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Abstract The search for Dark Matter (DM) at colliders is
primarily pursued via the detection of missing energy in par-
ticular final states. These searches are based on the production
and decay processes where final states include DM particles
and at least one Standard Model (SM) particle. DM will then
reveal itself as missing energy. An alternative form to get
a hint of a dark sector is via loop contribution to SM pro-
cesses. In this case, it is not even relevant if the new particles
have their origin in the dark sector of the model. In this work
we discuss the impact of an arbitrary number of coloured
scalars with Z,-odd parity in single Higgs and double Higgs
production at the Large Hadron Collider (LHC), and we show
their complementarity. We determine the range of variation
of the corrections relative to the SM for an arbitrary num-
ber of coloured scalars n. We discuss the cases n = 1 and
n = 2 for a specific model in more detail, which includes
direct searches at the LHC. We also find that the electroweak
observable 7' parameter imposes significant restrictions on
the difference of the heavy coloured scalar masses.

1 Introduction

Any extension of the Standard Model (SM) aiming at solving
the Dark Matter (DM) puzzle has to include at least one DM
candidate. One of the simplest ways to address this prob-
lem is to enlarge the scalar sector of the SM by including
a dark sector, usually using a discrete symmetry, and a por-
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tal coupling that connects the two sectors.! Once a minimal
model that provides a DM candidate is built, one needs to
make sure that it is in agreement with the current measure-
ment of the relic density and with all results from direct and
indirect detection together with the constraints imposed by
collider experiments. Models with a dark sector can then be
further extended to explain other unsolved issues of the SM.
Ultimately, any complete extension of the SM has to be in
agreement with all available experimental data.

In recent years many models have been proposed to solve
other discrepancies between the SM predictions and the
experimental results. A particular class of models manages
to solve two of these problems simultaneously: the B-physics
anomalies, related essentially to the b — su™*u™ transition
[1,2] and the muon g — 2 anomaly [3-7] while providing
a sound DM candidate. However, a very recent reinterpre-
tation of the LHCb collaborations completely washed out
the discrepancy with the SM prediction in the b — su™ ™
transition [8,9]. Still, this type of models can be made com-
patible with these new results for b — su*u™ (compatible
with the SM predictions) while still solving the DM and g —2
problems.

The existence of this type of models prompted us to study
the contribution of the new coloured scalars, that live in the
dark sector, to single and di-Higgs production. The mod-
els were discussed in great detail in [10,11] and are based
on a previous model proposed in [12]. They introduce mas-
sive coloured scalar fields which, depending on the charge
assignments and SU (2) quantum numbers, can lead to one or
several coloured scalars. A discrete Z, symmetry is imposed

I We define the dark sector as comprised of the Z>-odd fields, inde-
pendently of the existence of gauge interactions with the SM bosons.
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such that the new fields from the dark sector are odd under
Z> while the SM fields are even under this symmetry. In Ref.
[10], three new fields were added to the SM, one SU (3).
coloured scalar, ®3, one colourless scalar, ®,, and one vec-
torlike fermion, y, with an integer electric charge of O or
+1. The scalars are SU(2), singlets and the fermion forms
an SU(2); doublet. This model was dubbed Model 5. In
Ref. [11] a different scenario was studied with the scalars as
SU (2)1, doublets and the fermion as an SU (2), singlet, and
called Model 3.

As the dark sector communicates with the SM via the
Higgs potential, the new scalars couple to the Higgs boson.
In fact, only two types of interactions are relevant to our
discussion: the Higgs couplings to the new coloured scalars
and the strong couplings of the coloured scalars with the
gluons with origin in the covariant derivative. Therefore the
one-loop single Higgs and di-Higgs production only depend
on very specific terms in the Higgs potential, the ones that
connect the coloured scalars with the SM Higgs doublet.
Besides that, the SM Higgs coupling to the fermions (and
also the Higgs self-couplings) remain exactly the SM ones”
- there is no mixing of the Higgs with the other scalars as
they have different quantum numbers. The coloured scalars
contribute to the gluon fusion single Higgs and di-Higgs pro-
duction with only one coloured scalar of electric charge 2/3,
¢+2/ in Model 5, while for Model 3 there are two coloured

scalars contrlbutlng with electric charges 2/3 and 5/3, ¢+2/ 3

and ¢q , respectlvely. We also generalise our results to the
case of an arbitrary number of coloured scalars. Note that
single Higgs production is a clean probe of the Higgs por-
tal coupling in a scenario where the extension of the SM
only includes an arbitrary number of coloured scalars. The
di-Higgs cross section can then be used to further confirm the
structure suggested by single Higgs production. From now
on we will drop the old nomenclature and just refer to the
model by the number of coloured scalars.

The LHC has performed numerous searches for DM. The
only truly model-independent bound in the case of coloured
scalar production and decay (depending only on the mass of
the coloured scalar) would be a monojet event, that relies only
on the strong gauge coupling. These bounds would be valid
in a scenario where the couplings of the coloured scalars to
the quarks and vectorlike fermions are negligible or where
branching ratios that lead to visible final states are too small
to be detected. However, according to [12] the best bounds
are obtained in the searches for DM associated with top and
bottom quarks [13]. These are more restrictive than a re-
interpretation of the searches for squarks at the LHC. They

2 While this statement is only true at tree-level, as loop contributions
could in principle change the Higgs to quark couplings, these effects
are expected to be small, as the colored scalars are rather heavy, so that
their loop contributions are suppressed.

@ Springer

conclude in [12] that the mass of coloured scalars have a
rough lower bound of 1 TeV. We will use this bound in our
analysis.

We finalise this section by noting that the only new cou-
pling present in the processes to be analysed is the portal
coupling. Hence, in the case n = 1 all results will depend
on only two variables, the portal coupling and the coloured
scalar mass. For an arbitrary n we will have n portal couplings
and n coloured scalar masses.

The paper is organised as follows. In Sect. 2 we present the
single Higgs production mode, and in Sect. 3 the di-Higgs
production mode is discussed. In Sect. 4 we compare the
contributions of the new physics models to single Higgs and
double Higgs production. In Sect. 5 we introduce Model 3
and Model 5 in more detail and discuss probing the parameter
space with the electroweak oblique parameters and direct
searches at the LHC. Our conclusions are given in Sect. 6.

2 Single Higgs production

We consider n independent coloured complex scalars ¢>f]: Lo
transforming in the fundamental representation of SU (3)..
After electroweak symmetry breaking, the potential relevant

to this work is given by

n 2

_ 2 v , i, 1 120 402

V= Zl gy + 3 ngg) 19517 + gy 121
= —————’

%

where the couplings 2,4 and A¢, are real and we have
defined the masses of the fields by
2 2 v?

Note that there are in total 3n independent parameters. If we
also consider that these n fields form an SU (2); multiplet,
o, = (¢’:} ¢3 ¢>Z)T, this would impose the following
e 22— 2 o = 3
constraints: Mdi, = ,u¢§ = Iy, and )\% = )Ld,;q( = Ao,.” We
are now left with only n + 2 degrees of freedom. This implies
that for equal portal couplings A he the masses m ; given by
Eq. (2) are also equal and vice-versa. For this Work we will
consider the more general case of n independent fields but

3 We use uppercase ® and lowercase ¢ to distinguish between the
parameters defined for the multiplet ® and the scalars ¢.
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still assuming that they never have the exact same quantum
numbers and thus no mixing.

Single Higgs production via gluon fusion, which is the
main production process at the LHC, proceeds at leading
order (LO) in the SM via quark loops [14] as shown in Fig. 1a,
with the heavier quarks giving the major contribution. In the
new models, two new diagrams emerge as shown in Figs. 1b,
c.

The amplitude for this process can be cast into the form

Mgg%h 16 2<Z QFQ+Zg¢’ ‘1)

XAl;u) Ea eb Sab, 3)

where the indices a and b are associated with the incoming
gluons, A‘lw = ghv— pb DY/ Pa - pp and the quark and scalar
form factors are given by [15]

1
F{=to(1+(-10)f(10)).  gH=-. @
i Apgi U
g _ 1 , h heg
F\" = 2r¢,& (1 ‘L'%f(t%)), gd)é, = o2 (5
¢
with Ty = 4m% /m3 (X = Q, ¢}) and f(t) defined as
o arcsin(\%)2 2 7> 1 ©
T) = .
—}‘[log(}j—ﬁvi::)—in] T <1

In the limit of large masses the form factors approach a con-
stant value,

. o 2
lim F7 =~ @)
H12Q—>OO 3
. o, 1
lim F,"=- 8
mzi — 00 A 6 ( )
g

and therefore the large mass behaviour is determined solely
by the coupling pre-factors gé’(. Consequently, for large
masses, the scalar loop contribution to the amplitude is sup-
pressed by a factor of 1/ m . Because the quark Yukawa

couplings are proportional to thelr masses, the quark loop
contribution approaches a constant value for large masses.
Thus, although this process can be used to determine how
many heavy quarks are present in the model the same is not
true for the coloured scalars. In Fig. 2 we present f(7) as a
function of t in the left plot and the quark and scalar form
factors as a function of t in the right plot, which nicely shows
that the two form factors approach constant values in the large
mass limit.

2.1 The LHC production cross section

The calculation of the gluon fusion production cross section
is performed at LO by implementing the new form factors
for the coloured scalars (Eq. (5)) in the program HIGLU [16]
which can be used to calculate the single Higgs production
cross section at the LHC in the SM and in the Minimal Super-
symmetric extension of the SM (MSSM). In the SM the gg
initiated production is much larger than its quark counter-
part making the latter negligible in SM-like models, such as
the ones discussed in this work. We can therefore write the
hadronic cross section as

d.rse
h) = o :
o(pp = h) =05t a0
h_ T ’ gg—>h‘2
oy = — M , 9
O qemp T4 ®
where dl: is the gluon luminosity and 7, = m%/s, with s

denotmg the total hadronic c.m. energy squared. In order to
reduce the impact of the important higher-order (HO) effects
we calculate the relative deviation of the new physics (NP)
cross section in our model from the SM cross section, defined
as

ONP — OSM

5y = TP ZOSM (10)
osm

We hence assume that the relative HO corrections to the new
physics cross section in our model do not deviate significantly
from those of the SM case, for the QCD corrections*> while
for the EW corrections® this is not necessarily the case. For
the former, large differences in the NP and SM QCD cor-
rections are expected to occur at thresholds of the virtual
particles. For this work we consider only coloured scalar
masses above 1 TeV avoiding these regions. As for the EW
corrections, these have shown to be small when compared to
the QCD corrections in the SM, of the order of a few percent
[65]. Combined with the fact that we calculate relative devi-
ations, the impact of the EW corrections due to new colored
scalars should be subleading. Using Egs. (3-5) and Eq. (9),

4 In the SM, the gluon fusion cross section is known at next-to-leading
order (NLO) QCD including the full mass dependences [17-24]. Within
the heavy top-quark limit the next-to-next-to-leading order (NNLO)
[25-30] and next-to-next-to-next-to leading order (N3LO) [31-38,38—
41] QCD corrections have been calculated. An explicit large top-mass
expansion has estimated the missing quark-mass effects beyond NLO to
be less than 1% [42-45]. Quark mass effects in two-loop Higgs ampli-
tudes have been given in [46]. The exact mass dependence of the Higgs-
gluon form factor at three loops in QCD has been provided in [47,48].

