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Introduction

The Standard Model does not describe all physics up to
infinitely high energies (or down to infinitely small
distances).
At least, quantum gravity becomes important at the Planck
scale.
SM does not explain dark matter and baryon asymmetry of
the Universe.

What can appear at some very short distance scale?

I Supersymmetry

I Compositeness

I Extra dimensions

I Strings / supersyrings

I Something we cannot imagine at the moment
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Introduction

We can construct scenarios for new physics searches based
on some known variants of the next theory (more
fundamental than SM).
I. e. we can investigate some finite number of directions of
departure from SM, but an infinite number of directions
which we cannot now imagine remain unexplored — this is
a set of measure 0.
What we need is a systematic model-independent approach
for searching of some absolutely unknown new physics at
small distances. It produces new local interactions of the
SM fields.



SMEFT

L = L
(4)
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C
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∑
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C
(6)
i Q

(6)
i + · · ·

SM works well at the energy scale being investigated now
⇒ the new physics scale Λ� the SM emergy scale.

A theory at scales ≥ Λ

I SU(3)× SU(2)×U(1) is a subgroup of its gauge group

I Contains all SM degrees of freedom (either as
elementary or as composite particles)

I Reduces to SM at scales Q� Λ (unless couplings of
some fields to SM ones becomes very small)
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Standard Model

Matter fields

l =

(
νL
eL

)
eR q =

(
uL
dL
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uR dR ϕ =
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Indices:

I Weak isospin I: fundamental i, j; adjoint I, J

I Color: fundamental α, β; adjoint A, B

I Generation: not written

Dµ = ∂µ + igtAGA
µ + ig2t

IW I
µ + ig1Y Bµ

ϕ+
i = ϕi∗ ϕ̃i = εijϕ+

j ϕ+
←
Dµϕ = (Dµϕ)+ϕ

ϕ+
↔
Dµϕ = ϕ+(Dµ −

←
Dµ)ϕ ϕ+

↔
DI
µϕ = ϕ+(tIDµ −

←
Dµt

I)ϕ
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Standard Model

L
(4)
SM = −1

4
GA
µνG

Aµν − 1

4
W I
µνW

Iµν − 1

4
BµνB

µν

+ (Dµϕ)+(Dµϕ) +m2ϕ+ϕ− 1

2
λ(ϕ+ϕ)2

+ i
(
l /Dl + e /De+ u /Du+ d /Dd

)
−
(
lΓeeϕ+ qΓuuϕ+ qΓddϕ+ h.c.

)
All but 1 operators have dimension 4.

We can add νR and Γν — neutrino (dirac) masses and
mixings.
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Standard Model

Full derivatives of gauge-invariant operators are irrelevant.
Gauge-invariant operators = full derivatives of
gauge-variant ones

G̃A
µνG

Aµν = 4εµνρσ
(
GA
ν ∂ρG

A
σ − 1

3
gfABCGA

νG
B
ρ G

C
σ

)
and W̃ I

µνW
Iµν don’t affect Feynman rules and EOMs, but

lead to topological nonperturbative effects.



Dimension 5

Only 1 operator (Weinberg)

Q(5)
νν = (ϕ̃+l)TC(ϕ̃+l) = (εijϕ

ilj)TC(εmnϕ
mln)

T — transposition of the Dirac bispinor, C — the charge
conjugation matrix, 2 generation indices. After spontaneous
symmetry breaking gives newtrino masses and mixings.



Dimension 6

B. Grzadkowski, M. Iskrzyński, M. Misiak and J. Rosiek
(2010): Warsaw basis (M. Iskrzyński M. Sc. thesis) > 900
citations
Matter fields, Xµν ∈ {Gµν ,Wµν , Bµν}, Dµ

EOM: 0 contribution to S-matrix elements (eliminated by
field redefinitions). EOMs at the leading order in 1/Λ

D2ϕi = m2ϕi − λ(ϕ+ϕ)ϕi − eΓ+
e l
i + εijqjΓuu− dΓ+

d q
i

DνGA
νµ = g

(
qγµt

Aq + uγµt
Au+ dγµt

Ad
)

DνW I
νµ = g2

(
ϕ+i

↔
DI
µϕ+ lγµt

I l + qγµt
Iq
)

