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Search for smooth deviations from the SM Effective Field Theory

In an EFT analysis further assumptions are needed:

- dynamical assumptions (e.g. if Higgs ∈ doublet)
- a basis has to be specified
- fix order in perturbation theory
- flavor assumptions

Run 2 (and beyond): High Precision Higgs era.

Run 1 at LHC: discovery of the Higgs and
good measurement of many of its couplings… 
The SM is complete.

So far, no compelling evidence of 
new physics from direct searches: ⇤NP � mh (1)
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How to collect all available information on this state,
in the most general and theoretically unbiased way?LHC Legacy:

PO encode experimental information in idealized observables,
of easy theoretical (QFT) interpretation [e.g. Z-pole PO].

PO can then be matched, by theorists, to any explicit scenario at the desired 
order in perturbation theory.

[Bardin, Grunewald, Passarino ’99]
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systematically improvable,
model independent (on-shell Higgs is key),
can be matched to any EFT in any basis.

Pros:

Cons: Limited to total rates:
can’t describe deviations in differential distributions, e.g. CPV or h → 4f

Need to extend the κ-framework retaining all its good properties:

Higgs pseudo-observables

4

PO used at Run 1: the κ-framework

Narrow width approximation (& on-shell Higgs):



Two-body Higgs decays

5

Higgs PO: parametrize the relevant on-shell amplitude.
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In the SMfrom best SM prediction of the decay rate.
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Higgs PO: parametrize the relevant on-shell amplitude.
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Four-body Higgs decays:   h → 4f

2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.
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*no chirality-flipping terms, suppressed by light fermion masses.
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Four-body Higgs decays:   h → 4f

2.2 Pseudo-observables in h ! ff̄ decays
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photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.
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Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
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*no chirality-flipping terms, suppressed by light fermion masses.
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We expand around the physical poles of the Green function:
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Example:   h → e+e- μ+μ- 

Four-body Higgs decays:   h → 4f

2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.
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The process is completely described by this Green function of ON-SHELL states:
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,

*no chirality-flipping terms, suppressed by light fermion masses.

No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale

Assumption:

⇤NP � mh (1)

To eq.(8) I added a (flavour universal) local interaction
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2
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(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL
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. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.
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4
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*no chirality-flipping terms, suppressed by light fermion masses.

We neglect completely local terms,
corresponding to operators with d > 6:
EFT assumption.

To eq.(8) I added a (flavour universal) local interaction
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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terms.

h ! eReLµLµR / yeyµ (3)
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No new light state can mediate this amplitude.
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The Higgs PO are defined from the residues on the physical poles.
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(ē�µe)(µ̄�⌫µ)⇥


✓
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+

✏Ze

m2
Z

gµZ
PZ(q22)

+
✏Zµ

m2
Z

geZ
PZ(q21)

◆
gµ⌫+

+

✓
✏ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ Z�✏

SM-1L
Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ��✏

SM-1L
��

e2QeQµ

q21q
2
2

◆
q1 · q2 gµ⌫ � q2µq1⌫

m2
Z

+

+

✓
✏CP
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏CP

Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏CP

��
e2QeQµ

q21q
2
2

◆
"µ⌫⇢�q2⇢q1�

m2
Z

�

(1)

PZ(q
2) = q2 �m2

Z + imZ�Z (2)

X ! 1, ✏X ! 0 (3)

hZµZ
µ, hZµ@⌫Vµ⌫ hVµ⌫V

µ⌫ h"µ⌫⇢�Vµ⌫V⇢� hZµf̄�
µf, hZµ@⌫Vµ⌫ (4)

ZZ ,Z� ,�� , ✏ZZ ,

✏CP
Z� , ✏

CP
�� , ✏CP

ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(5)

WW , ✏WW , ✏CP
WW ,

✏We, ✏Wµ, (complex)

(6)

✏SM-1L
�� ' 3.8⇥ 10�3 ,

✏SM-1L
Z� ' 6.7⇥ 10�3

(7)

1

To eq.(8) I added a (flavour universal) local interaction
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Only 3 tensor structures allowed by Lorentz symmetry.
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Only 3 tensor structures allowed by Lorentz symmetry.
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PO in EW Higgs Production
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By crossing symmetry, the same correlation function
(in a different kinematical region and with different fermionic currents)
enters also in EW Higgs production.

