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1 Introduction

The discovery of the Higgs boson [1, 2] completed the spectrum of the standard model (SM).
Furthermore, all available experimental data seem to confirm so far the SM predictions for
its interactions, and bounds on masses of particles beyond the SM spectrum have settled
mostly above the TeV scale [3]. Thus, despite its many shortcomings, it appears that the
SM has been confirmed at this energy scale. On the other hand, this may not be completely
surprising since most of the problems or failures of the theory could be solved at much
higher energies. Such is the case, for instance, with the origin of flavor or neutrino masses.
Other problems, such as dark matter, for example, can be addressed by sectors that are
either very weakly coupled, very light or both, resulting in not so stringent bounds from
particle physics at the TeV scale. Traditionally, the hierarchy problem has been pointed
out as the one suggesting new physics at energies just above the weak scale. The tuning in
the scalar mass squared growths quadratically with the scale of new physics, the SM cutoff.
With some notable exceptions, most extensions of the SM designed to solve the hierarchy
problem are becoming fine-tuned due to the experimental bounds from searches at the LHC.
This is the case, for instance, for supersymmetric extensions as well as most composite
Higgs models since both would imply the existence of new particles the masses of which are
significantly constrained by LHC data. These bounds on new resonances sugest that future
tests of these and other extensions of the SM will come from precision measurements of the



SM couplings at higher luminosities, particularly once the high luminosity LHC (HL-LHC)
starts taking data.

It is in this context that we will consider deviations in the couplings of the Higgs boson.
It is possible that these deviations are not just constant shifts in the coupling values but
contain momentum dependence, leading to the presence of form factors. These effects
would result in deviations in kinematic distributions which, in addition to the deviations in
total rates, would constitute important information on the new underlying dynamics. The
appearance of momentum dependence in the Higgs couplings has been studied in a variety
of contexts in the literature. For instance, a general treatment of these form factors was
introduced in ref. [4], where the form factors where also computed in a specific extension of
the SM. Ref. [5], on the other hand, considered the associated production of a new scalar
with the Higgs and a gauge boson, where the general treatment of the form factors was
used to match to effective field theories (EFT) of BSM extensions, whereas in ref. [6] a
general treatment of form factor effects in the presence of compositeness is presented.

But the most common treatment of deviations in Higgs couplings, including momentum
dependent ones, is through the use of EFT, where all the possible higher dimensional
operators consistent with the SM gauge symmetries are considered. There are two main
approaches. In the SMEFT [7, 8], the Higgs boson is part of an electroweak doublet and
the symmetry is linearly realized. In the HEFT [9-13], on the other hand, the Higgs boson
is considered to be a gauge singlet and the symmetry is non linearly realized. Although
these approaches have the advantage of being model independent, the number of operators
needed, even if we only consider up dimension six, CP even, baryon and flavor conserving
ones, is still quite large. Furthermore, the computation of some observables in the EFT
would formally require dimension eight operators [14], which would make the entire program
much more difficult to carry out due to the large number of additional operators needed.
Finally, there remain ambiguities in the matching of BSM scenarios to the EFT [5, 15-17].
In particular, momentum dependent effects might be sensitive to these ambiguities as is
stated, for instance, in refs. [18, 19].

In this paper, we consider momentum dependent effects in Higgs couplings in connection
with BSM physics. Our aim is to map the most general aspects of Higgs form factors and
how these will impact Higgs phenomenology. As opposed to the EFT cases, our approach
will be model dependent. We will study a few typical scenarios leading to these effects
in the hope to put forward the most important features of signals that can be pursued
experimentally. The key factor for capturing momentum dependent effects in the Higgs
couplings will be the off-shellness, either of the Higgs or of particles coupled to it. We
will see that, depending of the example studied, the requirement of off-shell particles will
result in different possible signals. The form factor approach is well suited for capturing
non-local effects as well as for comparison with experiments and is at least complementary
to the EFT program. The model dependence question can be addressed by considering a
variety of BSM motivations for the shape and scale of the form factors, which can then be
more easily compared with kinematic distributions obtained at the LHC, as well as future
facilities. This is in fact, the program for the rest of the paper as well as for future work.

The plan for the paper is as follows: in section 2 we will make some general remarks
about form factors in Higgs couplings. In section 3 we consider, as a first example, Composite



Higgs Models (CHM). Although these generally involve narrow resonances that can be seen
directly at colliders, it is interesting to obtain these form factors to show the different types
of momentum dependence that appear. It is also an interesting way of showing that the on
shell (and constant) modification of couplings that these models typically produce does not
constitute a complete picture of the effects in CHM when off shell states are considered. In
section 4 we consider a scalar mixing with the Higgs boson, as well as the possibility of
the effects of a continuum above a certain infrared scale, possibly originated in a (quasi)
conformal sector. In section 5 we comment on the phenomenology at the LHC of these

various examples. Finally, we conclude in section 6.

2 Higgs form factors

Momentum dependent couplings appear in a variety of contexts. Here we are interested in
the effects that come from physics beyond the SM, and therefore we exclude form factors
induced by perturbative effects within the theory. Although in many cases these form
factors are associated with compositeness, such as is the case in hadronic physics, we will
not necessarily make this assumption about the Higgs couplings. We specifically focus
on the Higgs boson since it is a less tested sector of the SM, and perhaps also the least
understood. It is behind the origin of electroweak symmetry breaking and it generates the
electroweak mass scale which is not radiatively stable in the SM. Thus, it may be a portal
to physics at higher energy scales.

The study of the momentum dependence of the Higgs couplings can be complimentary
to other searches for physics beyond the SM. Although typically form factors are associated
with the existence of new channels, such as new particle resonances, it is of interest to
pursue this avenue of phenomenology independently. For instance, the new resonances may
be difficult to observe at present or even future colliders. These effects may appear first in
precision probes of the Higgs couplings before we have energy enough to directly observe
new particles presumably responsible for the deviations. Alternatively, as we will discuss in
section 4, non-resonant effects could be responsible for momentum dependent deviations.
Thus, exploring the capabilities of the LHC in Run 3, the HL-LHC or other colliders to
be sensitive to these effects should be an important component of the continuing study of
the Higgs boson and its properties. In the rest of the paper, we explore various possible
scenarios so as to map several different phenomenological outcomes. Ultimately we want to
identify the best observables for searching for this kind of physics.

Extensions of the SM affecting the Higgs couplings will typically also produce a Higgs
form factor. We will fully illustrate this in the various examples in the next sections. In
general, we can see that the effects in the normalization of the Higgs couplings will be

of order

2

M2’
where M is the new physics scale. These effects appear already in on-shell Higgs couplings.

(2.1)

However, off-shell Higgs couplings will be generally affected by corrections of order of

q2

U2 (2.2)



where ¢? is the typical off shell momentum squared. As we will show below, both effects
are at least comparable even for modest off shellness. Thus, once experiments become
sensitive to off-shell Higgs couplings thorough observables testing this kinematic regime,
the inclusion of the momentum dependence in the couplings will be necessary. To start, let
us consider a generic Higgs coupling to a SM particle X. In a general extension of the SM,
the Higgs couplings are defined at zero momentum, so we have the effective momentum
dependent coupling

cnx(q,p) = cix kix Flg,p), (2.3)

where c%l\g( is the SM coupling, xkx is a zero-momentum deviation in the BSM extension, ¢

is the Higgs momentum, p is the SM X particle momenta, and the form factor F(q,p) is
normalized so that
FO,mx)=1. (2.4)

In principle, when considering on-shell Higgs observables, we see that (2.3) already implies
that there will already be a deviation due to the form-factor. However, if we always consider
on-shell Higgs observables, these effects can always be absorbed into a zero-momentum
deviation r'y = kx F(m3,p) (i.e. the form factor evaluated with the Higgs on shell). Then,
the only way to disentangle the form factor effects in (2.3) is to include measurements
with significant off-shellness, either in the Higgs or the other particles in the vertex. This,
in turn, is the main driver in the phenomenology of these momentum dependent effects,
since distributions would increasingly deviate from the SM prediction in kinematic regions
associated with further off-shell couplings.

