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Abstract

We discuss different SU(5) low-energy realizations and illustrate their use with the diphoton excess and
Higgs flavor violation, which require new physics at the TeV scale. In particular, we study two scenarios
for a 750 GeV resonance: in the first one the resonance belongs to the adjoint of SU(5), being either an
SU(2)1, singlet or a triplet, while in the second case the signal is due to the CP-even and CP-odd states of a
new SU(2)1, Higgs doublet belonging to a 45 ;7 or a 70 7 representations, giving rise to a two-Higgs doublet
model at low energies. We study the fine-tuning needed for the desired members of the multiplets to be light
enough, while having the rest at the GUT scale. In these scenarios, the production and decay into photons
of the new resonance are mediated by the leptoquarks (LQ) present in these large SU(S) representations.
We analyze the phenomenology of such scenarios, focusing on the most relevant predictions that can help
to disentangle the different models, like decays into gauge bosons, Standard Model (SM) fermions and
LQs pair production. In the case of the 45y (the Georgi—Jarlskog model), we also study the possibility
to have Higgs flavor violation. We find that Bs mixing limits (in addition to T — py) always imply that
Br(h — T, bs) < 1075,
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1. Introduction

Most hints of new physics, either coming from LHC searches or flavor anomalies in the quark
and lepton sectors, require new degrees of freedom at the TeV scale. In this paper we want to
study low-energy realizations of SU(5), which can have TeV-scale members of the multiplets
that can address such signals. Although our analysis of the different SU(5) frameworks will
be completely general, and can be of use whenever TeV-scale particles are required, we are
specially motivated by the diphoton excess observed at the LHC by ATLAS [1-4] and CMS
[5,6]. Moreover, we will also study Higgs lepton and quark flavor violating decays, motivated by
recent slight hints of a large 7 — T signal [7,8], although, as we will discuss, we find that this
cannot be accommodated, at least in our minimal scenario.

Regarding the diphoton signal, the local (global) significances of the excess of events in their
combined 8 + 13 TeV data are in the ~ 3—4 o (~ 20) range, and both experiments observe the
excess at the same invariant mass of 750 GeV. If interpreted as a new resonance, CMS prefers
a narrow decay width I'g ~ O(10) MeV, while the ATLAS data seems to favor a large width,
I's ~45 GeV.

Although more data are needed before claiming the discovery of a new particle or particles,
several explanations for the diphoton excess have been proposed, introducing new TeV scale
particles beyond the SM spectrum. In this paper we are mainly interested in scalar (pseudo-
scalar) particles as the new resonance. The simplest models involve either SU(2);, singlets,
doublets or higher representations, that couple to TeV-scale degrees of freedom with large elec-
tric charges, and/or large multiplicities/couplings [9—15]. Many models introduce, in addition
to the resonance, new vector-like fermions, mostly in the context of two-Higgs doublet models
(2HDM) [16,17] and/or leptoquarks (LQ), see for instance refs. [18-21]. In all these models,
assuming that the new scalar resonance is produced through gluon—gluon fusion, the excess can
be accommodated with I"),,, /mg ~ 107 (10_4) in the case of a narrow (large) width.

The cross section in the invariant mass of two photons can be estimated in accordance with
ref. [22] at /s = 13 TeV for a narrow (broad) resonance as:

48+2.1(7.7+£4.8)fb CMS

o e = :
Tobs (PP vy) 55+15(7.6x£19)fb ATLAS .

while at 4/s =8 TeV

0.63 +0.31 (0.99 £1.05) fb CMS

. 2
0.21 £0.22 (0.88 £0.46) fb ATLAS @

Oobs(pp — S —> yy) =

In this paper we want to go one step further in the interpretation of the excess and study
well-motivated and minimal scenarios in the context of Grand Unified Theories (GUT). The main
motivation is that the needed new degrees of freedom are already part of GUT multiplets and,
it turns out, this implies interesting correlations among processes involving the same multiplets.
As a prototype of a GUT group, we will focus on non-supersymmetric SU(5) [23], with some
well-known nice features like charge quantization or the prediction of the weak mixing angle
sin Oy, although we are well aware of the fact that limits on proton decays, compatibility with
charged fermion masses and mixings, unification of interactions and naturality considerations
call for a beyond the SM theory presumably more complex than the one analyzed in this paper.

