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- BSM Benchmarks -



Higgs and EW Physics

Precision SM Measurements in Higgs physics…why?

1) Indirect searches of BSM 
2) Test of how well we know the SM

Established framework: EFT*

* Anomalous couplings lower SM cutoff and are an EFT
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for 2), we want this as general as possible
(for a nice parametrisation in this case, see last YR, 1610.07922) 

http://arxiv.org/abs/arXiv:1610.07922


…as general as possible, model 
independent.

- Difficult in practice 

- Inefficient (e.g. nearly flat direction              ) 

- Restricting assumptions appear in most  

                      analyses (e.g. flavour universality) 

- More is learnt about the SM when it’s tested   

  against specific BSM hypotheses

WW production at the LHC, with δgℓW ;eff , δgℓZ;eff replaced by the effective W and Z couplings to
quarks.

Thus, the WW production provides qualitatively new information about higher-dimensional
operators in the effective Lagrangian that cannot be extracted from the pole observables alone.
We now discuss, at the quantitative level, the constraints on dimension-6 operators from the
e−e+ → W+W− production data collected by the LEP-2 experiment. We take into account the
total and differential production cross section at different center-of-mass energies, as reported in
Ref. [31]. In principle, the e−e+ →W+W− process probes 6 combinations of dimension-6 operators:
δĝ1,Z , δκ̂γ, and λZ in Eq. (23), as well as δgℓW ;eff , δgℓZ,L;eff, and δgℓZ,R;eff in Eq. (16). Using the
e−e+ →W+W− data we could constrain these 6 combinations, and then combine these constrains
with the ones obtained from the pole observables. In practice, however, a simpler procedure is
adequate. The constraints from the pole observables imply δgW,ℓ;eff ≈ δgZ,ℓ;eff ! O(10−3), while the
accuracy of the LEP-2 WW measurements is worse, roughly O(10−2). Therefore, for the sake of
fitting the WW data, it is a very good approximation to assume ĉ′HL = ĉHL = ĉHE = ĉll = 0, which
implies δgW,ℓ;eff = δgZ,ℓ;eff = 0. Then one can focus only on the deformations of the SM along the
EFT directions defined by δĝ1,Z , δκ̂γ, and λZ , which are unconstrained by the pole observables.
This simplified procedure is equivalent to fitting the three anomalous TGCs δg1,Z , δκγ , and λZ

in Eq. (10), assuming vanishing oblique and vertex correction. From that 3-dimensional fit, using
Eq. (23), one can read off constraint on the coefficients of dimension-6 operators in any basis.
Results of the fits in some particular bases are given in Appendix A; below, we only give the
results in the language of the anomalous TGCs. Our formalism of effective couplings that are
directly connected to observable quantities addresses the concerns raised in Ref. [34]. As a cross-
check, we also performed a complete fit where the full non-redundant set of operators contributing
to the pole observables and WW production was allowed to vary freely. Numerically, the results
of that fit are very close to the results of the simplified 3-dimensional TGC fit quoted below, thus
validating our procedure.

To perform the fit, we computed the relevant WW cross sections analytically as a function of
δg1,Z , δκγ , and λZ . We also included the constraints on the closely related process of single on-shell
W boson production in association with a forward electron and a neutrino [31]. In this case, the
corrections due to anomalous TGCs are determined numerically using aMC@NLO [35]. For the SM
predictions we take the numbers quoted in [31]. At the linear level in dimension-6 operators, we
find the constraints

δg1,Z = −0.83± 0.34, δκγ = 0.14± 0.05, λZ = 0.86± 0.38, ρ =

⎛

⎝

1 −0.71 −0.997
· 1 0.69
· · 1

⎞

⎠ . (25)

The constraints are weaker than expected given the LEP-2 precision, with O(1) TGCs allowed
by Eq. (25). This is related to the approximately blind direction of the LEP-2 WW data along
λZ ≈ −δg1.Z that was pointed out in Ref. [36].6 Notice that this blind direction appears to be
a complete accident that occurs for the energy range and the observables explored by LEP-2. In
particular, for s≫ (200GeV)2, the linear level differential cross-section is sensitive separately to λZ

and δg1.Z . Furthermore, the blind direction appears only after summing over the polarizations of
e± and W±, whereas including polarization information would remove the blind direction. Single

6Indeed, along the direction δκ± ≡ (λZ ±δg1.Z)/
√
2, one finds that δκ+ = 0.005±0.055 while δκ− = 1.11±0.57.
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BSM Benchmarks
Document that summarizes classes of BSM scenarios 
and matches to EFT