h

Jq

Jq'

VBF:

h

Jq

V/Jf

V h:

2.2 Pseudo-observables in h ! ff̄ decays

In analogy to the e↵ective couplings of Z and W bosons to fermions, for each fermion
species we can introduce two real e↵ective couplings (yfS,P ) defined by

A(h ! ff̄) = � ip
2

h
(yfS + iyfP )f̄LfR + (yfS � iyfP )f̄RfL

i
. (5)

The “dressing” of this amplitude with soft QED and QCD radiation is straightforward.
The measurement of �(h ! ff̄) determines the combination |yfS|2+ |yfP |2, while the yfP/yfS
ratio can be determined only if the lepton polarization is experimentally accessible. If CP
is conserved only one of the two e↵ective couplings is allowed: if h is a CP-even state,
then only yfS is allowed.

Within the SM, at the tree-level, one finds

yf,SMS =

p
2mf

vF
, yf,SMP = 0 , (6)

where vF = (
p
2GF )�1/2, and GF is the Fermi constant extracted from the muon decay.

The e↵ective couplings yfS,P provide an explicit breaking of the U(1)fL ⇥ U(1)fR flavor
symmetry, which is not assumed to hold in the case of third generation fermions.

3 Higgs decays mediated by electroweak gauge bosons

In this section we provide a unified decomposition of the Higgs decay amplitudes into four
fermions (h ! 4f), a fermion-anti fermion pair and one hard photon (h ! ff̄�), and two
photons (h ! ��). The h ! 4f amplitudes are particularly interesting since they allow us
to investigate the e↵ective hW+W� and hZZ interaction terms, which cannot be probed
on-shell. However, in order to extract such information in a model-independent way, it is
necessary to take into account also the possible additional contributions to h ! 4f due
to contact terms and the e↵ective couplings of the Higgs to photons.

The purpose of our approach is to characterise, as precisely as possible, the three point
function of the Higgs boson and two fermion currents,

h0|T �
Jµ
f (x), J

⌫
f 0(y), h(0)

 |0i , (7)

where all the states are on-shell. This correlation-function is probed by the experiments
in h ! 4f decays, but also in Higgs associated production (pp ! h + W,Z) and in
Higgs production via vector-boson fusion. Extracting the kinematical structure of Eq. (7)
from data will allow us both to determine the e↵ective coupling of h to all the SM gauge
bosons, and also to investigate possible couplings of h to new massive states. The former
are associated to a well-defined double-pole structure in Eq. (7), while the latter can lead
to local interactions with one or no poles.

7 [Work in progress]

In this case since the possible high momentum transfer at the LHC
could cause issues with the validity of the EFT expansion. Not an issue with form factors.

h → 4f

Same PO as decays, only need to add quark contact terms.
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Pseudo-observables in Higgs decays (linear EFT)

Exampl
e:

What’s the room for NP in 
Higgs decays taking into 

account LEP results?

Z

[MGA, Greljo, Isidori & Marzocca, arXiv:1504.xxxx]

and ⇤NP � mh (1)

To eq.(8) I added a (flavour universal) local interaction
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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Scale of New Physics is high

Integrate out the heavy BSM dof.
Low energy theory specified by  Symmetries   &   Field content
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Scale of New Physics is high

Integrate out the heavy BSM dof.
Low energy theory specified by  Symmetries   &   Field content

Standard Model
Lagrangian (d ≤ 4)

Leading deformations of the SM

L = LSM
+

X

i
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g2

16⇡2

1

6
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Assuming L and B conservation

59 independent dim-6 operators if flavour universality.
2499 parameters for a generic flavour structure.

[Grzadkowski et al. 1008.4884, Alonso et al. 1312.2014]
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Higgs decay & production

Z couplings  δgZf

The same operator can contribute to different processes.