Although in some cases unification of couplings can be improved with respect to the SM case
(with a light (3,3, 1/3) C 45y [24,25], but we also found that the (3, 3,—4/3) C 70y is a good
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option), our set-up is to be seen as a minimal one, involving the less number of ingredients, while
not attempting to solve all the known drawbacks of the SM. In this view, we devote particular
attentions to the conditions that are necessary for some useful fragments of SU(5) representations
to be at the TeV scale, and with those we will work in an effective field theory framework. Even
though the main motivation of the paper is to accommodate the diphoton excess, the SU(5)
analysis presented here with TeV-scale fields is completely general, and can be used to study
other scenarios that require low energy SU(5) fields.

There have been some studies of the diphoton excess in SU(5) scenarios [24,26,27]. In this
paper, we analyze what we believe are the best-motivated cases. In the first one, we study the
24y representation, which is the minimal addition needed to directly break SU(5) into the SM
group. This representation has singlet and triplet fields that, if light enough, can be considered as
the new observed resonance. Beside the singlet case (already studied in some detail in ref. [24]),
we also analyze the triplet case and the possibility that color octets are at the TeV scale (see also
refs. [28,29]). Furthermore we devote some attention on the fine-tuning (FT) needed to realize
the needed mass splitting among the SU(5) multiplets. In our numerical results, we have taken
into account all relevant phenomenological constraints from the LHC data.

In the second framework, we study the possibility that the resonance S belongs to the Higgs
doublets of the Sy and 45y or 70y representations; thus, we are effectively left with a 2HDM
[30], when one of the doublets is taken from the 45, well motivated by charged-lepton and
down-quark masses (Georgi—Jarlskog model [31]), or from the 70y (type I 2HDM). In these
cases the resonance can be the heavy combination of the two neutral CP-even members of the
Higgs doublets, or the CP-odd state A, or a combination of both. In addition to accommodating
the observed diphoton signal, we also look for distinctive collider signatures that can help to
disentangle the different scenarios.

Regarding Higgs flavor violation, the second scenario with a Sz and a 45y (Georgi—Jarlskog
model) immediately leads to violation of lepton and down-quark flavors. Moreover, as we will
show, decays of the light Higgs to leptons and quarks are related and completely fixed in terms of
charged lepton and quark masses, and the CKM mixings. We will study the most promising ones,
h — tu and h — bs, discussing the possibility of addressing the hint of a 1 % Br(h — Tu) [8].
Furthermore, extensions of the minimal model with the light fields belonging to the 24y will be
discussed.

The paper is structured as follows. In sec. 2 we study the 24y and the different possibilities
offered by it for the new resonance, being either an SU(2)r, singlet or a triplet, also taking into ac-
count the possibility of light color octets, the needed fine-tuning in these set-ups and the relevant
collider signatures. In sec. 3 we focus on 2HDM in which one of the Higgses comes from the
45y or the 70y representations. We study Higgs lepton and quark flavor violation in sec. 4. In
sec. 5 we study the related LQ phenomenology and how these new states affect GUT unification.
Finally, we summarize the different predictions and draw our conclusions in sec. 6.

2. A new resonance from the singlet and/or triplet of the 245
2.1. The model

We assume an SU(5) framework with scalar fields in the 5y and 45y /70y representations.
All these fields contain an SU(2);. doublet. In order to have a GUT breaking SU(5) — G3M =
SUB). ®SU2)1, ® U(1)y the minimal way is to introduce a scalar field X that transforms as the
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adjoint representation of SU(5), the 24 . The decomposition of ¥ under the SM gauge group
GM s the following

T~ DT3P U D 32D X3, 3)

where ¥p ~ (1,1,0), £3 ~(1,3,0), £g ~ (8,1,0), X320~ (3,2,5/6), X3, ~ (3,2,-5/6). The
Y field can be cast in the form X = ZA SALA, where L4 are the generators of SU(S5) [11]. The
scalar potential can then be written as:

V=Vs+Vag+ Vas+ Voo + Vy, 4

where V7 refers to the interaction potential among the scalar fields and Vs 24 45 70 correspond to
the self-interacting terms. In particular, for the adjoint representation ¥ the explicit form of the
potential is

134 2, 4roosa b 4, ¢ 3
Vag = =24 Tr(2%) + L TE(ED) + S T (Y + 3 Tr(2Y). )

The minimum is proportional to the diagonal SU(5) generator L'? and it is given by the well-
known expression (X) = vyq diag{2, 2,2, —3, —3}/+/30 [32,33] with

c |B _ 1 1
v24=5\/;h(ﬁy), h(x) = 1+%+W. (6)

The dimensionless parameters 8 and y are useful to investigate the condition for the minimum.
These are

2
H24

,szcz, y=-+-—;. Q)

A non-zero VEV requires y > 0, while a definite positive ground state needs b > 0, see ref. [32]
for further details. To have a local minimum and a positive mass spectrum the parameter f is

such that
15 ( 4 ) 2
H\V— <) VY>12
32 15 15
B>1""3 5 ®)
- O<y<—
120y 15
After the SU(5) symmetry breaking to GSM the mass spectrum of the ¥ particles is the following:

Y32 and 5, are eaten by X" and Y#, the twelve gauge bosons of SU(5). These are degenerate
in mass with m§( = m%, = 5g§v§4/12 ~ méUT, where mgyr is the typical GUT mass scale of
(’)(1016) GeV and g5 is the SU(S) coupling constant. The other particles, that is Xg, X3 and Xg,
have the following spectrum:

1
2 2
=yl — | md,, 9
o ’/[ 1+ 1+120/3y] V24 ©a)
4 5 y ]
2 2
mi=|2 -~ [ L |pd,, (9b)
} [3 hBy)V 306
1 5 vy ]
2 2
S [ Y 9
mg |:3+h(,3y) 308 | U 9¢)
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where m, m3 and mg are the masses of X, X3 and Xg respectively. The interaction potential
V; introduces corrections of order O (vs/vag) = O(10~%) where vs is the VEV of the doublet
contained in 5y scalar field [34]. Corrections of similar size exist also for 455 and 705 and can
be safely neglected.

In the following we define S as the resonance observed at LHC in the diphoton channel, thus
we can have S = Xpor S = Eg in the case S is the neutral component of the X3 field; to obtain
a signal in the channel S — yy compatible with the diphoton excess we need to consider the
effect of light particles contained in ¥ or decay modes mediated by leptoquarks, as discussed in
[24]. Instead of introducing ad-hoc fragments of SU(5) multiplets, we take into account that the
needed particles are already contained in the higher dimensional representation of SU(5), such
as 45y and 70 . Under GSM we have:

45~1,2,-1/2)0(3,1,1/3) @ (3.,1,-4/3)® (3,2,7/6) ® (3,3, 1/3)

®6,1,1/3)®8,2,—1/2), (10)
70~ (1,2,-1/2)® 3,1,1/3) ® (1,4, —-1/2)® 3.3,1/3) ® (3,3, —4/3)
®(6,2,7/6)D 8,2, —1/2)® (15,1,1/3), (11)

hence in general several scenarios are possible for production and decay. We will analyze in the
following some of the most interesting ones.

2.2. TeV-scale representations from the 24y

In the following we will distinguish among several orderings of the mass eigenstates sin-
glet/triplet (and octet) of the 245.

