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ABSTRACT: Measurements of single Higgs production and its decays are in good agreement
with the Standard Model. There is still room for large modifications in double Higgs
production at LHC, though these effects may be correlated with large corrections to other
observables, in particular single Higgs production. In this work we address the issue of
enhancing double Higgs production in the presence of scalar leptoquarks while satisfying
all experimental constraints. We show at leading order that including more than one species
of leptoquarks, large cubic interactions with the Higgs can lead to sizable enhancement of
di-Higgs production cross section at LHC, while at the same time keeping other Higgs
observables and precision measurements under control. For masses above 800 GeV these
corrections are in general below 30%, whereas in a viable scenario in which one of the
leptoquarks can be light, specifically in the mass range 400 — 600 GeV, we show that it
is possible to roughly double the SM cross section for di-Higgs production, implying that
possible first hints of it may be probed at the high luminosity LHC at £ ~ 2 ab™!.

KEYwoORDS: Beyond Standard Model, Higgs Physics

ARX1v EPRINT: 2105.06309

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP08(2021)100


mailto:daroldl@ib.edu.ar
mailto:manuel.m.epele@jyu.fi
mailto:anibal.medina@fisica.unlp.edu.ar
mailto:mileo@fisica.unlp.edu.ar
mailto:szynkman@fisica.unlp.edu.ar
https://arxiv.org/abs/2105.06309
https://doi.org/10.1007/JHEP08(2021)100

Contents

1 Introduction 1
2 Model 3
3 Higgs phenomenology 6
3.1 Double Higgs production 7
3.2 Higgs low energy theorem 9
3.2.1 Double Higgs production 12

3.3 Higgs couplings 15

4 Constraints 16
4.1 Oblique corrections 16
4.2 Z-couplings 17
4.3 Direct searches 18
4.4 Baryon and Lepton numbers 18
4.4.1 B and L conservation 18

4.4.2 B and L violation 19

4.5 Flavor changing transitions 19

5 Scenario with a light LQ 21
5.1 Double Higgs production 21
5.2 Higgs couplings 23
5.3 T parameter 24

6 Scenario with heavy LQs 25
7 B anomalies 26
8 Conclusions 27
A Higgs-LQs interactions in the physical basis 29
B Perturbative expansion 30
C Form factors 31

1 Introduction

A particle which highly resembles the Higgs boson of the Standard Model (SM) of particle
physics has been discovered at the LHC in 2012 [1, 2] and since then, many of its couplings
to the rest of the SM spectrum have been constrained by studying its single production and
dominant decays [3, 4], pointing towards its SM-like nature. In fact no sign of new physics
has been discovered at the LHC by direct or indirect probes so far, but nonetheless there



still remains room for the possibility that some of the Higgs interactions may be affected
by new physics.

We consider in this work an example of the last situation, how the double Higgs
production process at the LHC can possibly be enhanced in a model of beyond the SM
physics (BSM) that contains scalar leptoquarks (LQ) which interact with the Higgs and SM
fermions. Leptoquarks have been also considered in connection with the phenomenology
of the Higgs boson in refs. [5-8]. It is well known that within the SM and in the present
experiments, the multiple Higgs production process is the only way to access the interac-
tions provided by the potential responsible for the spontaneous breaking of the Electroweak
(EW) gauge symmetry. However, double Higgs production cross section in the SM case will
only be probed at the high luminosity LHC (£ ~ 3000 fb~!) [9-12]. On the other hand,
LQs can run in the loops of gluon fusion diagrams since they are scalars that carry color
charge and may also posses large cubic and quartic interactions that involve the Higgs,
allowing an enhancement in the double Higgs production [13].

LQs have also recently been advocated as some of the best candidates to explain
leptonic anomalies, as the anomalous magnetic moment of the muon [14, 15]' and decays
of B-mesons [17-24]. However, due to the leptoquark nature, they are usually involved
in many flavor changing transitions which constrain couplings, mostly to 1st and 2nd
generations. There are also strong constraints for LQs coming from their direct QCD
production and subsequent decay into SM fermions as well indirect constraints to some of
the possible cubic and quartic interactions allowed in the scalar sector due to T-parameter
contributions and potential contributions to the Zbb-coupling [25]. Since, as we will show in
the following sections, one needs large values of the cubic interactions involving Higgs and
LQs in order to enhance double Higgs production, there are perturbativity limits on how
large these can be, as well as possible implications in a destabilization of the electroweak
vacuum, both of which we address. Finally there can be a strong tension in enhancing
double Higgs production and at the same time keeping under control the contributions
to single Higgs production, a delicate problem on which a central part of this work is
dedicated to.

We take into account the bounds described in the previous paragraph and, by per-
forming a numerical study which in no way is intended to be thorough, we show that it
is indeed possible in our BSM model to obtain cross sections for double Higgs production
which can be slightly larger than 2 times the SM one, while at the same time satisfying
all experimental constraints. This provides for an opportunity of observing double Higgs
production at LHC at a lower luminosity than the ones required for the SM case, possibly
reaching discovery levels at £ < 3000 fb~1.

The paper is organized as follows. In section 2 we introduce the model of LQs that we
will use in order to enhance the double Higgs production at the LHC, considering stability
constraints, working out the physical states and their mixing, and writing out the LQs
interactions with fermions. Section 3 deals with the proper calculation of the double Higgs

!Notice, however, that a recent lattice calculation alleviates the tension between the combined experi-
mental result and the SM theoretical prediction [16].



production at the LHC in our model, taking into account as well the contributions to single
Higgs production which constrain the enhancement. In this section we also introduce a very
useful limit known as the low energy theorem (LET), in which the interactions between
the Higgs and gluons take a simple form that allow us to understand better the physical
behavior in certain regions of the parameter space. In section 4 we focus on the constraints
on the model from possible oblique corrections to electroweak precision tests (EWPT), LQs
contributions to the well measured value of the Zbb coupling, flavor changing transitions
and LQ direct searches. We show and analyze our numerical results in section 5 in the
case in which one of the LQ remains light, whereas section 6 is devoted to the heavy LQs
scenario. In section 7 we briefly comment on how some of our LQs could address the
recently B-anomalies measurements. Finally we give our conclusions in section 8.

2 Model

The aim of our work consists in constructing and studying, from a phenomenological
bottom-up approach, a model beyond the SM that includes only a small number of LQs
which provide an enhancement in the double Higgs production at the LHC. In that spirit,
we consider a theory in which we add to the SM content the following three scalar LQs
following the notation used in [25]

Ry~ (3,2)1/6, S1~(3,1)yy3, S~ (3,1) g3, (2.1)

where the numbers in parenthesis represent the SU(3)c x SU(2);, SM gauge group trans-
formation properties, and the subindex the LQ hypercharge. We denote generically the
scalar fields as: ¢ = H, Ry, S1,S1, and use greek: «,f,..., and latin: 4, j,... indices for
color and weak isospin in the fundamental representation, respectively. The reason behind
the choice of these particular LQs becomes clearer once we write the most general renor-
malizable potential, and in particular the possible cubic and quartic interactions between
the LQs and the SM Higgs [25, 26]

V=VWV+Vs+4+Vy, (2.2)
with
Vo= Y e, 23)
¢
Vs :MlHTRQ;Sl -+ ugégeijkS’I + h.c., (2.4)

Vi =" Mo(670)? + M HTHRI Ry + Mo HYHS]S, + NsHTHS[S) + A\yS{S R Ry
¢
+ )\555{51R;R2 + )\GSISIS’ISI + AllHTJiHR;O'iRQ + )\IR2R;O'1'taRQR£O'itaR2

+ )\7R§iégj5fgf€a/g,y€ij€5m + AgRSiS{g*S’I’*Hi*eaM

+ AgRSijongHe*eagweijekg + h.c., (2.5)



and where ¢;,._;, is the Levi-Civita tensor in d dimensions (we use the convention €134 =
+1), 0; are the Pauli matrices and t* the Gell-Mann color matrices. Note how in particular
the terms in eq. (2.4) and some of eq. (2.5) (those involving two Higgs fields H ) lead to cubic
and quartic interactions, respectively, that provide contributions to the 1-loop gluon fusion
diagrams for double Higgs production. In particular the cubic interactions, before EW
symmetry breaking, contribute to the double cross section but not to the single one, showing
a hint on the enhancement of double production in the presence of large cubic couplings.
For the LHC phenomenology that we are interested in, we can neglect the quartic terms,
except those with couplings: Mg, A\ 2.3 and |, where Ay is the quartic Higgs self-coupling.
These terms, when the Higgs vacuum expectation value (vev) is considered, contribute to
the LQ masses and they also can be relevant to single and double Higgs production.

It is clear from this potential that in principle all scalars involved could possibly obtain
a vev in regions of the parameter space. In order to have proper Electroweak symmetry
breaking (EWSB) taking place and no color/EM charge breaking minima stemming from
the LQs acquiring a vev, we will in the following show the conditions that must be demanded
to the couplings that enter in the potential [27-29].