For example: OHf = i(H† $
DµH)f̄�µf = �1

2

p
g2 + g02Zµ(v + h)2f̄�µf (1)

To eq.(8) I added a (flavour universal) local interaction

F ff 0
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m4
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and keep also quadratic terms (the diagonal ones only, just for an example)

�e+e�µ+µ�

�SM
e+e�µ+µ�
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+ ✏2ZµR

�
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+ all the mixed terms

(3)

See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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Z/⇤

2
and �X ⇠ m4

Z/⇤
4
, and therefore to neglect the quadratic

terms.

h ! eReLµLµR / yeyµ (4)
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1

The power of the EFT: relating different observables
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The power of the EFT: relating different observables
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, and therefore to neglect the quadratic
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The power of the EFT: relating different observables

Use LEP 1 and LEP 2 data
to obtain bounds on some Higgs PO.

Combine LEP data with Higgs data
to derive stronger constraints for the EFT.
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Triple Gauge Couplings
δκz,  δg1,z,  λZ
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Global fit in the ‘Higgs basis’ [LHCHXSWG 2015]

Higgs TGC

PZ(q
2) = q

2 �m

2
Z + imZ�Z (15)

✏

CP
X = Im ✏W `L = 0 (16)

X ! 1, ✏X ! 0 (17)

hZµZ
µ
, hZ

µ
@

⌫
Vµ⌫ hVµ⌫V

µ⌫
h"

µ⌫⇢�
Vµ⌫V⇢� hZµf̄�

µ
f, hZ

µ
@

⌫
Vµ⌫ (18)

V = Z, � (19)

ZZ ,Z� ,�� , ✏ZZ ,

✏

CP
Z� , ✏

CP
�� , ✏

CP
ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(20)

WW , ✏WW , ✏

CP
WW ,

✏We, ✏Wµ, (complex)

(21)

✏

SM-1L
�� ' 3.8⇥ 10�3

,

✏

SM-1L
Z� ' 6.7⇥ 10�3

(22)

WW � ZZ = �2

g

⇣p
2✏WeL + 2cw✏ZeL

⌘
(23)

|yfS |2 + |yfP |2 (24)

|✏�� |2 + |✏CP
�� |2 (25)

�f ��� (26)

J

µ
f (x) = f̄(x)�µf(x) (27)

�cz, c�� , cz� , cgg, �yu, �yd, �ye, �g1,z, �� , �z. (28)

4

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

11

The power of the EFT: relating different observables
Once the strong LEP I constraints (≲1%) are imposed,

Assuming MFV, only 10 independent combinations of coefficients 
contribute at tree-level to Higgs and LEP II (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]
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The power of the EFT: relating different observables
Once the strong LEP I constraints (≲1%) are imposed,

Assuming MFV, only 10 independent combinations of coefficients 
contribute at tree-level to Higgs and LEP II (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

LEP II (WW)
Higgs
LEP II + Higgs

!1.5 !1.0 !0.5 0.0
!1.0

!0.5

0.0

0.5

1.0

∆g1,z

∆ΚΓ

Constraints on TGCs

LEP II data alone suffers from a flat 
direction in the TGC fit.

Higgs data (mainly via VH and VBF production) 
is sensitive to a different direction.

+

=

Together they provide strong and robust
constraints on the TGC.

[Falkowski, Riva  1411.0669]

[Falkowski 1505.00046]

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

All other coefficients have been marginalised.
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Constraints on the Higgs PO in the linear EFT

e.g h→4ℓ:

To eq.(8) I added a (flavour universal) local interaction

F

ff 0

1 �
�ff 0

m

4
Z

(1)

and keep also quadratic terms (the diagonal ones only, just for an example)
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�SM
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2
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2
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+ all the mixed terms

(2)

See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,

where ZZ � 1, ✏X ⇠ m

2
Z/⇤

2
and �X ⇠ m

4
Z/⇤

4
, and therefore to neglect the quadratic

terms.
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To eq.(8) I added a (flavour universal) local interaction
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and keep also quadratic terms (the diagonal ones only, just for an example)
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See that the interference of the ZZ term with the local interaction, as well as the quadratic

terms in the contact terms and local interactions, are not suppressed by the kinematics.

I think the only way to consistently neglect those is to assume an EFT power counting,
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, and therefore to neglect the quadratic

terms.
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δεγγ ≲ 10-3 

δεZγ ≲ 10-2 
From LHC:Naively ~10 -3 bounds, however the theoretical error is of ~1%.

No qualitative influence for Higgs physics at present precision.

LEP-I:     δgZℓ ≲ 10-2 [Efrati, Falkowski, Soreq 2015]

[Berthier, Trott 2015]

The less constrained coefficients are the TGC.