Useful for experiments to motivate more sharply specific 
searches

Useful for theorists to interpret exp. results in EFT 
language

Leads to educated choices of subsets of operators



BSM Benchmarks

2) Generic Minimal SM extension
deBlas, Criado, Perez-Victoria,Santiago

3) Extended scalar sectorsDawson, Murphy

4) Strongly interacting vectors
Liu, Wang

1) Composite Higgs models Vecchi

Largest effects: at tree level, when NP   couples to SM as,�
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5) New Physics at loop level Henning

Symmetry can lead to first interactions with NP 
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Operator name Operator definition Main On-shell (Higgs) Dominant O↵-shell
OH

1
2 @µ(H

†H)@µ(H†H) h!   ̄, V V ⇤ at . O(10%) VLVL ! VLVL, hh

OT
1
2 (H† !DµH)(H† !DµH) h! ZZ⇤ at . O(0.1%) VLVL ! VLVL, hh

O6 �h(H†H)3 None h! hh
O y  LH R(H†H) h!   ̄ at . O(10%) VLVL ! tt̄

OW
i

2 g(H†�i
 !
DµH)(D⌫Wµ⌫)i h! V V ⇤, V ⇤ ! hV at . O(0.1%) qq̄ ! VLVL

OB
i

2 g0(H† !DµH)(@⌫Bµ⌫) h! V V ⇤ at . O(0.1%) qq̄ ! VLVL

OHW ig(DµH)†�i(D⌫H)W i
µ⌫ h! �Z at . O(10%) qq̄ ! VLVL

OHB ig0(DµH)†(D⌫H)Bµ⌫ h! �Z at . O(10%) qq̄ ! VLVL

Og g2sH
†HGa

µ⌫G
aµ⌫ h! gg at . O(10%) pp! VLVL, hh

O� g02H†HBµ⌫Bµ⌫ h! ��, �Z,ZZ at . O(10%) VLVL ! ��, �Z,ZZ
O2G �1

2g
2
s(D

µGµ⌫)a(D⇢G⇢⌫)a None pp! jj
O2W �1

2g
2(DµWµ⌫)i(D⇢W ⇢⌫)i None qq̄ !   ̄, V V

O2B �1
2g

02(@µBµ⌫)(@⇢B⇢⌫) None qq̄ !   ̄, V V

O3G g3sfabcG
a⌫
µ Gb⇢

⌫ Gcµ
⇢ None pp! jj

O3W g3✏ijkW i⌫
µ W j⇢

⌫ W kµ
⇢ None qq̄ ! V V

Table 1: Complete basis of dimension-6 operators in universal theories. Here y are the SM Yukawa
couplings. CP-odd versions of HW,HB, �, g, 3W, 3G can be obtained by replacing one field strength
with the corresponding dual, Fµ⌫ ! 1

2✏
µ⌫↵�F↵� . The third column shows the dominant on-shell Higgs

processes that the operator contributes to. The last column presents the cleanest 2 ! 2 processes
enhanced at high energies.

the Higgs (as in Twin Higgs models). Also, all tree-level contributions can be avoided if
the exotic resonances respect a Z2 symmetry that prevents linear couplings to SM currents.
Furthermore, a custodial SU(2) can suppress cT at most by a hyper-charge loop factor. On
the other hand, the parameters c6,g,� depend on the nature of the Higgs boson and can be
suppressed in scenarios in which the lightness of the Higgs boson is explained promoting it
to a Nambu-Goldstone Boson (NGB) of the symmetry breaking pattern G ! H. The small
parameter g/G and the size of the suppression depend on how the Goldstone symmetry is
broken.

3 Observable consequences

The operators in the upper portion of table 1 contribute to on-shell Higgs processes. [5][6][7]
The dominant e↵ects are collected in the third column. The severe constraints from precision
electroweak data, especially Z-pole physics, force cT and cW + cB to be very small and thus
impact negligibly Higgs physics at the LHC (we ignore the non-generic possibility that cW�cB
be much larger than cW + cB). The operator O6 only modifies the Higgs self-couplings and
will not be relevant either. The operators OH, are singled out (see red text in table 1) as the
most important ones for at least two reasons. First, all versions of CH models are expected to
generate them (see table 2). Second, their coe�cients are usually sizable in strongly-coupled
CH scenarios, where g⇤ can be as large as 4⇡. They can thus modify all SM Higgs couplings

resonances mixing with the Higgs also generate
1

m2
⇤
(y  L R)

2
at tree-level, as well as innocuous renormal-

izations of the SM parameters. Similarly, at one or higher loops, minimally-coupled universal theories induce

operators with fermions that are not included in table 1. However, their coe�cients are dictated by MFV and

are expected to impact negligibly our analysis.

