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Spontaneous electroweak 
symmetry breaking

Usual: Scale140

v

g, g�

M2
W =

g2

2
v2

M2
Z =

g2 + g�2

2
v2

M2
A = 0

W±
L , ZL

Energy scale

∴

}

WW Scattering and Unitarity Violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW ! WW possible; 
cross section:

massive gauge bosons: ! 2 transverse d.o.f. + 1 longitudinal d.o.f.
massless  gauge bosons: ! 2 transverse d.o.f.

L L

To restore unitary it needs 
some scalar boson “H” with

gHWW!  ~ MW

gHff!  ~ mf

MH !  < 1 TeV
σ ! const

for large energies
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WW Scattering and Unitarity Violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW ! WW possible; 
cross section:

massive gauge bosons: ! 2 transverse d.o.f. + 1 longitudinal d.o.f.
massless  gauge bosons: ! 2 transverse d.o.f.
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some scalar boson “H” with
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Usual: Scale140
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W =
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2
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2
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M2
A = 0

W±
L , ZL

Gauge couplings

New scalar field
interacting with gauge fields
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Gauge boson masses

Usual: Scale140

v

g, g�

MW =
g

2
v

MZ =

�
g2 + g�2

2
v

M2
A = 0

W±
L , ZL

Usual: Scale140
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g, g�

MW =
g

2
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MZ =

�
g2 + g�2

2
v

M2
A = 0

W±
L , ZL

Usual: Scale140

v

g, g�

MW =
g

2
v

MZ =

�
g2 + g�2

2
v

MA = 0

W±
L , ZL

New degrees of freedom:

Usual: Scale140

v

g, g�

MW =
g

2
v

MZ =

�
g2 + g�2

2
v

MA = 0

W±
L , ZL

h

WW → WW

s � M2
W

∼
s

M2
W

∼ −
s

M2
W

s

s−M2
h

Λ � MW

Higgs particle
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Unitarity

∴

}

WW Scattering and Unitarity Violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW ! WW possible; 
cross section:

massive gauge bosons: ! 2 transverse d.o.f. + 1 longitudinal d.o.f.
massless  gauge bosons: ! 2 transverse d.o.f.

L L

To restore unitary it needs 
some scalar boson “H” with

gHWW!  ~ MW

gHff!  ~ mf

MH !  < 1 TeV
σ ! const

for large energies
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h

WW → WW

s � M2
W

∼
s

M2
W

∼ −
s

M2
W

s

s−M2
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Λ � MW

h

WW → WW

s � M2
W
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∴

}

WW Scattering and Unitarity Violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW ! WW possible; 
cross section:

massive gauge bosons: ! 2 transverse d.o.f. + 1 longitudinal d.o.f.
massless  gauge bosons: ! 2 transverse d.o.f.

L L

To restore unitary it needs 
some scalar boson “H” with

gHWW!  ~ MW

gHff!  ~ mf

MH !  < 1 TeV
σ ! const

for large energies
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WW Scattering and Unitarity Violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW ! WW possible; 
cross section:

massive gauge bosons: ! 2 transverse d.o.f. + 1 longitudinal d.o.f.
massless  gauge bosons: ! 2 transverse d.o.f.

L L

To restore unitary it needs 
some scalar boson “H” with

gHWW!  ~ MW

gHff!  ~ mf

MH !  < 1 TeV
σ ! const

for large energies

2

Unitarity

h

WW → WW

s � M2
W

Mgauge ∼
s

M2
W

Mhiggs ∼ −
s

M2
W

s

s−M2
h

Λ � MW

Cancellation (for a light Higgs)
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Higgs ?

LHC 
(and previously LEP and Tevatron)

6

(at electroweak scale)
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Eureka !