We use our combined LEP II + Higgs global fit to derive constraints on the Higgs PO.

[Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]

We match the Higgs PO to the SM EFT:  relations with LEP observables.
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with the correlation matrix:

⇢ =

0

BBBBBBBBBBBB@
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· 1 .56 �.29 .31 �.13 .20 �.22 �.38 �.85
· · 1 �.91 .91 .00 �.13 .26 .35 �.79
· · · 1 �.999 �.06 .25 �.42 �.27 .59
· · · · 1 .06 �.24 .40 .27 �.06
· · · · · 1 �.88 .30 .06 .07
· · · · · · 1 �.22 .10 �.06
· · · · · · · 1 .30 .01
· · · · · · · · 1 �.38
· · · · · · · · · 1

1

CCCCCCCCCCCCA

.

(A.11)

h ! 4` pseudo-observables

Here we report the bounds on the Higgs pseudo-
observables relevant to h ! 4` decays, obtained via a
tree-level matching with the D=6 operators in the Higgs
basis [23]. At this level, only five pseudo-observables are
independent and the constraints we find are:
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Appendix B: Single Z and W Drell-Yan production

Using Madgraph 5 [44] we compute the leading order
(LO) contribution of the D=6 operators in the Higgs
basis to the Z- and W -boson Drell-Yan production cross-

section at 8 TeV in the flavor-general EFT finding:

�LO(pp ! Z)

�SM,LO(pp ! Z)
= 1 + 2.20 �gZu

L � 1.01 �gZu
R

� 1.89 �gZd
L + 0.34 �gZd

R ,

�LO(pp ! W )

�SM,LO(pp ! W )
= 1 + 1.73 (�gZu

L � �gZd
L ) ,

(B.1)

where �SM,LO(pp ! Z) ⇡ 23.9 nb and �SM,LO(pp !
W ) ⇡ 84.5 nb. From Ref. [17], we get the experimental
constraints from 8 TeV data:

�exp(pp ! Z ! `+`�)

�SM, NNLO(pp ! Z ! `+`�)
= 1.02± 0.05. (B.2)

�exp(pp ! W ! `⌫)

�SM, NNLO(pp ! W ! `⌫)
= 1.00± 0.04. (B.3)

As explained in the main text, we assume that the NLO
QCD corrections largely cancel in the BSM vs SM ratio
of Eq. (B.1), and that NLO EW corrections can be ne-
glected. Taking into account that NP e↵ects in leptonic Z
decays are negligible at this level of precision [10], we use
these experimental results to improve the bounds on the
�gV q

L,R coe�cients obtained from LEP1 data in Ref. [10].
These limits are used to constrain the extra contribu-

tion to the production modes VBF, Wh and Zh due to
such anomalous W and Z couplings, which are given by

��V BF

�SM
VBF

= �6.7�gZu
L + 0.9�gZu

R + 6.1�gZd
L � 0.28�gZd

R ,

��Wh

�SM
Wh

= 28�gZu
L � 28�gZd

L ,

��Zh

�SM
Zh

= 31�gZu
L � 14�gZu

R � 23�gZd
L + 4.3�gZd

R . (B.4)
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From these bounds we can extract
precise predictions for Higgs data,
such as di-lepton invariant mass 
spectra.

Predictions for h → 4ℓ in the linear EFT

13

Small deviations allowed in the shape.

Crucial to test these predictions from data!

Any measured deviation would have deep physical consequences:

non-linear realization of EW symmetry, flavor non-universality, …

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

5 independent PO only, in the linear EFT.
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Cпасибо !

Higgs PO • general framework to describe on-shell Higgs properties

• defined from physical properties of the Green functions

• easy to match to specific scenarios

• clear implementation of QED soft radiation (leading HO effect)

The linear EFT provides relations among Higgs and non-Higgs processes:

- combine LEP and Higgs data to derive stronger constraints

- derive predictions for h → 4ℓ processes 
Testing these predictions:  important test for the linear EFT.

Implemented in FeynRules/UFO model:
www.physik.uzh.ch/data/HiggsPO/

h

J
µ
f ′

J
µ
f

http://www.physik.uzh.ch/data/HiggsPO/
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Parameter counting and symmetry assumptions

h → e+e-μ+μ-

h → μ+μ-μ+μ-

h → e+e-e+e-

h → γe+e-

h → γμ+μ-
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11

Neutral current

Symmetries impose relations among these observables.

