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These lecture notes, prepared for the 2022 QUC summer school at KIAS,
provide an introduction to Higgs Effective Field Theory and the use of field
geometry in Quantum Field Theory. While not sounding the depths of any
of these topics, we will cover and give a sense of the inner workings of: the
action for Goldstone bosons, scattering amplitude’s independence of field
transformations, linear vs non-linear realization —it’s ‘geography’ and exper-
imental prospects to tell them apart—, ultra-violet completions and the LSZ
formula for fields in curved space.
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1 Introduction

The foundation for our description of elementary particle physics is Quantum Field
Theory; within this framework, one is offered two paths to describe Nature: Models and
Effective field theory (EFT). In broad strokes and contrast with one another one can
say of each that

e Models are —when compared to the alternative— predictive, complete and have
some raison d’étre; i.e. a motivation or question they try to address.

e EFTs are —when compared to the alternative— general, applicable in a limited
regime and unbiased.

Typically Models are formulated in answer to open questions in physics and offer some
deeper knowledge about Nature; examples in particle physics include supersymmetry,
extra-dimensional and composite Higgs models to address the hierarchy problem, Frog-
gatt Nielsen or discreet symmetries to shed light on the flavour puzzle, axions for the
strong CP problem, countless dark matter candidates to account for the missing matter
component of the universe etc etc. However, when faced with a vast literature on models
trying to answer a given question, one might wonder which one to choose given all of
them but one —or perhaps all of them— are wrong. The alternative of EFT does not offer
answers to deep questions but it does help with decision fatigue: it uses the minimal
set of assumptions while encompassing many possibilities at once. All EFTs require for
their formulation is

1. The particle (field) content
2. The symmetries
3. An expansion parameter

In fact when spelled like that, one might argue that these are the minimum requirements
for doing physics in any situation.

It is this short list of demands of EFTs that implies the generality in their description
of Nature; any dynamics compatible with the items in this list is included in the EFT.
This generality on the other hand might come with a large theory space, cumbersome
to deal with as a whole, but typically much reduced when one is interested in a given
experimental process. The finite regime of validity mentioned in the comparison with
models is related to the expansion parameter that organizes theory predictions; this
parameter is a function of the variables characterising a physical process —typically a
ratio of scales— and when it ceases to be small we have found the ‘breaking point’
of the EFT. It is at this point that some other more complete description of Nature
takes over. Omne last structural remark is that, within its validity regime, there is no
obstacle to precise quantum-level computations in an EFT and, in the jargon of QFT,
non-renormalisable theories are renormalisable to any finite order in the expansion.



In these lecture notes the physics under inspection is the electroweak interaction which
is currently being probed experimentally at the Large Hadron Collider (LHC). The ex-
ploration of this frontier —and much of it remains in the dark— will be one of the main
legacies of the LHC. To learn from and interpret the experimental data the theory frame-
work should be sufficiently developed and general to cover the most possibilities. EFT,
in view of the properties we outlined above, is well suited for the job; the development
of the most general EFT for electroweak physics lead to what is now known as Higgs
Effective Field Theory (HEFT). Provided the mass of new particles is well separated
from the electroweak scale, v = 246GeV, HEFT is the most general possible description
of physics. The exploration and construction of this encompassing EFT has brought
new theory insights into UV completion, amplitudes, and geometry; these notes aim at
giving a starting point to understand this progress and push it forward.

The organisation of these notes is as follows: sec. 2 sets out the procedure to describe
a Goldstone action and applies it to the electro-weak theory. Sec. 3 introduces the Higgs
particle and HEFT together with the limit that produces the Standard Model. Sec. 4
discusses the expansion parameter, while sec. 5 introduces geometry for field space, sec. 6
presents the linear non-linear dichotomy and sec. 7 discusses the phenomenology.

Finally let me say that the list of references, as ever, is incomplete and in particular
in the year that elapsed between the writing of this notes and their placement on the
arXiv there has been progress in the field, a sample being [1-6].

2 Longitudinal degrees of freedom

One of the uses of EFT is a bottom-up approach to unknown physics. In our present
case of study the bottom is low energy and the up is high energy, but in other instances
this bottom-up arrow might be pointing in other directions. In this spirit we will follow
the {1},{2},{3} steps enumerated in the introduction to specify an EFT; so we start
with the particle content and symmetries.

The gauge symmetry at the heart of the known interactions, gravity excluded, is

G=S5U@B)exSUQ2)L x U1y, (1)

and hence comes with 8 +3 + 1 spin one massless particles; let us call them G, W, and
B,,. In addition the matter content is specified by the representation under the group

in eq. (1),

qrL dr fL €R
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where N is the fundamental representation of (SU(N)) for 3,2, R & L stand for right
and left handed fermions respectively, o3 is the third Pauli matrix (o3 =Diag(1,—1))



and we find it useful to group right-handed fields in doublets qr = (ugr,dRr), {r = (0,eR)
— feel free to add a RH neutrino if you would prefer that.

This table gives the transformation properties of each field, so if we describe such
transformation with an element of the group G (GG = 1) the transformed quark doublet

(qL)c is

(q)qg = Gqr = (1 +ie-T)qr + O(€?), daqr, =ie-Tqr, (3)
(Ouar)e = (0uG)qr + GOuqr (4)

where T are the generators of the gauge symmetry in eq. (1) and e parametrizes the
transformation (G = €T and has an index that runs over the generators -1 = T, —
we use the repeated index summation convention but note these are not Lorentz indexes.
One has that the field transforms covariantly but its derivative does not, to solve it one
introduces D, = 0,, + igA,to maintain

(D.q)c = GD,q, with (igA,)e =GI,GT + GigA,G". (5)

Explicitly for our quark doublet

. )\a a . 01 I ig/

D,qr, = <6M + zgstu + zg?W# + GB“> qr (6)
where A, are the Gellmann matrices, o/ the Pauli matrices and G, W and B are the
gauge bosons of SU(3)., SU(2)r and U(1)y respectively with couplings gs, g and ¢'.

We have lastly to mention that not all this symmetry is explicit at low energy, of the
electroweak group only U(1)en survives. This breaking allows for the masses of fermions
and requires masses for gauge bosons. A massive vector boson requires a longitudinal
component not present in the gauge theory, so one introduces Goldstone bosons which
therefore ‘live’ in

Goldstone space SUR2)L xU(1)y/U(1)em -

How does one go about describing fields living in such a space?

2.1 Goldstone Bosons

The procedure we use to describe Goldstone bosons here is known as CCWZ after the
authors of the seminal papers [7,8]. The essential tool for the formulation of this pro-
cedure is group theory, as applied to the breaking of a group G down to an unbroken
subgroup H, denoted schematically as G — H. The derivation as here presented applies
to any compact group and is general; it will in turn require some abstraction, more than
is needed for HEFT, so any student eager to get there can skip this section and move
to 2.2.
Let us discuss the Lie algebra by denoting generators as follows

space ‘ g ‘ H ‘ G/H
Generators ‘ Ty, ‘ ta ‘ X4




so {T} = {X,t}, and we use Greek indexes to the encompassing T-generators, Latin
upper case and lower case for the broken and unbroken respectively. The generator
normalization chosen and Lie algebra are ( here Tt = T and fap” are the structure
constants, [To, 15| = ifas"Ty)

[ta:ts] = ifap“te Tr(taX4) =0 (7)
[thB] = Z.faBCAXC’ Tr (XAXB) = 04B (8)
(X4, XB] =ifapt. + fap’Xc Tr (taty) = Oap 9)

The absence of X on the RHS of the first commutator equation follows from H being
closed (otherwise it wouldn’t define a group) whereas the absence of ¢ on the second
follows from the above statement and the fully anti-symmetric structure constants of a
compact group. The form of this two commutators will be useful later.