Given the large amount of parameters that enter in the potential and the fact that
we are interested in regions in which the LQs acquire vanishing vevs, we do an analysis of
the extrema of the potential in which we neglect the quartic contributions, given that they
will be only important in regions of large field values. We do require though that all of the
quartic couplings are real, Ay and \j 2 3 positive, and the condition A; > |A|| in order to
guarantee a potential bounded from below. Thus the chances of obtaining a non-vanishing
value for (Rs), (S1) and (S1) depend mostly on the parameters iy, iz, m%b, m%, and mi—,l.
The extrema condition then simplifies to

oL =

SEo| = (S — ()T e(S)) + mi, (o) =0, (2.6)
oL T/ 2 *

557 loew pi(H) (R2) +mg (S1)" =0, (2.7)
(5£ T 1D 2 Q O\ k

55| = el e(Ra) i (51)" = 0, (2.8)

which in the unitary gauge for H and separating the up and down components of Ry
leads to

v . -

Nlﬁ<sl> +m%2<Rg> =0,
v D *

s () + i (52)” = 0. (2.9
UV & \* DU

pa = (B1)" + i () = 0,
’l) —

uz\ﬁ@@ +mg (51) = 0. (2.10)

The system described in egs. (2.9) and (2.10) have a vanishing solution for the LQs vevs



whenever

2V 2 2
,U15 # mg Mg

2

,u%% # m%gm%l . (2.11)
As long as we consider values in which this is satisfied, the LQs will not acquired a color/EM
charged breaking vev. This analysis does not guarantee that another vev for the LQs may
develop at other values of the fields, it only assures that the EWSB vev v = 246 GeV with
(Ro) = (S1) = (§1) = 0 is an extremum of the potential. Demanding that all masses for
the physical states are positive provides alongside the minimum condition for vevs just
mentioned. The possibility for the LQs acquiring a vev at large values of the fields can
be somewhat lessen in the case of sizable positive quartic couplings and though we do
not perform a thorough analysis of color/EM charge breaking minima and the stability
(or metastability) of the EWSB vacuum, our results for the double Higgs production do
not strongly depend on the quartic coupling values. After EWSB takes place, once the
SM Higgs gets a vev, there is mixing among the different LQs components (the upper
component of the doublet, ]:23 with EM charge @ = 2/3, mixes with S;, and the lower
component RY with EM charge Q = —1/3 mixes with S;). This can be seen, once EWSB
takes place, by writing the mass matrices involving ]:Zg, ST, and Ré‘, gi‘

m% 4+ %= N)
M?l = ® 2* v 2 v v2 ’ (212)
lulﬁ mg, + )\27

M =

u

2 v? ! v
* VU 2 v? ’ )
//LQ% mgl + )\37
These mass matrices have to be simultaneously diagonalized. We assume that all param-
eters are real. We can find the eigenvalues and eigenvectors of both mass matrices which

represent the physical fields analytically
d pd o Pd
X?z —u, Rf _ sin 6, CT)S 04 Rf , (2.14)
X1 ST cosfy sinfy ST
X5 RY —sinf, cosf, RY
=U, | = = _ . 2.15
<X7f> <S’f> ( cos 0y, sin9u> (Sf (2.15)

with the eigenvalues as

1 v?
mig1 = 5 <m%2 + m%l + E()\l — )\,1 + )\2)

v2 2
T \/<m%32 o m%1 + 5()‘1 - )‘/1 - >‘2)> + 2:“%1}2 )

2
v
<m§;22 +mE + o M+ A+ A3)

2 2
== \/(m%22 — m%l + %()\1 + N - /\3)> + 2p3v? ) (2.16)



A simple relationship can be found between the mixing angles and the mass eigenvalues

243v? = (sin 29d)2(mif - mig)2, 2u3v? = (sin 29“)2(7”?({ - mig)Q (2.17)
Through these sets of equations and from a practical point of view, we are able to write
the Lagrangian parameters in terms of the physical mass eigenvalues and mixing angles.
This turns out to be very helpful when calculating numerically the Higgs production at the
LHC. In appendix A we derive the couplings between the Higgs and LQs in the physical
basis, and in appendix B we present a Naive Dimensional Analysis (NDA) of the size of
the couplings to be under control in the perturbative expansions.

Finally, we write the Lagrangian for the LQs and the SM fermions in the interaction
basis. In the absence of vp

ERQ = Yoy d_RRQGEL + h.c.,
Ls
[’51 = Ysyt (jiSlEfL + Ysie ﬂ%sleR + 29,4, qufeqL + 2S1qn a%Sde +h.ec.. (2.18)

1

We have not included generation indices and the z-coupling is antisymmetric. The presence
of vr would introduce new interactions, opening more decay channels.

3 Higgs phenomenology

The discovery of a scalar particle compatible with the Standard Model Higgs boson at
the Large Hadron Collider (LHC) has motivated searches for new physics using the Higgs
boson as a probe. In particular, Higgs pair production is not only interesting as a probe
of the trilinear Higgs self-coupling, but because its rate could be sensible to the presence
of new physics effects.

Several mechanisms give rise to the production of pairs of neutral Higgs bosons in
hadrons collisions. Multiple Higgs states can be excited through Higgs-strahlung off W
bosons or through WW fusion in proton-proton collisions but, the largest production rates
are provided by gluon fusion. Since Higgs bosons are colorless particles, their pair pro-
duction from the collision of two gluons is necessarily mediated through loop contributions
which could be permeable to new physics effects. In this section, we explore the Higgs
production in gluon fusion under the influence of scalar LQs. First, we focus on the dissec-
tion of the ultraviolet complete calculation of the double Higgs production cross section,
at leading order on ag. Then, we review it but from the perspective of the Higgs LET
framework, comparing both results to check the limit of this approximation. Finally, we
take advantage of the simplicity of the results obtained through the LET and evaluate
the correlation between the double Higgs production cross section and the single Higgs
production, which is certainly more constrained by the experimental data. We also con-
sider Higgs decays into a pair of photons and into a Z boson and a photon, where in both
cases the LQs contribute at one loop level. However, we observe that their impact on the
phenomenology is mild.
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Figure 1. Generic diagrams for the triangle and box contributions to the pair production of Higgs
bosons in gluon-gluon collisions.

All the results shown throughout the paper are given at leading order. Notice, however,
that when considering the phenomenological impact of the double Higgs production cross
section in sections 5 and 6 we take ratios against the SM prediction at leading order.
Therefore, we expect that most high order corrections (in particular QCD ones) drop in
the ratio.

3.1 Double Higgs production

The Lorentz invariant differential cross section of gluon fusion into Higgs pairs could be
split into two main pieces as follows

- 2 2

ddyg _ Gt ag

di 21473 52

LIFP+167], (3.1)

where § represents the invariant mass of the Higgs pair finally produced and # is the
transferred squared momentum from one of the gluons in the initial state to one of the
Higgs bosons states. The form factors, F and G, hold the contributions linked to the same
or the opposite polarization configurations of the incoming gluons, respectively.

Each of these form factors could be generically written as the sum of several terms
related with various loop configurations

_ o, @1, 1 (3) ()
F=Fa+Fa+ > {'Z {J-’X?+}"X§}+2. | [J-'X,LQX?Jr}"X?X?}}, (3.2)
k=u,d \1=1,2 i=1,2 j=1,2
_ W, @1, 1 (3) (4)
g = gA + gD + k_zd { i:zl:Q [ng + ng :| + 9 0 [ngX;C + ngX?:| } . (33)

The first two terms of each form factor are provided by the Standard Model, through the
contributions mediated by triangle and box loops of a top quark. Taking into account
that this form factors are proportional to the mass of the quark involved in the loop,
the remaining flavors bring negligible contributions. Representative diagrams are shown
in figure 1. The remaining terms arise from the loops induced by the presence of the
mass eigenstate LQs, x¥%, x%, x¢ and x4, presented in section 2, and their interaction with
the Higgs boson. The generic diagrams that contribute to these terms are represented
in figure 2. It is worth mentioning that the new trilinear effective couplings enable the
possibility of blending different types of physical LQs in the loops, see figure 2(c) and 2(d).
This feature is not present in the Standard Model diagrams due to the diagonal nature of
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Figure 2. Generic diagrams that contribute to the new physics form factors of gluon fusion into
Higgs pairs, mediated by scalar LQs.

the Higgs couplings to quarks. The dependence of Fa, Fo, Ga, Go and the new physics
form factors on the Mandelstam variables §, ¢ and @ can be found in the appendix C.

