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The era of EFTLHC 😕
SMEFT: General parametrization of heavy new 
physics under mild assumptions

However…   [see talk by Manuel Drees]

• Just a parametrization         no obvious insight


• Lots of independent parameters


• Bad high-energy behaviour


• Limited range of validity

We need UV completions!

Buchmuller, Wyler ’85 , … , Grzadkowski, Iskrzynski, Misiak, Rosiek, ‘10 2682 cit. each!
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• Look for perturbative completions 


• Stay as general as possible


• But concentrate on leading effects

BSMEFT

• D.o.f.: SM plus spin 0, 1/2, 1


• Symmetries: Poincaré + SM gauge SU(3)xSU(2)xU(1)
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7rēRiqLj + h.c.
o

+
n
(yql⇣ )rij⇣

a†
r q̄cLii�2�

alLj + (yqq⇣ )rij⇣
a†
r ✏ABC q̄

B
Li�

ai�2q
cC
Lj + h.c.

o

+
n
(yud⌦1

)rij⌦
AB†

1r ūc(A|
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V = (glB)rijBµ

r l̄Li�µlLj + (gq
B
)rijBµ

r q̄Li�µqLj + (geB)rijBµ
r ēLi�µeLj

+ (gdB)rijBµ
r d̄Li�µdLj + (guB)rijBµ

r ūLi�µuLj +
n
(g�

B
)rBµ

r �
†iDµ�+ h.c.

o

+
n
(gduB1

)rijBµ†
1r d̄Ri�µuRj + (g�

B1
)rBµ†

1r iDµ�
T i�2�+ h.c.

o

+
1

2
(glW)rijWµa

r l̄Li�
a�µlLj +

1

2
(gq

W
)rijWµa

r q̄Li�
a�µqLj

+

⇢
1

2
(g�

W
)rWµa

r �†�aiDµ�+ h.c.

�

+

⇢
1

2
(gW1)rW

µa†
1r iDµ�

T i�2�
a�+ h.c.

�

+ (gq
G
)rijGµA

r q̄Li�µTAqLj + (guG)rijGµA
r ūLi�µTAuRj + (gdG)rijGµA

r d̄Ri�µTAdRj

+
n
(gG1)rijG

Aµ†
1r d̄RiTA�µuRj + h.c.

o

+
1

2
(gH)rijHµaA

r q̄Li�µ�
aTAqLj

+
n
(�L1)rL

†

1rµD
µ�+ h.c.

o

+ i(gBL1
)rsL†

1rµL1s⌫B
µ⌫ + i(gWL1

)rsL†

1iµ�
aL1j⌫W

aµ⌫

+ i(gB̃L1
)rsL†

1rµL1s⌫B̃
µ⌫ + i(gW̃L1

)rsL†

1rµ�
aL1s⌫W̃

aµ⌫

+ (h(1)
L1

)rs
⇣
L†

1rµL
µ
1s

⌘⇣
�†�

⌘
+ (h(2)

L1
)rs

⇣
L†

1rµ�
⌘⇣

�†Lµ
1s

⌘

+
n
(h(3)

L1
)rs

⇣
L1†
1rµ�

⌘⇣
L†µ
1s�

⌘
+ h.c.

o

+
n
(gL3)rijL

µ†
3r ē

c
Ri�µlLj + h.c.

o

+
n
(gedU2

)rijUµ†
2r ēRi�µdRj + (glq

U2
)rijUµ†

2r l̄Li�µqLj + h.c.
o

+
n
(gU5)rijU

µ†
5r ēRi�µuRj + h.c.

o

+
n
(gulQ1

)rijQµ†
1r ū

c
Ri�µlLj + (gdq

Q1
)rijQAµ†

1r ✏ABC d̄
B
Ri�µi�2q

cC
Lj + h.c.

o

+
n
(gdlQ5

)rijQµ†
5r d̄

c
Ri�µlLj + (geq

Q5
)rijQµ†

5r ē
c
Ri�µqLj

+(guq
Q5

)rijQAµ†
5r ✏ABC ū

B
Ri�µq

cC
Lj + h.c.

o

+

⇢
1

2
(gX )rijX aµ†

r l̄Li�µ�
aqLj + h.c.

�

+

⇢
1

2
(gY1)rijY

ABµ†
1r d̄(A|

Ri �µi�2q
c|B)
Lj + h.c.