2.2.1. Singlet case: mg =750 GeV K m3 ~ mg
Assuming that the singlet is the particle observed at LHC, a cancellation must occur in the
coefficient in front of v%4 ~ szUT in eq. (9a). This is possible when

1 1
which requires 0 < y < 2/15 and thus, in general, § is negative. In this case the square root
of /B is an imaginary number, also 4(8y) is imaginary and the mass spectrum is necessarily
positive. Although on the basis of eqgs. (7) and (12) one would expect m3 g at the GUT scale,
we numerically verified that this is only possible at the prize of a large fine-tuning among the
potential parameters; on the other hand, our numerical scan seems to favor a less fine-tuned
solution with particle masses of order m3 ~ mg = O(10%) GeV.

mog=750GeV: 1

2.2.2. Triplet case: m3z =750 GeV K mg ~ mg

Another possibility is that the neutral component of the triplet is the particle responsible for
the excess in the diphoton channel. In this case the whole triplet is degenerate in mass at tree
level and we have

750Gev: 4> |V LoD P ie 0<e<1, (13)
— eV : - =~ = — - — €, <€ s
"3 37 h(By)\ 308 2 \" 715

so y > 2/15, as can be seen from eq. (8). In the region 2/15 < y < 4/15, the parameter § < 0,
while in the case y > 4/15 the sign of 8 changes. In order to have b > 0, and thus a positive mass
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Fig. 1. Region plot for mg > mg > m3 (green) and mg 3 > mq (pink) in the (8, ) plane. The darkest gray region is

excluded by the constraints discussed in eq. (8), the red dashed lines are the region of fixed vyqy = 1016 GeV, obtained
from eq. (6) for different values of ¢/b. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

spectrum, the parameter ,u%“ changes sign as 8. However the situation 8 < 0 must be ignored
since otherwise the octet does not have a real mass. As in the case of a light singlet a large
fine-tuning is necessary to reproduce the correct order of magnitude of va4 ~ mgyt and having
at the same time mg, mg > 0. The typical values for the masses obtained from our numerical scan
are mo ~ mg ~ 0(107) GeV, although with more and more fine-tuning the situation mq ~ mg ~
mguT can also be achieved. Notice that quantum corrections break the triplet mass degeneracy
and we expect a decay E3i — W*Z(y) mediated by a loop of light LQs with an invariant mass
2750 GeV.

2.2.3. Quasi-degenerate case: my =750 GeV S m3 ~mg ~ 1 TeV

The last interesting possibility considered here is a quasi-degenerate case, where all the masses
are at the TeV scale. Requiring mg < m3 ~ mg ~ 1 TeV we found that the region 2/15 <y <
3/5 is a good choice for 8 > 0; however it is quite difficult to obtain m3 > 1.7 TeV for fixed
mo = 750 GeV and vyq ~ mgyt (we need a fine-tuning of order 10715 between ¢ and b X v,
as it can be seen in Fig. 1, where, for the sake of illustration, we take mo = 750 GeV). In order
to understand the relations among the potential parameters we can study what happens in the
simple case mg < m3 >~ mg, as done for the singlet case in eq. (12). From eq. (9) we get

120 1430 1 10y — 1
ms3=mg: Py +1+30y + :1=>ﬂ=y7+e, 0<exl. (14)
41208y +1—-30y +4 3

We obtain m(z) =c2(20y — 1)/3b + O(€) and m% = m% =25¢%/9b + O(e). Since we require m
to be the lightest particle we get y C [2/15,7/15].

As in the case of a light triplet we expect events with an invariant mass of order 1 TeV from
the decay of ¥, which can be pair-produced, into W*Z(y). Notice that there is no mixing
between o and £Y, which is easy to check by expanding the potential Va4 defined in eq. (5)
around the minimum. The signal of light scalar octets can also observed at LHC pair production
of scalar octets pp — XgXg and their subsequent decays through processes like X3 — gg.
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From Fig. 1 we also notice that a region exists where m3 < mg < mg; we thus expect the
direct decay Xy — E;‘ %5/ 230 Eg. However, from the scalar potential Va4 in eq. (5), the trilinear
interactions between X and ¥3(Xg) are proportional to buag ~ 0(10_24)1)24. Thus gx,5;3;
25,555 = O(107%) GeV and these contributions are negligible.

