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Role of scale in physical problems

Some distribution
of electric charges

- J

Near Far
observer observer
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L r
—>
R
Near observer, L~R, needs to know the position of every charge to describe electric field in her proximity
- -
. . . .0 d-F Qi
Far observer, r > R, can instead use multipole expansion: V(r) = + 3 + : + ...
r r r

~1/r ~RIr* ~R2%P

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 O, the dipole moment d, eventually the quadrupole moment Q. etc....

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

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



Role of scale in quantum field theory
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At large momentum scales, p2 >> mnu2,
we see propagation of the heavy particle H.

Long range force acting between light particles ¢

At small momentum scales, p2 << my2,
propagation of the heavy particle H
effectively leads to a contact interaction

between light particles ¢



Role of scale in quantum field theory

¢~
Consider a theory of a light particle ¢ "\’ __H
interacting with a heavy particle H Le°
b
Heavy particle H propagator in coordinate space: P(x),x,) ~ exp(—myg|x; — x5]|)
¢~~~ ’,qﬁ ¢~~~ "¢¢
s ~ H P ‘ S ~ s° ’
., ‘~ :.:
¢' X1 _x2 ~~ 'f ~~
Pag . o’ S
¢¢ s ~ ¢ ¢ 1 4 s s o¢
At small distance scales, |x1-xz| << 1/mu, At large distance scales, |x1-xz| >> 1/mm,
the heavy particle H propagates. propagation of the heavy particle H suppressed.
Force acting between light particles ¢ Interaction looks like a delta function potential
1 1 1 1
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Role of scale in quantum field theory

¢~~ ’¢¢ ¢~~~ ¢’¢

® Processes probing distance scales L >> my;, equivalently energy scales £ << my,
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,



Role of scale in quantum field theory

Effective theory approach works beyond tree level
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This works also for higher loops, and with both heavy and light particles in the loops



Effective field theory

How to build an EFT

Starting with a set of particles
we build the Lagrangian
describing all their possible interactions
obeying a prescribed set of symmetries
and organised in a consistent expansion

Starting with a given theory
(effective or fundamental)
we integrate out degrees of freedom
heavier than some prescribed mass scale
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These Lectures

100 GeV

Y. & U;, e, 4, T+ u,d,s,c, b



Clntroc[ucing SMEFT



Elementary particles we know today

\ L/
S

This set of particles are the propagating degrees of freedom (at least) right above the
electroweak scale, thatis at £ ~ 100 GeV - 1 TeV




%4n?

In these lectures gravity is decoupled and ignored (good assumption in most of
laboratory experiments). Otherwise the relevant EFT is called GRSMEFT.




SMEFT

SMEFT is an effective theory for these degrees of freedom:

Field | SU3)c | SU22)r | U(1)y Name Spin | Dimension
G, 8 1 0 Gluon 1 1
WZZ" 1 3 0 Weak SU(2) bosons 1 1
B, 1 1 0 Hypercharge boson 1 1
Q 3 2 1/6 Quark doublets 1/2 3/2
Ue 3 1 -2/3 Up-type anti-quarks 1/2 3/2
D¢ 3 1 1/3 | Down-type anti-quarks | 1/2 3/2
L 1 2 -1/2 Lepton doublets 1/2 3/2
E*© 1 1 1 Charged anti-leptons | 1/2 3/2
H 1 2 1/2 Higgs field 0 1

incorporating certain physical assumptions:

=N

. Locality, unitarity, Poincaré 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 and spontaneously
broken to SU(3)xU(1) by a VEV of the Higgs field




Note on fermion conventions

| am using the 2-component spinor formalism

A Dirac fermion is described by a pair of spinor fields f and fc with the kinetic and mass terms

& = ife"D,f+ if "D, — mf*f = mif* o

o =(1,—-o0)

f=r*
To translate to 4-component Dirac notation use
F = f F=(f j) yh = 0 o F= Fh0
fc ’ ’ ot 0 - 4
For example
f6"0,f = Fy"o,F,
ffo*0,f° = Fgry*o, Fi
fo — FRFL See the spinor bible

— _ [arXiv:0812.1594]
ffc — FLFR for more details



£22

SMEFT power counting

s

1. Locality, unitarity, Poincaré 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

We can organize the SMEFT Lagrangian in a dimensional expansion:

Zsmerr = Lp=ot Lp=s+ Lpy+ Lps+ Lpt Lpg+Lpsgt ...

