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1 Lecture 1: Introduction

1.1 What is an EFT?

Some theorists perspective of physics: want to obtain a theory of everything!

Effective field theory (EFT) takes the opposite perspective: only describe the relevant degrees of freedom.
Intuitively, we do not need to know about the top quark to describe the the proton, since its mass m; ~
172 GeV > 1 GeV ~ m,,. That doesn’t mean that the top quark effects are negligible: in one of the exercises
you will show that m,, o mf /23, Rather, the effect of the top quark (high energy physics) has been absorbed
in the proton mass (low energy parameter), that we determined experimentally. Similarly, we don’t need to
know about quantum gravity to describe collisions at the Large Hadron Collider (which doesn’t mean that
their effects are small).

EFTs take into account that there is interesting physics at a wide range of scales:

o the scale Aqcp ~ 1 GeV where the strong force becomes confining

e the electroweak symmetry breaking scale v = 246 GeV.

e some scale Axp = 103GeV of physics beyond the Standard Model

e quantum gravity effects become important important at Planck scale My ~ 108 GeV
e wide range of particle masses: m. ~ 5-107* GeV, m, ~ GeV, m; ~ 173 GeV

e the typical energy E probed by some experiment

EFT is doing QFT with expansion parameter(s). This is referred to as power counting, and the expansion
parameter is not the coupling but the ratio of scales. It relies on the principle of scale separation outlined
above: to describe physics at energy E we don’t need dynamics at energies M > FE. Instead the effect of
high physics at the scale M is absorbed in parameters of the effective field theory Lagrangian.

Example 1: p — ey, is a weak process (Draw). Since m, < my, we can effectively describe this
by a four-fermion interaction. In fact, this is what historically happened (Fermi theory). More precise
measurements would probe corrections:

: 2
_ —1 _ . p _
LR L WL = e e
1 U
=iv « — — —— +...|€ v, 1.1
w, LY KL |:m%/[/ m%}y + :| LYaVe,L ( )
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Two approaches to constructing EFT's:

e Top-down: high energy theory is known but effective theory offers advantages: additional symmetries,
easier to calculate, etc. E.g. Fermi’s theory of weak interactions or Heavy Quark Effective Theory
(HQET).

e Bottom-up: high energy theory is not known, construct operators all terms in the Lagrangian consistent
with symmetry up to required accuracy in the power expansion. E.g. Standard Model Effective Theory
(SMEFT) or Chiral Perturbation Theory (xPT).

We do not require EFTs to be renormalizable in the traditional sense of the word. Rather, the EFT
is renormalizable up to the order in the power counting that one is working. (draw example of two ¢°
interactions requiring a ¢® counterterm) It is worth emphasizing that EFTs are full-fledged QFTs
and don’t require a complete high energy (UV) theory for loop corrections, even though these loop integral
involve large momenta that would seem to probe the UV physics.

If the UV theory is known, one can determine the coefficients of interactions in the EFT by matching:
UV theory = sum over operators (interactions) in EFT x matching coefficients. In the case of high and

low-energy degrees of freedom H and /¢, one can make this explicit at the level of the path integral:
/ DH D exp(iSuv [H, £]) = / D exp(iS[l]) (12)

We can integrate out H because it is too high in energy (or mass) to appear as external state in an amplitude.
Here S[¢] is non-local at short-distances z < 1/M, but at the larger distance scale 1/m of £ it can be expanded
in local operators using the operator product expansion (OPE), see eq. .

EFTs provide a systematically-improvable expansion and are therefore not modelling in the sense of
e.g. models of the proton, which are intrinsically limited. EFTs can be used to describe nonperturbative
phenomena, as we will see in the example of xyPT.

1.2 Why use an EFT?

EFTs allow you to parametrize unknown physics in a model-independent way. Example is the Standard
Model Effective Theory (SMEFT), which is used at the LHC to parametrize physics beyond the Standard
Model in terms of the coefficients of new interactions.

EFTs simplify calculations by allowing you to focus on one scale at the time. Concretely you can set up
an effective theory at each relevant scale and match between them.

EFTs allow you to resum logarithms of the ratios of scales by using the renormalization group: Pertur-
bative corrections in multi-scale problems typically involve logarithms of the ratio of scales. For far-apart
scales, these logarithms are large, spoiling the expansion in the coupling. Explicitly, o™ In" (A1 /A2) is for-
mally suppressed in the coupling o but this can be counteracted if the scales A; o are far apart. EFTs allow
you to address this.

By performing an expansion, new symmetries become manifest. For example, in the limit of large quark
mass, the leading interactions with the quark are independent of its spin (and also independent of the heavy

flavor).

1.3 Examples of EFTs

We will now discuss several examples of EFTs, to discuss the main features: determining the degrees of

freedom, the power counting and the construction of the Lagrangian. This is meant to set the stage with a
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more in-depth discussion in the next lectures.

Example 2: Top-down approach for a heavy scalar H and light scalar £

1 1 1 1
L= 5(%68“6 — §m2f2 + §8MH8‘LH — 5M?H2 -V, H),
_9tpa | Ghgpa | Gth o | T o g M 5
V(e H) = T+ G TECH S PH + S (1.3)

We imposed a £ — —¢ symmetry and will assume the following hierarchy of scales: M > m,m. Calculating

the amplitude for £¢ scattering at tree-level (Draw diagrams)

1 1
+
p1+p2)?— M2 (p1—p3)? — M?

iA(p1, 2, P3, pa) = ge + 102 [(

1
* ]
(p1 — pa)? — M?

3m?  m? E?
=9 — M2 MA [(p1 +p2)2 + (p1 — p3)2 + (p1 *p4)2] + O(M6>
3m?  4m?m? E?
SPA L L o(MG) . (1.4)

The last line follows from momentum conservation and the on-shell condition p? = m? (the known result for
Mandelstam variables: s+t +u = 4m?). In the effective theory the same result would have been reached

using

4m?m?\ 1 4
(gf— M2~ T ME )If ' (1.5)

In fact, all other low energy observables are reproduced at tree-level up to O(1/M?) if the following effective

Lagrangian is used

1 1 3m dm m=\ 1 m2 (gen G
Lo = ~0,00"C — - 2£2—( ———7)44——(7—f)£6. 1.6
=50 2" (AR VER VE R/ T R VE RS TR (16)
One may ask the question why no terms involving derivatives appeared in eq. (1.6), such as ((1¢)¢3
or (0,0)*¢%, but these can be eliminated by using partial integration and the (leading) equation of motion
Of = —m20+ ...

(003 — —m2e*, 0= 0"[(0,0)0% = 3(0,0)*(* + (9*0)¢* . (1.7)

Scalar EFTs will be investigated in detail over the next two lectures.

Example 3: Standard Model Effective Theory (SMEFT): In this case the degrees of freedom are the
Standard Model fields and the power expansion is in E/Anp where F is the typical energy scale of experiments
and Anp the scale of new physics. The Standard Model symmetries are imposed on the effective theory,
but higher dimensional operators are now also allowed. Their contributions are suppressed by appropriate
powers of E/Axp. In this case the full theory is not known, but one can match to a specific UV completion
of the Standard Model, if desired. Interestingly, there is a unique dimension 5 operator:

0(5)
Ls= fTWLfCLmHleeklem” +h.c. (1.8)

where L is the left-handed lepton doublet, H is the Higgs doublet and C' is the charge conjugation matrix.
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Inserting the Higgs minimum, this leads to a Majorana mass term:

(5),2
Ls = —CV/V\v vicuy . (1.9)

While in the original Standard Model neutrinos were massless, we now know this is not the case due to
neutrino oscillations. It is interesting that the first extension beyond the Standard Model remedies this.
Example 4: Chiral Perturbation Theory (xPT): The QCD Lagrangian is given by

qiPq — qMq = qriPqr. + GriPar — G Mqr — GrM'qr, (1.10)

Ly

where ¢ = (u,d,s), qr,r = 3(1 £ 75)q and ) = (0, + igAft®). The three-lightest quarks are almost
massless, for which this Lagrangian has an (approximate) global chiral symmetry: qr, — Urqr,qr — Urqr
with Uy, € U(3)r, and Ug € U(3)r. We can decompose U(3) g xU(3), = U(1)y xU(1)a x SU(3)y x SU(3) 4,
where V (A) means L = R (L = R™1). U(1)y corresponds to (conserved) baryon number, while U(1) 4 is
broken by quantum effects (the famous triangle anomaly). SU(3)y underpins the structure of the observed

hadron spectrum, Gell-Mann’s eightfold way, since

Qvlp) = Qvallo) = ([Qv,al] + alQv)|0) = al |0) = |n),
Hln) = HQv|p) = ([H,Qv] + Qv H)lp) = Qumy|p) = my|n) . (1.11)

Here Qv is one of the charges corresponding to SU(3)y .

SU(3) 4 turns out to be spontaneously broken. If not, we would have expected parity doubling, which
is not observed. The key difference in eq. for SU(3)4 is that Q4]0) # 0, so Qalp) is no longer
a single particle state. The eight (psuedo) Goldstone bosons can be identified with the lightest mesons
70, 7t K% K9 K* 5, and are psuedoscalars in agreement with Q4|0) # 0. They are not exactly massless
due to the quark masses, but much lighter than other bound states. One can write down an effective theory

for these Goldstone bosons that e.g. relate meson masses to quark masses

m2 = B(my, +myq), m%(i = B(my + ms), mg(o = B(mq +ms), (1.12)

s

or can be used to calculate 77 scattering. In this case the power counting is in E/A,, where A, ~ 1 GeV
is the chiral symmetry breaking scale. Although the UV theory is known (QCD), the matching can’t be
performed because it is nonperturbative - already the degrees of freedom of the two theories are different!.
However, the unknown coefficients in the Lagrangian, such as B in eq. , can be determined from
experimental data.

Example 5: Effective theory for quantum gravity: At energies E sufficiently below the Planck scale My,
one can write down an EFT for quantum gravity. The starting point is the Einstein-Hilbert action for general

relativity, but now we allow for higher dimension operators
1
Syraw = /d% N bMﬁlR + R + Ry B + o Ry RN + 2 R+ ] (1.13)
pl

where the first term is the usual Einstein-Hilbert action. Under the assumption of naturalness ¢; = O(1),

quantum gravity effects are suppressed by ~ E? /le. Leading effects require ¢; through csz, though this
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basis can still be further reduced by using equations of motion (no matter fields included):
v 1 v v 1 v R2 2
RM = iRg“ - R,R" = ig,“,g“ R* = R". (1.14)

One can calculate the gravitational potential of two masses:

CGMmy, | G(M+m) 41 Gh

rc? 107 r2¢3 7717

V(r) = [1 +3 (1.15)

where (for once) the appropriate factors of ¢ and # are included to highlight the relativistic and quantum
origin of the second and third term. This is valid if » > 1/M,,. Interestingly, the leading quantum correction
to this potential is independent of c¢;.

Example 6: Effective theory for condensed matter: EFT is also used by condensed matter physicists who
use field theory in their work. A fun example is the question of whether sound waves (or phonons) can carry
mass. The answer is normally a no as energy and momentum can propagate but mass oscillates netting
zero {¢) = 0. Standing waves in a cubical cavity oscillate over time as well but don’t transfer anything over
spacetime without adding some probe. However, this is the case for linear theories and like how we can’t rid
of the non-zero VEV in the Higgs mechanism due to it being a non-linear theory one can find mass being
transferred in non-linear wave theories. The authors Nicolis and Penco found the interaction of phonons and
rotons with gravity inside of a superfluid in the limit of absolute zero temperature to leave the quasi-particles
with an “effective gravitational mass” transfer.

So, how heavy are these tunes? As is usual, it depends on the details of the medium (what material) and
its condition (temperature). We should also be careful to remember that in a material the usual notion of
a Poincaré invariant mass complicates due to us not being able to casually boost around anymore. For this
we’ll be interested in the non-relativistic limit where mass is conserved and we can think in Newtonian and
Galilean terms. The mass M being the fraction of mass of the total mass of the field that propagates, the
quantity being zero if none of the mass in the field propagates.

The action of interest, superfluid helium-4 in the E(p) — 0 limit, is given by

S:/dtL:/dt (p'atx—H(|p|));::/dtp(\atx|—cs), (1.16)

where the spectrum consists of phonons respecting E ~ csp ~ (ma)~'p (w = csk wave) and where we
assume the local minima holding rotons is far enough away for us to ignore for simplicity. Here a is the
atomic distance and m the mass of helium-4. We want to introduce a “bulk perturbation” which consists of
some some long wavelength modes spanning a large part of the material rather than a point. We introduce
the bulk 7 modes u = —c?V, the lowest order invariant operator (velocity potential ¢) X = —028”¢8M¢

and a Newtonian gravitational potential ® resulting in

S ~ /dt p (|8tx —ul— cs(\/)?)) with X — 2 ((1 - 2;’) (1+ 9pm)? — c2(v7r)2> , (1.17)

with p the chemical potential. The non-relativistic EFT whose EOM shows it’s just a non-linear wave

s= [atarcn = g3 [t ((30@2 — (V) + (Vo) — L

<ao¢>>3> (118)

/

F 1
where ¢ = ya with X = —0;¢ — 3 (Vo) , (1.19)
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Where 7 and ® don’t need to be explicitly referenced to anymore. What is M, we know that p = 0 ¢ F
which implies
1 —2¢4c, 2 c

(G00)") = Gpa —— (1.20)

Pm L 2
M = (6p) = —67<30¢+ 3 (Vo) — 22 Cs dlog pm ¢

s
giving us our sound wave mass. The jump from the original theory to the EFT was quite large but never-
theless we obtained our main goal. We could have also expanded v X and found that at leading order the
gravitational potential shifts the speed of sound resulting in a non-zero M. This also happens in light-heavy
scalar [, H theory where finding the matrix element using an EFT where m; < my produces the same result
as calculating that same matrix element in the full theory but then taking the m; < my limit.

There are many more EFTs one can consider: nonrelativistic QCD relevant for describing certain bound

states, heavy quark effective theory, effective theories of gravity for non-relativistic extended objects...
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2 Lecture 2: Scalar EFT part 1

Learning Goals

e Revise basic concepts of QFT in case of scalar field theories.
e Applying the EFT paradigm to a toy model composed by two scalar fields.

e Derive matching relations at tree level in scalar EFTs.

In this lecture and the following, we illustrate the main concepts of the Effective Field Theory paradigm in
the case of relatively simple scalar QFT's, in preparation for the discussion of more realistic EFTs taking place
in subsequent lectures. First of all we review basic concepts in QFT, in particular the ideas of regularisation
and renormalisation applied to scalar QFT's. Then we introduce a toy model for a scalar EF'T, composed by
two scalar fields, one heavy and the other light. Finally we demonstrate how to match calculations carried
out in the EFT and in the UV theory in order to determine the values of the Wilson coefficients of the EFT.

2.1 Regularisation and renormalisation in QFT's

Let us begin with a brief recap of the basic ideas of regularisation and renormalisation in QFTs, focusing
on the specific case of scalar QFTs. In quantum field theory, renormalisation is the method that allows one
to make sense of a theory which contains ultraviolet (UV) divergences. Such UV divergences are a generic
feature of most QFTs.

Let us consider for example the A¢? theory, a theory containing a single real scalar field with an interaction
term of the form

1 1 A
Lop = 50,00"0 — SmP¢t — 267, (2.1)

and where the first term is the kinetic term of the theory. The self-interaction (two-point function) one-loop
diagram, see Fig. [2.1] (left), results in a loop integral of the form

2 dq 1
A / (2m)* (¢> —m?)((q + k)2 — m?)’ (2.2)

with k# being the four-momentum flowing into the loop.
If we focus on the UV integration region where ¢* — oo then one sees that the loop integral Eq. (2.2))

d4q 1 oqudq
2
3 [ i~ [ G o (23)
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q+k

 ——

Figure 2.1: Loop corrections arising in the A¢> theory for the two-point (left) and four-point (right panel)
functions.

where in the last step we have transformed to n-dimensional spherical coordinates in R?*, and ¢ is some
real-valued constant. The integral over the radial coordinate is logarithmically divergent, and hence the
loop integral Eq. is ill-defined. Other loop integrals in the same theory may instead be convergent, for
example the one-loop correction to the four-point scattering amplitude Fig. (right) scales in the UV as

A4/ ((21:)14 (qi>4 h /COO % / "o 24

which converges, ridding us of the UV divergence.

Regularization. The first step to make sense of UV divergences is to regularise the divergent integrals.

For instance, one can regularise using a cutoff A,

oo .3 A 3
q°dq q°dq
/ —q4 —>/ —q4 , (2.5)

an approach which is however not Lorentz-invariant. Here we will work in the frequently adopted dimensional
regularisation prescription

/d4q—>/d"q, n=4-—2¢, (2.6)

with n being the number of space-time dimensions and where in the limit of ¢ — 0 we recover the physical
n = 4 case. It is now possible to formally compute the outcome of loop integrals such as Eq. (2.2) by using
the following result

d™q 1 in"? T(a —n/2) 2o

1000 = [ s s = G )V 27

in terms of the Gamma function I'(x). Note that the divergence has not gone away: in the case that
corresponds to Eq. (2.2)), namely o« = 2 and n = 4, one still has T'(0) which is divergent. One advantage of
expressing divergent loop integrals in terms of Gamma functions is that they can be continued analytically,

for example using the formula
2I'(z)=T(2+1), zeC. (2.8)

In the case of interest, « = 2 and n = 4 — ¢, we can expand I(n,a) around the divergence at ¢ — 0 by
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using the following relation:

. ’IL/2 .
_am on o\n/2-2 _ 1 c o\ —€
I(n,0) = Gt (2 2) (m?) s (4m) T(e) (m?) (2.9)
1 2
I(n,a) ~ 1672 €—7E+1n477—1nm +0(e) ), (2.10)
where we have used the usual Gamma function expansion
1 1
T(e) = El—‘(l +e)~ - B + O (e) . (2.11)

As you have seen in previous courses, you can bring loop integrals into the form of I(n,«) by means of the
Feynman parameterization technique, namely

1 1 1
AB ~ /0 o [zA+ (1—2)B] (212)

1 1 1z 1
— =2 dm/ d
ABC /0 0 y[xA+yB+(1—x—y)C]3

: (2.13)

and likewise.

A special and important case of loop integrals arising in QFTs is the case of integrals where

m 1 _
/dq@%ao (2.14)

for any value of a. These integrals are scale-less, and are always set to zero in dimensional regularisation.

These scale-less integrals, without any external mass scale involved, are also known as massless tadpoles.

Renormalization. The regularisation procedure enables clearly separating the divergence term from the
finite part of the calculation, in the case at hand the 1/e pole in Eq. (2.10). But the integral remains
divergent nevertheless.

‘_
q
’ - - JaWa) -
k k k k
q+k 1 _
~ A2 (—z + ﬁmte)

Figure 2.2: In the A¢® scalar theory, the UV divergence associated to the the two-point function (self-energy)
is cancelled by the addition of the appropriate counterterm (right panel).

To renormalize such divergences, one adds counterterms to the Lagrangian such that the infinities can-

cel e.g. the one-loop divergence in the propagator of A\¢> theory is cancelled by the contribution of the
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counterterm, chosen to cancel the loop divergence, as indicated in Fig.
2 1 :
~ A\ | —= + finite | . (2.15)
€

Therefore the renormalized QFT consists of the original Lagrangian plus all the counterterms required to

cancel out the UV divergences of the theory. Two important comments in this respect:

e The physical (observable) coupling constants and masses remain finite in the renormalised QFT.

e A scale u is introduced to help keeping dimensional counting consistent. This means that the following

Jed- [foi-

2e n m2
7 d"q| =4 — In— terms. (2.17)
u

dimensional analysis holds:

In general, renormalised parameters will depend on the arbitrary scale p introduced by the renormalisation
procedure: A(u), m(u), etc. The higher the order in perturbation theory at which a given observable is
computed, the less important the dependence with the arbitrary scale u is expected to be.

In this lecture we will introduce a toy scalar EFT with two scalar fields, a light one and a heavy one. In
order to prepare ourselves for this discussion, it is worth first to revisit the main aspects of the well-known

A¢* scalar theory.

2.2 The scalar \¢* theory revisited

Let us consider now another scalar QFT, namely A¢*, which you are likely to have seen already. This theory
is renormalisable, meaning that all its UV divergences can be cancelled by a finite number of counterterms.
The starting point is the “bare” Lagrangian

1 2 1 2 1 4
= () 3k (57"~ )’ =
which upon the addition of the suitable counterterms becomes the renormalised Lagrangian

1 1 1
L= 3 (5;@)2 _ §m2¢2 — $A¢>4 + counterterms, (2.19)

expressed in terms of the physical (observable) masses and couplings. The relation between the bare and

renormalised quantities is the following

0O =/ Zsb, mo=Zmm, Ao =p>Zad*, (2.20)

and the Feynman rules of the renormalised A¢* theory are shown in Fig. The renormalisation factors Z;
can be computed order by order in perturbation and are equal to one if one restricts ourselves to tree-level
calculations.

The Feynman rules of the renormalised theory summarised in Fig. can be directly read from the
renormalised Lagrangian, starting from the bare Lagrangian and then using the relations in Eq. in
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i

- 2 —iA
& ip*Z,— 1) - im(ZyZ,,~ 1) Z,-1)
Figure 2.3: Feynman rules of the renormalised A\¢* theory.
order to obtain
_ 1 2 1 o0 A oy
1 1 A
b (2o = )5 (0u0) + (ZuZon —1) g6 + (375~ 1) 12 36 (2.21)

where the bottom line corresponds to the contribution from the counterterms, and vanishes for tree-level
calculations. The functions Z; are typically of the form Z; = 1+ ci)\Q% + O ()\4) where the coefficients ¢;
need to be determined from specific calculations.