Next we point out that any element of the group G can be factorized into an element
of the broken and unbroken groups as

Gr =Gx Gy, Gy eH, Gx€g/7‘(, (10)

and one can parametrize an element of the broken group, £(z), with an exponential
representation; we write it in terms of dim(G /) fields 74 (z) as

EeG/M, € =™ =™ X/ (11)

where v is the decay constant needed for the right mass dimension of our scalar fields 7.
The transformation of £ follows from the composition rule of the group; if we apply two
transformations GG1, GG subsequently, we obtain a transformation GoG1 hence, regarding
& as our first transformation and G as the second,

£ GE=E6Gy, Ea=GEGl (@) =¢+ic-TE—ite BE)-t+0(2),  (12)

where e parametrises the transformation as in eq. (3), we have defined 8 which has two
indexes B.q, and to find the transformed &, &4, we have used again the factorization of
eq. (10).

The Goldstone-dependent unbroken group element G¢(€) is defined implicitly so that
GﬁGI is an broken group element. Given it is not something you might be used to, it is
good to be more explicit and write, with (7)g = 7 + da7 + O(e?)

£16gE = e_ﬁrégfr(;i_eﬁr —e e Te™ —ie- B(T) - t, (13)
T
. .. R ., . . )
Z ] [—iT, [—zz i, i) = Z ] [—im, [—im ... [—im,ie- T)...]] —ieft (14)
n—1 times n times

where terms with an underbrace in the last line mean nested commutators and we
have taken & times the first variation, £16¢¢, since this construction belongs in the Lie
algebra — if this is not evident you can use the second line above to derive this result—



and simplifies the expression. The above equation can be cast, to the second order level
in 7, as

Do it yourself #1: Finding the transformation rule for 7 to O(n2). Expand eq. (14)
to O(m?) on both sides including 5(7), then multiply on the left by a matrix 1+ ar7
and on the right by 1+ ar7 with ar g such that only the first term, i0g7, is left on the
LHS; then simplify the RHS to find eq. (15). Finally solve for 3(0), 93(0) such that the
RHS projects only on the broken Lie algebra and use the commutation relations of (7)
to find eq. (16).

iégw:ie-T—ie-ﬁ(O)-t-f—;[W,e-T]—F;[W,e-ﬁ(O)-t]—iewgﬁ't, (15)

The LHS belongs in the Lie algebra of the broken group (i.e. there’s only X’s); it is
the defining job of 3, 08 to ensure the RHS does too, so solving for the equation above
gives the explicit 5. Once this form is found and put back into eq. (15) we obtain the
transformation rule for our Goldstones to first order in 7 as

1
5G7rA = 1)61)4( + fBaAWBG? + §fBCA7TB€§( + O(Wz) ) (16)

where we have split € in broken (ex) and unbroken (€;) group components € -7 =
ex - X + ¢ -t. One can see that a broken group transformation shifts the fields by vex as
is the case for axions, but if the group is non-abelian there will also be higher orders in
7 given by the structure constants. On the other hand a unbroken group transformation
€; does not shift the fields but starts at the linear level.

This gives us a sense of the group action on the Goldstones but it is expanded on 7
and we want our action invariant under the full non-linear transformation. No invariant
operator can be built with ¢ alone and hence no potential is present. One turns to
derivatives next to encounter that the transformation here is z-dependent on two fronts,
e and G¢(§), as opposed to qr, so

(€78,6)c =Gie1 (0,6 G + Gie1GT(8,G)eG + G (€)9,GL(€) (17)
~Gi (0,6] + Cie! (G10,65.G) €61+ ) (Oueg + 0u 57 ) G116

The last two terms keep this construction from having covariant transformation prop-
erties. Dealing with the second term, GTE?HG, is not anything new and we can do as in

eq. (4), yet the last one, Gt(é)ﬁuGI (), is of a different kind. This new term, we first
note, affects only the projection on the unbroken Lie algebra since

Tr (XaGi(§)8,61(6)) =0, (18)

as follows from (7). It seems convenient then to separate ffDuf in the two sectors of
our Lie algebra and reassess:

Ja=Tr (XAngug) —Tr (XagT (B +igA - T) g) . V,=Tr <ta§TDM§> . (19)



in terms of which the transformation properties are
(Ia)o = Tr (XaGy (JPXp + Vo) G} ) = Tr (XaGy (J7Xp) G]) . (20)

since, again using the exponential commutator formula and eq. (7), one can see that
G X GI maps back to X and GttG;r to t. The analogous treatment for V' shows that

(J-X)a = Gi(J - X)GI, (V- t)g = Gi(V - 1)G] + G4(€)3. G (€) . (21)

We have encountered in fact a different kind of gauge transformation, via the gauge-boson
structure V that transforms with a shift. Building covariant transforming combinations
out of V' then mimics a pure gauge theory; one can define a field strength and its
derivatives, see e.g. [9].

We are interested nonetheless on the lowest derivative term in the Lagrangian, since
this will be leading in the EFT expansion —a point to be expanded on in sec. 4. This
operator is the kinetic term for the Goldstones, and reads

2

Ly = —%Tr (Jy- X" X) = —”22Tr (Xangﬂg) Tr (Xagf Dg) . (22)

Let us apply next this procedure to the electro-weak theory; we will find that a short-
cut allows reaching the Lagrangian faster.

2.2 Electro-weak Goldstone Bosons

It is generally a useful option to exploit all symmetries of our system, even if they are
only approximate. The scalar sector of the electroweak theory has a global symmetry
that comprises the gauge, SO(4) ~ SU(2)r x SU(2)r and the breaking pattern can be
embedded as

SU(2)L x SU(2)r/SU2)v ,

where SU(2), is the same as in eq. (1), SU(2)g acts on gg, {g and in the scalar sector
contains U(1)y whereas SU(2)y contains U(1)em —for the fermion sector U(1)y is a
combination of SU(2)r and B — L as can be seen in eq. (2). The generators for the
broken group are 4 x 4 matrices as

x=3 (7 ). (23

with o the Pauli matrices. When exponentiated the form of ¢ will still be block diagonal,
explicitly

5zc&wﬂ7 UJUL=UUr, =1,  det(Uy) =det(Ug) =1,  (24)

and our group transformation reads, c.f. (12),

@o=coi=(" 5 ) (" 0, ) (VY v ) @



The complication in the description arises from the &-dependent transformation V on
the right, not sure if you can spot it from here, but the shortcut is to get rid of V by
the following construction

U(x) = Up(2)U}y(x), (U)g = LURT, (26)

where crucially since L and R do not depend on the fields &, U transforms as an ordinary
(linear) representation. This attains the same goal as the current .J since one can obtain
a covariant derivative acting on U in terms of gauge bosons A, as

DU = (8, + ig%wj) U—igUS By, (27)

which transforms as (D,U)g = L(D,U)e~"3/2, Well then, let’s put this together with
the kinetic terms for the fermions and gauge bosons and a Goldstone-fermion coupling
to find

1)2

L="Tr (DuUD“UT> +i %: (VL + iprDyYR) — % EG: Fy M
N G UYR + hee., (28)
V2

where Y, =Diag(Yy, Yy), Ve =Diag(0,Y:) each ¥; a 3 x 3 matrix in flavor space. While
the invariance of the first line terms might be easier to spot, it is a good exercise to check
the invariance of the Yukawa terms on the second line for both quarks and leptons —in
particular for hypercharge we have ¢’@¥< with charge Qy given in eq. (2).