Each £}, is a linear combination of SU(3)xSU(2)xU(1) invariant interaction terms (operators)
where D is the sum of canonical dimensions of all the fields entering the interaction

Since Lagrangian has mass dimension [£] = 4, by dimensional analysis the couplings
(Wilson coefficients) of interactions in & p have mass dimension [Cp] =4 —-D

D
AD-4
and A is identified with the mass scale of the UV completion of the SMEFT,

Standard SMEFT power counting: Cp, ~ where cp ~ 1,

In the spirit of EFT, each £, should include a complete and non-redundant set of interactions




figh
L

Zsmerr = Lp=2t Lps+ Lpy+ Lps+ Lpt Lpag+ Lpsgt ...

SM Lagrangian

Higher-dimensional
SU(3)c x SU(2). x U(1)vinvariant
interactions added to the SM

At sufficiently high energies, such that we can ignore particle masses,
amplitudes for physical processes take the form

%SMEFT — '%SM + CD=5E + CD=6E2 + CD=7E3 + CD=8E4 + ...
CSE C6E2 C7E3 C8E4

~ Moy +—— + + + +...
SMETTA T A2 A3 A4

Standard SMEFT power counting sets up the rules for expanding
the amplitudes and observables in powers of the new physics scale A.
For £ << A expansion can be truncated at some D, depending on the desired precision



Philosophy of EFT: g~ N2 1 TeV

Experiment: Uy ~ 100 GeV

Unsolved mystery why ,ué < A
which is called the hierarchy problem

From the point of view of EFT, the hierarchy problem is a breakdown of dimensional analysis



SMEFT

ZsmeFT = £ p=2 + ZLpstZLpst LpstLpg+Lpgt ...

ZLp3 =

Simply, no gauge invariant operators made of SM fields
exist at canonical dimension D=3

The absence of D=3 operators is a feature of SMEFT, but not a law of nature.
E.g. in yYSMEFT, where one also has singlet neutrino, one can write down

1
LN = S M +hc.



Zsmerr = Lp=2t Lp3 K Lpyr Lp_s+ Lps+ Lpsgt+Lpsgt ...

D=4 is special because it doesn't contain an explicit scale (marginal interactions)

3D=4=—% Y VLV Y ifFDf+ Y ife"D,f

VeB,W!,G¢ feQ,L feU,D.E
—(UY,H'Q+DY,HQ+EYHL+h.c.)+DHD'H— AHH)
Na a ¢ "
+0G%,G4, - [ o @

A, = e H¥ o 0=|a|= (?)
Ve = 0,Ve— 0,V - i j;abcv,fvg dc % ( 2 )
D,f=0,f+igGiTf + ing;;? f+igyB,Yf D¢ =|s¢

(;;;y = EeﬂmﬁG“ﬂ a

(%
€c _ _ y,u
E€ = 'uc L= l2 - < )

Experiment: all these interactions at D=4 above have been observed, except for 0

Strictly speaking, A has not been observed directly. Its value is known within SM hypothesis, but not within SMEFT, without additional assumptions.
Observation of double Higgs production (receiving contribution from cubic Higgs coupling) will be a direct proof that A is there in the Lagrangian.

Note that QBBWBW has no physical consequences, while QWWL‘VWEV can be eliminated by chiral rotation



SMEFT at dimension-5
gSMEFT — gl):z‘l‘ 3D=4 ++ 3D=6+ $D=7 + 3D=8 + ...

Weinberg (1979) 0
Phys. Rev. Lett. 43, 1566 H —
V/\/§

1
Zpes = (LH)C(LH) +h.c. — — Y VIClvpg) +hic.

J,K=e,u,z
® 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 with the mass matrix M = — v*C

® 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

1
gSMEFTD_E(VMV)‘Fh-C- M= —v*C

Neutrino masses or most likely in the 0.01 eV - 0.1 eV ballpark
(though the lightest neutrino may even be massless)

m? m-
A -V, A

-\’ll

Normal == Y: Inverted

- 2
ma L m.,~

|

solar~7x10>eV?

|

2
111

atmospheric
~2x10 3eVv?

atmospheric

’"22—— o ——— ~2x107%eV?

solar~7x10SeV?2

2 2
m=1- L m,?

