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(Functional) RG flow of the Theory Of Everything (TOE)

Polónyi János, Central Eur.J.Phys. 1 (2003)

Dream: TOE -> Gravity + SM as an emergent effective theory,
Predicting everything (spectrum,gi ,mi , ...) - Top-down appr.
Interesting physics everywhere - Theories of something, EFT



SMEFT
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Effective Theories (Philosophy)

Everything depends in everything - lose predictivity
Theory: describes phenomena in a given regime
Effective: simple, calculable predictions
inevitably not complete, not fundamental d.o.f. may be
emergent

=⇒ Useful predictions, finite # of parameters
good EFT (Effective Theory) can be improved systematically
e.g. small parameter ππ , graviton scattering
Helps: Separation of scales
relevant + irrelevant operators (see later)
(Observation: dynamics at other Energies does not matter)
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Galilei-féle Esési Törvény / GET*

Kísérletek útján (1638)

∆v = g∆t

Természettörvény:

GET z̈ =−g =⇒ T =
√

2h/g pre−Newton

Galilei: közegellenállás csak komplikáció, ρ� ρlev . egyformán esnek
kísérleti ellenőrzés, GET - “nem tévedünk nagyot”
→korrekciók, őrzik a tér-idő szimmetriáit, eltolás, forgatás, idő-eltolás

z̈ =−g + c · z , c → a
R

=
g
RF
∼ targy meretetol nem fugg

EFT extra tagok természetesek, őrzik a szimmetriákat.



Galilei-féle Esési Törvény / MGET*

Óvatosan, η

MGET z̈ =−g
(
1−η

z
R

+ ..
)
→ z(t) = ...

T =

√
2h
g

(
1+

η

2
h
RF

+O(
h2

R2
F

)

)
h = 200m T = 6.5+ η ·0,1s
Közelítő törvény, Mérések → η = 2±m.h. korrekciók
Newton elmélet felváltja MGET-t, η = 2 számolható!

Korrekciókat tekinthetünk a fundamentális Newton elmélet nélkül is
MGET pontosabb, ugyan több paraméter - Newton irányába

1/r2 tv módosítása Merkúr perihélium elfordulása Einstein előtt/ James D.
Wells, 2013



Effective Theories (EFT), Top-down

Dynamical phenomena, scales are separated
Full theory: Integrating out Heavy d.o.f.
“coarse graining”

Heavy H

Light L −

−

L (H,L)→L (L)

g i
L(H) and new couplings, local in filed theory (FT)

H,L ∼mass, momenta, velocity,...
Fermi 4-fermion int’n, Landau-Ginzburg SC, (LQCDchiral)

GF = g2

4
√

2
1

M2
W

Effective description of the fundamental theory, given accuracy



EFT, Bottom-up

Unknown fundamental theory,
Guides the improvement, modification of existing theory
- experimentally testable → (may) point to fundamental theory
Principles

Symmetries
Naturalness (observed/existing scales, O(1) parameters)

Weinberg(1979)
selfconsistent theories with all the terms allowed by symmetries,
Symmetry breaking terms allowed.
Enough measurement -> predictive

Laws → symmetries are more important!



EFT, Bottom-up, General

Lagrangian

Most general allowed by symmetries
Expansion (generally)by energy

Calculate and renormalize

start with the smallest order
renormalize the parameters

Phenomenology, processes

measure the (finite #) param’s
correlations, new procesess are already predictions

Differences:
Not only R(enormalizable) terms
Expansion in energy (p,m)



Effective Lagrangian, light-Heavy

QFT with light φ and “heavy” fields H LUV (φ ,H),

Scattering 2→2 of light fields φ

At low energies H’s not excited, too heavy
Effective theory of φ reproduces the full ampl. with H, φ Leff (φ)

Effective 2→2 scattering φ

Effects of “inner” H, Leff (φ) 6= LUV (φ ,0)
Examples:

light by light scattering below me , no contact terms (E-H)
muon decay, mµ �MW



Integrating out in Path Integral
Simpler description without heavy H, eliminate
Amplitudes of light, heavy fields from generating functional, diff, w.r.t Ji

ZUV [Jφ ,JH ] =
∫

[Dφ ][DH] exp[i
∫

d4x
(
LUV (φ ,H) +Jφ φ +JHH

)
].