The Lagrangian in eq. (28) gives a good description of physics below 100 GeV; when
expanded around the vacuum, conventionally (U) = 1, we obtain masses as

vY;
\/i )
with tan(6w) = ¢'/g, Z = cg,, W? — sp,, B and the photon field being the orthogonal
combination. This theory in fact is as much as we knew for certain about nature before
2012, as I remember learning when sitting in a physics school in 2011 as you are now
sitting on one too.

What if we do not assume custodial symmetry in the scalar sector? One need not
preserve SU(2)r but only U(1l)y whose generator in scalar space corresponds to the
third Pauli matrix in SU(2)g. This means, since now we have an abelian group, that
insertions of the hypercharge generator are allowed; this has historically been done with

T = UosU' ((T)g = LTL') rather than o3 alone and we follow this convention here.
In this case one more operator can be built alongside the kinetic term

My = gv/2, My =2 (29)
2¢oy,

mw:

Ly= ”2880 Tr (TUDMUT) Tr (T(D“U)UT> . (30)

Do it yourself #2: Custodial violation of Ly. The argument for custodial to be a



good symmetry on the bosonic sector comes from the p parameter which is defined and

measured [10] as
2

My,
= = 1.00038 £ 0.00040 |2
P ngM% [ U]

Translate this into a bound on ¢ by finding the W and Z masses (£ = 1/2M2Z? +
M2, WTW ™) that follow from (28) and (30) where

Z =co,W3 —s4,B, Wt =W!—iw?)/V2.

The theory above, extended to comprise other operators and with an expansion on
energy over v so as to turn it into a proper EFT was outlined in [11-13] where you can
go for further reading. This theory, with or without custodial, and for all its success
at low energy, has a finite range of applicability and it stops at ~ TeV energies. Let’s
see why, for simplicity neglecting L4 which has a coefficient bound —perhaps by yourself
even— to be small experimentally, compatible with zero.

To see this let us use the equivalence theorem [14-16] which tells us that, at high
energy, the amplitudes for longitudinal boson scattering WEE, Zp, are the same as those
computed with the Goldstone Lagrangian to first order in a M/FE expansion with M the
mass of the massive gauge bosons and F the energy of the scattering.

In fact we outline here how to do this not once but twice, with two different La-
grangians. These look different yet they yield the same physics.

m Lagrangian. Take the CCWZ procedure and egs. (19,22,23), the kinetic term
that follows from this group structure is

—im)" 1, 0,7 —im)m L Ok
—1)22(JJ):U22T1“ (Z([ )n! , O ]XA>TT<Z([ ) No ]XA) +O(A,)

m)
n m

(31)

where by ([—i7)""1,8,7] we mean n — 1 nested commutators and we can neglect
the gauge couplings since they are subleading in M/E.

w Lagrangian. Our second Lagrangian can be built using U parametrized a la
Weinberg (a.k.a. the square root parametrization)

w
U =i07— 1-— 32
(w) 201U+ 02 (32)

we find



As for the explicit amplitude to compute, let’s focus on Wg WE scattering to leading
order in our energy expansion for which purpose we define

1
wh =—(w! —iw?),

V2

and after substitution in the Lagrangian the computation

Do it yourself #3: Compute the amplitude by expanding the Lagrangians to second
order to find, for m
2 1

—%Tr(JJ) = %87r -Om + 602 ((Opr - ) — 72(0m)?) + O(n°, An?), (35)

where - 0,7 = 7rA8u7TA and for w

(w - 0w)?

2
202

C(DUDTT) = %(&u) - (0w) + + 08, Au?) (36)
then substituting in eqs. (34) for the charged Goldstones. From there write down the
Feynman rule for the 4 point vertex with external particles 7 (p)n* (k) — 7 (p') 7T (k')
and evaluate it on shell neglecting masses, s = (p + k)? = 2pk = 2p'kK', t = —2pp’ =
—2kk', w = —2pk’ = —2kp’ (you can take d, — —ip, for an incoming particle and
Oy — ip;L for an outgoing particle recalling a 7~ field produces an outgoing 7 particle)
to find eq. (37).

Wi pu Wi, o,

Wik, Wik,

returns the amplitude, our convention for the S-matrix being S = 1 —i.A(27)*5*(p) and
s the center of mass energy,

S

Awrwiswiwy = 2t O(M/E). (37)

How does this amplitude tell us about the finite range of validity of our theory? A
fundamental property of any theory is unitarity, which guarantees probabilities less than
one, and for the S matrix translates into SST = 1. For ordinary matrices this would tell
us we can find S as an unitary matrix with say Euler’s parametrization from which it
follows that no single entry can be larger than one. The S matrix space is not as simple
as that but an analogous constraint can be derived and goes by the name of perturbative
unitarity.

10



Do it yourself #4: Derive the unitarity constraint, which can be cast as

0= 2m)*(p+k—p —k)2Im(A) (38)
1 Badg
2 (2m)5(2Ey, ) (2Ey,)

+@2n)*(p+k—q —q@)A At s +@—p —K), (39)

by performing the integral in the centre of mass frame and using A’s independence of
angles in our case to arrive at

1
ﬁy,zl(s)\? + 2Im(A(s)) =0.

For our amplitude perturbative unitarity demands
1 1
§Re {/ d(cos(0))A(s,0)| < 167, (40)
-1

with @ the scattering angle, which does not appear on eq. (37) but we have used the
formula for generic amplitudes. Well, this is not compatible with eq. (37) if E = /s
goes above /167 246GeV~TeV. Unitarity, which ensures probability conservation, is not
something you can give up and expect to obtain a theory that we can make sense of; it
is our strongest theory argument for new physics and this theory is pointing us to TeV
energies.

3 The Higgs particle

LHC announced the discovery of the Higgs boson in 2012 to great elation and procla-
mations such as the last piece of the Standard Model is here. To the theory community
the discovery of the Higgs, while welcomed, was almost a given because, by the power-
ful unitarity arguments of the last section, we had to find something by TeV energies.
The Standard Model offered the Higgs boson as that something while being in good
agreement with experimental data sensitive to loop effects; the opposition, in the form
of technicolour, was not so favoured by experimental data.

The assurance that unitarity gave us about the existence of a new particle —which, it
shall be noted, is fundamentally different from arguments deriving from the hierarchy
and other fine-tuning problems— and how the Higgs singlet can be just the right particle
for the job is what we turn to next. We know that the Higgs particle, here denoted h,
is a spin 0, parity 4+ particle, which covers point {1} of our EFT list of demands, but
for point {2} its transformation under the symmetry must be specified, (let (h)g be the
Higgs field under a G transformation in keeping with our notation)

(W) =h.

11



That is pretty simple, and in turns means gauge symmetry imposes no constraints on
the way one can insert powers of the Higgs field anywhere. In particular if we revisit the
Lagrangian of eq. (28) with a Higgs we find

(0Rh)?  w2F(h)?

L= "+ — TY[D#UD“UT]—

Pg(h)
4

v

ﬂqZLUy¢(h)¢R + h.c.

(41)

Fu F* —V(h)

Here we define F'(0) = 1, Pz(0) = 1 to preserve v = 246GeV and gauge couplings gs, 9,9
as usual whereas the only thing we assume about these functions is a Taylor series in h
around the vacuum which is (h) = 0 in our convention.