In the upper frame of figure 3, we can see how the differential cross section of eq. (3.1)
looks as a function of the center-of-mass energy of the gluon system v/3, after being in-
tegrated in f. The red dashed line represents the purely Standard Model result. At the
leading order, the shape of the cross section is basically dominated by the squared module
of the box diagrams and the destructive interference between the former and the trian-
gle diagram. The blue solid line is produced by the inclusion of a pair of scalar LQs in
the loop, obtained from the diagonalization of the mass matrices of egs. (2.12) and (2.13)
with arbitrary parameters that satisfy all the experimental constraints considered in this
work. The Standard Model cross section is reshaped by the presence of two resonance
peaks at twice the masses of the LQs, taken around 0.5 TeV and 2TeV. The interference
between the new physics form factors and the Standard Model contribution is responsible
for the final shape of the resonance peaks and the enhancement of the cross-section at low
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Figure 3. In the upper panel we have the Standard Model contribution (red dashed line) to the
parton cross section of di-Higgs production in gluon fusion as a function of the center-of-mass energy
of the gluon pair. Its modification by the presence of LQs (with masses of 535 GeV and 2076 GeV)
is represented by the blue solid line. The shaded area is proportional to the gluon-gluon luminosity.
In the lower panel we have the interference between the Standard Model and the LQ form factors.

values of §, see the lower panel of figure 3. As it can also be appreciated in this figure,
the gluon-gluon luminosity dLg,/d$ increases extremely fast as § decreases. Consequently,
the enhancement produced by the interference between the Standard Model and the new
physics contributions results especially relevant to boost the double Higgs production in
proton-proton collisions.

The total cross section for Higgs pair production can be derived by integrating over ¢
and performing the convolution of the parton cross section with the gluon-gluon luminosity
as follows

1 dc ty(rs) dénn
= d 99 (1, 5) x / dt —= 1), 3.4
0 /m/ e CORY BN ) (3.4)

where s denotes the center-of-mass energy of the proton to proton collision that gives rise
to the gluon fusion process and where we made use of the relation § = 7s. The limits
of integration are defined as t+(8) = 1/2 x [2m} — § &+ /82 — 4m25]. To compute the
gluon luminosity d£,,/dr we made use of the set of parton distribution functions (PDF')
PDFALHC15_nnlo_mec, provided by the PDFALHC working group [30] at next-to-next-
to-leading order.

3.2 Higgs low energy theorem

The LET allows to obtain the interactions with photons and gluons generated at loop
level by heavy particles, in the limit where their masses are large compared with the



other scales [31, 32]. We are interested in the couplings of one and two Higgs with two
gluons, involved in single and double Higgs production. In the following we include the top
quark within the heavy particles, as well as the LQs, although it is well known that the
heavy top mass limit disagrees with the full calculation by 20% for di-Higgs production.
Similar discussions of LETs with colored scalars in the context of supersymmetry have been
considered, for example, in ref. [33].

For the interactions of the Higgs with gluons we use the following effective Lagrangian

2
_& a apuv l A
Log D 327rGWG Zﬁ og 20 (3.5)
Replacing v — v + h and expanding m; in powers of h
h gnn (B)?
8 qa capv L
Log = 327TG G Co—|—gh + 9 (U> +..., (3.6)
with
logm O[log det M2 (v)]
= Oy 1 i s ) .
i =03 fidylogmi(v) = 8= 50 Sl = 5, (37)
9?| logm (v)]  Ollogm?(v)]
— 2 g 21 ; _ 7
Ihh =Y Z pid; logm; Z bi d(logv)? d(logv)
B Zﬁ 0? logdet./\/l2( )] 9llog det M (v)] (3.8)
* d(logv)? d(logv) ’ '

where i runs over all the particles, §; = 2/3,1/6 for Dirac fermions and complex scalars,
respectively, are the coefficients of the [ function of QCD, and s labels the species of
particles: up-type LQs, down-type LQs, and the top (we neglect the effect of the other

SM fields).
For an eigenmass LQ ¥, the coupling |x|?h can be obtained from: %, = &,mi (v). Thus

6,
gn = Begh, +vBrq Y =5, (3.9)
x M

where g} arises from the top quark contribution: ¢} = 2.2
For our model with LQs, we split the contributions of the up- and down-type states

LQu
+9
gn=PBegh 1+ 3.10
with 5 )
log det M7 ~ (v
LQ [log LQ( )] (3.11)

I = T Hlog o)

2Using the proper values of 8;, as well as 1/8 ~ 0.12, eq. (3.9) leads to the same result as the one of
eq. (3.26) in the limit of large top and LQ masses, that gives a very good approximation for single Higgs
production.

~10 -



These effective couplings can be computed straightforwardly from the mass matrix. Thus,
we have a simple explicit expression for these couplings in terms of the parameters of
the model

4v? [—M% +AgmZ 4+ (A1 + ) (m2—1 + /\3@2)}

LQu R S
9n "~ = : (3.12)
(Zm%,l + /\31/2) (Qm%Q +v2(\1 + )\’1)) — 2p30v?
42 | —p2 4+ Xom% + (A1 — M) (mZ + Ag0?
g]I;Qd — |: 1 RZ 1 ( Sl ):| (313)

(Qm?gl + /\202) (2m%2 +0v2(\ — )\’1)) — 2u30?
- . o . LQu LQd :
Similar egs. can be obtained for the contributions to gny: g),;"" and g,;*", by using eq. (3.8).

It results quite illuminating to rewrite the expressions for g, and gpp in terms of the
Ollogm?(v)] and

physical masses. For that purpose it is useful to consider that g, = >, 5 0oz 0)

that gnn, = vOugn — gh.-

Considering only the LQ contributions, concentrating initially in the calculation of g
and using the expressions for the LQ physical masses, it is easy to calculate how the cubic
and quartic interactions contribute from the up and down sectors

Brau’u3
9h, cubic = T 5 3 (3.14)
MMy
Brqv?
gfuz, quartic — #2 |:(>\1 + A/l + Ag)(miit + mig)

2m2.m
—(Ay+Aﬁ—AQVﬂn@?—wn2)2—2p%ﬂ] (3.15)

X1 X2
X3

2,2
d Brqu”py
e = ——5—5— 3.16
gh, cubic dede ( )
X1 Xg

L {(A — X+ X2)(m2a 4+ m?y)
2m?2,m?, ! ! 2 x§ X5
X1 X2

d _
gh, quartic —

— (=N - A2>¢<m§f —m2,)2 = 2ufe? | (3.17)

where /BLQ giILJQ = g;; cubic + gilll, quartic + gg, cubic + g?z, quartic* Notice how the second term
inside the parenthesis in both g ... and g% quartic tend to be smaller than the first
term. Comparing against the sign from the cubic contributions, this implies that the
quartic tend to contribute with opposite sign. This opposing behavior is seen even in the
numerical scans in the full UV theory. Furthermore, for p3 > mi’f and/or p? > mi?, the
cubic contributions dominate over the quartic ones, gy, cubic > gh, quartic-

In order to obtain a simple expression and assuming that the cubic terms dominate,

we can also calculate the contributions to gflj,?

2,2 4,4

OB e = — QU2 Prav i (3.18)

, cubic T 2 2 4 4 > :

mx’fmx% mx?mx‘g‘
2,2 4.4

gd o _/BLQU 1251 . BLQU My (3 19)
hh, cubic m2dm2d m4dm4d
X1 X2 X1 Xag

11 -



3.2.1 Double Higgs production

The calculation of double Higgs production cross section using LETs is greatly simplified.
The amplitude is simply given by the sum of two terms, one with the hhgg vertex, and
another one with the hgg vertex, a Higgs propagator and the Higgs trilinear coupling. To
each kind of term there are contributions from the top and LQs. The hadronic cross section
s [34]

Ohh = Amh/s d’T/ dz/zfyp(7, Q) fe/p(T/2,Q)Ggg—snn(Ts), (3.20)

where the center of mass energy of the collider s is related with § by: § = 7s and

oagon(5) =SSO [y - 225, (3.21)

R 3mi gn | 9k
h

@ and p are the factorization and renormalization scales that we take as the center of mass
energy of the system of two Higgs states: Q = p = V5. We use the MSTW2008 parton
distribution functions for the calculations with LET [35].

Since g, and gpnp, are independent of momentum, using the PDF of gluons we can
integrate eq. (3.20) and obtain an explicit expression for oy, in terms of the parameters of

the model as

b
Ohp, = Uﬁfﬁggﬁ + Uéfzghghh + oﬁfh)g%h ; (3.23)

where agjh) are integrals of the PDF, independent of the parameters of the NP sector,
whereas gj, and gp;, contain all the information of the NP, egs. (3.7) and (3.8).