0 0

It follows that the dimension-5 Wilson coefficient is of order C ~ X with A ~ 101° GeV

One one hand, that is perfect, because it suggests that
the basic SMEFT assumption, A > v, is indeed satisfied



SMEFT at dimension-5

m? m?
A -V, A

1
gSMEFTD_E(VMV)‘Fh.C. M = —v>C =i

Normal == Y: Inverted

2
1713 4 ——I":

solar~7x10->eV?

L]

atmospheric
~2x103eVv2

atmospheric
~2x107%eV?

2
B

However, A ~ 10'° GeV leads to a psychological problem il

]
solar~7x103eV?
L m.

ZLsmerr = Lp=2t Lp=y+ Lps+ Lpst Lpg+ Lpg+ ...
1 1

1
If #,,_- ~ — then naive SMEFT counting suggest &,,_« ~—,%_ ~ —,

0

and so on

If this is really the correct estimate, then we will never see any other effects
of higher-dimensional operators, except possibly of the baryon-number violating ones :/



Career opportunities

Sanferd Underground
Ressarch Faclity
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SMEFT at dimension-5

m?
A -V,

1
gSMEFT :) - E(VMV) + h C. M= — V2C -\:"

2
1713 -

atmospheric

~2x1073eV?2
atmospheric

~2x1073eV?2

ZLsmerr = Lp=o+ Lp=4+ Lp_s+ Lps+ Lpg+ Lpg+ ... m2l
& solar~7x10%eV?
”‘l——'_

Normal == Y: Inverted

solar~7x10->eV?
——

—m-

—-1n.

1
If £,,_< ~— then naive SMEFT counting suggest .
D=5 " "

1 1
3D=6NF’3D=7 NF, "s
However, this conclusion is not set in stone
It is possible that the true new physics scale is not far from TeV,

but its coupling to the lepton sector is very small
Alternatively, it is possible (and likely) that there is more than one mass scale of new physics

Dimension-5 interactions are special because they violate lepton number L.
More generally, all odd-dimension SMEFT operators violate B-L

If we assume that the mass scale of new particles with B-L-violating interactions is A,

and there is also B-L-conserving new physics at the scale A < AL , then the estimate is

1 1 1 1
3D=5NA_!3D=6NF!3D=7NF!3D=8NF! and so on
L L

0



SMEFT at dimension-6

Zsmerr = ZLp=2t Lpy+ Lp_s HZLpet+ Lp7+ Lpsg t ...

Grzadkowski et al
] ] \yund, arXiv:1008.4884
At dimension-6 all hell breaks loose

Zps= Cy(H'HY + Cyy(H'H) O (H'H) + Cyyp | H'D H|?
+CywpH 6" H WX B+ CycH'HGY G + CpyyH'H WK WX + CpyH'H B, B

B Gy Wi B
++Cye"" Wi WL W + Cof*G,G) G,
+CzH'H GG + Cp H'H WX, WX, + C,z H'H B B, + CygH 'c*H WX B,
+CemWE WL W 4 C f°G4,GE G,

+H'H(LHC,,E®) + H'H(QHC,,;U) + H'H(QHC ;;;D°)

+iH'D HLCO L) + iH'o*D H(LC®P&"6*L) + iH'D H(E°C,, 6" E)
H HI H HI H He

+iH'D H(OCV&"0) + iH'6*D HOCDt6*Q) + iH' D H(UCy, o T°)
H Hyg U Hg H Hu

+iHTSﬂH(DCCHdaﬂDC) + {iﬁTDMH( U¢Cyy,40"D°)