For instance, let us consider the one-loop corrections to the propagator in order to determine the Z,,
and Z, functions at first order in the perturbative expansion, see Fig. @ The amplitude includes the loop

—
D ) Ja ) A
p p
ip*(Zy— 1) —im(ZyZ,, — 1)

Figure 2.4: One loop corrections to the self-energy in A¢* theory, including the two counterterms.

diagram as well as the corresponding counterterms. The loop diagram is given by

X p2e i A i onl—e 9
- ar =————“n)T(-1 usc. 2.22
S | T~y T T+ ) (222)
Expanding the Gamma function around the singular region and adding the contribution from the countert-

erms results in the total one-loop correction to the propagator in the renormalised theory:

m2

3272

2

1
— i) ( —yp+Indr+1—1n m2) +ip2(Zy — 1) — i(Z Z — 1)m?, (2.23)
¢ 7

where note the appeareance of the logarithm in the renormalisation scale p. It is easy to see that the UV
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divergences cancel provided that we choose the following form for the counterterms

Zs(N) = 1+00\?), (2.24)

A (1 )
1+3271_2<€—’VE+1H47T>+O()\ ) (225)

Zm(A)

A related calculation can be used to determine the coupling counterterm at one loop, which is given by

6X2 (1
Zy=1———|-— In4 2.2
A 3272 (6 7E+n W) ’ (2.26)

and can be obtained by computing the one-loop corrections to the four-point scattering amplitude, ¢ + ¢ —

¢ + ¢ by imposing that UV divergences cancel out.

2.3 A two-particle scalar EFT

Following this recap of the basic features of renormalization and regularization in QFTs, and its application
to scalar QFTs, let us now illustrate how the EFT paradigm applies to scalar field theories. We will consider
the case of a two-particle scalar theory composed by a light field ¢, with mass m, and a heavy field ® with
mass M.

The Lagrangian of this theory is given by

1 1 1 1
Lov =3 (860)° — 5ME0; + 5 (8,9)° — SMPR? —V (6, @), (2.27)
and where the scalar potential V' (¢, ®) is given by
V(gr, @) = ot + Tt + 225207 + L pgie + T2 Ma?, (2.28)

where we have imposed that the potential is invariant under the ¢y — —¢, transformation (this is a choice
that specifies the global symmetries of the theory). The Lagrangian of Eq. defines our UV theory.
We would like to construct an EFT that derives from this UV theory and which is valid for energy scales
such that the heavy scalar particle ® with mass M can be integrated out, that is, we are interested in the
kinematic regime such that b om
‘
VAl < 1. (2.29)
Intuitively, it should be clear that in this regime the heavy scalar field ® should not matter much. However,
this does not mean that its effects can be altogether discarded: they will still be present at low energies via
effective interactions between the light degrees of freedom of the theory.

We want therefore to determine the mapping such that
Luyv = LEFT, (2.30)

where in the low-energy Lagrangian Lgpt the only dynamical degree of freedom is the light scalar field ¢,.
From dimensional considerations, and exploiting the fact that the UV theory contains a ¢y — —¢, symmetry,
the most general form of the low-energy Lagrangian Lrpr will be

P S T SR YN U
LerT = 5 (3u<;$) 2’ITL 10) 4!¢ + A2¢ + (2.31)
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where

e A has units of energy and is required by the power-counting in § = p/A, where p indicate either external

momenta or light masses.

e The physics interpretation of A is that of a cutoff scale: at energy scales above A the EFT expansion

breaks down because the heavy fields become also active degrees of freedom.

e ¢ here is known as a “Wilson coefficient” and plays the role of coupling constant of the low-energy
EFT. Its value can be fixed by matching to the UV theory including the heavy degree of freedom, as

we show next.

e Note that we denote the light scalar field as ¢, in the UV theory and ¢ in the EFT, and likewise for its
mass. The reason for this is that the two fields are the same at tree-level, but do not exactly coincide
once we account for loop corrections so it is important to keep the notation separated.

Inserting the operator cg¢p®/A? in the tree level amplitude leads to an effect

~o6", m=d-—4, (whered=6), (2.32)

) )

thus the dimension-6 operator scales as 1/A?, the dimension-8 operator scales as 1/A%, and so on, in d = 4

space-time dimensions.

2.4 Tree level matching in scalar EFTs

Before going on with the more formal discussion of scalar EFTs, let us try to determine the Wilson coefficient
ce/A? at tree level. For this, we use the matching procedure which will appear repeatedly through this course.

The recipe for tree-level (on-shell) matching between an EFT and its UV counterpart is the following:

e Compute the same scattering amplitudes using the EFT Lagrangian, Lgpr, and its UV counterpart,

Luv.

e The two amplitudes describe the same underlying process in different energy regimes: by comparing
them taking the appropriate kinematic limit, we can infer the low-energy Wilson coefficients, in this

case cg, in terms of the masses and couplings of the heavy degrees of freedom in the UV theory.

e Note that at tree level we can ignore the counterterms of the renormalized theory and also that ¢, = ¢

and likewise also for the associated masses.

Let’s apply this procedure to the scalar field theory under consideration. First we match the tree-level
physical mass for the light field

1 1

UV (¢e) el EFT (¢) (2.33)

p—l
which as mentioned above results in the expected relation my = m. Note that however this simple relation
between the light field mass in the UV and in the EFT will not be valid once we account for loop corrections.

Second, we match the four point amplitude in order to determine the tree-level quartic coupling. The
relevant Feynman diagrams in the EFT and in the UV theory are shown in Fig. and lead to the following
tree-level contributions to the four-point scattering amplitude of light fields:

Ave(-+6 > 6+ ) = =igy + (-itoM)? (=37 + =57 + 757 - (2:34)
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EFT : A

UVv: 8 + + permutations

Figure 2.5: Feynmann diagrams contributing to the four-point amplitude ¢¢ — ¢¢ in the EFT and in the
UV theory, where the thick lines indicate heavy quark lines in the UV theory.

Agrr (¢ + ¢ = ¢+ @) = —il. (2.35)

Furthermore, for this scattering amplitude the can impose the following relation between the three Mandel-
stam variables: s+t 4+ u = 4m?2.
Now we recall that the EFT is an expansion in terms of the small parameter 6 = m/M, so we can expand

the heavy line propagators appearing in the UV amplitude in powers of § in order to obtain

e SO s
— = (1+ 5 +0( )) , (2.36)

and likewise for the other two propagators, such that the UV four-point amplitude reads

t

Avy = —igy+igl (3 + HM:”) +O(8Y) (2.37)
4 2

= —igy+id (3 + AZLQ) +O(5%). (2.38)

Therefore, we can write down the coupling constant of the ¢* interaction at low energies (EFT) in terms of
the couplings and masses of the UV Lagrangian, namely

4 2
A=gy— 32 (3 + m) +O(5%). (2.39)

M2

While this matching procedure fixes the coupling A associated to the 4-point interaction in the EFT, it
leaves the six-point interaction unconstrained. In order to obtain a result for cg/A? we need to consider
higher-order scattering amplitudes, in particular the 6-point function. In Fig. we show representative
tree-level Feynman diagrams contributing to the six-point amplitude in the EFT (top) and in the UV theory
(bottom), where heavy scalar propagators are indicated with a thick red line.

Some considerations concerning Fig. can be raised at this point:

e The number of Feynman diagrams contributing to the six-point amplitude in the UV theory is much
larger than for the same amplitude in the EFT.

e Diagrams containing several heavy scalar lines probably won’t contribute to the Wilson coefficient cg.

In any case we should be careful since the heavy scalar mass M? may appear in the numerators.

In order to determine the coefficient cg, we must hence solve the equation relating the two six-point
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N
R

Uv : > < + ?\é +....

Figure 2.6: Representative tree-level Feynman diagrams contributing to the six-point amplitude in the EFT
(top) and in the UV theory (bottom). Heavy scalar propagators are indicated with a thick red line.

EFT :

amplitudes in the EFT and in the UV theory:

Avuv (9ppp = ¢pp9) = Agrr (000 — ¢P¢) , (2.40)

where the equation for cg needs to be solved order by order in the EFT expansion parameter §. Let us
see what do we get in this case. The second diagram in the top part of Fig. [2.6] (EFT amplitude) can be

evaluated to yield '
i

(=iA) i), (2.41)

(—
(p1 + p2 +P3)2 —m?

with the ¢* coupling in the EFT given by Eq. (2.39). We can carry out the analog calculation in the UV
theory in order to obtain

) " 3m?2 + (p1 + po 4—]33)2 1 . 9 3m? + (p1 + po +p3)2
—igy +ig2 | 3+ —igs +1g; | 3+
( ’ ¢< M2 (p1 + p2 + p3)° — m? ’ ¢ M2

where one “m” has been replaced by p?o3 = (p1 + p2 + p3)2. Therefore the EFT and UV diagrams don’t
quite cancel out in the equation once we substitute A by the matched result of Eq. (2.39)). The leftover
difference can be checked to be

1 . ~2 2
17z (2095 (95 = 335)) + O (9°) (2.42)
which results in a contribution to the c¢g Wilson coefficient of the following form:
— 352
Cg - (g¢' gqb) B
i 20935T + O (§o, gpa) - (2.43)

This is not the full result for cg, but illustrates how the matching procedure can provide a link between
low-energy couplings and the couplings and masses of the heavy degrees of freedom in the UV theory.

In summary, we have shown in this section how to match at tree level the UV physics with the parameters
of the EFT in the case of a two-particle scalar QFT. In the subsequent lecture we will show how this result
can be extended to the case of one-loop corrections. Before that we will demonstrate the general procedure
to set up an EFT from the bottom up, instead than the top-down construction that has been used in this
lecture.
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3 Lecture 3: Scalar EFT part 1II

Learning Goals

e Constructing scalar EFTs from the bottom up.
e Remove redundancies present in an EFT operator basis.
e Derive matching relations in EFTs in the presence of loop corrections.

e Implement the decoupling method and the method of regions to streamline EFT calculations.

In the previous lecture, we have illustrated the basic methods underlying EFTs in the case of scalar field
theories, specifically with a two-scalar model with a light and a heavy field. We have shown how at low
energies the heavy degree of freedom can be integrated out, and how we can related the parameters (massess
and couplings) of the UV theory to the Wilson coefficients arising in the subsequent EFT.

In this lecture we continue our study of the Effective Field Theory paradigm in the case of relatively
simple scalar QFTs. In particular, after having shown how to match EFTs at the tree level, here we will
demonstrate how to extend the procedure to the case of one-loop calculations. This discussion will also
involve understanding how we can remove possible redundancies present in an operator basis, as well as
explore methods that facilitate calculations in EFTs. Our discussion will highlight the potentialities and
challenges and constructing EFTs from the bottom up, as required in the case for which the corresponding
UV theory is not known.

3.1 Construction of an EFT from the bottom up
As we discussed in the previous lecture, in order to construct an EFT from the bottom up we need to:

e Adopt a given power counting for the EFT expansion.

e Impose the desired local and global symmetries that the EFT must satisfy, reflecting the symmetries
that are expected for the UV theory.

e Construct all possible operators, order by order in the EFT expansion, by combining the degrees of

freedom such that the required symmetries are satisfied.

In the scalar EFT example that we considered in the previous lecture, we have a single light degree
of freedom, the light scalar field ¢ with mass m, since the heavy scalar field (®, with mass M) had been
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integrated outﬂ We assume that this EFT description is valid up to F ~ A, with A being the mass scale at
which the EFT expansion breaks down, hence A ~ M (but in general we would not know this information).
Hence the expansion parameter for our EFT will be § ~ m/A,p/A with p indicating the momenta flowing
through the EFT amplitudes.

Therefore, starting from the bottom-up and making minimal assumptions about the physics of the UV,

the Lagrangian of the scalar EFT that we need to construct is composed by:
e All possible operators involving only the scalar field ¢, including possible derivative couplings.
e These operators are ordered in powers of the expansion parameter &.

e These operators satisfy the ‘parity conservation” symmetry ¢ — —¢ that is inherited from the physics
of the UV (where we had a ¢, — —¢y symmetry).

Taking into account these considerations, we write down all possible operators Ogd) composed by the degrees
of freedom of the EFT (in our case, the light scalar field ¢) which satisfy a specific set of symmetries (in this

case, parity conservation):

1 1 A - cl(.d)
Lgrr = 3 (0u9)* - §m§>¢2 - I# + Z Z = o, (3.1)
d>6 i

where the sum over d includes only even terms to ensure that the ¢ — —¢ symmetry is satisfied at all orders
in the EFT power counting, and ng indicates the numbers of operators contributing to the EFT Lagrangian
at mass-dimension d. Here for simplicity we omit the counterterms required to render the theory well-defined
in the presence of loop corrections, it is always understood that these counterterms are present.

While the procedure leading to the bottom up construction of the EFT Lagrangian Eq. appears to
the straightforward, a common occurrence is that not all operators entering the expansion at any given order
in § are independent from each other. In addition, other operators do not contribute to physical observables.
One therefore needs to ensure that, at any order in the power counting, the operator basis chosen is not
redundant and does not contain spurious operators that do not affect physical observables. We describe next

how to achieve this goal.

A non-redundant operator basis. As just mentioned, ideally at every mass dimension the set of oper-
ators {Ofd)} define an operator basis, that is, a set of operators which are

e complete: any other d-dimensional operator can be expressed by means of a combination of the given

basis operators.

e non-redundant: all the elements of the operator basis are independent from each other and cannot be

related by means of linear combinations or by usage of the equations of motion.

A redundant basis should be avoided since in such case some Wilson coefficients in the EFT will remain
under-constrained and hence some physical observables will be ill-defined. Redundancies can arise do to
relations induced by the EoM (equations of motion). A redundant basis should be avoided since in such case

some Wilson coefficients in the EFT will remain under-constrained.

1Recall that in the UV theory the light field with mass m, is denoted by ¢,. At tree level one has m = my, and the same for
the field itself, but this is not true anymore once one includes higher-order corrections.
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Another possible source of redundancies is the fact that operators which can be identified with total
derivatives do not contribute to the action since they vanish in the integral

SEFT XX /d4$£EFT» (32)

due to the fields vanishing at the integration boundaries x# — 4oco. These are operators that do not
contribute to physical observables and that hence may be removed from the EFT Lagrangian.

Let us identify the types of operators that contribute to the scalar EF'T Lagrangian defined by Eq. ,
focusing on the dimension-six operators, and ordering them by the number of derivatives that they contain.
We will then determine which of those are really independent and which are redundant. These operators are
the following:

e We can safely omit the ¢* operator since it is a total derivative operator and hence would not
contribute to the action (nor to physical observables). Recall that the d’Alembert operator (also

known as “box” operator) is defined by
0 = 0,0" = n"0,0, (3.3)

in terms of the Minkowski metric n*¥.
e There is a single operator without derivatives: ¢%, corresponding to a local six-point interaction.
e Two operators contain two derivatives, namely ¢*C¢ and ¢? (9,0) (0*¢).

e Four operators contain four derivatives: ¢[12¢, (8,¢) (8*0¢), (O¢)*, and (8,8, ¢) (8"0" ¢).

so it would seem that we have seven independent operators that contribute to Eq. at dimension-6 in
the EFT expansion. You can convince yourself using dimensional analysis that we cannot add any other
operator to the members of the d = 6 category. Applying the same reasoning to dimension-8 operators,
it is clear that the number ng of operators contributing to the EFT expansion grows very fast with the
mass-dimension d.

However, it can be demonstrated that six of these operators are redundant and we thus have a single
independent operator contributing to Lgpr at dimension six (namely, the local six-point interaction). To

see this, use the total derivative rule (usual integration by parts identity) to get

0 (6°0"¢) = 3¢% (9,9) (9"¢) + ¢°0g , (3-4)

and hence we can drop ¢? (0,¢) (8%u¢) from our operator basis in the following. Indeed, the ¢*Cl¢ and
®? (0,0) (0"¢) operators are related by a total derivative and hence they are not independent from each
other.

Similar considerations apply for other three operators, as one can see by noting that one can write

0, (00"0¢) = (0u9) (0"09) , (3.5)
8, (9"¢0g) = (0¢)° + (9.0) (0"0) , (3.6)
3y (0,00"0"¢) = (8,0,0) (0"0" ) + ¢* (9u0) (0"9) . (3.7)

In other words, if two operators can be related by a total derivative, they are not independent and hence
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once of them can be removed from the Lagrangianﬂ

Therefore, after we account for the fact that total derivatives do not contribute to the action, we are
left with only 3 independent operators at dimension-six, which we take to be (this choice is of course not
unique):

¢°,¢°0¢, 609, (3.8)
which means that, up to dimension six, our EFT Lagrangian Eq. (3.1)) is given by

(6) .6 (6) (6)

C c 1 c
ot ae 06+ 55 00%, (3.9)

1 2 1 o5 Ay
Lorr =5 (Ou0) = 5mad” — ¢+ Ja g T Ao 3

where the Wilson coefficients are labelled by the number of fields and derivatives of the corresponding
operators. Hence our EFT has, up to d = 6, two contact interactions (4-point and 6-point) and two
derivative interactions.

Field redefinitions. But actually, we are not done, since two of the dimension-six operators listed in the
EFT Lagrangian of Eq. (3.9) can be shown to be redundant if we use the equations of motion of the theory.
Using the EoMs is a bit more subtle than the previous discussion, so let’s start with an example.

Consider a non-linear field redefinition for our light scalar field of the form

olx) = 9(x) + 139°(@). (3.10)

and now substitute it into the EFT Lagrangian that we have written down in Eq. (3.9). After some algebra
we find the result after this non-linear field redefinition is

a A _
Lerr = LEPT — P(ﬁg (D + mi + 3!¢2) ¢+ 0O (A 4) , (3.11)

which means that if we choose a = cgi)l /3!, we can cancel out the operator ¢*[]¢ from the EFT Lagrangian.
This implies that if we redefine our scalar field according to Eq. we can remove one of three dimension-
six operators from our EFT Lagrangian.

To motivate why this kind of field redefinition is allowed, we can use a path-integral argument. This

argument starts with the path integral associated to the Lagrangian under consideration

2= [ Doexp [ [ s (£ lo) + I@pota) (3.12)

where J(x) is known as the source field. Within the path-integral formalism, Green’s function (aka field

correlators) are evaluating by taking derivatives of the path integral with respect to the source field, that is

1 (—i)6n2]J]

Z[J] 67 (z1) -0 (zn) =G(z1,. . 20) = (P(w1) - B(T0)) - (3.13)

In this formalism, in general one can redefine the field ¢ provided that this redefinition merely modifies the
integration variable used in the functional integral, and does not actually modify the result of the integration.

For a general field redefinition of the form

¢(x) = ¢'(z) = Flo(z)], (3.14)

2The choice of which one to keep is of course arbitrary.
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the path integral changes as follows

2] = [pew i o]+ @0 )]

/ Do (det ) exp {z / iz (L [Flo@)] + J(x)F[gb(x)])] (3.15)

where in the second line of the equation we account for the Jacobian associated to the field redefinition.
A field redefinition of the form Eq. (3.14) is allowed provided that the associated Jacobian satisfies:
5/
det — =1. 3.16
et = (3.16)
Let us show that this is the case for the field redefinition we are interested in, taking into account that we

work in dimensional regularisation. To demonstrate this, let us assume that the general field redefinition in
Eq. (3.14) takes the form

1
¢'(z) = ¢(x) + 5 flo(=)], (3.17)
and then the functional derivatives of the Jacobian lead to
0" _ s Lo (n)
36 ~ 0y G @@ —y). (3.18)
In order to evaluate the determinant, we can introduce Grassmann fields ¢(x), ¢(z) according to the nice
formula 5 5o
de ti /Dc/Dcexp[ /d" /d" ( z¢c(y)>} (3.19)
where

/ "z / iy ( z‘si)/c ) / e ( (+Ap [¢(ac)]>c(x)>. (3.20)

If now we treat the term suppressed by A~P as a perturbation, we note that the ¢ — ¢ propagator is constant
and hence all integrals are scaleless in dimensional regularization. Therefore exp[0] = 1 and as we wanted
to demonstrate the Jacobian associated to the field redefinition is unity. This justifies our choice of field
redefinition.

After this brief excursion into the path integral formalism, we can go back to our EFT discussion. Our

argument indicates that field redefinitions of the form

6= o+, P21, (3.21)

are allowed, and this kind of redefinitions change the EFT Lagrangian into
1 2 | Ao
LrrT — LEFT — Ef[(b] O+ My + ggb 10} (3.22)
where the term in parenthesis can be identified with the Equations of Motion of the theory:
2 Ao
EoM : D+m¢+§¢ ¢=0. (3.23)

Recall that the classical equations of motion of a relativistic field theory are given by the Euler-Lagrange
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equations derived from the least-action principle:

0S  OL oL
752 (ama) = -

In the case in which we set to zero the four-point vertex, A = 0, Eq. is nothing but the Klein-Gordon
equation for a free scalar field. Note also that since the field redefinition Eq. is suppressed by powers
of the high-scale A, it is formally higher order in the EFT expansion and does not modify the EoM of the
low-energy theory (treating all higher-dimensional operators as corrections).