5 For coloured scalars the corrections for different models can be found
in [22,23,49-59].

6 The NLO EW corrections have been calculated in [60-66] and the
mixed QCD-EW corrections in [67].

@ Springer
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Fig. 1 Generic single Higgs production diagrams. a SM quark loop; b, ¢ coloured scalar loop
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Fig. 2 Left: f(t) as a function of t; right: quark and scalar form factors as a function of 7

we can write &, as

‘ZQF +”Z¢1g¢z ‘ZQFQ‘
op =
‘ZQFAQ‘
¢ gl
F.? g¢l
A DY S F2
% oA

Y

For the following numerical analysis we include the bot-
tom, charm and top quark loops in single Higgs production,
while in double Higgs production only top and bottom quark
loops are taken into account.” We use the following input
values for the Higgs, top, bottom and charm quark masses,
respectively:

mp = 125 GeV, m; = 172.5 GeV,

mp, = 4.75 GeV, m, = 1.43 GeV. (12)

We use the LO pdfs NNPDF40_lo_as_01180[68,69] and the
LO strong coupling constant

ag(mz) =0.118 (13)

7 This choice is based on the quarks the original HIGLU and HPAIR
codes include, however we have checked that excluding the charm loops
in single Higgs production for consistency would produce a negligible
difference.

@ Springer

for which the running of «; is included at LO.% The cross
sections are calculated for a c.m. energy of /s = 14 TeV.
Note that the dependence on /s cancels out in §j at LO.

2.2 Model with one scalar versus a model with two scalars

Let us start by considering the scenarios n = 1 (just one
coloured scalar) andn = 2 (two coloured scalars). As already
discussed, all scalar masses will be taken to be above 1 TeV.
In the case n = 1 and considering here, for the sake of the
discussion, only the top quark contribution (the bottom con-
tribution only ranges at the percent level), the following sim-
plified form for §, is obtained

1
4 qu

0
Fy

> [F%
8 = Mgt~ fa ) e
h = "heg 0 hel 4, 4
may \ F5 vy

(14)
Any extension with more than one coloured scalar will have
one more effective Higgs-scalar coupling A he and one more
scalar mass m % for each new scalar added to the model.
Thus, in order to simplify the presentation of the results,
we impose the constraint of equal coloured scalar masses for
any extension with more than one coloured scalar. As we will
show later, for masses above 5 TeV the cross sections will be
very small unless the number of scalars becomes very large.
So the interesting range for the mass is indeed very small.

8 The scale used in the calculation of «; is chosen to be equal to My /2
for HIGLU and My, /2 for HPAIR.
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Note that in the plots presented later we will always include
the bottom, charm and top contributions.

The quartic coupling )Lh(p(i] that enters the calculation of
the cross section is an effective coupling in the following
sense: in the case n = 1 itis just the portal coupling between
the Higgs and the singlet coloured scalar; for n = 2, the
two effective couplings are the sum of combinations of three
portal couplings (in the case of an SU (2) representation). In
more detail, for n = 1 the coloured scalar is an SU (2) singlet
and the portal coupling with the Higgs doublet can be written
as

i = Ao, | H? @, (15)

and the effective coupling takes the form
Mgy = AH®, - (16)

In the scenario n = 2 the coloured scalaris an SU (2) doublet
and the portal couplings are now

voral = Mg [HIP|@g 1> + Ay |H @I
+Ano, |H ioy®y |, (17)
which results in two effective couplings,

Mgy = Mo, + Mo,
Mgz = AHo, T AHo,. (18)

We have also checked that the same applies to the triplet
representation of SU(2) [70]. However, one should stress
that what is relevant here is that we will discuss any type
of model with an arbitrary number of scalars, each with an
effective portal coupling and a given mass. The results can
then be translated to any specific model of this kind.

Since all form factors are positive and strictly decreasing
for My > 1 TeV, the highest contributions to the cross sec-
tions will be achieved when these form factors are at their
highest value corresponding to the lowest mass for all the

scalars. Under the equal masses constraint (m g = Myi =
q
i j
me, = F% = qu = qu) we can write
?
2 [ FYa
v A
o = <Z)‘h¢"> el e
Qo
i ! m¢q FA
2 é
4 F4
v A
‘ (Z %a) g, (70 "
i q A

With all masses equal, §;, is not sensitive to individual cou-
plings but only to their total sum, ), )‘hd)g . Further, taking
all couplings equal, )»hqb(,'{ =2, o = Ang,» We still cover the
full range of possible values for §;, because for any partic-
ular choice of couplings {)‘hdk}’ ey )»h¢g} there is always a
single coupling A, such that > )Lh(p(i] = nipg, which will

Single Higgs Production (mg, =1 TeV)

40| — n=2 (Ayg=Ang2)
30 | — n=1

X 20

K~

L)
10

/\h¢q

Fig. 3 &;, as afunction of the effective portal coupling g, for a mass
of mg, =1TeVandforn =1andn =2

give equivalent results for &;. With this approximation the
coupling Ape, Will just be rescaled by a factor n when going
from the case n = 1 to arbitrary n.

Before presenting the results we will discuss the allowed
values for the couplings. As the upper bound we will consider
the perturbativity bound of 4. For the lower bound, one of
the conditions for the potential (Eq. (1)), to be bounded from
below, following the same procedure as in [71], gives rise to
the following constraint at LO

mp

(20)

where my is the SM Higgs boson mass and M’z’} is the ¢>é
quartic self coupling parameter that must be positive, A4 >
0, and obey the perturbativity bound of A, < 4. Therefore
we will vary the relevant parameters A he between the lower
value given by Eq. (20) and the upper value 4.

In Fig. 3 we present the results for §, as a function of the
effective portal coupling Ap¢, for a mass of mg, = 1 TeV
and forn = 1 and n = 2. The single Higgs cross section was
calculated with HIGLU for a c.m. energy of 14 TeV resulting
in a SM LO cross section of aélM = 15.76 pb for the above
given input values. It is evident that §; varies linearly with
the effective coupling Ajg, , which means that, in this range,
the interference term between the SM and NP form factors
is dominant. The large scalar masses we are working with
and the fact that the interference term is proportional to only
1/ méq while the purely NP contributions are suppressed by

a factor of 1/ mgq (cf. Eq. (14)), are the reasons behind this
behaviour.

In Fig. 4 we show the results for §;, as a function of the
coloured scalar mass for the minimum value of the coupling
(left) and the maximum value of the coupling (right) and for
n = 1 and n = 2. Since, as argued above, the interference
term is dominant, §; behaves approximately as 1/ méq for
fixed Apg, . For the allowed range of variation the maximum

@ Springer
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0 Minimum Coupling (Ang,= -(8m)" my,/v)

— n=2 (m¢;=m¢g)

— n=1

6 8 10
my, [TeV]

Maximum Coupling (Ang,=41T)

— n=2 (m¢‘q:m¢§)

40

— n=1

2 4 6 8 10
my, [TeV]

Fig. 4 §; as a function of the coloured scalar mass for the minimum value of the coupling (left) and the maximum value of the coupling (right)

and forn =1l andn =2

value of variation relative to the SM is between about -10%
and +40%.

The NP term only becomes comparable to the interference
term in the limit

2 9] 2
4m¢q FY mp—oo 16m¢q
v2

Ang, = 21

v2 qu Mg, —>00

which means that for a mass of m y = 1 TeV Apg, g 260 for
n = 1. As more scalars are added the picture can change. As
the interference term scales with n and the NP term scales as
n?, for a number of scalars above 20 and all masses equal to
1 TeV the NP term starts to dominate.

2.3 Models with n coloured scalars

In the previous section we have set all masses to be equal.
Relaxing this condition forces us to return to the more gen-
eral expression given in Eq. (11). However, we can follow a
different approach in order to simplify the final expression
by taking advantage of the large scalar masses and using the

i

limit for qu given in Eq. (8). For scalar masses above 1 TeV

the error in qu by using this limit is only about 0.2%. With
this approximation §; can be written as

1 ”22“_%

T TR
‘ZQFA’ i m¢;
4 A ?
1 v hep
_ — 1, 22
+ 0|2 144 Zmzi (22)
‘ZQFA‘ ! by

@ Springer

where we have ’ZQ F AQ‘ ~ 0.641 when including the
top, bottom and charm quarks. Including only the top quark
and the limit in Eq. (7) would imply an error in ‘ZQ F AQ‘
of around 4%. This approximation has the advantage of

allowing us to write the results as a function of the ratio
Xi = Apgi / méi where the index i represents each scalar.” It
g q

is now clear that we can show §; as a function of the sum
(3_; xi). As previously discussed, as long as we span all pos-
sible values for this sum we will also have fully explored all
values that §;, can take. In order to do this let us first note that
the minimum and maximum of (}_; x;) are achieved when all
x; are at their minimum and maximum values, respectively.
Hence, to generate all values for the sum and consequently for
3y, we can make the simple choice of x; = x; with the limits

of min(x;) = min ()\h%/mii) = —(8m)2my v TeV2
q

and max(x;) = max Ahd)}{/méi = 47 TeV~2 where we
q

have considered min(md)([] ) =1TeV.

In Fig. 5 we show §;, as a function of )_; x;. The min-
imum and maximum limits for a model with n scalars are
indicated by the coloured zones, where a minimum mass of
1 TeV is considered and the couplings are varied between
their minimum and maximum allowed values.