Only light scat’s, no source for heavy, encode the dynamics in Leff (φ)

ZEFT [Jφ ] =
∫

[Dφ ] exp[i
∫

d4x
(
Leff (φ) +Jφ φ

)
].

Give the same correlation functions , Γ[Φ,H] to generate 1PI amp~s
Generally

Leff (φ) ⊃ φ
2 (�+M2)−1

φ
2non− local,

∼propagation of heavy H, If M � E ,mφ - can make it local,

(
�+M2)−1 ' 1

M2 −
1
M4 �+...

Only deal with local~ in what follows.



Motivations to prefer Leff (φ) vs.LUV (φ ,H)

Simplicity
Calculations within EFT may be more effcicient, multi-loops
Cancellation in UV th understood by power counting in EFT
Calculability
In UV disparate scales →large log’s, problem
EFT techniques - resum large logs in RG flow of EFT param’s
Agnosticity,Ignorance
Unknown UV theory, as in case of the SM
Difficult to calculate, e.g. low-E QCD
EFT ignorance in free parameters (Wilson coeff)

LEFT '∑
i
cUVi (µ)O IR

i (µ)



Scaling and Power Counting

Leff (φ) local, but generally infinite number of int’n terms
Needs to organize calculations, relevance- power counting
Relativistic theories MH , heavy ptcle, 1/MH natural expansion par.
Observables expanded in E/MH

n,d,> (≥)0 and[φ ] = mass1, Λ,µ to have dimensionless action, Λ∼MH

Rescale to see relative importance

xµ → ξx ′µ ,
ξ → 0 small distance
ξ → ∞ large distance



Scaling and Power Counting

Rescale φ → ξ φ ′ kanonical kinetic terms dominant in the PI/path

ξ → ∞ all terms suppressed in the sum IRRELEVANT

D = n+d −4,canonical dimension

Keep terms up to Dmax , observables in 1/Λ orders
RELEVANT TERMS, ξ 2φ2-mass and cubic (ξ µ)φ3(expansion
depends on µ ∼ Λ,or � Λ)
MARGINAL interaction λφ4,

loop corrections modify to REL-IRREL (not in CFT’s)
No large scale -> number of derivatives



h̄ counting

General selection rule, keep h̄
Action [S ] = h̄ in the Path Integral exp(iS/h̄)
kinetic term, fields h̄1/2

Coeff. off interaction term n fields h̄1−n/2 (any # derivatives)

h̄ dimensions

[m2] = h̄0 [κ] = h̄−1/2 [λ ] = h̄−1 [cn,d ] = h̄1−n/2

Additional estimate of importance/magnitude for Λ∼MH
Consider 1 gauge coupling g∗, similarly [g∗] = h̄−1/2

Estimates, 1 parameter case, tree : cn,d ∼ gn−2
∗ g4

∗ |n=6

Loops, extra h̄(∼ g2
∗ ), generated by 1-loop cn,d ∼ gn∗

(4π)2

Symmetries give additional selection rules, e.g. for hierarchical masses
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Toy model of light (φ ) and H real scalars

Tree-, loop level matching, on-shell- off-shell matching
get rid off redundant operators
UV theory, Z2 symmetry φ →−φ , no odd powers

H3,H4 left out, no change, in φ2H, M factored out, diff. scaling

1/M powers ∑d
Cd

Md−4Od , Od canonical dim. d, truncate at 6
Non-redundant operators O4 and O6, no odd O’s Z2, call it unbox
basis



Redundant operators O(M−2)

Possible dim-6 operators are redundant - no change in physics

Integration by parts Õ ′′6 and Õ ′6 traded to Õ6 φ2 �φ2 = 4
3φ3 �φ , ...