We can exploit the property that field redefinitions such as Eq. are allowed and lead to a shift in
the Lagrangian of the form of Eq. and apply two of such field redefinitions such that we are only left
with ¢% as the only non-redundant dimension-six operator in our EFT Lagrangian. The starting point is
the set of three dimension-six operators identified above, that survive after having eliminated all redundant
terms which are related by total derivatives:

chg ¢° , it 1 )

3 €42 2
A2 61 + e ﬁ(ﬁ o + A2 o ¢ . (3.25)

First, we choose a field redefinition such that f[¢] = a¢?, with a = cg;)l /3l. This transformation removes the
second term in Eq. (3.25). This also implies that the four-point and six-point interactions change as:

m2 A 6!
® (6) (6) _ aAb:
A— A= aﬁ 5 00,6 — CO,G — F? . (326)
For the second field redefinition we use f[¢] = b¢ with b = cf%, which then removes the third term in
Eq. (3.25)). The consequence of this field redefinition is a shift in the kinetic term

2

1 2bm¢ 1
§¢D¢> — (1 - ) §¢D¢ (3.27)

and hence an additional field constant rescaling. Also the coefficient of the ¢3¢ operator gets modified, but
this operator is anyway removed so we can ignore this effect. Crucially, the effects of these field redefinitions
scale like A™P and hence they vanish at leading order in the EFT expansion.

Therefore, we conclude that after removing operators that are made redundant by the EoMs and those
that can be mapped to total derivatives, up to dimension-six the Lagrangian of our toy scalar EFT admits

the following form
1 2 1 55 Ay C((JGG)S 6 4
Lgpr = 3 (O0u)” — §m¢q§ - I(b + A2 6l + O (A%, (3.28)

with hence a single non-trivial dimension-six operator, namely the local six-point interaction.

This discussion highlights the fact that in general it is non-trivial to find complete, non-redundant basis
for bottom-up constructions of EFTs: several effects need to be taken into account to ensure that the
resulting EFT can deliver meaningful physical predictions for physical observables. Else, the EFT cannot
be used to compare with the data, and similar problems would arise when matching to UV theories. Indeed,
in the case in which Lyvy is the two-field model of Eq. , tree-level matching only generates the oc ¢°
interaction, hence this matching would also indicate that the other dimension-six operators entering the

bottom up construction of the EFT Lagrangian Eq. (3.1]) are physically irrelevant.
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3.2 One-loop matching in scalar EFTs

The discussion that we carried out in the previous lecture concerning EFT matching was restricted to tree-

level matching, which only involves Born amplitudes. Accounting for perturbative loop corrections to the

matching relations is more subtle, as we discuss in this lecture. One-loop matching brings in qualitatively

new effects in the relation between Lyy and Lgpr that are absent from the tree-level matching picture.
Once we consider loop integrals within a renormalized QFT, one has to take into account that:

e Loop integrals may contain UV divergences, which are cancelled by the counterterms. UV divergences
will be different in the EFT and in the UV, since the two theories are different degrees of freedom at
high energies.

e Loop integrals in the UV theory may have associated branch cuts involving light fields: these will be
the same in the EFT and in the UV theory, since they correspond to common IR physics.

e Loop integrals in the UV theory have associated branch cuts involving heavy fields: these will be absent
from the EFT, since such cuts are related to the UV scale and in the EFT there are no internal lines
involving heavy particles.

A reminder that branch cuts arise in loop diagrams in QFT's whenever intermediate particles can go on shell.

Ve crader Wy wan m(.j ___camted )Jf,‘:&,!fihf\fe; ¢ Guam ,C‘:L? )

B e e b IR R
_EET NN = > e L* ‘(_Qf), LS

Figure 3.1: Feynman diagrams contributing to the one-loop calculation of the two-point function (self-energy)
for the light scalar field in the UV theory (top panel) and in the EFT (bottom panel). The counterterms
required to cancel the UV divergences in both theories are also indicated.

To illustrate how loop corrections affect matching in our two-particle scalar EFT, first of all let’s consider
the calculation of the self-energy (two-point function) of the light scalar. Again, we are working with the
UV Lagrangian defined in Eq. and composed by one light (¢,) and one heavy (®) scalar field. Fig.
shows the Feynman diagrams contributing to the one-loop calculation of the two-point function (self-energy)
for the light scalar field in the UV theory (top panel) and in the EFT (bottom panel). The counterterms
required to cancel the UV divergences in both theories are also indicated.

The calculation of these self-energy diagrams for the light scalar self-energy yields in the UV

UV : —inyV(p?), (3.29)
where the counterterms only cancel the 1/€ + vg + In4m, and then in the EFT

EFT : —ix;" " (p?). (3.30)
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In order to determine the physical (pole) mass m,, after taking into account one-loop corrections, we take

the inverse propagator defined in general as

p? —m? - X(p*,m?) = C(p* - mf,) , (3.31)

and then impose the on-shell condition

mIQ) —m? — E(mi, m?) =0, (3.32)
m2 =m? + S(m2, m?). (3.33)

Imposing that the pole mass is the same in the EFT and in the UV theory (since it is an observable present

at low energies and hence must coincide in the EFT and in the UV) yields
m = m? () + S (m?) = m3 () + SEFT (m3) (3:34)

where note that the renormalized EFT and UV masses depend on the renormalization scale p which enters

via the one-loop corrections, and therefore we obtain the following relation
m(p?) = mi(u?) + 27V (mf, p?) — BgF (mg, 1?) (3.35)

and as we said all masses are renormalized, since the counterterms are already included.
By evaluating the associated Feynman diagrams in the UV theory and in the EFT, one gets for the latter

the following result for the self-energy

Am2 m2
ST (m3, p?) = _327;3 (1 —In Mj) , (3.36)

while for the UV theory, already expanded in the small parameter m% /M?, one has

1 10 _, m?
uv 2 2 _ 2 ~2 ~ ~ ~2 0
Y7V (mg, p?) = ~35-7 [gwnz + (235 — Gads + goo)M?* + 3972
1 9 mf 1 M?2
I A In e 0 2 3.37
gap2 L dmin s 555 ]nm’ (3.37)

which depends on various UV parameters, in particular the heavy field couplings and mass M. Recall that
we know from the tree level matching of this theory, Eq. , that A = g4 + higher orders and hence for
the accuracy of this calculation we can take A = g,. Likewise, we can use that m; = my up to higher orders
in the EFT expansion. Therefore, matching the two-point functions at the heavy mass scale u? = M? (such
that the logarithms In(M?/u2) — 0 vanish) results into the following relation

22 ~2 mz

3gami + (295 — Gade + gee)M” + 396772 | - (3.38)

- 32n2
where as we know if we set the UV couplings to zero (except g,) then the UV and EFT light mass is the
same and also does not depend on the matching scale. This makes sense: g4 is present both in the UV and
in the EFT, and hence its effects in the IR will be shared in the two calculations.
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The hierarchy problem in scalar QFT. The key feature of this result is that the relation between the
UV mass mj(M) and the IR mass m3(M) depends strongly on the UV physics scale M:

m3 (M) ~mi(M) — 32;2 [M? ()], (3.39)

which implies that to keep the renormalised mass of the light scalar field in the IR, mi(M ), sufficiently small,
an in particular to ensure that mi(M ) < M?2, in the presence of loop corrections in the limit M > m (that
is, a large hierarchy of scales) one needs to introduce fine-tuning between the renormalized masses mg, M of
the UV theory.

Indeed, a fine-tuned choice of my(M) and M in the UV theory would cancel the quadratic dependence in
Eq. and reduce it to a much weaker logarithmic dependence. This fine tuning is technically possible,
but theoretically not very elegant. This is nothing but the extremely famous fine-tuning problem of QFTs
involving scalars, which drives the so-called “Higgs hierarchy problem” in the Standard Model of particle
physics. This is a generic feature of QFTs with fundamental scalars: unless ome symmetry protects their
mass in the IR, loop corrections tend to make the mass of any light scalar fields unstable and become very

large, towards the UV limit.

3.3 Decoupling in EFTs

Using similar methods, one could carry out the one-loop matching between our scalar EFT and UV theories
to determine the values of A and c((f% which account for one-loop corrections in the UV coupling constants,
extending the tree level matching results that we derived in the previous lecture. For this, one needs to
repeat the calculation we presented at the tree level (namely the calculation of the four-point and six point
amplitudes) but now considering also one loop corrections both from the EFT and the UV sides.

Instead, we will proceed here to highlight a somewhat different approach. The idea is to change the
renormalization scheme such that all diagrams with internal heavy quark lines can be omitted at leading
power in the EFT expansion. This choice results in the method known as decoupling, in that heavy physics
is decoupled from calculations in the IR also in the present of one-loop corrections. Let’s show how this
works with an example. Consider the one-loop correction to the four-point function in the UV theory shown

in Fig. |3.2| (together with the corresponding counterterm). This loop diagram yields

L1 (M? — 2(1 - z)(p1 + p3)?)
= 35,2 /0 dx (e —~vg +Indr —In 2 , (3.40)

with dependence on M? entering via the heavy scalar lines, with the corresponding counterterms giving

1 1

mg (MS — SCheme) (341)

1 1 —
392 (e -9 +1n 47r) (MS — scheme) (3.42)
The CWZ approach to manifest decoupling is based on subtracting the UV divergence at zero momentum

(p = p1 +p2 = 0), and hence the counterterm that defines the decoupling scheme is given by

1 (1 ! M?
39,2 <e — g + Indn — / dz In M2) (decoupling — scheme) . (3.43)
0
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The main difference is that the MS and MS renormalization schemes leave the dependence on the heavy
field mass In M?2/u? in the renormalized amplitude, where instead the CWZ (decoupling) scheme leads to

the following result for the subtracted one-loop diagram

1t . n(MQ—x(l—:v)(plan%)z)_n%Q o1t . n(lf:c(l—x)s/Mz)
o 0o R )

12 12 T 3942 e

KO X

Figure 3.2:  One-loop correction to the four-point amplitude Ayv (¢rdr — dedpe) and its corresponding
counterterm. The thick red lines indicates heavy field propagators.

One may think that the situation in Eq. (3.44)) is not much better, since there is still dependence on
the heavy scalar M. However, the dependence on M is now suppressed in the IR limit s < M?2. Indeed
upon expanding in the EFT power counting parameter s/M? we obtain for this one-loop correction to the

four-point amplitude

1 ! 2
Avuv (¢ede = depe) O —@/0 dx (—]\;2 (1-2)4+0 (%) ) , (3.44)

which exhibits manifest decoupling, in the sense of loop corrections involving heavy lines lead to a vanishing
contribution in the limit s < M? without the need to introduce fine tuning.

This decoupling scheme for renormalization sizable facilitates some matching calculations in EFTs (as
well as in regular QFTs, such as for example in the case of heavy quark mass effects in QCD) since it

manifestly conserves the natural hierarchy of mass scales also in the presence of higher order corrections.

3.4 The method of regions

Another strategy to facilitate matching calculations in EFTs is the following. Let’s consider the matching
in Ayv — Agpr. The amplitude Ayy will exhibit in general both poles and branch cuts for both heavy and
light fields. The amplitude Agpr will exhibit only poles and branch cuts associated to the light fields, and
actually these must the same as in its UV counterpart. Let’s consider the following one loop correction to

the propagator in the UV theory. Using standard matching techniques one obtains

uv , quv _ i 1 2y, M? 2y M
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The same calculation in the EFT, shrinking the heavy scalar line to a point and adding the corresponding

counterterms, yields the expansion

) 1 q°
the following result
JEFT  _ 25/ d"q 1 1 ¢ + 1
K o ME\M2 MA@ —m2
i m? m? 1 m?

where as usual the (1/e — yg + In4w) terms cancel out with the corresponding counterterm.

We can now evaluate the following “difference” between the UV and EFT integrals to obtain

match — ct ct = 1672 M2 R qu . .

The trick now is the following. Since the analytic behavior (poles and branch cuts) for the light fields is the
same in the EFT and in the UV theory, we can expand in the integrand

1 1 m?

so that the loop integral becomes

d"q 1 q? 7t 1 m?
JEFT _ 26/ 1 1 .
exp 1 @) M2 + e + M) g2 + e + (3.50)

but now we notice that each of the individual terms of this integral is scaleless and hence they all vanish.
This means that we can write

Lpaten = (I7Y +15Y) = (1P 4+ I57Y) = (180 + 1gY) — I (3.51)
where ) ) )
uv __ —i m m 1 M

Iexp—ﬁw <1+W+> |:6’}/E+1n47r+11n//[/2 ; (352)

where now the 1/e pole is associated to IR physics. Then we find that the full UV integral can be expressed
in the rather neat way

uv UV | yEFT
" =1y, +1 , (3.53)
where:
° Ig(\; contains the contribution from the hard region sensitive to UV physics, namely ¢?> ~ M? with
> > m2.
o IPFT contains the contribution from the soft region sensitive to IR / low energy physics, namely

@ ~m?, ¢ < M2

This result is at the core of what is called the Method of Regions: being able to decompose a given (tree or

loop-level) amplitude into separate contributions, each of them associated to a different region of energy and
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momenta. This analysis greatly facilitates the calculation of some loop integrals, since the method of region
allows to cleanly separate regions sensitive to UV and to IR physics.

3.5 Summary and outlook

To summarize the main points considered in Lectures 2 and 3:

e EFTSs can be either constructed from the top-down (matching to UV Lagrangians) or from the bottom

up (starting from specific field content and symmetries).

e EFTs can be matched to UV physics either at tree level or including loop corrections. For scalar fields,

loop corrections introduce fine tuning problems between IR and UV physics.

e In the bottom up construction of EFTs, it is essential to discard operators which are redundant or
which do not have implications for physical observables.

In the rest of the course, we discuss how these ideas are applied to more realistic QFTS, such as the

low-energy weak effective theory, the SM Effective Field Theory, and chiral perturbation theory.
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4 Lecture 4: Weak EFT part 1

Learning Goals

e Derive the Fermi theory of weak interactions and connect it with modern EFT viewpoint.

e Construct the low-energy EFT of the SM well below the electroweak scale, both bottom up and
top down.

e Determine how the effects of operator running and mixing modify the predictions of an EFT.

. J

In the previous two lectures we have demonstrated the main principles of the Effective Field Theory paradigm
in the case of a toy model composed by a light and a heavy scalar fields. We have learned how to build the
corresponding EFT both using bottom-up and top-down methods, and how to carry out the matching to
the UV physics both at tree-level and at the one-loop level.

We now apply these ideas to (mostly) the electroweak sector of the SM. First of all we consider Fermi
theory of beta decay, which is perhaps the first historical example of an EFT in particle physics. Then we
tackle the whole SM, and determine what is the low energy limit (where low energy means energies well
below the my, mass), discuss its phenomenological implications, and describe what happens when the EFT

operators mix among them in the presence of loop corrections.

4.1 The role of the electroweak scale and Fermi Theory

The Standard Model of particle physics is composed of particles spanning a very broad mass range, from the
electron (m, ~ 0.5 MeV) all the way up to the top quark (m; ~ 175 GeV). In particular, the electroweak
gauge bosons (W*,Z), which acquire they masses via the electroweak symmetry breaking process, have
masses of the order my = O(v), with v = 246 GeV being the vacuum expectation value (vev) of the Higgs
boson. Specifically, the W boson mass is given by

_ 2mw

v = , 4.1
JEW ( )

with ggw being the weak isospin coupling. Once one includes numerical prefactors, we find that theory
predicts my ~ 80 GeV and mz ~ 91 GeV in agreement with the experiment.
From the same considerations we used in the case of the two-scalar toy model of the previous lectures, it

should be clear that for processes involving the weak interactions, but where the typical momentum transfers
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satisfy p < my, the weak gauge bosons will never appear as explicit degrees of freedom in the calculation of
scattering amplitudes (neither as internal nor as external lines) and hence can be “integrated out” from the
low energy theory. It then makes sense to consider an EFT of the SM where the electroweak gauge bosons
as well as other heavy fields (for consistency) are integrated out.

In this lecture we will study the so-called Weak EFT (WET), which is the effective field theory resulting
from starting with the SM and then integrating out the “heavy” fields at the electroweak scale and above,
that is, degrees of freedom which decouple in processs incolving momentum transfers p < my,. This EFT
is also known as the Low-energy EFT (LEFT), depending on the convention. This means that the particle
content in the “UV theory” (the SM) and in the Weak EFT (WET) will be

SM: wu,d,s, e bt,e, p, T, Ve, Uy, Ve, W, Z, h, g, (4.2)

Weak EFT :  wu,d,s,c,b,,e, i, T, Ve, Vy, Vr, g, (4.3)

As in the case of the scalar EFT discussed in the previous lectures, integrating out the heavy fields does
not mean that the effects of the heavy particles disappear from the EFT: they are present in the form of
modified interactions and effective couplings between the low-energy degrees of freedom.

The paradigmatic application of the WET is the Fermi theory of the weak interactions. Using the same
original application that motivated Fermi theory, let us consider the decay of the muon in the SM (Fig. ,
which is described by the Feynman diagram shown in Fig. In the rest frame of the muon, the typical

momentum transfers involved in this diagram will be
Py ~ O(my,) < my , (4.4)

which implies that we can describe this process by means of an EFT where the intermediate W boson has

been integrated out. Let us see what are the results of integrating out this “heavy” intermediate particle.

Figure 4.1: Muon decay in the SM at tree level.

In the SM, the W-boson is characterized by chiral interactions: this means that it couples differently to
left-handed and right-handed fermions. Specifically, the SM W-boson has vanishing interaction with right-
handed fermions, so its interactions are maximally chiral. The relevant part of the SM Lagrangian that
describes these interactions is

Lsn D —%W;j;‘v +he. (4.5)
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where the source current to which the W+ boson couples is

I = Z vey* Prf 4+ quark current, (4.6)
l=e,u,T

where:
e g is the SU(2),, coupling.

e The charged-fermion field appears together with a left-handed projector

Pr=-(1—v)Pr=5(1+7), (4.7)

N =
N —

which removes the right-handed component.

e It is not necessary to apply a P, projector to the neutrino field since neutrinos (in the SM) only have
left-handed spinor components.

e We ignore here the quark current, which have associated some subtleties associated to CKM mixing

(which furthermore are not relevant for the case at hand).

Using the interaction vertex described by Eq. (4.5), we can compute the tree-level amplitude for the
muon decay in the SM:

2
MO (1) = va(p2) + e (p3) + Pelpa)) = (‘3@) [, (p2)7* Prty (p1)]
- (p?—_:nﬁv (g“” B %1)) X te(ps)y" Pruv. (po)] (438)

where we work in the unitary gauge, and we have defined p* = p}’ — p4 as the momentum flowing across the
W~ line (see also Fig. [4.1)).

If we were carrying out the calculation in the SM, we would now proceed with the usual Dirac algebra
manipulations to simplify this expression. But since our goal is to work in the WET limit where the W boson
can be integrated out, we can already now simplify this amplitude and reduce our calculational burden. For
this, we recall that we work in the limit defined by Eq. and hence the small parameter that defines this

EFT expansion will be
2
— <1 (p~0O(my)), (4.9)

5 p
myy

and expanding in a power series in é the W boson propagator one gets

1 1 2 2 2
I T S +<P2> v (4.10)
pT —myy myy My myy

In particular, one notes that at leading order in the EFT expansion in ¢ there is no dependence at all on the

W-boson momentum p: this means that muon decay in the WET must be described by a contact interaction
(hence without involving derivatives).

Keeping only the first non-trivial term in the WET expansion in the calculation of the matrix element
Eq. , the muon decay amplitude simplifies to

2
iMp™ 2y te” +0.) = 71‘2512%‘/ [y, (p2)7" Pruy(p1)] [ae(ps)y” Pruy, (pa)] + O (9 /miy) . (4.11)
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which as mentioned above does not contain (at this order) any dependence with the W-boson momentum
p. Note also that in the limit my — oo then the matrix element vanishes M — 0: hence existence of muon
decay implies the existence of a mediator particle, with details about muon decay kinematics providing
information on the properties of such heavy mediator.

The muon decay amplitude in the SM with the simplification implemented in Eq. can be reproduced
if we consider a WET with the active degrees of freedom listed in Eq. which includes a contact interaction
of the form

LweT O % (#,74" Pop) (&, Prve) + hec. (4.12)
where ¢ is a Wilson coefficient and A is a large energy scale, related to the limit of validity of the EFT.
As we have seen in the case of the toy scalar theory, the combination ¢/A? can be determined by matching
to the corresponding UV theory, in this case the SM. For this specific application, tree-level matching is
trivial, since the Lagrangian Eq. directly leads to an amplitude of the form Eq. , and hence we
determine the Wilson coefficient to be )

¢ 92

e _Qm%V , (4.13)
reflecting that the strength of the effective four-fermion interaction arising in the WET after we integrate
out the W boson remain dictated by the couplings and masses of the integrated-out fields: a measurement
of the muon decay rate tells us about the mass scale of a much heavier particle, the W boson, even from

low-energy measurements.

Predicting the weak scale. While the outcome of matching the SM to the WET is not particularly
surprising, it is worth recalling that historically the four-fermion interaction Eq. describing muon
decay and known as Fermi Theory preceded the formulation of the SM. It is thus worth reflecting how the
experimental evidence for Fermi theory as a valid description of muon decay provided valuable information
on the value of the weak scale and hence on the masses of the (by then still unobserved) W, Z bosons.
From the point of view of a bottom-up construction of the Fermi theory as an EFT, the WET Lagragian is

expressed in terms of the Fermi constant G,

4Gfp ,_ _
LWET D ——— (" Prp) (eyu,Prve) (4.14)
V2
where the dimensionful Fermi constant has a numerical value of
Gr = 1.16637 x 107° GeV 2 (4.15)

and can be extracted by comparing the prediction of the muon decay width computed using the Lagrangian
in Eq. (4.14),
@
19273 #7

with the corresponding experimental value (since the muon mass can be determined by other means).