DνBνµ = g1
(
Yϕϕ

+i
↔
Dµϕ+

∑
Yψψγµψ

)



Bosonic

I SU(2): even number of ϕ

I Lorentz: even number of D

X3

X2ϕ2 X2D2

Xϕ4 XD4 Xϕ2D2

ϕ6 ϕ4D2 ϕ2D4

With 1 X̃ — CP odd
Xϕ4 — no scalar operators
XD4 — always [Dµ, Dν ]→ Xµν



ϕ2D4

I all D’s act on one ϕ

I εµνρσ leads to [Dµ, Dν ]

I The ordering of Dµ is irrelevant ⇒ D2ϕ — EOM →
lower classes

Xϕ2D2

I X or X̃, no ε

I each D acts on its own ϕ → by parts

I both D’s act on a single field: [Dµ, Dν ]

I one D acts on X and the other one on ϕ: EOM for X
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X2D2

I both D’s act on a single X

I X or X̃, no ε

I both D’s are contracted with a single X: [Dµ, Dν ]

I one D is contracted with one X, the other D — with
the other X: reorder D′s, EOM DµX

µν

I the D’s are contracted with each other: D2X EOM



X3

I X, Y , Z; 1 may be dual; Xλ
µY

µ
νZ

ν
λ

I gαβXαµXβνZ
µν = 0, gαβXαµX̃βν = 1

4
gµνXαβX̃

αβ

I 3 different tensors — εABC or εIJK

QG = fABCGAλ
µG

Bµ
νG

Cν
λ QG̃ = fABCG̃Aλ

µG
Bµ

νG
Cν

λ

QW = f IJKW Iλ
µW

Jµ
νW

Kν
λ QW̃ = f IJKW̃ Iλ

µW
Jµ
νW

Kν
λ



X2ϕ2

Singlet or triplet: ϕ+ϕ or ϕ+tIϕ. ϕ+tIϕ̃ has a non-zero Y .

QϕG = ϕ+ϕGA
µνG

Aµν QϕG̃ = ϕ+ϕ G̃A
µνG

Aµν

QϕW = ϕ+ϕW I
µνW

Iµν QϕW̃ = ϕ+ϕ W̃ I
µνW

Iµν

QϕB = ϕ+ϕBµνB
µν QϕB̃ = ϕ+ϕ B̃µνB

µν

QϕWB = ϕ+tIϕW I
µνB

µν QϕW̃B = ϕ+tIϕ W̃ I
µνB

µν



ϕ6

I Y = 0 ⇒ (ϕ+)3ϕ3. Signlets and triplets.

I 0 triplets

I 2 triplets

= TF

[
− 1

N

]
tIijt

Ik
l = 1

2

[
δilδ

k
j − 1

2
δijδ

k
l

]
(ϕ+tIϕ)2 = 1

4
(ϕ+ϕ)2

I 3 triplets

εIJK(ϕ+tIϕ)(ϕ+tJϕ)(ϕ+tKϕ) = 0

Qϕ = (ϕ+ϕ)3



ϕ4D2

I Y = 0 ⇒ (ϕ+)2ϕ2; 2 D’s are contracted

I both D’s act on a single ϕ ⇒ EOM

I both D’s act on both ϕ’s or both ϕ+’s ⇒ by parts

I one D acts on ϕ, and the other one on ϕ+: 2 isospin
structures

I (isospin Fierz)

(ϕ+tIϕ)
[
(Dµϕ)

+tI(Dµϕ)
]

= 1
2(ϕ

+Dµϕ)
∗(ϕ+Dµϕ)− 1

4(ϕ
+ϕ)

[
(Dµϕ)

+(Dµϕ)
]

I EOM

∂2(ϕ+ϕ) = 2(Dµϕ)
+(Dµϕ) + ϕ+D2ϕ+ (D2ϕ)+ϕ

Qϕ� = (ϕ+ϕ)∂2(ϕ+ϕ) QϕD = (ϕ+Dµϕ)(ϕ+Dµϕ)