3/4

Charged
current
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5 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary
to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).

12

7
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to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).

12

7

2

M. González-Alonso /10EFT analyses of  NP

Parameter counting & symmetry limits
[From talk by A. Greljo at Portoroz’2015]

1
9

5

Flavor universality



16David Marzocca

Parameter counting and symmetry assumptions

h → e+e-μ+μ-

h → μ+μ-μ+μ-

h → e+e-e+e-

h → γe+e-

h → γμ+μ-

h → γγ

A =i
2m2

Z

vF

X

e=eL,eR

X

µ=µL,µR
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(ē�µe)(µ̄�⌫µ)⇥


✓
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+

✏Ze

m2
Z

gµZ
PZ(q22)

+
✏Zµ

m2
Z

geZ
PZ(q21)

◆
gµ⌫+

+

✓
✏ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏��

e2QeQµ

q21q
2
2

◆
q1 · q2 gµ⌫ � q2µq1⌫

m2
Z

+

+

✓
✏CP
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏CP

Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏CP

��
e2QeQµ

q21q
2
2

◆
"µ⌫⇢�q2⇢q1�

m2
Z

�

(1)

hZµZ
µ hVµ⌫V

µ⌫ h"µ⌫⇢�Vµ⌫V⇢� hZµf̄�
µf (2)

ZZ ,Z� ,�� , ✏ZZ ,

✏CP
Z� , ✏

CP
�� , ✏CP

ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(3)

WW , ✏WW , ✏CP
WW ,

✏We, ✏Wµ, (complex)

(4)

1

h → e+e-νν
h → μ-μ+νν

N. & C.
interference

others +

5 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary
to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).
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5 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary
to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).
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5 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary
to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).
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(ē�µe)(µ̄�⌫µ)⇥


✓
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+

✏Ze

m2
Z

gµZ
PZ(q22)

+
✏Zµ

m2
Z

geZ
PZ(q21)

◆
gµ⌫+

+

✓
✏ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏��

e2QeQµ

q21q
2
2

◆
q1 · q2 gµ⌫ � q2µq1⌫

m2
Z

+

+

✓
✏CP
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏CP

Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏CP

��
e2QeQµ

q21q
2
2

◆
"µ⌫⇢�q2⇢q1�

m2
Z

�

(1)

hZµZ
µ hVµ⌫V

µ⌫ h"µ⌫⇢�Vµ⌫V⇢� hZµf̄�
µf (2)

ZZ ,Z� ,�� , ✏ZZ ,

✏CP
Z� , ✏

CP
�� , ✏CP

ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(3)

1
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Neutral current

Symmetries impose relations among these observables.

3/4

Charged
current

h → e+μ-νν
h → e-μ+νν

A =i
2m2

Z

vF

X

e=eL,eR

X

µ=µL,µR

(ē�µe)(µ̄�⌫µ)⇥


✓
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+

✏Ze

m2
Z

gµZ
PZ(q22)

+
✏Zµ

m2
Z

geZ
PZ(q21)

◆
gµ⌫+

+

✓
✏ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏��

e2QeQµ

q21q
2
2

◆
q1 · q2 gµ⌫ � q2µq1⌫

m2
Z

+

+

✓
✏CP
ZZ

geZg
µ
Z

PZ(q21)PZ(q22)
+ ✏CP

Z�

✓
eQµgeZ

q22PZ(q21)
+

eQeg
µ
Z

q21PZ(q22)

◆
+ ✏CP

��
e2QeQµ

q21q
2
2

◆
"µ⌫⇢�q2⇢q1�

m2
Z

�

(1)

hZµZ
µ hVµ⌫V

µ⌫ h"µ⌫⇢�Vµ⌫V⇢� hZµf̄�
µf (2)

ZZ ,Z� ,�� , ✏ZZ ,

✏CP
Z� , ✏

CP
�� , ✏CP

ZZ ,

✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR

(3)

WW , ✏WW , ✏CP
WW ,

✏We, ✏Wµ, (complex)

(4)

1

h → e+e-νν
h → μ-μ+νν

N. & C.
interference

others +

5 Parameter counting and symmetry limits

We are now ready to identify the number of independent pseudo-observables necessary
to describe various sets of Higgs decay amplitudes, under the main assumption that only
terms arising at D  6 in a generic EFT expansion are kept. We focus our attention on
leptonic channels, which are more interesting from the experimental point of view.