(4.16)

From dimensional analysis, one notes that indeed the existence of the four-fermion interaction Eq.
driving muon decay necessitates the existence of a high scale A where “new physics” become active degrees of
freedom: the reason is that scattering amplitudes involving four-fermion interactions receive large corrections
as p — A and eventually violate unitarity. Given the mass dimension of G, one expects that its relation
with the “new physics” scale A is

Grpox A2, (4.17)
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assuming O(1) numerical coefficients. Assuming that interactions at the UV scale are perturbative, we can

set an upper bound on the scale A, namely
—1/2
A< GR"" >~ 300 GeV, (4.18)

and therefore, the existence of muon decay mediated by a four-fermion interaction points out to the scale of
new physics (in this case, the electroweak scale) being a few hundreds of GeV. We can compare this estimate
with the exact result obtained from tree-level matching Eq. (4.13)),

293 1
Gr = \[22 = A% < 0?V2. (4.19)
8mW \/§’U2
Historically, this prediction has been one of the main achievements of the EFT formalism, highlighting
how quantum corrections provide information on short-distance dynamics also from measurements directly

sensitive only to long-distance

4.2 Assembling the Weak Effective Theory

After this prelude with the Fermi theory, we are ready to assemble the WET using the same philosophy as
in the case of the toy scalar model. A reminder that our goal is to formulate an EFT which only contains
the degrees of freedom and symmetries of the SM relevant to describe the physics at £ < myy.

For such construction, the expansion parameter is § ~ p/m?,, such that at O(6°) (dimension-6) we have
four-fermion operators, at O(4') (dimension-8) we have four-fermion operators with derivative couplings as
well as six-fermion operators, and so on. When constructing the WET Lagrangian, we need to consider
all possible operators that can be built using the light fields listed in Eq. as degrees of freedom. In
addition, the WET operators need to satisfy a number of symmetries, both local and global, and also both

exact and accidental. In particular, we will impose that WET operators satisfy the following requirements:

e Lorentz invariance.

e The same gauge symmetries as the SM, but after electroweak symmetry breaking, which are those
relevant at energy scales below the weak scale. That is, while the SM Lagrangian is invariant under
the gauge group

SU(3), ®SU(2), @ U(1)y, (4.20)

the WET Lagrangian is invariant under the subset that remains after electroweak symmetry breaking,

namely
SUB), @ U(1) gy - (4.21)

In particular, we note that the gauge symmetries required in the WET lead to vector-like interactions,
unlike the chiral interactions of the weak sector of the SM. This does not mean that WET interactions
will be always vector-like, but rather than chiral interactions are not demanded by any symmetry in
the theory.

e We also impose the accidental symmetries of the SM, such as baryon number conservation and lepton
number conservation. These are per se not needed for the WET (since they are not fundamental
symmetries) but since operators that violate them are well constrained, for simplicity we also assume
them in this caseP]

3Operators that violate symmetries like LFN and BN are tightly constrained by many experiments and point to a very high
scale, well above those probed at any present or future collider.
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To summarize, the bottom-up construction of the WET is based on the following ingredients:

e The active degrees of freedom (particle content): u,d,s,c,b,, e, [, T, Ve, Vy, Vs, g, 7Y
e The symmetries listed above, and in particular gauge symmetry SU(3), ® U(1)p,-

e The power counting:

2 2
g P, (4.22)

with m being one of the masses of the active degrees of freedom. One can also replace v by my in the

power expansion, since the two quantities are parametrically the same.

At leading order in the EFT expansion, that is, in the limit § — 0, the WET Lagrangian admits the

particularly simple form

Lwer = Lqcp + Lem + O (;) , (4.23)
with only the light fields participating. That is, all weakly interacting particles are fully decoupled (and
in particular neutrinos are absent at this order). The fact that neutrinos are absent in the limit § — 0
is expected since they are neutral under the gauge symmetries of the EFT, and hence can only arise for
effective interactions mediated by the high-energy degrees of freedom that have been integrated out. For the
same reason, at O ((50) in the WET, muons are stable and do not decay (there is no interaction than can
mediate such decay). Recall that in the Fermi theory, four-fermion interactions that mediate muon decay
start at O ().

To make this limit (§ — 0) more explicit we write the QCD and QED Lagrangians involving only the
light degrees of freedom,

1 1 1 2 ~
Lwer = Lqcp+Lem +0O == —*FMUF“V — *GﬁMGA/W + QQCD%G;‘}NGA“V (4.24)
v 4 4 327
+ Z Pilpr) — Z Yrmytr + hec. (4.25)
u,d,s,c,b,e,pu, 7 u,d,s,c,b,e,pu, T

with the covariant derivative given by
Dy, =0, +igT*G]} +ieQA, , (4.26)

including only the coupling to gluons (QCD) and to photons (QED). In the case that the accidential sym-
metries of the SM are disregarded, there would be additional terms at this order, in particular a Majorana
mass term for the neutrinos violating lepton number conservation by AL = 2.

This Lagrangian corresponds to the zero-th order contribution to the WET. The subsequent orders can
be computed by adding all higher-order operators built upon the WET degrees of freedom and consistent
with the assumed symmetries. That is, taking into account the power-counting expansion, we will have that
the WET Lagrangian reads

ng
LwgT = EQCD + LM + Z Z LE‘“OZ@ , (4.27)
d>5i=1

where in this notation the Wilson coefficients are dimensionful and scale like

L9 oot d>5. (4.28)
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It is interesting to note that at O (UO), the WET is not a chiral theory but rather a vector theory, in that
all interactions treat in the same way left-handed and right-handed fermions. Chiral interactions arise only
at O (0’2), with for example the four-fermion interactions that we saw in Fermi Theory treat differently
left-handed from right-handed fermions. As mentioned above, the reason is that chiral interactions can be

constructed even with purely vector gauge interactions once higher-dimensional operators are allowed.

4.3 The WET operator basis

Let us now discuss which kind of operators may be present in the WET Lagrangian given by Eq. . In
the following, we denote field-strength tensors as X = F,,, G, and ¢ indicates fermion fields.

The lowest non-trivial order of the WET is d = 5. At d = 5, we will have operators of the form O = 92X,
while at d = 6 power counting tells us that operators will be either for the form O = X3 (purely gauge
fields) or O = ¢* (the four-fermion operators present in Fermi Theory). Hence we see that the general
WET contains several other operators beyond those that were considered by the original Fermi Theory (as
expected, since this was limited to four-fermion interactions).

At dimension-6, In addition to operators of the form @ = X3 and O = ¥*, one can consider other
possible types of WET operators, for example, those containing derivatives. One could think for example of
operators of the form O ~ (0X )2, which also have the right dimensions. However, you can convince yourself
that this operator is redundant because it can be related to other operators that we are already considering
by using the Equations of Motion of the lowest-order Lagrangian. Indeed, applying the equations of motion
to the QCD and QED Lagrangians yields

Q" = ¢ 3 urQu, (4.29)
Y=u,d,l

(DG = g, Y Gy Ty, (4.30)
Y=u,d

which imply that we can rewrite the derivative operator in terms of fermion fields as
O~ (0X)* ~ (¥?)* ~ ot (4.31)

namely in the form of four-fermion operators. Therefore we should not include operators of the form (X )
in our WET Lagrangian, since these are not independent from the four-fermion operators that we already
include because they are related by the EoM of the classical Lagrangian (recall also the corresponding
discussion in the case of the two-scalar EFT).

Hence at d = 5 dimensional counting tells us that we only have one class of operator contributing to the
WET Lagrangian, namely O ~ ¢2X. One example of this class of operators is the following

Ouc = o™ T urGy, (4.32)

where the gluon field strength tensor is given by

Gi, = 0,Gy — 0,Gf — g fAPCGEGY . (4.33)
The O, operator hence couples a right-handed quark with a left handed quarks with one or two gluon fields.
One clearly different feature of this operator as compared to the d = 4 is the presence of chiral interactions,

which are absent from the O(v") Lagrangian. These chiral interactions, arising at O(v), reflect the fact that
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the UV theory is also chiral. Note that the operator Eq. is gauge invariant under only vector gauge
interactions, showing that chiral interactions are here not a consequence of the gauge symmetry but rather
a general consequence of how the EFT is constructed from the bottom up.

It is useful to reflect on which kind of effective interactions are induced by Eq. which are absent
from the WET Lagrangian at the zeroth order in the power expansion, which as we have discussed above
is nothing but the SM Lagrangian after EWSB restricted to QCD and QED and with only light fields
as degrees of freedom. Fig. [I.2] highlights the interactions which are generated by the dimension-5 WET
operator of Eq. : a contact two-quark-two-gluon vertex (top) and a quark-quark-gluon vertex with
derivative coupling (bottom). The four-point vertex is a new interaction, which is absent from the leading-
power Lagrangian. Instead, the leading power Lagrangian Eq. already includes a quark-quark-gluon
interaction (this is part of the QCD Lagrangian) but the one in the bottom panel of Fig. has both a
different structure (it is a chiral interaction, while the QCD one is vectorial) and in terms of strength (it is
a derivative coupling whose amplitude grows with energy, while the QCD counterpart is constant).

The example of Fig. highlights the main effects of adding the higher-dimensional operators to the

leading-power Lagrangian when constructing an EFT from the bottom up:
e Completely new interaction vertices may arise.

e Existing interactions may be modified, by instance by introducing a new dependence with the energy
or with the fermion chirality.

Figure 4.2: Interactions which are generated by the dimension-5 WET operator of Eq. (4.32)): a contact
two-quark-two-gluon vertex (top) and a quark-quark-gluon vertex with derivative coupling (bottom).

It is instructive to think about which kinds of low-energy processes (here “low-energy” means well below
the electroweak scale v) are modified by effective interactions such as those induced by the dimension-5
operator Eq. . For instance, you can convince yourself that low-energy Drell-Yan production at hadron
colliders, pp — qq + X, would be modified in the presence of such operators.

Crucially, since we are constructing the WET from the bottom up, and not top-down matching to the
SM, our Lagrangian may contain operators that are absent from the SM, generated by some possible new
physics well above the electroweak scale. In other words, the WET Lagrangian will contain three classes of
higher-dimensional operators:

(a) Operators that are generated by starting from the SM and integrating out the heavy fields. These
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operators in the WET represent interactions that are already present in the SM, now presented in
handier way at low energies since only the light fields are present.

(b) Operators that are absent in the SM, but that are allowed by the field content and symmetries of the
WET. These operators may be generated by some new physics above the EW scale, and are described
in terms of what is called the Standard Model Effective Field Theory (SMEFT) that we will see later
in the course. In this case, for a top-down construction one needs to match the full SMEFT (and not
only the SM) to the WET.

(¢) A combination of the two: WET operators that receive both a SM contribution and a contribution
from possible new particles and forces beyond the SM, such as those parametrized by the SMEFT.

Let’s now turn to consider the dimension-6 operators that can be found in the WET Lagrangian. As
discussed above, these are operators with structure @ ~ X2 or O ~ %, hence either purely gauge or

four-fermion operators. An example of the purely gauge operator is the all-gluon operator given by:
Og = PG alrair, (4.34)
which has associated interaction vertices of the form
(0G3)* ,(0G)* G2, (0G) G*, G5, (4.35)

hence contributing to multi-gluon production for example at hadron colliders. This is an example of a WET
operator which is absent from the SMEI, and that can only be generated by new physics well above the
electroweak scale. In other words, if we match the WET to the SM (at tree level) we would find that the
associated Wilson coefficient vanishes, ¢¢ = 0. This is of course fine if we assemble the WET from the
bottom up, since one is being agnostic about the specific UV completion of the theory, and we don’t specify
whether it is the SM or something else.

In addition to the purely gauge operators, the WET includes of course the four-fermion operators, some
of them we have seen already. These operators can be classified depending on the chirality (LLRR, LLLL,
RRRR) and depending on their fermionic field content (purely leptonic, semi-leptonic, and non-leptonic).
As for the other operators, the four-fermion operators in the WET may arise from the SM upon integrating
out the heavy fields (an example being the LLLL operators such as Eq. )7 others vanish if matching
to the SM, and a combination of the two cases.

An example of a semileptonic operator of the LLLL category arising in the WET at d = 6 would be the
following:

Ot = (o)) (umy) (4.36)

which results into a four-point local interaction between two neutrinos and two quarks. This operator
is generated by matching to the SM at tree level by considering by the exchange of a Z boson via the
qq — Z — vv process. Again, although this operator of the WET is generated by integrating out heavy
SM fields, its Wilson coefficient ¢¥;I% /v? would also receive contributions from new physics beyond the SM,
for example due to the exchange of a Z’ boson with a mass in the TeV scale. These various effects are
summarized in Fig. 4.3t Eq. generates a four-fermion interaction (left). This four-fermion interaction
arises from SM diagrams such as those of the middle panel, via a Z boson exchange. But the WET wilson
coefficient does not need to coincide with the SM one: if we have for example a heavy Z’ BSM boson at the

4Only in the case of tree-level matching. This operator can be generated in the SM at the loop level, but is then suppressed
by powers of the SM couplings.
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TeV scale (right panel), upon integrating it out its couplings and masses would also contribute to the Wilson
coefficient. In the latter case, one needs to match the WET to the SMEFT, as will be briefly discussed in
subsequent lectures.

VIL 2 2
Cuu 8Ew 8z
o SEW L a2y

v2 m3 m3

Figure 4.3: The semi-leptonic WET operator Eq. generates a four-fermion interaction (left). This
four-fermion interaction arises from SM diagrams such as those of the middle panel, via a Z boson exchange.
But the WET Wilson coefficient does not need to coincide with the SM one: if we have for example a heavy
Z' BSM boson at the TeV scale (right panel), upon integrating it out its couplings and masses would also
contribute to the Wilson coefficient.

4.4 Operator mixing in the WET

The WET is particularly useful to compute low-energy processes such as B-meson decays of the type
B = Dy +nt. (4.37)

Fig. displays Feynman diagrams representing the B-meson decay B® — D + 7t in the WET (left) and
in the SM (right panel). Since the mass of the bottom quark is much smaller that the mass of the W boson,
mp < myy, it is indeed justified to describe this process in the WET where the W boson has been integrated

out.
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Figure 4.4: Feynman diagrams representing the B-meson decay B° — D7 + 7% in the WET (left) and in
the SM (right panel).
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Dimensional analysis tells us that the amplitude for this decay will be A o< m?/m%,. One could argue
that higher order terms in the EFT expansion are power-suppressed and can be neglected. However, if one
computes loop corrections to this process in the SM, one finds corrections which have a prefactor of the form

m2
asln —% ~ 0.2 x In(250) ~ O(1), (4.38)
my
hence this loop correction, while formally subleading, is enhanced by large logs in the ratio my /m; which
then threaten the perturbative convergence of the calculation. In other words, our effective expansion
parameter has become non-perturbative.

It should be clear that large logarithms of the form of Eq. cannot be generated by calculations
carried out in the WET, for the reason that my, does not appear in its Lagrangian (and the same holds
for any other heavy SM particle that may generate large logarithms). In order to account for these effects
while keeping the simplicity of the EFT description, we can use the so-called renormalization group improved
perturbation theory. Let’s illustrate its main idea using the B® — D + 7+ decay considered above. In the
WET, the relevant operator describing this B-meson decay is the following:

Lwer D F (5cv"cr) (ury*br) (4.39)

which is hence of the (LL)(LL) category. By means of tree-loop matching to the SM, it is easy to determine

the value of the associated Wilson coefficient

Cc 4GF
— =——VIVi, 4.40
A2 V2 b ( )
and this coefficient may be different in case of BSM effects. Actually, once we take into account color indices,

the operator in Eq. (4.41)) is not the only one contributing to this specific B meson decay. One has

Lwer D L1071 + L20o (441)
with e
O1 = (5p9"b) (ury*er) , Ly = N \/fV*V (4.42)
- A _ A 8GF .
02 = (SL’}/NT bL) (uL'y“T CL) 5 L2 = —7‘/ Vub, (443)

7

which are obtained after Fierz relations (see the next section). However, none of these two operators will
generate the large logarithm that arises in the SM calculation in the presence of QCD loop corrections. The
reason is that we carry out the matching between the SM and the WET at p = myy, where there are no
large logs. Instead, one should match the WET and SM calculations at p ~ mp, which this way generates
the large-logs correctly in the WET amplitudes. Indeed, this is an intrinsic flexibility of the EFTs: we can
match with the UV theory at any scale p provided we are in a kinematic region where both the EFT and
the UV theory are simultaneously applicable.

One can show that if we match the WET and the SM at 4 = m; we not only reproduce the large
logarithm present in the one-loop calculation of the SM, but actually resums the complete tower of such
logarithms to all orders in perturbation theory. For this, we note that the scale dependence of the Wilson
coefficients L; with u is absent at tree level but instead arises at the level of one-loop calculations. Once we
compute one-loop corrections to the WET amplitudes, we find the following relation between the relevant
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Wilson coefficients

d_p_os 0 6Cr/Ne 7 (4.44)
12 —12/N,

whose solution mizes the two Wilson coefficients L; and Lo as the matching scale p is varied. For example,
assume that at some reference matching scale p9 we have Ly = 0 and Ly = A. One can then solve the RGE
equations to get

d _ 6CF

i =
dini '~ N,

Ly, (4.45)
which shows that, due to operator running and mizing even if Ly (1 = po) = 0, we will have that all other
scales in general one finds L (p # pg) # 0. From the practical point of view, it is best to solve the RGEs in

the basis that makes these equations diagonal. The general solutions for this case are

as(fi) a ~vEa
LA () = L* (fio = muw) exp ( / o dahg(;;) (4.46)

in terms of the QCD beta function, and where the eigenvectors of the anomalous dimension matrix are given
by

7 =7 (il — ]\1,) (4.47)

Crucially, by solving the RGEs we generate the large logs in m,/my, that are generated by the NLO
calculation in the SM and that are absent from the WET (without the RGE improvement). Actually, these
logarithms are resummed to all orders in perturbation theory, which is a significant improvement as compared
to fixed-order calculations. To show this explicitely, we solve the equation to come with the solution

(4.48)

ag (mW) ~E /280
Qg (ﬂ) )

L) = L* (mw) (

which by using the solution of the RGE for the strong coupling constant

O‘S(ﬂ)) - (1+ s () ln( v ))1 : (4.49)

as(mwy 4 myy,

results into the following solution for the running and mixing of the WET Wilson coefficients

+
L*(my) = LE (my) exp (7 z;gZW) In n’;@i) (4.50)

which shows the large logarithms that we wanted to reproduce and to resum. Expanding the exponential in
particular reproduces the logarithm of the fixed order calculation that we were worried with to begin with.

In summary, what we have learned concerning operator running and mixing;:
e Tree-level matching relations at ;1 = myy do not generate large logarithms.
e There large logarithms appear in the UV theory, so they should be somehow accounted for in the EFT.

e Using the renormalisation group equations we can resum to all orders these potentially large logarithms
in the EFT to obtain more accurate predictions.
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5 Lecture 5: Weak EFT part 2 + SM primer

5.1 Brief recap
Covered in the previous lecture:

e At energies much below the electroweak scale, we can integrate out the W, Z (and ¢, h).

e E.g. u — v,ev, can be described by a four-fermion operator by expanding the W propagator, corre-
sponding to the power counting § ~ E/Myy.

e By measuring the p decay rate and assuming the coefficient of this operator to be ¢/A? with ¢ = O(1),
we conclude that the scale of “new” physics is A ~ 300 GeV, which is of the same order as the
electroweak scale.

e In constructing the LEFT, we use the SU(3). X U(1)em gauge symmetries.

e The Standard Model (SM) also has accidental symmetries, such as a global U(1) symmetry corre-
sponding to baryon number conservation. This will be inherited by the LEFT if we match to the SM,
but should not be assumed when searching for BSM physics.

Certain models of BSM physics predict enhanced rates for rare hadronic decays of e.g. B mesons, which
is the focus of LHCb. These low energy processes are described by LEFT. There had been a lot of excited
about the violation of lepton-flavor universality in B — K{T¢~ decays, with a > 30 deviation from the
Standard Model. However, in their update last November, LHCDb found results consist within 1o of the
Standard Model and they seem to have previously underestimated one of their systematic effects. (Belle
didn’t see this deviation.)

5.2 Outline for today

e Renormalization group and resummation.
e Including spin and internal symmetries when constructing operator bases: Fierz.
o Standard Model primer (if time).

5.3 Renormalization group and resummation

If one e.g. calculates perturbative corrections to B-meson decays in the standard model, one obtains terms
of the form

F:I‘O(l—i— 3y cn,magln’”(Mav/mi)+...), (5.1)

1<m<n
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where Ay is the result at leading order. Even though these terms are formally suppressed by powers of
as ~ 0.1 this is largely compensated for by the large In(M3, /m?) ~ 6.