2-fermion

Left ψ ∈ {l, ec, q, uc, dc}
2 3

ψ1γµψ2 ϕD XD, ϕ2D, D3

ψT1 Cψ2 ϕ2, D2 ϕ3, ϕD2

ψT1 Cσµνψ2 X, D2 Xϕ, ϕD2

Dimension 5

I ψT1 CΓψ2: Y 6= 0

I ψ1γµψ2: Y 6= ±1
2

ψ2X, ψ2D2, ψ2ϕD — empty

ψ2ϕ2: Yϕ2 = ±1, only l2, a single isospin structure ⇒
Weinberg operator
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Dimension 6

I Scalar and tensor currents ψ1ψ2, ψ1σµνψ2: the number
of ϕ is odd ⇒ the current I = 1

2

I ψ1γµψ2: the number of ϕ is even ⇒ the current I = 0,
1. Both left or both right ⇒ no currents with C.

ψ2D3

I ψ1γµψ2

I D acting on ψ ⇒ by parts

I [D,D]→ X

I ψD2 /Dψ ⇒ EOM
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ψ2ϕD2

I ψψ or ψσµνψ

I D acts on ψ ⇒ by parts
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I ϕψD2ψ: /D2 = D2 − i
2
σµν [Dµ, Dν ]

(Dµϕ)ψσµνDνψ = i
2
(Dµϕ)ψ(γµ /D − /Dγµ)ψ

(Dµϕ)ψDµψ = 1
2
(Dµϕ)ψ(γµ /D + /Dγµ)ψ

(Dµϕ)ψγµ /Dψ EOM

(Dµϕ)ψ /Dγµψ → −(Dµϕ)ψ
←
/Dγµψ − (DνDµϕ)ψγνγµψ

(DµDνϕ)ψγµγνψ = (D2ϕ)ψψ − i
2
([Dµ, Dν ]ϕ)ψσµνψ
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ψ2XD

I X may be dual, no εµνρσ
I ψγµψ ⇒ D contracted with X

I D acts on X ⇒ EOM

I D acts on ψ ⇒ by parts

Xµν ψγµDνψ = 1
2
Xµν ψ(γµγν /D + γµ /Dγν)ψ

= 1
2
Xµν ψ(γµγν /D − /Dγµγν)ψ +Xµν ψγνDµψ

the last term is our LHS with −
= 1

4
Xµν ψ(γµγν /D − /Dγµγν)ψ

→ 1
4
Xµν ψ(γµγν /D +

←
/Dγµγν)ψ + 1

4
(DρXµν)ψγργµγνD

ρψ

γργµγν = gρµγν − gρνγµ + gµνγρ − iερµνσγσγ5
(DρXµν)ψγργµγνD

ρψ = 2(DνX
µν)ψγµψ − 2i(DνX̃

µν)ψγµγ5ψ
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ψ2ϕ3

I ψ1ψ2 with I = 1
2

— the same as in Yukawa terms in

L
(4)
SM. The number of ϕ and ϕ̃ is given by Y .

I there are 2 ways to combine 3 isospins 1
2

to 1
2
. One of

them is 0: ϕ+ϕ̃ = εijϕ+
i ϕ

+
j = 0, εijϕ

iϕj = 0.

Yukawa terms in L
(4)
SM times ϕ+ϕ.

Qeϕ = (ϕ+ϕ)(leϕ)

Quϕ = (ϕ+ϕ)(quϕ) Qdϕ = (ϕ+ϕ)(qdϕ)



ψ2Xϕ

I ψ1σ
µνψ2 with I = 1

2

I Y = 0 ⇒ fermion–higgs combinations like in L
(4)
SM

I W I
µν , G

A
µν contracted with tI , tA — unique way

I Dual B, W , G — nothing new: εµνρσσ
ρσ = γ5σµν , γ5

absorbed into ψ

QeW = (lσµνe)tIϕW I
µν QeB = (lσµνe)ϕBµν

QuG = (qσµνtAu)ϕ̃GA
µν QuW = (qσµνu)tIϕ̃W I

µν

QuB = (qσµνu)ϕ̃Bµν

QdG = (qσµνtAd)ϕGA
µν QdW = (qσµνd)tIϕW I

µν

QdB = (qσµνd)ϕBµν



ψ2ϕ2D
I ψ1γ

µψ2; D acts on ψ ⇒ EOM
I higgs part: I = 0, 1; color-singlet ⇒ fermion part too
I Y = 0 ⇒ the number of ϕ, ϕ+