The same effects in (2.1) and (2.2) can in principle be captured in a model-independent
EFT approach. For instance, using the SMEFT up do dimension 6 operators, the matching
of the new physics effects encoded in (2.3) with the EFT would result in contributions to a
number of operators. A model-independent fit [20] of the coefficients of these operators would
be less constraining than the predictions of a model, which typically fix most correlations
among them. Thus, with a given data set it will always be advantageous to consider as
many models as possible, affecting different experimental channels. This procedure could
have more statistical significance, weather it is as bounds or as deviations from the SM,
and it would be complementary to the completely model-independent EFT approach. Our
aim here is to identify groups of models that result in similar momentum dependent effects
and therefore demand a specific set of signals in order to be sensitive to them. As we will
see below, the form factor F'(q,p) can result in enhancement or suppression, depending on
the possible existence and position of resonances, or even in their absence. In the following
sections we explore some illustrative examples.

3 An example: composite Higgs models

As a first example, we consider composite Higgs models (CHMs) [21-23] to demonstrate
the main features of momentum dependence in the Higgs couplings, since they allow us
to construct the Higgs form factors explicitly. Additionally, they are well motivated BSM
candidates, providing a solution to the hierarchy problem and are consistent with the current



experimental bounds from the LHC [24, 25]. While interesting models on their own, most
of this section can be viewed as an application of the general ideas discussed in section 2.

The effective low energy theory of CHMs with only the SM degrees of freedom can be
partially completed into the UV to include heavy resonances. These are generally expected
in any specific realization in which a new strongly interacting sector emerges to generate
the Higgs as a composite state. We are interested in a non-local formalism that captures
the momentum effects of these resonances on the Higgs couplings. These non-local effects
are naturally encoded in form factors.

In CHMSs, a global symmetry is spontaneously broken at a scale f ~ TeV, resulting in
a spectrum of (pseudo-) Nambu-Goldstone bosons (pNGBs) that includes the Higgs boson.
The spectrum at this scale can be divided into elementary and composite sectors, with
interactions between the two:

L=Lgps+ Lcs + Lint- (3.1)

Both the Higgs and the heavy resonances emerge as part of the composite sector. The rest
of the SM spectrum is in the elementary sector. The interactions between the two sectors
results in the explicit breaking of the global symmetry, which in turn generates a potential
for the Higgs with a nontrivial vacuum expectation value, and results in EWSB [22, 23].

The Higgs couplings to elementary states are generated by the interactions between the
two sectors, Lint. There are various CHMs. Here we concentrate on the minimal realization,
the so called MCHM3 [21]. Below, we derive the Higgs couplings in the MCHMj5 and we
will see that these proceed trough resonances. The situation is analogous to what happens
in hadronic physics, where the elementary photon mixes with the p resonance, resulting in
a dominant contribution to the pion electromagnetic form factor. In CHMs, form factors
are generally induced by TeV resonances that mediate the interactions of the Higgs with
the elementary sector.

We will use the MCHMj as the simplest CHM consistent with experimental observations.
A new strongly interacting sector generates both the Higgs as a pNGB and a spectrum
of heavy resonances, at the scale f. The strong sector is realized through the non-linear
sigma model with SO(5)/SO(4) coset, and a spectator U(1)x symmetry, present to account
for the correct fermion hypercharge assignments when including SM states.! The four
degrees of freedom of the Higgs doublet, h?, are described in the non-linear realization by
the Goldstone matrix

Ulr] = exp (h&T@> : (3.2)

in which T4 = {T® T%} are the generators of SO(5) divided into the unbroken components
a =ap,ar of SO(4) ~ SU(2);, x SU(2)gr and the broken ones @ = 1,...,4. The explicit
generators and some relevant relations are defined in appendix A.

Starting with the Higgs couplings to fermions, we assume that the elementary-composite
interactions between the SM fermions and the Higgs occurs through the partial compositeness

1Such additional U(1)x symmetry will often be omitted since it does not play an important role in the
form factor discussion. We refer to [21, 22] for a more complete overview of the MCHM3.



q, Y, tr v,

Y
\
Y
w

H
H

Figure 1. Fermion vertices derived assuming the partially composite interactions in Liy.

hypothesis [21]. CHMs generally use fermion partial compositeness to avoid reintroducing
the hierarchy problem in the renormalization group evolution of the theory, as well as
minimizing flavor violation. Elementary fermions are linearly coupled to the composite
sector via a d = 5/2 composite operator Op. In the IR, the QZOJQ interaction induces
mixings between the elementary fermions, composite resonances and the Higgs.

In particular, in the MCHMs5, the elementary quarks are embedded as incomplete 5-
plets of SO(5). The left-handed fermions are identified as 4s of SO(5) and the right-handed
ones as 1s. For instance, for the third generation, we have

—iby 0 0
b 0 0

@ = | —i =10 w=1|o0 (3.3)
t 0 0
0 t b

T T

We will turn off the b;, fields since the bottom quark will play no hole in our analysis. In
order to proceed, we assume the existence of narrow 5-plet ¥? resonances, in which the
lightest ones dominate the interaction with quarks. Furthermore, the 5-plet resonances can
be divided into fourplets and singlets of SO(5). Then, the interaction lagrangian is given by

Liw=1 [yLl <EU [W])S Y1+ Y4 (EU [w])j Ww} + h.c.
+f [ym (B0 ), 1+ yma (U (), w,j} +he, (3.4)

where j = 1,...,4, and we made use of the CCWZ procedure as described in appendix A.
The induced Feynman rules can be obtained from (3.4) by expanding the Higgs field, and
are indicated in figure 1.

Fos (U ]), v = Forcos (7 ) Bavn = Fymon + O (12) (35)
Fona (aFU (7)) s = Fynacos (7 ) amos = Fovaazos + 0 (12) (36)
fyr (EU [W])S Y1 = fyrisin (;L) a1 = yaqrhir + O (hS) (3.7)



fYra (@U W)j Yy = fyrasin (;) trY4 = Yyratgphips + O <h3) : (3.8)

The terms (3.5)—(3.8) will be responsible for generating the elementary-composite fermion
mixing and interactions with the Higgs. The mixing of the left handed top quark with
the 4 resonance will be combined with the Higgs interaction with 14 and the right handed
quark to generate the top Yukawa coupling. The same applies to the 1 resonance. So we
conclude that in the MCHMj5 the Higgs coupling to elementary fermion states is dynamically
generated via the exchange of a single 1 or 4 resonance.

Similarly to the fermionic case, the EW gauge bosons are embedded into SO(4) repre-
sentations and the elementary-composite interactions generate the gauge boson interactions
with the Higgs. The EW group is a gauged subgroup of SO(4) ~ SU(2)r x SU(2)r C
SU(2)r x U(1)y. The physical gauge fields are identified as

Ay = AST® = gWir T + ' B, T°", (3.9)

where Aj are the SO(4) fields identified with the unbroken generators. To include massive
vector resonances that mix the elementary and composite states, we assume that the
vector resonances are associated with the spontaneous breaking of a hidden local symmetry
(HLS) [26, 27]. This corresponds to the dual description of a [G/H]qjopa COSEt NON-linear
sigma model with a [G]qiopar X [H1oca Mmodel realized linearly. The vector resonances
become dynamical massive gauge fields at the scale f, where their kinetic term is generated
by strong dynamics. This is very similar to the original application of HLS to the description
of vector meson dominance (VMD) in hadronic physics [28].

Assuming the dominance of the lightest vector resonances, a very convenient way of
introducing the gauge elementary-composite interactions is through kinetic mixing. The
construction is closely related to the electromagnetic-hadronic interactions of VMD. In fact,
there are two representations of VMD, one based on kinetic mixing and the other based on
mass mixing. Here we make use of kinetic mixing. We show the equivalence of both choices
in appendix B.