3.1 Standard Model
Before making more explicit what the electroweak EFT is, let us show why the Higgs

can solve unitarity violation. Again making use of the equivalence theorem and now
expanding F?(h) we have, for each w and 7 parametrization

Lo :%ZF’(O)h o - O Lo :%QF’(O)h D - O (42)

where we used F'(0) = 1. This adds two diagrams to WZ WEF scattering, the sum of
these two with the contact term

Do it yourself #5: Higgs contribution to longitudinal scattering. Derive the Feynman
rule from eq. (42) after subbing in (34), don’t forget the factors of i and neglect the
Higgs mass (including in the propagator) to add the diagrams

4

and find the amplitude in eq. (43).

gives the amplitude, again with our approximations,

A= (5 - (F(0)%) = r2 (43)
where we have defined
(FO) =07 (44)

With our definitions we appear to be back in the same theory situation as before with the
scale f in place of v and expecting physics at ~ v/167 f. Yet this is a rather different case;

12



before the Higgs discovery physicists knew v = 246GeV, since it could be derived from
v = 2My /g, but what do we know about f now? Instead of a number we can only put
a lower bound on it which allows for a very large f, and in the limit f — oo, a vanishing
amplitude (to this order) and with no amplitude, no the unitarity problem. That is the
fundamental difference with our theory pre-Higgs discovery, the theory obtained in the
limit f — oo is perfectly self-sufficient to arbitrary energies and experimental data is
compatible with this limit. This theory is none other than the Standard Model and we
can define it as

m% (v + h)? N Av + h)?

Fsy=1+h/v, Pgsu=1, Vsyu(h)=— 5 3 7

(45)

= (" Y. i =0y Jern. o

From this point of view the SM does not seem such a special theory, in particular
the fact that is self-sufficient, in the shape of being renormalizable, is not evident. To
illustrate this property there is a re-writing in terms of a linear representation of the
gauge group H defined as

HT v+h 0
H=1| vt5%%i |=—2=U ( 1 ) ; (47)
v | =7
with 7 a pseudo scalar field, H* a complex scalar field. When written in terms of H the
kinetic term goes from an infinite tower of terms to

1 2
5(Oh) + %FSM(h)%r [DMUD“UT } — D, H'D'H (48)

and Yukawa and potential read (H = eH* with e the antisymmetric 2-tensor)

v _ (7 2 gt 4 D
T50UYi(War = au, (AY HYa) an, V= =g+ SU? . (49)

Do it yourself #6: Show that relation (48) holds. You might want to use relations
like D, (UTU) =0, D, UTD*U = —UTD,UUTD*U with UT D*U projecting only on Pauli
matrices and (0, 1)7M(0,1) =Tr(M (1 —03)/2). But feel free to use your intuition, there
is more than one way to go about it.

It is now that we see that all the operators on this theory can be built out of linear
representations with no constraints on them and have mass dimension < 4, they are
marginal and relevant or renormalisable. This means that the theory is closed under
quantum corrections, no counter-terms in the form of new operators will appear at any
level in the theory and once we have measured all the parameters in the Lagrangian of
eq. (41) with the substitutions in eq. (45) our theory is fully predictive.

13



3.2 HEFT building blocks

It is not the SM that these notes are about so let’s conclude our sightseeing trip and
come back to EFT. We can summarise the two first points of the EFT list, {1} field and
{2} symmetries as

qr qr lr lr U h

SU(3). 3 3 - — - —

SU(Q)L 2 — 2 — 2 _
1 1 g3 1 1 g3 g3

]_ — — = - — = — = _
Uy 6 6 2 2 27 2 2

where SU(2)r, (U(1)y) acts to the left (right) of U. If custodial is not respected we also
add

SU(2)L Uy
T = UcsUT 3 _

where now 3 is the adjoint of SU(2)r, and we note that T is not independent but an
object built out of U, os.

This completes the list of elements we need to build the theory which you can see in
its inception on [17,18]. The point that we would like to stress is that in general h and
U are completely independent but in specific cases like the Standard Model they come
together to form a linear representation. This is one of the main questions that these
notes try to address

when and how does HEFT admit a linear representation H ¢

When HEFT does admit a linear representation we recover the Standard Model Effective
Field Theory where one can write our Lagrangian in terms of

H:WU(?) (50)

where v, and h are related but not the same as our field A and constant v (e.g. h
might not be canonically normalized). This distinction of SMEFT and HEFT that is
not SMEFT, i.e. HEFT/SMEFT, is referred to linear vs non-linear and we will call
theories in HEFT/SMEFT quotient theories to avoid the overuse of HEFT.

The last point in our list, {3}, is left to discuss, and this pertains to the selection of
operators we have put in our Lagrangian thus far. Indeed in addition to the operators
in eq. (41) many others can be added, e.g. their square, or any positive power, as well
as new combinations of our building blocks. In fact there are infinitely many operators
and one needs to identify an EFT expansion to sort them out.
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HEFT

4 The expansion

Take our HEFT to be valid up to a scale A where new particles show up to complete
the picture. This variable gives us the expansion parameter since we expect our EFT to
be valid at £ < A and it is a good idea to expand on powers of E/A. This discussion,
simple as it is, is enough to pin down the organizing rule for the operators in SMEFT.
It is as simple as counting mass dimensions d; of operators, and the SM is defined to be
the linear theory with all d; < 4 operators.

In HEFT the expansion is less evident and makes a simple counting rule like the
one for SMEFT less straight forward. Some of the difficulty is overcome by looking at
amplitudes, so let’s write the W W™ amplitude with a sub-leading term in the EFT
expansion,

Aw+w+ = % (1 + CNLO%) : (51)

This equation might spark the question in the minimalist mind, given [f] = 1 why not
identify f = A? The two scales are different just like v and my were different in our
pre-2012 theory of eq. (28). Perturbative unitarity arguments give us and upper bound
on A, A < /167 f which is saturated for strong dynamics, but this bound leaves a lot of
room for the relation between the two scales. Let us be more explicit and take A to be
the mass and g, to be the coupling of the particle that produces A at high energies

2 2
_gis  _gls( s
Avv = 15, % 4z (H A2) (52)

so we can identify A = g, f and conclude that weakly coupled theories have states with
particle’s mass A well below f and strong dynamics means heavier states, with masses
possibly above f.
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Turning now to the Lagrangian one shall be aware that the redundancies removed by
amplitudes might obscure the view. For example, F’ in eq. (44) depends on two scales
but the amplitude only on one. For this reason we keep the expansion implicit in A within
unspecified functions such as F' or Pg in the following. Similarly but now to preserve
manifest gauge invariance, we do not expand U on its Goldstone boson components.

As a first go at organizing our operators let’s mimic the SMEFT formula and write,
with the scalar boson considerations above

¢ Nwi D NPi -
L= A} [Ag/] [A] U)NePy(h)

where field strengths are captured as [D,, D,] ~ igF),,, and just as in SMEFT we can
expect higher inverse powers of A to give ever less relevant corrections. This formula
implies operators with higher powers of fields are suppressed as intuitively expected;
however upon the closer inspection of writing some of the first few terms this formula
gives, we find

A Fy(h) + Pr(h)A*(DUDU) + AY(h)*U + Py(h)(DU)* + - -,

which suggests the potential is much more relevant than the kinetic term of the Goldstone
and this more so than the Yukawa term, itself less important that kinetic terms of
fermions and gauge bosons, the latter on the same footing as the last operator above.
The last operator above, (DU)*, however gives the sub-leading correction in eq. (51)
which would require P4(0) ~ v*/(f2A?) and hence a dependence on A that the SMEFT
formula failed to predict.