4

Guiding table: operators <-> processes

Operators (SILH)

Main effects in  
(low-energy) 
Higgs physics

Main effects in  
(high-energy) 
2->2 physics

Subleading

(Universal Theories)
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Composite Higgs: 

Under these assumptions the corrections to the SM Lagrangian can be parameterized
as [2][3][1]:

�LNDA =
m4

⇤
g2⇤

L̂
 
g⇤H

m⇤
, ✏ 

g⇤ 

m3/2
⇤

,
Dµ

m⇤

!
, (1)

where L̂ is a function of its arguments and additional model-dependent coe�cients of order
unity, and Dµ is a covariant derivative. The small parameters that define the power-counting
in this picture are, beyond the SM gauge couplings and E/m⇤, also g⇤v/m⇤ and ✏ (the latter
two have no counterpart in the Chiral Lagrangian).

In order to evade strong constraints from flavor-violation and other rare processes, the UV
dynamics must be approximately universal . This may be ensured when the heavy fields couple
dominantly to H and the gauge bosons (via gauging), and possibly the third generation, but
only weakly to the light SM fermions. In realistic CH models this means that the ✏ of the first
two generations, see (1), are usually negligibly small to be relevant at the LHC. For simplicity,
in the following I will assume approximate universality. In this regime all flavor-violating
operators have coe�cients controlled by the SM Yukawas. In other words, fermionic operators
with powers of ✏ and derived from (1) approximately satisfy “minimal flavor violation”
(MFV). However, the reader should be warned that this is a mere simplification, as non-
universal e↵ects in top and bottom processes are possible in realistic CH models (✏tL,tR,bL,bR

can even be of order unity). This possibility will not be discussed in the following because
the associated signatures are more model-dependent than those considered here.

From (1) we obtain the SM-EFT as follows:

�LNDA =
X

i

ci
m2

⇤
Oi + · · · , (2)

where we assumed B and L are approximate symmetries and · · · indicate operators of dimen-
sion 8 or higher. In universal theories the most important operators Oi appearing in Eq. (2)
are those that involve the Higgs and gauge fields, see table 1. 2 The remaining dimension-6
interactions describe non-universal H couplings to fermions, dipole operators, flavor-violating
4-fermion operators. Those involving the light generations are severely constrained by rare
processes and Z-pole precision data, and are therefore expected to impact the LHC physics
sub-dominantly. Non-standard interactions of top and bottom quarks may however be possi-
ble, but are not important here due to our assumption of universality.

From (1) we obtain an estimate for the coe�cients ci. The result is shown in the second
column in table 2. One can make further model-dependent assumptions on the spectrum
or the symmetries of the UV dynamics, obtaining coe�cients that are suppressed compared
to the generic CH case, as illustrated in the remaining columns. For example, if the strong
dynamics predicts resonances of spin j and mass m⇤, some ci can be generated at tree-level
and thus be enhanced compared to loop-induced ones (of order g2⇤/16⇡

2 times smaller). 3

The pattern shown in the fifth column is found when the exotic resonances only couple to

2
There are many equivalent ways to write the SM-EFT. The most popular choices include the so-called

Warsaw basis [4] (ideal if new physics couples directly to fermions) and the SILH basis [1] (ideal for universal

theories). The SILH basis also turns out to be very convenient when estimating the EFT coe�cients because

it distinguishes those that can be generated at tree- and at loop-level, see table 2.
3
Here we follow [1] and assume that tree-level e↵ects be generated by a UV theory with resonances of spin

j  1 and mass m⇤ that couple via interactions of dimension  4 and minimally to the gauge bosons. Scalar

3

New (perhaps large) coupling

New massSymmetries
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Here we follow [1] and assume that tree-level e↵ects be generated by a UV theory with resonances of spin

j  1 and mass m⇤ that couple via interactions of dimension  4 and minimally to the gauge bosons. Scalar
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New (perhaps large) coupling

New massSymmetries

Coe�cient Generic CH Light j = 0 Light j = 1 Only Higgs SU(2) custodial NGB-Higgs
cH, g2⇤ g2⇤ g2⇤ g2⇤ g2⇤ g2⇤
cT g2⇤ g2⇤ g2⇤ g2⇤ g2⇤ ⇥