With the assumption of kinetic mixing, the lagrangian for the vector composite and
elementary sectors, as well as for their interactions, is

1 m? g>
EgS = _szypa,uu + Tﬁ’pzpa,u + gppZJa,u + ?szpa,uh27 (3.10)
1 2
/JES = _EWﬁﬁwaLyﬂV 4 gWsLJaL,u 4 %WSLWaL,uhQ (3.11)
1 3 g9 2
— EB/U/BHV + g,BuJ RoH + TBP«B'U‘}L s
lg lg
Vo o_ , 3R,
Ll = g Wik oo 5 B (3.12)

Expanding the interaction term (3.12) in momentum space will lead to a momentum
dependent mixing after integrating by parts.
V _ Y 2yrar ar.pu il 2 3R,
Lie = —q WiEp"H + =q°Byp (3.13)
9p 9p
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Figure 2. Gauge bosons vertices derived assuming hidden local symmetry in the Liyg.
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Figure 3. Dynamical Higgs couplings to fermions and gauge bosons in the MCHMj5.

The Feynman rules obtained from kinetic mixing are shown in figure 2. Gauge invariance
forbids the appearance of Higgs interactions with a single vector resonance. Instead, unlike
in the case for fermions, the Higgs coupling to elementary vector states is dynamically
generated by the exchange of two vector resonances as indicated in figure 3.

3.1 Composite Higgs form factors

In order to obtain momentum dependent effects in the Higgs couplings, we integrate out
the resonances. The resulting non local effective theory maintains the correct pole structure
at high energies. In this way, our assumptions of fermion partial compositeness and hidden
local symmetry will be encoded in the resulting form factors. The leading SO(5) invariant
terms built from the SM low energy degrees of freedom are

cly = ap (T ®) + 1 (p1,p2) 2% @ + & (T (p) + T (1, p2) %% ) 4 (3.14)

+q (M1 (pl,pQ)FiE¢> t, + h.c.

1
L = 5P (P To(p) Tr(A,Ay) + i (1, p2) 27 4,4, 8) (3.15)



where H{i ’1R , My and Ilg; are the form factors obtained from integrating out the resonances,
Y is defined as ¥ = Ulx] - (0, f)7,% and the I'" with i = 1,--- ,5 are the SO(5) gamma
matrices defined in appendix A. For the fermion lagrangian, the expressions are

Ik (p) = 1+ Ik (p) = 1+7f2’y”2, I8 (p) = 1+ 5 (p) = 1+ Pl (3.16)
p? —mj p? —mi
1 1
I§ (p1, p2) = I (p1) — 114 (p2 :ZJL2< - >, L+ R 3.17
1( ) 1( ) 4( ) | | p%—m% p%—mi ( )
magy ma
M (p1,p2) = Ma(p1) — M1(p2) = fyryr ( 5 53— =3 2> ; (3.18)
by —my pz—mg

with pi2 being the momentum of left-handed or right-handed fermion lines respectively.
To obtain the expressions above, we also assume the validity of Weinberg sum rules which
set yr1 = yr4 and yr1 = ygra in order to get the correct vanishing asymptotic behavior
as p12 — 0.

The total momentum dependent contribution to the Yukawa coupling will come from
both the fermion propagators and the tth form factor vertex. In the unitary gauge the non
local fermion lagrangian (3.14) is

2

cle =aqmm (Ho (p1) + I0{ (p1) 2 % ) qr +trop (Ho (p2) + 114 (p2)0h> trt+ (3.19)

2

. S, C
+1ir (M1<P17p2)f/§h> qr,

where we have defined S;, = sin (h}’”), C}, = cos (h;{”). Expanding S}, and C}, in powers

of h/f (3.19), the unrenormalized propagators are

o (T (p1) + 107 (p1) (S7) /2) — M(p1)V/E(1 =€) /2
pe (I (p2) + T (p2) (CF)) — M (p2) V(1 —€)/2

in which M (p) = M (p1 = p,p2 = p). The propagator must be defined with the correct pole

Gr(p1) =

(3.20)

Gr(p2) = (3.21)

structure, with the pole mass and unit residue at p?> = m?. To renormalize the propagators
we factor out the kinetic form factors and introduce the top mass as the pole.?

B 1 1 i _iZi(p)
GL(pl)—(Hg(p1)+nf(pl)<s}gl>/2>( %) = =y (3.22)

B 1 1 i _iZr(p)
Gr(p2) = (H(I)%(pg) + I (p1) <C}QL>> (1 %) —me  ph— my (3.23)

2Here, 0 is a 4 entry null vector and we set the radial mode field to zero as they do not play any role in
our analysis.

-1
®Using the relation (p — M (p)) ™" = (1 - m) (p—mi)~"

p—mt



where M, g are defined as

M(p1)vE( —§)/2
11§ (py) + 11 (p1) (S7) /27

M(p2)vE( - €)/2
11§ (p2) + T1{(p2) (CF)

Mg (p1) =

Mg(p2) = (3.24)

and the momentum dependent residues Z, r are the multiplicative expressions to the
propagator defined by relations (3.22) and (3.23). The pole mass and unity residues are
defined when the top quark is on-shell.

M (1)l =, = ME(P2)|py—im, = Mt (3.25)
Zu(p) oy = Z(P2)] )y = 1. (3.26)

For the three point-function, the off shell amplitude for the top Yukawa vertex before
amputation is

iZp(p) iZp(py) i 5 M(p1,p2)vE(1 —§)

I(p1, p2,pn) = K 3.27
(v ) ph—me ph —my pi—m3 V2 (8:27)
) i ) 5
= ke Jin (P15, P2 3.28
]7/1 —my m —my (pl _ p2)2 — m]% Yt 3 ftth( ) ( )
where ng = \1/_1% is the misalignment suppression expected from the on-shell MCHMj5 and

V2my
v

is the SM top Yukawa coupling. Finally, the top Yukawa form factor is given by

1 B
Jin(P1,p2) = (1 — W) <1 B W)

M (p1,p2) (1 —2€) /2 .
(Hé(pl) + 10 (p1)5 <Sh2>) (H(])%(Pz) + I (p2) <Ch2>>

Yt =

(3.29)

Analogously to the top Yukawa form factor, the EW gauge couplings to the Higgs also
receive resonance contributions from the two and three point-functions. In the unitary
gauge, the vector lagrangian (3.15) becomes

Ll = 179/” 11 fQS’%H B,B 3.30
eff — 2 p O(p) + 4 1(}717172) nv ( . )
262 262
- (pQHo(p) + f4 hHl(p1,p2)> WiEWgt —2 <f4hH1(p1,p2)> WEZBV]

where PH = nt — p;—é’y is the transverse polarization projector, and p o are the momenta of
the two gauge bosons in the Higgs interaction. The unrenormalized gauge bosons propagator
can be defined after expanding S,QL.

v L PPYY iZyv(p)
Gy = (77“ 2 ) "t (3.31)

~10 -



with Zy (p) and M2 (p) defined as

1 1
Zv(p) = 3.32
( ) 1- M‘EQ(@;IT%/ Ho(p) ( )
v I (p)
M{(p) = —— =, 3.33
v(p) 1 Tho(p) (3.33)
satisfying the on shell conditions

ME®)| o =M 2Py = 1 (3.34)

The expressions for the gauge boson form factors, obtained under the assumtion of the
validity of Weinberg sum rules, are

II 1 2
ng>—<1+ A ) (3.35)

g g2 p> — m?
g2 (p? —m2)(p3 — m2)

Thus, we compute the off shell amplitude for the Gauge-Higgs three point interaction,
which results in

y iZy (p1) P i Zy (p2) PL” i IT; (p1, p2
re aﬂ(plap%ph) = 2( ) 21 2( ) 22 > 2 K¢ ( ) (337)
py—my  py =My PR~ My 4
PP iPy” i
= gMy ke fyvn(p1,p2), 3.38
pi —mi p3 —mi (p1 —p2)? —mj, efvvalprp), (3.58)

where k¢ = /1 —¢ is the misalignment suppression expected from the on-shell gauge
coupling of the MCHMj;. Finally, form factor for ZZh is given by

_ M%(pl)_mzZ>_l (1 B M3 (p2) — m22>_1 Iy (p1,p2)

, = 1 ’
fzzn(p1, p2) < P2 —mZ P2 —m2 Ay (p1)Mo(p2)
(3.39)

There is a similar expression for the WIWh form factor, that can be obtained by an
analogous procedure.