Higgs

7

LHC

Nobel prize
Tuesday, November 5, 2013
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F. Cerutti
EPS 2013

SM-like Higgs ... 
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 ... and nothing else

O. Buchmuller
EPS 2013

SUSY searches
(similar for other BSM)
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Effective Lagrangian approach

BSM at high scale
would modify Higgs properties

Usual: Scale140

Λ � MW

1

Λ2 O6

Integrate heavy dof,
obtain d=6 ops.
formed with SM fields

Usual: Scale140

Λ ! MW

c
1

Λ2
O6

Otree

Oloop

Jµ
f Jfµ

Jµ
f Jfµ

Describe quasi-SM Higgs
i.e. SM field 

with (slightly) modified couplings

Usual: Scale140

Λ ! MW

ci
1

Λ2
O6

Otree

Oloop

Jµ
f Jfµ

Jµ
f Jfµ

High-enery scale suppresses effects

Wilson coefficient

Usual: Scale140

Λ ! MW

c
1

Λ2
O6

Otree

Oloop

Jµ
f Jfµ

Jµ
f Jfµ

10
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Effective Higgs 
Lagrangians

Eduard Massó
Universitat Autònoma Barcelona

In collaboration with 
Joan Elias-Miró, José Ramón Espinosa

and Alex Pomarol 

hep-ph  1302.5661  and 1308.1879
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Basis of operators

Renormalization

Constraints on Wilson coeffs.

12

Conclusions

Outline

Tuesday, November 5, 2013
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Operator basis

13

How many independent d=6 operators ?

(after using EOM, partial int., identities
to eliminate redundancies)

Buchmuller & Wyler 86
Grzadkowski, Iskrzynski, Misiak, Rosiek10
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E. Massó

Operator basis

13

How many independent d=6 operators ?

(after using EOM, partial int., identities
to eliminate redundancies)

Buchmuller & Wyler 86
Grzadkowski, Iskrzynski, Misiak, Rosiek10

59 (one family)

59 ways to modify the SM !!
(many more for 3 families)

Tuesday, November 5, 2013
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+ 6 CP-odd

Bosonic

14

Tuesday, November 5, 2013
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(one family)Fermionic

15
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“Tree” vs “Loop”

16

Artz Einhorn Wudka 95

In weakly coupled theories

High-energy origin of effective opers.

Usual: Scale140

Λ ! MW

1

Λ2
O6

Otree

Oloop

J
µ
f Jfµ

Usual: Scale140

Λ ! MW

1

Λ2
O6

Otree

Oloop

Usual: Scale140

Λ ! MW

1

Λ2
O6

Otree

Oloop

Current x Current
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“Tree” vs “Loop”

16

Well-defined classification

Expected with different sizes in many 
favorite theories (SUSY, 2H model, etc)

Proves convenient for many purposes

In general, we keep this separation:
- ops Current x Current (call them Tree)
- other ops (call them Loop)

Tuesday, November 5, 2013
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Blue or Red

17
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Blue and Red

18

Not an operator

Tuesday, November 5, 2013
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Choosing a basis Basis is not unique

Physics is independent of basis, 
but there may be some more convenient than others
(In general it depends of the objective)

Cleanest connection observable-operator

Keep tree-loop separated

Capture in few opers impact of some BSM models,
(SUSY, 2H, ...)

Show some BSM symmetries

Avoid (or at least control) blind directions
i.e. directions not bounded by a set of exps.

19
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Modifications to Higgs couplingsLh =

ghffh(f̄LfR +h.c.) + ghV V hV µVµ

+ghZfLfL
hZµf̄Lγ

µfL + ghZfRfR
hZµf̄Rγ

µfR

+ghWfLf
′
L
hWµf̄Lγ

µf ′L + ghhhh
3

+g∂hWW (W+µW−
µν∂

νh+h.c.)+g∂hZZZ
µZµν∂νh

+g′hZZhZ
µνZµν+ghAAhA

µνAµν+g∂hAZZ
µAµν∂νh

+ghAZhA
µνZµν + ghGGhG

AµνGA
µν

Lh =

ghffh(f̄LfR +h.c.) + ghV V hV µVµ

+ghZfLfL
hZµf̄Lγ

µfL + ghZfRfR
hZµf̄Rγ

µfR

+ghWfLf
′
L
hWµf̄Lγ

µf ′L + ghhhh
3

+g∂hWW (W+µW−
µν∂

νh+h.c.)+g∂hZZZ
µZµν∂νh

+g′hZZhZ
µνZµν+ghAAhA

µνAµν+g∂hAZZ
µAµν∂νh

+ghAZhA
µνZµν + ghGGhG

AµνGA
µν

Departures from SM are generated 
by Wilson coeff. of d=6 opers.