LEFT allows you to resum these logarithms, which amounts to including the leading logarithms (terms
with m = n), next-to-leading logarithms (m = n — 1), etc in eq. , depending on the desired level of
accuracy. Let me first sketch how this works: In LEFT, only the Wilson coeflicient L depends on My, while

my, only enters in the matrix element of the operator (O):

14 ¢ 0 1n(MV2V/m§) = (1 +eraas ln(Mvzv/uz)) (1 +c1105 ln(u2/mg)) +.... (5.2)

L (0)

Now L and (O) won’t contain large logarithms if evaluated at u ~ My and p ~ my, respectively. In the

end we need them at the same scale, for which we use the renormalization group

L
d — 9e,L, d(0)

= 201’1<O> . (53)

dlnp dlnp

Solving this differential equation
L(p = myp) = exp[ey, 1o In(Myy, /mg) | L(p = mw ), (5.4)

so the large logarithms exponentiate. As we will now discuss the reality is more complicated: there is mixing
between operators. Furthermore, I ignored that oy itself depends on .

Let’s make this more concrete for B® — D nt, which is based on b — ués (Draw)). Consider

Lerr = L1014+ L2023+ ...
Oy = (5py"br)(rnvyucr)
Oy = (§L’7MTAbL)(’[LL’Y#TACL) . (55)
Relating the bare quantities (with tilde) to the renormalized ones (without tilde)
q= Z;/2q7 Li = ZyL;, (5.6)

you should have obtained during last Friday’s exercises that

asCr 1 asCp 1 (0 3=
Z,=1-— - Zii = 01 + ———— = Ne . 5.7
q T €’ 1] zj+ Ar 6<6 _NL - ( )
</ ij

We can now obtain the evolution for L;, by using that the bare L; is p-independent:

dL;  dz; dZ; dL; —14Zjk
0= _ . fyp—— =7 L. 5.8
dlnpg  dlnp it JdlInp - dlnp Yo dlnp F (58)
—_———

Vik

The anomalous dimension 7 is at order oy given by

ast 0 LﬁF
— c 5»9
V= (6 a ) (5.9)
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using that

dag
dlnp

= —2cas +0(a?). (5.10)

It is straightforward to solve this differential equation numerically. To do it analytically with a running

coupling, the following trick is convenient

dag

=B(as) — dhnp= (5.11)

Blas)’

where (as) = —foa?/(27) + O(a?) is the QCD beta function for € = 0.
If one would measure this decay, one could extract C(m;), and this discussion of the scale dependence

dlnp

might seem irrelevant. However, if we wanted to compare/combine with measurements at a different exper-

iment we still need to use it. (Discuss Wilsonian renormalization picture?)

5.4 Spin and internal symmetries

For the scalar EFT, we have seen that the operator basis can be simplified by using partial integration
and equations of motion. With a ¢ — —¢ symmetry, the first derivative operator that can’t be eliminated
appears at dimension 8: ¢2(9,0,¢)(0"0" ¢).

Things become more complicated when fields have spin and/or transform under internal symmetries. We
know that the Lagrangian should be a Lorentz scalar and should be invariant under internal symmetries.
The challenge is to construct a basis of operators that is complete and linearly independent. Let’s start
with an example: we can have the four-fermion operators 1)1 1)3I71),, where a complete basis of I' =
{1,947, 0" = L[y",4"],iv"y5,v5}. Indeed, these are 4 x 4 = 16 matrices and 1 +4 +4 x 3/2+4 + 1 = 16.
Lorentz invariance requires that the Lorentz indices in I' and IV must be contracted.

Q: How many possibilities are there? Answer: 10

1®1a 75®75) 1®’Y57 75®1a
Y@ Yus Y5 @ Yu¥s, Y@ s, Vs @ Yy,

o @ oy, €70, @0ps . (5.12)

This can be further reduced if discrete symmetries, such as parity, are imposed.
To feel confident that we got everything, we can use group theory: The Lie algebra of the Lorentz group
is equivalent to that of SU(2) x SU(2) and we can label representations by their corresponding (51, ja2).

E.g. scalar is (0,0) and Dirac fermion is (3,0) @ (0, 1). Now we can count the number of invariants:
(3,00 (0,)]* =1(1,0) ®2(0,0) @ (0,1) ®2(3, 1) = (14+4+1+4)(0,0) +..., (5.13)

using the standard formula for addition of angular momentum to calculate j; ® jo. We indeed find 10.

One could have equally well considered the operator v ¥3IV¢py. From the counting we did above,
we know that we have already obtained all invariants. Indeed, there is a Fierz identity, that allows you to
change which fields are contracted with each other:

8iir6jrj = 2T%Taij s (5.14)

1

where there is an implicit sum on a and corresponding Lorentz indices in the I'’s are contracted. Thus one
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does not need to include this different ordering of fields to have a complete basis. As you will see in the
exercises, eq. ((5.14) follows from the normalization of I'* and completeness:

tr[0°Ty) = 468, X = Ttr[XT,]I°, (5.15)
and then taking X;; = §;;70;/;. One can then use this to e.g. show

Uiy Praba sy, Pribe = vy Poaps sy, Pria
Uiy Ppipy 37, Prips = =201 Pripa Y3 Prijy (5.16)

etc. Care must be taken here that the spinors fields are anti-commuting and that this gives extra signs when
rearranging the fields.
When the 1; are no longer different fields, things become more complicated. For example,

Yy PLyp v Prip = =20 PRy Pry (5.17)

reducing the basis. This case can still be treated using group theory, by looking at the (anti-)symmetric part
of the tensor product for bosonic (fermionic) fields. There is some beautiful math (plethystic exponential)
that one of my master students used a few years ago to automate the counting of operators for the Standard
Model Effective Field Theory.

The story is very similar for internal symmetries. E.g. if ¢, has 3-components and transforms as ¢, —

Uaptps with U € SU(3), we can construct the following invariants

V1,002,037 Va g V1o Tl 2,5 030 TisT s . (5.18)

Here we made the indices «, 3,7, 0 corresponding to the internal symmetry explicit (we have suppressed the
spin indices). The T4 with a = 1,...8 are the generators of SU(3) and are Hermitian and traceless. This
is complete because {1,74} is a basis of all 3 x 3 matrices. (You can also check this with group theory:
(3®3)2=(1®8)2=2-1+...). One could again have changed which fields are contracted with each other,
but this does not yield anything new due to the Fierz identity

1
SasOyp = 30apdys + 2T 5T (5.19)
which is an exercise. So we could have also chosen the following basis:

V1,020 38T Ya g, V1,2 503 8T Va0 (5.20)

or, after applying a spin Fierz,

V1,6T02.0 V38T Ya g, V1,000 Y380 Y 5. (5.21)
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6 The Standard Model Effective Field Theory

The Standard Model of particle physics, often simply called the Standard Model (SM), is an extremely
successful quantum field theory that describes almost everything we know and observe about the interactions
of elementary particles. The Standard Model correctly predicts a large number of complicated differential
distributions in high-energy collisions occuring at the Large Hadron Collider (LHC). At the same time
it describes many low-energy processes such as beta-decay processes of muons, neutrons, and even atomic
nucleﬂ One historically important property of the Standard Model is that the theory is renormalizable. This
was proven by 't Hooft and Veltman in the 70’s and they received the 2002 Nobel prize for this achievement.
The renormalizability of the Standard Model was crucial at that time because it meant that the theory gives
finite predictions at any order in perturbation theory and could be true up to arbitrary high energy (well up
to the Planck scale where quantum gravity effects are expected to play a role).

With what we have learned in this class, we might want to take a different perspective. We know nowadays
that while the Standard Model is very successful, it should not be too full of itself. It misses important physics!
There is one major experimental observation that is completely at odds with the Standard Model: the fact
that neutrinos oscillate. This implies that neutrinos are massive particles but in the original Standard Model
Lagrangian (see for instance Weinberg’s paper ’a model of leptons’) the neutrinos are massless. The Standard
Model also fails on cosmological fronts: it does not have a Dark Matter candidate nor does it describe how
the universe evolved from the Big Bang into a universe with more matter-than-anti-matter. The Standard
Model does not describe cosmic inflation. These problems indicate that the SM is not complete and should
be extended by a theory that does describe these phenomena.

Historically, such SM extensions were constructed by adding new degrees of freedom to the theory and/or
by adding new symmetries or principles (an important example which combines all of this is the minimal
supersymmetric SM). These SM extensions are often motivated not just by the observed SM shortcomings
but also by more theoretical arguments (for instance the hierarchy problem or the strong CP problem which
are not problems in the sense of inconsistenties with data but more unappealing SM features). A different
point of view has also been developed. Instead of thinking about the SM as a complete theory of nature,
let’s just treat it as an EFT that works well only up to some given energy scale which we will denote by
A > My . You can compare this to Fermi’s theory of weak interaction which is a good description as long
as F < Myy.

The SM Lagrangian can be constructed by writing down all terms, containing the SM degrees of freedom,
with dimension d < 4 that are invariant under Lorentz symmetry and SU.(3) ® SUL(2) ® Uy (1) gauge
transformations. The demand that d < 4 ensures the renormalizability of the SM of course. If we let this
constraint go, we obtain the Standard Model Effective Field Theory (SM-EFT). In this light, the SM-EFT
is very straightforward to write down. It has the same degrees of freedom and the same symmetry principles
as the SM, and the difference is that the SM-EFT contains terms with d > 4. These terms, however, can
have major consequences as we will see in this lecture.

Having specified the symmetries and degrees of freedom of the SM-EFT, we need to discuss the final
crucial feature of any EFT. The power counting. This turns out to be rather straightforward as well as
observables can be expanded in a power series of E/A where E denotes the typical energy scale of the
process we are investigating (E can be related to, for example, the center-of-mass energy of a collision
experiment but also to a fixed SM scale such as the mass of a particle. In any case we require £ < A for

the SM-EFT to make sense). On top, we have the usual perturbative expansion in terms of the SM coupling

5Because the Standard Model contains QCD, which becomes non-perturbative at low energies, it is not exactly straightfor-
ward to compute SM predictions for processes involving hadrons. EFTs can help with that as well, and we will see an important
example of that in the next lecture on chiral perturbation theory.
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Table 1: Hypercharge assignment of Standard Model particles. These assignments are derived below.

constants.

6.1 The Standard Model Lagrangian

Let us first discuss the SM Lagrangian itself. If you have never studied this in detail before, some terms
might look unfamiliar but don’t fret as the main ideas of the SM-EFT can be understood without knowing
all subtleties of the SM. Constructing the SM Lagrangian systematically serves a dual purpose: first of all
it reminds us of the SM. Second, a systematic construction of all possible terms already shows the general
construction of EFT Lagrangians. In the notes in this section we will give more details for which there is no
time in the actual lectures.

For simplicity let us begin with a single generation of fermion fields. The SM contains then a left-handed
doublet of quarks and a left-handed doublet of leptons

Q= (Zi) . L= <:§> . (6.1)

Here the fields uy, dr, vy, and ey, describe left-handed Dirac spinors where the subscript L implies ¥ =
Py = %(1 — 7v5)¥. Similarly a right-handed field is defined as U = Pr¥ = %(1 +75)¥. The Pp g are
projectors because Pr, Py, = P, PRPr = Pr, PLPr = PrPr = 0, and note that P, + Pr = 1 such that
U =0, + g

The left-handed doublets transform in the fundamental representation of SU(2).: Q@ — U(z)@, L —
U(x)L, where U(x) is a space-time dependent SU(2), matrix which we will write as

Ulz) = 20", (62)

in terms of the Pauli matrices 7*. Both doublets are charged under Uy (1) as well and they transform as
Q — €9YeQ, L — 91 [, where Y, g are called hypercharges that can be read from Table

We also introduced right-handed fields ugr, dg, and er which are not charged under SU(2); gauge
symmetry (they are SU(2)r, singlets) but do transform under U(1)y in similar fashion as @ and L but with
different hypercharge (see Table [I).

The quark fields ur, dr, ugr, dg are the only fermion fields that are charged under SU(3). and they
all transform as {ur, dr, ur, dp} — W(z){ur, dr, ur, dgr} where W(x) is a space-time dependent SU(3).
matrix. The lepton fields are SU(3). singlets.

Finally, the SM contains a doublet of complex scalar fields H which transforms under SU(2), as H —
U(x)H similarly as @ and L. Tt also transforms under U(1)y with hypercharge 1/2 but it does not feel
SU(3)..

Let us now write down systematically all terms up to d < 4 that are consistent with these symmetries.

6.1.1 Dimension 0

In principle we can add a constant term to our Lagrangian £y = C. By itself, this term is meaningless and

does nothing but once we include gravity this term describes the cosmological constant (which confusingly is
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often called A but we use that symbol for the SM-EFT breakdown scale). By dimensional reasoning [C] = 4
and from an EFT point of view we’d thus expect C' ~ A*. This is extremely far from the observed value of
the cosmological constant for any value of A > my, (and in fact for much smaller values of A as well). This
mismatch is called the cosmological constant problem and indicates that something fishy is going on here.
We will not discuss this further as we will consider the SM-EFT without gravity.

6.2 Dimension 1

The only dimension-1 term that we could write down would be £; = H which is Lorentz invariant. However,
it breaks U(1)y and SU(2)r gauge invariance as H is charged under these symmetries. As such there are

no dimension-1 terms in the SM Lagrangian.

6.3 Dimension 2

Here we can use two scalar doublets. The only gauge-invariant term is H'H and we write
Lo=p’HH, (6.3)

where [u] = 1. Again by EFT expectation we’d have u? ~ A% whereas in reality p? is related to the Higgs
mass my, ~ 125 GeV and the Higgs vacuum expectation value v ~ 246 GeV, and thus p? ~ (100 GeV)? < AZ.
This mismatch is called the hierarchy problem and from the point of view of EFT, it is essentially a breakdown
of the naive scaling of the dimension-2 coupling constant. In Eric’s lecture where you matched a theory with
a heavy and a light scalar to and EFT with just the light scalar, the hierachy problem appeared explicitly
through m? ~ M? (with a loop factor suppression). The hierarchy problem has been extremely influential
in the field of Beyond-the-Standard-Model (BSM) model building and was a major motivation for models
such as supersymmetry and technicolor. However, the observation of a relatively light Higgs and no non-
SM degrees of freedom at the LHC, indicates that the naturalness problem might not be a good guide to
construct BSM theories. Of course the verdict is still out and it might very well be that new particles are
discovered in upcoming runs of the LHC or its upgrade (the high-luminosity LHC) or in a possible future
collider (such as the FCC, the future circular collider).

6.4 Dimension 3

Here we could write down terms with three scalars, two scalars and one derivative, or 1 scalar and two
derivatives. However, the first and the last will not be gauge invariant (note that (2®2®2) = (2®2® 4)
and thus you cannot construct an SU(2) singlet by combining three doublets), while a term with a single
derivative and 2 scalars will not be Lorentz invariant.

We could combine two fermions in principle but a gauge invariant combination like LL vanishes because

U0 = (PLO) Py = UTP AP = WPRPLD =0, (6.4)

where we used Pz = Py, since 7% is hermitian. Similarly a term like iigrup vanishes. We also cannot simply
write down €rer as this is not invariant under SU(2)p.
The conclusion is that there is no dimension-3 term in the SM Lagrangian.
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6.5 Dimension 4
6.5.1 Kinetic terms for fermions and gauge fields

Here we get the bulk of the SM Lagrangian. First of all we can write down the kinetic terms for the fermion
and scalar fields. These take the form

Li0=QilpQ+upilpur +drilpdg + Lil) L + égilper (6.5)

where I = v*D,, denotes the covariant derivative which is different depending on the object on which it

acts. For instance, the right-handed electron field only has a U(1)y charge so we’d get
D,er = (0, —ig'YeB,)er, (6.6)
where B, is the U(1) gauge field. More generally, we can write
D, =0, — z% Ao\ — i% Wirl —igYB,, (6.7)

where A% denote the SU(3). gluons (a = {1,--- 8} and \; are the Gellmann matrices) and W' the SU(2)L,
gauge bosons (i = {1,2,3}). In this definition of the covariant derivate it is implies that the term with gluons
is only present for quarks, the terms with SU(2); gauge bosons only present for the left-handed fermion
doublets and the scalar doublet, and in the last term Y denotes the hypercharge of the field on which the
derivative acts.

Having added the gauge fields, we also have to write down their kinetic terms. They are given by

Ly

)

1 a v 1 : i v 1 v
b — _ZG;U/GGM - ZW/,ZLVWZH - iB”VBH B (68)
expressed in terms of the field strengths

GY, = 0,A% — 0, A% — g f*Ab AT,
Wi, = 0W,—08,W,—ge""WIw}, B,, =09,B, —9,B,. (6.9)

nv

If you are not familiar with the construction of the non-Abelian gauge theories, don’t worry too much. We
will not really need this in what follows below. What is important to notice is that the non-abelian field
strengths have self-interaction terms. Note that these terms all involve 2 vector fields and 2 derivatives and
thus are indeed dimension 4.

6.5.2 The scalar sector.

Let’s now look at the scalar sector. We can write down two terms with just scalars
Ly.= (D, H)D'H)" — \(HTH)*. (6.10)

You should think about why a term such as (HTD?H) is not necessary. The dimension-2 2 term in Eq. (6.3)
and the dimension-4 A term above together form the Higgs potential. While the form of the terms are fixed

by symmetry considerations, the signs of the parameters pu? and \ turn out to be crucial for the theory. If
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1? and X are both positive, then the potential
V(H)=—p?H'H + N(HTH)?, (6.11)

has a minimum at the non-zero field value (HTH) = u?/(2)\) = v?/2 (The (- --) implies that we are talking

about the minimum). v ~ 246 GeV is called the Higgs vacuum expectation value (vev).

1 (o
(H) = 7 <v> : (6.12)

The minimum breaks SU(2) ® U(1)y down to a remainder U(1).y, although this might not be clear at

this point. The associated fields are excitations around the minimum. In principle, because H is a complex

It is customary to pick a vacuum

doublet, this involves four degrees of freedom and we could write

_ 1 ditige
"= (v +¢3 + ¢¢4> ’ (6.13)

in terms of 4 real fields ¢;. While there is nothing wrong with this, it turns out to be more convenient to

instead parametrize
1 0

=25V (@) (v ) hm) : (6.14)

where Y (z) is a general SU(2) matrix which describes 3 degrees of freedom, and h(z) describes the fourth.
In these lecture notes we will now use the freedom to pick a specific gauge, the so-called unitarity gauge,
which eliminates Y (z). That is, we do a gauge transformation H — U(z)H and pick U(z) = Y (z)~! such

that
1 0

In the unitarity gauge The degrees of freedom that have disappeared from H will induce mass terms for

some of the gauge bosons. To see this, consider the Higgs kinetic term for the minimum configuration

W gW:L — igWi
(D, H) = ~375 <_9W3 N g,BM> : (6.16)
such that )
(DL H)D,H)) = = g (W)? + (WD2) + (Wi = g'B.)°] .. (6.17)

and these terms describe masses for three linear combination of gauge bosons.

It turns out (this is not obvious right now) that the combinations
+ _ ol o 2
W,LL - (W,u + ZW#)/\/ﬁv (618)

describe the W* charged weak gauge bosons. We would then like that (gW,i3 — g’BM) ~ Z, so that the
neutral gauge boson becomes massive, while the photon A, remains massless. We can do so by making a
rotation in the WB‘Bu plane through

B, =cosOw A, —sinbw Z,,, Ws’ =cosbw Z, +sinfw A, , (6.19)
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with the inverse
A, = cosOw B,, + sin Oy W,f , Z,, = cos Oy Ws’ —sinfw B, . (6.20)

The angle Oy is called the Weinberg angle (essentially everything is named after Weinberg in this business).

I will from now one use cy = cos Oy and sy = sin Oy, to save some writing. With this rotation we obtain
(gW; —g'B.) = Aulgsw — 9'Cw) + Zu(gew + g'sw) (6.21)

and since we want A, to be massless this implies gsy = ¢’cw and thus tan 6y = ¢’/g. With this, we finally

obtain
¥ v2g? n _ 1
(D,H)D,H)") = 3 2Wu W —i—CTZ#Z“ , (6.22)
w

and we read off Mvj{, = Mw = vg/2 and My = Mw /cew > My where the last inequality holds because
cw < 1. This if of course observed in nature where My, ~ 80.4 GeV and Mz ~ 91.2 GeV. This then gives

for the Weinberg angle
2

M
2 w
=1- ~ (.223. 2
Sy M2 0.223 (6.23)
Let us take a quick look at the terms with the Higgs boson (h). These are now easily worked out and
lead to

1 A
Ly = 5(<9,Jz)2‘ — 12h? — \h? — Zh‘*, (6.24)

which implies M? = 2u% = 2v?\. Since the Higgs mass has been measured M}, ~ 125 GeV and we know
v =~ 246 GeV (from the W mass and determining the value of ¢ from gauge-fermion interactions, see the next
subsection) this implies A = M?/(20?) ~ 0.13. We should test this by measuring the Higgs self interactions
in Eq. through the A3 and h* terms. This is a major goal for the particle physics community but is
rather complicated because it involves di-Higgs production. So far the Higgs self interactions have not been
directly measured.