g
02

16⇡2 g2⇤

c6
g
4
⇤
�h

g
4
⇤
�h

g
4
⇤
�h

g
4
⇤
�h

g
4
⇤
�h

g
4
⇤
�h

⇥
✓

g
2
/G

g2⇤
or

g
2
/G

16⇡2

◆

cW,B 1 g
2
⇤

16⇡2 1 g
2
⇤

16⇡2 1 1

cHW,HB 1 g
2
⇤

16⇡2
g
2
⇤

16⇡2
g
2
⇤

16⇡2 1 1

cg,� 1 g
2
⇤

16⇡2
g
2
⇤

16⇡2
g
2
⇤

16⇡2 1
g
2
/G

16⇡2

c2G,2W,2B
1
g2⇤

1
g2⇤

⇥ g
2
⇤

16⇡2
1
g2⇤

1
g2⇤

⇥ g
2
⇤

16⇡2
1
g2⇤

1
g2⇤

c3G,3W
1
g2⇤

1
g2⇤

⇥ g
2
⇤

16⇡2
1
g2⇤

⇥ g
2
⇤

16⇡2
1
g2⇤

⇥ g
2
⇤

16⇡2
1
g2⇤

1
g2⇤

Table 2: Estimate of the EFT coe�cients for universal theories characterized by a typical mass scale
m⇤ and coupling g⇤ — where g⇤ ⇠ gSM for weak and g⇤ ⇠ 4⇡ for maximally strong UV completions, for
various assumptions (see text). Di↵erent combinations of such UV assumptions might simultaneously
be satisfied in a given concrete UV model. SM loops and RG evolution from m⇤ ! µ < m⇤ lead to
small corrections to these estimates (or at most comparable) if g⇤ & gSM = yt, g, g0.

(h ! V V ⇤,  ̄) at order g2⇤v
2/m2

⇤ ⇡ 10%(g⇤/4⇡)2(10 TeV/m⇤)2, that is significant even if
the UV physics is very heavy. Via loops, the operators OH, also a↵ect the SM predictions
for h ! gg, ��, �Z at the same order. OHW,HB,g,� dominantly modify radiative Higgs decays
and may also be important; however, their relevance is more model-dependent.

The operators in table 1 can be constrained by taking advantage of the growth in energy
appearing in processes at high momentum transfer q2 � m2

W
:

A = ASM +ABSM ⇥ c
q2

m2
⇤
+O

✓
c0
q4

m4
⇤

◆
. (3)

Familiar examples are vector boson scattering VLVL ! VLVL, hh and VLVL ! tt̄. Other
processes are listed in the last column in the table.

As emphasized at the beginning of this note, the assumptions on the UV dynamics are
essential in extracting reliable constraints on the new physics parameters. [8] Without hy-
pothesis on the UV physics we do not know the size of c in (3) and cannot translate the
experimental bound on A into a constraint on the parameters m⇤, g⇤. Similarly, we cannot
estimate the error incurred in neglecting c0q4/m4

⇤ if we do not know c0/c. This is precisely
the information provided by the power-counting we talked about in the introduction. In CH
scenarios this crucial input is summarized in table 2. Once a power-counting is assumed, only
a very small number of operators turns out to be relevant for a given observable (see the red
text in the last column of table 1). This is what makes the SM-EFT a useful tool. For exam-
ple, inspecting table 2 one easily sees that Drell-Yan processes are controlled by O2W,2B [9],
whereas pp ! jj are dominated by O2G [10]. Similar considerations apply to di-boson events.
In this case 4 operators are expected to dominate, OW,B,HW,HB, but in reality only two linear
combinations turn out to be relevant [11].
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2) Generic Minimal SM extensions

Simple extension with just one resonance:

deBlas, Criado, Perez-Victoria, Santiago

(summarising 1711.10391)

Scalars
S ' ⌅ ⌅1 ⇥1 ⇥3

(1, 1)0 (1, 2)1/2 (1, 3)0 (1, 3)1 (1, 4)1/2 (1, 4)3/2

Fermions

N E �1 �3 ⌃ ⌃1

(1, 1)0 (1, 1)�1 (1, 2)�1/2 (1, 2)�3/2 (1, 3)0 (1, 3)�1

U D Q1 Q5 Q7 T1 T2

(3, 1)2/3 (3, 1)�1/3 (3, 2)1/6 (3, 2)�5/6 (3, 2)7/6 (3, 3)�1/3 (3, 3)2/3

Vectors
B B1 W W1

(1, 1)0 (1, 1)1 (1, 3)0 (1, 3)1

Table 1: Representations of the fields with tree-level contributions to operators with the Higgs.

minimal extensions with several particles that preserve custodial symmetry. In this case, the strongest
constraints are evaded and strong e↵ects in Higgs physics are allowed. In the explicit results below, it can be
observed that many of the contributions to the Wilson coe�cients have a definite sign.