A more appropriate counting formula to organise our EFT can be obtained from Naive
Dimensional Analysis (NDA) [19], to which we turn next. NDA gives a normalization
of operators such that the dimensionless coefficients that accompany them in the La-
grangian should be smaller than one for the loop expansion to converge.

Do it yourself #7: Understanding naive dimensional analysis.

To implement the NDA normalization based on the loop expansion one can proceed as
follows: we first divide field insertions by a scale, let’s call it A4 for scalars and impose
that in the propagation of our field an inverse loop factor arises together with a common
scale A

¢(@)p(y) o [ d'p eV 1 ) (@) iy,
00 = [ sz~ 0 [ g 69

so Ay = A/(4m), you can do the same for fermions to find Ai: = A3/(47)2. Powers of
momenta are inserted over this scale A.

Next consider an operator in the Lagrangian with the normalisation above —and an
overall A1/(4m)?~ and Ey scalars —we leave other fields out for simplicity— and K deriva-
tives with a coefficient C' at tree level. At the quantum level this operator will receive a
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contribution 6C from a diagram with V' vertexes, each contributing Ey, external fields,
N; powers of momenta and a total of I internal lines, in momentum representation,

v ‘ I e
B H ( A4 [47@} <K>Nz (277)454(]9)) 1:[ <(ZZ§)E:;2§2) ]

If we use the Dirac delta’s to cancel out internal momenta we are left with L = I—(V —1)
integrals over momenta (if you're not familiar with it, I encourage you to test the relation
L =1—(V —1) on the most complicated loop diagram you can scribble) to simplify the
contribution to C' as

ollon(am) (5) [aa] (] @
N(HCZ,)(A4)V71+L—I(4 I-L-V+1 _ HC (56)

which means the contribution to C' is the product of all coefficients with no w-factor
suppression and C; ~ 1 is the limit of convergence of our loop expansion, anything
larger than that makes computations unviable.

Given our reasons not to expand on the Higgs singlet and Goldstones, the NDA
adaptation reads [20]

A Aap 1N [ D] Ve
‘Ci = TN 7 h A UNUi ) 57
a0 58] |3) o
now with this formula the four derivative operator
Py (h) 4
D
(DU (59)

is subleading and we are closer to natural coefficients with P4(0) ~ v*(4m)2/f?A? to
reproduce eq. (51). NDA offers chiral counting N, = N, + Ny, /2 to organize our series
in a manner more informed than simple dimensional analysis [20]. It does also signal
the following operator potentially as important as gauge bosons couplings to fermions

Pyep(h)bryuorn Tr (o (D0)UT) | (59)

What the NDA-adapted formula does not however make explicit is how the limit A — oo
returns the SM. Take the operators in eq. (58), and (59); their coefficients Py2p(0) and
P4(0) have zero mass dimension so one takes them as coupling constants independent of
each other and A —the NDA formula does not know about eq. (51); however, we know
they should vanish in the limit A — oco. There is therefore further implicit dependence
on the dimensionless coefficients P(0) that NDA cannot determine.
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Another approach to the expansion that makes the decoupling more evident is to define
your leading order Lagrangian and then deduce your next-to-leading by identifying the
terms required by renormalization at one loop. In essence it uses the loop expansion
as NDA does but there is the somewhat arbitrary definition of leading order (LO).
Following [21] in this ordering the LO Lagrangian is defined as

2
Lro = %((%)2 + %F(h)QTr [D#UD“UT] - EFWFW —V(h) — drUY(h)dg + h.c.
(60)

where we note the Higgs function P has been dropped in the gauge kinetic term. The
NLO terms can be derived from induced UV divergences as, again schematically,

¢2DU7 1/1L?/)RU[D’D] ) D4U7hv ¢4' (61)

More than estimating has been done nonetheless, the UV divergences and RGE equations
have been computed in [22,23].

Once the expansion has been determined, the operators have to be made explicit
and redundancies removed —unless you are okay with working with more parameters
than physically observable which is sometimes handy. In these notes we do not aim at
presenting the complete lists of subleading operators in each framework but refer the
reader to the literature [6,20,24-26].

Before moving on, a word of encouragement if you're put off by the expansion ambi-
guity; we have experiment to tells us what the coefficients are!

5 Geometry

Amplitudes remove redundancies from the Lagrangian description and make our expan-
sions clearer. We have seen an example of each in (7) the same amplitude following from
Lagrangians (35) and (36), and (i7) how eq. (51) helps us identify the EFT expansion.
Point (i) can indeed be presented by saying that the physics does not care about the way
we choose to parametrize field-space. This same statement applies in an analogue that
might come to mind; the physics are the same no matter how we parametrize (choose
coordinates of) space-time. This parallel between field reparametrisation in QFT and
coordinate changes in general relativity goes further than a sketch; correlation functions
are built out of tensors in field-space and we will present a ‘geometrised’ relation be-
tween amplitudes and correlation functions. Last but not least in our list of reasons to
use geometry, is that it helps us visualize our theories. Further reading on the topic can
be found on references [27-31].

How does geometry come about? It starts with a metric, and we have been dealing
with a couple already, let us write eq. (33) explicitly:

oALE 0w G B | (62)

1 A g _ 1
Ezi uw |:5AB+(02_M2:| 8”(,(} :5
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One can regard GEZJ];, a two index object, as a candidate but, for it to be a true metric,

it should transform covariantly. Assume we are given the mapping from 7 to w, w(m),
then we can write
A () dwPB

1 w 1
GO Glgor” = S0,m S G,

1 ™
o'l = J,m¢ G oD, (63)

G®) does transform covariantly and is indeed a metric. The matrices dw/dm are the
equivalent of the transformation G in our gauge theory and we have a relation between
the new and old metric which is of the covariant form.

This is telling us more explicitly that both theories are the same, and for this it is
useful to take a step back and realize that both parametrise differently 2 x 2 unitary
matrices, i.e.

vty =uvut =1, det(U) =1,

but these are none other than the equations for a 3-sphere, S2.

Having identified our metric let us turn to derivatives. In an analogy with gauge theory,
there is the need to modify derivatives to make them covariant, only now derivatives with
respect to the field. Consider V(¢) with ¢* our set of coordinates and a change to a new
set of coordinates ¢, ¢(¢)

oV 9¢° oV PV 9%¢ oV N oo dgc 92V (64)
9¢* 09" 9’ 9¢bage  0¢b0¢™ dge O D Hgedgd

While the first terms gives a covariant relation between old and new derivatives with
respect to the fields, the second one has a piece that does not follow this rule. To remedy
this we introduce the Chistoffel symbols or connection

7 1 7
=@ (060 +ac) - aGy)) | (65)

and introduce the covariant-field derivative D which acts as:

2V oV

DDV = —— ¢, 7V
o DpV a¢aa¢a ab8¢c’

(66)
with now D?V being a true tensor, i.e. transforming covariantly with a d¢/ D¢ matrix
on each index.