Both the MCHMj5 form factors of (3.29) for fermions and (3.39) for gauge boson
couplings to the Higgs have similar structure. In both cases, when the top quarks or gauge
bosons are on shell, the form factor is normalized to one, and the coupling modification
corresponds to the suppression of H? and /{g, as obtained previously [22, 29]. Thus, for this
example, the zero momentum transfer limit reverts back to the predictions already known
in these models.

The effects of the momentum dependence in the form factors is shown in figure 4, where
we display the absolute value of the form factors as a function of the external momenta.
When unrestricted to the on-shell contraints, large off-shell momenta in the top and gauge

- 11 -
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lines will induce important deviations from the misalignment suppression. For illustration,
we show one dimensional projections of the form factors in figure 5. They can result in
enhancements or suppressions. But in both cases is clear that observing these momentum
dependent effects will require channels where either the top quark or the gauge bosons are
considerably off shell. We further explore these issues in section 5.

Even though we have focused on the explicit construction of the form factors within
the particular case of the MCHMs5, we expect that all CHMs will share the momentum
dependent features described before. Firstly, all CHMs share the mechanism in which
the composite resonances are introduced. The partial compositeness hypothesis fixes the
mixing terms that appear in the Higgs couplings to fermions. Additionally, the inclusion of
vector resonances is performed in a basis independent manner. Secondly, the differences
between specific implementations lie in the choice of global symmetry group and the
corresponding coset, as well as the fermion representations, both affecting the resonance
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spectrum. These may alter the form factor expressions, but the phenomenological effects
of having momentum dependent couplings should be preserved. Since the form factor
analytic structure corresponds to the assumed resonance spectrum, the most relevant
differences between different CHMs momentum effects should come from the different
possible resonant spectra.

4 Other examples

The example of CHMs from the previous section is illustrative but by no means exhaustive.
There are various other ways of generating momentum dependent Higgs couplings. In this
section we consider two cases that will give a diversity of functional forms for the resulting
form factors, which then can be used for the phenomenology of these momentum dependent
effects. This is desirable since for three point functions, the momentum dependence structure
is rather complex and a Kéllén-Lehmann decomposition is not known. So, in order to
construct explicit examples, we need to assume the structure of interactions that generates
the Higgs couplings to SM fermions and gauge bosons. One lesson to be taken by the
MCHM3 discussion of section 3 is that elementary/composite mixings are a way to generate
tree level form factors. In what follows we first consider the direct mixing of a heavy scalar
resonance with the Higgs, inducing a form factor that couples to the Higgs momentum,
instead of the momenta of the fermions or gauge bosons coupled to the Higgs. We will also
consider form factors generated by a continuum, as opposed to resonances. The physics
scenarios resulting in these forms of momentum dependent couplings are typically associated
with quasi-conformal sectors and/or unparticle sectors.

4.1 Heavy scalars

Here we consider a simple model with one additional scalar doublet. Unlike a typical two
Higgs doublet model, the second doublet does not acquire a vacuum expectation value.?
This situation may arise in a variety of models. An example is the low energy theory of the
model in ref. [30]. Our interest here is to present a situation where a form factor in the
Higgs couplings arises where the resonance is in the Higgs momentum, unlike the situations
in the couplings generated in the CHM of the previous section. Additionally, a new scalar
can arise in other extensions of the electroweak theory. The main point is that the heavy
scalar has electroweak quantum numbers so it interacts with SM states. Working in a scalar
non diagonal basis, there is a linear mixing between the Higgs and the new scalar. This
implementation would allow the construction of form factors as we did before, as a mixing
and subsequent interaction of the heavy scalars with fermions and gauge bosons will induce
momentum dependent Higgs couplings.

The lagrangian describing the scalar sector of the theory with two scalar doublets H,
and Hj is given by

£ = DyH,y | + | Dy Hy|* — MZHSH, — MEH]Hy — p? (HSHy + h.c.)

_ % (HlHa + HJHb)Q + )\ (H(IHbHJHa) , (4.1)

4This also does not correspond to an inert two Higgs doublet model scenario, since we do not assume a
Z3 symmetry.
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where D, = 0, — igW“%ﬂ —i9'YZ,, H, will play the role of the lighter standard model
Higgs, and we neglected a possible phase difference between the scalar doublets. The mixing
term with the coefficient 2 will induce a momentum dependence in the couplings of the
lightest state, the standard model Higgs. Imposing that the lightest state has a two point
function with a pole at my, results in the condition

4 4

M M2 “7NM2 K

]\42 M2 “ ]\42 (42)

where Mg ~ —(88.4 GeV)?, the Higgs boson mass is m; = v/2|Mp|, and we used the
approximation \Mg\ < MbQ. When the lightest doublet gets a vacuum expectation value, it
induces a small one in the heavier doublet. It is advantageous to stay in the mixed basis,
where we impose the renormalization conditions for the SM Higgs, as well as for the massive
gauge bosons. The form factor of the lightest CP even scalar, h, coupling to the massive
gauge bosons is given then by

2 4
gy v o 1
favv (%) = 252 (1 T M2> (4.3)

where gy corresponds to the couplings obtained from (4.1) for V.= W¥, Z, and are given
by gw = g and gz = /g2 + ¢g’? respectively. On the other hand, the gauge boson masses
are defined by this coupling at ¢> = 0. For instance, we have

gv Y 1/2
My = 5 (1 + M4> , (4.4)
and analogously, for the Z,
9z v A 1/2
Z
My = ~— (1—1—) . (4.5)
2 M}

We then write the form factor of the Higgs boson coupled to the massive gauge bosons in
term of these masses. This is given by

92 P
2 v
frvv (q ) = (1 MIE P (4.6)

We see that the on shell couplings of the physical Higgs boson to the W and the Z are
modified, in analogy with other BSM scenarios (e.g. the MCHM studied in the previous
section). As discussed in section 2, such on-shell coupling modification is a generic feature
of SM extensions. The form factors in (4.6) for the on shell Higgs result in the couplings

2M32
favv (m%) =Y (1+al), (4.7)
v
where we neglected corrections of order mi /Mg1 and higher, we defined £ = M2’ and for
this case we have
s 48
=2\ —. .
Cy Mgl ( )
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Figure 6. Higgs-Gauge Boson form factor from scalar exchange, (4.6), normalized by 2M3 /v, for
M, = 1.9 TeV.

The form factor is shown figure 6, for My = 1.9 TeV. We see once again here that there is a
coupling modification of the order of &, here further suppressed by the ratio of the mixing
p to the mass scale of the heavier scalar. In addition, the form factor (4.6) encodes the
momentum dependence of the coupling modification, here driven by the presence of a scalar
resonance mixing with the SM Higgs boson. In order to observe this momentum dependent
effect, it will be necessary to test the off shell behavior of the Higgs coupling in (4.6). For
this purpose, for instance, the study of h* — Z*) Z®*) proposed in [31] would be potentially
sensitive to these effects. We address the phenomenology of these form factors in section 5.

