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Brief Philosophy of EFT
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Near observer , L~R, needs to know the position of every charge to describe electric field in her proximity
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Higher order terms in the multipole expansion are suppressed by powers of the small parameter (R/r).
One can truncate the expansion at some order depending on the value of (R/r) and experimental precision

Far observer is able to describe electric field in his vicinity using just a few parameters:
the total electric charge, eventually the dipole moment E.

Ear observer , r >> R, can instead use multipole expansion: V(r) =

On the other hand, far observer can only guess the "fundamental” distributions of the charges,
as many distinct distributions lead to the same brst few moments

Far observer, like Moliere's Mr. Jourdain,
discovers that he has been using EFT all his life



Scalkaén yuaquantienl theelyd theory

Consider a theory of a light particle ! e H
interacting with a heavy particle H Lt
| »° ’
Heavy particle H propagator in coordinate space: P(Xy, %) # exp$my!x $ x,!)
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At small distance scales, |[X 1-X2| << 1/mu, At large distance scales, |x 1-x2| >> 1/mn,
the heavy particle H propagates. propagation of the heavy particle H suppressed.
Force acting between light particles ! Interaction looks like a delta function potential
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Scalkaén yuaquantienl theelyd theory

Consider a theory of a light particle !
Interacting with a heavy particle H

Heavy particle H propagator in momentum space:
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At large momentum scales, p 2 >> mu?,
we see propagation of the heavy particle H.
Long range force acting between light particles !
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At small momentum scales, p 2 << mu2?,
propagation of the heavy particle H
effectively leads to a contact interaction
between light particles !



Scalkén partuier theoke theory

¥ Processes probing distance scales >> 1/my, equivalently energies scales << m,
cannot resolve the propagation of H!

¥ Then, intuitively, exchange of heavy particle H between light particles © should be
Indistinguishable from a contact interaction of ¢ !

¥ In other words, the effective theory describing « interactions should be well
approximated by a local Lagrangian, that is, by a polynomial in ¢ and its derivatives

This is the generic way how the effective theory description arise in particle physics,
which will be repeated in many examples that follow
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Inloducing "e SMEFT



Elementary particles we know today
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All these particles are propagating degrees of freedom right above the electroweak scale,
thatisat E# 100 GeV -1 TeV




SMEFT

SMEFT is an e%ective theory for these degrees of freedom
Incorporating certain physical assumptions:

h’ \ﬂ 1. Locality, unitarity, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
‘“iq at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
‘ strictly respected by all interactions

G Wlk B, 1

SU(3)c SUR)w U(L)y




SMEFT

1.
2.

3.

Locality, unitarity, PoincarZ symmetry s A
Mass gap: absence of non-SM degrees of freedom & ' ,;
at or below the electroweak scale ‘ ! g

Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

If these assumptions are true we can organize the EFT as an expansion in 1/,

where + is identiPed with the mass scale of the UV completion of the SMEFT,

and each term is a linear combination of SU(3)xSU(2)xU(1) invariant operators
of a given canonical dimension D
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SMEFT — D

SM Lagrangian
Higher-dimensional
SU(3)c x SU(2). x U(1)yinvariant
Interactions added to the SM

At each order we should include a complete and non-redundant set of operators
eventually subject to some additional global symmetries




* o= !EIH H Experiment: 'y # 100 GeV

Unsolved mystery why the ! El & +2
which is called the hierarchy problem

* — . : .
D=3 — 0 Simply, no gauge invariant operators made of SM Pelds
exist at canonical dimension D=3
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$(w,QH+ & H Q+ e/ H L+h.c.)
+D/H D'H$ $(H H)? + %62 GR.

Experiment: all interactions at D=2 and D=4 above have been observed, except for v

(strictly speaking, & has not been observed directly. Its value is known within SM hypothesis,&
but not within SMEFT, without additional assumptions)



SMEFT at dimension-5

* — % * : * * * =
SMEFT— = D=27 D=4"' p=6t * p=7t* p=gt E

Weinberg (1979)&
Phys. Rev. Lett. 43, 1566
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¥ At dimension 5, the only gauge-invariant operators one can construct are the so-
called Weinberg operators, which break the lepton number!

¥ After electroweak symmetry breaking they give rise to Majorana mass terms for
the SM (left-handed) neutrinos!

¥ Neutrino oscillation experiments strongly suggest that these operators are present
(unless neutrino masses are of the Dirac type)

This is a huge success of the SMEFT paradigm: &
corrections to the SM Lagrangian predicted at the next order in the EFT expansion, are
Indeed observed in experiment!