�

+

⇢
1

2
(gY5)rijY

ABµ†
5r ū(A|

Ri �µi�2q
c|B)
Lj + h.c.

�

+
n
(⇣L1B)rs

⇣
L†

1rµ�
⌘
Bµ
s + (⇣L1B1)rsL̃

†

1rµ�B
µ†
1s

+(⇣L1W)rs
⇣
L†

1rµ�
a�

⌘
Waµ

s + (⇣L1W1)rsL̃
†

1rµ�
a�Waµ†

1s + h.c.
o
, (A.19)
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and

�L(5)
V =

1

f
Lµ†
1r


(�̃(1)

L1
)r
⇣
�†Dµ�

⌘
�+ (�̃(2)

L1
)r
⇣
Dµ�

†�
⌘
�+ (�̃(3)

L1
)r
⇣
�†�

⌘
Dµ�

+ (�̃BL1
)rBµ⌫D

⌫�+ (�̃B̃L1
)rB̃µ⌫D

⌫�

+ (�̃WL1
)rW

a
µ⌫�

aD⌫�+ (�̃W̃L1
)rW̃

a
µ⌫�

aD⌫�

+ (g̃eDl
L1

)rij ēRiDµlLj + (g̃Del
L1

)rijDµēRilLj + (g̃dDq
L1

)rij d̄RiDµqLj

+ (g̃Ddq
L1

)rijDµd̄RiqLj + (g̃qDu
L1

)riji�2q̄
T
LiDµuRj + (g̃Dqu

L1
)riji�2Dµq̄

T
LiuRj

+ (g̃duL1
)rij�̃d̄Ri�µuRj + (g̃eL1

)rij�ēRi�µeRj + (g̃dL1
)rij�d̄Ri�µdRj

+ (g̃uL1
)rij�ūRi�µuRj + (g̃lL1

)rij�l̄Ri�µlLj + (g̃l0L1
)rij (�

a�)
�
l̄Li�µ�

alLj
�

+ (g̃q
L1
)rij�q̄Li�µqLj + (g̃q0

L1
)rij (�

a�) (q̄Li�µ�
aqLj)

�
+ h.c. . (A.20)

A.5 Mixed Terms

Lmixed can be further decomposed as

Lmixed = LSF + LSV + LVF, (A.21)

where the different pieces are given by

�LSF = (�SE)rsiSrĒLseRi + (�S�1)rsiSr�̄1RslLi

+ (�SU )rsiSrŪLsuRi + (�SD)rsiSrD̄LsdRi + (�SQ1)rsiSrQ̄1RsqLi

+ (�⌅�1)rsi⌅
a
r�̄1Rs�

alLi + (�⌅⌃1)rsi⌅
a
r⌃̄

a
1LseRi

+ (�⌅Q1)rsi⌅
a
rQ̄1Rs�

aqLi + (�⌅T1)rsi⌅
a
r T̄

a
1LsdRi + (�⌅T2)rsi⌅

a
r T̄

a
2LsuRi

+ (�⌅1�3)rsi⌅
a†
1r�̄3Rs�

alLi + (�⌅1⌃)rsi⌅
a†
1r⌃̄

c a
Rs e

c
Ri

+ (�⌅1Q5)rsi⌅
a†
1rQ̄5Rs�

aqLi + (�⌅1Q7)rsi⌅
a
1rQ̄7Rs�

aqLi

+ (�⌅1T1)rsi⌅
a†
1rT̄

a
1LsuRi + (�⌅1T2)rsi⌅

a
1rT̄

a
2LsdRi + h.c. , (A.22)

�LSV = (�BS)rsBrµD
µSs + (�W⌅)rsWr,µD

µ⌅s

+
n
(�L1')rsL

1†
1rµD

µ's + (�W1⌅1
)rsW1†

1rµD
µ⌅1s + h.c.

o

+ ("SL1)rstSrL†

1sµL
µ
1t + ("⌅L1)rst⌅

a
rL

†

1sµ�
aLµ

1t

+
n
("⌅1L1)rst⌅

a
1iL

†

1sµ�
aL̃µ

1t + h.c.
o

+
n
(gSL1)rs�

† (DµSr)Lµ
1s + (g0SL1

)rs (Dµ�)
† SrLµ

1s

+ (g⌅L1)rs�
†�a (Dµ⌅

a
r)L

µ
1s + (g0⌅L1

)rs (Dµ�)
† �a⌅a

rL
µ
1s

+ (g⌅1L1)rs�̃
†�a (Dµ⌅

a
1r)