Using class. equation of motion (EOM), Õ6, Ô6 → O4,O6 of LEFT
THEOREM: Shifting higher dim operators by terms ~EOM does
not change the S matrix elements [13]
Field redefinition does not change the physical content,
consequence of the equivalence theorem see

Highly non-trivial



Using classical EOM

Equation of motion

�φ +m2
φ +

C4

6
φ

3 = O(M−2)

Replace by ’old’ terms in LEFT for on-shell amplitudes

Param’s in LEFT are still free, Õ6 can be left out w/o lost
Using the inverse replace O6→Õ6 get in jargon box basis from
unboxed

Same prediction at any order of Perturbation Theory
up to O(M−4) for on-shell scattering amplitudes



Mapping the 2 basis

Same predictions with the map

Equivalent with a non-linear φ → φ

(
1− C6

120C4M2 φ2
)

Exercise1: Express the op Ô6 by op’s in original LEFT ! Give
the map between double-box and unbox basis!

h̄ dimensions, action h̄1, fields h̄1/2, coeff of int’n term h̄1−n/2

UV theory dimensions

[λ0] = h̄−1 [λ1] = h̄−1/2 [λ2] = h̄−1

EFT theory

[Ĉ6] = h̄0 [C4] = h̄−1 [C̃6] = h̄−1 [C6] = h̄−2



Matching, Tree-level

Matching the UV theory and EFT: fix the EFT Wilson coeff’s such
that on-shell scattering ampl’s are the same in the two framework.
Up to fixed order in 1/M and loop expansions
Tree-level matching φ propagator is trivial m2 = m2

L.
2-to-2 on-shell scattering. In the UV theory

where s,t,u are the usual Mandelstam variables, & s + t +u = 4m2
L .



Matching, Tree-level

2-to-2 in EFT, only the first contact term

MEFT
4 =−C4

Matching MEFT
4 = MUV

4 +O(M−2)

C4 = λ0−3λ
2
1 −4λ

2
1
m2

L
M2 unbox

Matching in the box basis, !derivative 4-vertex!

MEFT
4 =−C̃4 +

m2

M2 C̃6

C̃4−
m2

M2 C̃6 = λ0−3λ
2
1 −4λ

2
1
m2

L
M2 box

consistent with unbox using the map!



Matching C6, Tree-level, 6 point*

To match C6, calculate the 6-point function, complicated.
Result gives the mapping, up to O(M−2), unbox basis C4!

Box basis matching condition

So far tree level. (in Path integral simpler)



One-loop Matching, 2-point function
With 1PI 2-point function, Tree level
ΠEFT

0 = p2−m2 and ΠUV
0 = p2−m2

L , add 1-loop corrections

EFT, only a), unbox basis, in dimensional regularization (dimreg)

where 1/ε̄ = 1/ε + γE + log(4π), µ dim. par. in dimreg
Physical mass, pole of Π(p2), M̄S scheme, dropping 1/ε̄ terms

LHS physical observable, independent of the arbitrary scale µ



1-loop, 2-point function

Running parameter m2 in the LEFT at 1-loop, µ indep. RHS

dm2

d log µ
= C4

m2

32π2

[
log

(
µ2

m2

)
+1
]

Box basis

Only on-shell coincide, differ off-shell, different p2 dependence, different
wave-function renormalization δφ = 0

physical mass (sol’n p2−m2 + δ Π̃EFT = 0) same after mapping C4,6



1-loop Matching, UV side

a) same diagram different parameters, b) H in loop

Tad-pole c)

Mixed loop, evaluated at p2 = m2
L



Matching the masses

EFT, M̄S Compare with

UV,M̄S +...
Physical mass is the same in UV & EFT→matching equation

log(µ2/m2
L) cancels out. Simpler choosing the single scale µ = M

Choosing µ ∼M, high matching scale no large log’s
Pertubation theory works λ 2

1 [λ2] log(µ2/M2) not large



UV senitivity of scalar masses (hidden H.P.)

Modern way of UV sensitivity

Are δm2 regularization dependent in low-E theory?

δm2 ∼m2dimreg ? δm2 ∼ Λ2/16π
2cutoff

Fine tuning depends on regularization?
Natural m2 ∼M2/(16π2), simple scaling
To arrive at m�M/4π, mL has to be tuned to M/4π for cancellation.
UV sensitivity (of scalars) is independent of the regularization.



1-loop matching, 4-point functions
λ1 = 0, simplify, many diagrams in the UV model, EFT first row

TREE-level C4 = λ0 ,C6 = 0.

unbox basis

here With δφ=0 wavefunction ren.