SMEFT at dimension-5
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It follows that —
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m* 4 S—
’ solar~7x10 JeV?
Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark & atmospheric L— i
(while the lightest neutrino may even be massless) SRR amospheric
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If this is really the correct estimate, then we will never see any other e%ects &
of higher-dimensional operators, except possibly of baryon-number violating ones :/
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SMEFT at dimension-5
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Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark & atmospheric
(while the lightest neutrino may even be massless) ~2X107%V2
4+ c 11123.
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SMEFT ™ D D=4 D=5

1 1
Naively: * -z # — and then o H — ,% =7 # —,and soon
Y-~ b=57" D=6" 5 D=7"" T3
If this is really the correct estimate, then we will never see any other e%ects &
of higher-dimensional operators, except possibly of baryon-number violating ones :/

*

One option:  + is not far from TeV, butinstead ~ G; & 1

Alternatively, it is possible that there is more than one mass scale of new physics
Dimension-5 interactions are special because they violate lepton number L. &

If we assume that the mass scale of new particles with L-violating interactions is 1. &

and there is also L-conserving rzll_ew physics at th]e_ scale + Elg_L + , then the estimate Is
e —, F g — Y o —,F o —, and soon
D=5 . D=6"" "7 D=7 3 D=8"" 4

*



SMEFT at dimension-6

* — % * *
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SMEFT — D D=4

[ Grzadkowski et al
SN T arXiv:1008.4884(

At dimension-6 all hell breaks loose R e
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SMEFT at higher dimensions
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Henning et al
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Exponential growth of the number of operators with the canonical dimension D



SMEFT at higher dimensions
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SMEFT— = D= D=5 D D=7

Number of baryon-number-conserving operators

Dimension-5

Dimension-6

Dimension-7

Dimension-8




Assump#ons behind
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SMEFT

But are !"e a#umptions true?

h’ ‘ﬂ 1. Unitarity, locality, PoincarZ symmetry
’ 2. Mass gap: absence of non-SM degrees of freedom &

‘“ at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
‘» strictly respected by all interactions

G Wlk B, 1

SU(3)c SUR)w U(L)y




SMEFT

But are !"e a#umptions true?

h’ ‘ﬂ 1. Unitarity, locality, PoincarZ symmetry
’ 2. Mass gap: absence of non-SM degrees of freedom &

‘ at or below the electroweak scale

“ 3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
‘» strictly respected by all interactions

G Wlk B, 1

SU(3)c SUR)w U(L)y




SMEFT

But are !"e a#umptions true?

h’Q\ﬂ 1. Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale
3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
‘» strictly respected by all interactions
G Wlk B, 1
SU(3)c SU@2)w U(L)y
__________ s 1w w Come on...
3 1 1/3 1/2
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SMEFT

But are !"e a#umptions true?

° 1. Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &

0“ @ at or below the electroweak scale
‘» 3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

G Wlk B, 1

SU(3)c SUR)w U(L)y




But are !"e a#umptions true?

Unitarity, locality, PoincarZ symmetry
Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

G|a V\/,k B| 1
.......... Cesainly not,
3 5 1 i 213 i 1/2
3 1 1/3 1/2
I N N .- .. because gravity ex%its !
1 5 1 5 -1 1/2
1 2 1/2 0




GR-SMEFT

In principle, the relevant e%ective theory at the electroweak scale is GR-SMEFT rather than SMEFT

First of all, Einstein's GR can be generalised to an e%ective theory: GR-EFT

1 U e
* GRSEFT ~ \/T{ + T MPIanck\/ﬁR} +ﬁ{ Clcl"()C() &C'&. + C\’ZC!"()C() &C& }

GR EFT corrections Ruhdorfer et al&
= arXiv:1908.08050
Weyl tensor Cju. g =

(2,01 (0,2 partin

decomposition of Riemann tensor

Furthermore, one can consider the EFT of SM degrees of freedom coupled to gravity: GR-SMEFT.
At lowest order, graviton couples to the energy-momentum tensor of matter, without any free
parameters. At higher order one can construct e%ective operators with arbitrary Wilson coe)cients,

for example at dimension-6 in the gauge-gravity sector one has:
C1
p
] Vv po

C1
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"7 CH P Cappr + 15 Cm 7 CM 7 Cappo

A2 HTHCM,,,,U CHPo 4

+ A2 BWBPUO pvpo +

A

2 B"B paéwma T 13 GWGWCWPG T 13 GWGPUCWW
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S W s
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But are !"e a#umptions true?