CP-even modifications

20
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18 Relevant Higgs operators

- Adopt SILH basis 
Giudice Grojean 
Pomarol Rattazzi 07

 - Only CP-even ops.
 - One family

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OGG = g2s |H|2GA
µνG

Aµν

OBB = g′2|H|2BµνB
µν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

Ou
R = (iH† ↔

DµH)(ūRγ
µuR)

Od
R = (iH† ↔

DµH)(d̄Rγ
µdR)

Oe
R = (iH† ↔

DµH)(ēRγ
µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

Bosonic

21
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18 Relevant Higgs operators

- Can assume 3 families, impose MFV
- Input 

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OBB = g′2|H|2BµνB
µν

OGG = g2s |H|2GA
µνG

Aµν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

Ou
R = (iH† ↔

DµH)(ūRγ
µuR)

Od
R = (iH† ↔

DµH)(d̄Rγ
µdR)

Oe
R = (iH† ↔

DµH)(ēRγ
µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

Fermionic

htt

hbb

hττ

hGG

hγγ, hγZ

h3

V BF

GF ,α,MZ,Mh,Mf

ci(Λ)

ci(MH)

∆ci ∼ γij
cj

16π2 logΛ/MH

κloop(Λ)

22
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Constraints from pre-Higgs era:
8 + 2

23
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E. Massó

Constraints from pre-Higgs era:
8 + 2

23

Z-peak   M_W
EW low energy meas. LEP2 Triple-gauge-boson vertex

(LHC will do better than LEP2)
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Constraints from pre-Higgs era:
8 + 2

23

Limits for             

OW

Λ = MW

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

∆ci ∼ γij
cj

16π2 logΛ/MH

κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

h → γγ, γZ

OBB = g′2|H|2BµνBµν

No dominance  of tree ops assumed

Z-peak   M_W
EW low energy meas. LEP2 Triple-gauge-boson vertex

(LHC will do better than LEP2)
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Constraints from pre-Higgs era: 8 + 2

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OGG = g2s |H|2GA
µνG

Aµν

OBB = g′2|H|2BµνB
µν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

Ou
R = (iH† ↔

DµH)(ūRγ
µuR)

Od
R = (iH† ↔

DµH)(d̄Rγ
µdR)

Oe
R = (iH† ↔

DµH)(ēRγ
µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OGG = g2s |H|2GA
µνG

Aµν

OBB = g′2|H|2BµνB
µν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

Ou
R = (iH† ↔

DµH)(ūRγ
µuR)

Od
R = (iH† ↔

DµH)(d̄Rγ
µdR)

Oe
R = (iH† ↔

DµH)(ēRγ
µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

24
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Constraints from pre-Higgs era: 8 + 2

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OGG = g2s |H|2GA
µνG

Aµν

OBB = g′2|H|2BµνB
µν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

Ou
R = (iH† ↔

DµH)(ūRγ
µuR)

Od
R = (iH† ↔

DµH)(d̄Rγ
µdR)

Oe
R = (iH† ↔

DµH)(ēRγ
µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2
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µeR)

Oq
L = (iH† ↔

DµH)(Q̄Lγ
µQL)

O(3) q
L = (iH†σa

↔
DµH)(Q̄Lγ

µσaQL)

|H|2O4 → (v + h)2O4

OGG = g2s |H|2GA
µνG

Aµν

ci(Λ)

ci(MH)