9 This approximation is not strictly necessary. In the general case the
%4

ratio would be x; = )\h% m%. All conclusions in this section are only
o

i
dependent on the fact that x; decreases with mass, a behaviour present

L . b
whether we use the approximation or not since F,* approaches a con-
stant value for large masses and A, ¢ takes a constant value between its

boundaries.
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Fig. 5 §), as a function of ) _; x;. The minimum and maximum limits

for a model with n scalars are indicated by the coloured zones, where

a minimum mass of my = 1 TeV is considered and the couplings are
q

172

varied between the lower bound of —(87)'/“mj, /v and the perturba-

The horizontal lines represent the relative experimental
uncertainty of the experimental results for Higgs produc-
tion via gluon fusion at 1o with Higgs SM branching ratios
assumed.!® In the left plot the lines are taken from the
ATLAS combination [72] at 13 TeV and 80 fb~!, leading
to 8, € [—5, 13] %. In the right plot we present just the case
n = 1 for a better understanding of the bounds on  _; x; for
n = 1.Consideringn = 1 wecanseethat—3.2 < ) ", x; < 8
approximately. This in turn means that for a mass of 1 TeV
the coupling is also constrained to be —3.2 < Aj41 < 8.
Therefore the bounds are not very strong at the moment but
are already better than the perturbative limit for the upper
bound. Still, as the mass grows the bound on the coupling
gets weaker. For n > 1 if the couplings are all of the same
order, the constraints will be stronger if again the masses are
all of the order 1 TeV. But there is always the possibility of
having all couplings very small except one, recovering the
n = 1 constraints for the larger coupling. Furthermore, if
the couplings have different signs we end up with a larger
freedom than for the case n = 1. These scenarios will have
to be studied for the specific model in question using every
other information on the model.

In Fig. 6 we show the allowed values of 8, (left) and ) ; x;
(right) at 1o and 20 using the present experimental limits
from ATLAS [72], CMS [73], and the projections for the
future HL-LHC [74]. The projections for the HL-LHC show
that we will attain a result of the order §;, € [—1.6, 1.6] %.

10 The branching ratios are dependent on the model and thus, for this
work, we consider only the SM branching ratios.

30
=}
!‘

20
S e
= 10
W 68% CL

0
|/ —
-10
0 5 10 15

T x [Tev?

tivity upper bound of 4. In the left plot the horizontal lines are taken
from the ATLAS combination [72] and show the 1o results for Higgs
production via gluon fusion. In the right plot we present just the case
n = 1 for a better understanding of the bounds on ) _; x; forn = 1

Note that this assumes that the overall uncertainty scales with
the luminosity as 1/+/L and we take the SM as the central
value.

2.4 Higgs to gluons decay

In the SM, the partial width of the H — gg decay is cal-
culated to be around Ff’;ﬁ,, = 0.335 MeV [75], representing
a branching ratio of about 8.2 %. On the other hand, the
branching ratio for the neutral electroweak bosons, yy and
y Z, are significantly smaller with a value of around 0.2 %
each. The ZZ decay is slightly larger with 2.6 % but still
smaller then the gluons. The coloured scalars will contribute
to these decay modes. For the electroweak branching ratios,
which are already very small in the SM, the contributions
will be suppressed by a%w /af when compared to the glu-
ons decay. Additionally, other NP electrically charged fields
in the models would need to be taken into account. For this
reason, for this work we only consider the gluons decay.

AtLO the decay H — gg has the same diagrams (Fig. 1)
as the gluon fusion production (Eq. 9) and the two only differ
by an overall factor:

ree — 1 ’ h%gg‘
LO 2wmy, A >
8m>
88 h _h
FLO = 70’0 . (23)

@ Springer
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Fig. 6 Allowed values of §;, (left) and Z[ x; (right) at lo and 20 using the present experimental limits from ATLAS [72], CMS [73], and the

projections for the future HL-LHC [74]

Following the approach in [72] (Sec 7.1) we define the
coupling-strength modifier, kg, as

2 F]g\’gP
Koo = Tt (24)
SM

We can also again define the relative difference, d4,, and
relate the two variables by
88 88
Sgg = FN’%# Keg =1+ 8. (25)
sM

From Eq. 23 we conclude that this relative difference is the
same as for Higgs production (Eq. 10) and we can take 84, =
85 Then the results from the previous sections can be applied
in the same way as in Fig. 5.

In Fig. 7 we show the coupling-strength modifier, «gg,
as a function of )_; x;. The minimum and maximum lim-
its for a model with n scalars are indicated by the coloured
zones, where a minimum mass of 1 TeV is considered and the
couplings are varied between their minimum and maximum
allowed values. The horizontal lines represent the constraints
to the coupling-strength modifier, 4, . The full black lines are
calculated from experimental data at ATLAS [72] Sec. 7.3)
leading to x /T L4S = 1.0370:97 This corresponds to a cut
on the parameter space of around —3.8 < )", x; < 12.7.On
the other hand, the horizontal dashed lines are the expected
1o uncertainties at the HL-LHC given in [74] (Sec. 2.7 - Fig.
30) with a value of Ak £E~EHC = 4+0.025. This in turn cor-
respondstoacutof —3.2 < > x; < 3.2. With the coupling-
strength modifier framework we have tested the constraints
from the loop induced contributions to the partial width of
the H — gg decay due to the coloured scalars. The limits
resulting from the decay are thus of the same order as the
ones for the Higgs production process.
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Fig. 7 The blue line represents the coupling-strength modifier kg¢ as a
function of ), x;. The minimum and maximum limits for a model with
n scalars are indicated by the coloured zones, where a minimum mass
of m 6 = 1 TeV is considered and the couplings are varied between the
lower bound of —(87)"/2my, /v and the perturbativity upper bound of
4. The black horizontal lines represent the 1o constraints taken from
[72] while the dashed horizontal lines represent the expected uncertain-
ties at the HL-LHC taken from [74]

3 Double Higgs production

Similar to the single Higgs case, the production of a pair
of Higgs bosons is dominated by the gluon fusion process,
which at LO is given by a triangle and a box diagram with
heavy quarks running in the loop [76]. The new coloured
scalars will contribute to di-Higgs production by similar loop
diagrams. Due to the new 2 gluon-2 coloured scalars and 2
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Higgs-2 coloured scalars couplings, however, there are now
additional topologies that contribute to the process.

3.1 The leading-order amplitude

The complete set of diagrams is given by the ones involving
the trilinear Higgs self-coupling, shown in Fig. 8, and dia-
grams that do not depend on it, depicted in Fig. 9. The new
topologies arising in our model are given in Fig. 8b, c and in
Fig. 9b—e. As in the SM, we have triangle and box topologies
and now additionally also a self-energy-like topology.

The LO amplitude can be decomposed into two different
tensor structures, which correspond to total gluon spin 0 and
2, respectively, along the collision axis. They are given by
[77]

I
AR = gnv _ PoPa (26)
(Papb)
1
e
P7(PaPb)
x [(p?) P pY =2 (ppe) PEPL — 2 (Pape)
X Pl P! +2 (pary) PP )
with
Al-Al=Ar-Ar=2, A -Ar,=0 (28)
and
2 _ o (Papc) (Pope) 2, (29)
(PaPb)

where p, ; denote the four-momenta of the two incoming
gluons, and p. 4 those of the outgoing Higgs bosons. The
LO amplitude given by the diagrams in Fig. 8, which contain
the trilinear Higgs self-coupling, can be cast in the form

hh
MEg — 8
hhh 1672

¢i
> e FL+ Zgj;l,.[ Fl | Avpvelel Sap - (30)

0 o
where 65 2” represent the gluon polarisation vectors, g
denotes the strong coupling constant and the constant
3m?2 /v
Cp= 5 31)
s —my

has the tree-level trilinear Higgs self-coupling in the numera-
tor. The first term in Eq. (30) corresponds to the first diagram
and the second one to the last two diagrams.!" The form fac-

1" Tn accordance with the FeynArts [78,79] notation, we call triangle
diagrams loops with three legs attached and box diagrams loops with
four legs attached.

tors F AQ /% and the couplings g}é /g AT€ given in Eqs (4) and
q

(5). The amplitude independent of the Higgs self-coupling
can be written as

2
Mggﬁhh_ 85S C

nohhh = {72
x [Z (682 FGAvn + (gh*GEAx)
0

¢
+ 3 ((caly PR+ ) A
%

¢f
+(g4,)°Gr, Az,w) ]egfeg Sab (32)

where Co = 1, the prefactors g}é Jpi A€ given in Egs. (4)
q
and (5) and

)\/’L i
hh %4
h , 33
84t . (33)
%

The quark form factors Fg and G% corresponding to Fig. 9
(a), which have been calculated in the literature before
(ctf. e.g. [77]), are deferred to the Appendix B, while the new

form factors are given here. The form factor Fé"l sums the

contributions of the diagrams Fig. 9b, ¢ proportional to A%,
F g"z stems from the sum of the contributions of Fig. 9d, e, and
G%’l is the sum of the contributions of Fig. 9b, ¢ proportional
to AY". They read explicitly'?

4
G¢q — 4m¢‘1 ;
th s tu — m2
miq 2 mé‘i
x| s(t4+u)C," + Q2t)(t —mj)Cqc

2\ M
+Qu)(u — my)C,. "

—(t2+u2—2m4)Cm2 —(st2 42 -
h st2 + m¢ (tu mh))D

bac

—(su® + Zmé (tu — mh))Dabc

—@mg (tu — m)D, ) (34)

2

4m* 2 2 2
é m m
F‘%‘il = Tq(_(l - m%)cacd)q + ;(u - m%)cbcd)q
_(2m¢> )(Dabc buc )

12 See also e.g. [80,81]. In the former paper, the authors focused on
the impact of light coloured scalars on di-Higgs production while in the
latter the effect of light coloured scalar leptoquarks was analysed.
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Fig. 8 Generic diagrams contributing to double Higgs production involving the trilinear Higgs self-coupling: a SM quark loop; b, ¢ coloured

scalar loop
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Fig. 9 Generic diagrams contributing to double Higgs production independent of the trilinear Higgs self-coupling. a SM quark loop; b—e coloured

scalar loop

(35)

2 1 4 miq
_(2m¢q + ;(tu —mp))D, .,
where we have suppressed the i index only for convenience
and

F¢£’

d)i
o =F., (36)

with the latter given in Eq. (5). Note that, for the same reason

i

. . . ¢
we can write this equivalence, we do not have a GD"2 com-

ponent, just as for the triangle diagrams (G(é‘f2 = G(Zq = 0).
This is because their amplitudes only differ by the Higgs
propagator and constant coupling factors. The Mandelstam
variables s, ¢, u and the scalar integrals C;; and D;j; are
defined in the appendix.