This analysis on HEFT gives us the metric,

O | P

1 ; ; 1 0
wrrt - i ~(9) 10 (#)
Tr(D U DMU) = 5D G (@)D, G = ( 0 F2(h)i )

(67)

where ¢ = (h,¢%), Dy¢ = (Ouh, 00 + gAEC%) with ¢ killing vectors, § is the metric
of a 3-sphere S, Af =Tr(TpA,), and ¢ runs on the values i = h,1,2,3. We need not
make explicit the inner metric that corresponds to the Goldstone space —S3 as we have
just seen above— but we do note that our convention around the vacuum is §(0)qp = Ogp-
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The Killing vectors ¢ give us the isometries of the manifold, i.e. displacements that
leave the metric the same, and form a representation of the group as

(9)
190G

¢ (6) | (6 CF
L G0 L g% e

8¢i kj ik a¢j

where B on C% runs over the generators of the gauge symmetry. Killing vectors offer the
answer to the question we posed in sec. 2, eq. (16); the infinitesimal transformation of
our fields is proportional to the Killing vectors

dc¢" = e'Ch(9),
whereas the derivative, making use of the second property in eq. (68)

ok
dpi

Lo % 05

+¢ Agpk ~Bguk = fas“ ¢, (68)

6G(D,u¢i) = (Du¢j)

€A, (69)

|| which you can derive yourself: use (5), (7) and (68) || and the first property of (68)
shows that the kinetic term in (67) is indeed invariant. One can hence regard the
Goldstone boson study of sec 2 as the application of geometry to the coset spaces that
appear in group theory.

It might seem that we have introduced quite a few new concepts for a bit of a dry
section so far, so let’s pause here for a respite to pick some low hanging fruit in geometry.
Our scalar fields, Higgs+Goldstones, live in a 4-dimensional manifold M with metric
G(?). What could this space be?

There is a lot of possibilities of course but if one surveys for simplicity only the most
symmetric spaces for the manifold M, they happen to have constant curvature R over
all the manifold and you might have already guessed a couple of them; here is the three
we have:

R=0 R Standard Model
most symmetric M's ={ R >0 S* Minimal Composite Higgs (70)
R<0 H* 777

The last column is given without a proof, but a plausibility argument for the Mini-
mal Composite Higgs model is that it is based on the breaking SO(5)/S0O(4) and this
space that yields the Higgs doublet is isomorphic to a 4-sphere, S*. The H* case has
negative curvature and it might be described arising in SO(4,1)/SO(4) breaking but its
formulation as a complete theory runs into ghosts [33,34].

Do it yourself #8: Derive the metric for the MCHM. The minimal composite Higgs
model is based on the breaking SO(5)/S0(4) which returns 4 GB that the Higgs doublet
arranges into. We can use the CCWZ formalism of sec. 2 with matrices

_ L0 dia s x_ L (0 7
e 8) (N
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Figure 1: Examples of possible HEFTs based on geometry and reduced to 2d (rotations
around the vertical axis correspond to gauge transformations): (a) SM (green)
MCHM (orange) and negative curvature (blue), (b) Quotient theories which
don’t have fixed point (the manifold does not go through the origin), (¢) Quo-
tient theories with a singularity at the fixed point (d) theories as in (b) but
resembling ever more the SM case around h = 0. See [32] for more details.

where we have substituted v — f and 7%, A = 1,2,3,4. An explicit form of £ can be
found by realizing that the Taylor series satisfies (7)2"*! o (%) and (7)?" « (7)2. For
this purpose it is useful to define @2 = h? and u = 7/|n| so u(y) is a unit-modulus 4d
vector and 9,0%Gap0" ¢’ = v*(0,u) - (9*u). Once the form of £ is found, compute J as
in (19) and from there the Lagrangian from (22). The last step for the connection is to
write h = v, + h. You can find more such decompositions in [35]. For those willing to
go further, the relation between v, v, and f can be found and substituted back to find

F(h;v, f).

Let us keep the geometry options open nevertheless and now push ahead to relate
geometry and amplitudes. For this purpose we compute the Riemann tensor that follows
from the metric G(#).

Do it yourself #9: Derive the connection from the metric in (67) using formula (65),
and from there the Riemann tensor given

R"jkl = akr;l, +Ti = (k1) (72)

The pure Goldstone elements are a bit involved, you can try and use an explicit inner
metric or relations like gu, = v2(Ou(p)/0p?)8;; (0w (¢)/O¢?) with u a 4d unit vector.
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The Cristoffel symbols read

. F’ .

Fab - _F,Fgab ?Lb = f(sg gc = Fgc (73>
where we need not specify the inner 3-sphere connection I'. The Cristoffel symbols are
not covariant themselves so will not feature in amplitudes; note that they show up in
the Lagrangian though as evidence of redundancies. The curvature on the other hand is
covariant and reads

Rhavh = —F*Rigap, (74)
Raped = F* Ry (Gacvd — Jaadve), (75)
with
F// 1 (F/)Z ii
Ry, = TR Ry = 2F2 2 RY;; = 6(Ry + Rn) (76)

you might notice, when evaluated at the vacuum where F'(0) = 1, that the curvature R,
features in the amplitude (43), what is more one can also find

Awrw, snn = —Bns (77)

Are these coincidences?

5.1 Geometric LSZ reduction formula

Let us revise the LSZ reduction formula

p; —m; JldgleS 1o [ pf —mi | (¢1¢2 - - gn)
mH out — (1:[ Z 15J ) f[dgb]ezS[d)} - (1;[ \/Z ) ( >
(78)

where (¢ ¢ .. ¢%) is the n-point correlation function and the kinetic term is not
canonically normalized; it reads Z710¢?/2 so that (¢p¢) = iZ/(p* — m?). Try now to
compare this with our geometry.

First we expect the correlation function, given it has n-field-indexes to generalize to
a tensor. Coordinates ¢ are not themselves covariant; to fix this one can exchange
them for a parametrization with new variables n that follow geodesics (Riemann Normal
Coordinates) and yields the same S matrix elements since ¢ = 1 + O(n?) and 7 excite
the same particle as ¢ out of the vacuum giving the same scattering matrix .S.

The other element is the normalization Z. If un-normalized, our kinetic terms in the
geometric picture read G(0)(9¢)?/2 hence Z~' = G and (Z)~'/2 = V/G; well, what is
the square root of a metric? Recalling our GR modules

¢P = Ze 6)o1. (79)
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eiI are the vierbeins which map between ‘flat space’ (I, J indexes) with a metric d7; to

our curved space of metric G.
The geometric generalization of the LSZ formula is then —this formula was first pre-
sented in [36]—

St out = (H@%—mi)eaz) <¢a1¢’az &%) (He )T“l “({p}),  (80)

i

with 7 a tensor with n indexes that also has kinematic variable dependence.

Do it yourself #10: Well, don’t believe me, let’s try it! Suppose the vev of h is not
at 0 but some other point h,.

First we can find the LHS of LSZ computing the amplitude as we did in for (43), now
expanding around h.,

V2F(h,)? V2 F(h)F (h,
Fih)Tr (DMU(w/v*)D“UT(w/v*)) + Fih )2F ()l

Tr (DMU(w/v*)D“UT(w/v*)>
where U(w/v,) is the parametrisation of eq. (32) with v — wv,; the first term here will
give us vy in terms of v and F'(v,) when we canonically normalize w, then we substitute
this in the w?h and w? vertexes and the new coefficient with our old computation should
give us the new amplitude.

On the RHS of the equation we would have, for this scattering, given that w™ is a
combination of w!?

Ay = (€ (7)) (€F (7)) (e (hu)) (€F (7)) RIM (R )

We evaluate our equation at h = h, but still around the same point in the GB manifold,
in particular §(0)a = dq4p; use this and eqgs. (67,79) to find the explicit form of eiI and
evaluate the equation above to check eq. (80).

One can check both sides of this equation with the amplitude at hand, if the Higgs
boson happens to take a vev at some other h, recycling our result with the RHS of the
geometrised LSZ formula, we would find

Ay = F(h) R (hy)s = Ry(ha)s,
as one can check explicitly computing the amplitude.