These same particles can mediate the light (125 GeV) Higgs process pp — h — yy observed
so far at LHC Run 1. The explicit couplings g;,x, s, and g5, 5, depend on the V; parameters and,
in principle, can cause an overproduction of final di-gamma pairs. Assuming a quasi-degenerate
mass spectrum for the ¥ field and, for the sake of illustration, only the 5y Higgs, the interaction
potential is given by:

Vi=u1SuE5y + M5 ISy + A5u5 Tr(Z?). (15)

Neglecting the small mixing between ¢ and the neutral component in Sz we have the following
interaction between the physical Higgs boson £ and the triplet/octet:

8hs33; = V20(h1 +212), 8hseyy = 23/2uhs, (16)

where v = vs[1 + O(vs/v24)] = 246 GeV. Therefore it is always possible to find a region in
the parameter space (A1, A2) compatible with the current LHC data on & decays. Notice that an
interaction potential between X and 45y or 70y certainly contains more SU(5) singlets, so the
potentially dangerous g;x,5, and g5 5,5, couplings can be easily made vanishingly small.

2.3. Fine-tuning

In this section we explore in some detail the naturalness issues related to our models. In partic-
ular, as we have already discussed in the previous section, we need to invoke some cancellation
in the b/c ratio in order to correctly reproduce both vaq4 ~ mgur and mg = 750 GeV. To quantify
the amount of required fine-tuning for S = ¥, Zg, we use the following dimensionless quantity:

AFY = —loglobWT), (17)

where the mean mass (m) = % Zj mj.

In addition, we also have to take into account naturality limits coming from the fact that loops
(self-energies of the scalars) involving the ¢ parameter contribute to the scalar masses. Thus in
the absence of cancellations, we should require:

cS4rm Miightest »
that is
cSdmrmoz) S10TeV.

If these latter naturality constraints are not fulfilled, there is some level of fine-tuning to deal
with, that we can quantify using the following definition:

4w Mlightest

AR =logyg (18)

For instance in the case of a light singlet and triplet this reads:

. 2,172 . 2
loop singlet 1 2 8m“e loop triplet 1 1607 “¢
A ~—1] — , A ~—1 _, 19
FT 2 %0V 15, b FT 2 810 15hy — 2 (19
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Fig. 2. Summary of the values of the ArT parameter at tree level (upper boxcharts) and at one-loop (lower boxcharts)
obtained in our numerical scan over the potential parameters that reproduce the different spectra discussed in sec. 2.2.
The black lines are the allowed region for Apr, the color bands are the 25-75% percentiles and the solid dashed lines
are the median. The vertical red dashed line is the typical value of Apr for the minimal SU(5) model. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

where the small parameter € has been introduced in eq. (12) and eq. (13). In the case of quasi-
degenerate mass spectrum, assuming mg < m3 ~ mg and the expansion discussed in eq. (14) we
get

2
loop qd 1 167

A ~ 1 —Q20y —1). 20
FT 3 0g10 3D (20y ) (20)

Notice that, given the dependence on €, we expect the following scaling:

loop qd loop singlet loop triplet
Ag > Apr > Apr .

T 1)

The numerical results obtained from eqs. (17) and (18) are shown in Fig. 2. In the plot, the range
of the Apr values is built from the values of potential parameters that realize each one of the

mass spectra discussed in sec. 2.2, with the additional constraint vgut = 1016 GeV.

We first observe that for AFS® we have Ag;e 9+ 12, while in the case of a light singlet

we a have a wide range Ag;e singlet 5.5 - 10.5 where the bulk of the distribution is around

Agfcre Singlet__ 9.5, This is similar to the case of a light triplet, where Ag%e riplet 9, although a

smaller region is contemplated, ~ 6 + 10. Then, we also have AL?;’P WPl 2 - 7 with a typical

value of 6 while for the singlet we have AIPE)TOP singlet 7 - 10 with a typical value of 9. We also

observe a large fine-tuning for the quasi-degenerate case (gd) where Ai:o%)p W45,