† Lµ
1s + (g0⌅1L1

)rs
⇣
Dµ�̃

⌘
†

�a⌅a†
1rL

µ
1s + h.c.

o
, (A.23)
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and

�LVF = (zNL1)rsiN̄
c
Rr�

µL̃†

1sµlLi + (zEL1)rsiĒLr�
µL†

1sµlLi

+ (z�1L1)rsi�̄1Rr�
µL1sµeRi + (z�3L1)rsi�̄3Rr�

µL̃1sµeRi

+ (z⌃L1)rsi⌃̄
c a
Rr �

µL̃†

1sµ�
alLi + (z⌃1L1)rsi⌃̄

a
1Lr�

µL†

1sµ�
alLi

+ (zUL1)rsiŪLr�
µL̃†

1sµqLi + (zDL1)rsiD̄Lr�
µL†

1sµqLi

+ (zuQ1L1
)rsiQ̄1Rr�

µL̃1sµuRi + (zdQ1L1
)rsiQ̄1Rr�

µL1sµdRi

+ (zQ5L1)rsiQ̄5Rr�
µL̃1sµdRi + (zQ7L1)rsiQ̄7Rr�

µL1sµuRi

+ (zT1L1)rsiT̄
a
1Lr�

µL†

1sµ�
aqLi + (zT2L1)rsiT̄

a
2Lr�

µL̃†

1sµ�
aqLi + h.c. . (A.24)

No renormalizable operators exist that contain extra scalars, fermions and vectors si-
multaneously.

Finally, in order to keep track of the dimensionality of the different contributions to
the operators in the effective Lagrangian presented in appendix D we collect here the mass
dimensions of the different types of couplings appearing in the new physics Lagrangians
introduced above:

[] = 1, [�] = [�0] = 0, [y] = 0, (A.25)

[k̃] = 0, [�̃] = 0, [ỹ] = 0, (A.26)

[g] = [g0] = 0, [�] = 1, [h] = 0, [⇣] = 1, (A.27)

[g̃] = 0, [�̃] = 0, (A.28)

[�] = 1, ["] = 1, [z] = 0. (A.29)
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BSMEFT

SMEFT

Dictionary
de Blas, Criado, MPV, Santiago ’17


Guedes, Olgoso ‘24

Bottom-up (outdated) example

5 Example: Interpretation of LHCb Anomalies

Our UV/IR dictionary is a tool that can be used for different phenomenological purposes,
such as finding indirect limits on the parameters of explicit models, constructing BSM
models consistent with existing data or analyzing deviations with respect to the SM in
terms of new physics. In this section we illustrate the latter application with a particular
example: explaining the recent hints in LHCb data of a violation of lepton flavor universality
(LFU) in B-meson decays [63, 64]. We will first identify which heavy multiplets can generate
the necessary operators and then look at correlated effects that could constrain or test the
different possibilities. Our schematic analysis is just intended as an illustration. Most of
the results in this section have in fact already appeared in the literature.

The measurement of the observables RK ⌘ Br(B+ ! K+µ+µ�)/Br(B+ ! K+e+e�)

and RK⇤ ⌘ Br(B ! K⇤µ+µ�)/Br(B ! K⇤e+e�) provides a particularly clean test of LFU
of the gauge interactions, since a large component of the SM theory uncertainties cancel
in the ratio. The LHCb collaboration has recently presented measurements of these ratios,
both of which deviate from the SM predictions by ⇠ 2.6 � [63] and ⇠ 2.4 � [64], respectively.
These are not the only anomalies in b ! s`+`� processes, with some discrepancies also in
the angular distributions of B ! K⇤µ+µ� [65–67], or in the differential branching fractions
of B ! Kµ+µ� [65] and Bs ! �µ+µ� [68]. At present, the different deviations follow a
pattern that can be consistently explained by the presence of new physics. Altogether, the
global fit to all flavour anomalies points to a deviation with respect to the SM hypotheses
of ⇠ 3-5 �, depending on the estimates assumed for the SM hadronic uncertainties in some
of the observables [69–74].