5.2 The metric for the linear realisation

Geometry offers therefore a good grasp on physical observables. Let’s put it to use
to come back to the question we posed in sec. 3, the distinction between linear (a.k.a.
SMEFT) and non-linear (a.k.a. quotient theories, HEFT/SMEFT).
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For a first look lets assume SMEFT with a good expansion so it suffices to consider the
leading corrections; with the extra assumption of custodial invariance, the two operators
in SMEFT that contribute to the metric are

CHO 2 , CHDD

Li—g = W(aM(HTH)) + THTHDHH*D“H. (81)

These come with two parameters so one might expect physical observable predictions
that depend on two variables. This is not the case.

Do it yourself #11: Check that leading order SMEFT predicts correlated curvature.
There is a number of ways of checking this: computing the amplitudes that follow from
the Lagragian, using the equations of motion, and others; what we can try here is more
geometric. After substituting (50) in the operators (and Higgs doublet kinetic term) the
metric has a form

K(h)(@h)? | LA(h)

CHO 2 CHDD _ 2
D,H'D,H + W(OH(HTH)) + = H'HD,H'D'H = > + 5 (d2%)
h)?  W?F2(h
_ (32) LY 2() (d92)

where d)? :Tr(DuUD”UT) /2. The second equality gives us the change of coordinates
from which you can derive the relations, using the chain rule and eq. (76),

dh 1 p oL 1 (dLY? 1 d®L 1 dLdK
dh VK’ °T 12 KI? ’

- ah "= woaz T arzanan Y

Whereas the first identity gives us K (h), L(h) in terms of the operators, which we can
substitute above and expand all terms to order A2 to verify eq. (83).

as one can derive the result that

CHO — CHDD

R, =Ry, = 2

(83)
This is a definite prediction that we can compare with data by looking for correlations
between Wy W — Wi Wy and WpW — hh amplitudes (in practice however these
are hard observables to observe and we probe curvature through other means, see 7.
However, say we find experimentally —~which we haven’t- R, = R,/3; this does not
agree with (83), can we rule out SMEFT?

The answer is no; if one does not stop at dimension 6 but adds further terms

,U2F2

%(8h)2 + 8402 = A (HTH) (O (H'H))? + B (HTH) D HIDFH  (84)

where dQ? =Tr(D,UD*UT)/2, with A, B analytic functions of the argument, the cor-
relation is lost; it already is at dimension 8 actually. There has to be a better way of
telling SMEFT and HEFT/SMEFT apart.
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6 The EFT Dichotomy

The way to tell linear and non-linear realisations was laid out by the CCWZ authors in
the same work [7] quoted in sec 2, and cast into HEFT in [28,29]. To present it we point
out first the implicit assumption in SMEFT that an expansion in H is well behaved,
i.e. analytic in at least a neighbourhood of H = 0. Yet this point is not the vacuum
state, since (HTH) = v2/2; in contrast for HEFT one expands on h where h excites the
physical Higgs and parametrises deviations of the field from the vacuum point.

What is special about H = 0, why would SMEFT expand around it rather than the
vacuum? Electroweak symmetry is restored, i.e. it is unbroken at the point H = 0. The
presence or not of such point in our manifold is the key to the lemma to tell SMEFT
and HEFT/SMEFT apart

Linearisation lemma

If there exists a fixed point in M under the G group action with a smooth
neighbourhood then the theory admits a linear representation i.e.

Jh, such that (i) F(hey) =0 & (it) (V'R)<ooVn = Linear

A fixed point is defined to be left unchanged under the action of the group, fixed; for
the Higgs doublet

(H)g=GH = H? only solution H = 0.

The second line of the lemma phrases it for our metric of (67); Goldstones are always
shifted by G, so the only way to avoid this is by ‘collapsing’ the angle coordinates to a
point by setting F'(h,) = 0 just as it happens at the origin for polar coordinates. There
you have it then, if a smooth fixed point exits, i.e. conditions (i,7i) are met, we have
SMEFT.

It also tells us that breaking either of these conditions one can step out of SMEFT and
the linear realisation into quotient theories, which can therefore be put in two classes

A There does not exist a point hy left fixed by the group action (Bh,, F(hy) = 0)
B There is a fixed point h, with F'(h,) = 0 but is singular, i.e. V"R = oo for some n

Before we see one of these quotient theories is good to review the familiar theories for
BSM, to see if any of them fits the mould. Supersymmetry, Grand Unified Theories, the
Seesaw model and even composite Higgs models, all fall in the SMEFT category. They
also have one thing in common, their typical scale can be much higher than the elec-
troweak scale and hence evade direct searches. This connects to an important theorem in
particle physics. The decoupling theorem [37] guarantees that if the new physics behind
our EFT is heavy enough, it would decouple to leave no effects and a consistent theory.
This is the case in SMEFT as taking A — oo we obtain the Standard Model. However is
this the only way to decouple our theory? In other words, are HEFT/SMEFT quotient
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theories non-decoupling which would imply they have a finite cut-off —here meaning by
cut-off the mass of the extra heavy states? Recent study suggest this is the case, at least
for a large class of quotient theories [30,32,38]; the opposite would mean there is a ‘back
door’ to the SM via HEFT/SMEFT.

’ Q via HEFT/SMEFT SM via SMEFT SM
( ‘ —

For pedagogical reasons, rather than reviewing the general arguments or proofs for
the properties of quotient theories, let us simply build a specific theory that interpolates
between SMEFT and HEFT/SMEFT and examine it.

To construct our theory first a quick review of integrating out a field when expanding
on derivatives [29]. If one implements this expansion in the action for a UV complete
model with heavy ® and light ¢ fields

S [, ®] =S [¢, ®] + SP*) [, B] + ... , (85)

and also expand the equation of motion for the heavy field which returns the effective
action,

02 (6,25M(6)) = 0 (6,95M(6)) 4 =0,

One obtains an effective action at low energies

55*(

Sun() =5 [3,85(6)] + 59 [3,05M(0)] + SER [0, 08M()] + .. (30)
=5 [, of5M(9)] + 5@ |6, 0FM ()] + ..., (88)

where we used the second equation in (86) in the last line. It suffices then solve the
vanishing momenta equation of motion for the heavy field ® and substitute in the order
p? action to obtain the effective potential and kinetic terms at low energies and tree
level.

We can now specify our model, which we take as simple as we can find it [29]. Take
the Standard Model and add a singlet S, (S)g = S with a Z3 symmetry and a coupling
to a linear Higgs doublet H as

2 A A A
V(H,S) = —miH H - 28— SHIHS + 55' + SLHTHP, (89)

with all parameters positive which implies in particular both S and H get a vev.
To obtain our HEFT theory we integrate out S, which has a 0th order EoM

. 9 -
S (_mg ~ NHTH/2 + \S? /2) =0, SV = \/ 5 (m% + )\HTH/2> : (90)
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where we take the potential so as to produce a vev for S. It is good to keep an eye on
the mass of the state we integrate out, we have with our approximations
0*V

2 _
s = 3g2

~’U2
=\ =2 (/\4* + m§> : (91)

S=vg
We obtain the effective action kinetic term subbing in (90)
121 (0, ) /)

= . +D,H'D'H 92
2Nd m?+aHH/2 52)

by =L (SEM ), H)