In figure 4 we show the results of the full calculation and the calculation with LET,
there are several interesting features to comment. On the left we show the results for
a scenario where the mass of one of the LQ)s is taken as m}i%l ’ 2 400 GeV, whereas the
rest of them are larger than 800 GeV. Although the LET correctly predicts the order of
magnitude of the cross section, there is a dispersion for large values of oy, that corresponds

hgh being near the lowest value. This dispersion can be expected, since for light masses

tomp
the assumptlons for the LET are not valid anymore. There is another correction, that is
responsible for the departures of the points from a straight line, that is: for low LQ masses
the interference term is sizable, but the LET fails to reproduce it properly. Given that
the top mass is not heavy enough compared with other scales of the process, the LET
overestimates the interference by a factor ~ 2. On the right we show the case where all
the LQ masses are larger than 800 GeV, such that they are heavier than the Higgs mass

and the energy flowing through the loop. Unlike the previous case, we have divided by two
LET|SM LET\INT

the interference term, such that the vertical axis corresponds to: o}, + 0, /2 +
ab‘?Tle. The red line is the identity, with a shift to compensate the top contrlbutlon that,

in the LET, underestimates the cross section by 20% approximately.
To show that the origin of the factor two in the interference is the heavy top mass
approximation, we have checked that, by making the top mass larger, both calculations
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Figure 4. On the left we show o, using LET and full calculation at LO, allowing one of the
LQ masses to have a lower bound of 400 GeV, whereas the others are larger than 800 GeV. On the
right, considering the LET and all LQ masses larger than 800 GeV, we show ULETlSM 4o }I:}?T‘INT/2—|—
UEETlNP, that is: we correct the interference term by a factor 1/2; the red line is the identity, shifted
by a constant value to compensate the underestimation of the SM cross section using the LET.
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Figure 5. (3T /o to LO as function of the top mass.

converge. In figure 5 we show the ratio of interference term using the LET and using the
full calculation: o*hhT /o LET‘INT, as function of the top mass, for a point of the parameter
space with: m}i%l * — 1.3 TeV. This ratio is of order 1 /2 for the SM top mass, and converges
to 1 for large m; and LQ masses. In the figure, the curve does not converge to 1 because

the LQ masses are finite, but we have checked that as we increase their values it goes to 1.

In figure 6 we show only the LQ (SM-subtracted) contribution to the cross section
normalized with respect to the SM one, (Uh}];jT ,%,?TlSM) ,I;,?Tls , as function of the
physical mass of the lightest LQ state. We have taken A\j 23 = A] = p; = 0 and different
values for pg, as shown by the different curves. We have varied mg, , whereas the other
quadratic coefficients are fixed to 2 TeV. For this choice of parameters the mass of the light

mass eigenstate is driven by mg . As expected, for lighter mass and large 2, the cross
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Figure 7. U%ET / U,I:STISM to LO as a function of ps. The purple dots correspond to the full LET

computation and the blue ones to the inclusion of uo terms only.

section receives larger corrections.?> Non-vanishing quartic couplings with signs chosen as
we have, provide a milder opposite effect than cubic couplings.

The figure 7 shows the ratio O'%}]?T / U}LL,I?T|SM vs. 2, using the full LET result for the
double Higgs production in purple and using the cubic approximations to g, and gpp in
blue, eqgs. (3.14) and (3.18), respectively, replaced in eq. (3.23), considering in both cases
only contributions from the up-type sector. Note that the approximation does a good job
in mimicking the full trend of the LET result, however it tends to overestimate its value.
This is expected since in the approximation we are neglecting the quartic contributions
which, as mentioned previously, provide an opposite behavior with respect to the cubic
ones, decreasing the overall value of the cross section.

3We only show masses for which the LET is a reasonable approximation.
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3.3 Higgs couplings

The LQs interactions with the Higgs can significantly affect the gluon fusion Higgs pro-

duction and this impact can be quantified through the ratio between the total and the SM

cross sections?

2 o(gg — h)
= 3.24
‘Hg‘ U(gg N h)SM ) ( )
which is expressed in terms of the top (4;/2) and LQs (Ap) one-loop functions
2
%(’“
|rig|? ¢ I (3.25)

k=u,di1=1,2

7,

where 7; = mj, /(4m7) for i =, x, and the one-loop functions are normalized as A 5(0) =
4/3 and Ap(0) = 1/3. Defining k, = 1 + 0k, we separate the LQs contributions

Ao(ryr) v e®

~012 ) > — . (3.26)

Okg = Z Z

k=u,di=1,2 2m ’“ A1/2(Tt)

The numerical factor in the right hand side results from evaluating all the LQ masses at
800 GeV,”> meaning that the LQs contributions reproduce the ones obtained through the
LET discussed in the previous section, see eq. (3.9). The sum is taken over the four LQs
physical states. Accordingly, Cﬁz(zk) stand for the trilinear scalar couplings in the physical

basis. Following egs. (2.4) and (2.5), we can see that CKZ(ZR)

depends after mixing on the cubic
and quartic (once one of the Higgs is evaluated at the vev) scalar couplings in the potential.’

It is simple to derive an expression that relates the LQ contributions to the single Higgs-
digluon coupling, dx4, and the double Higgs cross section, oy, as described in eq. (3.23)
using the LET and considering only a cubic contribution from the up-sector. Noticing
that 0k, = (1/ 8)g,I;Q, one can write gy and gp, (note that these include the top quark

contribution, see section 3.2) in terms of dry as

4
gn = 5(1+0r,) (3.27)

4
Ghh = —5(1 — Okg + 80K, . (3.28)

Replacing these expressions in eq. (3.23) for op;, we get the dependence of the cross sec-
tion on 0kg.

1At leading order the LQs effects on the gluon fusion Higgs cross section can be also measured as
the ratio between the modified and the SM gluonic partial decay widths of the Higgs (|xg|> = T'(h —
99)/T(h — gg)) following the relation among the gluon fusion cross section and the partial decay width
into gluons [36].

This is a good approximation even if not all the LQs have a mass of 800 GeV. The extreme case appears
in the scenario analyzed in section 5 where the mass of the lightest LQ (~ 400 GeV) produces a correction
lower than 1% to eq. (3.26).

SNotice that the cubic couplings in the potential only contribute to the single gluon fusion Higgs pro-
duction in the physical basis since these interactions involve different LQs in the gauge basis. Conversely,
no mixing is necessary for the double Higgs production.
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Furthermore, the LQs couplings with the Higgs can produce important modifications
to the partial decay width of the Higgs into a pair of photons. In this case, these variations
are captured by the decay width normalized to its SM value

|"<‘7’Y|2 _ P(h — '7'7) ’
L(h — yy)5M
which is determined by the W one-loop function, Ay, as well as by A;/, and Ay for the top

(3.29)

and LQs contributions, respectively,

(k’)

1] o | A1 (rw) + NeQiAra(m) + N D Q2

k=u,di1=1,2

()] (3.30)

z

where IV is the number of colors of the LQs and @, their electric charges, and A; is
normalized as A;(0) = —7. Analogously to eq. (3.26), we define in this case Ky =1 4 dr-
(k) AQ(T k)

0k~ = N,
! k%:dzzl:z QX 2m X Ai(tw) + NeQ3 Ay o (1)

%(k)
~ —0.026N. > > Q% 2, (3.31)

k=u,di=1,2

The numerical factor in the right hand side results again now from evaluating all the LQ
masses at 800 GeV.

From egs. (3.26) and (3.31) we see that a combination of large trilinear couplings
and small LQ masses produces larger deviations and, consequently, it tends to put these
observables under more tension. Both x4 and £, have been measured at the LHC [37].
We will analyze in the next sections the constraints imposed by the measurements on the
parameter space of the model and show the expected correlation between kg and x [25].

Finally, another possible important LQ effect might appear in the partial decay width
of the Higgs into a Z and a photon, I'(h — Z~). In this case, however, we expect a contri-
bution of the same order as in I'(h — v7) [25] with smaller experimental restrictions [38].
As we show in section 5.2, I'(h — 77) introduces no more than slight constraints on
the parameter space in regions where the double Higgs production is enhanced, therefore,
I'(h — Z~) ends up having a negligible impact on our analysis.

4 Constraints

In this section we analyze the restrictions imposed on the model by different observables.
In particular, we concentrate on the constraints arising from the oblique corrections to elec-
troweak precision tests, LQs contributions to the Zbb coupling, flavor changing transitions
and LQ direct searches. We also study the requirements for baryon and lepton number
conservation and define the scenarios of interest for the phenomenological analysis.

4.1 Oblique corrections

The LQs give contributions to the self-energies of the EW gauge bosons at one-loop
level [25, 39, 40]. The leading constraints to these quantities are captured by the S and T
parameters [41, 42]: S =0.05+0.11 and 7" = 0.09 £+ 0.13.
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There are two sources for the T-parameter: the splitting of the doublet induced by ]
and the mixing induced by g1 2. Defining
ry
fT(xv y) =

rT—Yy

x

log —, (4.1)
)

and using egs. (2.14) and (2.15), we obtain

N 2
02 2 Z {QfT(migami;_t”qu,uUd,lj’Q— Z fT(mif,mi;p)lU;,qu,leQ .

AT = Lo st
TCwSwz ;=1 o=u,d

(4.2)

Notice that for m, ~ O(0.5 —2) TeV and splittings between the components of a doublet
of O(1), T can take values > 1, thus T is expected to give interesting constraints on the
parameter space of the model.

In order to understand how A] and pu; 2 generate contributions to 7', one can consider
the limit p1 20 < m%b

Ap 201\ [(m%, —mZ )i + (—m3, +m )us]*v*
16mch s, my |6m%, + 302 12m2 (m% —m3 )2(m% —m% )?

L 2N —ui N 5
3(m§~22 +vZ\1/2) Qm%2 —2m3 +v?(A\1—A) Qm%2 —Qm?§1 +v2(A1—=X3) )|’
(4.3)

where we show the first corrections generated by A} and pq 2 in the first line, and in the
second line a mixed correction. We have checked by comparison with the full result at a
numerical level that, in the proper region of parameter space, this approximation gives a
good estimate of T'.

