonic: Eliminiate

Convenient for PEWM, TGC, and Higgs

2 flat directions in PEWM become more transparent

3 TGC couplings directly related to 3 operators
37

Gauge boson+Higgs with Fermions, summed  
over 3 generations

[A. Falkowski and F. Riva 2014]

[C. Grojean et al. 2006]

http://arxiv.org/abs/1411.0669v3
http://arxiv.org/abs/hep-ph/0602154v2


2 flat directions in PEWM in Warsaw/BW
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2 flat directions in PEWM in Warsaw/BW

Z-pole data involve 10 operators 

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�
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2 flat directions in PEWM in Warsaw/BW

Z-pole data involve 10 operators 

However, only 8 are really constrained.

Thus 2 directions are weakly constrained  
 
 

[A. Falkowski and F. Riva 2014]

[C. Grojean et al. 2006]

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�

38

http://arxiv.org/abs/1411.0669v3
http://arxiv.org/abs/hep-ph/0602154v2


2 flat directions in PEWM in Warsaw/BW

Z-pole data involve 10 operators 

However, only 8 are really constrained.

Thus 2 directions are weakly constrained  
 
 

e.g., when marginalizing over other operators, 
 
 
 
i.e. a factor of ~2500 weaker.

S = 0.05± 0.10, T = �0.04± 0.10 ) S = 53± 250, T = 36± 223

[A. Falkowski and F. Riva 2014]

[C. Grojean et al. 2006]

[B. Grinstein et al. 2013]

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�
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2 flat directions in PEWM in Warsaw/BW

Z-pole data involve 10 operators 

However, only 8 are really constrained.

Thus 2 directions are weakly constrained  
 
 

e.g., when marginalizing over other operators, 
 
 
 
i.e. a factor of ~2500 weaker.

Becomes ~10 in one of the “bosonic” bases.

S = 0.05± 0.10, T = �0.04± 0.10 ) S = 53± 250, T = 36± 223

[A. Falkowski and F. Riva 2014]

[C. Grojean et al. 2006]

[B. Grinstein et al. 2013]

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�
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2 flat directions in PEWM in Warsaw/BW 

Z-pole data involve 10 operators

It is incorrect ignore all these operators, just because  
they are constrained by precision EW tests.

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�
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2 flat directions in PEWM in Warsaw/BW 

Z-pole data involve 10 operators

TGC also look more transparent in SILH/HISZ bases 

Traditionally uses 

In Warsaw/BW basis, only OBW and O3W enters directly.  Remaining degree 
of freedom comes from shifting input parameters. 

In SILH basis, TGC are directly given by  
 

gZ1 , � , �Z

OHW +OHB , OW �OB +OHW �OHB , O3W

It is incorrect ignore all these operators, just because  
they are constrained by precision EW tests.

O�l, O
(3)
�l , O�e, O�Q, O

(3)
�Q, O�u, O�d, Oll, OWB , O

(3)
�

39



Tree-level generated vs. loop induced
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Tree-level generated vs. loop induced

some operators can be (potentially) generated at tree level  
e.g. 

OB =
ig0

2
(H†DµH)@⌫Bµ⌫ , Oqq = (q̄�µq)(q̄�µq)

[C. Arzt et al., 1994]

40
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Tree-level generated vs. loop induced

some operators can be (potentially) generated at tree level  
e.g. 

while others must be loop induced  
e.g. 
 
Naively these operator coefficients are suppressed by loop factors

OB =
ig0

2
(H†DµH)@⌫Bµ⌫ , Oqq = (q̄�µq)(q̄�µq)

O3W =
1

3!
g✏abcW

a⌫
µ W b⇢

⌫ W cµ
⇢ , OBW = H†⌧ IHW I

µ⌫B
µ⌫

[C. Arzt et al., 1994]
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Tree-level generated vs. loop induced

some operators can be (potentially) generated at tree level  
e.g. 

while others must be loop induced  
e.g. 
 