I ϕ+(Dµ +
←
Dµ)ϕ, ϕ+(tIDµ +

←
Dµt

I)ϕ: by parts, EOM.
↔
Dµ,

↔
DI
µ remain

I ϕ̃+(Dµ +
←
Dµ)ϕ = 0, ϕ̃+

↔
Dµϕ = 2ϕ̃+Dµϕ, the Hermitian

conjugate operator is independent

Q
(1)
ϕl = (ϕ+i

↔
Dµϕ)(lγµl) Q

(3)
ϕl = (ϕ+i

↔
DI
µϕ)(lγµtI l)

Qϕe = (ϕ+i
↔
Dµϕ)(eγµe)

Q(1)
ϕq = (ϕ+i

↔
Dµϕ)(qγµq) Q(3)

ϕq = (ϕ+i
↔
DI
µϕ)(qγµtIq)

Qϕu = (ϕ+i
↔
Dµϕ)(uγµu) Qϕd = (ϕ+i

↔
Dµϕ)(dγµd)

Qϕud = (ϕ̃+i
↔
Dµϕ)(uγµd)



4-fermion

Left ψ ∈ {l, ec, q, uc, dc}. Scalar products of the currents

ψ1γµψ2, ψ
T
1 Cψ2, ψ

T
1 Cσµνψ2 never contain ψ3ψ or ψψ

3
.

Search for all Y = 0 combinations (computer code)

I reduce to products of Y = 0 currents

I

lecdcq qucqdc lecquc (B conserving)

qqql dcucucec qqucec qlucd
c

(B violating)

and their Hermitian conjugates
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Products of Y = 0 currents

I Fierz

(L1γµL2)(L3γµL4) = (L1γµL4)(L3γµL2)

⇒ Y = 0 currents

I to usual isospin singlets: (LL)(LL), (RR)(RR),
(LL)(RR)

I isospin: singlets, triplets; color: singlets, octets

= TF

[
− 1

N

]
tIijt

Ik
l = 1

2

[
δilδ

k
j − 1

2
δijδ

k
l

]
tAαβt

Aγ
δ = 1

2

[
δαδ δ

γ
β − 1

3
δαβ δ

γ
δ

]



(LL)(LL)

(lpγµt
I lq)(lrγ

µtI ls) = 1
2
(lpγµls)(lrγ

µlq)− 1
4
(lpγµlq)(lrγ

µls)

(qpγµt
Aqq)(qrγ

µtAqs) = −1
6
(qpγµqq)(qrγ

µqs)

(qpγµt
ItAqq)(qrγ

µtItAqs) = −1
6
(qpγµt

Iqq)(qrγ
µtIqs)

Qll = (lγµl)(lγ
µl)

Q(1)
qq = (qγµq)(qγ

µq) Q(3)
qq = (qγµt

Iq)(qγµtIq)

Q
(1)
lq = (lγµl)(qγ

µq) Q
(3)
lq = (lγµt

I l)(qγµtIq)
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(qpγµt
Aqq)(qrγ

µtAqs) = −1
6
(qpγµqq)(qrγ

µqs)

+ 1
2
(qpiαγµq

iβ
q )(qrjβγ

µqjαs )

(qpγµt
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(RR)(RR)

(upγµt
Auq)(urγµt

Aus) = 1
2
(upγµus)(urγµuq)− 1

6
(upγµuq)(urγµus)

(dpγµt
Adq)(drγµt

Ads) = 1
2
(dpγµds)(drγµdq)− 1

6
(dpγµdq)(drγµds)

Qee = (eγµe)(eγ
µe)

Quu = (uγµu)(uγµu) Qdd = (dγµd)(dγµd)

Qeu = (eγµe)(uγ
µu) Qed = (eγµe)(dγ

µd)

Q
(1)
ud = (uγµu)(dγµd) Q

(8)
ud = (uγµt

Au)(dγµtAd)



(LL)(RR)

Qle = (lγµl)(eγ
µe)

Qlu = (lγµl)(uγ
µu) Qld = (lγµl)(dγ

µd)