Unitarity, locality, PoincarZ symmetry

Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

However, unless something weird happens

a at the level of higher-dimensional operators, &
G! VVlk B, 1 we expect graviton couplings to matter to be&
g very suppressed, likely by powers of  Mp3cl
3 ) s In such a case, the GR- part of GR-SMEFT
""""" 312/31/2 has tiny impact on collider or low-energy experiments.
---------- 311/31/2 For the sake of these applications, we can safely
SRS SN Wi s — S ignore the graviton and focus on the SMEFT.
1 ' 2 ' 1/2 1/2

R N N N - N e On the other hand, for applications like black hole&
L S I S scattering/inspiral, weak gravity conjecture,

.............................................................................................

1 2 L1 0 early cosmology, etc. GR-SMEFT remains relevant




SMEFT

But are !"e a#umptions true?

N4/
g

=

Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions

A4

G? WK B 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin

__________ 3 i...2 i e i 12

3 | 1 : 2/3 : 1/2 _
""""" T light &ght-handed neut&nos
B
e
12 A o might as we' ex%t
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R-SMEFT

E%ective theory should include all interactions with singlet neutrinos:

1 1

1 | 1., 2
La = 1 2GLGM I oW, WH ZBH_’B“"+(DHH) (DFH)! " H H! 2V

4 4

7

2

$

+ H ¥ibh$ ! %(NCI\/INN)+ BYwNH+ BY.eH+ &Y, ,uH+ &YydH+ h.c. |,

$=0Q,L,ud,eN

+ h.c.

1 1]
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773 I?HD T2AX(+ h.c)
Onu(t+ h.e) (BN)H(H H) OnN (M"HN)Y(H ibuH) OnB (@#“$N)|-'|'B“$
Oune(+ h.c) | (M"He)(H iDyH) | Onw (#,,sN) %W H$
(RR(RR (BL)(RR (ER)(ER)(+ h.c)
OnN (M"HN)(M",N) OLn (B"HL)(M",N) OLNLe (EN) &(%e)
Oen (@'He)(M"LN) Oon (F"HQ)(M",N) | OLnod (EN) & @d))
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Oun (PHd)(M"yN)
Ogune* h.c) | (PHu)(M",€)
(BR)(RL) (L# B)(+ h.c) (L#B)(+ h.c)
Oquni(+ h.c) (@u)(ML) ONNNN (NCN)(NCN) Oqaqdn | & & (Q CQ%)(d#CN)

& (U Cdy)(dsCN)

Liao, Ma
arXiv:1612.04527



SMEFT

But are !"e a#umptions true?

N4/
g

=

Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions
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G? WK B 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin
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SMEFT

But are !"e a#umptions true?

N4/
g

=

Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions

A4

G? WK B 1
: _ Maybe not, because
SU3)c SUQ2)w U(1)v Spin

__________ 3 i...2 i e i 12

3 1 213 1/2 _
""""" 3 1 sz e light dark ma(er
B
e
12 A o might as we' ex%t
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SMEFT

But are !"e a#umptions true?

N4/
g

=

Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions

A4

G* WK B, 1 .
' _ A In a
SU3)c SUQ2)w U(1)v Spin

__________ 3 i...2 i e i 12

3 1 213 1/2 _
""""" T a#umption #2 % reasonable,
B
e
12 A o but it % a se&)s leap of fal!
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SMEFT
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b.‘ But are !"e a#umptions true?
° . Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
»@ at or below the electroweak scale

‘ 3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions
G Wlk B, 1

SU(3)c SUR)w U(L)y




SMEFT

‘“'".‘ But are I"e a#tumptions true?
0 . Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
‘n@ at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

G WK B, 1
SU(3)e | SU()w | U(L) E ' Why *)Id +ysics beyond SM

"pect , SM gau- symmetry?




Gauge symmetry

Gauge symmetries are not real symmetries, in the sense that they
do not relate distinct physical states (unlike global symmetries) "

Instead, gauge symmetries are now understood as a redundancy
of our theoretical description of fundamental interactions"

| As explained e.g. in Weinberg's QFT book, this redundancy is
Inevitable if one wants to write down a Lagrangian containing
massless gauge bosons in a manifestly Lorentz-invariant way"

Since we need a gauge symmetry for each massless gauge
bosons, thus the EFT for SM degrees of freedom must have at
least SU(3)xU(1) symmetry



HEFT

‘“,b.‘ But are I"e a#tumptions true?
o . Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
‘n@ at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

We can work wil HEFT

where only SU(3)xU(1)