SEFT
4 =

M EFT
4 (MS)

(1+ δφ2)

∣∣∣∣
p2
i =m2

phys

Different p-dep. off-shell M̃ EFT
4 and δ̃φ , but same SEFT

4 in box basis.
SEFT

4 independent of µ, get RG equations for C4 in MS

dC4

d log µ
=

3
16π2 C 2

4 +
m2

16π2M2 C6



1-loop 4-point, UV side

λ1 = 0, UV , H-loops

1/M expanded,

MS and µ ren. scale, 1-loop matching condition for C4 (CTREE
6 = 0!)

C4 = λ0−
3λ 2

2

32π2 log

(
µ2

M2

)
− λ 2

2 m2

48π2M2

Only log
(

µ2

M2

)
, no log

(
µ2

mL2

)
, choice µ ∼M - no large logs in matching

C4(M) = λ0(M)− λ 2
2 m2

48π2M2 simplified

.



RG equations in EFT
µ ∼M simplifies matching, EFT couplings at µ �M evolve with RG
Observables (mphys , Sab) independent of µ ren. scale
(CTREE

4
= λ0−3λ 2

1 − ...)

RHS standard φ4 results+O(1/M2) corr. from dim-6 operator, C6

General, at 1-loop, higher dim Wilson Ci contribute to lower dim, w/
explicit mass parameters in the EFT
Solve first for physical meaning

m2(µ) = m2(M)
(

µ

M

)C4/16π2

For perturbative corrections (ax ' 1+ x loga)

m2(µ)'m2(M)

[
1+

C4

16π2 log
(

µ

M

)]
This is the 1-loop physical mass in UV theory, with C4 mapping
RG equation resums the large logs for small c. C4� 16π2

.



Summary L-H EFT

Calculate φ scatt. ampl’s at E �M, M heavy scale
Express Ci of LEFT at scale M with L UV ’s
matching eqautions, different basis-different C ′i s
RG equations evolve Ci Wilson coeff’s to µ ∼ E
Calculate the Amplitude in EFT with parameteres at µ ∼ E
Beyond O(1/M2) go for higher operator, dim-8,-..,
generalize matching
1-loop →generalize matching, RG runnning to higher loops

In full theory with 2-scalars, more complicated diagrams, multiple
large logs, perturbation theory breaks down
Bottom-up, if EFT violates pert. unitarity at Λ∼ 4πM/

√
C6 one

can try to match the EFT to a hypothetical L-H system.
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The Standard Model

Standard Model local gauge
QFT, SU(3)C ×SUL(2)×UY (1)

3 femionic matter family (spin-1/2)
Interactions mediated by spin-1
gauge bosons
All particles discovered

SSB by a SUL(2)doublet Higgs
Symmetries+Renormalizability
Interactions unique
B,L accidental symmetries

SM particles & Lagrangian



The Standard Model

Excellent agreement w/ experiments
Tevatron, LEP,SLC, LHC
4+3 Fit parameters
MZ ,MH ,∆α

(5)
h (MZ ),αs(MZ ), mc,b,t

(Later use 3 electroweak input par’s)

P = Ofit−Omeas
σmeas

pull faktor

All below 3σ , (∼2.4 A0,b
FB ,R

0
b )

gµ−2, µ anomalous magnetic moment
MH = 125.10±0.14 GeV, LHC

3− 2− 1− 0 1 2 3

measσ) / meas O− 
fit

(O

)2

Z
(Msα

)2

Z
(M

(5)

had
α∆

t
m

b

0
R

c
0

R

b
A

cA

0,b

FB
A

0,c

FB
A

(Tevt.)
lept

eff
Θ

2sin

)
FB

(Q
lept

eff
Θ

2sin

(SLD)
l

A

(LEP)
l

A

0,l

FB
A

lep

0
R

0
had

σ

Z
Γ

Z
M

W
Γ

W
M

H
M

1.3
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0.6

0.0

2.4

0.8
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0.2

0.3

0.1

1.5

0.0G fitter SM

M
a

r ’1
8

GFITTER pull faktor
(2018)



SM cons, -

Not AF, UY (1), λ Φ4 not fund.
Landau pole! g = g0

g0−β ln( Λ
m )

Unstable/metastable vacuum
Gravity not included,

MPlanck =
√

h̄c
G ' 1.2×1019 GeV

-quantum gravity.