Name Operator Fields that generate it

?O� |�|
6

S, ', ⌅, ⌅1, ⇥1, ⇥3, B1, W
?O�⇤ |�|

2⇤|�|
2

S, ⌅, ⌅1, B, B1, W, W1

O�D |�
†
Dµ�|

2 ⌅, ⌅1, B, B1, W, W1

• Oe� |�|
2
l̄L�eR S, ', ⌅, ⌅1, E, �1, �3, ⌃, ⌃1, B, B1, W, W1

• Od� |�|
2
q̄L�dR S, ', ⌅, ⌅1, D, Q1, Q5, T1, T2, B, B1, W, W1

?Ou� |�|
2
q̄L�̃uR S, ', ⌅, ⌅1, U , Q1, Q7, T1, T2 B, B1, W, W1

O
(1)
�l (l̄L�µ

lL)(�†
i

$
Dµ�) N , E, ⌃, ⌃1, B

O
(3)
�l (l̄L�µ

�
a
lL)(�†

i

$
D

a

µ�) N , E, ⌃, ⌃1, W

O
(1)
�q (q̄L�µ

qL)(�†
i

$
Dµ�) U , D, T1, T2, B

O
(3)
�q (q̄L�µ

�
a
qL)(�†

i

$
D

a

µ�) U , D, T1, T2, W

O�e (ēR�µ
eR)(�†

i

$
Dµ�) �1, �3, B

O�u (ūR�
µ
uR)(�†

i

$
Dµ�) Q1, Q7, B

O�d (d̄R�µ
dR)(�†

i

$
Dµ�) Q1, Q5, B

O�ud (ūR�
µ
dR)(�†

iDµ�̃) Q1, B1

Table 2: Fields that generate each operator containing the Higgs at the tree level. The starts ? indicate
which operators are less constrained by experimental data. The bullets • mark the ones that have smaller
bounds but not coming from EWPT.
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Table 2: Fields that generate each operator containing the Higgs at the tree level. The starts ? indicate
which operators are less constrained by experimental data. The bullets • mark the ones that have smaller
bounds but not coming from EWPT.
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Many models contribute to EW precision data:  
 assume custodial symmetry (Rather than neglecting operators)

3 Custodial models

3.1 Quark bidoublet: Q1 ⇠ (3, 2)1/6 and Q7 ⇠ (3, 2)7/6

We introduce two quark doublets,

Q7 =

✓
X

T

◆
, Q1 =

✓
T

0

B

◆
, (3)

with the same mass and coupling to the top quark:

LBSM = LSM + iQ̄7 /DQ7 + iQ̄1 /DQ1

+M
�
Q̄7Q7 + Q̄1Q1

�

�

h
�

⇣
Q̄7L�tR + Q̄1L�̃tR

⌘
+ h.c.

i
. (4)

This Lagrangian respects custodial symmetry, with the pair of quarks transforming under a (2, 2)2/3
representation of SU(2)L ⇥ SU(2)R ⇥ U(1)X , where the hypercharge is Y = T

R
3 + X. The contributions

to the O� operators from both doublets cancel each other. Only the operator (Ou�)33 is generated by a
tree-level integration, with a positive Wilson coe�cient. The explicit value of (Cu�)33 in this SM extension
is given in table 5.

(Cu�)33

|�|2
M2

Table 5: Tree-level contributions to operators with the Higgs from the quark doublets Q7 and Q1, with the
interactions in Eq. (4).

Therefore, this is a model which can give large negative contributions to the top Yukawa coupling without
producing any other e↵ects at the tree level. Note that one-loop constraints are under control for this
particular model: contributions to the T parameter are protected by custodial symmetry, bounds from the S
parameter are mild, and the contributions of the new quarks to Higgs production via gluon fusion compensate
the reduction in the top Yukawa coupling.

The mass of the extra quarks is bounded from below by direct pair production limits, similarly to the
case of the singlet (section 2.1).

3.2 Neutral vector triplet: W ⇠ (1, 3)0

The neutral vector triplet contains a Z
0 and a W

0. It couples to the SM doublets:
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. (5)

We assume that g
� is real. Table 6 summarizes the tree-level contributions of W to operators with the

Higgs. Unlike the case of the vector singlet B, the coupling g
� is allowed to be large in this case, because the

contribution to the T parameter is zero. Therefore, in this model there can be large contributions controlled
by g

� to double Higgs production (fromO�), the Higgs kinetic term (fromO�⇤) and the SM Yukawa couplings
(from O �).

As for the singlet (section 2.2), direct searches for single production of Z 0 and W
0 apply here.
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Table 6: Tree-level contributions to operators with the Higgs from the neutral vector triplet. In the first and
third coe�cients, �� and y

 denote the SM Higgs doublet quartic interaction and fermion Yukawa couplings,
respectively.

3.3 Pair of vector singlets: B ⇠ (1, 1)0 and B1 ⇠ (1, 1)1

In this model we have two singlet vector fields with di↵erent hypercharges. The B field contains a Z
0,

as already indicated, and the B1, a W
0 with right-handed couplings. We assign to them the same mass

and related couplings to the Higgs, in such a way that they combine to form a (1, 3)0 representation of
SU(2)L ⇥ SU(2)R ⇥ U(1)X and custodial symmetry is preserved:

LBSM = LSM + L
B
kin + L

B1
kin

+M
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1 iDµ�
T
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⌘
+ h.c.

i
. (6)

For simplicity, we have not included in the previous equation the fermionic couplings to the heavy vectors.
Their indirect e↵ects are independent from the ones discussed in this section.