% linearly realized



LInear vs non-linear

Two mathematical formulations for e%ective theories with SM spectrum

L Non-linearly realized |

. Linearly realized 3 |
jelectroweak symmetry {

electroweak symmety | \GA

SU(3)c x SU(2)L x U(1)y SU@3)c X U(L)em

L, U@L R, Uy

H. LH U. LUR h. h

i
H=— . Goldstone bosons |* a2

\/z ( v+h+ IGS)< eaten by W and Z U= eXp(‘>

Expansion
parameter
v2 246 GeV

Higgs VEV
v 2 246 GeV




Linear vs non-linear: Higgs self-couplings

self-coupling 1 , ,
completely bxedE
pletely $=meh2$ hp3g 1N pa
2 2V 8v2
Ebut they can be deformed by BSM e%ects
SMEFT HEET
* C6 | 16 $4y | . ms ms C5, 54 O ,
SMEFT~ =~ SM $ HI"+ 3 ("‘ ) Herr/ B %Eh% C4@h4$ 7hS$ $h6+ E
2 2
* svert! P %(1+ +%)h3$ %(1+ +$4)h4$ %h5$ %hﬁ
o 2c,Vv* = 12cv* 3V’ CoV2
%7 mg+2 T g2 5% % %7 g
SMEFT. Predicts co;;ellsai;)n;sl?itlv \e/en self-couplingsé& HEFT: no correlations between self-couplings



Linear vs non-linear

SMEFT and HEFT lead to a vastly di#erent AA, Rattazzié
phenomenology at the electroweak scale” arXiv:1902.05936(

Choosing SMEFT or HEFT implicitly entalls an
assumption about a class of BSM theories that we want
to characterize"

SMEFT Is appropriate to describe BSM theories which
can be parametrically decoupled, that Is to say, where the
mass scale of the new particles depends on a free
parameter(s) that can be taken to inPnity"

Conversely, HEFT Is appropriate to describe non-
decoupling BSM theories, where the masses of the new
particles vanish in the limit v! 0



Example: cubic Higgs deformation

Consider a toy EFT model where Higgs cubic (and only that) deviates from the SM

2
o= ogud O/%%hg

2
(1+ %) h® + Th

V(h) = "

2 2
2 2V

This EFT belongs to the HEFT but not SMEFT parameter space



HEFT = Non-analytic Higgs potential

2 2 2
V(h) = i hZ + ﬂ (1+ %3) hs + ﬂh4 (1)
2 2V 8v?2
Given a Lagrangian for Higgs boson h, one can always uplift
It to a manifestly SU(2)xU(1) invariant form by replacing h . \/ZH H $ V

After this replacement, Higgs potential contains terms non-analytic at H=0

2 2
M, 5 2 my; 3
VH:—ZHH$V + 040,—— 2HH$V (2)
1
(1) and (2) are equal in the unitary gauge H. — O

V/§(v+h)

Thus, (1) and (2) describe the same physics




Non-analytic Higgs potential

3

my;
V(H) =
(H) =27

(2H H$ v3) "+ %3—(\/2H H'$ vy

In the unitary gauge, the Higgs potential looks totally healthy and renormalizableE

Going away from the unitary gauge:

mﬁ 3
» V/ %E(\/(h+v)2+62$v)

Away from the unitary gauge, it becomes clear that the Higgs potential contains &
non-renormalizable interactions suppressed only by the EW scale v

1 1G; + G,
ﬁ( v+ h+iGy)

H =

3m? G2h? . 3m? 24 sh " .
Sav h+v (G7) =%, 4 n:2( v ) (G7)




Multi-Higgs production

Consider VBF production of n * 2 Higgs bosons: VLVL . N 6 h
~Uhigh energies e same.as. GG - NGB N -
Expanded potential contains interactions ‘/lbi - ’ nxh
4 e g
V/ = ‘3/033”1362.. $h e T
4~ (v)

leading to interaction vertices with
arbitrary number of Higgs bosons

n'mg
Vn

) (GG. hE h)# %,

n

Amplitudes for multi-Higgs production in W/Z boson fusion are only
suppressed by the scale v and do not decay with growing energy,
leading to unitarity loss at some scale right above v



Unitarity primer

symmetry factor

S matrix unitarity q9Tg — 1 for n-body bnal state

Implies relation between forward scattering amplitude,
and elastic and inelastic production cross sections

2m) (PP PP = S, d751) **Mpypy . kil P+ § d7,!) MR, . E k)t

Equation is OdiagonalizedO after &
Initial and Pnal 2-body state are projected into partial waves

) .
S 4m2 1

a(s) = ﬁ 1— % d cos $P;(cos $)M (s, cos $),

$1

2ma = g2+, S, d7,!) ["easia?