Similar expressions can be derived for the S-parameter. Defining

xlogz —ylogy

fS(xay):_1+ T—y

(4.4)

we obtain
y 2

2T =

AS = [fS(migvmi;”U{f,uUu,lﬂQ - fS(migami;_iﬂUiuUdeF : (4.5)
We do not expect large corrections to S. Considering an example, for a single doublet:
AS = —(Y/2r) log(miu/mid), that for Y = 1/6 and (miu/mid) € (0.1,10) gives AS €
(—0.06,40.06). For our model and region of parameter space S does not lead to important
constraints.

4.2 Z-couplings

LQs also give corrections at one-loop level on vertex interactions of SM fermions and EW
gauge bosons [43, 44]. Precision measurements at LEP give very stringent constraints on
the modifications of the Z-couplings [45]. Focussing on Zbb, ref. [25] has shown that for
mrq =~ 0.5 TeV, the couplings to fermions are required to be < 10. Since in our approach
those couplings will be taken small, the constraints from Z-couplings can be easily avoided.
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4.3 Direct searches

Bounds from direct searches of LQs at colliders depend on the final state. For pair produc-
tion, that is dominated by QCD, these bounds are usually presented in terms of the BRs.
Final states with top quarks and e or p have stronger bounds, with mpq 2 1.6 TeV
for BRs to light leptons ~ 1 [46]. LQs dominantly coupled to light quarks and leptons are
also excluded up to mrq 2 1.6 TeV [47, 48]. For decays to quarks and leptons of the third
generation: mpq 2 800 — 900 GeV [49]. For the decay to a pair of down type quarks, [50]
excludes masses below 410 GeV and 610 GeV for decays to qq and bq, respectively.

The above searches assume that the LQs decay promptly and no longer apply if they
are long lived. In that case, bounds arising from searches of long lived squarks must
be considered instead. Different final states involving decays into down-type quarks and
a lepton [51, 52| or two down-type quarks [52-54] have been explored. All the exclusion
limits reported in these searches restrict the long-lived particle mass to be well above 1 TeV.
For example, in [52] top squark masses up to 1.6 TeV are excluded for mean proper decay
lengths between 3 and 300 mm.

4.4 Baryon and Lepton numbers

The interactions of LQs can violate baryon and lepton number, inducing processes for-
bidden in the SM, as proton decay and neutron-antineutron oscillations. In fact, if one
includes all the renormalizable interactions conserving the gauge symmetries of the SM
and the Poincaré symmetry, then B and L are violated. Below we discuss different cases
where these symmetries can be conserved, as well as situations in which they are violated,
but proton decay can be sufficiently suppressed. In the rest of the paper we will concentrate
in the first and second cases of the B and L conserving scenarios.

4.4.1 B and L conservation

Taking different combinations of vanishing couplings in eq. (2.18), the LQs can be assigned
B and L charges such that these numbers are conserved.

1. Taking yar = 25,4, = 28145 = M1 = 0, one can asign: B(Rp) = —B(S1) = 2B(S1) =
—2/3, L(Ry) = L(S;) = 0 and L(S;) = —1. Notice that in this case Ry and S; do not
interact with leptons at the level of dimension four operators. For phenomenology this
is a very interesting situation, since it allows one of the cubic interactions, whereas
Ry and S decay to dijets and S; decays to gf. These assignments and a lighter LQ),
with a mass ~ 400 — 600 GeV, define our scenario 1, dubbed “Scenario with a light
LQ”, and it will be analyzed in section 5.

2. Taking vanishing interactions with fermions, except for g/, one can assign: B(Rp) =
—B(S;) = —B(S1) = 1/3 and L(Ry) = —L(S;) = —L(S1) = —1. In this case S; and
S1 decay to ¢l after mixing. This is also a very interesting situation, since it allows
both cubic interactions, as well as decay of all the LQs. These assignments and LQs
with masses 2 800 GeV, define our scenario 2, dubbed “Scenario with heavy LQs”,
and it will be analyzed in section 6.
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3. Taking 25,4 = 2s1q, = 2819z = M1 = 0, one can assign: B(Ry) = —B(S)) =
—B(S1) = 1/3 and L(R2) = —L(S1) = L(S1) = —1. Diquark interactions are
not present and Sy decays after mixing with the up-component of Ry to gf. Regard-
ing the LQ-Higgs interactions at leading order, this scenario is already included in
the “Scenario with heavy LQs”. However, it is disfavored from the phenomenological
perspective since it is constrained by the same bounds on the LQ masses arising from
the direct searches and the condition p; = 0 implies a smaller contribution to the
double Higgs production.

4.4.2 B and L violation

In the general case dimension six operators as ddui can be induced at 1-loop level, as
well as dimension nine operators as ddudue at tree level [55]. They can produce n —

7Ou, 7t

e, ni oscillations and most dangerous: p — 777+ e~. Proton decay is proportional
to |yarzg, J?/ mﬁQ, thus it can be suppressed by taking 49, = 0 for d and s, leaving only

coupling with b, or taking y,, small enough to satisfy the constraints.

4.5 Flavor changing transitions

Since the LQs interact with the SM fermions, they can induce flavor transitions and CP
violation. At tree level they can contribute to processes involving quarks and leptons, as
semileptonic and leptonic decays of mesons, decay of heavy leptons as the 7 and transitions
in nuclei. At loop level they can also contribute to processes as meson mixing, dipole
moments and rare decays. The absence of conclusive evidence of physics BSM in the flavor
sector strongly constrains the flavor structure and the size of the couplings to fermions.
Below we give estimates for the most constraining processes, that usually involve light
fermions, and we refer to [25] for an extended list of processes as well as the details of the
calculations.

Semileptonic interactions can be generated by tree level exchange of LQs, their coeffi-
cients being estimated to be of order Cyy ~ y?/ m%Q, with y a generic coupling to fermions.
Leptonic decays of pseudoscalar mesons are some of the most sensitive processes receiv-
ing contributions from these interactions. The ratio R}, = I'(m — ev)/T'(m — pv) can
be predicted with good precision in the SM due to cancellation of uncertainties, leading
after comparison with the experimental result to the estimates [56]: |Re(yg, . 11¥s,6,11) S
107 7(mLq/TeV)? and IRe(y3, e 12Us16,12) S 2 X 1073(mpq/TeV)?.

Four-fermion operators involving only quarks are generated at one-loop level, with
Wilson coeficients that roughly can be estimated as: Cyy ~ y*/(4mmpq)? [57]. To get
an idea on the size of the allowed couplings, in the absence of flavor symmetries, one can
consider one of the most stringent constraints that arises from ex in the Kaon system,
where for complex couplings Cyr < 7 x 1079 TeV~2 [58]. Assuming that d and s quarks
have couplings of similar size, this bound leads to y < 6 x 1073, when myq ~ 500 GeV.”
These bounds are relaxed by one order of magnitude if the couplings are real, and at least
by one order of magnitude for mesons involving heavy quarks.

"One could think that diquark interactions could contribute to Cy + at tree level, however antisymmetry
of z-couplings cancel these effects [25].
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The electromagnetic dipole moment (EDM) of the electron has a very tight constraint.
LQs with couplings to Left and Right fermions can induce corrections to the EDM at one-
loop level [59], leading to strong bounds on the imaginary component of the couplings to
electrons, as can be the case of S;. Following [25] leads to: Im[ys,e31(Viys,e)5] < 10712,
where the contribution is dominated by the top quark in the loop due to the requirement of a
chiral flip. Neglecting Cabibbo suppressed terms and assuming anarchic complex couplings
of the same order, one obtains: yg,c/p31 S 1076, However these bounds are relaxed by
many orders of magnitude for quarks and leptons of second and third generations. Notice
that the previous bound requires the presence of two different Yukawa interactions, thus,
in the absence of two couplings, the contribution is instead suppressed by the mass of the
lepton, eliminating the tension for the case of the electron due to its small mass.

Flavor violating leptonic decays ¢ — {'y also have strong bounds. LQs with
Left and Right couplings give contributions with chiral enhancement dominated by the
top, as well as logarithmic enhancement, whereas those with one coupling are pro-
portional to the lepton masses instead. Following refs. [56, 59] and using bounds for
the branching ratios from the PDG [60], we obtain the following estimates: (a) for
o= ey |ySesiusiesel Vs esysies] S 1077 (mug/TeV)? and |y3, 1920 k2] < 0.5 X
1073(mrq/TeV)?, (b) for 7 — ¢y the bounds are of the same order for ¢ = e, pu:
Y5, e309510.33 ) 15, e 339s10,3¢] S 3 x 107 (mpq/TeV)? and [y3, yy2ek3| S 0.1(meq/TeV)>.

LQs also contribute to decays ¢ — £'¢"¢", with log(mg/m{q) enhancement from
gamma-penguin diagrams. Following ref. [61] we have estimated the bound on the cou-
plings for p — 3e, that has the strongest constraint, obtaining: [yg , /€7k1y516/57k2| <
3 x 107 (mrq/TeV)? and |y 1 v2eke] S x1072(myq/TeV)?.