6.5.3 Fermion-Gauge interactions

Now that we have figured out the physical gauge bosons, let us quickly look back at interactions between
fermions and gauge bosons. These arise from the gauge-boson part of the covariant derivatives. For instance
for the left-handed lepton doublet and the right-handed electron we have the relevant terms

ﬁlcpton—gaugc = %I/‘Y“T’LL WZ, + g/YL Z/P)/MLB/_L + gIYe éR’yMeRB,u ) (625)

in terms of the hypercharges Yy and Y.. Consider now the couplings to photons by using Eq. (6.19). We
then see

S _ _
Elcptonfphoton = gTWL’YHTBL A# + g/CWYL L’YMLA/_L + gICWY; éRVMQRA#
_ s B S B
= A, {z/L (g’cWYL + gTW) YL +eg (g/CWYL - gTW) Yler +er (g ewe) 7“63}

1 1
= Au(gsw) [(YL + 2> vpytvr + (YL — 2) eryter + Yo éR’YﬂeR} ; (6.26)
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where we used the relation gsyr = ¢’cy we derived above. We see now that the choice Y, = —1/2 ensures
that the coupling to neutrinos vanish. The photon coupling to left-handed electrons is then proportional to

gsw =e (6.27)

which we use to define the charge. Note that this relation can be used to extract g from the fine-structure

constant ., = e2/(4r) ~ 1/137 which gives
1
g =/ (4m)aem— ~0.64 (6.28)
sw

and then we can compute v = 2Myy /g ~ 250 GeV. The more accurate value of v ~ 246 GeV can be obtained
if we include renormalization-group corrections ot the tree-level relations above.
Finally, experimentally we know that electromagnetism conserves parity so we want e to have the same
electromagnetic charge as er,. This then forces us to pick Y, = —1 (in agreement of course with Table .
This whole thing can be done for quarks as well. In general for a doublet (so with an SU(2), charge)

you can write

1 .
57_3 + Y = Qem (629)

where Q.p, is a diagonal matrix of charges (in units of e). For the lepton doublet L we’d have Qe =
diag(0, —1) while for the quark doublet @ we’d have Q. = diag(2/3, —1/3) and this then gives Y, = —1/2
again and Yy = 1/6. Since we want the h field to have no charge we also obtain Yy = 1/2.

For right-handed fields without a weak charge we simply have

Y = OQem, (6.30)

and thus Y, = -1, Y, =2/3, and Yy = —1/3.
Having specified the hypercharges, we can use Eq. (6.25) and the corresponding equations for quarks, to
read off the couplings to W* and Z bosons. I will not give the explicit couplings here.

6.5.4 The Yukawa sector

There is one class of dimension-4 interactions we have not considered and these involve 2 fermions and 1
scalar field without derivatives. The idea here is that the combinations L H and Q H are SU(2)-invariant
but not U(1)y- nor Lorentz-invariant. We can fix this by adding a right-handed fermion field. For instance
for leptons we would write

Lyukawa = —LH y. er + h.c. (6.31)

where the SU(2), indices of L and H are contracted, and the spinor indices of the fermions are contracted
as well. y. is a coupling constant, typically called the Yukawa coupling, which is currently just a complex
number but once we move to more generations it will become a matrix. If we now expand around the Higgs

minimum we obtain

v _ h
£Yukawa = _?f/i €LEeR (1 + 'U) + h.c.

= ¥l (1 + h) : (6.32)
v
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where in the last step I assumed that y,. is real. This is actually not an assumption as, for a single generation
of leptons, any phase can be absorded into the definition of the electron fields. We see now the all-important

electron mass term once we identify
Ye = —. (6.33)

We also see that the Higgs boson h couples to fermions with a strength proportional to the fermion mass
divided by v. This is the reason why the LHC experimentalists have observed Higgs coupling to heavy
fermions (top and bottom quarks, and tau leptons) while there is weaker evidence for couplings to charm
quarks and muons. No observations has been made yet of couplings to lighter fermions.

For down quarks the above construction works the same way, but we replace L — @, er — dg, and
Ye — Yq. We then obtain

V2m
ya =~ . (6.34)

For up quarks we have to think a bit harder. So far we constructed an SU(2), singlet through Q H = Q. H.,

where a = 1,2 are SU(2) indices. You can also construct an invariant through
PQoH}; = QiryH” (6.35)

where €*? denotes the 2-dimensional anti-symmetric Levi-Civita tensor. You can check that this is invariant

under infinitesmal SU(2)r transformations as

5Q = —% 20 -7), (6.36)
SH* = —5(0 -T)*H™, (6.37)
and thus
5 (QimoH*) = 26" Q [77* + 7(r*)"| H* =0, (6.38)
where we used (7%)* = —727%72 and 7272 = 1. It is customary to define

- 1 [v+h
H=ir’H* = — , 6.39
T \/§< 0 ) ( )

and write the gauge-invariant term (you should check yourself that this is also SU(3). and U(1)y invariant!)

~ Yul _ h
Lyukawa = —QH y, ur + h.c. = —% uu (1 + v) , (6.40)
and thus generates the same mass and Higgs coupling as for electrons and down quarks.

Finally, within the Standard Model neutrinos are massless so we do not have to build a neutrino mass
term, but it is clear one could do this by adding a vy field and repeat the exercise above. We will not do

this here, but instead argue in the next section how neutrino masses appear in the SM-EFT.

6.6 Three generations

Finally we need to understand what happens once we move the three generations. Most of the construction

above remains valid but we simply give each fermion object a generation index. For the fermion doublets
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we now consider

Li = Vel ) V#L ) vl ) Q’L = L ’ L ) tL ) (641)
er, nr TL, dr, SL b
and for the singlets

e%{ = {8R7 HUR, TR} U% = {U’Ra CR, tR} d;% = {dpw SR, bR} . (642)

Now the fermion kinetic terms we can always define to be diagonal in generation space. That is, to move
to three directions we simply replace ,
iLIPL — Y iL'DL’, (6.43)
i=1
where from now on I will no longer write the sum explicitly but use the Einstein convention. We do the
same for the left-handed quark doublet and the right-handed fermions. However, once we have made this
choice to keep the kinetic terms diagonal, the Yukawa terms are no longer diagonal. We get instead

Lvukawa = ~-L'H [ye}ij 6?;’, - QlH [yd]ij dg-?/ - Ql—f{ [yu]” ug:a +he., (6'44)

where the Yukawa couplings have become general 3 x 3 complex matrices. Each complex matrix in principle
depends on 18 parameters but fortunately we can get rid of many of them.

We can show this by going to a basis of fields where the Yukawa matrices become diagonal. In this basis,
the mass matrix becomes diagonal as well and it is therefore called the mass basis. It’s not too hard to
explicitly move to this basis and let’s do it for, say, the down-quark Yukawa matrix. First note that the

combination ydyjl is an hermitian matrix and can be diagonlized by a single unitary matrix Uy
b= UM3U} 6.45
Yayg = UaMiUy , (6.45)

where M 3 is a diagonal and real matrix. This implies we can write yq = UdeKUTl where K4 is another
unitary matrix. We can do the same for y, and y. off course but with different U, M, and K matrices. The
entire Yukawa Lagrangian can then be written as

v

A\ o
Lvitawa =~ (1 n U) {dLUdeK;dR +apUg MK ug + éLUeMeKZeR} , (6.46)

now we simply redefine {dg, ug, egr} — {Kqdgr, Kyugr, Keeg} and {dr, ur, er} — {Uqdr, Uyur, User}
and the entire Yukawa Lagrangian has become diagonal

v

B\
Lyvukawa.mass = 1+ — ) |dpMydr +urMyugr +erMeer| . 6.47
Yukawa, \/5( U)[L dOR L R L R] ( )

The matrices My, . are diagonal and contain the real particle masses (up to a factor v/2/v). We observe
that once we made the mass matrices diagonal and real, the interactions with the Higgs are also generational-
diagonal (and real). So in the Standard Model we can look for h — bb or h — 3s but we should not expect
to find h — bs.

Now the field redefinitions are not completely without consequence. We have to redefine the fields in
the entire Lagrangian. For most terms this does nothing but there is one exception: the charged weak

interactions couple @y, to dr (and €y, to vy) and in those terms the field redefinitions do not drop out. In
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particular, in the basis of Eq. (6.43]) we have terms

g + [~ i —i i
=W, |ayy*d}, + vp~yHer| +hee., 6.48
J2 [ L ar LY L} ( )

which after the field redefinitions become

Lwi =

Ly = \%Wj [ag (ULUL) " v d), + ﬂLUéjy“eiL] +he.. (6.49)
For the leptonic term this does not matter. We simply redefine v;, — U.vy, and the U, matrix disappears.
We can do this because we had not touched the vy, field so far. For the quarks however we can no longer
perform any field redefinitions. We define

Voxm = UlUa, (6.50)

which is unitary (because U, and Uy are unitary) and is called the Cabibbo-Kobayashi-Maskawa matrix. It
allows for generation-changing charged weak interactions.

A general 3 x 3 unitary matrix can be described by 9 parameters: 3 angles and 6 phases (you can see
that there are 3 angles because if the matrix would be real it would describe rotations in 3 dimensions and
thus contain 3 angles). You can also show that 5 phases can be absorbed into the quark fields such that we
are left with 3 angles and 1 phase. The standard parametrization is given by

Ve Vus Vup
Vekr = | Vea Ves Va
Via Vis Vi
1 0 0 cos f13 0 sinfgge® cosfia sinfio 0O
= 0 cosflyz sinfas 0 1 0 —sinfyy cosfip 0] ,(6.51)
0 —sinfy3 cosfas —sinf3e 0 cos 013 0 0 1

where the three angles and the phase are all accurately measured from a large set of observables. In general,
this is an extremely well tested part of the Standard Model and a plethora of measurements are described
by these few parameters in a consistent way. Fortunately there are few tensions (Google first-row CKM
unitarity or flavor anomalies to learn more) between experiments and theoretical predictions such that there
is hope, no matter how slim, that the Standard Model reign will finally be toppled!

6.7 The SM-EFT framework

We have now exhausted the construction of the Standard Model Lagrangian. The structure of the interactions
are remarkable simply, the main complications arise from the spontaneous symmetry breaking and the
associated mixing of the SU(2);, and U(1)y gauge bosons, and the fact that we live in a world with three
generations. Let us now start with the EFT interpretation: we say that the Lagrangian derived above
is simply the renormalizable part of a more general Lagrangian that contains higher-order terms. The
Lagrangian can be written as

_ 1 (5) ), 1 (6) (6)
£_£5M+Xzi:0i o) +in:q. o+ ..., (6.52)
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where the C’s and O’s denote, respectively, couplings and operators of higher and higher dimension. The
couplings are usually called Wilson coefficients. For this expansion to make sense we require A > v ~ My, ~
My ~ m; and, when using it to analyze experiments with an energy E, A > E.

Now we cannot just add any operator we want, they have to fulfill some criteria:

(a) First of all, we assume that we have not missed any light degrees of freedom so far so that the effective
higher-dimensional operators just consist out of SM fields. This is not necessarily true and there are
beyond-the-SM scenarios that involve light new particles (for example axions or sterile neutrinos) that
avoided detection not because they are too heavy to be produced but because they couple to weakly

to be produced in sufficient amounts to be detected. We will not discuss such scenarios here.

(b) We want the operators to have the crucial symmetries of the SM: SU(3), ® SU(2)r ® U(1)y gauge
symmetry and Lorentz symmetry. This greatly restricts the form and number of higher-dimensional
operators. We could make stronger assumptions, for instance by requiring that the operators obey
additional symmetries for example the conservation of baryon or lepton number, or CP symmetry.
Such additional assumptions might be reasonable but inherently imply assumptions on beyond-the-

Standard-Model physics which, because we do not know what is out there, can be dangerous.

The great advantage of the SM-EFT approach is that we do not have to specify a specific beyond-the-SM
scenario. Instead, we only assume that the scale of new physics is large (which is reasonable as we do not see
new degrees of freedom in our high-energy experiments) and then construct the most general EFT operators
consistent with the crucial symmetries of the Standard Model. As such, the SM-EFT approach is model
independent. In previous examples in this lecture course we mainly used EFT techniques to simplify our
calculations, but we in principle new the UV-complete theory and could, with significantly more effort, have
done our computations in the full model. This is not true here: we do not know the high-energy theory and
we use the EFT approach to parametrize our ignorance in a systematic fashion. That being said, if we would
like to, we can study any model of beyond-the-SM physics explicitly by performing a matching calculation
to the SM-EFT Lagrangian at the matching scale A. This means that once we connect the SM-EFT Wilson
coefficients to data (and the data can come very a very large range of experiments) we are actually testing
a very large set of possible beyond-the-SM models.

The downside of the SM-EFT approach is that, unfortunately, the number of operators grows very
quickly. We will see that there are many operators already appearing at the level of dimension-six operators.
Strictly speaking, the EFT approach requires us to consider all operators equally at a given order in the
power counting (thou shall not favor one operator over another!) and because of the large number of Wilson
coefficients, a practical analysis becomes tricky. This then leads people to make assumptions about the
EFT operators (additional symmetries or only operators with third-generation fermions or whatever) but
this dilutes the main advantage of the SM-EFT approach: model independence. In any case, the SM-EFT
approach to discovering new physics and to stress-test the SM has grown into a large field. Let us get going.

6.8 Our first steps into new territory: Dimension-5 operators

From power counting the largest effects are expected from terms with the least suppression by powers of 1/A
so we should begin with dimension-5 operators. We could combine 5 scalars but this is not gauge invariant.
Also we cannot use 4 scalars and a derivative because this is not Lorentz invariant. Pure scalar-operators
are thus not possible. We could consider 2 fermions and 2 derivatives. But then we’d get ¥ D?W¥; which

vanishes or W D?Wp which is not gauge invariant. Similarly, combining a field strength with 2 fermions
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doesn’t work. For instance we could try
Lo"erB,, (6.53)

but this is again not SU(2)r nor U(1)y invariant.

The only remaining option to generate a dim-5 operator would be to combine 2 fermions and 2 scalars.
This is not as easy as it sounds but let’s try it. Consider the combinations LH and HTL which are both
SU(3)., SU(2)r, and U(1)y singlets. So if we could combine these objects into a Lorentz scalar then we’d
be in business! Now naively gluing them together does not work because LL = 0. But it turns out there is
a way. This is a bit tricky to see with the four-component spinors that we are using but the combination
LTCL is a Lorentz-scalar, so a possible dimension-5 term is

c®
L5 = —TWL{ CLyH H,,é™e™ + h.c. (6.54)
This operator is often called, what else, the Weinberg operator. C' is the charge conjugation matrix which
we will define through C' = —iv,7g (note that C?> = —1 and CT = —C so that C~! = CT = —C). It is also

useful to write out
. . 0 T2 0 1 [ T2 0
= <—72 0) <1 0) ! (0 —72> (6.55)

In the Higgs minimum we obtain
0(5) 2

Ls=— VZ“ IOy, (6.56)

and the object [C‘(,i)v2] /A is called the neutrino Majorana mass term. You will practice with this funny-
looking term in the exercises, but for now I will just say that this term can correctly describe the observed

mass of neutrinos. It comes with some interesting features.

e First of all, the mass scales as v?/A and thus for A > v this somewhat explains why neutrinos are so
much lighter than other particles (we know that neutrino masses are of the order of 0.1 eV, a million
times smaller than the electron).

e Second, it makes a very clear prediction. The neutrino mass is of the Majorana type which means that
neutrinos are Majorana particles (again we work this through in the exercises). What does mean is
that neutrinos only have 2 degrees of freedom instead of 4 for usual fermions (like electrons). You can
see this from the Lagrangian where both the kinetic and the mass term only depends on vy = Prv
and the Pp, projector projects out 2 degrees of freedom.

e The Majorana nature can also be seen in a different light. The SM Lagrangian itself has several
accidental Symmetriesﬂ For example if we give all quarks fields (so for all generations) @, ug, and
dp the same global phase then the SM Lagrangian does not change. The associated conserved charge
is baryon number (B) which ultimately explains why we can classify hadrons into mesons (B = 0),
hadrons (B = 1), and nuclei (B > 2). Similarly, the SM is invariant if we give all leptons L and
er the same global phase and this is associated to the conservation of lepton number. However, the
Weinberg operator involves 2 L fields (instead of L and L) and is not invariant under a global U(1)
phase transformation. This means that the Weinberg operator breaks Lepton number conservation
and thus leads to lepton number violating processes.

6accidental symmetries are symmetries that we did not put in by hand but instead emerge after constructing the Lagrangian.
So in the SM we build a Lagrangian consistent with gauge and Lorentz symmetry but we do not put in, for example, baryon
number conservation by hand. This symmetry is an accident and is one of the strong points of the SM as it is a prediction.
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All together, SM-EFT comes with a clear prediction. Neutrinos are massive and Majorana states. We
have confirmed they are massive (big win for EFT) but have not confirmed they are Majorana (the verdict
is still out). New experiments looking for neutrinoless double beta decay (a lepton-number-violating process
where two neutrons are transmuted into two protons and two electrons but no neutrinos) are very close to
being able to tell whether neutrinos are Dirac or Majorana states. My money is on Majorana of course since
that is what SM-EFT predicts.

Let’s also be slightly more negative. Imagine that a next-generation experiment confirms neutrinos are
Majorana. We could then argue that this is caused by the dimension-5 Weinberg operator. The absolute
neutrino mass scale is roughly 0.1 eV so this implies

C$)U2 O‘(/S)UZ

~(0.1eV — A~

~ W ) (6-10") GeV . (6.57)

Now an EFT does not predict the size of the Wilson coefficients but one typically assumes that after taking
care of the dimensions through powers of A the remainder is not too big or too small. So if we set C&E}) ~ 1,
we’d get A ~ 10'® GeV or so. This is a very very very large energy scale. In some sense for the EFT point
of view it is good: a larger scale means a better expansion. But for us, it is bad. If this is indeed the scale of
beyond-the-SM physics then we will never be able to detect anything beyond neutrinoless double beta decay
(a possible exception is proton decay which we will discuss below).

Fortunately, the situation might not be so dire. First of all, there can be several scales of beyond-the-SM
physics and it might be that neutrino masses are generated at a very different scale than other operators.
Second, you will show in the exercises that a very attractive UV-completion of the Weinberg operator predicts
C‘(,g) ~ 52 where y, is a neutrino Yukawa coupling. Already in the SM these couplings can be very small
(for instance y. ~ m./v ~ 107%). For instance, setting y, = y. would lower the scale of A by 10 orders of
magnitude to A = 10* GeV which is definitely accessible. What the real scale of lepton number violation is,

or whether it is there at all, we unfortunately do not know yet. We have to do some more digging!

6.9 All hell breaks loose: Dimension-6 operators

So far, things went pretty great. We added one operator at dim-5 and it right away solved a huge problem of
the SM. Unfortunately, things are going to take a turn for the worse. At the level of dimension-six operators,
we can construct a large number of different operators. This is already clear by looking at possible structures
that lead to dim-6 operators. We can combine 6 scalars, 4 scalars and 2 derivatives, 2 scalars and 2 field
strengths, 2 fermions and 3 scalars, 2 fermions a scalar and a field strength, 2 fermions + 2 scalars +
derivative, and, worst of all, we can combine 4 fermions.

By constructing all possible operators and using integration by parts and equations of motion to eliminate
redundant operators, Buchmuller and Wyler constructed the full set of dimension-six operators already in
1985. Somewhat embarrisingyly, the field used their basis of operators for many years until a Polish group
(Gradzkowski, Iskrzynski, Misiak, Rosiek) identified a few mistakes in the derivation of the basis. They
corrected the set of operators and came up with a convenient basis that is complete and independent. This
basis is now called the Warsaw basis. The operators are given in Fig. These tables are copied from
the original literature and the notation is slightly different than used here: ¢ is used instead of H, the
right-handed fermion singlets are denoted by e, u, d instead of eg, ur, dr, and the left-handed doublets are
given by ¢ and [ instead of @ and L.

You see right away that compared to dimension-4 there are many more structures. Furthermore, for
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operators with fermions there are many flavor configurations. Take for instance, the operator
(H'H)(Lye,)H . (6.58)

This is basically dimension-4 Yukawa interaction (see Eq. ) multiplied by HTH. This is thus clearly
a dimension-six operator which is gauge invariant. The indices p and r denote the generation index and
can each take a value {1,2,3}. So there are actually 3 x 3 different flavor configuration each with it’s own
independent (and in this case complex) Wilson coefficient. For four-fermion operators there are even more
possible configurations. In total, it turns out there are 2499 independent dimension-six operators. I hope

you have no plans for the evening.

6.9.1 Proton decay

It is interesting to look at SM-EFT operators that break accidental symmetries of the SM since these can
lead to dramatic effects that cannot happen in the SM. We already saw that dim-5 operators break lepton
number conservation, and dim-6 operators can violate baryon number. Consider the operator

(6)
‘Cvaiolation = @Eaﬁ’y [(dfj)TCuf] [(uZ)TCet] 5 (659)

A2
where Greek letters indicate SU(3). indices. You can see that this operator is clearly SU(2); invariant
since we only involve right-handed singlets. For right-handed particles the hypercharges are identical to the
charges and this operator conserves charge 2 x (2/3) 4+ (—=1/3) + (—1) = 0, and you should check yourself
that this operator is also SU(3). invariant (but 3® 3 ® 3 =1+ 10 + 10 4+ 8 so 3 quarks can form a singlet
and it is completely antisymmetric).

The operator however breaks an accidental symmetry of the SM Lagrangian. If we give each quark field
the same overal phase ¢/ then the SM stays the same, but this operator clearly does not (it picks up an
overall phase factor €2 and thus this operators leads to baryon-number violation (the operator also breaks
lepton number but we already saw that at the dim-5 level so we are not as impressed). The experimental
consequences are dire.