This can be rewritten as the Argand circle equation

(Rea)’+ (Ima$ 1)?=R2,  RE=1$. § d7,!) [oasia?



Unitarity primer

Argand circle equation

(Rea)?+ (Ima$ 1?=R?%,  RE=1$. §, d7,!) jrelsta?

Implies constraints on both &
elastic and inelastic amplitudes Often used

/

Ilel 8 1 Alm(al) Argand circle shrinks

in the presence of
inelastic channels

" Sh| d7n!) :nelastic!Z g 1

Re(au) >

/

Often forgotten




Unitarity constraints on inelastic channels

Unitarity (strong coupling) constraint on inelastic multi-Higgs production

4 4

- d7.!) (GG. h"I*=, n—ll (/9)!) (GG. hMI“9 3(1)

| |
n=2 n: n=2

Sn$ 2 Sn$ 2

Volume of phase space& _ _
in the massless limit: V“(\/g) o d7 =

#
2N$ D!I(n$ 2)!(4*)2n$3  (nl)2(4*)2n
In a fundamental theory, &
2! namplitude must decay as 1/s n/2-1
In order to maintain unitarity up to arbitrary high scales

Process Unitarity limit
21 2 1
2! 3 1/s1/2
21 4 1/s

E E




Unitarity constraints on HEFT

4
Unitarity equation . % (V/9)!) (GG. hMI“9 3(1)
n=2
| , nim?
Our amplitude ) (GG _ \hEv h,) H# 0/03 Vr:;h
n
4 4 n$ 2 24 4
| 1 2 1 s (n))2mg¢  Ygny; S
3(1): W (V9! (GG. hM! #';:2”! (n!)2(4*)2n0/<§ VIR Fymwe)

In model with deformed Higgs cubic, multi-Higgs amplitude do not decay with energy
leading to unitarity loss at a pnite value of energy

Unless + 3 iIs unobservably small, unitarity loss happens at the scale 4 ,v ~ 3 TeV !



Perspective on HEFT

Example of UV model leading to non-analytic terms in low-energy e%ective theory
* — % ) . 14 2/( -
uv — SI\/I$E!1 1™+ | (, H+h.C.)

Eqs of motion:

3| 8/3
2 * H H
EFT sm T 2 113 ( )

E%ective Lagrangian: %

Non-analyticity appears because of integrating out particle
that would be massless in the absence of EW symmetry breaking



Perspective on HEFT

More familiar example is integrating out 4th chiral generation at one loop,
which produces Log|H|2 terms in the Coleman-Weinberg potential

Below a similar example with scalar instead of fermion: Cohen et al

1 " arXiv:2008.08597

|
Loy = [#H|* + pd [H|?! !H|H|4+§S | #21 m?! "|H|* S

Integrating out the scalar S at one produces the CW potential:

/d4x LEg 1100p(H) = % log dets (9° + m?* + %!H!2)

E%ective Lagrangian at zero and two derivative levels:

| n WP IJ.Z 3"/0
LO = 2 [H21 #4|H]*+ "m2+ "HI? ? In + 2
£ = Mg [H] HH| 5152 IH| m2 s HE | 2
1 n? I ||2
L® = 1 H2+ LIHI? °.
E! | | 384$2 m2 + T} |H |2 | |

For m* (. Vv?we can expand in powers if 1/m?, which leads to analytic SMEFT Lagrangian
For m? & . V? we cannot expand, and e%ective Lagrangian is non-analytic, which corresponds to HEFT



Linear vs non-linear summary

I EFT with non-linearly realized electroweak symmetry (aka HEFT) Is

equivalent to EFT with linearly realized electroweak symmetry but
whose Lagrangian is a non-polynomial function of the Higgs peld that
IS non-analytic at H=0 "

I This non-analyticity leads to explosion of multi-Higgs amplitudes at
the scale 4 $ v . For this reason, the validity regime of HEFT is limited
below the scale of order 4 $v~3TeV"

HEFT is useful to approximate BSM theories where new particlesO
masses vanish in the mitv! 0, e.g. SM + a 4th generation of chiral
fermions or when most of the new particle mass comes from EW
symmetry breaking"

I On the other hand, an EFT with linearly realized electroweak symmetry

and the Lagrangian polynomial in the Higgs Peld (aka SMEFT) Is useful
to approximate BSM theories where new particlesO masses do not
vanish in the limitv ! 0, and are parametrically larger than the
electroweak scale, e.g. SM + vector-like fermions