OT =
1

2

(
H†↔DµH

)2

OH =
1

2
(∂µ|H|2)2

O6 = λ|H|6

OW =
ig

2

(
H†σa

↔
DµH

)
DνWa

µν

OB =
ig′

2

(
H†

↔
DµH

)
∂νBµν

Oyu = yu|H|2Q̄LH̃uR

Oyd = yd|H|2Q̄LHdR

Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

24

OGG = g2s |H|2GA
µνG

Aµν

OBB = g′2|H|2BµνB
µν

OHW = ig(DµH)†σa(DνH)Wa
µν

OHB = ig′(DµH)†(DνH)Bµν

OHB

OWW

OWW = 4(OW −OB)−4(OHW −OHB)+OBB

Ou
R = (iH† ↔

DµH)(ūRγ
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8 “only-Higgs-Physics” operators
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8 “only-Higgs-Physics” operators
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Operators have form
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Oye = ye|H|2L̄LHeR

O(3) l
LL = (L̄Lγ

µσaLL)(L̄Lγ
µσaLL)

OBB = g′2|H|2BµνBµν

OGG = g2s |H|2GA
µνG

Aµν

OHW = ig(DµH)†σa(DνH)Wa
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Of these 8 ops:  5 tree + 3 loop

8 are CP-even ops.  There are 3 more CP-odd
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8 “only-Higgs-Physics” coefficients

The Higgs LHC measurements do not lead to further 
constraints on non-Higgs physics.

LHC measurements already put strict bounds 
on some of the coeffs of operators

Pomarol and Riva
1308.2802
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Renormalization
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Anomalous dimensions
of Wilson coefficients
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Corrections will be important when more precise Higgs data 
will be available
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We have calculated the part that can
have larger impact on Higgs physics.

Example:

Elias-Miro et al
1308.1879
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�
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�
. (66)

From them we can calculate the leading-log corrections to cB + cW , cT and cL + c(3)
L

that are
highly constrained by �S, �T and the Zbb-coupling, as has been discussed in Section 4. In this
way, coefficients that are more loosely constrained by direct processes, such as cH , cL or cR,
can get indirect bounds from LEP1 and Tevatron measurements.

Integrating the RGEs of Eq. (66), at the one-loop leading-log order, between the cutoff
scale Λ = 2 TeV and the electroweak scale, that we take here Mt, one gets 12

∆�T = ∆cT ξ = [−0.003 cH + 0.16 (cL − cR)] ξ , (67)
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where ∆ci ≡ ci(Mt) − ci(2 TeV). Notice that even if a PLR symmetry of the BSM sector
enforces cL + c(3)

L
= 0, we can have a nonzero cL + c(3)

L
from the RG running, since the

SM does not respect this parity. The fact that the three quantities above are constrained
at the per-mille level implies that the top coefficients, {cL, cR, . . . } × ξ cannot be of order
one. Obviously, we are barring the possibility of cancellations between the initial value of the
Wilson coefficients at the scale Λ and the radiative effects ∼ γci log(Λ/Mt), that could only
be possible by accident.

6 RGE impact on the predictions of Wilson coefficients

Here we want to study the impact of the evolution of the Wilson coefficients from the UV scale
Λ down to the electroweak scale at which they affect Higgs physics. This running can modify

12 The effects of cH and those of cL,R on �T were already calculated in [29] and [30] respectively.
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From them we can calculate the leading-log corrections to cB + cW , cT and cL + c(3)
L

that are
highly constrained by �S, �T and the Zbb-coupling, as has been discussed in Section 4. In this
way, coefficients that are more loosely constrained by direct processes, such as cH , cL or cR,
can get indirect bounds from LEP1 and Tevatron measurements.