Qqe = (qγµq)(eγ
µe)

Q(1)
qu = (qγµq)(uγ

µu) Q(8)
qu = (qγµt

Aq)(uγµtAu)

Q
(1)
qd = (qγµq)(dγ

µd) Q
(8)
qd = (qγµt

Aq)(dγµtAd)



Exceptional L
2
L2

I 1 scalar (LγµL)(LγµL)

I SU(2): 2 singlets, 2 doublets ⇒ 1 structure

I SU(3): ψαψβ (B preserving) or ψαψβψγ (B violating)
⇒ 1 structure



Exceptional L4

I 2 scalars 1× 1, σµν × σµν

(ψT1 Cσµνψ2)(ψ
T
3 Cσ

µνψ4) =

4(ψT1 Cψ2)(ψ
T
3 Cψ4) + 8(ψT1 Cψ4)(ψ

T
3 Cψ2)

(choose the rhs everywhere except lecquc where we
want color-singlet currents). qucqdc, qqql, dcucucec: 2
pairings — just permulations of generation indices.

I Isospin and color: 2 structures for qucqdc, qqql; 1 for
dcucucec



(LR)(RL) and (LR)(LR)

Qledq = (le)(dq)

Q
(1)
quqd = εij(qiu)(qjd) Q

(8)
quqd = εij(qit

Au)(qjt
Ad)

Q
(1)
lequ = εij(lie)(qju) Q

(3)
lequ = εij(liσµνe)(qjσ

µνu)



B violating

Qduq = εαβγεij
[(
dα
)T
Cuβ

][(
qiγ
)T
Clj
]

Qqqu = εαβγεij
[(
qiα
)T
Cqjβ

][(
uγ
)T
Ce
]

Q(1)
qqq = εαβγεijεkl

[(
qiα
)T
Cqjβ

][(
qkγ
)T
Cll
]

Q(3)
qqq = εαβγt

I
ijt

I
kl

[(
qiα
)T
Cqjβ

][(
qkγ
)T
Cll
]

Qduu = εαβγ
[(
dα
)T
Cuβ

][(
uγ
)T
Ce
]



Summary

Not counting generations and Hermitian conjugated
operators
#ψ
0 15
2 19
4 25

+ 5
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Higgs sector

LH = (Dµϕ)+(Dµϕ) +m2(ϕ+ϕ)− λ

2
(ϕ+ϕ)2 + Cϕ(ϕ+ϕ)3

+ Cϕ�(ϕ+ϕ)∂2(ϕ+ϕ) + CϕD(ϕ+Dµϕ)∗(ϕ+Dµϕ)

ϕ =

(
Φ+

1√
2
(v +H + iΦ0)

)

v = m

√
2

λ

[
1 +

3

2

m2

λ2
cϕ

]
L
(2)
H =

1

2

[
1 + 2v2

(
1

4
CϕD − Cϕ�

)]
(∂µH)(∂µH)

+

(
m2

2
− 3

4
λv2 +

15

8
Cϕv

4

)
H2

+
1

2

(
1 +

1

2
CϕDv

2

)
(∂µΦ0)(∂µΦ0) + (∂µΦ−)(∂µΦ+)
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Higgs sector

h = ZhH G0 = ZG0Φ0 G± = Φ±

Zh = 1 +

(
1

4
CϕD − Cϕ�

)
v2

ZG0 = 1 +
1

4
CϕDv

2Φ0

L
(2)
h =

1

2
(∂µh)(∂µh)− M2

h

2
h2

M2
h = 2m2

[
1− m2

λ2
(
3Cϕ + λ(CϕD − 4Cϕ�)

)]
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Gauge sector: QCD

LQCD = −1

4
GA
µνG

Aµν + CϕG(ϕ+ϕ)GA
µνG

Aµν

ḠA
µ = ZGG

A
µ ḡ = Z−1G g

ZG = 1− CϕGv2

L
(2)
QCD = −1

4
ḠA
µνḠ

Aµν
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Gauge sector: electroweak

LEW = −1

4
W I
µνW

Iµν − 1

4
BµνB

µν + (Dµϕ)+(Dµϕ)