SMEFT

=

A4

GP WK B, 1
SU(3)c SU(2w U(L)y

3 1 2/3 1/2

3 1 1/3 1/2

1 2 1/2 1/2

1 1 -1 1/2

............................................................................................

g

Unitarity, locality, PoincarZ symmetry

2. Mass gap: absence of non-SM degrees of freedom &
at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&

strictly respected by all interactions

% % a very reasonable a#umption,

given we haven't seen non-SM pasicl"

ar)nd , EW scale



SMEFT

‘“'".‘ But are I"e a#tumptions true?
0 . Unitarity, locality, PoincarZ symmetry
2. Mass gap: absence of non-SM degrees of freedom &
%n@ at or below the electroweak scale

3. Gauge symmetry: local SU(3)xSU(2)xU(1) symmetry&
strictly respected by all interactions

d
G, W'k B, 1 In a#umptions #2 and #3 are related
SU@B)c SU@)w ULy

#3 means lat , ma# gap % such !at

+ . 4*vH# 3 TeV




Bases of SMEFT



Bases of EFT

Quantum pPeld theories formulated in terms of Pelds and Lagrangians have an important
redundancy, in addition to the gauge symmetry redundancy"

The point is that quantum Pelds are not physical observables, but merely tools in our
computations, akin to integration variables under the integral”

Continuing with this analogy, changing variables, that is Peld redepPnitions, do not
change the physical content of the theory. However they do change the Lagrangian!"

Therefore Lagrangian parameters are "measurable" only after (redundant) operators in
the same equivalence classes are eliminated. This can be done in practice by
eliminating certain terms using equations of motion for the EFT Pelds, as this is
equivalent to using beld redepPnitions. "

Since the elimination of redundant operators can be performed in many di#erent
manners, a single EFT corresponds to an inPnite number of Lagrangians that lead to
equivalent results. For a given canonical dimension, these di#erent Lagrangians are
called bases. "

Thus, the SMEFT has an inPnite number of equivalent bases, at each canonical
dimension. They are multi-dimensional, e.g. at dimension 6 each basis has 3045
di#erent interaction terms"

To illustrate the concept of the basis, let us brst consider a simpler toy example, where
the dimension-6 basis has one element



Toy nmaidt EFEFIadragg@ng1an

Consider an EFT of a single real scalar beld- with Z2 symmetry - . $ -"
By general arguments, the EFT Lagrangian must have the following form

6

1
" EF ZE[(_ - )2 $ - 2] $C4 $ +2 o +3(+%9)

In this discussion we truncate the Lagrangian at order +%4 o4
ignoring all operators with dimension higher than six

Operators with odd dimensions do not appear in this EFT
because of the Z2 symmetry

What about other dimension-6 operators, e.g.

O55(=-)4 OGz5-=-3 0Op5-°=-2 0Cp5-%,--,-, E

These are all redundant , that is to say, &

they can be expressed by the operators already present in eeT by using &
equations of motion, belds redePnitions, and integration by parts

*



Redundmttowanom:ors

1 _ 0
% - - 28 m2- 2, $ C $ + 3 (+54
et = S G R +2 o T
Os5-°% O55(=-)% Og5-°=-, Op5-4=-2 05-%,--,-, E
Use Leibniz rule + integration by parts: 1 1
-2-|--|- = 2- - - - - - 3= . ' = 3= _. = —0
= =82 ----- 8 Cg 3 36
4
P2 22222 ()= 285 - 4 2% Gp= 205+ 20p= Gy
2« a3 $2
Use equations of motion: = - = $ M- $ —- °+ 3(+*9)
6 This is relevant only if
2 5 4 C4 6 , C4 we Want_to keep track
@6 5-9= - =$fm=-“9% K- =$mO,$ ?06 of dimension-8 operators
2 2 2 2
OS5 (= - 2= mh 2+ m-C, 4 CJ - 6= o, + m C4O4+&O6 0,5
3 36 3 36



Basesobdpeperators

OUnbox basisC

1 _ 0
err= S 1% Cagr ¥ 7 - o T
We can equivalently use an EFT Lagrangian where O ¢ is absent, & ,
and replaced by another equivalent operator 0,5 -
C 6 6m?
@65'3:':$m204$_4O6' 06—$_' - $_O4 065-6
6 C, C,
* zi( )2$rﬁ22$6 $C 3:_+3(+$4)
— C6
5= $——
Map between & 5C:4
the Wilson coe)cients & m2 C
in the two bases: ¢ =C,3 6
4 2
+2 5C,
M= m