These values can be compared to the Apr of the usual minimal SU(5), that we can estimate
from the ratio between the EW vacuum v and the GUT vacuum, —log;, v/vgut 2 13.6. This
value is the typical fine-tuning that one finds in order to have doublet-triplet splitting (it is also
of the same order of magnitude in the 2HDM that we will discuss in the following). We see that
the scenarios taken into account in this paper imply a degree of fine-tuning which is typically
smaller than the usual minimal SU(5) one.
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Note that there exist also upper bounds on the trilinear ¢ in order to avoid spontaneous sym-
metry breaking of electric/color charges. The key point is that, if c is very large, for large values
of the field ¥ for any direction rather than the singlet (1,1, 0) there could be a minimum that
violates a conserved charge. The constraints depend on the spectrum and the different quartic
couplings, and are typically of the form:

w S O(10) Mheavy »

where mpeayy is the largest mass involved in the potential. Similar bounds have been obtained for
the trilinear couplings in supersymmetric theories, see for instance [35].

2.4. Collider phenomenology

In the case S = ¥¢ or Eg the decay in two photons/gluons can be mediated through a loop
of LQs so, in order to evaluate the relevant decay rates, we need the couplings of S with LQs
and the couplings of LQs with gauge bosons. The effective operator describing the former can
be obtained from the potential in eq. (4) after the SU(5) symmetry breaking and it reads:

Ocpr =ms Y [oLQLQS, (22)
LQer

where r = {45y, 705 }. We consider all the LQs involved in the process, and we will discuss the
limits on their masses in sec. 5. The explicit form of the dimensionless coefficients is obtained
after the matching with the relevant terms in Vy; the existence of non-vanishing such coefficients
can be tested using for example, a simple cubic and quartic interactions between 70y and 24y
in V; (at this level we can safely ignore all possible SU(5) contractions),

V0,24 =c1[705 705 211 + c2[705 705 2 ]; . (23)

Within this convention, the coupling between S and a LQ is given by:
v
gSLQLQ = EmSC£Q , (24)

where c{Q = c{Q(cl, ).
On the other hand, the coupling of LQs to gluons (summing over the SU(2)y, states) is

8es =TrR((Q2T + 1), (25)

where Tr(3) = 1/2, Tr(6) =5/2, Tr(8) = 3 and Tr(15) = 10 for the different SU(3) repre-
sentations [36] and T is the weak isospin. The coupling between a LQ pair and photons can be
estimated as

+T
|:Y2 + M} , (26)

— 2 _
8yy =d. TZT Y +T3)"=d.2T + 1) 3
=

where Y is the hypercharge and d, is the color multiplicity of the LQ. In the same spirit we can
estimate the coupling involved in the Zy decay:

+T
(Y +T3) (T5 — 53, (Y + T3)
g7, =d. Z w )

T3=—T

T(T +1
=d.2T +1) |:—IwY2 + cotwy g} ,

Swcw 3

27
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where we used the short-hand notation (sw, cw, tw, coty) = (sinfy, cos Oy, tan Oy, cotOy ),
where Oy is the weak mixing angle. The presence of the Weinberg angle makes this coupling
quite large (compared to g,,) for higher dimensional representation of SU(2)L. Finally, the
couplings to two vector bosons (W /Z) mediated by a LQ loop are given by

+T 2
I} _dQT+DTT+D
gww=d. Y =

3 (28)
T3=—T SW SW
—s2(Y+T T(T +1
977 =d. Z W( 3)) =d.2T +1) [I%VYz—i—cot%V g} .9
T3=—T SWCW 3

Hence, barring accidental cancellations that can appear in the gz, coupling, we expect the fol-
lowing hierarchy in the limit of large hypercharge:

gww S8z2 582y S8y =T (S > WIWT) ST(S— ZZ) ST(S— Zy)
STS—yy), 30
that is:
rS—->yy): TS—-2Zy): I'S—>22)=1 :Zt%V :tév ~1:0.6:0.09, 31

where the factor two in the second estimate is a consequence of having identical particles in the
final state for yy and ZZ decays.