+(Q6*HC,y,6" U YWy, + (QHC, 36" U)B,, + (QHC, ;T6" UG,
+(Q6*HCyy 5" DYWY, + (QHC 336" D°)B,,, + (QHC 45 T*6** D)GY,

+(L6*HC 6" EYW,s, + (LHC 36" E9)B,, + h .c. } + S, fermion






SMEFT at dimension-6

Bosonic CP-even operators Z sMEFT 2 Z CxOx
X

Oy = (H'H)
Oy = (H'H)O(H'H)
Oup = |H'D H|’
Oy = H'HGY G

P/
Opw = H'H W, Wy,
Oys=H'HB,B,,

Opwg = H' 6*"HW,,B,,

Oy = "W, W, W,

Og = [G,Gy,Gpy



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (H'H)’
0H|:| = (H "H )
Oup = |H'D,H|
Oy = H'HG% G°

w
Oy = H'H W, Wy,
Oy =H'HB,B,,

Opwg = H'6*"HW, B,

Oy = e""Wi, W, W,

Og = GGGy

(H'H)

These affect single Higgs boson couplings
to SM gauge bosons. For example

T a a (V + h)2 a a a a
CHGH HG,MI/GIMZ/ — CHG GMUG//H/ — VCHGhGMUG//H/

For operators inducing couplings to photons and

hile

gluons bounds of order |C| < , W
(10 TeV)?

from Higgs physics alone

| Cup| S

(TeV)?2



SMEFT at dimension-6

Peculiar effect...
Contributes to the kinetic term of the Higgs boson

Bosonic CP-even operators

Oy = (HTH)3

Oy = (H'H)Q(H'H)

2
Oyp = |HTDﬂH|
OHG — HTH Ga Ga

P
Opw = H'H W, Wy,
Oys=H'HB,B,,

Oywg = H'6*"HW,, B,

Oy = e""Wi, W, W,
Og = "G,G,,Gy,

Cyg(H'HYOO(H'H) — — v*Cyy(0,h)°

v

Together with the SM kinetic term:
1
2 2

To restore canonical normalization,
we need to rescale the Higgs boson field:

h — h<1 +v2Cy

All Higgs boson couplings present in the SM
are modified in a universal way!

h h
P WW 4 miz,z] - (1 n VZCHD> R WW + miz,7)
\'

oo b ]
;mfff_);< +v H|:|>mfff

Bounds of order |C <
| Cug (TeV)?



SMEFT at dimension-6

Bosonic CP-even operators

Affects cubic Higgs boson coupling

Gy S5vCy
Oy = (H'H)’ CuH'H)’ = —=(v + h)° =

_h3
OHD = (HTH) (HTH) Currently weak bounds of order | Cy,| < %

2
Oyp = |HTDﬂH|
OHG — HTH Ga Ga

P/
Opw = H'H W, Wy,
Oys=H'HB,B,,

Opwg = H' 6*"HW,,B,,

Oy = e""Wi, W, W,

Og = GGGy



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (HTH)3

Oy = (H'H)OQ(H'H)

2
Oyp = |HTDﬂH|
OHG — HTH Ga Ga

P
Opw = H'H W, Wy,
Oys=H'HB,B,,

Opwg = H' 6*"HW,,B,,

Oy = e""Wi W, W

Og = GGGy

Induce anomalous triple gauge couplings
Bounds on the electroweak ones lead to

|Cwl S

(3TeV)?’
bounds on the gluon ones much weaker



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (H'H)’
Oy = (H'H)O(H'H)
Oup = |H'D,H|

_ gt a a These affect electroweak precision observables
OHG =H'H G/,wG,m/ (W boson mass, Z branching fractions),

O + I I which are measured at per-mille level at LEP

pv ' uv Bounds of order |C| <
, (10 TeV)?2
OHB — H HB/JVB,UV
Oyyp = H'6*HW! B
HWB KV~ UV
_ klmywk wl ywm
OW — € W,MZ/WI/,OW,OM

Og = GGGy



SMEFT at dimension-6

Bosonic CP-even operators

Oy = (H'H)’
+ + Similar constraining power
OHI:I — (H H ) (H H ) of Higgs and electroweak constraints
on these particular operators
OHD — | HT D,u H |2 Interesting synergy
S
. T a a —(1).2 —(1).1 0.0 Olll 012
OHG — H HG//”/G//”/ 0.08 - Higgs (10)
T " Wk — El\RI/;PlT (10) F0.3
0 — H H W 0.06 =
HW 1117288717 .
c? - 0.2
_ T = 0.041
Oyy = H'HB, B, : /% .
S 0.02 A
_ gt~k k O /
Opwp = H'0"HW,,B,, o é< 7
— kimyk wil yym 1
OW = € W,MZJWI/,OW,O,M 0 - 0.1
b b —0.02 —01.01 0.00 O.bl 0.02
OG — f a CG/ZZI/GV,OG;,M Cown [TeV~?]