1 |8m3 + AA/A+2)(ve 4 h)? 5 (ve+h)?
= . oh)? + —~—="Tr (D, U'D*U 93
2 8m3 4 2\ (v + h)2 (O8) 4 r< 8 ) (83
2 2
= éK(@)(ﬁh)Q + UF4(h)Tr (DuUT D“U) , (94)

as follows from using eq. (50). In view of the kinetic term of the Goldstones we realise
that v, = v which simplifies the following discussion. From here the curvature follows
from a coordinate change and the chain rule, as you might have worked out yourself in
the DIY#11 (with L = vF = v + h) excercise, eq. (82), and they read,

1 (F)* 1 1 _F"  K'(h)
Ro=0m = 2 = ZF@pP <1K<h>>’ B==F=arprmw

So one obtains after some work || which you can do yourself: not much guidance needed,
take eq. (93) put in eq. (95) and compute ||
A2 8AZ\m3
e 2 — 27 Rh - L m2 2 (96)
8Ams + A+ 2X\)(v + h) (8)\m§ +)\()\+2)\)(v+ﬁ)2>

Here we can see that this model interpolates between SMEFT and HEFT/SMEFT. Take
the decoupling limit ms > v and you can check that the correlation of SMEFT to first
order in 1/m3 is corroborated. However take mg = 0 —which does not yield a massless
S since there is the extra contribution in (91)— and we step outside of SMEFT and into
HEFT/SMEFT; the curvature R, presents a pole at h = —v where it does blow up!
The generalization of the LSZ formula tells us this curvature would be proportional to
the amplitude when expanding around that point, so it is a true singularity. You can
see what is the Ry, R, correlation in this mo = 0 in eq. (96) limit to see if it differs from
SMEFT. Finally one can push further into HEFT/SMEFT and take m3 < 0 — again
still compatible with massive S cf. (91)— this will also yield a pole, closer to h = 0 that
h=—v.
This simple model teaches us two important lessons.

Ry

e The first is that when we step into quotient theories, the mass of the particle we
integrated out is tied down to the electroweak scale, in our case mg < (A/2)Y/2v,
which means through the perturbative unitarity bound on A< 8, an upper bound
on mg. Indeed this theory was fount not to decouple in [29] with a finite cut-off
~Amv .
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e The second is that in our trip towards HEFT/SMEFT, we first encounter the
mg = 0 theory which has a candidate fixed point but that same point has divergent
curvature; it is a type B theory. The m3 < 0 theory on the other hand has the
singularity before the would be fixed point but we can only trust our theory till
the singularity. There is then no fixed point and we have a type A theory.

The first point confirms the expectations of finite and wv-related cut-off, i.e. non-
decoupling theories where there is an upper bound on the mass of new states. This has
been generalized for theories with a singularity making use of the Hadamar theorem to
derive a finite cut-off of ~ 47w [30]. The argument goes something like this; if there
is a singularity some distance v, away from the vacuum, the Hadamar theorem tells us
how fast the coeflicients in the Taylor expansion on fields grow, these coefficients give
us scattering and are in turn each bound by unitarity. Individual channels with n+42
particles point at a cut-off —derived as we did for Higgsless theory on eq. (28) in the
end of sec. 2— of 47v,y/n, which we can expect to improve to 47v, when summing over
possible scattering in the inelastic channel. Finally as in the case above, the examples
we know about have v, ~ v and so we obtain a finite cut-off from unitarity. For a more
detailed and rigorous exposition see [30].

The second point tells us about the geography of quotient HEFT/SMEFT theories, if
we can extend our simple finding here, it seems type B theories lie in the boundary and
beyond we find type A theories. This is sketched in figure 2.

Let us end by noting that these results are good news for experiment, these type of
theories are —4mv ~TeV— within reach!

HEFT

Type B

Figure 2: Postulated geography of quotient HEFT/SMEFT theories as deduced from our
‘trajectory’ model in (89).
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7 Phenomenology and legacy

We have tried to show that HEFT is the most general EFT to describe the dynamics of
the known particle spectrum; it allows deviations from the SM in all theory directions
provided any new physics is heavier than a few hundred GeV. We are exploring this
electroweak theory space experimentally at LHC but there is still much we do not know
about the Higgs sector, the triple Higgs coupling being an example of a property hard
to probe. However we can make the best of what we know and compare with HEFT to
obtain information on the coefficients, something that has been done in multiple articles,
some are [39-41].

The procedure to compare with data is the same as in SMEFT; we expand around the
vacuum, find that the operators produce new vertexes, define our inputs and then make
predictions for observables. The full list of new physics effects deriving from HEFT is
extensive: electroweak physics at colliders, flavour physics for both quarks and leptons,
baryon and number violation, CP violation and even low energy observables as a possible
electric dipole moment of the neutron.

For space constraints we cannot, nor aim to, cover even one of these sectors here.
Instead let us note a couple of distinctive features of HEFT when compared to SMEFT.
First, as noted earlier, HEFT allows for large deviations from the SM and in particular
it can provide the theoretical background for the x framework of simply rescaling SM re-
sults. Second, a generic feature of HEFT is de-correlation of observables, understandable
from the fact that it comprises SMEFT and exemplified by the curvature-correlation of
first-order SMEFT of eq. (83) which is lost in HEFT.

To put some numbers in our Lagrangian and get a sense of current precision, we
borrow results from [41], for a couple of coefficients

2

vF'(0) = 1.01 £ 0.06 vPg (0) < (4%:)2 (—=0.01 £ 0.08) (97)
where P’GS controls the linear Higgs coupling to gluons and a prime denotes derivation
wrt h. These parameters are accessed through linear couplings of the Higgs, vector boson
or gluon fusion. Indeed while curvature is related to longitudinal scattering amplitudes,
these are not easy to access experimentally and the strongest experimental constraints
come from single Higgs production and —the absence of evidence for— double Higgs
production. This means in particular that the constraints on ) are weaker than on R,.
These constraints on curvature are shown on fig. 3.

Finally let us come to the prominent feature of (we suspect most if not all) quotient
theories, a finite cut-off and their position potentially within reach of collider experi-
ments. For this once more we turn to our example of eq. (89). I will let you do the work
and use fig. 3 and what we have learned to do the phenomenological analysis outlined
in the last DIY of these notes:

Do it yourself #12: Testing your model. Inspect the two limits for the curvature

e SMEFT, mg > v. Identify the R; vs R, correlation in this limit; is there any
obstacle to taking R — 07
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Figure 3: Experimental bounds on curvature; the red region is excluded by present LHC
data, the LHC-HL would further explore/exclude the blue region and finally
projected FCC sensitivity would narrow the range down to exploring the green
region leaving only the organe inner rectangle in the unknown realm. Within
the dashed square the scaling is logarithmic and outside is linear

e HEFT/SMEFT m3 < 0 Identify the Ry vs R, correlation in the limit mo = 0; is
there any obstacle to taking R — 07 To answer this you can compute the singlet
S mass subbing in S = vg + s and HTH = v?/2 in the potential of eq. (89) to
obtain eq. (91). How would the above results change for small negative m3?

Put your findings on the plot of fig. 3 which presents circa 2022 and future experimental
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bounds. Is the quotient theory ruled out? Will it be by future experiments? You can
take for numerics the requirement mg > 2my, for EFT to hold and from perturbative
unitarity A\, A < 8.

The LHC and future experiments will reveal the physics of the electroweak theory
addressing questions like the dynamics behind gauge symmetry breaking, the origin of
elementary particle masses, the hierarchy problem, and the dichotomy of the linear or
non-linear nature of the scalar sector. No definite answer is guaranteed for the first three
points, but there are encouraging theory results that make us think the last question
will be answered.
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