The results of integrating the extra fields out at the tree level appear in table 7. The contribution to
O�D from B1 cancels the one from B. This means that the limits on g

� are milder than in the case with B

alone (section 2.2). In fact, this coupling is not constrained by EWPT when the fermion couplings vanish.
Therefore, large e↵ects in O�, O�⇤ and O � are allowed in this model.

Direct searches at the LHC are sensitive to the Higgs couplings of the new vectors via vector boson
production of the new fields and decays into dibosons. Other channels are typically more restrictive when
the couplings to fermions are not small.
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Table 7: Tree-level contributions to operators with the Higgs from the pair of vector singlets. In the first and
third coe�cients, �� and y

 denote the SM Higgs doublet quartic interaction and fermion Yukawa couplings,
respectively.
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Scalar models parametrised through physical

and similarly for the other SM fermions.

We consider a number of extensions of the SM where a single new color singlet, spin-

zero multiplet, �, is added to the SM and require that there is a renormalizable interaction

with the SM H doublet that is linear in �. There is a sizable literature on integrating out

heavy scalars and studying their SM E↵ective Field Theory (SMEFT) contributions, see

for instance Ref.s [3–15].

The potential can schematically be written as

V (H,�) = VSM (H) + VZ2 (H,�) + VZZZ2
(H,�) , (7)

where � is the new scalar, and VSM is given in Eq. (2). For a real valued �, the Z2

preserving potential has the following form

VZ2 (H,�) =
1

2
M2�a�a + �↵H

†H�a�a + �� (�
a�a)2 , (8)

where a are the SU(2)L indices, and for a complex valued � there may be multiple ↵

and/or �-type interactions. Additionally, when � is complex, there is no factor of one-

half in front of the mass term, and �a�a should be replaced with �a†�a. Depending on

the SU(2)L representation of �, the Z2 violating potential contains one of the following

interactions

VZZZ2
⇠ m1H

2� or VZZZ2
⇠ �1H

3�. (9)

If � is a singlet there can also be a tadpole term and a cubic self-interaction, both of

which violate the Z2 symmetry. From Ref. [1] we see that taking �1 or m1 ! 0 (Eq. 9)

while holding the other parameters fixed, or sending M ! 1 (Eq. 8) also while keeping

the other parameters fixed, causes the new scalar multiplet to decouple. These are the

analogs of the alignment without decoupling limit, and the decoupling limit of the 2HDM,

respectively [16, 17].

We define the angle ↵ to characterize the mixing between the neutral, CP -even com-

ponents of H and � 0

@h

H

1

A =

0

@cos↵ � sin↵

sin↵ cos↵

1

A

0

@h0

'

1

A , (10)

where Re(H) = vh+h
0

p
2

, Re(�0) = v� + ', vh and v� are the vevs of H and �, respectively,

and h and H are the physical Higgs fields. In the 2HDM there is an ambiguity as both

scalar fields have the same quantum numbers. Our results straightforwardly apply to the

3

↵, �

Model ⇢ 3� upper limit on �

Singlet 1 none

2HDM 1 none

Real Triplet sec2 � 0.030

Complex Triplet 2 (3� cos 2�)�1 0.014

Quartet: Y = 1
2 7 (4 + 3 cos 2�)�1 0.033

Quartet: Y = 3
2 (2� cos 2�)�1 0.010

TABLE I: The tree level contribution to ⇢ in a given model, and the corresponding 3�

upper limit on the mixing angle �. Reproduced from Ref. [1].

so-called Higgs basis of the 2HDM, where our H and � fields respectively correspond to

the H1 and H2 fields of e.g. Ref. [18]. The relevant angle in the 2HDM is � � ↵, where

↵ has the same interpretation as in Eq. (10), and � will be defined below. In all of the

models we consider, a non-zero value of ↵ leads to a universal modification of the Higgs

couplings to SM particles (excluding the Higgs self-couplings).

With the above definitions of the vevs of H and �, the electroweak (EW) vev is given

by

v2 = v2
h
+ 2

⇥
t(�) (t(�) + 1)� t3(�)

2
⇤
v2
�
, (11)

where t(i), t3(i), and vi are the representations under SU(2)L of the ith multiplet, the neu-

tral component of the ith multiplet, and the vev of the ith multiplet, respectively. When

� is a singlet vh = v, and we define tan �s = vh/v�. For higher SU(2)L representations,

we define the mixing angle between the two vevs as

vh = v cos �, v� = v sin �/
p

2 [t(�) (t(�) + 1)� t3(�)2]. (12)

In models that generate cT the mixing angle � is constrained by measurements of the ⇢

parameter, see Table I.