SMEFT at dimension-6

~a  va ik k /By
+CysHH GG + C, e HHHWE, WY, + C s H'H B, By,

ko1 Tk KimTirk il beSa b
+CHWBHTU HW o, Buy + Cire™™ W, W W + Caf Gl GGy

These affect single Higgs boson couplings
to SM gauge bosons, and triple gauge couplings
But also, via loop effects other CP observables,
such as e.g. electron EDMs



SMEFT at dimension-6

3
< SMEFT 2 2 O]l Gl +hc.
IJ=1

Yukawa-like operators

O, =H H(LHEC)
T These affect single Higgs boson couplings
r1C to SM fermions. Bounds depends on the flavor

but typically don't exceed | C| < 1 Tev)?
_ S NC
0,; = H'H(QHD")




SMEFT at dimension-6

Vertex-like operators

(1)_- i BT A
0\) = iH"D H(L&"L)

0% = iH'o D JH(L&"o"L)

2 T C MUILC These affect electroweak precision observables
OHe Il lH D /,tH (E 9 E ) (W boson mass, Z branching fractions),
> which are measured at per-mille level at LEP
0(1) = ZHTD H 5” Bounds of order |C| <
Ha 41(Q60) €15 So7evs

B) — gt kY IOtk
OHq =iH'c"D ,H(Q0c"c"Q)

<> —
Oy, = iH'D H(Uc"U°)

u

; TH C ~UC
Oyq = 1H'D H(D 6"D")
Opq = iH'D,H(U 6" D")



SMEFT at dimension-6

LI =(Qo*HC, aWUC)W‘“ (QHC, 55" U°) By, + (QHC,cT 5" U)GYy,
(QO‘ HCdWQ-/“/DC) (QHCdBO"LWDC) [ T (QHCdGTaa"uVDC)GZL
+(Lo’“HCeW5””EC)W/’fV + (LHC.g5" E°)B,, + h.c. (

These affect anomalous magnetic and electric
moments of SM particles at tree level
Bounds depend on flavor and can be very strong,
especially for the first generation



SMEFT at dimension-6

4-fermion operators

4—fermion
3D=6

= (L6*L)Cy(L5,L) + (E°0,E)C,(E0,E) + (L6"L)C,,(E‘0,E°)
+(LGL)C,(05,0) + (Le*a*L)C;(05,0*Q)
+(E6,E)C,,(Uc,U) + (E°,E)C, (D c,D")
+(Lé*L)C,(U%6,0°) + (L6"L)C (D 6,D°) + (E°0,E)C, (05,0)
+ { (LE)Cioy(D°Q) + eM(L'E°) clggu(Q’ U) + e(L*6* E°) clgﬁu(Qlaﬂ"UC) +h.c. }
+(06*Q)C\(05,0) + (06*6*Q)C{)(06,60)
+(U¢0,U°)C,,(U0,U°) + (D°6,D)C y(D0,D°)
+(U¢0,0C (D6, D) + (Uo, T°U)C(D 6, T D)

c- e Derre - 77e c a e 8 c ayrc
+(Q°,09C.)(Uc,U°) + (Q°6,T*Q)C(Uco, TU°)]

c- nane(Dene~ Ne c a /e 8 c a ;e
+(Q0,09C, )(D°6,D°) + (Q“0,T"Q )C; (Do, T*D")

+ { eM(Q'UIC) (O'D) + QT TC) (Q'TD) +h.c. }

+ { (DU)C g ( QL) + (QQ)C, (U°E) + (QQ)C,, (OL) + (DU)Cp(UE) + .. }

These affect a wide range of physics.
Bounds can be very strong, especially for baryon-number violating operators
and for certain flavor- or lepton-flavor-violating operators