The observed deviations from LFU in B decays are well described by the following
four-fermion effective Hamiltonian, valid at energies E ⌧ MW ,

Hb!s``
Eff = �VtbV

⇤

ts
↵em

4⇡

4GFp
2

X
C`
ijO`

ij + h.c., (5.1)

where
O`

ij = (s̄�µPib)(¯̀�µPj`) (5.2)

are the different chiral four-fermion operators that can be obtained from the product of two
vector currents, with PL,R = 1

2(1⌥ �5). The fit to RK,K⇤ favors an explanation where new
physics is present in left-handed leptons and, in particular, points to a sizable deviation
from the SM hypotheses in C`

LL. For the purpose of this example, we focus the discussion
around these interactions. They can be either Cµ

LL < 0 or Ce
LL > 0, although a global fit

to all B anomalies prefers new physics in the muon sector, with Cµ
LL ⇡ �1.2± 0.3 [69–74].

Matching O`
LL with the dimension-six SMEFT at the tree level results in the following

four-fermion contributions to C`
LL:

C`
LL = ��1

t

⇣
C(1)
lq + C(3)

lq

⌘

``23
, (5.3)

– 15 –

LHCb anomalies

where �t ⌘ VtbV ⇤
ts

↵em
4⇡

4GFp
2

, and we are working in a fermion basis with diagonal Yukawa

interactions for the down-type quarks. The operators O(1,3)
�q and O(1,3)

�l also contribute,
via a modification of the couplings of the Z boson to the relevant quarks and leptons.
However, such non-universal anomalous couplings are strongly bounded by LEP data, so
we concentrate on the operators O(1)

lq and O(3)
lq .

The relevant entries of the UV/IR dictionary are eqs. (D.14) and (D.15). A look at
the masses in the denominators of each term allows us to easily identify all the types of
multiplets that can contribute to C(1)

lq and C(3)
lq at the tree level:

(3, 3)� 1
3

(1, 1)0 (1, 3)0 (3, 1) 2
3

(3, 3) 2
3

{ ⇣, B, W, U2, X } .
(5.4)

Note that for !1, C(1)
lq = �C(3)

lq and therefore C`
LL = 0. This list with one scalar and

four vector multiplets agrees with the classification in other studies, see, e.g. [70, 75–77].
From eqs. (D.14) and (D.15) we also see that there is no collective contribution with several
heavy propagators in the same diagram. Most importantly, we can pinpoint the relevant
couplings in LBSM. This is a simple example of looking at an IR entry of the dictionary to
find its UV translation.

For instance, we can readily check in eqs. (D.14) and (D.15) that a product of lepto-
quark couplings is involved in the case of the scalar ⇣ and the vector bosons X and U2,
while the vectors B and W contribute through a product of a diagonal lepton coupling and
a flavor-changing quark coupling.

With this information, one can proceed to investigate in a systematic way all the differ-
ent constraints (or signals) arising from other processes that involve the same couplings and
particles. Processes involving other couplings will also be of great interest if the anomalies
are confirmed. Direct searches with resonant production can be very relevant, but here we
focus mostly on indirect searches. They reduce essentially to an analysis of the different
operators, besides O(1)

lq and O(3)
lq , that are generated when the heavy particles are integrated

out. We can distinguish three kinds of contributions to the Wilson coefficients of the other
induced operators:

Type I: Contributions that depend only on couplings that enter in C`
LL. The corresponding

observable effects are then correlated with the ones entering in b ! s`+`�, and can
be used to constrain or probe a given solution to the B-meson anomalies.

Type II: Contributions that depend on these couplings but can be made arbitrarily small
by tuning an interaction not entering in C`

LL. In this case, the correlations require
extra information on that coupling.

Type III: Contributions that do not depend on the couplings that appear in C`
LL. These

are completely uncorrelated.