4.2 Continuum form factors

The Higgs form factors presented so far were obtained by considering the mixing of resonances
either with the Higgs or with the SM particles in the Higgs vertices. This implies that the
form factor analytic structure we probed is dominated by poles at the resonance masses for
time-like momenta. Alternatively, the spectral decomposition tells us that the amplitudes
from branch cuts could have a richer momentum dependence. In particular, we consider
here pure continuum effects arising from conformal sectors. Scale invariance is an important
ingredient to arrive at this category as massive resonances are not allowed by symmetry,
resulting in a model without high energy poles. Most notably, models of unparticle physics
proposed by Georgi [32] account for physics without single particle states. The interesting
cases in which the unparticle sector carries gauge quantum numbers require the existence
of an infrared cutoff with a mass gap as we do not want to affect the low energy part of the
SM. For instance, this is the case in ref. [33], where the Higgs was proposed to be part of
an approximate CFT sector with scaling dimensions larger than one. This construction
allows for natural EWSB and has been studied phenomenologically [34, 35]. Other solutions
to the naturalness problem were obtained with continuum spectra. In ref. [4], a quantum
critical point explains the lightness of the Higgs, and in ref. [36] naturalness is achieved by
cutting the quadratic divergence with continuum top and gauge partners.
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Here we make use these continuum models in order to find an example of form factors
with branch cuts associated with physical spectral functions. For this purpose, we consider
the model of ref. [37], of a scalar unparticle that mixes with the Higgs and derive the
corresponding form factor. The scalar unparticle belongs to a broken CF'T sector with
an IR cutoff scale p. At this level, we remain agnostic about how the CFT is broken at
low energies, simply assuming that the continuum spectral density has an energy gap at
p. The scalar unparticle operator, O(z), of scaling dimension d has the following two
point function [37]

Ad

Ap.pod) = [ d0TO@O O0) = 5 [ s )

1675/2 T'(d+1/2)

(2@ T(d—1)I'(2d)
scalar unparticle. The spectral function, defined for 1 < d < 2, is given by

{’24;‘(5 — p?)d=2 for s > p?,

0 otherwise.

where Ay = is a chosen normalization for the phase space element of the

p(s) = (4.10)

With such ansatz for the spectral density, we can integrate the spectral decomposition

to obtain A )
Alp, i, d) = ——2 : . 411
(P, 1. d) 2sindm (u? — p? — ie)2d (4.11)
The following effective action can be used to derive such propagator,
d'p 2-d d'p
SnL = [ =o' |p? — p? z/ S (p? : 4.12
se= [ gt 7 =] o) = [ 50 20000) (4.12)

Now, if we assume that the scalar unparticle is charged just like the Higgs with SM quantum
numbers, the non local unparticle scalar action is similar to the Unhiggs case of ref. [33]

2-d t
SN, = /d4x {gb* (Dz _ H2) ¢ — )\tﬂR%qL + h.c. + Cmix} , (4.13)

where D,, is the electroweak covariant derivative and we added a mixing term to allow for
the generation of an unparticle-Higgs form factor,

Ll

_ 2
Emix = Oé|H| A2(d—1) .

(4.14)

Here we focus on the modifications on the interactions of the Higgs with gauge bosons.
In order to obtain the effects of the unparticle sector mixing we must realize the gauge
symmetry in the non-local effective action. This is done by using Mandelstam’s method [38],
which introduces a Wilson line between two unparticle fields at different positions [39].
For more details on the application of the method to the unparticle setting we refer to
refs. [33, 40]. The non local modification of the Higgs coupling to gauge bosons is illustrated
by the third diagram in figure 7. To obtain this, we need to take the fourth functional
derivative of the non local action. When using Mandelstam’s method, we do not use the
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Figure 7. Higgs form factor from mixing with an unparticle scalar sector.

action in (4.13), but the non gauged version supplemented by the appropriate Wilson line.
This results in

54S.
ig" T (p. 1, @2) = o 415
g (P q1 Q2) 5Aaa(q1)5AbB(q2)5¢T(p+ a1 + qQ)5¢(p) ( )
ig” { (T°1" + T"7%) g™ F(p, 01 + 00) (4.16)
(2p+2)° (2p + 2¢2 + )"
+7o7? F(p,q1 + — F(p,
Zt2pta) o pote) - Fe)
(20 + q1)*(2p + 21 + q2)°
+T7e F(p,q1 + — F(p, :
Brapta) o C pote) - Feo)

The function F is defined as

(12— (p+q)?)> " = (1 —p*)** .

Fp.q) =— e (4.17)

Since we are interested in the off shell behavior of the Higgs, we can assume that the vector
bosons are on shell. For instance, the amplitude for two external Z bosons simplifies to

2 rd
2¢qy

19 .
Cfﬁa(m)%(%)raﬁ((ﬁ, q2) =i
w

e(qr) - €(q2) F(0,q1 + q2) (4.18)

with analogous results for the W# case. Finally, the form factor is given by

v g A Pt
wnp (P41, 42) = 9 3 N3=1) 2 2sindn (p — p2)2 4

(4.19)

which follows the structure of figure 7. Here, f and g, are the VEV of the unparticle scalar
its EW gauge coupling respectively. We plot the form factor above in figure 8, for various
values of the dimension of the scalar unparticle operator, d. Since the unscalar is unstable,
it has a width associated to its decays which we take as a small complex shift in the branch
point position y? in the unparticle two-point function (4.11). We see that the effect of the
form factor in the time-like region is an enhancement for smaller values of d, whereas for
larger values of d there is a suppression. These effects wil be further discussed in section 5.

5 Phenomenology at the LHC

In this section, we consider form factor signals at the LHC. As discussed in the previous
sections, form factors are normalized to unity for on-shell momenta. This normalization

17 -



‘ ‘ 12
3.0 — d=1.01
o5 1.0
2.0 08]  —— g=1.65
(\’1;\ 15 & 06 — d=1.75
-~ = —— d=1.85
1.0 0.4
05 02
0.0 00
0 500 1000 1500 0 500 1000 1500 2000
|ppl (GeV) Ippl (GeV)

Figure 8. The Higgs coupling form factor with gauge bosons, (4.19), for various values of d, the
dimension of the scalar unparticle operator, and for a 10% width of the unscalar.

will result in no momentum dependent modifications if the particles from the Higgs vertices
are on-shell. So, to observe the momentum dependent effects requires a significant degree of
off shellness in the Higgs production channels at high energies. Which particle must be off
shell depends on which momenta the form factor is sensitive to. For instance, for the CHM
form factors we need off shell top quarks or Ws or Zs, since the form factors are functions
of p? and pQZ. On the other hand, for the p%—dependent scalar and unscalar form factors,
we require an off shell Higgs for the momentum effects to be accessible. Large off shell
momenta allow us to improve the reach for new physics as we extend the theory beyond
the Electroweak scale. So, for momenta satisfying p? > v2, we expect an improvement
over expected new physics contribution of order v?/A%. We find that the form factors are
useful in situations in which new states are not yet produced, are very hard to see, but their
effects can be observed in the tails of the momentum distributions. Furthermore, there are
cases where there are no new resonance, such as is the case with the unparticle scalar sector
introduce in the previous section.

Here, we obtain the parton level modifications of the SM signal induced by the form
factor models presented previously. Our goal is to show how much the signals are modified
due to the Higgs momentum dependent couplings of sections 3 and 4. A complete analysis
of the experimental reach of the effects will be left for future studies. The implementation of
the models is done using MadGraph5_aMCONLO [41]. The channels of figure 9 are simulated
with a center of mass energy of /s = 14 TeV.

Composite Higgs form factors. Collider searches for composite Higgs models are
traditionally based on both the coupling modifications of the Higgs couplings, and on
the direct searches for heavy resonances. In the MCHM35, the modifications to the Higgs
couplings are the misalignment suppression factors of order & = v?/f2.

1—-2¢

kL =V1-¢ 2= —F (5.1)

Current constraints from LHC Run 2 put a lower bound on the compositeness scale, f,
to be around 780 GeV [42]. Direct searches for the production of heavy top partners are
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Figure 9. Relevant channels for the appearance of momentum effects through the form factor
vertices. The tth channel (1) presents an off-shell top quark and the Zh (2) an off-shell Z-boson.
The gluon fusion (3) has off-shell top quarks in the loops and the ZZ channel (4) an off-shell higgs.

sensitive up to about 1.3 TeV masses [43, 44], and for heavy vector resonances, the bounds
are in the range of (2 —4) TeV [45, 46].

The introduction of momentum dependence will alter the predictions of (5.1) for off
shell momenta. Since in this case the form factors are induced by mixing with either fermion
or vector resonances, they will be a function of the top quark or Z boson momentum.
Therefore, to achieve a p?/f? sensitivity greater than the v?/f2 in the on shell suppression,
we should choose channels with a high degree of top or Z, W off shellness. The most
important channels that have the requirements are tth, and Zh represented in figure 9
(la-1c), (2).

The resonance masses used in the form factor expressions respect bounds from direct
production, as well as theoretical constraints. Both form factors from section 3 must
respect the on shell normalization conditions, i.e. we recover the on shell suppressions (5.1).
Consequently, if all external legs were on shell, we would only have the MCHM5 coupling
suppression factors.