If we set p=r = s =1 (so just up and down quarks and an electron) this operator leads to the decay of
the proton through

p—al4et. (6.60)

Now as far as we know, the proton is stable. The Super-Kamiokande experiment (basically a giant water

tank) have set the lower limit on the proton life time
m, > 1.67-10%y (6.61)

(I always find this absolutely insane considering the lifetime of the universe is only around 10 years). Now

it is not completely straightforward to directly match cl®

iy 5O Tp directly but you can do a rough estimate

which gives

-1 myp AéCD (6)
FP =T = |Cduue

—'p (47) A% 2, (6.62)

where Aqcp is some hadronic scale and m,, is the proton mass. Let’s set Aqcp ~ 300 MeV and m, ~ 1
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Figure 6.1: Dimension-six operators in the Warsaw basis.
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GeV, we then obtain

1/4
A my A
> | 8D ~5.100GeV. (6.63)
il N 7

uue

So proton decay tests extremely high energy scales! This is essentially what has ruled out the most promising
models of grand unification. In these models the SM gauge groups unify to single group (for example
SU(5)) around 10'* GeV. However, in these models quarks and leptons appear in the same multiplets and,
after integrating out heavy gauge bosons, the B-violating dimension-six operators are generated. The non-
observation of proton decay then rules out these models. The verdict is, again, still not out. Next-generation
experiments aim to improve the limit on the proton lifetime by another order of magnitude or two further

increasing the limits on A.

6.9.2 Modifying the Higgs sector

In the Warsaw basis there are three operators that only contain Higgs fields
c® (6) (6)

C c
Liiggs = ng (HTH)® + ALE(HTH)D(HTH) + %(HTD“H)*(HTD#H) . (6.64)

We are going to study these operators in more detail in the exercises and here we focus on C’gj) and Cl(a%-
The first operator modifies the Higgs potential and you will show in the exercises that it shifts the minimum
of the Higgs field to

2 30(6)1)2
Hig)y =T —vl1 H . .
(H'H)= -~ or v( + oz (6.65)

In addition, the ng) operator leads to modified multi-Higgs interactions (also between 5 and 6 h fields) but
these are very hard to measure. Because, the W and Z boson masses depend on v, the C}f) operator also
shift their masses, even though no gauge fields appear in the operator. Considering also the C’;?j)j operator,
you will show that

2,,2 (6), 2 (6), 2 2+(6)
2 _ VT _ a2 3Cy"v T2 A2 30" v v"Cqp
My, = ) = My, <1+4)\A2> , Mz = M7 <1+ A2 + 572 ) (6.66)

where M2, and M2 indicate the masses in SM-EFT whereas the quantities without bar indicate the SM
values.

Now the Z boson mass was measured accurately at the old LEP collider M;** = 91.1876 & 0.0021 GeV,
but this is not immediately helpful. Because we use these measurements to extract the SM parameters. We
have to think a little bit harder. Nowadays, the SM parameters of relevance in the electroweak sector (g’ gv)

are measured from three precisely measured observables:

e Muon decay 1~ — e~ + 7, + 1, can be used to extract the Fermi constant v2Gr = ¢%/(8M32,) = 1/v2.
Here we used SM relations.

e The fine-structure constant ae,, at low energies can be accurately extracted from measurements of the
electron magnetic moment. Remember from the SM relations
62 1 9 1 929/2

2
m= = g%, = — 29 6.67
« i an? W 4r g2 + g2 (6.67)
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e The mass of the Z-boson which is given by

(9° + 97

Mz = 1

(6.68)
From these three precision measurements we can extract the SM values of g, ¢/, and v, and we can then
predict other things.

For instance, with some algebra you can show that

1 1 | dra m

2 e

Sw =35 — 3 1—7, 6.69
2 2 \/§GFMZ2 ( )

where the right-hand side only contains measured quantities. Then we can predict the mass of the W boson

through the SM relation
1 1 Yo"
M2, =M21—-s2)=M2|=+=-,/1 - —=_ |, 6.70

which then predicts My = (80.4335 4 0.0094) GeV. Now about a year ago there was a new measurement of
the W-boson mass by the CDF collaboration. And they found My, = 80.361 + 0.007 GeV. This is about 7
standard deviations away from the SM prediction! Now there are many caveats with the CDF measurement
as it is inconsistent with other measurements, but let’s, for now, take it for granted. We can see if we can
explain this by the SM-EFT operators.

What we have to do now is to realize that when we measure G, M%, and qepn, they in principle already

include contributions from potential dimension-six operators. So when we write

B 30(6)1}2
My, = Mg, (1 H 6.71
W W ( + DAz | (6.71)
and we want to use Eq. (6.70) for the value of M3, we have to subtract the dimension-six corrections to the
measured values in Eq. (6.70). If you do this consistently and discard O(A~*) corrections (Mathematica is

your friend here), you obtain the relation

M3, _ ME, -ME, P&, CY) 6.72)
ME M, C2(sE — ) A2 ’
This then implies that the so-called W-boson anomaly can be explained by
) 12
HD 7 (6.73)
A2 5TeV

and implies beyond-the-Standard Model physics right around the corner. My feeling is that most people
in the field think that the uncertainty on the CDF measurement is underestimated and this is causing
the tension with the SM predictions. Otherwise it is hard to understand why ATLAS (one of the LHC
detectors) has also measured My, and in pretty good agreement with SM predictions. In any case, this is
a good example how the SM-EFT can be used to understand possible deviations of SM predictions. If an
anomaly is confirmed, the next step is to think about what kinds of UV-complete models can induce, at

. . . . 6
lower energies, corrections to, in this case, C’gg
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6.9.3 Dipole operators

As a final example, let’s study leptonic dipole operators. We study the operator
Lapote = — [C9] Lo e, HB,, +h 6.74
dipole = 35 |“eB or pd Cr pv T hc. (6.74)

where we have kept the generation indices p and r explicit. These operators are called lepton dipole operators
because they modify the magnetic and electric dipole moments of leptons. There are several very interesting
operators actually and we can consider them one by one.

Lepton flavor violation. If we take p = 2 and r = 1 and write B,,, = cwF,, — swZu, we get a
contribution to the operator

Cwv

C =
LFV AZ\/§

{Cig} y, o er Fuyt oy (6.75)

where the dots denote terms we don’t care about right now. This operator causes the decay = — e~ + 7
which means it violates Lepton flavor symmetry (an accidental symmetry again of the Standard Model).
This process is actively pursued but so far has never been measured. The current best limit is from an

experiment at PSI in Switzerland and obtains for the branching ratio of this process
BR.(u~ —e +7)<42-107" (6.76)

It’s a good exercise to work this out and you should obtain that this implies A > 107 GeV or so. So if we

want beyond-the-SM physics to live at scales of a few TeV, it better conserve lepton flavor symmetry!

CP violation. If we set p =r = 1 we get instead

Lopm = 2 { N
A2V2
= ;VV\/% {Re[c] eomeFu, +m[c)] eoriver,} . (6.77)

There are two terms, one proportional to the real part of the Wilson coefficient and one to the imaginary

]11 erct’en F;w + h.c.

part. The real part is a correction to the magnetic dipole moment of the electron. We will not discuss
this right now (but see below for the discussion of the muonic case). The second term turns out to be a
correction to the electric dipole moment of the electron (you can see this by taking a non-relativistic limit

of the expressions and you will find a term d. & - E where & is the electron spin and E the electric field. We

\/§Cw’t}
de = 3

An electric dipole moment of a fundamental particle such as an electron signals the violation of CP

obtain

I [C13)] L (6.78)

symmetry. This can be most easily understood from performing a CP transformation on the Lagrangian or
by noticing that & - E flips under time-reversal symmetry (spin flips but electric field does not) and then
using the fact that CPT is conserved in the SM. So T violation implies CP violation.

There are many experiments all over the world that aim to detect the electric dipole moment (EDM) of
the electron. In fact, there is an experiment in the Netherlands (a collaboration between the UvA-VU-RUG).
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Nobody has every measured such a property but there are extremely strong limits:

1

4P <4110 eeme~ —
e < ¢ = 551016 GeV

(6.79)

This field is improving rapidly and the limits were a thousand times weaker than a decade ago. This bound

A [V2
> */;fg” >1.2-10° GeV. (6.80)
6 e
Im [C’C(B)}

11

tells us

Again this limit is very impressive, and it essentially tells us that if we want new physics at a scale of a few
TeV, then we have to be very careful with the amount of CP violation in such a theory. Otherwise we would
create too large EDMs that should have already been measured !

An example of a theory that produces EDMs is supersymmetry. If we integrate out the supersymmetric
particles you can obtain a one-loop contribution to the [Im [Cé%)} 11] coefficient. Roughly, ignoring factors

of 2 etc, you would obtain
Uyeamn

de = ——F—
‘ (47T)MSQUSY

sin (bcp y (681)

where Mgysy is the typical mass scale of the supersymmetric particles and ¢cp a phase appearing in the
Lagrangian. g, is the electron Yukawa coupling. If we compare this to Eq. (6.78]) we can identify A ~ Mgusy
which makes sense, and

(6) N YelQem .
[Im [C’GB} 11] 4, Sn ocp, (6.82)

which indicates that [Im {CS;)} ] is much smaller than 1. There is a Yukawa suppression g, ~ m. /v ~ 107°
11

and a one-loop factor qem/(47) ~ 1073, If we assume that CP-odd phase is O(1) (as it is in the SM) then
the EDM limits give

Yelem . 4.10* GeV = 40 TeV . (6.83)

M, > |
SUSY (47T)d2Xp

Before the LHC started there were high hopes that the LHC would discover supersymmetry with Mgysy ~ 1
TeV. The EDM limits were already somewhat in tension with this and this was called the SUSY CP-problem
as TeV-scale supersymmetry was only allowed if the CP-odd phases were tuned to small values and there
was no good motivation for this. In any case, the matching to supersymmetry shows that Wilson coefficients
do not have to be O(1) at alll In this case, we get large suppression from small dimensionless couplings (the

electron Yukawa and the fine-structure constant).

The muon anomalous magnetic moment. If we set p = r = 2 we now get

cwv 6 = v 6 = v;.5
Lo = NG {Re |:CC(B):|22 pot’ p Fy,, +Im [C’G(B)LZ pot iy uFW} . (6.84)

We'll look at the first term which is a correction to the muon magnetic dipole moment. Unlike the EDM,

the magnetic dipole moment (MDM) does not violate CP. We will call the magnetic dipole moment p which
should not be confused with the symbol for the muon. Already from QED we obtain a correction to the
magnetic dipole moment of the muon is given by u = eg/(2m,,) where m,, is the muon mass and g is called

the g-factor. At tree-level g = 2 but it gets correction at higher loops which are parametrized through

a,=9"% (6.85)
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where a,, is called the anomalous magnetic moment of the muon. You have probably calculated in a QFT
class the anomalous magnetic dipole moment of the muon at one loop in QED which gives a = qep, /(27) (note
that at this order in the expansion, this result is also valid for the electron and the tau lepton). Nowadays
theorists have computed a,, up to 5 loops in QED + 2 loop electroweak corrections + QCD corrections. You
might be surprised that QCD enters a muonic quantity but remember that at high-loop order you can draw
diagrams with quark loops which then can exchange gluons.

About 2-3 years ago, the community made the following prediction for a,,
a, = (116591810 £43) - 10~ (6.86)

with a stunning accuracy (note the 116 digits arise simply from aep/(27) ~ 0.00116...). At the same time
the g — 2 collaboration performed a new measurement of the muon anomalous magnetic moment by storing

muons in a storage ring. The experiment confirmed the result of an earlier experiment and found
as® = (116592061 £ 41) - 107", (6.87)
which looks close enough to the theoretical prediction. But if you subtract the two you obtain
Aa, = (251 £59) - 10", (6.88)

and thus signals a 4 standard deviation discrepancy with the predictions of the Standard Model. People
have been extremely excited about this result.

Before dosing the flames, let us fist try to figure out how to explain this result with our SM-EFT operator.
Eq. corrects the muon dipole moment by

V2ewv 6
= o Re [cgg}m , (6.89)
and thus a correction to a, given by
2\/§cwvm 6
M = S Re (O] (6.90)

and if we want to explain the discrepancy in Eq. (6.88]), we require

A =/ 2\@2:“””“ = 1.5-10° GeV. (6.91)
v Re [CéﬁB):|22 '

While this seems high enough and well outside the range of LHC physics we have to remember again that

Re [C’(EGB)} is not necessarily O(1). In fact, in many models of new physics as we saw for the electron EDM
" J22
we get

R {C("’)} N Jplem o 40T 6.92
€ eB 29 A ( )

which would lower the scale to A ~ 100 GeV which is way too low. Such particles should have been seen at
the LHC and earlier experiments.

The community has therefore focused on scenarios with a so-called chiral enhancement. A famous example
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are leptoquarks (you can google that) in which you get a less severe scaling

Re [C(EGB)LQ ~ @yTtV : (6.93)
where y; ~ 1 is the Top Yukawa coupling. In those cases you would obtain A ~ 10 TeV. The LHC experiments
are carefully looking for these hypthetical leptoquarks and right now they are excluded up to masses with a
few TeV. So the verdict is still out.

Finally, we have to say that the muon g — 2 anomaly might be due to a wrong assessment of the theory
prediction in Eq. . Since the community presented this number, there have been groups, who computed
the QCD corrections in a different way using a technique called Lattice QCD. Their findings seem to indicate
that the theory prediction is a bit larger and thus moving towards the experimental value. It might thus be

that there is no anomaly at all. Again the verdict is still out on this. Exciting times.

6.10 And the list goes on

We have only scratched the surface of the SM-EFT dimension-six operators. People have investigated many
more operators and related observables. For instance, an operator such as HYH G, G“" modifies the
production of Higgs bosons at the LHC. Careful measurements then allow us to constrain the associated
Wilson coefficients. Operators with top quarks modify top-quark production and decay processes at high-
energy collisions and a large amount of data exists for this. Juan is developing tools and methods to analyze
all this data, and related processes, in terms of the SM-EFT Lagrangian. I have been interested recently
in how the SM-EFT can modify the extraction of the CKM parameters of the Standard Model. The SM
predicts that the CKM matrix in Eq. is unitary. This for instance implies

Vaal® + [Vas|* + [Vaa* = 1, (6.94)

but the most accurate extractions of these elements find a number smaller than 1 by about 3 to 4 standard
deviations. Me and my group and collaborators are trying to investigate how this could potentially be

explained by beyond-the-SM physics, and we are using the SM-EFT framework to do so.
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7 Chiral Perturbation Theory

So far in this course we have focused mainly on EFTs where heavy degrees of freedom can be integrated
out by hand by performing a perturbative matching calculation. A good example of this is the LEFT, where
the heavy SM particles (W, Z, top, Higgs) are decoupled. EFTs can also be very powerful tool, although
it is slightly more complicated, in non-perturbative theories. A great example is low-energy QCD where
perturbation theory in the strong coupling constants gs (or perhaps better in a, = g2/(47)) breaks down.
At first sight this seems a very big obstacle. How can we compute anything involving the relevant low-energy
degrees of freedoms (hadrons such as mesons and baryons) if we cannot use perturbation theory?

During the 50’s and 60’s of the twentieth century physicists worked out complicated methods to still
make predictions for hadronic interactions. These techniques went under the name of ‘current algebra’ and,
I can say this because I worked through some of this stuff, it is frankly messy, complicated, and unclear.
Weinberg (who else) figured out a way to understand the current algebra results in a much neater way by
developing a theory called chiral perturbation theory. Nowadays, we can understand why this works because
chiral perturbation theory is the low-energy EFT of QCD. In these notes we are going to discuss how to
develop and use chiral perturbation theory (xPT). This topic is somewhat more complicated than earlier
EFTs and we will not have time to discuss all details. If you are interested very good resources are available.
There is a dedicated chapter in Volume 2 of Weinberg’s QFT book which is great but unfortunately uses a
different notation then most of the field. Another excellent, but somewhat long-winded, is the xPT book by
Scherer and Schindler. Most stuff I write here follows that book but I avoid many technical details.

7.1 Global symmetries of QCD

Let us consider the QCD Lagrangian at relatively low energies. We assume we integrate out the heavy SM
degrees of freedom, and, at first, neglect the electromagnetic and weak interactions. At an energy scale of 1

GeV or so, we obtain the Lagrangian
LQCD:—EGG G*"™ +q (i) — My) g+ O L (7.1)
4 puv q mo ?

where we kept only the light quark fields
U
'gs a\ya
g=|al, D#q:(aﬁzEA#A)q. (7.2)
5

So we have combined the three light quarks into a single object ¢, and each light quark feels the same strong
interaction. As mentioned we have omitted electromagnetic/weak interactions for now. M, is a diagonal
and real 3 x 3 matrix: M, = diag (m,, , mg, ms). The O (1/mg) terms denote higher-dimensional terms that
are suppressed by the heavy quark masses and we neglect them here.

We keep only the light quarks u, d, and s because they have masses well below 1 GeV. In fact, for
the purpose of these notes we are going to work in the two-flavored approximation where we only keep the
lightest 2 quarks m,, ¢ < ms. This will simplify our life somewhat but we do not lose any essential insights.

So from now one we will use

_ u _ 7-& aya
q<d>, Dug = (8, =% AzA") q. (7.3)
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and M, = diag (m,, ,mq). Let us move to a basis of chiral quark fields: ¢ = q;, + qr and we obtain
q
1 ) _ . _ _
Lqcp = —ZwaG“ Mt qrilDqr + qrilPar — GrMaqr — QLMJ(JR- (7.4)

(because we said M, is real and diagonal, in principle M;f = M, but writing it like this makes our life a bit
easier later).

Now here comes the crux: if we neglect M, the Lagrangian becomes very simple (just the kinetic terms
of gluons and left- and right-handed quarks). You might protest and argue that there is no clear reason to
neglect the quark masses. It will turn out that light quark masses are small compared to the mass scale that
is generated by QCD dynamically. We will see that up and down quark masses are of the order of a few
MeV, but protons and neutrons have masses of 1 GeV roughly. In this light, it is not crazy to neglect quark
masses. Anyway for now let’s just neglect them and see what this will teach us.

After neglecting the quark masses, the Lagrangian has 4 accidental global symmetries. We have two

independent U(1) symmetries q;, — €2 qr, and qr — €"?%qgr, and two independent SU(2) symmetries
qr — Upqr = 2" "iqy, (7.5)

qr — URQR = 6%7—(1(9}1%(]137 (76)

where a = {1, 2,3} (if we had included strange quarks these symmetries would be SU(3) instead of SU(2)).
Now for each global symmetry we can compute a Noether current and an associated conserved charge. The
Noether currents are easily derived (remember J# = " (6£/(60,¥,))0¥, where the sum runs over all

fields) and we obtain for the U(1) symmetries
L' =aqy'qr,  R'=ary"ar, (7.7)

which are conserved by the classical equations of motion 9, L* = 9, R* = 0. For the SU(2) symmetries we

obtain the Noether currents

1 1
L = Sqrq, R = Sdry" g, (7.8)

which are also conserved. It is useful to combine the currents into vector and axial-vector currents
V# =LV + R, AP = LF — RF, Vit = [ 4 R APt = [ R (7.9)

To each current there belongs a conserved charge. For example, for the singlet vector current we obtain
Qv = [ @2V = [daqon’ew) = [ dro@)ate). (7.10)

which can be interpreted as the number operator of quark fields (it counts the number of quarks essentially).

Similarly we can compute charges for the other symmetry groups, e.g. for SU(2)y,a

1
Qv = / PV == 2 / &’z g(x)'7%(x),

1

Q% = /dga: A% == §/d3x q(2)151%q(x) . (7.11)

These charges commute with the Hamiltonian of massless QCD, e.g. [Hqcp,m,—0,Q@v] = 0, and thus are
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time-independent: they are conserved charges.

Now, let’s study if we see these symmetries and charges back in the spectrum of QCD. We classify hadrons
into objects with baryon number zero (B = 0), mesons, and B = 1, nucleons, and larger objects B > 1,
atomic nuclei. Baryon number is conserved in nature (see the SM-EFT lectures) and this is related to the
conservation of Qv. But what about the axial U(1) symmetry related to A,? This we do not see back
in the spectrum, it would imply that there is a second conserved charge related to hadrons with opposite
parity. This problem was solved by Jackiw, Adler, Bell, and 't Hooft who noticed that the U(1)4 symmetry
is only a classical symmetry but is broken by quantum effects. A classical symmetry that is broken at the
quantum level is called anomalous. We will not discuss anomalous symmetries in this lecture, instead we
will simply say that the anomaly ensure that the Noether current 9, A" # 0. So we actually should not see
this symmetry in the hadron spectrum! This is a fascinating story with a lot of interesting physics so you
are encouraged to read up on this.

Now let’s move to the SU(2) symmetries. You can compute that [Qf,, Q{’/] = jebe ¢, and since QY
commutes with the Hamiltonian, we can copy everything we know from angular momentum Lin quantum

mechanics in systems with rotational invariance. That is, in QM in a central potential (where [i, H 1=0)

1
)92
number m that ranges from —I[ to +[ in unit steps. Rotational symmetry implies that states within a

we can label states by angular momentum [, where [ =0, 5,1,..., and states with a given [ have a quantum
multiplet ( same ! but different m) are degenerate. We have exactly the same thing here but now for Q{
instead of L. This suggest we can label states by a quantum number I we call isospin and [ = 0, %, 1,...
and for each I there is an m; that ranges from —1 to I.