– 16 –
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SOLD

We can also use BSMEFT without any reference to SMEFT
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ℒBSMEFT is an effective theory also at  level D ≤ 4

New spin 1 particles represented by Proca fields

It breaks down at E ∼
MV

Δg

This talk: UV completion of ℒBSMEFT
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Outline
• High-energy limit and the emergence of gauge invariance


• Building the SM from the bottom up


• (Next-to) Minimal UV completions


- Examples


- The landscape of UV completions


Cornwall, Levin, Tiktopoulos ‘74

Benincasa, Cachazo ´07, Arkani-Hamed, Huang, Huang, ´17
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Perturbativity at high energies (HE): ℳtree
n ≲ E4−n

Scattering amplitudes with massive particles: 

good HE behaviour   well-defined massless limit ⟹

Massive spin 1 {
+

-

L

h = +1

h = -1

h = 0 scalar :)

} CPT
HE

“massless spin 1”

Match amplitudes -> couplings of massive spin 1

 directly related to couplings of massless spin 1 and Goldstones
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Scattering amplitudes of massless spin 1 particles

•  Hilbert space inner product 
+ factorization 

⟹ Positive-definite bilinear form

(metric)  gαβ

• Poincaré
α+

β+

γ+
= fαβγ

[12]3

[13][23]

⟹

1

2

3

•   CPT

Coupling  totally antisymmetricfαβγ

• Define generators  that transform amplitudes as 
tensors: 

f α
βγ := gαη fηβγ

δγAαβ… = f η
γαAηβ… + f η

γβAαη… + …

•  totally antisymmetric     invariant metricfαβγ ⟹ δγgαβ = 0
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Scattering amplitudes of massless spin 1 particles

• δη fαβγ = f κ
ηα fκβγ + f κ

ηβ fακγ + f κ
ηγ fαβκ

δ = + +

Factorization channels of single Aαβγη =

Locality + Unitarity  ⟹ δη fαβγ = 0 Jacobi identity

• So,  are the structure constants of a Lie algebra f α
βγ

•  Invariant positive-definite metric  semisimple  abelian⟹ ⊕
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Scattering amplitudes of massless spin 1 particles

with spin 0 and spin 1/2 particles

• For scalars (similar for fermions)

α+
i

j

1

2

3

= Tα
ij

[12][13]
[23]

antisymmetric under i ↔ j

• Use  as generators of transformations of amplitudes 

with scalars:   

Tα
ij

δγAij… = T γ
ikAkj… + T γ

jkAik… + …

• Locality + unitarity (factorization)   ⟹ δγTα
ij = 0
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Scattering amplitudes of spin 0 and spin 1/2 particles

Also invariant in theories with spin 1 particles:

Aijkl =
i

j

k

l

• Locality + unitarity (factorization)   ⟹ δγλijkl = 0

= λijkl + non local
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Non local and beyond tree level

Generalized unitarity method

Ignoring kinematics, this is a tensor built out of invariant tensors. 
Hence, all amplitudes are invariant.

The transformations  generate a 

(point-like) symmetry group of the S matrix

δη
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hatted indices -> massive spin 1 (or their HE incarnation)   

unhatted (normal) indices -> massless spin 1

capital indices -> arbitrary

(Yang’s theorem)α̂
β+

γ-
= 0

Hence, fα̂βγ = 0
The generators associated to massless spin 1 particles 


span a subalgebra

•  

•  α̂

i = ̂β

j = ̂γ

δ ̂η = 0 may require k /∈ {α̂, ̂β, …}

physical Higgses

Notation:

•   δη M𝒜ℬ = 0
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From particles to fields

Introduce interpolating fields; in particular vector fields  Aa

⟨α |Aa |0⟩ = ea
α

(I’m keeping Lorentz indices, space-time coordinates, 
helicities and polarization vectors implicit)

gab = ⟨0 |AaAb |0⟩ = eαaeβb⟨α |β⟩ = gabeαaeβb

LSZ: ⟨0 |αβγ…⟩ = eαaeβbeγc…⟨0 |AaAbAc… |0⟩ |on−shell

,  and other couplings inherit

invariance properties of amplitudes
gab fabc := eαaeβbeγc f αβγ

Choosing field basis with  we also have subalgebra 
property for massless fields

eα̂a = e ̂a
α = 0

Global symmetry must be promoted to local symmetry
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Building the EW SM from the bottom up

1933 •Fermi theory of beta decay

•Electromagnetism

• At HE,  ℳF ∼ GFE2

• Intermediate vector bosons  with mass W±

M2
W =

g2

4 2GF

≲ (120 GeV)2

Great, now we have a perturbative theory at energies  
foreseen before the end of this century