0,5 - 4



Basesobdpeperators

1 _ 0
err= S AT +2 o T
We can equivalently use an EFT Lagrangian where O ¢ is absent, & ,
and replaced by another equivalent operators 0,5 -
m?C Cz 36 m? 36m*
<5 (= -)2= m* 2 A4y 26 o_—o<12—o O
O T 6CZ$ C, Tz 2 Og5 - °
G (-1- ) m& 2 $C< $ =i )2+3(+$4)
EFT g [ ] 42 .
. . Cs
Map between the Wilson coe)cients Cs=9% >
In the two bases 10Cz
m? 2C
Cs=C °
433 5C,
m&=m?$ G
+2 30C2

0,5 -4



Basesobdpeperators

Every EFT has an inPnite number of equivalent bases

Double-
2]0)%
Basis

Physics is independent of which basis we use, &
but the Lagrangian and intermediate calculations look di%erent in di%erent bases!

In our toy example, a basis of dimension-6 operators is one dimensional”
(to be compared e.g. with the -dimensional basis of dimension-6 operators in the SMEFT)



@ 2
~ K Bases obdpepearators
\*\ al
X,
r
A \*\ Consider 2-to-2 scattering in the box and unbox bases
A \
© @
: e 1 2 2_2 -4 . G- $4
OUnbox basis( p— E[(.!.) $ me?- ] $ C44| $ R + 3(+3%4

Lé?:l%ox: % C4 + 3(+ $4)

4 : 3 —

: isC % _1 2¢ m2. 2. ¢ & Ce - °= $4
= SRS T 5 O s BT L g
C

2= $Cu+ (PP PR+ p3+ pg) + 3(+%)

2
=$C,+ GGE + 3 (+34

Ce
=5 —
6
5C unbox — box $4
Map . err =) ger T 3(+77)
C,=C% =
M2 5C, on-shell




*

SMEFT at dimension-6

SMEFT —

* *
D=2T " D=

4

_|_*

5

Warsaw basis of B-conserving dimension-6 operators

Bosonic CP-even

(H H)®

(H H)! (H H)
I I
'H Dy H!?

H HG2 G2
H HW ), W),
H ITHW}, By

i )
W W W

f acha. GP 911

Bosonic CP-odd

H H Gg G&
H H W, wi,
H HB, By
H 1'H W), B
wijk (M1 ! WH W"k“

fabc ﬁ! GP '(':ll

Grzadkowski et al
arXiv:1008.4884(

Yukawa

Ol | H HetH 1,

Oyl | H Huf# o

[Ogul | H HAPH g

Vertex Dipole

0] | i4B.5H DuH Oguls | € wH "W
o7, |i4"B,!,H "'ilbuH [Oggls | €"wH 13By
Oely | et &H DuH Ouly | Ue" e ToH ¢ G3
ORIy | i@BaH DyH Ol | U H *1es W,
O |ia" B "Dy Ouhs | uf"wH @By
Onids | 105" 65H by el | & T*H @ G
[Onalis id¢" ,&H DyH [Ogwlia | A" ¥ "oy W
[OHudlis iuf" &1 DH [Ogglis iy H @ By

Table 2.3: Two-fermionD=6 operators in the Warsaw basis. The 3avor indice
denoted byl,J . For complex operators Oy,q and all Yukawa and dipole opera
the corresponding complex conjugate operator is implicitly included.

(RR)(RR) (BL)(RR)
Oce | !(e™ &)(e™ &) O | (B#(e &)
Ouw | (U™ ue)(u™ 0 Ou | (Ash(u* o)
Oqa | !(d™ &)(d &) Oy | (Aa#(d &)
Oeu | (™ u&)(u™,0) Ocq | (&7 ,&)(99.0)
Oci | (e™,&)(d™ &) Oqu | (g.g)(u™,0)
Ou | (u™,e)(d" &) Og | (@B, TO) (U, T20)
Ol | (U, T2@%)(d" ,T2F) Oqa (g8.q)(d°" &)
O | (@B, ToO)(d™ , T*&®)

(e (BR)(ER)
Ou | ! (HaA(Rat) Oquas | (ud) e (cFcf)
Oqq | ! (#2.0)(42.0) Oluqa | (UST 20 )$i (d°T2gF)
Ogq | ! (" ')(gt" ') Orequ (€°H) %k (u°d)
Oq | (#(9.0) Olequ | (€, #)%i (U f)
Olq | (A" '#(a,"'0) Otecg (#)(d9)

Table 2.4: Four-fermionD=6 operators in the Warsaw basis. Flavor indices
suppressed here to reduce the clutter. The factdris equal to Z2 when all Ba
indices are equal (e.g. inQeel1111), and ! =1 otherwise. For each complex oper:
the complex conjugate should be included.