1 — e conversion in nuclei receives contributions from exchange of LQs at tree and loop
levels. Following refs. [25, 56], the strongest constraints are for couplings with quarks of
first generation: |y1195,] < 0.7 x 1077 (mpq/TeV)?.

LQs can also give contributions to the anomalous magnetic moments at one-loop level.
Following [25], an explanation of the anomalous magnetic moment of the muon with NP
at TeV can be achieved in the presence of chiral enhancement, as in the case of S; with:
Re (Y%, e 32Ys1632) ~ 3 x 107%(mpq/TeV)?. For Ry there is no chiral enhancement due to
the presence of just one coupling, leading to much larger couplings.

At first order the effect of LQs on the Higgs physics is independent of these couplings,
thus we will assume that they are small enough to avoid issues with flavor. In the limit of
vanishing couplings the LQs are stable, by demanding their decay length to be smaller than
lmin Tequires y, z 2 10_6\/(TeV/mLQ)2(O.Imm/fmin)(E/6.5TeV), where F is the energy of
the LQ that has been taken of order 6.5 TeV, that is the full available energy at LHC13
in pair production. Thus we will assume that at least one of the couplings that allows

the decay of the LQs is on the proper window to satisfy flavor bounds and simultaneously
allow a decay length smaller than 0.1mm. In this manner, the LQ masses considered in
scenarios 1 and 2 are allowed by the direct searches at colliders since we avoid the more
stringent constraints arising from long-lived particles searches (see section 4.3).

In sections 5 and 6 we will discuss some specific scenarios, showing configurations of
couplings with fermions that are compatible with these conditions.
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5 Scenario with a light LQ

In this section we show the predictions for several interesting quantities in the scenario 1
of section 4.4.1. This scenario allows a light LQ, with a mass ~ 400 — 600 GeV, decaying
to dijets. Since its decay to bottom quarks must be suppressed, the simplest choice is
to take zg 4,3 = 0 in eq. (2.18), with zg 4, driving the decays of S, and Ry. The up-
type components are mixed by ps, whereas the down-type LQs do not mix, since pu; =
0. S; interacts with the other scalars through quartic couplings or exchange of other
particles. The simplest choice is to assume interactions of S; with fermions of the third
generation only.

We have scanned over the parameter space of the model, in the following range: m Ry €
(1.9,2.5) TeV, mg, € (0.8,3.5) TeV, mg € (0.4,0.8) TeV, A3 € (0,4), A2 € (3,5),
Ap € (0,1.5) and |u2| < 6 TeV.

We have kept only points with the lightest up-type LQ being heavier than 400 GeV and
the rest of the LQs being heavier than 800 GeV. For the points that we show the mass of
lightest state takes values 400 — 837 GeV, with most of the points corresponding to masses
lighter than 600 GeV, as can be seen in figures 8 and 10. We find that the heavy up-type
state has a mass ~ 1.9 — 2.5 TeV, the light down-type state in general is identified with S,
except in some cases for masses above 2 TeV, and it has mass ~ 0.86 — 2.52 TeV, whereas
the heavy down-type LQ has mass ~ 1.9 — 3.5 TeV, and in general corresponds to R‘Ql. The
mixing angle in the up-sector is smaller than 0.26.

5.1 Double Higgs production

We show in this section the most interesting results from the numerical scan for the scenario
with a light LQ using the physical notion from the LET limit where possible.

In figure 8 on the left we show the ratio between the total cross section and the SM
cross section opp, /O'%hM against the lightest L(Q mass, m}i%h t, in TeV. It is clear from the
figure that, as the lightest LQ mass decreases, the possibility of enlarging the total cross
section increases, reaching values of order QU,SL,IYI for LQ masses m}i%l © < 0.5 TeV. However,
lighter LQ masses do not necessarily imply larger cross sections. Also notice that when
mlli%h > 0.7 TeV the cross sections are less than a 20% larger than the SM cross section. We
have colored the points in order of increasing value of |ug| from green to blue. Notice that
the low values of |us2| (green points) imply smaller cross sections whereas the points with
the largest cross sections are associated with the largest values of |uz|. In figure 8 on the
right we plot m}i%l ® in TeV vs. |p2| in TeV, coloring the points in order of increasing value
of onn/ O'}SL}I\L/I from green to blue. This figure directly shows that the largest cross sections
are accomplished in the regions of small mlL%h " and large |ua).

In figure 9 we show opp /U}SLhM vs. po in TeV. Notice that the increments in the total
cross section can be accomplished for values of |uz| > 3 TeV, roughly independently of the
sign of us. As larger values of us are considered, the increment in the total cross sections
can be sharp for some of the points, following a quartic dependence on w9, as we saw as

well for the LET case.
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Figure 9. LO oy normalized with respect to the SM one, as function of us.

In figure 10 we show o,/ J}SZ,I\L/I vs. 0kg, coding the colored points in order of increasing
value of m}i%h ® from green to blue, including the LET result depicted by the blue line for
otET(5k,) in the cubic dominated case as given in eq. (3.23) with the replacements of
egs. (3.27) and (3.28). We can clearly see that the LET describes nicely the main trend
of the figure, in particular for most of the points with mlﬁg ® > 0.51TeV, for which the
LET works well and in which it has been proven the strong correlation between the double
Higgs cross section and the modifications to the Higgs-gluon coupling. The deviations
from this behavior can be seen for the points that spread vertically for a fixed value of
dkg4, and are represented by the green points which form a sort of a triangular region above
the curve. This difference from the LET behavior happens due to the lightest LQ mass
decreasing, entering a regime in which the LET breaks down and is unable to capture
the full picture. Note also that the vertical break at sy ~ —0.12 corresponds to the
constraint on single Higgs production as depicted in figure 11 and that for 'mhght > 0.7TeV,
oM < opp < 1.209M which agrees with what we find using the LET as shown in figure 6
once the quartic contributions are accounted for, which tend to contribute oppositely to
the cubic, lowering the cross section.

We can estimate at what luminosities the /s = 14 TeV LHC would be providing the
first hints of double Higgs production for the largest cross sections predicted in this scenario
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Figure 10. LO o5 normalized with respect to the SM one, as function of dxg4, in color values of

the lightest L(Q mass mlL%h Y. The blue line corresponds to the LET result.

with a light LQ. For that purpose, we use the projections by ATLAS [62-64] and CMS [65]
that consider different final states but under the best case scenarios seem to be able to
constrain oy, = 1.5 U,Sth at 95% Confidence Level and at a luminosity of £ ~ 3 ab™!.

~

Given that the largest cross sections we can accomplish within this scenario are opp, ~ 2.3
UE}I\L/[, a relation we expect not to change sizeably after taking higher order corrections, and
that the final states are the same as in the SM case, we estimate that for a luminosity
L ~ 2 ab™! the first hints (or the exclusion at 95% Confidence Level) should be able to

be seen at the LHC.

5.2 Higgs couplings

We study next the correlation between k4 and x,. We also consider the dependence of x,
on the cubic coupling of the light up-type state which dominates the LQs contributions
within this scenario.

We show in figure 11 x4 vs. kg and the corresponding lo and 20 experimental
contours [37]. A first observation is that x4 enforces the stronger constraints, whereas &,
plays a weaker role in imposing restrictions. In order to evaluate the double Higgs cross
section, we have allowed deviations up to the 2¢ level in this plane. Being the blue points
the ones with largest values for this cross section, it is apparent from the figure that this
is achieved at the expense of reaching the 20 contour in the region of lower values of dxg,
in accordance to figure 10. As it can be also seen from this figure, it is pointless to explore
larger positive values of dx, because they are located in a region where the corrections to
the double Higgs cross section are small, as it is shown by the green points.

In figure 12 we plot dk4 vs. %2(; ), the cubic coupling of the light up-type state. As it is
shown in this figure, the blue points corresponding to the larger values of the double Higgs
cross section have the larger negative values of this coupling, effect that can be followed
from eq. (3.26). In agreement with figure 11, positive values of dr4 are associated to smaller
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cross sections and are originated from positive values of %”( )| The horizontal break around
dkg ~ —0.12 corresponds to the constraint on the single Higgs production as shown in
figure 11.

5.3 T parameter

We consider now the value of the T-parameter for this scenario. As discussed in section 4.1,
T is driven by A| and p;, thus we show in figure 13 this dependence. For each plot, we
have checked that the approximations of eq. (4.3) reproduce quite well the curve wrapping
the cloud of points from below, while the points with larger values of T correspond to
regions of the parameter space where the approximation is not valid, due to large uo
and/or \|. For |us| = 6 TeV most of the points exceed the upper limit on 7', while one
could take larger values of A, at the price of lowering |u2|. We do not find correlation
between 1" and oy, points with Uhh/Uh 2 1.8 have T' ~ 0.05—0.25 with an approximately
uniform distribution.
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6 Scenario with heavy LQs

We briefly discuss now the scenario 2 of section 4.4.1, where up to a sign, all the LQs
have the same baryon and lepton numbers. The only coupling with fermions is 9, and
the simplest situation is to consider interactions with the fermions of the third generation
only. Since in this case only one coupling to fermions is present, many flavor bounds, as
well as bounds from direct searches, are less stringent than in the most general case. It is
possible to relax even more flavor bounds by taking small couplings with the fermions of
the first and second generation.