Well, not quite: at HE we have e.g.  ℳ(νν̄W+W−) ∼ GFE2



19

 Keep going and impose good massless limit
a ∈ {0}

̂a ∈ { + , − } (or ̂a ∈ {1,2})
γ

W±

• ,  antisymmetric (in {1,2} basis)


  Yes (even if no freedom)

f0+− = − ie

δD fABC = 0

Spin 1 sector OK

?

i ∈ {ν, e}

• ,   ,   T0 = e (1 0
0 0) T+ =

g

2 (0 1
0 0) T− =

g

2 (0 0
1 0)

    No!δDTA
ij = 0

?
This is the reason for the bad HE behaviour

(and )  i ∈ {p, n}

[T+, T−] =
g2

2 (1 0
0 −1) ≠ eT0
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 Keep going and impose good massless limit
a ∈ {0}

̂a ∈ { + , − } (or ̂a ∈ {1,2})
γ

W±

• ,  antisymmetric (in {1,2} basis)


  Yes (even if no freedom)

f0+− = − ie

δD fABC = 0

Spin 1 sector OK

?

i ∈ {ν, e}

• ,   ,   T0 = e (1 0
0 0) T+ =

g

2 (0 1
0 0) T− =

g

2 (0 0
1 0)

    No!δ ̂aTA
ij = 0

?
This is the reason for the bad HE behaviour

(and )  i ∈ {p, n}

[T+, T−] =
g2

2 (1 0
0 −1) ≠ eT0 + if+− ̂a′￼T ̂a′￼ (δ0 f+− ̂a = 0)
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Minimal extension: one extra neutral vector boson 

(we need ) 

Z
MZ ≲

MW

g
a ∈ {0}

̂a ∈ { + , − , 0̂} (or ̂a ∈ {1,2,0̂})

γ

i ∈ {ν, e} (and )  i ∈ {p, n}

W±, Z

• δ ̂a fABC = 0
?

yes for any i f+−0̂ =: f

δ ̂aTA
ij = 0•  ?

yes iff  with the relationsT 0̂ = (a 0
0 b)

g2 = 2fa; g2 = 2(e2 − fb); a − b = f

defining  we get the SM:cos θ :=
f
g

,          g2 = e2 + f 2 T 0̂ =
g

cos θ ( σ3

2
− sin2 θ Q)
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So, in 1933 we could have already guessed the existence of the W 
boson, the existence of the Z boson and the form of their 
couplings to fermions. We could also have put bounds on the 
boson masses by assuming perturbative couplings.

We can also infer from the UV invariance the existence of at least 
one physical Higgs, with couplings proportional to masses

Now let’s follow the same procedure to find UV completions of 
effective BSM theories. We work in the EW symmetric phase, so

the 12 SM gauge fields play the role of the photon and the 
hypothetical extra vector bosons play the role of the W 
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The general method

• Work in basis with antisymmetric structure constants (in this 

basis we no longer distinguish upper and lower indices)


• In the vector sector we know  and 


• By the assumption of a certain collection of vector multiplets 

with certain SM transformations we (almost) know 


• The unkowns are then  


• The invariance of  gives rise to non-trivial Jacobi equations

fabc fab ̂c = 0

fab̂ ̂c

f ̂ab̂ ̂c

f ̂ab̂ ̂c
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1. Yang-Mills structure Jacobi identities

Set-up: reductive group that contains the SM one as a subgroup. 

Notation: indices    for the SM generators and    for the added ones.

Known coefficients:        (SM algebra),       (null, subgroup) and        (irrep).

With all this information the problem is reduced to solving a quadratic equation
system on the missing        coefficients, given by the Jacobi identities.

Implications of Jacobi identities

LINEAL

QUADRATIC

If a model allows for a solution to this set of equations it is minimal (with respect
to the spin 1 sector), otherwise we need to find a completion to solve the
problem.

8

In       

f ̂ab̂e f ̂c ̂de + perms . = 0
is fi        
corresponds     
This        
Furthermore,      fi 

f ̂ab̂ ̂c = 0

• Solve the equations


• Proceed analogously with fermion and scalar couplings
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Examples

Constraints
on the 
        and
models

If            the interaction is simultaneously symmetric and
antisymmetric, therefore it is null. 