Integrating the RGEs of Eq. (66), at the one-loop leading-log order, between the cutoff
scale Λ = 2 TeV and the electroweak scale, that we take here Mt, one gets 12

∆�T = ∆cT ξ = [−0.003 cH + 0.16 (cL − cR)] ξ , (67)
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where ∆ci ≡ ci(Mt) − ci(2 TeV). Notice that even if a PLR symmetry of the BSM sector
enforces cL + c(3)

L
= 0, we can have a nonzero cL + c(3)

L
from the RG running, since the

SM does not respect this parity. The fact that the three quantities above are constrained
at the per-mille level implies that the top coefficients, {cL, cR, . . . } × ξ cannot be of order
one. Obviously, we are barring the possibility of cancellations between the initial value of the
Wilson coefficients at the scale Λ and the radiative effects ∼ γci log(Λ/Mt), that could only
be possible by accident.

6 RGE impact on the predictions of Wilson coefficients

Here we want to study the impact of the evolution of the Wilson coefficients from the UV scale
Λ down to the electroweak scale at which they affect Higgs physics. This running can modify

12 The effects of cH and those of cL,R on �T were already calculated in [29] and [30] respectively.
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Tree -> loop mixing

Mixing from tree operator can be important

κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

h → γγ, γZ

κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

h → γγ, γZ

κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

h → γγ, γZ
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Assume weakly coupled theories

∆ci ∼ γij
cj

16π2 logΛ/MH

κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

κloop " ctree

h → γγ, γZ

OBB = g′2|H|2BµνBµν

OWB = gg′(H†σaH)Wa
µνB

µν

OWW = g2|H|2Wa
µνW

aµν

OW = ig
2

(
H†σa

↔
DµH

)
DνWa

µν

OB = ig′

2

(
H†

↔
DµH

)
∂νBµν
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κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

ctree

h → γγ, γZ
These decays described by loop ops.

Question:
Are there RGE contributions from tree ops. ?
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κloop(Λ)

κloop(MH)

∆κloop ∼ γ ctree
16π2 logΛ/MH

ctree

h → γγ, γZ
These decays described by loop ops.

Question:
Are there RGE contributions from tree ops. ?
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Answer: NO

Easy problem to solve if one chooses a convenient basis 
and takes into account all elements of basis.  

Answer independent of basis
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Elias-Miro et al
1302.5661
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“Tree -> Loop” mixing
In general

33

59 = 39 (tree) + 20 (loop)

All tree->loop anomalous dimensions vanish, 
except for only 3 loop operators
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E. Massó

“Tree -> Loop” mixing
In general

Scalar leptoquarks and heavy double charged higgs
in BSM models lead to effective 4-fermion interactions
which mix under RGEs with fermion dipoles

see, for example,
Akeroyd et al 0610344
Benbrik et al 1009.3886
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59 = 39 (tree) + 20 (loop)

All tree->loop anomalous dimensions vanish, 
except for only 3 loop operators
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

34

Conclusions

d=6 operators used to analyze Higgs and EW data

Found hierarchy of constraints on Wilson coeffs

Convenient to separate tree and loop operators

Relevant anomalous dimensions calculated

8 Wilson coeffs describe Higgs physics at LHC
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Thanks for your attention 
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)
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Additional

OH = 1
2(∂

µ|H|2)2

OT = 1
2

�
H†

↔
DµH

�2

O6 = λ|H|6

OW = ig

2

�
H†σa

↔
DµH

�
DνW a

µν

OB = ig
�

2

�
H†

↔
DµH

�
∂νBµν

O2W = −1
2(D

µW a

µν
)2

O2B = −1
2(∂

µBµν)2

O2G = −1
2(D

µGA

µν
)2

OBB = g�2|H|2BµνBµν

OGG = g2
s
|H|2GA

µν
GAµν

OHW = ig(DµH)†σa(DνH)W a

µν

OHB = ig�(DµH)†(DνH)Bµν

O3W = 1
3!g�abcW

a ν

µ
W b

νρ
W c ρµ

O3G = 1
3!gsfABCGA ν

µ
GB

νρ
GC ρµ

Table 1: 14 CP-even operators made of SM bosons. The operators are grouped in 3 different

boxes corresponding to the 3 classes of operators defined in Eq. (2). Dashed lines separate

operators of different structure within a given class. There are, in addition, the 6 CP-odd

operators given in Eqs. (9)-(11).