3.2 The leading-order cross section

The amplitude squared for the computation of the cross sec-
tion can be separated into two different parts, one for each

@ Springer

spin projection,!? so that the differential partonic cross sec-
tion can be cast into the form

da'hh G20l2
o [Me? + IMaP

di 256(27)3 37

where G r denotes the Fermi constant, o the strong coupling
constant, and 7 the momentum transfer squared from one of
the initial state gluons to one of the final state Higgs bosons.
Each of the partial amplitudes M r, G contains only the terms
constructed with the /G form factors, respectively. Hence

M= (CaghFL+Co(gh)*FS)
Q

h g% hy2 g% bk %
+Z(CAg¢£1FA +Co ((g%) Foy) + g1 sz))
Z
(38)

13 The interference term vanishes as for the tensor structures A; and
A we have Ay - Ay = 0.
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¢i
Mo =Co| > ¢hGE+ > (&G, |- (39)

0 ¢"Q

The total cross section for ik production through gluon
fusion at the LHC is obtained by integrating Eq. (37) over
the scattering angle and the gluon luminosity,

1 drss

o(pp — hh) = / dry, M (s = 1s) (40)
dty

4mi/s

where s is the c.m. energy at the LHC. The numerical eval-
uation of the total production cross section is performed at
LO with the program HPAIR [77,82] where we have imple-
mented the new form factors. The Fortran code HPAIR was
originally written for the SM and the MSSM and calculates
the double Higgs production through gluon fusion at LO and
NLO in the heavy quark limit.

Also for double Higgs production we present our results
as a ratio with respect to the SM value in order to minimise
the contribution of HO effects, that is 8, is defined as

ONP — OSM

Shin = 41

osm

This assumes that the HO corrections in our model do not dif-
fer significantly from those of the SM, which is a rather good
approximation for the QCD corrections.'*!3 The reason is
that large differences in the NP and SM QCD corrections are
expected to occur at thresholds of the virtual particles. It can
be inferred from the comparison of the results on NLO QCD
corrections including the full top quark mass dependence
with the heavy top limit, that the latter is an approximation,
that works rather well for the inclusive cross section. As the
NLO QCD corrections are dominated by the real corrections,
finite mass effects do not play the dominant role, so that this
conclusion should also apply to squark loops. Turning now
to the effect of EW corrections: EW corrections in the SM
have shown to be rather small, of the order of a few percent
[100-106]. Combined with the fact that we investigate rela-
tive deviations, the impact of the EW corrections due to new
colored scalars should be subleading.

In contrast to single Higgs production we cannot find a
simple analytic formula for this quantity due to the more
involved form of the amplitudes and consequently also of

14 For the SM, the NLO QCD corrections in the heavy-top limit,
including the full top-quark mass dependence at LO, can be found in
[82], while the full top quark mass dependence has been provided in
[83-87]. The NNLO corrections have been obtained in the heavy-top
limit [88,89], the results at next-to-next-to-leading logarithmic accu-
racy (NNLL) became available in [90,91], and the corrections up to
N3LO were presented in [92-95] for the heavy top-mass limit. For a
review of higher-order corrections to SM di-Higgs production, see e.g.
[96].

15" For coloured scalars, specifically in the case of the MSSM, the
corrections can be found in [82,97-99].

Double Higgs Production (my, =1 TeV)

5 — =2 (Ang=Angz)
— n=1
S 0
© 5
-10
-2 0 2 4 6 8 10 12

/\h¢q

Fig. 10 6y, = (onp —osm)/osm as a function of the effective portal
coupling Ajg, for amass of my, = 1TeV and forn = 1andn =2

the cross sections and the dependence of the form factors on
the c.m. energy.

3.3 Phenomenological analysis of the cases n = 1 and
n=2

Let us start with the simpler scenarios with one or two
coloured scalars. The dependence of the form factors on the
mass is not trivial. Since the NP contributions should decou-
ple from the SM for very large masses this means that
would eventually behave as a strictly decreasing function of
the coloured scalar mass.

We will follow the same approach as for single Higgs pro-
duction and choose all coloured scalar masses equal to be 1
TeV. As for the couplings, while in single Higgs production
with equal masses only the total sum of the couplings was
relevant, in di-Higgs production the amplitude now depends
on kh¢§ and ki ok terms. For now we will impose the con-
straint of equal cqouplings for n = 2. In Fig. 10 we present
Snn as a function of the effective portal coupling Apg, for a
mass of mg, = 1 TeV and for n = 1 and n = 2. The double
Higgs cross section was calculated with HPAIR for a c.m.
energy of 14 TeV. As expected, for A5, = 0 the NP and SM
LO cross sections coincide, where the SM LO cross section
calculated with HPATR amounts to 16.37 fb.

InFig. 11 we now present 8, as a function of the coloured
scalar mass for the minimum (left) and maximum (right)
value of the effective portal coupling Ajg, and forn = 1 and
n = 2.'% As expected, the models share similar behaviours
when reducing the n = 2 case to a single coupling and mass
under the equal parameters constraints which approximately
double the cross section for two coloured scalars relative to
the n = 1 scenario. Since 8y, depends generally on powers
of (Ah¢q)P with 1 < p < 4, this is an indication that the

16 Note that 8y, has a different sign behaviour than §;, as a function
of Ang, . This is a consequence of the destructive interference between
trilinear and box diagrams. For details, see the discussion in Sect. 4.
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Fig. 11

Sun = (onp — Osm)/Osm as a

Minimum Coupling (A= ~(8m)" my /v) Maximum coupling (Ang,=41)

function of the coloured scalar 12
mass for the minimum value of
the coupling (left) and — n=1

— n=2 (md’;:md,i)

maximum value of the coupling
(right) and for n = 1 (brown)
and n = 2 (blue). The double
Higgs cross section was
calculated with HPAIR for a
c.m. energy of 14 TeV

6hn [%]

1 2 5 10 1 2 5 10

mg, [TeV]

linear terms seem to be the most significant ones for these
results - doubling the couplings approximately doubles the
cross section. Linear terms can only originate from the dia-
grams proportional to A, and their interference with the SM
ones. This is further supported by the observation that, when
Ang, > 0, the contributions to the Higgs pair production cross
section are negative and, hence, odd powers of the coupling
are involved. On the other hand, the shape of &, is clearly
described by a non-linear function in Ajg, . Contrary to what
happened in single Higgs production, this is no longer nec-
essarily a sign that the interference terms are insufficient to
describe the results. This is due to the fact that a dependence
on A g, €3N originate from either the square of the purely NP
dlagrams proportional to Ang, (see diagrams 8b, ¢, 9d, e) or
from the SM interference with the NP diagrams proportional
to A% b, (see diagrams 9b, c). The interference term depends

ony (kh¢§)2, while the term originating from squaring the

NP diagrams depends on (D, Ah¢k)2. For n = 1 the two
. . . X q
dependencies are identical while for n > 2 the former repre-
sents an extra degree of freedom for 8, for a fixed ), Xh¢k
This is an important observation if we want to present the
results as a function of the sum of the couplings, ), )‘h¢§’
as we did in the single Higgs case.

my, [TeV]

HPATIR has further been altered with the option to turn on
or off particular sets of diagrams. Naturally, we will separate
the ones proportional to Ag, and 22 iy . We further separate
the two pairs of diagrams 8b, ¢ and 9d e, since their form
factors are the same as in single Higgs production. The sets
of diagrams chosen serve the purpose of separating the con-

bq  1-Pq

tributions of the form factors F, FD , which are linear

in g¢q and g¢q, respectively, and FDl and G‘pql, which are

proportional to the squared coupling (gzq )2.

The results for n = 2 are presented in Fig. 12 for a fixed
mass of 1 TeV as a function of the coupling (top), for the
minimum coupling as a function of the mass (middle) and
for the maximum coupling as a function of the mass (bot-
tom). The left plots show the individual contributions and
the interference terms while the right plots present how the
individual contributions behave with the couplings (top) and
with the mass (middle and bottom). The black line repre-
sents the sum of all contributions, while the coloured lines
represent the individual coloured scalar form factor contri-
butions, separated as indicated by the legend. Note that the
SM contributions drop out in §;,. More specifically, the con-
tributions denoted by the different colours are proportional
to the following coloured form factors and couplings,

blue/ F : ~(FY, |F¢q|2} ~{Gh . (Gh )
2
red/Fp, : ~ {F e 1F5 |2} ~ (G (G
. ~ 2 ~ h,2 h,2 h,2\2 h,2\2
green/FDl + GDI : { Dl’ d)Dl(;l | |G | } {G¢q ’ G¢q ’ (G¢q ) ’ (G¢t[ ) } (42)
violet/ Fa - Fr, : ~ 2Re(F}! FD‘; ) ~ Ggq . Gg’;
orange

J(Fa+ Fo,) - Fo, « ~ (2Re(Fo! FE™), 2Re(Fe FE™)) ~

h h,2 h 2 hh
{G¢q .G¢ ‘/’q G }
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Minimum Mass (my, =1 TeV)

Individual Form Factors and Interferences

Individual Contributions Dependence

Onh [%]

Minimum Coupling (Ang, = =(877) "my/v)

Individual Form Factors and Interferences

Individual Contributions Dependence

Shn [%]

Maximum coupling (Ang, = 477)

Individual Form Factors and Interferences

Individual Contributions Dependence

20 .
0.8 1 12 14 16 18 2 08 1 1.2 14 16 18 2
me, [TeV] mg, [TeV]
‘— All diagrams —F, — F, Fo,+Gg, === Fa-Fo, oo (Fa+Fo,) - Fo,

Fig. 12 §;;, for n = 2 and a fixed mass of 1 TeV as a function of the
coupling (top), for the minimum coupling as a function of the mass
(middle) and for the maximum coupling as a function of the mass (bot-
tom). Left: individual coloured form factor contributions and interfer-
ence terms. Right: dependence of the individual contributions on the
couplings (top) and the masses (middle and bottom). Black line: sum of

where we introduced the abbreviations

BN heY hh _ Mg
G‘Pq:szZ. ’ G‘Pq:Z 2.’
o b4 o

all contributions; coloured lines: individual coloured scalar form fac-
tor contributions, separated as indicated by the legend and described in
Eq. (42). The dashed lines are for the interference terms. Grey dashed
lines: asymptotic behaviour in the scenario where the interference terms
with the SM are the dominant ones. The grey full line at 0 in all plots
is there to guide the eyes

2
)\.h iV
h2 _ %
Gyl=) T (43)
¢ %4

@ Springer



94 Page 14 of 29

Eur. Phys. J. C (2025) 85:94
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Fig. 13 &y, as a function of the scalar mass mg, for n = 2. The
couplings are varied between the two extreme values as discussed pre-
viously. Above mg, = 1TeV the minimum is obtained at the maximum
values for the couplings and the curve follows Fig. 11, while below this
mass the couplings are not equal, resulting in the different observed
behavior

Note that Gg:l and Ggq only differ by a factor 1/v. The
terms linear in the form factors of the blue, red and green con-
tribution stem from the interference with the SM form fac-
tors. The violet and orange contributions (dashed lines) hence
denote the interference terms between the coloured contri-
butions. The grey dashed lines in the right plots show the
asymptotic behaviour in the coupling (top) and the coloured
masses (middle/bottom) in the scenario where the interfer-
ence terms with the SM are the dominant ones (where we
generically denote by A the couplings Ggq (blue line) and

Gg:‘ (red line) and by 22 the coupling Gg;z (green line)). We
can infer from the three plots that for masses of 1 TeV and
higher and for any coupling values, both the Fa (blue line)
and the F, + G, (green line) contributions are rather well
described by only considering their interference with the SM
form factors. The /7, contribution (red line), however, is not
well approximated by the interference with the SM contri-
bution only (for the smaller masses and large couplings).