(1      2)
Antisymmetric
 interaction

Three-point function

Interaction R. Fonseca [2205.12294]

Three-point function

Interaction

Bad UV
behaviour

J. de Blas, J.C. Criado, M. Pérez-Victoria and
J. Santiago [1711.10391]
H.L. Li, Z. Ren, M.L. Xiao, J.H. Yu and Y.H.
Zheng [2201.04639] 4

ℒint =
κ
2

𝒲1ϕTϵτDϕ + h . c .

(contributes to the T parameter)

But  antisymmetric under  implies  and thus 

 irrelevant for phenomenology. Same for  

T ̂a
ij i ↔ j κ = 0

𝒲1 ℒ1

Similar

discussion

de Blas, Criado, MPV, Santiago ‘17Fonseca ‘22
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Motivation

What? Effective treatment of spin-1 bosons Lagrangian known to d=5
J. de Blas, J.C. Criado, M. Pérez-Victoria and
J. Santiago [1711.10391]

F. del Águila, J. de Blas and
M. Pérez-Victoria [1005.3998]

3

mixing with Z  and W

dibosonsdileptons

lepton+MET dijets

tt, tb

Wa
µ

⇥
gl l̄L�

µ�alL+gq q̄L�
µ�aqL + (g��

†�aiD
µ�+ h.c.)

⇤
<latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit><latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit><latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit>

(T parameter?)

dibosons

W { Charged  W′ ± 

 Neutral  Z′

de Blas, Lizana, MPV,  2012
Pappadopulo, Thamm, Torre, 
Wulzer, 2014



What? Effective treatment of spin-1 bosons 

Eventually, clearest
signals for New Physics

Search for strict bounds
on the different

couplings involved

Motivation

Lagrangian known to d=5
J. de Blas, J.C. Criado, M. Pérez-Victoria and
J. Santiago [1711.10391]

F. del Águila, J. de Blas and
M. Pérez-Victoria [1005.3998]

Why?  This will contain information about all the leading order processes

ATLAS collaboration [2402.10607]
3
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Motivation

What? Effective treatment of spin-1 bosons Lagrangian known to d=5
J. de Blas, J.C. Criado, M. Pérez-Victoria and
J. Santiago [1711.10391]

F. del Águila, J. de Blas and
M. Pérez-Victoria [1005.3998]

3
Wa

µ

⇥
gl l̄L�

µ�alL+gq q̄L�
µ�aqL + (g��

†�aiD
µ�+ h.c.)

⇤
<latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit><latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit><latexit sha1_base64="25tx0joMuajle4DkDljDajANfKc="></latexit>

W { Charged  W′ ± 

 Neutral  Z′

de Blas, Lizana, MPV,  2012
Pappadopulo, Thamm, Torre, 
Wulzer, 2014

ATLAS ‘24
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• The antisymmetry of the coset generators implies Im(gϕ) = 0
Then, it does not contribute to the T parameter

•  

fabc = gϵabc, f ̂ab̂c = gϵabc, f ̂ab̂ ̂c = Cϵabc

a ∈ {1,2,3} ̂a ∈ {1̂, 2̂, 3̂}W 𝒲

•  Invariance and antisymmetry imply (linear equations)

• Closure condition satisfied, so C=0 is a solution. But non-linear 
equations are satisfied for any C 

•  Invariance of fermion and scalar generators imply

gl, gq, gϕ ∈ {−g tan φ, g cot φ}
C = cot φ − tan φ for some angle φ
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So, the parameter space of the model in the universal case is 
reduced from four to two 

Bottom-up
method
examples,

1. Yang-Mills structure Jacobi identities         Invariant tensor method 

Any solution to the system must be of the form

Prop. to structure
constants

For any value of     the eqs. are solved(in this case) Minimal

11

Trivial

Trivial

2. Fermionic and scalar sectors

Minimality stands after checking the
conditions on the other sectors

    is still a free variable (the only one)

All three couplings presented before
depend directly on    and therefore
on each other.
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Motivation

What? Effective treatment of spin-1 bosons Lagrangian known to d=5
J. de Blas, J.C. Criado, M. Pérez-Victoria and
J. Santiago [1711.10391]

F. del Águila, J. de Blas and
M. Pérez-Victoria [1005.3998]

3

 is a W’ that couples to RH fermions. Its completion is 

completely analogous to the completion of the W boson in the SM:

a Z’ boson is required, the form of the fermion generators is fixed 
and there are relations among couplings. At the end of the day, this 
reduces to a LR model.