Given these interactions, standard methods exist to determine which operators in the

SMEFT are generated at tree level in a given model [3, 4]. These results are compiled in

Table II. The singlet model coe�cients are expressed in terms of the mixing angle between

h and H. In the singlet and triplet models the constant of the proportionality that relates

c6 to the other Wilson coe�cients is a free parameter that may be sizable when the UV
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Model cH c6�SM cT ct cb = c⌧

Real Singlet: explicit ZZZ2 tan2 ↵ tan2 ↵
�
�↵ �

m2
v

tan↵
�

0 0 0

Real Singlet: spontaneous ZZZ2 tan2 ↵ 0 0 0 0

2HDM: Type I 0 � cos2 (� � ↵) ⇤2

v2
0 � cos (� � ↵) cot (�) � cos (� � ↵) cot (�)

2HDM: Type II 0 � cos2 (� � ↵) ⇤2

v2
0 � cos (� � ↵) cot (�) cos (� � ↵) tan (�)

Real Triplet �2cT cT�↵ X cT cT

Complex Triplet cT �cT
⇣
�↵1 �

�↵2
2

⌘
X �cT �cT

Quartet: Y = 1
2 0 �2cT

⇤2

v2
X 0 0

Quartet: Y = 3
2 0 2

3cT
⇤2

v2
X 0 0

TABLE II: The dimension-6 operators from Eq. (3) that are generated at tree level in

the models under consideration in the decoupling limit. Adapted from Ref. [1].

theory is strongly interacting. The 2HDM coe�cients depend on both mixing angles ↵

and �. The cuto↵ scale appearing in the expressions for c6 in the 2HDM and quartet

models is a common mass for the heavy Higgses. The triplets and quartets contribute

to the ⇢ parameter at tree level, and we express all the coe�cients in terms of a given

model’s contribution to cT .
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Scalar models parametrised through physical

and similarly for the other SM fermions.

We consider a number of extensions of the SM where a single new color singlet, spin-

zero multiplet, �, is added to the SM and require that there is a renormalizable interaction

with the SM H doublet that is linear in �. There is a sizable literature on integrating out

heavy scalars and studying their SM E↵ective Field Theory (SMEFT) contributions, see

for instance Ref.s [3–15].

The potential can schematically be written as

V (H,�) = VSM (H) + VZ2 (H,�) + VZZZ2
(H,�) , (7)

where � is the new scalar, and VSM is given in Eq. (2). For a real valued �, the Z2

preserving potential has the following form

VZ2 (H,�) =
1

2
M2�a�a + �↵H

†H�a�a + �� (�
a�a)2 , (8)

where a are the SU(2)L indices, and for a complex valued � there may be multiple ↵

and/or �-type interactions. Additionally, when � is complex, there is no factor of one-

half in front of the mass term, and �a�a should be replaced with �a†�a. Depending on

the SU(2)L representation of �, the Z2 violating potential contains one of the following

interactions

VZZZ2
⇠ m1H

2� or VZZZ2
⇠ �1H

3�. (9)

If � is a singlet there can also be a tadpole term and a cubic self-interaction, both of

which violate the Z2 symmetry. From Ref. [1] we see that taking �1 or m1 ! 0 (Eq. 9)

while holding the other parameters fixed, or sending M ! 1 (Eq. 8) also while keeping

the other parameters fixed, causes the new scalar multiplet to decouple. These are the

analogs of the alignment without decoupling limit, and the decoupling limit of the 2HDM,

respectively [16, 17].

We define the angle ↵ to characterize the mixing between the neutral, CP -even com-

ponents of H and � 0

@h
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@cos↵ � sin↵

sin↵ cos↵
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A

0

@h0

'

1

A , (10)

where Re(H) = vh+h
0

p
2

, Re(�0) = v� + ', vh and v� are the vevs of H and �, respectively,

and h and H are the physical Higgs fields. In the 2HDM there is an ambiguity as both

scalar fields have the same quantum numbers. Our results straightforwardly apply to the

3

↵, �

Model ⇢ 3� upper limit on �

Singlet 1 none

2HDM 1 none

Real Triplet sec2 � 0.030

Complex Triplet 2 (3� cos 2�)�1 0.014

Quartet: Y = 1
2 7 (4 + 3 cos 2�)�1 0.033

Quartet: Y = 3
2 (2� cos 2�)�1 0.010

TABLE I: The tree level contribution to ⇢ in a given model, and the corresponding 3�

upper limit on the mixing angle �. Reproduced from Ref. [1].

so-called Higgs basis of the 2HDM, where our H and � fields respectively correspond to

the H1 and H2 fields of e.g. Ref. [18]. The relevant angle in the 2HDM is � � ↵, where

↵ has the same interpretation as in Eq. (10), and � will be defined below. In all of the

models we consider, a non-zero value of ↵ leads to a universal modification of the Higgs

couplings to SM particles (excluding the Higgs self-couplings).