We end this section by presenting in Fig. 13 the double
Higgs corrections 8x, as a function of the scalar mass mg,
for n = 2. The couplings are varied between the two extreme
values as discussed previously. The new physics impact due
to the additional coloured loops are below 10 % already for
amass of 1 TeV and fall steeply with rising mass. Therefore
the effect of two extra coloured scalar only will be extremely
hard to probe even at the HL-LHC.

3.4 Model n = 2 for different masses

We very briefly look at the implications of relaxing the con-
dition of equal masses. For this, we calculated the full range
of &y, for ratios between the two masses of

My2 =1 My (44)

@ Springer
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Fig. 14 6§, as a function of the variable n defined as Mgp =1 Mgl

The plot is for n = 2 and n was varied between 1 and 2. This relaxes
the condition of equal masses fixing m,1 while increasing My3. The

different colours represent the different values for the fixed mass, 1141
q

while scanning over all values for the couplings. Using
HPATIR, the results for & are displayed in Fig. 14. The plot
is for n = 2 and n was varied between 1 and 2 and we find
similar conclusions to the ones discussed in the previous sec-
tion. There, we found that, when increasing the two masses
equally above 1 TeV, the range of values for §;,;, would always
shrink. Naturally, when increasing only one mass, we expect
the same to happen, although the effect is milder as can be
seen in the figure. We have checked that for n = 2,

x/mi ~ /mi
Slrlr;la mln(m@; , m¢,§) ~ [S}Ilr;lax mln(m¢{; , m(p‘})
+8 R (m gz mg2)] /2. (45)
This is a consequence of the more general observation that

S (Mgt M2, Ang,) ~ [5hh(m¢(;, Myl Mg, )
+onn(mg2, mya, Mng,)]/2- (46)

We can conclude that relaxing the equal masses condition
will not result in any additional behaviour of note. Reducing
one mass has the same effect as reducing both but with the
obvious difference that the effect is less significant. Conse-
quently, we will also not obtain a larger range of values for
Snn, by adding this extra freedom. We can now extrapolate
this conclusion for higher values of n. This scenario will be
discussed in the next section.

3.5 Models with n coloured scalars

We finalise this chapter by looking in more detail at dou-
ble Higgs production in the case of an arbitrary number of
scalars. The parameter space will be comprised of n effec-
tive couplings )thj[kl to the Higgs boson and n scalar masses
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mék k=1,...,

q
resulting in 2n input parameters ( Ax = A4k from now on).
q

n), one for each of the coloured scalars,

We again start with the condition of equal masses, mék =
q

¢, =m? By reducing the input parameters to n + 1. As dis-
cussed in the previous section, this condition should be suf-
ficient in order to fully explore §5,;,. For single Higgs produc-
tion, this resulted in a simple dependence of the corrections
on only the total sum of the couplings. In the case of Higgs
pair production, the amplitude now contains both A; and A,%
terms and thus there are now two relevant quantities: the total
sum of the couplings and the total sum of the squared cou-
plings. Naturally, taking these two sums over the couplings as
our parameters is advantageous, as it allows us to reduce the
number of input parameters from n + 1 to only 3, to properly
study 6, for any model. The cases n = 1, 2 have two and
three independent input parameters, respectively, and were
studied in the previous sections.

We will now proceed to write both the cross section oy,
and the relative deviation from the SM cross section, 8, as
a function of the two effective quantities, Y Ax and _ A7
Assuming a common fixed coloured mass mé , as we do
from now on, we note that because single Higgs production
only depends on Y Ak, if one is able to write the relative
deviations &, p, as a function of the same variable, the two
results can be combined. Even under the simplification of
equal masses, we have now §p;, as a function of two param-
eters, dp, = Snn (Z Mes Y A,%) Therefore, the model limits
are represented by a 2-dimensional region in the parame-
ter space of these two sums. By taking the approach where
we consider the sum Y Ax as the independent variable, the
limits on this sum are easily obtained. Applying the same
constraints, Amin < Ak < Amax, to all the couplings of a
model with n coloured scalars, the sum of the couplings will
be limited by

NAmin < Z)”k < nAmax- 47

As for the limits for }° A7 as a function of Y A, we need
to find the solution of a conditional extreme problem: the
extremes of > A7 subject to the constraints ) Ax = ¢ and
Amin < Ak < Apmax. Within the n dimensional space of the

) ) ) Oq -Pq*
neqm ~{FIFL PR, |F"|2 2Re(F,' Fi )} ~
B ~{F§"1,G¢‘é"l,; |2 le2 ¢| }¢
*
8,Ceq() : ~ (2Re(FL' Y ),2Re(FD‘f1 FE))

{Gg,. (G} )*. Gyl (G, Gy,
h,2 h,2

- {G¢q ’Gh 2
~ (h . h
(G}, -Gy~

individual couplings, (A1, A2, ... A,), the region of interest is
represented by an n — 1 hyperplane defined by Y Ax = ¢ but
constrained by an n-dimensional hypercube resulting from
the constrained couplings, Ay,in < Ak < Amaqx. For a fixed
sum (3" Ax = c) the minimum of " A7 is given when the
couplings are all equal

2 2
Ttz = @

which is a just a Cauchy—Schwartz type of inequality.

The determination of the maximum is more elaborated.
The solution is given by the edges of the hypercube or, more
simply, when all but one coupling are fixed to A,,i,, OF Ayygy-
This can be cast in the form,

Zkz >

Jj=0

n 2
+ (Zkk - (j)Vmax + (I’l —1- j))\min)>

k=1

S |

where Ax = (A — Amin)/(Amax — Amin) and O (x) is the
Heaviside function. The derivation of this formula can be
found in [107].

In Fig. 15 we present an example of the region determined
by the above conditions. We show the allowed regions for
each model defined by the number n of coloured scalars.
The left plot depicts the borders of the labelled regions for
even values of n. The odd values in-between are represented
by a dashed grey line. The right plot focuses on the lower
values of n, representing all up to n = 4. Higher values are
represented by grey dashed lines.

The next step is to calculate &, as a function of the two
sums )" Az and Y A7. This can be done by discretising the
two variables in N points which would involve a computa-
tional time of O(N?). We will instead present an approach
that can recycle the previous results from Fig. 12 withn = 2
and a fixed mass, which can be computed in O(N) time. We
separate the individual contributions to 8y, into three com-
ponents as follows:

max+(n_l_]))‘mm

th}
(G (G 2>2} (50)

Gh? . gh
b -Gy,
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Fig. 15 Allowed regions for
each model defined by the

Model Limits in the Paramater Space
for even n

Model Limits in the Paramater Space
for_n upto 4

number 7 of coloured scalars.

The left plot depicts the borders 600
of the labelled regions for even S
values of n. The odd values 50047/
in-between are represented by a LA
dashed grey line. Of note is that, 400 i

for n = 1, the limits are not a
region but just a single line
(represented as a dashed red
line). The right plot focuses on

the lower values of n, 200
representing all up ton = 4.

Higher values are represented 100
by grey dashed lines

2
/]

7%

010 20 30 40 50 60 70
A

Fig. 16 E)LiZ as a function of X A; with the value of §;;, in the colour
bar. Left (right): mg, = 1(2) TeV. Note that the colour scale is not the
same in the two figures. The contours represent the allowed values for

where the label “eq” indicates the equal coupling condition
(Ar = A; = A) and there is only one independent parame-
ter, A, due to this condition. We have already found that all
three components can be significant and must be taken into
account. The equivalence between these three components
for a model with n couplings with an arbitrary model with n’
couplings, {A7, ..., )}, is given by the following formula:

R (VI )

=52 eq(x)‘ L 8% eq)
=1y

_ /1 2
A=y o

. 51)
=JE ) ()

+85 oq(M)
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Sy, for each value of n. The allowed region for n = 5 has not been
represented as it would make the identification of the n =4 andn = 6
regions more difficult

In other words, the 6;,’;! for a model with n” couplings can be
obtained from the results for a model with n equal couplings
A, by taking the A, B, and C contributions at the A values
indicated by the vertical bars.

InFig. 16 we show £ A% as a function of X A; with the value
of 8p,j, in the colour bar. The left plot is for a coloured scalar
mass of 1 TeV while the right plot is for 2 TeV. Note that the
colour scale is not the same in the two figures. The contours
represent the allowed values for 8§, for each value of n. The
comparison of the two plots shows that, as expected, the
range of variation of §;;, decreases with increasing value of
me, . Furthermore, the dependence of 8, on ) X% decreases
with increasing coloured mass which is due to the fact that



Eur. Phys. J. C (2025) 85:94

Page 170f29 94

the terms proportional to A% are suppressed by a factor of
1 /mgq.

In Fig. 17 we now show &y, as a function of the sum
of couplings, > Ax. The range of variation is related with
the freedom in ZA,% and was calculated with the results
and model limits from Fig. 16. As the mass grows the term
in Ax becomes increasingly important and for a mass of 2
TeV the variation in )»,% almost vanishes. Therefore, for large
masses the dependence for single and double Higgs produc-
tions becomes very similar. Note, that since the interference
is destructive for positive couplings in the case of double
Higgs production, the maximum Jp;, occurs for the smaller
(negative) values of the couplings.