Notice that the above couplings are not independent due to the presence of the following sum
rules:

8zz +twgzy = gww, 8zz —Coty gz, = iVTy — tygww - (32)
w
Thus if gz7z = gww = 0 we get g, = gz, = 0. To give some numerical estimates, consider
the case where gww = 0, which is the most favorable scenario: we then obtain gz7 = 13,8,y ~
0.30gyy and gz, = —twgy, =~ —0.55g,,, for s2W = 0.23; on the other hand, assuming gzz =0,
we get gww = —&yy Sty /caw = —0.43g,,, and gz, = —g,ytow /2~ —0.78g,,,.

We now specialize the previous considerations to our models. In the case of the 45y € SU (5),
the only leptoquark to be taken into account is (3, 2,7/6), for which we get the same results as
those of ref. [24] and reported in the first line of Table 1. On the other hand, for the 70y we
have a richer phenomenology since many representations can have non-vanishing couplings to
the gauge bosons; they are also summarized in Table 1. According to our naive estimates, we
expect that the representations (3,3, —4/3) and (6, 2, 7/6) are the best candidates to enhance the
singlet decays to yy.

Let us now consider the decay processes of our resonance candidates.

For loop mediated processes we use the same conventions for the loop functions as those of
ref. [37]; in particular, we report in Appendix A the decay width for § — yy, S — Zy and
S — gg and the relevant loop functions.

Notice that, due to the sum rules presented in eq. (32), it is quite difficult to have both I"(S —
W*TW~™) and I'(S — ZZ) small. Using the data reported in ref. [22], we have checked that even
in the case of large SU(2)1, quantum numbers the current bounds on dibosons in the final state
are fulfilled.
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Table 1
Effective couplings for LQs candidates in the representations 45y (first line) and 70y € SU(5) (lower lines). In the
numerical evaluation we used S‘Z,V =0.23.

LQ 8gg 8yy 8zy SWW 877
(3.2.7/6)45,, 1 29/3=9.7 (9—585%,)/6swew = —1.7 3s55,7/226.5 (9 — 1853, +58s5%,)/653,¢%, =7.5

(B.1.1/3)7, 1/2 1/3 —sw/3cw ~ —0.18 0 12,/3~0.1
3.3.1/370, 327 mfh@mwmzu) m@:% (6 — 1253, +7s},) /53, ch, ~ 20
(3.3.—4/3)70,, 3/2 22 (6—2252) /swew =22 6s;,7 =26 23— 65k, + 11s3y) /5%, ch, ~ 25

(6.2.7/6)70,, 5  58/3=19 (9—58s3,)/3swew = —3.4 35,7 =13 (9— 1853, + 5855,) /355, ¢}, = 15

The relevant decay rates in our model can be estimated from tab. I in ref. [24]:

Y Zy —
=4 . 0'5 fOI 3, 3, 4 3 6, 2, ; 6 ,
I (S — yy) 3,3,1/3) [ ] ( / ) [( / )]

(33)

12

LQ
IS — Z7) 78( e

2
TS5 77) 78(23’23,1/3) =12[44] for  (3,3,-4/3) [(6,2,7/6)],

(34)

[

=26[6.5] for  (3,3,—4/3) [(6,2,7/6)],

2
DS —>WwWo) e,
TS —yy) g1/

(35)

I'(S — gg) 8 ? _
~ 54 =54[540]  f 3.3,-4/3) [(6,2,7/6)].
r'(S—yy) gé‘}‘”’l”)) [540]  for  ( /3) [(6,2,7/6)]

(36)

We clearly see that the decay to gluon final states is the most relevant one. However, the use of
large SU(3) representations is not really an issue in this context (they can lead to an overpro-
duction of the SM Higgs through gluon—gluon fusion and a too fast Higgs decay rates) because
the scalar potential involving Sy and 70y fields contain three SU(5) singlets whose couplings
can be rearranged as to satisfy the Run-I results. Anyway, in all our numerical analysis below we
include all partial widths discussed so far.