But this is exactly what we observe in nature! For instance, the lowest-mass baryons (the proton and
neutron) have almost identical mass (m,, —my)/(m, +m,) ~ 1073 and, as far as strong interaction physics
is conserved, have identical properties (they of course have a different charge but we are working in the limit
where we can neglect electromagnetism). We can thus combine protons and neutrons into a nucleon field
with T = 1/2 (read: isospin 1/2) whose m; = +1/2 component is the proton and the m; = —1/2 is the
neutron. Similarly, the lowest mass mesons are the pions (7°, 7+, 7~) with almost identical mass m, ~ 135
MeV. The three pions can be seen as the components of an I = 1 object. Isospin is a pretty good symmetry
of nature and this is reflected, for example, by the fact that pion-neutron and pion-proton scattering gives
very similar results (up to electromagnetic corrections).

So far so good. Two global symmetries of massless QCD are also seen in the hadron spectrum. But what
about SU(2)4 ? Of this we see no immediate trace in the low-energy spectrum. It would imply that next to
the nucleon doublet there should be another doublet, with almost the same mass, but opposite parity. This
is not observed. Of course, perhaps, like U(1) 4, the SU(2) 4 symmetry is anomalous but this turns out to
be false (for reasons I cannot explain here). So what is going on? If a symmetry appears in the Lagrangian
but is not manifest, it might be that the symmetry is spontaneously broken by the ground stateﬂ If you are

not familiar with this, please study the next subsection, otherwise just skip it.

7.1.1 Spontaneously broken symmetry recap

Just to remind you, let us study a simple example of spontanously broken global symmetries. Let’s consider

a theory with a single complex scalar ¢

L = (0.0)(0,0)" + 1*[¢]* — Alg|* (7.12)

"We saw this already in the SM lecture where the minimum of the Higgs potential, v, broke the SU(2);, gauge symmetry.
In this case we are talking not about a gauge (local) symmetry but a global symmetry).
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which is invariant under global U (1) transformations ¢ — ¢*“¢. Here 2 and ) are just two real parameters.
The potential of this theory is given by

V(9) = —12[¢]* + Alg|*. (7.13)

We must have A > 0 otherwise the theory is not bounded from below at large values of ¢. If u? < 0
then this potential has a minimum at {|¢|) = 0. We can then expand our field around the minimum
¢ = (0+ ¢1 +ipa)//2 where ¢1 5 are real, and our Lagrangian becomes

1

£= 2000 01) + 5(0u62)(@02) ~ L] (67 +.63)

A
-1 @), (7.14)

2
2
describing a theory of 2 scalars with equal mass m; = mo = |u| and interactions proportional to A. In this
case, the symmetry of the Lagrangian is explicitly realized in the ground states because (|¢|) = 0 is invariant
under the U(1) symmetry.

The picture is very different if we consider the case ©? > 0. In this case, the minimum occurs at non-zero

value )

N
Gol?) =55 =%

(7.15)

There are many degenerate ground states then (¢) = ve’® /v/2 for any value of 8. If we pick one minimum,
say 8 = 0 then the minimum (@) = v/+/2 is no longer invariant under U(1) transformations. If we expand
around the minimum we can write ¢ = (v 4 ¢1 + i¢2)/v/2 but it is more transparant to instead write

1

¢ = E(U + p(a))e Y (7.16)

where we have traded the real fields ¢; o for the real fields p and 6. If we put this into Eq. (7.12) we obtain

1 1 P2 A
£ = 5(0.0)(0"0) + 5(3,0)(0"6) (1+2)" = u2” — wp® = 20 (7.17)
This Lagrangian describes a massive scalar p with m, = V2 and a massless scalar §. The massless

scalar interacts with the p field but only through derivative couplings (through the p(9,60)? and p*(9,0)?
terms). Such a massless scalar with derivative couplings is a generic feature of spontaneously broken global
symmetries and is called a Goldstone boson.

Goldstone’s theorem says that if a system has a symmetry group G that is broken to a subgroup H in
the groundstate, then there appears a Goldstone boson for each broken generator. That is, the number of
Goldstone bosons is given by dim[G] — dim[H] (this is the dimension of the coset space G/H which contain
the elements of G that do not appear in H.). In the above example we have dim[G] = 1 and the ground-state
has no symmetry left and thus dim[H] = 0. We thus expect 1 Goldstone boson as we found explicitly.

It is also useful to see how the Goldstone boson is parametrized in Eq. through the exponential
e¥@)/v_ This is exactly the form of spontaneously broken U(1) transformations! This is not an accident:

the Goldstone bosons ’live’ in the space of the broken generators. In this example, that is the U(1) group.

7.1.2 Spontaneously broken chiral symmetry

We observed that massless QCD has a global SU(2)y ® SU(2) 4 symmetry, but the hadron spectrum only has
an SU(2)y symmetry (called isospin symmetry). Let’s assume that this occurs because the ground-state of

QCD (which is a tricky non-perturbative thing) spontanously breaks SU(2) 4 symmetry. Goldstone’s theorem
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then tells us we should expect three Goldstone bosons associated to the broken generators of SU(2) 4.

We can also get some intuition from this with a simple argument. We know that the Hamiltonian of
massless QCD (we called this Hqcp,m,=o0 but let me call it H to save some writing) commutes with the all
Noether charges of the full group SU(2)y ® SU(2)4. That is

[Hv Q%/] = [Hv Qi] =0. (718)

Let’s denote the groundstate of QCD as H|0) = 0. We assume now that the vacuum is left in tact by the
subgroup H (in our case H = SU(2)y) but not by the coset space G/H (in our case SU(2)4). This implies

Q4l0) # 0, (7.19)
but these states, while different from the vacuum state, are degenerate with the vacuum because
HQ%10) = Q4H[0) =0, (7.20)

which implies that for each Q% there has to be a zero-energy stateﬁ with the quantum numbers of Q% (in
our case these are pseudoscalar fields because of the v° appearing in Q%). A zero-energy states implies a
massless particle.

So we are expecting three massless Goldstone bosons to appear in low-energy QCD if indeed SU(2)y, x
SU(2)r — SU(2)y is spontaneously broken. These bosons should have negative parity. The low-energy
spectrum does not have massless particles.... So is all hope lost? Well, perhaps we should not really expect
massless particles because QCD does not really have SU(2);, x SU(2)g global symmetry! This is only true
if quarks had been massless. So perhaps we have been too strict. If we look again at the hadron spectrum
we do identify three particles that are much lighter than any other hadron: the pions. There are three of

them 7*

, m° and they have almost degenerate masses m, ~ 135 MeV which is much smaller than say the
proton or nucleon mass. Also the pions have negative intrinsic parity! So let us take this as our working
hypothesis: pions are the Goldstone bosons of the spontaneously broken SU(2)4 and they would have been
massless had we lived in a world where quarks were massless. We’ll later make this more exact.

We would like to write down an EFT that describes the physics of the pions. From an EFT point of view,
all other hadrons are relatively heavy and can be integrated out and we just keep the pions as our degrees
of freedom. The main challenge right now is to find a suitable parametrization of the pion fields and figure
out how the pions transform under SU(2);, and SU(2)g. Once we know this, we are in business!

The derivation of the transformation of Goldstone bosons can be obtained from a construction develop
by Callan, Coleman, Wess, and Zumino (CCWZ). This construction is a bit formal and involves some group
theory arguments. It is not very complicated but goes a bit beyond what we can cover here. Instead I will
try to give an intuitive argument. Remember that the Goldstone bosons correspond to transformations in
the spontaneously broken direction. Basically we need to find a parametrization for an element of SU(2); ®
SU(2)r/SU(2)y where SU(2)y is the unbroken subgroup. We will use the notation where if we perform an
SU(2)r, and SU(2) g transformation we write this as (L, R) where L and R are SU(2) transformations. We
then parametrize an element in SU(2);, ® SU(2)g/SU(2)y through

(L, R)(V=H V™), (7.21)

8This argument is actually too naive, the states that are obtained from Q¢%10) have infinite norm and thus not proper states.
A more solid argument can be found in Scherer/Schindler or Weinberg volume II. I will not go into this here.
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where if we choose V' = L we obtain
(L,R)(L™Y, ™YY= (1,RL™Y) = (1,RL") = (1,U). (7.22)

We will then parametrize our pions through U. But U is just the product of 2 SU(2) matrices and is thus
an SU(2) element itself. We thus can parametrize

U =W =" m"/fx (7.23)

where f is a constant with mass dimension 1 that plays a similar role as v in Eq. . fr is called the pion
decay constant although right now it is not clear why it has that name. It has a numerical value f; ~ 92
MeV. Note that we will use the notation II = 7*7¢

So let’s do another transformation on Eq. , it will transform as

(L,R)(1,U) (L', L7Y) = (1,RUL"),—» U — RUL'. (7.24)

We can check that this makes sense. For instance U = 1 + iIl/f; + O(n?) and thus the ground state is the
state with no pion fields Uy = 1. This ground state transforms as Uy — RUyL' = RL'. This is invariant if
R = L, corresponding to the isospin subgroup SU(2)y, but not for SU(2) 4 transformations which is exactly

what we want. We can also figure out how the pions transform under SU(2)y if we expand

VUV = V(1 +idl/fr + OV =1+ fivnvT Yo, (7.25)
and thus 7 — V7aV1 and transforms in the adjoint under isospin rotations. This explains why pions form
an isospin I = 1 state. More explicitly under infinitesimal transformations V' =1+ 4(67 + 6%)7% + ... we

obtain
7@ = w4+ i(0% + 0% [0, T = 7 — 2¢7%¢(0Y + 0% + ... . (7.26)

But under the SU(2), transformations we get complicated properties (for instance something like 7¢ —
T —2if (07 —0%) +....

7.2 The leading-order YPT Lagrangian

We can now construct the EFT for pions. The fields are parametrized through U which transforms as
U — RUL'. And note that U is dimensionless while the pion fields [7¢] = 1 have dimension.

We can build invariant terms such as Tr[UUT], where Tr denotes taking the trace of the matrix. This
transforms as

Tr[UU'] - Te[RULTLLUTR') = Te[UUT], (7.27)

where in the last step we used the cylic property of traces Tr[AB...YZ] = Tr[ZAB ...Y]. Unfortunately
this term is useless because UUT = 1 and thus there are no interesting terms in here.

To get the first interesting term we need to use two derivatives. For instance we can construct
Loy = CyTr[(8,U)(0*UT)], (7.28)

which is invariant. Here C5 is the coefficient in front of the interaction and is essentially a Wilson coefficient
in xPT. However, for historic reasons in yPT these coefficients are called low-energy constants (LECs). In

this case we have [C3] = 2. Now let us expand our Lagrangian in pion fields. With a bit of algebra you will
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obtain
(0,m)? 2

2 3fk

where (0,7)% = (9,7*)(0"7*). We want to normalize the first term in order to get the usual kinetic term

Ly =Ch [ (H(aﬂ)? —(r- a,mf)} + O, (7.29)

for scalar fields so we are forced to set Cy = f2/4 and we obtain

Ly = %(@J)? 6f2 ( (O 7T) — (- 8M7T)2) + O(T(ﬁ). (7.30)

12,3 hut also their interactions! And the

So we see that this not only describes three massless scalar fields 7
coupling strength of their interactions is also fixed in terms of the pion decay constant (in the exercises you
will show how to obtain a value for f, by studying weak decays of pions).

It is interesting to study the scattering of pions. If we add electromagnetism to the game, we will identify
that 7% = (m; 4 im2)/v/2 but let’s for now just consider the three pions as separate. One thing we obtain
from Lo is that 7%7% — 7970 does not occur at this order in the theory (we will see that this does happen

once we consider quark mass effects). Let’s consider 7%(p,)7%(py) — 71 (pe)7!(pa) as an example. We will

get
iAro (°(pa)m (py) = 7' (pe)Tt (pa)) = 6f2 [4pa - Py + 4Pc - Pa + 2Pa - Pe + 2Pa - Pa + 205 - Pe + 2P - D)
S

where we used Mandelstam variables s = (p,+py)? = 2p,-pp (for massless particles), t = (pa—pe)? = —2pa Des
and u = (py — pa)? = —2pa - pa, and s+t +u = 0 (from four-momentum conservation). So we see that the
amplitude of scattering is proportional to s which, in the center of the mass, is related to the total energy of
the scattering process. This implies that for small energies, the scattering is weak! Of course we could have
seen this already from the Lagrangian: the pion interactions involve derivatives and thus, at small energies,

the pions only interact weakly. This will be crucial to set-up a consistent power counting for yEFT.

7.3 The role of quark masses

So far we have considered an idealized version of QCD where SU(2)r, x SU(2)g is an exact symmetry. In

reality this symmetry is broken by quark massesﬂ Let us look back at our original QCD Lagrangian
Lgcp = —ZGZ,,GQ M 4+ qrilbqr + qrilPar — qgrMqqr — @LMJQR- (7.32)

where M, = diag(m,, mg). It is clear now that under the transformations q;, — Lqr, and gr — Rgqpr that
the Lagrangian is not invariant because of the mass terms. But this is not a huge problem because quark
masses are small. The way to account for them in the yPT Lagrangian is by using a little trick. We pretend
that M, is a field instead of a constant matrix. We call such a field a spurion. We then notice that QCD
would have exact chiral symmetry if our spurion field would transform as

M, — RM,L'. (7.33)

The idea is now that we will build operators in the yPT Lagrangian that include the spurion M, explicitly

91n fact, the symmetry is also broken by quark electromagnetic charges and by the dimension-six LEFT operators that arise
from the weak interactions. It is relatively straightforward to extend xPT to also include these terms, but I will not do this in
these notes. One of the exercises however will sketch how this works.
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and that are SU(2) x SU(2)g taking the transformation in Eq. into account. Then once we have
constructed the Lagrangian we just reduce M, back to its constant form. In this way, we have included terms
in xPT that explicitly break chiral symmetry but it breaks it in the same way as the symmetry-breaking
terms in QCD. Ok this might be difficult to understand right now but let’s just build the lowest-order terms
that are linear in the symmetry-breaking quark mass term. We can construct one term without derivatives

2
B
= f”—Tr[Mg U+U™M,, (7.34)

L, 5

which is invariant. The LEC is conventionally written as F2B/2 where [B] = 1. To see what this term does,
we now set M, = diag(m,, mq) and expand the U matrix. I find it useful to write
- — _ My + My mg — My

My, =mZIy —meTs, m=—, E= ——, (7.35)
2 My + myg

where 75 is the 2 x 2 identity matrix. Here m is the average quark mass which breaks SU(2) 4 but conserves

SU(2)y (it conserves isospin because it treats up and down quarks in the same way), while the quark mass

differences ~ e breaks both.

If you expand the Lagrangian we obtain

f2B[ 2m o, m 6
o = S T e O
m72r 2 mgr 4 6
= -7 —24f7%7r +O(7°), (7.36)

where we have obtained the very important relation
m2 = 2mB = (my +mg)B. (7.37)

So we now understand why pions are not massless in nature despite their Goldstone nature! They pick up
a mass which is proportional to the square root of the quark masses! We see that in the limit m — 0 the
pions become massless as well. We also observe that at this order in the chiral Lagrangian, the quark mass
difference plays no role! This is reflected by the observation that all 3 pions have the same mass. If you build
terms with two powers of M, this changes and you will then find isospin-breaking corrections that split the
masses of the pion fields.

Let us make a brief tour into three-flavored yPT where we also include strange quarks. In this case, there
are 8 Goldstone bosons which, in addition to the pions, are given by K+, K° K° 5. If you do the exact
same exercise for the quark mass terms but now M, = diag(m,,, mg4, ms) you would obtain the masses

2

my = (my+ma)B, (7.38)
Ml = (ma+ms)B (7.39)
mis = (my+ms)B (7.40)

1
m; = §(4mS +my +mg)B. (7.41)

These relations are known as the GellMann, Oakes, Renner relations and were known long before xyPT was
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invented. They allow us to get a handle on quark mass ratios. For instance

— = — T~ .66, (7.42)

- T~ 922, (7.43)

so the up and down quark masses are similar, while the strange quark is significantly heavier. Nowadays,
more elaborate fits to meson masses and scattering (and lattice-QCD calculations) we have m,, ~ 3 MeV,
mg =~ 6 MeV, and ms ~ 130 MeV. This then gives B ~ 2 GeV.

We can also re-investigate pion-pion scattering but now include the pion mass. This has 2 changes: first
of all Eq. changes because of the kinematic relations s = (p, +pp)? = 2m2 + 2p, - pp etc. And we now
have the additional 7* term in Eq. . If you work it out you will obtain

2

s —m:
R (7.44)

iALO+m, (70 (pa)7%(ps) — ' (pe)m' (pa)) =

so we see that quark mass effects are comparable to derivative interactions for s ~ m2. That is, a two extra

derivatives in an operator counts similarly as an insertion of M, ~ m2.

7.4 Higher-order terms

Since xPT is an EFT, we have to go beyond L, by constructing terms with more derivatives. For instance,

with 4 derivatives we can construct a term
L4 = Ly (Tr[(0,0)(0"U)* + LyTe[(9,U)(0,UN) T[(0U) (0" Ut + ... | (7.45)

where the dots denote several other terms. These terms start with 4 pion fields and give corrections to
pion-pion scattering that scale as L;p* where p is the pion momentum. In an EFT, when you start adding
higher-order terms we expect them to be suppressed by additional powers of the EFT breakdown scale. For
XPT this scale is typically called A,, and we would expect, compared to Cy in Eq. ?? that Ly/Cy ~ 1/ Af(
because there appear two additional derivatives in the Lagrangian. And thus L; ~ f2/ Ai. So if we now add
the extra, next-to-leading order (NLO) terms, from Eq. , to the scattering example from the previous
section we would get, schematically,

2 2 4 2 2 4

. p-  mz  Lip® p°  mg p

iALO+NLO = F + ? + Iz ~ ﬁ + F + FIND (7.46)
U U Uy s s T X

where we have written s ~ p?. The NLO correction is thus small compared to the LO terms as long as
p? < Ai and p? < mfrAi. To account for this we can assume p ~ m, (so pion masses are treated as
the same scale as external momenta) and p < A,. Higher-order terms are small as long as we consider
low-energy processes. We'll study how to estimate A, in the next section.

To actually compute the impact of the terms in Eq. we need to know the values of the LECs
Li>. xPT does not tell us these values as they correspond to non-perturbative low-energy QCD dynamics.
In practice what one does is to measure, say, pion-pion scattering at some energy. This then allows you
to fit one of the LECs. You can then make predictions for all other processes (and energies, as long as
we stay in the perturbative regime) where the same LEC enters. This turns out to be very powerful. A

more modern approach is to compute the LECs with lattice-QCD, a non-perturbative numerical method to
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solve non-perturbative QCD. This requires large-scale supercomputer resources but allows on to compute
the LECs directly from QCD.

7.5 The loop expansion

How can we determine what A, is? To do that it is useful to consider loop processes. Consider a loop
correction to our scattering process m°(p, )70 (py) — 7t (pe)mt(pa), from the diagram in Fig. [x] (have to add
this). We will just use the leading order vertices in Eq. . Each vertex contains 2 derivatives and let’s
look at the loop contributions where the derivatives act on the external pions. This will schematically give

a correction to the amplitude

: 0 0 1 1 P! d’k 1 p! 1 I
iAioop (7°(Pa) 7 (p6) = 7 (pe) T (pa)) ~ 1) e —ma2 T anf e e Ve + Indm + log 7|
(7.47)

where I have been very sloppy with factors and signs.

The loop is divergent and gives a divergent contribution of the form p*/e. This of course has to be
renormalized. But we have exactly the term that can do this if we look at the terms in Eq. . We
can interpret the LECs L; as the counter terms that will absorb the 1/¢ (and the associated p dependence).
Schematically again the total amplitude of the loop + NLO will look like

. 0 0 1 1 p4 1 M2 Lip*
iANLO+100p (T (Pa) T (o) = T (pe) 7 (pa)) ~ @nf2 e e~ Ve +Indm + logﬁ + 7

, (7.48)

and if we want L; to absorb the divergences we need L; ~ f2 /(47 f;)%. We argued in the previous subsection
that L; ~ f2/A} and from this we obtain the estimate of the xPT breakdown scale

Ay ~drfr ~1.2GeV. (7.49)

Now we already saw that xPT only works if p < A, so we need p well below 1 GeV for yPT to work. People
have worked very hard to also fit all the LECs L; to data and, after appropriate renormalization, they for
instance obtain L; ~ 4 - 1073 which is not far away from our expectations L; ~ f2/(4rfr)? ~6-1073.

This discussions shows something interesting. In the EFT we studied before, such as the SM-EFT and
LEFT, we had an expansion in 1/A. In addition, there is the loop expansion in terms of the weak coupling
constants such as e?/(4r). That is, at fixed order in 1/A, we can compute loops up to any order. In yPT the
expansion in 1/A,, however, is closely connected to the loop expansion. For instance, if we take only the LO
Lagrangian then we cannot consider loops. Because the renormalization of the loops (with just LO vertices)
requires an NLO interaction! In the same way if we include NLO interactions and consider 2-loop processes
(with just LO vertices) of 1-loop processes (with an NLO vertex) we then need the next-to-next-to-leading
order Lagrangian for renormalization.

In practice then going to higher-orders involves more and more LECs and, remember, they are a priori
unknown. More and more data is needed to obtain all the LECs and at some point, in practice, predictive
power is lost. However, already the first few orders of yPT are tremendously insightful. In modern ap-
plications yPT is extended to include baryon fields (such as nucleons) which allows the description of, for
example, pion-nucleon scattering. xPT can also be extended to multi-nucleon systems and allows one to
derive an EFT for nuclear forces. In this way it is possible to relate properties of large atomic nuclei more
or less directly to QCD, with xPT as the stepping stone in between. Fascinating stuff!
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