Finally, in Fig. 18 left (right) we present 8y, as a function
of the number of scalars n for three (five) coloured scalar
masses. The left plot shows the scenarios from n = 1 to

= 10 while the right plot shows larger values of n. For
small n the deviations from the SM are small as we had seen
before but they can be extremely large for very large values
of n, even if the coloured scalar masses are large.

Contrary to single Higgs production, the experimental
limits on double Higgs production are very weak and at the
moment unlikely to be useful in constraining the parameter
space. The lowest observed bound on the limit for double
Higgs production, as reported by the ATLAS collaboration
to be 2.4 times the SM cross section, is equivalent to a dp;,
of 140% [108] for a c.m. energy of 13 TeV. With a mass of 1
TeV, this would apply constraints only above n ~ 24. As for
possible future improvements we can consider the HL-LHC
projections [74]. For the hh — bbbb channel a reported
value as low as 1.6 times the SM cross section, equivalent
to a &y, of 60%, can be achieved, assuming that the overall
uncertainty scales with the luminosity as 1/+/L. This would
bring the previous threshold value of n down to around 13.
This means that certain combinations of the masses with the
number of scalars will certainly be constrained with future
measurements.

4 Single Higgs vs. double Higgs production

In the previous chapters we have discussed in detail the con-
tribution of an arbitrary number of coloured scalars to single
Higgs and di-Higgs production processes via gluon fusion at
the LHC. We will now discuss the complementarity between
the two processes. One should note, however, that although
we expect a good precision in the measurement of the single
Higgs process this is not the case for di-Higgs production.
The first point to note is that the NP contribution to the
single Higgs mode has a constructive interference for pos-
itive Ax while for di-Higgs it is negative. The reason for
the positive interference term for Ay > 0, is that both the
SM and the NP form factors in single Higgs production are

positive. For double Higgs production this is no longer the
case. The reason behind this is the destructive interferences
between the (F AQ / ¢", Fé"z) and (FDQ ,Fé"l) form factors. It
is already well known that the SM triangle and box form
factors interfere destructively as can be read off from their
values in the heavy quark limit, F AQ = % + O(méz) and

FDQ = —% + O(m éz). To understand why this also applies
to our coloured scalars we can make use of the low-energy
theorem, applied e.g. in [52,56,80,97,109-111], to deduce

the sign of F5 ¢" . By applying this theorem, one can show that

Fé is given by the derivative in mass of the term F', %4 / m

Smce we already know that the triangle form factor for large
scalar masses decreases with the mass, the sign of FEII will
be negative. Therefore the negative contributions for posi-
tive couplings we are observing are due to the interference
terms of the NP form factors, FZ)" . ¢>,, and F Fé"l , but
also from the interference between SM and NP form factors,
FDQ . FZ", FDQ . Fé"z and FAQ . Féql The remaining F - F
terms involving at least one NP form factor are positive. As
for G% . G%’l , its contribution to the amplitude is suppressed

by (1/ sz) -(1/ mgq ), where the latter factor stems from the
G(éfl dependence ~ 1/ méq multiplied by the coupling factor
(g5,)° ~ 1/my,

In Fig. 19 we present 8y, (blue) and §;, (brown) as a func-
tion of the averaged coloured coupling Y Ax/n forn = 1
(left) and n = 2 (right). The mass of the coloured scalars has
been chosen equal and set to 1 TeV. We note that with the
chosen input values given above we obtain at /s = 14 TeV
at LO for the SM the single Higgs cross section value
oé‘M = 15.76 pb calculated with HIGLU including the bot-
tom, charm and top quark loops, and the double Higgs cross
section value 0" < M = 16.37 fb calculated with HPATR includ-
ing the bottom and top quark loops. The complementarity
between the dependence of §;, and 8y, w.r.t. the coupling Ax
is very clear from the figure. We also note that for n = 1 the
8y, and &y, values are lines while for n = 2 there is an allowed
region for 8y, due to the additional dependence on ), k,%
This leads to the observation that, with a single Higgs mea-
surement very close to the SM value constraining > A¢/n to
small values, any significant excess of di-Higgs production
would provide a strong indication that n > 2.

We finalise this section with a plot (Fig. 20) where we show
the region of the coloured mass versus the number of scalars
that leads to a maximal deviation of 1.6% in §;, (left) and to
a maximal deviation of 60% in &, (right) of single, respec-
tively, double Higgs production from the corresponding SM
value, while varying the couplings within their allowed the-
oretical bounds. The limits correspond to the HL-LHC pro-
jections [74] and thus the plots give us an idea of the region
where it will not be possible to probe these models. We can
only apply cuts to the coupling values for masses below this

@ Springer



94 Page 18 of 29 Eur. Phys. J. C (2025) 85:94

my, =1TeV my, =2TeV

6nh [%]

-10 O 10 20 30 40 50 60
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Fig. 17 6, for a scalar mass of 1 TeV (left) and 2 TeV (right) as a function of ) A;. This encompasses the possible range from the freedom in
> AL.Z and was calculated with the results and model limits from Fig. 16

Onn Vs the Number of Scalars, n Sy vs the Number of Scalars, n
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Fig. 18 Theranges of values for ;,;, as a function of the number of scalars n for three (left) and five (right) coloured scalar masses withn = 1, ..., 10
(left) and n = 10, 20, 50, 100 (right)
n=1, my, = 1TeV n=2, my, =1 TeV
30 7
40
— 10 —
= X 20
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Fig. 19 6, (blue) and §;, (brown) as a function of the averaged coupling for n = 1 (left) and for n = 2 (right). For these plots only, the minimum
coupling used was —47 instead of the previous bounded-from-below condition
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Fig. 20 Regions where §;, (left) and &, (right) fall below 1% as a function of the coloured scalar mass and the number of scalars. For the single
Higgs production (left) the threshold of 0.1% has also been included. For these calculations the previous BFB condition from Eq. (20) was used

region. As single Higgs production can be constrained more
stringently than Higgs pair production this means that larger
coloured masses can be probed in single than in di-Higgs
production. Independent of the experimental precisions, the
plots show, that single Higgs production is more sensitive
to coloured scalars than di-Higgs production. For a value of
n = 20 e.g. a value of §;, = 1.6% probes masses of about
15 TeV, whereas 6, = 60% probes masses of 1.2 TeV only.
Finally, we have checked that the lower border of the sin-
gle Higgs region, where §, = 1.6%, follows the relationship

n « miq very closely. The large masses required for these

low values of & ensure that the terms proportional to n/ mé
are dominant and hence why this behaviour is observed. For
double Higgs production this does not hold as well.

5 A more detailed study of then =1 and n =2
scenarios

The results presented in the previous sections are valid for
any type of model with an arbitrary number of independent
coloured scalars provided that there is no mixing between
them. Also, there is no need to fix the electric charge, or
alternatively the hypercharge and isospin, to perform the cal-
culation. It is only when we organise them in isospin mul-
tiplets and choose the hypercharge that electric charge will
be defined. Hence, the new physics contribution to the elec-
troweak (EW) oblique parameters S, 7 and U [112,113] is
model dependent. If we consider the case n = 1 the contri-
bution to these parameters is zero, and for n > 1 it depends
on the group representation of the fields.

Similarly, direct searches at LHC are again very model
dependent. The number of possible final states with DM can-
didates grows with n, making our approach more useful for
large n, since in direct detection the number of final states
could be huge. The important point to note is that the contri-
bution of the coloured scalar to loop processes is independent
of the specific model under study.

‘We also note that DM direct detection, DM indirect detec-
tion and the constraints from relic density do not apply to
these colour-charged scalars. The models have a neutral par-
ticle from the dark sector that acts as a DM candidate (see
[10,11] for details).

Still we will discuss the particular cases of n = 1 andn =
2, meaning the SU (2), singlet and doublet representation of
the coloured scalar field.

5.1 Electroweak precision observables

The contribution of new physics to the 7' parameter, the one
relevant in our scenarios, can play an important role in exten-
sions of the SM in restricting the parameter space. In what fol-
lows we will discuss the two specific models of Refs. [10,11]
corresponding to n = 1 and for n = 2.

We start by presenting a quick introduction to their con-
tents. The SM is extended with three Z,-odd fields, of which
two are scalars, ®; and ®,, and one is a vectorlike fermion,
x - The following Yukawa interactions are then added:

EZ...+yQiQLiCI)qXR+yLiLLiq>]XR+h.C. (52)

where the SM left-handed lepton doublet, L, is coupled to
the ®; scalar while the SM left-handed quark doublet, Qy,,,
is coupled to the @, scalar. Because of this, both scalars,
®; and @, sit in the same SU (2) representation but only
@, has colour charge. Yet this is not enough to uniquely
determine the SU (2);, x U(1)y charges for the three fields.
Table 1 presents some of the combinations where the scalars
are either singlets or doublets. For this section we will study
model 5 (n = 1) with the three fields cast into the form

0 1
x=(x_), = —(S+iA), b, =¢.7, (53)

X V2
and the scalar potential given by

V=l = —uB I HP + o HIY + 1, |1 + b, 19y *
1, 1P + A | D1
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Table 1 Possible variations of the charges for the fields. In every model x g and ®; are singlets of SU (3). while ®, is a triplet and the only coloured

field
Model XR D D,

SU)L Uy SU@2)L Uy SUQ)L Uy
1 1 2 —3/2 2 —5/6
2 1 0 2 —-1/2 2 1/6
3 1 -1 2 172 2 7/6
4 2 172 1 —1 1 —1/3
5 2 —1/2 1 0 1 2/3

Bold values indicate the representation of the group

+%(¢,+¢ )+T( 24 or )

e A
D, P
+—1 ‘|q> B (<I>12+d>7‘2>+—H¢l|H|2

x (q>, + O12) + Ana, IH P

trma [ HI2 @17 + ho,a, g7 (54)
Whereas for model 3 (n = 2) we have the fields
B ¢l+ ¢+5/3
X=X > q)l = L ; ) q)q +2 3 s
( 7 (S+iA) bq /
(55)

with the scalar potential given by
V' = —p | H P + g | HI + i, |0
Fha, | gt + 1y, D17 + day | 1 Ao, 0, | g 17| Py
Fhmo, | HP D> + o | HI? | 912, o, 111
g0, | H O > + Ny | H O11 A 0| B i0a By |

+Apa, | H ioy®y* + As(H ®)* + (@] H)?).  (56)

For both models the Lagrangian for the vectorlike fermion,
X, 1s given by

Ly =ixy"(Dux)

For n = 1, that is, the singlet case, the contribution to
T is zero. In this model not only all scalars are SU(2)y,
singlets but also both components of the vectorlike fermion
have the same mass and therefore there is no contribution to
the oblique parameters at one-loop.