Naturalness, H.P.- ’red herring’
MHiggs sensitive to higher scales
New physics close to EW
Many accidental paramater:19

g,g’,gs MZ ,MH 3ml+6mq CKM θi ,δ θQCD mν+CKM

3 2 9 3+1 1 7-9(Maj.)

Dark matter, energy (Λ)
Neutrino mass (oscillation)

Barion assymetry of the Universe
η =

nB−nB̄
nγ
' 6 ·10−9

Inflation

.



After the LEP/LHC , LEP paradox

LEP: new physics, what scale? H.P. → 1−3TeV!
No direct/indirect evidence ⇒ SM effective theory
Fundamental d.o.f. are the SM ones
Drop RENORMALIZABILITY, allow for D > 4 operators
Systematic expansion in dim of Od , composed of SM fields

L = LSM +
1

ΛL
∑
i
c(5)
i OD=5

i +
1

Λ2 ∑
i
c(6)
i OD=6

i +

+
1

Λ3
L
∑
i
c(7)
i OD=7

i +
1

Λ4 ∑
i
c(8)
i OD=8

i + ...

Double expansion in 1/ΛL and 1/Λ, useful for v � ΛL,Λ.
Expect to parametrize large class of new physics with heavy particles
New Phys. constraints after matching the constrained Wilson coefficients
L 5 = 1

ΛL
c(5)
ff ’ ΦΦLf Lf ′ ν tömeg, see-saw.



Odd-even dim operators

Dim-5 operator (H-Higgs, L-Lepton doublet, I,J flavour)

OD=5
IJ =

(
εijH iLjI

)(
εklHkLlJ

)
L and (B-L) violating, generates Majoranna mass terms v2

ΛL
c(5)
IJ νIνJ

From mν >eV , get ΛL/c(5) ≥ 1015GeV, for the eigenvalues
Assume Λ and ΛL are far away, only deal with even operators

v � Λ, Λ2� vΛL

B,L conserving odd operators are still subdominant

Leading contribution to collider physics D=6
Naively symmetry breaking operators are more suppressed

broken symmetry operators Λ scale
B,L (QQQL)/Λ2 1012−13 TeV

flavor 1-2. gen., CP
(
d̄ sd̄ s

)
/Λ2 1000 TeV

flavor 2-3.gen mb
(
s̄σµνF µνb

)
/Λ2 50 TeV.



Warsaw basis

Different higher dim operators can lead to same S-matrix -
REDUNDANCY
Get rid off, by

using equation of motion (EOM)
integrating by parts
field redefinitions
Fierz transformation

Not obvious relations Obosonic ↔ ∑
(
a2i Ψ̄Ψ +a4i

(
Ψ̄Ψ
)(

Ψ̄Ψ
))

Buchmüller, Wyler (‘86) → minimal set Gradzkowski et al. ‘10
59 operators in non-redundant basis
can define new basis via transformations
2499 parameters - B,L and flavour symmetries reduce it
28 op’s including the Higgs (doublet)
special alternatives, SILH basis, Strongly Interacting Light
Higgs, fits for strong BSM sector (’07-’13 completed)

.



Warsaw basis 2

Purely Bosonic operators

Double Lorentz-indices implicitly contracted with ηµν =< 1,−1,−1,−1 >

Deal with OHD
.



Warsaw basis, Two-fermion-boson operators

.



Warsaw basis, Four-fermion- operators



Warsaw basis, view of M. Trott



Warsaw basis, Four-fermion/M.Trott



Warsaw basis, parameter counting



Warsaw basis, transformations

Missing terms?
Redundant op’s removed
O ′HD =

(
H†H

)
DµH†DµH

integrating by parts
O ′HD =

(
H†H

)[
�
(
H†H

)
−H†DµDµH−DµDµH†H

]
Use H EOM in the last 2 terms

Now all terms in the Warsaw basis, bosonic <-> fermionic op’s
To reproduce O ′HD need lots of different operators
Systematic Hilbert-series techniques, H.Murayama et.al.’15-16

Exercise 2. Express in Warsaw basis BµνDµH†DνH !



Power counting for Wilson c’s*

Importance of Wilson c’s estimated from UV physics w/o expt.
h̄ counting - see dependence only on Λ,gNP∗ , tree level

H6 ∼ h̄3 = h̄2
cg h̄action. [g∗] = h̄−1/2.