+ CϕW (ϕ+ϕ)W I
µνW

Iµν + CϕB(ϕ+ϕ)BµνB
µν

+ CϕWB(ϕ+tIϕ)W I
µνB

µν + CϕD(ϕ+Dµϕ)∗(ϕ+Dµϕ)

W̄ I
µ = ZWW

I
µ ḡ2 = Z−1W g2

B̄µ = ZBBµ ḡ1 = Z−1B g1

ZW = 1− CϕWv2 ZB = 1− CϕBv2

L
(2)
EW = −1

4

∑
I=1,2

W̄ I
µνW̄

Iµν − 1

4

(
W̄ 3

µνB̄µν

)(1 ε
ε 1

)(
W̄ 3µν

B̄µν

)
+
ḡ22v

2

8

∑
I=1,2

W̄ I
µW̄

Iµ +
v2

8
Z2
G0

(
W̄ 3

µB̄µ

)( ḡ22 −ḡ1ḡ2
−ḡ1ḡ2 ḡ21

)(
W̄ 3µ

B̄µ

)
ε = 2CϕWBv

2
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ḡ22v

2

8

∑
I=1,2

W̄ I
µW̄

Iµ +
v2

8
Z2
G0

(
W̄ 3

µB̄µ
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−ḡ1ḡ2 ḡ21
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Gauge sector: electroweak

W±
µ =

1√
2

(
W̄ 1

µ ∓ iW̄ 2
µ

)
M2

W =
1

2
ḡ2v

(
W̄ 3

µ

B̄µ

)
= X

(
Zµ
Aµ

)
X =

(
1 − ε

2

− ε
2

1

)(
cos θ̄ sin θ̄
− sin θ̄ cos θ̄

)
tan θ̄ =

ḡ1
ḡ2

+
ε

2

(
1− ḡ21

ḡ22

)
MZ =

1

2

√
ḡ21 + ḡ22v

(
1 +

ḡ1ḡ2
ḡ21 + ḡ22

ε

)
ZG0

MA = 0
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1− ḡ21
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ḡ21 + ḡ22v
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ε

)
ZG0

MA = 0



Gauge–glodstone mixing

(Dµϕ)+(Dµϕ) + CϕD(ϕ+Dµϕ)(ϕ+Dµϕ)⇒

− i ḡ2v
2
√

2
W̄ 1

µ∂
µ(Φ+ − Φ−) +

ḡ2v

2
√

2
W̄ 2

µ∂
µ(Φ+ + Φ−)

− ḡ2v

2
Z2
G0W̄ 3

µ∂
µΦ0 +

ḡ1v

2
Z2
G0B̄µ∂

µΦ0

= iMW

(
W+
µ ∂

µG− −W−
µ ∂

µG+
)
−MZZµ∂

µG0
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ḡ2v

2
√
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Z2
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Fermion sector

Lf = i(l′ /Dl′ + e′ /De′ + q′ /Dq′ + u′ /Du′ + d′ /Dd′)

− (l′Γee
′ϕ+ q′Γuu

′ϕ̃+ q′Γdd
′ϕ+ h.c.)

+ (Cνν(ϕ̃
+l′)TC(ϕ̃+l′) + h.c.)

+ (ϕ+ϕ)(l′Ceϕe
′ϕ+ q′Cuϕu

′ϕ̃+ q′Cdϕd
′ϕ+ h.c.)

Lm = −1

2
ν ′TL CM

′
ν − e′LM ′

ee
′
R − u′LM ′

uu
′
R − d′LM ′

dd
′
R + h.c.

M ′
ν = −Cννv2 M ′

e =
v√
2

(
Γe − Ceϕ

v2

2

)
M ′

u =
v√
2

(
Γu − Cuϕ

v2

2

)
M ′

d =
v√
2

(
Γd − Cdϕ

v2

2

)
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Fermion sector

ψ′X = UψX
ψX ψ = ν, e, u, d X = L, R

UT
νL
M ′

νUνL = Mν = diag(mν1 ,mν2 ,mν3)

U+
eL
M ′

eUeR = Me = diag(me,mµ,mτ )

U+
uL
M ′

uUuR = Mu = diag(mu,mc,mt)

U+
dL
M ′

dUdR = Md = diag(md,ms,mb)
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