where Y f

L,R
are the fermion hypercharges and YH the Higgs hypercharge. In particular, we

could trade OB and OW with other operators:

cBOB ↔ cB
g� 2

g2∗

�
−1

2
OT +

1

2

�

f

�
Y f

L
Of

L
+ Y f

R
Of

R

��
,

cWOW ↔ cW
g2

g2∗

�
−3

2
OH + 2O6 +

1

2
(Oyu

+Oyd
+Oye

) +
1

4

�

f

O(3) f
L

�
, (21)

where, in the last expression, we have eliminated Or using Eq. (19).
For one family of fermions the set of operators that we use is collected in Tables 1 and 2.

We keep all operators of Eqs. (4)-(11), since they are the relevant ones for a well-motivated
class of BSM scenarios such as universal theories, with the exception of Or, that we eliminate
of our basis using Eq. (19). In Tables 1 and 2 there are 58 operators; adding the 6 bosonic CP-
odd ones in Eqs. (9)-(11) leads to a total of 64 operators. We still have 5 redundant operators
that once eliminated leave a total of 59 independent operators, in agreement with [9]. We
leave free the choice of which 5 operators to eliminate: e.g., the operators of Eq. (5) could be
eliminated by using Eq. (20) or, alternatively, we could trade 5 operators that contain fermions
by the operators in Eq. (5). We will use later this freedom in different ways depending on the
physics process studied. Other redundant operators are discussed in Appendix A.

7

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g�2|H|2BµνB
µν , OGG = g2

s
|H|2GA

µν
GAµν , (6)

OHW = ig(DµH)†σa(DνH)W a

µν
, OHB = ig�(DµH)†(DνH)Bµν , (7)

O3W =
1

3!
g�abcW

a ν

µ
W b

νρ
W c ρµ , O3G =

1

3!
gsfABCG

A ν

µ
GB

νρ
GC ρµ , (8)

and the CP-odd operators

O
B �B = g�2|H|2Bµν

�Bµν , O
G �G = g2

s
|H|2GA

µν
�GAµν , (9)

O
H�W = ig(DµH)†σa(DνH)�W a

µν
, O

H �B = ig�(DµH)†(DνH) �Bµν , (10)

O3�W =
1

3!
g�abc�W a ν

µ
W b

νρ
W c ρµ , O3 �G =

1

3!
gsfABC

�GA ν

µ
GB

νρ
GC ρµ , (11)

where �F µν = �µνρσFρσ/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g�gH†σaHW a

µν
Bµν and OWW = g2|H|2W a

µν
W µν a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O3W and O3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coefficients should scale as c3W ∼ g2/g2∗ and c3G ∼ g2

s
/g2∗ respec-

tively.
Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu
= yu|H|2Q̄L

�HuR ,

Ou

R
= (iH†

↔
DµH)(ūRγ

µuR) ,

Oq

L
= (iH†

↔
DµH)(Q̄Lγ

µQL) ,

O(3) q
L

= (iH†σa
↔
DµH)(Q̄Lγ

µσaQL) , (14)

where �H = iσ2H∗, and in operators ∝ Q̄LuR we include a Yukawa coupling yu (mu = yuv/
√
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq

LL
= (Q̄Lγ

µQL)(Q̄Lγ
µQL) , O(8) q

LL
= (Q̄Lγ

µTAQL)(Q̄Lγ
µTAQL) ,

Ou

LR
= (Q̄Lγ

µQL)(ūRγ
µuR) , O(8)u

LR
= (Q̄Lγ

µTAQL)(ūRγ
µTAuR) ,

Ou

RR
= (ūRγ

µuR)(ūRγ
µuR) , (15)

5For CP-odd operators the identities are 4OH �B +OB �B +OW �B = 0 and 4OH�W +OW�W +OW �B = 0.
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