Naive estimates subject to physics constraints.
g∗ ∼ 10� 1, means cH ∼ O(104), but it produces Higgs quartic(~.12)
λH4,suggest λ ∼ g2

∗without fine tuning, some (shift-) symmetry protects,
leads to cH ∼ λg2

∗ ≤ 10
Chiral symmetry protects ceH ∼ yeg2

∗ , must be prop. to Yukawa.
Fundamental W’s produced prop. to gL and via loops to reduce h̄,
cW ∼ g3

L/16π2 ≤ 10−3|Λ=1TeV .



Use of EFT - New Physics(NP) or pure SMEFT

Study self-consistent theory, SMEFT. It is not NP
SMEFT is different th than any NP model even with matching

LSMEFT 6= LSM +LNP counterterms, ZSMEFT 6= ZSM + ZNP

Understand SMEFT (it’s geometry), interface with data,
Michael Trott,...
Emerging pattern of ci ’s in SMEFT points towards NP
Experiment may show certain linear combination of Oi is there.
Which NP is behind?

.



From BSM to operators 1

∼Fermi theory, heavy neutral Vµ coupled to Ψ-current

LUV ⊃ Vµ

(
gVf ,L f̄ σ̄µ f +gVf ,R f̄ c σ̄µ f c

)
Exchange of V ’s, below MV generates 4-fermion term in Table 4.

LEFT ⊃−
1

2M2
V

(
gVf ,L f̄ σ̄µ f +gVf ,R f̄ c σ̄µ f c

)2
Match it to Warsaw basis

cf1f2
Λ2 =−

gV ,f1gV ,f2

M2
V

Low energy probes only cij/Λ2 - only the ratio is determined
Only perturbative upper bound ci ≤ 4π.



From BSM to operators 2

Composite Higgs heavy complex Xµ coupled to H-covariant

LUV ⊃ gXXµH†DµH +h.c .

Higgs composite of new strongly charged q-like partons
Xµ is a ρ-meson like resonance in the strong sector
In EFT derivative 4-H contact terms

LEFT ⊃−
g2
X

2M2
V

∣∣H†DµH
∣∣2

So far tree-level - some only generated at loop-level



From BSM to operators 3 - loop level

OHG = H†HG a
µνG a

µν , cHG H-gluon only generated at 1-loop
Coloured scalar t̃c mass MT , ∼quantum # righthanded top
partner scalar restore naturalness.

LUV ⊃−yTH†Ht̃†
c t̃c

Emerges in SUSY models, where top-partner scalars
No tree-level effect on scatt. ampl’s
Modifies the h-production in gg → h via the triangle+bubble
In EFT the coresponding tree-level term

cHG
Λ2 =

y2
Tg

2
s

256π2M2
T

2-loop factor.



From operators to observables
Phenomenology with mass eigenstates after EWSB
2 way to deviate from the SM

1 Modified couplings, corrections to SM-like interactions
2 New vertices, new interaction terms (never seen beefore :)

Coupling modified by OHe = iecσµ ēc
(
H†DµH−DµH†H

)
from Table 3.

Z-boson couplings to the ec right-handed electron

cHe
Λ2 OHe →−

cHe
√

g2
L +g2

Y v2

2Λ2 Zµecσµ ēc

Effect1: shifts the int’n strength originally defined by T 3,Q, q.#

gSM
Ze =

√
g2
L +g2

Y s2
θ ∆gZe =−

cHe
√

g2
L +g2

Y v2

2Λ2

Effect2: new vertex, with 2 rh electron (v2→ vh)

cHe
Λ2 OHe →−

cHe
√

g2
L +g2

Y v
2Λ2 hZµecσµ ēc

New h-3fields! Contribute to h decay to 4leptons, studied at LHC



Coupling shift vs. new vertex

No invariant way to separate coupling shifts from a new vertex,
field redefinitions are allowed - equivalence theorem: same physics

δ1 modification of triple Higgs coupling, δ2 new interaction - generated
by both of OH ,OH� dim-6.
Contribute to hh→ hh, or pp→ hh hh-production at LHC
Field redefinition can eliminate δ2 term

h→ h + δ2
v
2Λ2 h2

Different L give same physics- equivalence theorem, explicit calculation
The effect of δ2 interaction is hidden in the modified h-W,Z,Ψ
interactions



From operators to observables 2

Connect operators to Precision observables -shift the SM input par’s

EW parameters gL,gY,v← GF,α(0),M2
Z(MZ)

At tree-level
BSM, tree-level contribution to observables, OHD to the Z-mass

But cHD not constrained with the precision of MZ 0,01%!
Disentangle it (cHD ) from the SM inputs
MZ measurement affects gL,gY ,v .