The Higgs boson acquires a potential at one loop level due to the explicit breaking
of the SO(5) by the gauging of the EW group and the Yukawa couplings. Consequently,
we imposed the additional constraint of the Coleman-Weinberg calculation to ensure the
obtention of a light Higgs boson mass. The Higgs mass is dominated by the top partner
loops leading to [47]

2 2
N | mEmimd)log (B3) 2 42 2 [ (m? +m3) log (15)
mi = — (1= 5 ) (A?) LA
w2 | f2(mi—mj) 4 f? 2 (m} —mj) ’
Ay® = lyl* = 2wl (5.2)

The light Higgs condition correlates the two masses m; and my4 so that they cannot be
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Figure 10. Normalized tth cross-section of the top-Yukawa form factor model as a function of f
for the MCHMj5. Parton-level signal simulation done in MadGraph5_aMC@NLO at /s = 14 TeV. The
plot is normalized to the SM prediction. The CHM without momentum dependence has an overall
suppression of vertices that goes with Iﬁ:?. The dashed black curve depicts such suppression. By
turning on the form factor effects, we get an enhancement due to the analytic structure of their
expressions. Fixing the parameters by theory constraints leaves us with a single mass dependence,
which is varied to produce the different curves shown. All curves respect the bounds from direct
resonance searches, and the gray band is the CMS 95% confidence level bound on the experimental
cross-section over SM prediction observable.

both arbitrarily heavy for a fixed f. In general, we expect lighter fermionic resonances in
CHMs to obtain a light Higgs mass [29, 47].

After imposing the necessary constraints, we obtain the form factor modifications to
the corresponding SM cross-sections as a function of the compositeness scale f. The results
are shown in figures 10 and 11. The resonance masses scale linearly with f, and each curve
is obtained by fixing the g parameter, that is, the mass to f ratio. For the tth channel,
we have fixed the mass ratios of the two resonances and scaled them as my4 ~ gf. The
77Zh vertex has only one resonance in the form factor, so we plot the different values of the
p mass for a fixed g = m,/f. We assume that the width of the resonances is 10% of the
masses throughout all the MCHMj5 simulations.

The form factor couplings modify the on shell low energy predictions of CHMs signif-
icantly. The momentum dependent effects result in a significant signal enhancement for
lower values of f, corresponding to lower resonance masses for which the pole begins to be
accesible at high enough off shellness. This effect is more pronounced for the top Yukawa
form factor, with a single pole structure, as shown before in figure 4. On the other hand,
the ZZh form factor, having a double pole structure that falls faster for lower momenta,
presents a smaller enhancement. Because of the stronger bounds on vector resonances
masses, the signal enhancement is limited to about 5% of the MCHMj prediction in the
latter case. The gray bands in the figure are the CMS 95% confidence levels of the signal
strength observable obtained for the LHC Run 2 [48], used here just for illustration, since
in the simulation we used a center of mass energy of 14 TeV, slightly higher than the ine
in Run 2.
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Figure 11. Normalized Zh cross-section of the ZZh form factor model as a function of f for the
MCHMs5. Parton-level signal simulation done in MadGraph5_aMC@NLO at /s = 14 TeV. The plot
is normalized to the SM prediction. The CHM without momentum dependence has an overall
suppression of vertices with k. The dashed black curve depicts such suppression. By turning on
the form factor effects, we get an enhancement due to the analytic structure of their expressions.
The colored curves respect the bounds from direct resonance searches, and the gray curve points
above the double lines are excluded by the direct searches for vectorial resonances. The gray band is
the CMS 95% confidence level bound on the experimental cross-section over SM prediction.

In addition to the total cross sections, the form factors also modify the shape of the
kinematic distributions. In the MCHMj5 without form factors, the coupling modifications
suppress the signal only up to an overall normalization. After including the form factor
effects, the number of events on the tails of the distributions is larger than the SM prediction,
improving the prospects for precision measurements. The effect is illustrated in figure 12.
The sensitivity and reach of collider probes to form factors will be addressed in more
detail in future studies, including the analysis of background effects. We expect that the
modification of the shape of distributions will be particularly important in the context of
the HL-LHC, as well as in future accelerators probing the Higgs couplings with increasingly
higher precision. As indicated in the cross section results, there is an intermediary range of
f values for which the combination of the misalignment suppression and the momentum
enhancement cancel mimicking the SM cross section prediction. Because of this effect, the
kinematic distributions will be important to determine the presence of deviations from
the SM.

To conclude the discussion regarding CHM phenomenology, we point out that the
Higgs-top form factor affects the prediction of Higgs production through gluon fusion.
Similarly, the W Higgs form factor affects the h — ~~ rate. The overall effect in gg — h is
a suppression. Here, even if the Higgs is on shell, the loop states are not. A quick estimate
shows that the effect can be as large as 10% in the gg — h cross section, for a mass scale
of about 1.5 — 2.0 TeV, which is still allowed by the current data [50]. We leave a more
detailed study of the resulting constraints for future work. This would include all the effects
both in production and decays of the Higgs boson.
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Figure 12. Invariant mass and transverse momentum distributions for the tth process with
MCHMj5 form factors. Signal simulation done in MadGraph5_aMC@NLO and kinematic analysis in
MadAnalysis5 [49]. The black curve is the SM prediction and the colored ones are the form factors
for different values of the compositeness scale. The ratio of mass to f is fixed as g3 = 1.1 and
gs = 1.55 for the MCHMj fermionic resonances that enter the form factor expression.

Form factors from scalars and unscalars. In section 4, we presented form factors
that were induced by the Higgs mixing with a new scalar particle, or an unparticle scalar
sector. As we need the Higgs to be off shell to result in momentum dependence in te
couplings, these form factors have a different collider phenomenology than the ones from
CHMs. The most promising channels in these cases are pp — h* — Z®*) Z®) with the Zs
going to either 4] or 2[2v final states. Even though an off shell Higgs is unlikely to be seen
in vector boson fusion at the LHC, future accelerators could be sensitive to it [31, 51, 52].
We focus on the pp — 4l channel for this work since we aim to illustrate the form factor
signal effect.

As shown in figure 9(4b), the pp — 4l channel has an irreducible background that leads
to an interference between the Higgs signal and the box diagram. We can separete the
contributions to the cross section as

do  dopx  domt | dopox

= 5.3
dmy dmg dmy  dmy’ (5:3)

where oy« is the off shell Higgs contribution, opoy is the box diagram and oy is the
interference between the two. The interference is destructive due to the different relative
sign between the signal and box contributions, and is larger in magnitude than the signal
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at the higher end of the my tail. In the SM, the signal and box have a logarithmic
momentum dependence that exactly cancels and unitarizes the cross section. Thus, any
modifications of the Higgs coupling at high energies will affect the balance between these
contributions in (5.3).

After introducing the form factor, F'(py), the cross section scale as

do
dm4l

dop» doing dopox

= IF(m4z)\27 + [F(ma)]

(5.4)

dm dmy — dma

From (5.4), we can see that there are various situations in which the signal is enhance with
respect to the SM prediction. For F(p?) > 1 at the tail of the distribution, the total number
of events should increase above the SM expectation if the quadratic form factor term can
overcome the linear interference contribution. Conversely, for F(p?) < 1 at high energies,
the cross-section can also be enhanced compared to the SM if the box contribution becomes
dominant over the interference and signal. So, even for a suppressed Higgs coupling, we can
get an enhanced differential cross section.

Specifically for the models presented in section 4, there can be an enhancement of
the SM contribution by enhancing or suppressing the Higgs coupling. For instance, the
scalar form factor induced by mixing with a heavy scalar will enhance the coupling for
momenta below its pole. On the other hand, in the unparticle case there will be different
possible results depending on the value of the dimension d of the unparticle operator. For
lower values of d, we get a structure similar to the simple scalar resonance but with a lower
enhancement for increasing d. But for larger d, the form factor suppresses the coupling in
the time-like region. For this case, we can explore the interference structure of the pp — 4l
to get an enhanced signal. We show the effects of the various form factors in figure 13.