We have made a scan on the parameters of the model with the only restriction that the
couplings are perturbative, |1 2] < 27 TeV and A\j 23, A € (0, 27), and then selected points
where all the LQ masses are larger than 800 GeV. The output of the scan has shown that
for most of the points the corrections to the double cross section are smaller than 20%, and
for a few points they can reach 30%. The T-parameter is similar to the previous scenario.

In figure 14 we show ahh/a}sl};d vs. 0kg. As opposed to the scenario with a light LQ, we
observe a stronger correlation among both quantities which can be followed from the LET
since now all the LQs are heavy. Besides, compared to that scenario, we have lower values
of oy, for similar dry. As an example, for 6k, = —0.1, the effect on the cross section is of
order 20 — 30%, that is similar or smaller than the lowest values obtained in the scenario
with a light LQ. However, if we compare both scenarios for similar values of m}%} ' we see
that slightly larger values of oy, are obtained for the heavy LQ scenario due to the fact
that both p; and pg are present in this case. The blue points in this figure correspond to
larger values of the lightest LQ mass, mlli%l . We see that for these points the correction to
the SM cross section is smaller than the one corresponding to the green points for which

we allow lower values of mL%t, as expected.

As a consequence of the moderate correction to UE,IYI generated by the LQs, it is clear
that this scenario will be more difficult to test in double Higgs production at the LHC.
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7 B anomalies

Besides their interesting effects on the Higgs phenomenology, LQs can also play a role
explaining a set of deviations related with flavor physics. Anomalies in the decays of B
mesons have been recently measured at several experiments [17-19, 23, 24], the largest ones
were observed in the ratios Ry (.) and Rp), via neutral and charged currents, respectively.
One of the most appealing possibilities to explain these deviations is the presence of LQ
states at the TeV scale. There have been many proposals and studies, in particular ref. [66]
has summarized the effect of individual LQs on these observables. For the content of
LQs of the present paper, only S; can accommodate Ry () or R, while simultaneously
satisfying the bounds from other flavor observables, by adding small couplings with the
second generation. For a combined explanation of both anomalies, refs. [67, 68] have shown
that S; can, at best, explain them at the level of 2¢0.% Besides, given the proper couplings,
it can also accommodate the anomalous magnetic moment of the muon.

In the scenario 1 of section 4.4.1 (conserving B and L) the impact of S on the Higgs
phenomenology that we have studied is subleading. Therefore its mass and couplings
with fermions can be taken to accommodate Ry« or Rp, or both of them at 20 level.
To leading order in this scenario the effects on the Higgs phenomenology and on the B
anomalies are decoupled, with the first ones being dominated by Ry and S;, and the second
ones by S;. Whereas current limits do not exclude an explanation of the B anomalies [72],
one may wonder to which extent this possibility might be affected by single resonant
LQ production searches at the LCH in the future [73-75]. Since the constraints arising
from these searches would only impact on LQs coupled to leptons, they would not impose
restrictions on the lightest LQ which in this scenario drives the increase of the double Higgs
production and is mainly identified with S;, whose couplings to leptons we put to zero.
On the other hand, this would not be the case for the heavier LQs, as S1. However, since
their masses can be above the TeV, one could expect that couplings to leptons of second

8For explanations at 1o level see, for example, refs. [69-71] and references therein.
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and third generation of order 0.1-1, as those required to explain the low-energy anomalies,
could satisfy the present bounds. Definitely, a dedicated analysis, that is beyond the scope
of our work, is required to carefully assess an explanation of the low-energy anomalies given
the bounds from single resonant production, explanation that is already in tension with
the present LQ content [67, 68].”

Generically, effects on the Higgs physics are dominated by cubic and quartic couplings
between the scalar bosons, while explanations of the B-anomalies and the anomalous mag-
netic moment of the muon involve couplings to fermions. Besides, sizable effects on double
Higgs production require masses below 1TeV, whereas explanations of the anomalies can
be accomplished by LQs with masses above the TeV. For these reasons, the absence of ef-
fects on double Higgs production would not discard the LQ explanation of the B-anomalies
and/or anomalous magnetic moment of the muon.

8 Conclusions

In the absence of direct signals of new physics at the LHC, precision measurements in
the Higgs sector could provide a portal to physics beyond the SM. In this paper we have
studied the Higgs phenomenology in the presence of scalar LQs at the TeV scale. Interest
in these new states has been boosted in the last years due to the anomalies observed in
the decays of B mesons in several experiments, as well as quite recently due to the new
measurement of the anomalous magnetic moment of the muon at Fermilab, given that
LQs are one of the preferred options to explain both phenomena that seem to point to
BSM physics. Besides their possible impact on flavor physics, their colored nature implies
that they may also modify Higgs production at hadron colliders such as the LHC, since
this production is dominated by gluon fusion, in which loops of colored particles enter.
Although single Higgs production has been measured at the LHC with a precision of order
10% in agreement with the SM, double Higgs production is naturally expected to be probed
at much larger luminosities (of order 3 ab—!) and thus there is room for O(1) modifications
with respect to the SM predictions. It is however a non-trivial task for the new physics
responsible for potentially large modifications in double Higgs production to produce at
the same time small deviations in single Higgs production. This is one of the main issues
that we have considered in this paper.

We have studied a model with three scalar LQs, a weak doublet and two singlets,
with hypercharge 1/6, —2/3 and 1/3, respectively. We have shown that this set of fields,
alongside their cubic and quartic interactions with the Higgs, provides an opportunity for
enhancing double Higgs production at LHC while simultaneously keeping under control
single Higgs production. We have considered the most general renormalizable potential,
analyzing under some simplifying assumptions the stability of the EW vacuum and esti-
mating the size of the couplings where the perturbative expansions are under control. At
the leading order in which we work, the contributions from the LQs to Higgs production are
decoupled from the LQs interactions with SM fermions. We have determined the conditions

°In the scenario 2 all the LQs couple to leptons and have masses around 1TeV or above, thus the
situation is similar to the heavy resonances of scenario 1.
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for baryon and lepton number conservation from the LQs interactions with fermions and we
have estimated the bounds on these interactions from flavor physics. Another important
constraint that we have considered comes from the T-parameter, that receives contribu-
tions from the cubic and some of the quartic interactions that induce a splitting between
up- and down-type LQs. These contributions have been computed and we have selected
the regions of the parameter space that satisfy the bounds. It is worth mentioning that
when considering the bounds from the current LHC measurements on single Higgs pro-
duction and decay, we added the LQs contributions to Higgs decays that involve loop-level
generated couplings to the weak sector such as to diphotons or Z~, finding, in agreement
with the literature, that these corrections are in general below the current bounds and are
less constrained than the gluon fusion contributions to single Higgs production.

A full numerical calculation of the cross section of double Higgs production at LHC,
at leading order, is performed in the model. Comparing our results with similar studies in
the literature, both in presence of LQs and in the presence of supersymmetric particles, we
find good agreement in the corresponding parameter space. Since the full calculation must
be carried at the numerical level, is very expensive computational-wise and sometimes even
the physics may be hard to extract, we made extensive use of the Higgs low energy theorems
for heavy LQ masses. Considering a correction to the interference term between the new
physics and the SM by a factor ~ 2 due to the relatively low top quark mass compared to
others scales of the process, the analysis using the LET allowed us to understand several
interesting relations, as the dependence of the cross sections with some of the parameters
of the potential and with some physical masses and couplings. It also helped us in the
search for the desired regions of the parameter space with better efficiency. In this context,
we were able to find a rather simple relation between o5, and dr4 that is valid in the limit
of dominance of cubic couplings and describes well the trend shown in the full calculation
with deviations arising mostly from quartic couplings but with a clear discrepancy in the
regions of small LQ masses in which the LET breaks down.

Our study focuses on two different scenarios. The first one consists of a light LQ with
a mass of order 400 — 600 GeV and fermionic interactions such that it only decays to dijets,
evading the strongest bounds from direct detection, while the other LQs considered have
masses larger than 800 GeV satisfying all direct search bounds. Following the indications
from LET and using the full calculation, we find regions of the parameter space where
the cross section can be more than two times the SM one, satisfying at the same time all
constraints, in particular the ones coming from Higgs single production. In these regions of
large enhancement, the cross section is dominated by the contribution from the light state.
Using the expected sensitivities for double Higgs production from both ATLAS and CMS
at the high luminosity LHC, we estimate that hints of the largest enhancements to di-Higgs
production in this scenario should start to become apparent at luminosities £ ~ 2 ab™!.
The second scenario considers all the LQs to have masses larger than 800 GeV. In this case
the corrections to the double Higgs production cross section, compatibles with the bounds
from single Higgs production, are in general not larger than 20% than that of the SM,
although in some cases they may reach 30%.