Precision observables*, definitions
Define deviations carefully, similarly to EW ∆r , or S ,T ,U par’s

ΠVV = m2
V −p2, kanonical kinetic term, all SM loop, BSM, tree- loop-

Couplings shifted in interactions e.g.

gY 0,gL0 are SUL(2)×UY (1) gauge coupling -not related to input obs’s

SM limit: all δg vanish
Input relation at tree level



Precision observables
Tree level relation is changed, assuming small deviations, linear dev.

with [c(3)
ll ]
(
l̄I σ̄µ σ i lI

)(
l̄J σ̄µ σ i lJ

)
4-fermion op. in the Lagrangian

Redefine
To satisfy the input relation redefine

SM limit: all δg vanish



Precision observables, prediction

Idea is to separate/uncorrelate the precise input on gY 0,gL0,v0 from
BSM contribution. Remove GF ,α,mZ from the new physics fit

m2
W (mW ) =

g2
L,0v

2
0

4
+ δ ΠWW (m2

W )

Redefinitions relate with numerical input valued par’s the corrections to
measurement (mW )

Valid for any BSM scenario, See OHD ,Shifts δ ΠZZ = cHDv2

2Λ2 m2
Z , redefine

mZ →contributes to mW with δmW
mW

= (2.6±1.9) ·10−4 (exp,th errors)

=⇒
Only NP cHD∼g2

∗ ∼1, weakly coupled theory, MW probes up to 10 TeV
strongly coupled, g∗ ∼ 4π up to 100 TeV, far better than direct reach!



SMEFT vs. HEFT (84 vs. 6 Inspire titles)

SM and SMEFT assumes the existence of weak doublet H.
Consequence of requiring

Three GB π i eaten up by the longitidinal components of W,Z
One singlet scalar h of H, ensures exact unitarization of all
energy amplitudes with external π ifields

Relax exact unitarization for low energy processes, obsevables. It
needs unitarization only up to the cutoff
H replaced by singlet h JP = 0+ scalar and (non-lienarly relaized)
pion in the CCWZ formalism of Callan-Coleman-Wess-Zumino,
minmal IR assumptions. Different theories, distinguishable
expansions.

SM(H,Λ→ ∞)⊃ SM(H,Λ 6= ∞)⊃ SM(h,Λ 6= ∞)

In certain HEFT has cases better and broader convergence,
depends on the observable.



The κ formalism/framework

It is not an EFT approach to Higgs data, ad hoc rescaling of SM coulings
to limit or spot deviations in partial/total width of H.
No direct EFT relation in SMEFT or HEFT, Pseudo observables

where κH rescales the total H-width, Γγγ

ΓSMγγ

= κ2
γ and σggH

σSM
ggH

= κ2
g .

Very old fig’s with common κf and κV pointing towards the SM



Global fit to SMEFT

Ellis, Sanz et al. 1803,252.
Precision EW data,
LEP&LHC W +W−→4l’s,
and H production LHC
Run1,2
Warsaw basis 11 operators
diboson, 9 Higgs production
c(6)
ii /v2 is used
Precision observables
∆S ,T 6= 0

.



Global fit to SMEFT 2



Ellis, Sanz et al. 1803,252. χ2/dof is the same for SM and SMEFT



Introduction, Concept of EFT
Heavy-light scalars EFT

The SM and SMEFT
Summary and Outlook

EFT is at work, different/simpler organized calculation
Need a good expansion parameter
Non-redundant basis, not unique -unchanged physics
Match it via physical observables to the UV theory if it is
known
SMEFT needs global approach, few percent effects expected
dim-8 W±,Z operators analyzed at LHC - see talk, Pásztor G.
Look for New Physics or Test the New Model (SMEFT) -
interesting

Cynolter Gábor SMEFT, EFT for BSM
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