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of

1YeV;

1ZeV;

1 EeV-

1 PeV;

1 TeVr

1 GeV

precision physics happening today.
In particular, it allows one to quantify the strength of different observables

p—ert VoV eEDM

BoB N-N'ev

110%%eV

110%7eVv

11018ev

110"%eV

-10"2eV

10%V



SMEFT up to dimension-6

SMEFT Lagrangian up to dimension-6 provides a convenient framework for a bulk of
precision physics happening today.
Moreover, it leads to correlations between different observables, e.g. due to SU(2)y;

symmetry relating charged and neutral currents, and due to the interplay of tree- and
loop-level contributions to observables

Importance of global fits collecting results
from different types of experiments !




Global fits with SMEFT up to dimension-6
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0.2(2.3)

2(11)
~2.3(7.2)
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Breso-Pla et al
arXiv:2301.07036

x 1072,

—0.080(95)

Ingredients

ete” collisions
- W boson mass and decays
- Drell-Yan at LHC and Tevatron
.~ Neutrino scattering on electrons

- Atomic parity violation

- Parity-violating electron scattering
Nuclear beta decays
Semi-leptonic decays of pions and kaons
Trident muon production in v scattering

- Leptonic and hadronic tau decays

U scattering on nuclei (coherent to not)

Correlation matrix

x 1072,

Only 65 dimension-6 Wilson coefficients
simultaneously constrained in this fit.
Can do better :)

[t 1N



SMEFT at higher dimensions

Zsmerr = ZLp=2t Lpy+ Lp_s+ Lp+ Lpg+ Lpsgt ...

Number of baryon-number-conserving operators as function of D and number of generations Nf

Dimension-5

Dimension-6

Dimension-7

Dimension-8




SMEFT at higher dimensions

Zsmerr = ZLp=2t Lpy+ Lp_s+ Lp+ Lpg+ Lpsgt ...
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For complex operators Henning et al
complex conjugates counted arXiv:1512.03433 |
]Vf =1 as separate operators
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Mass dimension

Exponential growth of the number of operators with the canonical dimension D



SMEFT at higher dimensions

SMEFT at dimension-5: Weinberg (1979)
Phys. Rev. Lett. 43, 1566

Grzadkowski et al

SMEFT at dimension-6: arXiv: 1008.4884
SMEFT at dimension-7: arXi";:er 104193
SMEFT at dimension-8: Xiv: B0 60008
SMEFT at dimension-9: arXiv:L;::Za. '091 -

Code to generate a basis at arbitrary dimension in SMEFT: arXiv:_?.Eze(;(1E.l(I)4639



Beyond dimension-6

Zsmerr = Lp=2t Lpy+ Lp_s+ Lp+ Lpg+ Lpsgt ...

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

At tree level, light-by-light scattering
receives contribution from dimension-8, )
which in some situations may compete with Zz D=8 (BﬂyB/,ty) T+ ...
lower order loop contributions

Neutron_—antineytron (_)scillations Lo D €€ f(dad 9,9.)(q.q9 f) + ...
arise at dimension-9

CP violating 3Z vertex
in §MEF'_I' frorr_i mteg_ratlng out 2HDM Lty D CIZ[HTDZ(HHTH)]z +h.c.
arises via a dimension-12 operator!

In all such cases however, you need to argue validity of your EFT
and why you don’t expect any larger effects of new physics
from operators of lower dimensions



Beyond dimension-6

Zsmerr = Lp=2t Lpy+ Lp_s+ Lp+ Lpg+ Lpsgt ...

You need to be aware of the existence of higher-dimensional operators,
whenever you need to argue validity of the EFT description

Moreover, a qualitatively new phenomenon may arise at higher dimensions

If experiment pinpoints a coefficient of some operators of dimension-6,
then subleading dimension-8 operators will provide precious information

g+ g+
C8 i

M? M*4

Only determines

coupling over mass scala
of new physics

C6N

May allow disentangle
coupling and mass