Due to the requirement of the Higgs off shellness, the shape modification occurs at the
tails of the distributions. Comparing the scalar case with the unparticle, we observe that the
effect of increasing d is similar to a strongly coupled or broader scalar resonance. Additionally,
the suppression of the coupling caused by higher values of d for the unparticle case slightly
enhances the signal. This degeneracy between the observables of the different form factors
should be resolved at higher energies when it is possible to reach the entire new physics
sector. The form factors are helpful tools to parametrize the effects at an intermediate energy
range when the momentum dependence is accessible through a sufficiently off shell probe.

6 Conclusions

The LHC will be testing the Higgs sector of the SM with increasing precision, particularly
at the HL-LHC. Under these conditions it is necessary to make full use of the increased
luminosity even as the LHC remains basically at the same center of mass energy. In fact,
the energy frontier will remain there for years to come. Then, it is necessary to consider
that the new physics beyond the SM, if not too far above the TeV scale, might appear as
modifications of the Higgs couplings. In this paper, we considered the momentum dependent
effects in these couplings. We have taken a model dependent approach, unlike the one taken
by effective field theories such as SMEFT [8] and HEFT [11]. What we loose in generality
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Figure 13. Differential cross section as a function of the final 4 state invariant mass for the different
form factor models of section 4. The top left figure shows the scalar resonance form factor for the
different values of the scalar mixing coupling p. We assume a scalar width of 10% of the scalar mass.
The top right and bottom left figures display the unparticle scalar form factor for a 10% and a 20%
widths respectively. The values of the anomalous dimension d < 1.6 correspond to an enhancement
of the coupling below at low energies. In the bottom right figure we show the unparticle case for
d = 1.65, when the form factor induces a suppression of the Higgs coupling. We note that even for a
suppressed Higgs coupling, it is still possible to get an enhanced signal with respect to the SM.

by considering specific, albeit well motivated, models we gain in our ability to make simple
predictions more amenable to comparison with experimental data. Unlike the expansions
in large numbers of local operators with undetermined coefficients, our approach leads
us to consider models that provide the full non-local physics resulting in the momentum
dependence of the Higgs couplings.

In order for momentum dependent effects in the Higgs couplings to appear, it is necessary
that either the Higgs or another particle participating in the vertex, be significantly off-
shell. We studied three different models. In section 3, we showed that the minimal CHM
results in form factors due to the presence of TeV resonances coupled to the Higgs. The
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fermion resonances result in a monopole form factor for the top Yukawa, which can give an
enhancement in the time-like region. On the other hand, the vector resonances appear as a
dipole, which result in a more subdued effect in the Higgs coupling to the SM massive gauge
bosons. The off-shellness of interest is then in the top quarks coupled to the Higgs. We
showed in section 5 that pp — tth can be sensitive to these effects, as we see in figure 10. We
see that, although we recover the on-shell suppression typical of CHMs, once the momentum
dependent effects are taken into account they may result in important enhancements. The
same can be said for the pp — Vh channel, with V = Z, W¥, although the effects here are
much smaller due to the additional suppression mentioned above.

In section 4 we studied the form factors generated by the mixing of the Higgs with a
heavy scalar, as well as with an unparticle scalar. In these cases, channels with off-shellnes
in the Higgs line are crucial in order to be sensitive to the momentum dependent effects.
Thus, in section 5 we study the kinematic distributions of pp — ) = ZZ — 40 as a way
to observe these physics, as it can be seen in figure 13. Although these channels have been
already considered elsewhere in connection with momentum dependent effects in Higgs
couplings, the treatment presented here may be a first step to provide a map from signals
in them to their origins in specific extensions of the SM.

The increased precision in the measurements of these observables will make it impossible
to ignore the momentum dependence of Higgs couplings when considering physics beyond
the SM not too far above the TeV scale.in more detailed studies of the We expect to perform
more detailed studies of these off-shell signals, at the LHC in run 3, the HL-LHC and
future facilities.
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A MCHM; definitions

The generators of SO(5) in the fundamental representation can be written as

T = —% {;eabc (dhas — ot = (o207 - 5;5;*)}
T = —\% (6707 — 5307) | (A1)

where i,j =1,...,5, T% (4= 1,--- ,4) are the generators of SO(5)/SO(4), and TZ-L’R with
ar,r = 1,2,3 are the generators of SO(4) ~ SU(2)r, x SU(2)r. The spinorial representation
of SO(5) can be defined by the matrices:

a 0 O'a‘ 5 1 O & = .
re= <0'&T 0), = (0 _1>, o ={a,—il} . (A.2)
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In the unitary gauge, h® = (0,0,0, k), the Goldstone matrix is given by

100 0 0
010 0 0
Uhl=[001 0 0 (A.3)

000 cos(h/f) sin(h/f)
000 sin(h/f) cos(h/f)

Since the elementary quarks are in incomplete SO(5) representations transforming as
SO(4) ones, it is convenient to dress the source fields with the NGB matrix. This way we
guarantee a fully SO(5) preserving lagrangian, as prescribed by the CCWZ construction.

QY =UM)g}, TP =Um@)e. (A.4)

r

Explicit computation in the unitary gauge yields

0 0
0 0
gl o | mEon| o (A5)
cos(h/f) sin(h/f)
sin(h/ ) cos(h/ f)

B Basis equivalence in vector meson dominance

There are different ways of formulating vector meson dominance (VMD). We can introduce
mixing interactions between the elementary and composite sectors by either a kinetic mixing
(VMD1) or a mass mixing (VMD2) term.

em2

B N T D (B.1)
Iz 9p
The mass mixing in VMD2 can be obtained from HLS. We can use the CCWZ lagrangian
with a dynamical p resonance to reproduce VMD2 [4]. So, we conclude that HLS, CCWZ
and VMD2 are identical descriptions as they produce the same low energy effective theory.
In section 3, we used a kinetic mixing interaction to obtain the Higgs-Gauge boson form
factor. This appendix is dedicated to showing the equivalence of VMD1 with the other
approaches more commonly used in the literature. We stress that VMD1 provides a clearer
picture of the form factor structure as it maintains explicit gauge-invariant operators in
the lagrangian. En route to deriving the equivalence between the two approaches, we show
that an interpretation for choosing a = 2 in HLS can be related to maintaining the gauge
invariance of the theory.
In the context of the pion form EM form factor, the VMD2 lagrangian is

1 1 1
Lympz = —EFWFW - ZB’“’BW + 5m§pﬁp“’“ (B.2)
em%’ spu_ L€ i 2 n n
- ppB" + S| — | m,BuB" — gprrpud”.
g 2\ 9
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We have a mass mixing term between the composite and elementary gauge bosons. There
is no direct coupling between the photon and the hadronic pion current, ensuring the
dominance of the p meson. Also, we have a mass term for the photon. Even though there is
an explicit mass term, the dressed propagator provides the correct pole behavior for ¢ — 0
after summing over all the three-level p contributions.

p
iD(q%) = MMV + AMMANRAAARNVW +... (B.3)
. . . o . . 9 .
— —q —iem i —iem —iq
T o em * 2 _ emy ( 9p p) q* —m? < 9p p) 9 _ &*mj Foe (B4
CoE T ’ ¢
= > . B.5)
9 €2m2  e?m? 1 2(1 4 ¢2/g2 (
- T+ 5 (=) cx o)

After rescaling the coupling e? — e2(1 — €2/ gg), we arrive at the correct photon propagator
with a zero pole mass. So, in VMD2, we introduce the elementary sector without explicit
gauge invariance in the lagrangian terms, but the physical quantities are gauge invariant.
This procedure makes the obtention of form factors more cumbersome in VMD2. For this
reason, it is clearer to include the p meson mixings in VMD1, which ensures explicit gauge
invariance in the lagrangian directly.

We can go from VMD2 to VMDI1 representations by the following field redefinition:

P =P+ A
Ay = A1 —e?/g2,
e=¢e\/1—¢€?/g2

The resulting lagrangian for VMD1 is

1 L1, 1
Lvmvp1 = _ZF‘;”F,M — Zp;ﬂ,p'“ + im%p;p’“ (B.6)

— gpwwpuj'u — eA:f]u — LF,IWPIMV.
29,

So, we can see that on this basis, the photon mixes kinetically with the p meson. Additionally,
there is a direct coupling between the photon and the pion hadronic current, and the
undressed photon is massless with explicit gauge-invariant terms. Kinetic mixing also
provides a clearer form factor normalisation since the quadratic term is diagonal for
an on-shell photon. This structure means that the photon decouples from p at zero
momenta, ¢ — 0.