Finally, we notice that the separation between the LQs interactions with the Higgs
sector (and their consequences on Higgs production) and the LQs interactions with the
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fermionic sector (which would provide higher order corrections to Higgs productions and are
expected to be small) implies that an explanation of the B anomalies, and /or the anomalous
magnetic moment of the muon, together with an enhancement of double Higgs productions,
can be accomplished in the model we study. The best scenario for the explanation of the
B anomalies with scalar LQs contains a weak triplet and a singlet with hypercharges 1/3.
Likewise, there is a possibility to address (g — 2),, within a similar scenario. Although the
lack of any relevant impact on the double Higgs production would not prevent to explain
the B-anomalies and/or (g — 2), in terms of LQs, it may be interesting to perform a
complete study for the possible explanations of these anomalies within our setup and we
leave it for future work.
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A Higgs-LQs interactions in the physical basis

After the EWSB, the potentials V3 and Vj provide the Higgs-1.Q interaction. These could
be written as next

RN ) (R R ) (R
V3+V2;—>h<ST>C st +h 5t C 51

pd\ T pd pu T U
2 RS (d) [ B3 2 Ry (u) [ 15
+h<5r>Q si) Fs) 9 s

where we use the ¢ = (v + h)/+/2 prescription and

2 M1
v( A+ A = v =N\ Y=
& U}\3 & U}\Q
V2 V2
A+ )\/1 0 Al — )\/1 0
(u) — 2 (d) — 2
Q™ = . s QY = . o
2 2

Once mass matrices are simultaneously diagonalized, the EWSB picture of the com-
bination V3 and Vj can be rewritten in terms of the physical fields, x%, x%, x{ and x%

f N »
Va+V, — h(’ﬁ) ¢ (’ﬁ) + h(’%) A (’g)
X2 X2 X2 X2

T u u
X2 X2 X2 X2

as follows
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The new matrices are defined from C®, C@ Q) and Q@ and the rotation matrices
presented in egs. (2.14) and (2.15)

¢ = y-tcWy,
¢\ =u oy,
o = u-tWy,
ol — Ule(d)Ud

The matrix elements of these matrices are the physical field coupling constants that rule
the interaction between the L(Q mass eigenstate fields and the Higgs boson. They could be
explicitly expressed in terms of the gauge parameters and the mixing angles as follows

(gl(?) = U[)\?, + (A1 + A — A3) sinz(ﬁu)} _ B2 sin(26,,)

V2

u u 125 1 .
S0”1(2) = 2(1) = NG cos(26,,) — §U( L+ A1 — A3)sin(26,)
@5 = v[Xs+ (1 + X — Ag) cos?(6)] f}’% sin(20,,)

d . p1o.
G = v+ (A = X — Xo) sin®(0a)| — 715 sin(20,)

d d M1 1 )
A % cos(204) — 5U(A’l — A1 — A2)sin(26,)
‘52(3) = v[)\z + (A =] — o) cos2(<9d)} + % sin(26)

u 1 . A
le) = 5( /1 + A= )\3) Sln2(0u) 23
QW — ol — ~Lov 4 x — xg)sin(20,)

12 21 F AT AL A3 u

wy 1 A
Qég) = 5()\'1 + A1 — A3) cos?(0y,) + ?3

1 A
Qfy = 5()\/1 — A1 — Ag) sin®(6q) + ?2
1
0f7 = Q) = =7 (A = A — M) sin(26)
1 A

Q%) = 50\/1 — A1 — Ag) cos?(6g) + 22

It is worth noting that, since we assume all parameters are real, €, €@, Q) and Q@
turn out to be symmetrical.

B Perturbative expansion

In this appendix we make some estimations of the radiative corrections and bounds on the
couplings from perturbativity.

Neglecting the mixing between the LQs, the cubic couplings contribute to double Higgs
production but not to single Higgs production at LHC, therefore it is interesting to consider
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Figure 15. One Feynman diagram correcting the cubic coupling at one loop (left), and contribu-
tions at one and two loops to gg - HH.

large cubic couplings. This couplings can induce large radiative corrections, and eventually
break the perturbative expansion. Thus we study NDA estimates of the allowed size of the
cubic couplings.

We consider the terms of V3 in eq. (2.4), that are corrected at one loop by the Feynman
diagrams of figure 15(left).

At this level the correction to p-itself is given by

5 / d*p 1 1 1
M1
(2m)4 py — m3; g, — M3, p%b - m%z

2,2 my 2 2 MRy 2,2 ms,
_w:{) MEme, log T +mg, mf, log s + mymg, log g
- 2 2 _ 2 2 _ 2 2 _ .32 )
167 (m¥; mRQ)(mH 77151)(7711,%2 mg, )

where we have considered the limit of vanishing external momenta. Taking the limit of
mrq > my and demanding the one loop correction to be smaller than the tree level

2 2 1/2
ms%y —m
w1 < dr Ry 51 ]
logml:b/ms1

For degenerate masses it reduces to p1 S 4mmpq, whereas in the case of a large splitting

coupling we obtain

Mheavy > Miight: K1 S 4TMheavy/ (108 Mheavy/ mlight)l/ 2. A similar result is obtained for ps,
changing S; by Si.

Large cubic couplings can also have an impact on the cross section of double Higgs
production. In figure 15 we show diagrams at one and two loops with the largest number
of cubic interactions. These integrals can be computed analytically in the limit of negligi-
ble Higgs mass and zero external momentum, leading to: I®?)/1(1) = (1/2) (a1 /4mmp,)?,
where the superindex labels the number of loops. We have also computed these integrals
numerically for external momentum of order 500 GeV and different angles. For the regions
of the parameter considered in the phenomenological analysis we find this ratio to be in
general < 1%, with a few points being of order 5-10%. A full two loop calculation of these
corrections is beyond the scope of this work. We take cubic couplings below 1/3 of the
bound given above.

C Form factors

The leading order form factors that parametrize the cross section of the reaction

9(p1) + g(p2) = h(ps) + h(pa)
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are presented in terms of the Mandelstam variables

5= (p1+p2)? = (p3 +pa)?
(p1 — p3)* = (pa — p2)*
o= (p1 —p1)? = (p3 — p2)?,

>
Il

the masses of the quark in the loop my, in the case of the Standard Model contributions,

and m; of the mass-eigenstate LQs, and the effective couplings (fz(]k) and Qg-c).

12m3m?2 00 ¢
Fp = i m%q) [2 + (4mg — s)quq(s)}
gn =0
00 (a2
3 [ 43—8m 8 Cyqq(3)
— 2(am — ) {2(m3 — )CI, (1) + 2(m — @)C10, (@) — (mh — ia)DI0 (G, a) )
+2m23(2m} — 8m2 + 8) {DUI0(s, 1) + Dled (3, @) + Dherd (7, a) |
2mg 2 hh
Go :mh_qtu[(th—t — %) (8m2 —  — a)Chh (3)
+ (miy — 8m2i + ) {2(mi — 1)Ch(F) — 5050, (3) + 5t DYgre (5, )}

+ (mh — 8mza + @?){2(mf, — @)Cop, (@) — 3C5, (3) + saDjonr (3, @) }

+2m2 (mf, —fa) (8m2 — & — @) { DY (T, @) + DIgRr (3, 8) + Dot (3, 0) ||

q 99499 qqqq 99499
6z %)
FO = S 00 s)
Gl =0
FE = =40 1+ 2m7C(3)]
g% =0
B)  _ peplk)? hh hh
]:XfX? _6%] |:C’ljl( ) Cjzj( )}
2
2(5(’“) U2
@ _ i N 4 2 2 f hh hh (&
ngX? - = W(2tu - 2mh + mhs){cmz( ) Cj2] (S)}
(k)% 2
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XfX? - mp, ijJ Jii ijJ Jii u
+2m s{D?j;?O( £) + DI (5,a) b + 2m2s{ DI (s, 1) + DI (5, 0) }
+ ((m? +m3)s + fa — mi) { DI (@, ) + DI (a, 1)}

6’ v? [CIH(3) + CI(9)]
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gf(?xj,? = - mg_ - [(2m), — 2 —a){Clh3) + Ci(s) |
+ ((m? = m3)(m}, — i — 280) — 5a2) {DIP°(3,0) + DI (3,0) |
—I-((m?—mz)( —to — 251) — 5t ){D?ﬁ?o (8 ﬂ%—D%go s,f)}
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mi — 1) & {Clf (1) + Cl(D) } — 2(mf — @) @ {Cl(@) + Cliy(a)}
+ ((m? +m3)(mj, — @) = s(m? —m?)?){ DO, @) + DL (3,4)
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1J1 Jug JyJ VAN
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Here, the amounts ngk( 2) and ijbﬁld( ,2) are a short notation to denote the scalar
Passarino-Veltman integrals Cy and Dy

22 5 22 2
CZ]]C( ) CU(mmmbaZ,m m; mk)
Dyl (i, 2) = Do(m§,M§,m§7m§,w,z,m2 m3,mi,m;)
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