The neutral current processes h ! e+e�µ+µ�, h ! e+e�e+e� and h ! µ+µ�µ+µ�,
together with the photon channels h ! �� and h ! `+`��, can be described in terms of
11 real parameters:

ZZ ,Z�,��, ✏ZZ , ✏
CP
ZZ , ✏

CP
Z� , ✏

CP
�� , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR (27)

(of which only the subset {��,Z�, ✏CP
�� , ✏CP

Z� , } is necessary to describe h ! �� and
h ! `+`��). The charged-current process h ! ⌫̄eeµ̄⌫µ needs 7 further independent real
parameters to be completely specified:

WW , ✏WW , ✏CP
WW (real) + ✏WeL , ✏WµL (complex) . (28)

Finally, the mixed processes h ! e±µ⌥⌫⌫̄ can be described by a subset of the coe�cients
already introduced plus 2 further real contact interactions coe�cients:

✏Z⌫e , ✏Z⌫µ . (29)

This brings the total number of (real) parameters to 20. In the following subsections
we introduce symmetry arguments which allow to reduce the number of free parameters
while remaining, at the same time, as model-independent as possible.

5.1 Flavor universality

A first simple restriction in the number of parameters is obtained by assuming flavor
universality (i.e. enlarging the flavor symmetry to the full U(3)5 flavor group). In our setup
this simply means assuming that the contact interactions coe�cients are independent of
the generations:

✏ZeL = ✏ZµL , ✏ZeR = ✏ZµR , ✏Z⌫e = ✏Z⌫µ , ✏WeL = ✏WµL . (30)

Since the last coe�cients are complex in general, these are five relations which allow to
reduce the number of parameters to 15. This assumption can be tested directly from data
by comparing the extraction of the contact terms from h ! 2e2µ, h ! 4e and h ! 4µ
modes (see e.g. Sect. 6.3 and Fig. 3).
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Custodial symmetry
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(Accidentally) true in the linear EFT

Linear-EFT can be ruled out using only Higgs data! 
Accidentally true also in the linear EFT.

Possibility to test such hypotheses from Higgs data only.

Contact terms are extremely important for this goal.

20 (general case) 7 (max symm.)
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The most important radiative corrections are 
given by soft QED radiation effects since they 
distort the spectrum.

h
m02

m2 < m02

γ

[M. Bordone, A. Greljo, G. Isidori, D. M., A. Pattori, arXiv:1507.02555]

Effect described by simple and universal
radiator functions.
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Fig. 1 Dilepton invariant mass spectra in the SM for h ! 2e2µ decay.

blue bands for µ+µ� and e

+
e

� invariant mass spectra, re-
spectively. The important conclusion is that our procedure
gives an excellent approximation to full NLO EW correc-
tions at the level of one percent accuracy in this observable.
As expected, the corrections are larger for smaller recombi-
nation parameter m⇤. Moreover, the distributions in µ+µ�

and e

+
e

� invariant masses are the same within MC uncer-
tainty due to the fact that large fermion-mass logarithms can-
cel in sufficiently inclusive observables.

4 Conclusions
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~15% effect!

Other NLO corrections are small: ≲1%

NLO
 LO

Taking this effect into account is 
necessary to extract the PO from data.



18

Tools:   HiggsPO

A Universal FeynRules Output model for 
generating Higgs decays with MG5_aMC@NLO.

To be used to generate the on-shell Higgs decay amplitudes described before.

www.physik.uzh.ch/data/HiggsPO

NOT a EFT Lagrangian to be used beyond the tree-level, or for off-shell processes.

(use tree-level Feynman rules to generate the amplitude we need)

Warning:

Manual, with description and examples at: http://www.physik.uzh.ch/data/HiggsPO/files/HiggsPO.pdf

In collaboration with Admir Greljo and Gino Isidori

http://www.physik.uzh.ch/data/HiggsPO
http://www.physik.uzh.ch/data/HiggsPO/files/HiggsPO.pdf