SMEFT at dimension-6

HTH) (DMHTD“H - why itCs not in Warsaw basis?

Integration by parts

H'H)(D,H'D,H)= -(H'H)[O(H'H) - H'OH -OH'H

1B, = ! 9§if{ T JHU gyiY

! . g . ! .
!!mzu+%kngjmku = D ‘/V!Z,u | §gLH #%MHl gL]w

SM equations of motion |
D Gy, L 9s755

D,D,H = p5H —2X\(H'H)H — f°y;F

SM
H'H)D,H'D,H) = (HfH)D(HTH) ui(HTH)? +2A(HTH)3
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SMEFT at dimension-6

SILH basis of B-conserving dimension-6 operators

o [0, (HTH)]®
i ()’

—%(HTH)g’

G v
v By
e (HTJ "DuH) D,
. QW (HIDuH) 0,B,,

(D H'o'D,H) W,

i (D H'D,H) By,

w

,LLVDPW;V
ﬁaﬂBlﬂ/apBPV

1 a a
m%v DMG,LWDPGpV

a_ciikyi Wi Wk
m2 vp'V pu

W

facha Gb G¢

vp™~ pu

Onw

Oup

9, HTH Ge,Ge,

9 it
- S i B, By,

4 (D,H'D,H) By,

9 'ij:W'L W_] Wk

W pL
93 abcva b c
f G GVPGW

4 (D,H'o'D,H) W,

_|_*

, ,
p=7t * p=gt E

Giudice et al hep-ph/0703164 !
Contino et al 1303.3876

Table 98: Two-fermion dimension-6 operators in the SILH basis. They are the same as in the Warsaw basis, except
that the operators [Ogr¢)11, [Oy,]11 are absent by definition. We define ! ,,, = i[",,",]/2. In this table, e, u,d
are always right-handed fermions, while # and ¢ are left-handed. For complex operators the complex conjugate
operator is implicit.

Vertex Yukawa and Dipole
Zw Tme, m.. =
Omliy | &A"#HDH [0.):s VI H HA He,
Oy | st &ty ¥ Do 0. VI b
[Orelij St e HID,H [Odli; VI Y H g Hd,
[Omqlij ulfi"%ﬂjHTFﬂH Oewlij | 72 e me'#' FHY e WE,
w
Oy | st ¥ty 1t Durt [OcBli; o VIS e B
i Mw
[Orulij ozl MU]‘HTS;H Oucly g 1/2mu ., LG ey
[Onali; &d;" d;H TEH o «/2muim .
[Oud] L dHID,H [Ouwliy | Gl === "HY W,
Hud|ij w2 Wi pdj m P
[OuB]ij 73%‘/ v qul ,uuu]Bm/
\/2mag.m,
[Odg]i]‘ beév i Ty Lq; H! #VTad'GZV
[Oawi; ﬁriw-l KHY ,d; Wk
w
’ /2mq.m
[OdB]ij ”!L]%/V #q ,uud B/u/

Table 99: Four-fermion operators in the SILH basis. They are the same as in the Warsaw basis [614], except that
the operators [Og¢]1221, [Ose]1122, [Ouu]3333 are absent by definition. In this table, e, u, d are always right-handed
fermions, while £ and ¢ are left-handed. A flavour index is implicit for each fermion field. For complex operators
the complex conjugate operator is implicit.

(LL)(LL) and (LR)(LR) (RR)(RR) (LL)(RR)
Ou 2 (09.0) (E,,0) Oce 22 (E7e) (EYue) Ore v (Ol @)
Oyq 2 (@.9)(@709) Ouu L () (wy,u) O L (0y,0) (uy,u)
Ok | #(@wo'e)@wo'e)  Oaa | F(dyud)(dyud) Ow | 3 (0yu0)(drpd)
Oy & (00.0)(77.9) Ocu | H(Eyue)(@y,u) Ocq | 52 (@u9) (@)
o v%(fw O(@0'q)  Oca 25 (@yue) (dy,d) Ogu 25 (@9) ()
Oquqd (P u)ejn(q"d) Oud & (W) (dvd) Oh | 22(q7uT%q) (uy, Tu)
Oga | o (@T )i (@Td) Oy | (@ T u)(dyTd)  Oga | 35(@7u9)(dyud)
Orequ & (Fe)ei(qu) Oba | 3@ T?q)(dn,T*d)
Oequ | (P oe)ejn(qior u)
Otedq H(fe)(dg’)
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