For n = 2 the most relevant contributions to the 7' param-
eter are as follows. First, there is no contribution from the
singlet vectorlike fermion x because its contribution to the
vacuum polarization amplitude from the W and Z boson
self-energies is similar to the one in QED, which vanishes
in the limit of zero momentum transfer. In order to deter-
mine the contribution of the scalar fields to 7 we have used
the expression in [114], obtained for an SU(2); x U(1)

—myx X. 67

@ Springer

electroweak model with an arbitrary number of scalar dou-
blets, with hypercharges +1/2, and also an arbitrary number
of scalar singlets. The contribution to 7 of the ®; doublet
(Eq. 55) is exactly as the one from an inert 2-Higgs doublet
model and can be written as [114]

gz
—° IF ,
6471 mwa[ (m¢+ mS)

where myy is the wE mass, « is the fine-structure constant,
g isthe SU (2)1 coupling constant and the function F'(A, B)
is given by

AxB _ AB 1n4 ifA#B.

59
0, if A=B. 49

F(A,B) = {

Although general constraints on the model are obtained,

the ones that are relevant for this work are the ones with

the coloured scalars running in the loops. There is a similar

expression for the contribution of the coloured scalar fields

to T which is proportional to F (mj55 /30 mzz s3) and is given
q q

by

3g2

= — (60)
2
327‘[2mW

(m¢l ’ ¢2)
and the most up-to-date [115] value of 7 is T = 0.03+0.12.
When the masses of the coloured scalars are all taken to be
equal this contribution to 7 vanishes. However, since the
masses are very large, even a small splitting could be signif-
icant. In Fig. 21 we show the value of T for values of the
coloured scalar mass Mg of 1,2 and 5 TeV, as a function
of n defined as Mgz =1 My . The experimental value of T
is also shown at 1o. It is clear that, contrary to the previous
model where no constraints from precision oblique param-
eters apply, for this model and because the scalars have to
be heavy, the restrictions are quite strong, forcing the masses
of the two scalars to be very close. Hence, we have clearly
shown the model dependence and it is also easy to understand
that fields in higher isospin representations will be very con-
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Fig. 21 Value of the T parameter for different values of the coloured
scalar mass Myl as a function of n defined as My = 1 Mgl The
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Fig. 22 Feynman diagrams for the pair production of coloured scalar
&g

strained in the mass splitting because of the lower limit of 1
TeV for all masses.

5.2 Direct searches at the LHC

We start again by noting that direct searches are model depen-
dent. Although the production modes are controlled only by
the strong coupling, the possible final states depend heavily
on the model.

The generic diagrams contributing to the process pp —
D, @2 is presented in Fig. 22. The cross section for @, QDZ
production at the LHCis o (pp — <I>q<1>l;) =1.33x10"!fb
forme, = 1.5TeV and for a center of mass energy of 14 TeV.

Choosing a mass of 2 TeV we obtain o (pp — @, <I>j,') =
8.49 x 1073 b and for a mass of 5 TeV the cross section is
o(pp — ¥y CDJ;) = 2.28 x 10~ fb and therefore completely
negligible. Hence, already for a mass of 2 TeV the cross
section is very small and we still have to decay the scalars.
The coloured scalars ®, do not decay directly to the DM
candidate S. There are a number of cascade decays for @,
and the dominant modes for the particular case of n = 1

are ®, — gx=(g'x") — qSu*(g’Sv,) with the quarks ¢
and ¢’ representing the second- or third-generation quarks.
The interactions between the SM fermions (quarks and lep-
tons) and the new scalars arising from equation Eq. 52 exist
in these model in order to introduce some lepton flavor vio-
lation, more specifically in the first and second generation.
However this can be relaxed and all terms y . and y;, for the
three generations can be kept non zero as long as they obey
current experimental lepton flavor universality limits. For this
section we only keep the second generation as an artifact of
the context in which these models were proposed, connected
to the muon related discrepancies. The most detectable final
states at the LHC will be the following three

pp— @) > Gj+utuT +En)/Gi+u”
+E7)/(j + E), (61)

where j denotes jets in the final states. Clearly if we would
study all these final states, we would cover most of the
coloured scalar decays. The fact that we have muons in the
final state make these two channels as more promising to
be measured and probed at the LHC than the last channel
in Eq. (61). Still, given the very low cross sections and the
model dependence on the final states we believe that it is
hard to compete with the loop induced processes even at the
HL-LHC.

In order to understand the possible decay chains for
the coloured scalars and to confirm whether the previous
final states would cover most scalar decays, we calculate
the ranges of the branching ratios with the parameters that
passed all the theoretical and experimental constraints in
[10] (n = 1) and [11] (n = 2). The branching ratios have
been calculated with Madgraph’s automatic computation
of decay widths, Madwidth [116], which includes N-body
decay channels. We present in Tables 2 and 3 the maxi-
mum and minimum values for the chosen input parameters
forn = 1 and n = 2, respectively. The allowed values are
inside these hypercubes and were used to calculate all possi-
ble branching ratios. The detailed list of values tested can be
found in Appendix C.

Asdiscussed in the previous section, forn = 2, the oblique
T parameter forces the difference between the two coloured
scalars mass to be small. In fact, we can show that for large
masses the difference between the two masses must be at
most around 53 GeV. Rewriting F (m¢q1, m¢z) as a function
of 1 and expanding around n = 1 using a ’lgaylor series we
get the following form:

1+ 2 2
1 +”—ln<n2>)

)
F(md;(;sr)m(p(}) =m, < 2 1_772

2
=2, (g(" -1*+0|m- 1)4]) . ©2)
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Table 2 Range of the hypercube of allowed values for the model with
n = 1. These values are the minimum and maximum allowed values
for each input variable. The allowed region with all experimental and
theoretical constraints is inside the hypercube

mg ma me, my Yu Yb

[30,350] [50,550] [1000,2000] [101,600] [1.4,47] [0.25,0.65]

Since we are considering m ¢1 — oothe solution will require
small values of (n— 1), which means we can ignore the higher
order terms. Hence, the T parameter for large masses is given
directly by the square of the difference between the two:

g2

=5 _ AM? 63
16n2m%vot 63)

where AM = Mgz = Mgl = n—-1 Ml - Considering an
upper bound of 7 < 0.15 at 1o the value for AM for large
masses is constrained by:

AM < 53.1GeV (64)

where we used gz/a = 41/ sin?(Ow) and sin?Ow) =
0.23121 [115]. Solving instead the exact equation gives the
same limit when rounded to 0.1 GeV, even for the smallest
mass of my1 = 1 TeV, showing that this is a good approxi-
mation for tile full range of masses considered. Therefore, in
the direct searches study, we set m o) = m¢,§. ‘We will discuss
not only the 1.5 TeV scenario but also the ones for masses of
1.0 and 2.0 TeV with the same experimental constraints.

From Table 4 for n = 1, we find that the decays of all
particles except the A will be dominated by 2-body decays.
This is due to the restrictions placed on the masses that ensure
alarge enough difference: mg, > my+400GeV > my+m,
and m, > mg + 10 GeV > mg + m,. The value 400 GeV
comes from the restrictions imposed on the parameter space
of the model and the value of 10 GeV was imposed as a
minimum difference between the DM candidates. With this,
the decay chain of a pair of ¢, will always start with two
x and two jets. Subsequently, the y will most likely lead to
missing energy with either one or zero muons in the final
state which will produce the possibilities we presented in
Eq. (61). Since we have a vectorlike fermion, the masses of
x~ and x© are the same and we have no decays involving
W bosons. However, A can directly decay to x whenm 4 >
m, or alternatively to S through a 3-body decay involving a
virtual y whenm, < m,. Also, whenm, < m, there is the
potential for a single x to lead to 2 or 3 muons by decaying
into an A particle. In Table 4 we show the ranges of variation
of the branching ratios (in %) for the decay of each particle
and for n = 1 in the allowed parameter space.

For n = 2, the decay chain of a pair of ¢, is more difficult
to study. But let us focus on the question whether the W
and Z bosons can be important for the final products. Since

@ Springer

the two coloured scalars have the same mass, there are no
2-body decays involving the W boson. Even if we relax this
condition, the oblique 7" parameter forces the difference to be
smaller then & 53 GeV (< my ) for any mass values. On the
other hand, the masses of S, A and ¢l+ are generally different
and, even with the oblique constraints [11], the decays with
W and Z bosons in the final state are allowed. Thus we find
large branching ratios for this type of decays (see Table 5).

When putting all the possibilities together, we conclude
that if we performed three different searches, with final states
of two jets and missing energy, or with at least one or at least
two additional muons we would cover most of the parameter
space in the different models. Therefore, if an experimental
deviation relative to the SM in single and/or double Higgs
production is found, a combined search of the above final
states could provide some extra information. We note, how-
ever, that if we had more coloured scalars the number of final
states would increase.

6 Conclusions

We have calculated the relative changes &, of SM single and
8pn, of SM double Higgs production when including new
heavy coloured scalars. Our calculations are based on the LO
cross sections at the LHC using the Fortran codes HIGLU
and HPATR where we included our new physics contribu-
tions. We have found that for an arbitrary number of scalars
and taking their masses to be equal §, can be written as a
function of only two variables, given by the sum of the cou-
plings of the coloured particles to the Higgs boson, ) ; A;,
and their masses m;. As for the double Higgs case, the &,
dependence extends now to three variables, the extra vari-
able being ), A,.z. We devised a way to find the limits on
this new variable in terms of ), A;, again for equal masses.
We have discussed the limits on these variables for single
Higgs production, where the results already constrain some
of the parameter space. For di-Higgs production the bounds
are still very loose and we have to wait until the end of Run3
to hopefully get some bounds on the couplings.