With the above definitions of the vevs of H and �, the electroweak (EW) vev is given

by

v2 = v2
h
+ 2

⇥
t(�) (t(�) + 1)� t3(�)

2
⇤
v2
�
, (11)

where t(i), t3(i), and vi are the representations under SU(2)L of the ith multiplet, the neu-

tral component of the ith multiplet, and the vev of the ith multiplet, respectively. When

� is a singlet vh = v, and we define tan �s = vh/v�. For higher SU(2)L representations,

we define the mixing angle between the two vevs as

vh = v cos �, v� = v sin �/
p

2 [t(�) (t(�) + 1)� t3(�)2]. (12)

In models that generate cT the mixing angle � is constrained by measurements of the ⇢

parameter, see Table I.

Given these interactions, standard methods exist to determine which operators in the

SMEFT are generated at tree level in a given model [3, 4]. These results are compiled in

Table II. The singlet model coe�cients are expressed in terms of the mixing angle between

h and H. In the singlet and triplet models the constant of the proportionality that relates

c6 to the other Wilson coe�cients is a free parameter that may be sizable when the UV
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analogs of the alignment without decoupling limit, and the decoupling limit of the 2HDM,
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and h and H are the physical Higgs fields. In the 2HDM there is an ambiguity as both

scalar fields have the same quantum numbers. Our results straightforwardly apply to the
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Real Singlet: spontaneous ZZZ2 tan2 ↵ 0 0 0 0
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⌘
X �cT �cT

Quartet: Y = 1
2 0 �2cT
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v2
X 0 0

Quartet: Y = 3
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3cT
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v2
X 0 0

TABLE II: The dimension-6 operators from Eq. (3) that are generated at tree level in

the models under consideration in the decoupling limit. Adapted from Ref. [1].

theory is strongly interacting. The 2HDM coe�cients depend on both mixing angles ↵

and �. The cuto↵ scale appearing in the expressions for c6 in the 2HDM and quartet

models is a common mass for the heavy Higgses. The triplets and quartets contribute

to the ⇢ parameter at tree level, and we express all the coe�cients in terms of a given

model’s contribution to cT .
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(summarising 1704.07851)

Constraints from T-parameter

Model ⇢ 3� upper limit on �

Singlet 1 none

2HDM 1 none

Real Triplet sec2 � 0.030

Complex Triplet 2 (3� cos 2�)�1 0.014

Quartet: Y = 1
2 7 (4 + 3 cos 2�)�1 0.033

Quartet: Y = 3
2 (2� cos 2�)�1 0.010

TABLE I: The tree level contribution to ⇢ in a given model, and the corresponding 3�

upper limit on the mixing angle �. Reproduced from Ref. [1].
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the H1 and H2 fields of e.g. Ref. [18]. The relevant angle in the 2HDM is � � ↵, where

↵ has the same interpretation as in Eq. (10), and � will be defined below. In all of the

models we consider, a non-zero value of ↵ leads to a universal modification of the Higgs

couplings to SM particles (excluding the Higgs self-couplings).

With the above definitions of the vevs of H and �, the electroweak (EW) vev is given

by
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Given these interactions, standard methods exist to determine which operators in the
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…& Higgs strongly coupled



Models where transverse polarisations are strongly 
coupled (Remedios),

4) Strongly interacting vectors
Da Liu, Lian-Tao Wang

…& Higgs strongly coupled Large effects in VLVL

Large effects in VTVT

Important to motivate TGC or VH analysis



5) Loop effects

A Z2 accidental symmetry could lead to BSM-SM interactions:

�2
OSM
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First effects at loop level - calculable in weakly coupled UV

Some operators can only arise at loop level if  
UV = weakly coupled particles of spin<=1Arzt,Einhorn

Patterns:
vs.

c3W
c2W

⇠ spin(�)
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Henning



5) Loop effects

Explicit Examples: Light scalar stops

Useful for loop-level operators



Conclusions

EFT important for BSM searches and as generic SM test

Generic analysis difficult

Important to provide list of EFT BSM models 
with well-defined hypotheses (Benchmarks) 

Document ready early 2019

…more benchmarks…



Identify processes where EFT particularly simple or 
where dedicated analysis particularly advantageous 

Ex: VH at high-E modified by a single dim-6 effect

Ex: WZ — angular information improves analysis 

Z

Conclusions