Naively these operator coefficients are suppressed by loop factors

However, making such distinction is justified only in a basis that 
maximizes the number of tree-level operators, because EOMs mix 
tree-level and loop-induced operators.

OB =
ig0

2
(H†DµH)@⌫Bµ⌫ , Oqq = (q̄�µq)(q̄�µq)

O3W =
1

3!
g✏abcW

a⌫
µ W b⇢

⌫ W cµ
⇢ , OBW = H†⌧ IHW I

µ⌫B
µ⌫

[C. Arzt et al., 1994]

[M. B. Einhorn, J. Wudka, 2013]
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Tree-level generated vs. loop induced

some operators can be (potentially) generated at tree level  
e.g. 

while others must be loop induced  
e.g. 
 
Naively these operator coefficients are suppressed by loop factors

However, making such distinction is justified only in a basis that 
maximizes the number of tree-level operators, because EOMs mix 
tree-level and loop-induced operators.

Both Warsaw/BW and SILH basis satisfy this condition, while HISZ does 
not.

OB =
ig0

2
(H†DµH)@⌫Bµ⌫ , Oqq = (q̄�µq)(q̄�µq)

O3W =
1

3!
g✏abcW

a⌫
µ W b⇢

⌫ W cµ
⇢ , OBW = H†⌧ IHW I

µ⌫B
µ⌫

[C. Arzt et al., 1994]

[M. B. Einhorn, J. Wudka, 2013]
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Physics must be the same

In principle, one should always keep all relevant operators. 
Turning on “one operator at a time” should better be avoided.  At least extreme care must be taken.
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e.g. might lead to ten operators constrained by PEWM while only eight are true.

Other flat directions may appear, e.g. in TGC fit from WW, 
 
 
 

[A. Falkowski, F. Riva 2014]
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Physics must be the same

In principle, one should always keep all relevant operators. 
Turning on “one operator at a time” should better be avoided.  At least extreme care must be taken.

e.g. might lead to ten operators constrained by PEWM while only eight are true.

Other flat directions may appear, e.g. in TGC fit from WW, 
 
 
 

RG mixing: even if only one operator is present at scale Lambda, it mixes with many others when evolved down to 
EW scale. 

[A. Falkowski, F. Riva 2014]

[R. Alonso et al. 2013]
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Physics must be the same

In principle, one should always keep all relevant operators. 
Turning on “one operator at a time” should better be avoided.  At least extreme care must be taken.

e.g. might lead to ten operators constrained by PEWM while only eight are true.

Other flat directions may appear, e.g. in TGC fit from WW, 
 
 
 

RG mixing: even if only one operator is present at scale Lambda, it mixes with many others when evolved down to 
EW scale. 

Loop-induced bounds should be interpreted  
carefully: in most cases they rely on 
 “one operator at a time” 
 
Results are very different at different ren scale. 
 

[A. Falkowski, F. Riva 2014]

[R. Alonso et al. 2013]

[C.-Y. Chen, S. Dawson, CZ 2013]
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Physics must be the same

In principle, one should always keep all relevant operators. 
Turning on “one operator at a time” should better be avoided.  At least extreme care must be taken.

e.g. might lead to ten operators constrained by PEWM while only eight are true.

Other flat directions may appear, e.g. in TGC fit from WW, 
 
 
 

RG mixing: even if only one operator is present at scale Lambda, it mixes with many others when evolved down to 
EW scale. 

Loop-induced bounds should be interpreted  
carefully: in most cases they rely on 
 “one operator at a time” 
 
Results are very different at different ren scale. 
 

Exceptions: for UV finite observables, such as U parameter, it is safe.

[A. Falkowski, F. Riva 2014]

[R. Alonso et al. 2013]

[C.-Y. Chen, S. Dawson, CZ 2013]

[N. Greiner, S. Willenbrock, CZ 2011]
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