ℬ1

 is a leptoquark. Its completion involves a partial unification. 
Consistency of fermion couplings requires at least a Z’ boson and 
extending the fermions with a RH neutrino. In this way, we 
rediscover Pati-Salam.

𝒰2

In all cases flavour strongly constrained
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The landscape of UV completions

In this approach, model building reduces to solving algebraic 
equations. 


This task is amenable to automation :)


But solving exactly a large system of quadratic equations can

take too much time and memory :(


So, brute force not sufficient

The only consistent minimal cases with only one vector irrep and 
no extra fermions or scalars turn out to be the SM-like irreps: 



So, we scan over non-minimal cases as well
ℬ, 𝒲, 𝒢
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A glimpse at the scan in progress

[Fermions] nullTensor: SparseArray Specified elements: 33101
Dimensions: {17, 17, 16, 16}

Data not saved. Save now



[Fermions] Linear part: done. (Length[solLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Fermions] No solutions exist.

[Scalars] nullTensor: SparseArray Specified elements: 1104
Dimensions: {17, 17, 4, 4}

Data not saved. Save now



[Scalars] Linear part: done. (Length[solLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Scalars] No solutions exist.

L3 + B0
(aux data) Length[fabcToUse]: 1

[Vectors] There are solution.

[Fermions] nullTensor: SparseArray Specified elements: 33101
Dimensions: {17, 17, 16, 16}

Data not saved. Save now



[Fermions] Linear part: done. (Length[solLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Fermions] No solutions exist.

[Scalars] nullTensor: SparseArray Specified elements: 1104
Dimensions: {17, 17, 4, 4}

Data not saved. Save now



[Scalars] Linear part: done. (Length[solLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Scalars] No solutions exist.

U2 + B0
(aux data) Length[fabcToUse]: 1

[Vectors] There are solution.

[Fermions] nullTensor: SparseArray Specified elements: 51149
Dimensions: {19, 19, 16, 16}

Data not saved. Save now



[Fermions] Linear part: done. (Length[solLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=24)

[Fermions] There are solutions.

20     

+ N

[Scalars] nullTensor: SparseArray Specified elements: 2832
Dimensions: {19, 19, 4, 4}

Data not saved. Save now



[Scalars] Linear part: done. (Length[solLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=1)

[Scalars] There are solutions.

U5 + B0
(aux data) Length[fabcToUse]: 1

[Vectors] There are solution.

[Fermions] nullTensor: SparseArray Specified elements: 51149
Dimensions: {19, 19, 16, 16}

Data not saved. Save now



[Fermions] Linear part: done. (Length[solLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Fermions] No solutions exist.

[Scalars] nullTensor: SparseArray Specified elements: 2832
Dimensions: {19, 19, 4, 4}

Data not saved. Save now



[Scalars] Linear part: done. (Length[solLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=1)

[Scalars] There are solutions.

Q1 + B0
(aux data) Length[fabcToUse]: 1

[Vectors] There are solution.

[Fermions] nullTensor: SparseArray Specified elements: 119245
Dimensions: {25, 25, 16, 16}

Data not saved. Save now



[Fermions] Linear part: done. (Length[solLinear]=1)

[Fermions] Quadratic part: done. (Length[solLinearQuadratic]=8)

[Fermions] There are solutions.

[Scalars] nullTensor: SparseArray Specified elements: 6608
Dimensions: {25, 25, 4, 4}

Data not saved. Save now



[Scalars] Linear part: done. (Length[solLinear]=1)

[Scalars] Quadratic part: done. (Length[solLinearQuadratic]=0)

[Scalars] No solutions exist.

Q5 + B0

    21
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In conclusion,
• The existence of perturbative completions puts strong limits on 
EFT with heavy vector bosons.

 


•Classical top-down gauge model building continuous to hold up 
well. It can be used to find the UV completions. Knowing the 
group offers many advantages. It involves embeddings, branching 
rules, Slansky,…


• Bottom-up model building is an equivalent pheno-motivated work 
flow. It involves algebraic equations, fast computers, Renato,… 
(This approach can also be used for global symmetries not 
involving vector bosons)


• A combination of both approaches (such as using group theory 
once a group has been determined from the equations) seems 
helpful