Ey o = 2q2ALp’“ on-shell, (B.7)

In addition to VMD1 and VMD2, we can define the decoupled basis in which the
quadratic terms are diagonalized. Redefining the fields from (B.2) as

_ 1 3
By = = (94 + en})

(B.S)
V# = \/gglﬁ (Q,Uz - eAy) )
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Figure 14. Pion form factor in the different Vector Meson Dominance basis.

VMD2

I, /l /l
/ / /
o vMD1 Y //4 4 Y o //4
- AN ¢ N
3 A5 A5
\\ \\ \\
\ \ \
%

leads to
1 1
Laing = =7 [BuB" + Vuu V] + §m§VMV” — (gpnn Vi + eBy) J*. (B.9)
VMD1/ 2 Yprm 'S
F =1- —_— B.10
T (q ) gp q2 _ m% ( )

The boundary conditions for the form factor ensures the universality condition g, r = g,-

(0 =1 (B.11)
Fr(00) =0 = gprr=0p
There is no vector-meson mixing on the physical basis and the photon couples directly
to the pion current. So, what happened to the p-dominance of the EM current? As argued
in [53], the dominance of the p meson is entirely basis dependent, but the pion form factor
is the same in all formulations. The inclusion of gauge interactions between elementary and
composite sectors is independent of the basis on which the composite sector is introduced.
Accordingly, throughout section 3, we have used this result from HLS — the theory is
independent of the basis on which the dynamical gauge boson is introduced.
Before proceeding tho the MCHM5 example, it is useful to show explicitly that the
pion form factor is the same in all VMD basis discussed so far. The form factor appears to
correct the elementary electron-positron scattering to pions.

Ms—ﬁr*ﬂ'* =—e (er — ]f)MF,r (q2) . (B.12)

The form factors are obtained for each basis as shown in figure 14. In VMD]1, the form
factor is the sum of the direct photon-pion terms and the ¢? mixing with the p.
In VMD2, there is no direct pion coupling to the photon and the elementary electron
only couples to the photon. The form factor is then
2
-m
F;/MD2((]2) _ 14 gPﬂ'W (Blg)

) 2 )
q* —m2 g,

and the universality condition is satisfied by the on-shell normalization F(0) = 1. The
asymptotic condition Fy(oco) = 0 is satisfied automatically.
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In the diagonal basis, the electrons are partially composite and couples to the p meson.
The form factor is the sum of both the photon and p s-channel contributions.

Fdiag 2\ 1— gp7r7r q2 B.14
™ (q ) - g q2 7 m2 ( . )
P 4

Thus, we conclude that after imposing the appropriate boundary conditions on the expres-
sions, all form factors are identical.’

Composite Higgs gauge form factor. Shifting to the form factors in composite Higgs
models, we can derive the composite sector lagrangian as in the HLS approach. This method
lead to a mass mixing as in VMD2. The CCWZ construction permits two invariants,

f2
Cl == Z Tr (dud'u) s (B15)
_ f2 wy f2 2
LQ == Z Tr (EME ) == Z Tr(gppu - €M) y (B16)

where the CCWZ symbols d* and e* are defined from U0,U = dsz + e, 7. The composite
sector lagrangian is

1
Los = Li+als = 200,0""", (B.17)

where a is the HLS phenomenological constant and assuming that strong dynamics generates
a kinetic term for the p. Expanding the CCWZ symbols, we arrive at
f2gp .

1
Los = _szupa,w [~ (8 h) + 9P} (hyh) + zgﬁpzpa’u

where h is the Higgs field.
We want to include the local electroweak symmetry as an external gauging of SU(2)z, x
U(1)y. First, we add the kinetic terms for the EW bosons,

hl%,  (B.18)

— ZW/%W“LW — 1B v B* (B.19)
where the SM field are embedded in SO(4) ~ SU(2); x SU(2)g D SU(2)r x U(1)y as
Ajt = W and AiR = B,,. The mass terms and elementary composite mixing interactions
arise from

2 g2 2 /2f2

fz Tr(gppp — eu)?* D - WirWert 4+ =B, B" (B.20)

— 29,90 F WAL — f2gpg’piRB“
— gpgpiE W H h|* — g,g' p3F B¥|h|?
Thus, the lagrangian of the elementary sector is

1 2 r2
Lrs = —~waors (BB + 5 2f

WOLW Lk 4 ,2ng B* (B.21)
4w @ :

®Note that (B.10) and (B.14) are equal to (B.13) after imposing the universality condition.
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Figure 15. Higgs form factors obtained in the different VMD basis for the MCHMj5.

and the mixing interactions are

Lonixe = — 2909 W — f2g,9'p3E B! — g,k W

h? = go9'p3FB" > (B.22)

As in the pion VMD2 formulation, there are several features to note on (B.18), (B.21)
and (B.22). First, the undressed EW fields are massive,® but the sum of the one particle-
irreducible contributions to the p-mixing terms guarantees the correct ¢ — 0 pole behavior.

2.9 2.4 -1
g‘m e‘m
D(¢%) = (cf— L — . ) (B.23)
92 gi(g* —m?)
1
=—— _  asq—0. (B.24)

2
1+ %)
P

Note that the additional momentum dependence of D(g?) constitutes a form factor for
the EW gauge bosons two-point functions. Additionally, the Higgs form factor with the
EW bosons is obtained without a direct A? coupling to the Higgs as in figure 15. The form

factor is . ) )
fpr,p2) _ myp M M (B.25)
g (P —m2)(p3 —m2) pi—m2 pj—m?

The form factor has a dipole contribution due to the diagram with two ps and the monopole
terms with one p. The monopole interactions appear because the EW bosons and the p
interactions with the Higgs are not diagonal on this basis. The term pAh? term does not
cancel with £ when we choose a = 2 in HLS as there is no such coupling in £;. These are
features of the mass mixing basis in which we do not maintain explicit gauge invariance in
the lagrangian operators.

Our goal now is to change the basis from a mass to a kinetic mixing to reproduce the
lagrangian used in section 3. Analogously to the process in VMD, we redefine the fields as

/

lay, _ ,ayr _ 9 ay, ,3R— 3R_i
pu _pp, ngH 7pu _p,u BM

9p

— g2 I— g2
le‘L =,/1- ggW/‘jL,BM— 1+ P B, (B.26)

5 _ g2 T— gl g7

g=—g 1+g§ =—g 1+g,§

5This is before introducing the Higgs mechanism for EWSB.
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Finally, the complete lagrangian of the MCHMj gauge bosons in the VMDI1 basis is

2 2

1 m g

[,gs = _szupa,uu + 7ppzpa,u + gppzja,,u + Eppzpa,uh2’ (B.27)
1 2

ﬁgs = —ZWSZEWGL»HV + gWSLJaL# + %WSLWaLyﬂhQ (B.QS)

1 12
— (BB + g Bu ¥ + %B#B“hQ,

L= ;gngﬁ#pahW + ;giBWp?’R’“”, (B.29)
which is the lagrangian (3.12) used in section 3. We see that with kinetic mixing, gauge
invariance is explicitly maintained with the cancellation of the mass terms for the EW
bosons. The vertices that introduced the monopoles in the form factor also disappear,
leaving only diagonal gauge couplings as expected by gauge invariance. Note that the
matching between the two different basis depends on choosing a = 2. Without a = 2, the
matching of the basis would not produce a gauge invariant kinetic mixing formulation. In
this sense, the phenomenological choice a = 2 of HLS is justified by requiring a gauge
invariant model for the inclusion of the p. Finally, the Higgs form factor is obtained as in
figure 15. The expression is

f(p1,p2)
g2

pips
2

(p} —m2)(p3 — m2)

(B.30)
After inspection, we observe that both expression (B.30) and (B.25) are identical as expected
by the basis independence in which the dynamical resonances are introduced.
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