We have shown that if we relax the condition of equal
masses what can be said is that the range of allowed values
for 8,5, would be smaller than the range obtained by taking all
masses equal to the smallest mass of the n coloured scalars.
We have also shown that taking equal couplings and perform-
ing a scan between their minimum and maximum values is
sufficient to obtain the complete range for §5;. In Sect. 5 we
have also proven that, for a model where the coloured scalars
are part of a multiplet with n = 2, due to the contributions
to the 7' parameter their masses are guaranteed to be similar
in value with at most a 53 GeV difference. For higher val-
ues of n this difference should be even more restricted. For



Eur. Phys. J. C (2025) 85:94

Page 23 0f29 94

Table 3 Range of the

hypercube of allowed values for mns A Mo "e; " i b ha;

th del with n = 2. Thes

e e (3376]  [45870]  [43.619]  [1000.2000]  [101,1070] [l.447] [0.13.0.65]  [0.025, 4]

maximum allowed values for

each input variable. The allowed

region with all experimental and

theoretical constraints is inside

the hypercube

Table 4 Ranges of variation of ® _ 0 A

the branching ratios (in %) for 4 X X

the decay of each particle and x~ b  [485,534] Su- [49.9,100] S, [49.3,100]  x*u¥  [0,25]

for n = 1 in the allowed 0 o

parameter space X"t [44.1,489] A p~ [0, 49.5] Ay, [0, 49.5] X vy [0, 25]
x~s [0,3.2] w-utS  [0,50.4]
x%¢ [0, 2.1] vy Uy S [0, 50.3]

3 — Body <1 3 — Body <2

Table 5 Ranges of variation of 23 +5/3 B

the branching ratios (in %) for bq by X

the decay of each particle and

forn = %in the alll)owed x~b [0, 100] Xt [0, 100] Sp” 25, 100]

parameter space. The last row XS [0,5.9] X c [0, 4.8] Ap~ [0, 50]

(+2-Body) represents the # by [0, 100] ¢ tvu [0, 51.4] & v [0, 66.7]

remaining decays with more _ +

then two particles in the final Sbp [0, 50.6] Stu [0, 50.6]

state Abpu~ [0,49.4] Arpt [0,49.4]
+2-Body [0, 35.7] +2-Body [0, 49.3] +2-Body [0, 6]

+

9 A
S Wt [0, 100] SZ [0, 100]
AWt [0, 49] xE u¥F [0, 49.9]
xt v [0, 99.8] o WF [0, 35.3]
Sut vy, [0, 100] Su~pt [0, 100]
Aptv, [0, 46.2] ¢1i wF vy, [0, 27.5]
+2-Body [0, 32.4] +2-Body [0,21.2]

these models we can be confident in considering only equal
masses.

Another important point to note is the complementarity
between single and di-Higgs processes. Once the value of the
coupling is fixed, the relative deviations from the SM move
in different directions. That is, if §;, increases &, decreases
with the coupling and vice-versa. The extra freedom of &
also provides another venue for determining the number of
scalars from observations. An excess of single or di-Higgs
production could indicate the existence of n > 1 coloured
scalars. But an excess of di-Higgs production paired with
a single Higgs measurement close to zero would point to
n> 1.

One final and very important point to note is that in direct
searches for DM at the LHC we do not have access to the num-
ber of DM fields because we only look for missing energy
associated with some SM particle in the final state. On the

contrary, in our approach the number of fields is a variable
that influences the results.
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Appendix A: HPAIR extension to coloured scalars

In the following we present our implementation of the contri-
butions from the coloured scalars to Higgs pair production at
leading order in the code HPATIR. It has been made available
at[117]. All changes of the original source code are contained
entirely within hpair.f. The code is compiled by using make
and then running the executable run which will assume the
input and output files hpair.in and hpair.out respectively. For
the compilation process the LHAPDF libraries required by
HPAIR mustbe supplied and their installation path indicated
with the variable LIBS in the makefile.

The new input options are contained within the original
input file of HPAIR, hpair.in. The following lines delimit
where these new options are found:

156 !
157 ISCALARS LOOP OPTIONS:
158 !

.(...)

190 !’ SCALARS LOOP OPTIONS END —

By setting the variable iscalars to 1, the coloured scalar form
factors are added to the SM amplitude. The type of model,
characterised by the number of scalars 7, is selected with the
variable iNscalars. These are found in the following block:

159  !IF iscalars=1 THEN THE NEW SCALARS DIAGRAMS WILL BE
ADDED TO F1

160 iscalars =1

161  ISELECT NUMBER OF SCALARS: for n>= 2 all masses and
couplings are considered equal

162  iNscalars= 1

When iNscalars is set to either 1 or 2, this corresponds to
a model with 1 or 2 scalars, respectively. For each model
type the masses in GeV, mphiq, and couplings to the Higgs,
lambHPQ, must be supplied. These input parameters are set
in the following blocks:

164  IMODEL (n=1) PARAMETERS:

165 mphigl = 2000.D0
166  lambHPQI = 1.0D0
167

@ Springer

168 /MODEL (n=2) PARAMETERS:
169 mphigl = 1000.DO0
170  mphig2 = 1000.D0
171  lambHPQI = 1.000DO0
172 lambHPQ2 = 1.000DO

On the other hand, setting iNscalars to >= 2 comes with
the limitation that all the scalars must have the same mass,
mphiql, and coupling, lambHPQ1. These 2 input parameters
can be set in the following block:

174 IMODEL (n>=2) PARAMEIERS:

175 mphigl = 1200.D0

176 lambHPQI = 12.D0

The final block of parameters relates to the individual form
factor selection and it applies to all scalars. The relevant lines
are:

179  !DIAGRAMS/FORM FACTORS SELECTION:

180  /IF FULL=I THEN FULL FORMUIA IS USED INSTEAD
181 full =1

182 triang 1

183  boxTri 1
184 boxQuad =0

The variable full is used to select whether all the NP form
factors, as presented in Egs. (30) and (32), are automatically
included in the amplitude ( full =1) or not ( full =0). In the latter
case, the following three variables triang, boxTri and boxQuad
are used to determine which form factors are to be included
in the calculations:

e triang =1: Will include the triangle form factor ggq FZ"
(Eq. (5)) originating from the triangle diagrams (Fig. 8b,
¢)

e boxTri =1: Will include the box form factors (gf;q)zG%’I

and (g(’;q)ngql (Egs. (34, 35)) originating from the box
diagrams with the triple couplings between one Higgs
and two coloured scalars (Fig. 9b, ¢)

e boxQuad =1: Will include the box form factor (gg:‘)Fg"2

(Eq. (5), as Fg‘; = FZ") originating from the box dia-

grams with the quartic couplings between two Higgs and
two coloured scalars (Fig. 9d, e)

Some care in the formatting must be taken when changing
the values of the parameters. The code uses the number of
the lines to identify the input parameters and thus they must
be preserved. The names of the variables indicated in the
input file have no impact. However, the number of characters
before the equal sign must always be nine in total:

179  mphiql...= 1
N
9 charaters
These considerations are important to keep in mind when
using a script to automatically change the input values.

The output file suffers no changes from the original

HPATIR template, hpair.out. The NP contributions only affect
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the LO cross section which can be extracted from the follow-
ing line:

SIGMA BORN = ( 2.0478260337291408E-002 +—
2.4261364431116920E-005 ) PB

where the Mandelstam variables s, ¢, u are defined as:
u=(pp—pe)’. (67)

They also involve the following scalar integrals:

s = (pa+pp)* t=(pa— pc)*

d* 1
Ca == / 5
’ in? (q2 —m%) ((q + pa)? — m%) ((q + pa + pp)* — m%)

(68)

1

d4
Da c = —
b / im? (42 = m%) (¢ + pa)* = m%) (¢ + pa + Pp)* = m%) (g + Pa + Pp+ P> —m¥)

(69)

Appendix B: Double Higgs production

For completeness, we repeat here the SM box form factors
appearing in Eq. (32), which can also be found e.g. in [77].
They are given by:

2m? 2
0 Q 2 ~"0
S = — (2+(4mQ)Cab
2 m?
+o - mpy)(my — 4m) Ca
2
m
—4m2Q)cbf

2
—I—E(u — m%l)(m%l

_mQ(S + 2mh - 8mQ)(Dabc bac)
+(mQ(s + th — 8mQ)

_é(mi — 4m)(tu — mh))Dmb) 65)

2
GQ:ZmQ 1
g N tu—m;‘l

s 2
x (E(tz +u +2m) — 8my (1 + u))C:bQ

2

(% + mf — 8tm%) (¢ — m2)Call
2

—i—(u2 + m;t — 8um2Q)(u — mﬁ)C,:nCQ
L o+ u— sm2)C"e
2 h Q cd

—(st(t?/2 + m}y /2 — 4tm7)

+m (1 + u — 8mp) (tu — mh))DbaC

—(su(®/2 + mjy /2 — 4um)

+m (¢ + u — 8mp) (tu — mh))Dabc
_mQ(t—I—u—SmQ)(tu —mh)Dmb) (66)

where X stands for the quark or coloured scalar as appropri-
ate. The exact formula for C,; has been determined and is
given by:

2
Cap = —;f(f) (70)

2
where f; is given in Eq. (6) and T = 41"‘ .

Appendix C: Parameters tested for the branching ratios

Below we present the values of the parameters used in deter-
mining the branching ratios with Madwidth [116]. They
were chosen as to comply with the theoretical and experi-
mental constraints in [10] (n = 1) and [11] (n = 2) (Tables
6,7,8,9,10).

Table 6 Model 5 (n = 1): all particles decays were calculated for all the
combinations of masses presented above. For the Yukawa couplings we
only calculated the decays with either both parameters at their minimum
values (y, = 0.25, y, = 1.4) or both parameters at their maximum
values (y, = 0.65, y, = 3.55)

mg 30 60 90 120 150 200 250 300 350
ma 50 150 250 350 450 550

my 100 200 300 400 500 600

myas 1000

bs yu) (0.25,1.4) (0.65,3.55)

Table 7 Model 3 (n = 2): parameters tested for the A decays

mg 33 40 50 60 76

ma 43 50 75 100 200 400 600 870
My 43 50 100 200 400 500 619
my 100 150 300 500 700 1070

Myl = Mg 1000

Vb 0.15 0.65

Yu 12
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Table 8 Model 3 (n = 2): parameters tested for the ¢; decays

mg 33 50 76

ma 43 400 870

My 45 60 100 200 300 400 450 500 550 600
my 100 300 500 800 1000

Mgl = Mg 1000

Vb 0.15 0.65

Yu 259 12

Table 9 Model 3 (n = 2): parameters tested for the x decays

mg 76

ma 86 100 250 450 650 870

"y 86 100 200 400 500 619

my 100 200 300 400 500 600 700 800 900 1000
Myl = Mg 1000

Vb 0.15 0.65

Yu 12

Table 10 Model 3 (n = 2): parameters tested for the ¢>; or qbg decays

mgs 40

ma 100

gy 45 180 300 600

my 100 200 300 400 500 600 700 800 900 1000
mgy =mg 1000 1500 2000

Vb 0.15 0.35 0.65

Vi 28 12
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