If the decays of § into LQ are kinematically closed, the diphoton branching ratio can be
estimated under the assumption that I'(S — gg) dominates the total width and that only one LQ
dominates in the loop, thus obtaining:

LQ |2 LQ |2

TS—yy) 32 (awm\’|g B

Br(S—)yy):—:—( ’”) &l ~ 0073 |822 (37)
'S —gg) 9 os 8gg 8ge

Hence the decay in two photons is more suppressed as the LQ SU(3) representation gets larger.
On the other hand, if kinematically open, the decay into a LQ pair is a tree-level process and

can be easily computed from the effective operator defined in eq. (22). Notice that the lower

bounds on LQ masses from LHC data are typically O(1) TeV, but these are model dependent.
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Fig. 3. Region plot of o(pp — § — yy) in the plane (Mrq, cLg) assuming that only one heavy LQ mediates the S
decay: (3,3, —4/3) on the left panel and (6, 2, 7/6) on the right. In the blue (red) region the values of Myq and ¢ q is
in accordance with the excess observed at CMS (ATLAS). The black dashed lines are the contour lines of constant I'g.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

We will discuss in sec. 5 how to relax such bounds. For a LQ in representation r € SU (5) we
expect:

(S —LQLQ) ~ Y "dlcfol* x O(10) GeV, (38)

LQ

where dg“ Q explicitly takes into account the color factor of the final LQ and 10 GeV is a good
estimate for the phase-space contribution (see eq. (A.5) in Appendix A). For dl“ Q |C£Q|2 ~0Q@)
this estimate is consistent with the ATLAS observation on a large I". A naive estimate assuming
only one type of LQ and neglecting the gluon contribution in the total width is given by

re 2 m
Br(S > yy)x O 2V (“Y;) —x o, (39)
I'(S— LQLQ) 8w Miq
where the O(1) is the loop factor that also takes into account the color factors.
Notice that the LQs couplings to # come from the quartic scalar potential
Vaoy.5y = 5u5uT0HT04 11, (40)

which contains six invariants. A similar relation also occurs if the LQ belongs to the 45 . After
GUT and EW symmetry breaking we obtain an effective operator of the form:

h r TN
Olr =my, Z CrroLelQLQA.
LQer

(41)

r
hLQLQ
different SU(5) Lagrangian parameters with respect to those involved in the coupling of the

. . . ) r v
heavy resonance, cr - See eq. (22). Thus, it is possible to have a hierarchy |cth Q| < |cLQ|

O(1). A detailed analysis involving the coupling of the Higgs with the scalar LQs was performed
in ref. [28].

that in general will modify the Higgs properties. However, the effective coupling ¢ contains
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2.4.1. Singlet decay

We can now use the estimates on the branching ratios given in the previous section to put some
bounds on the relevant parameters of our models, that is the mass of the leptoquarks My ¢ and the
effective couplings of S to LQs, c{Q, using the combined CMS and ATLAS data at /s = 8 TeV
reported in ref. [22].

In order to do that, we use eq. (B.1), reported in Appendix B.1, where we also take into account
that, for a large coupling with the photon and a large width, also the photo-production mechanism
can be important, see ref. [38]. At LHC with /s = 8/13 TeV the gluon PDF constitutes the main
contribution, while only a few percent of the event is related to vector-boson fusion, thus we can
ignore this channel. These very same estimates can also be used to check the compatibility with
the diphoton excess in the (Mg, c{Q) plane, Fig. 3.

The first case we analyze is S = X, with large m3 g under the simplifying assumptions that
only one LQ is responsible for the decays (if we consider more than one LQ with large mass
we expect similar results since the new contributions, for a given gs qLq, will always interfere
positively, except in the Zy channel, see Table 1). Since the results for the LQ in the 455 have
been already discussed in ref. [24], we focus on the LQs contained in the 70y, in particular on
the (3, 3,—4/3) and (6,2,7/6) representations.] Our results are presented in Fig. 3, where we
assume that Mg > mg/2. We consider the strong coupling constant «s evaluated at the scale
g = mg including the effect of LQs in the running whereas the electromagnetic coupling in
S — yy is evaluated at ug = 0 since the photons are real [40].

We clearly see that for both states a narrow width I's = O(10%) MeV is compatible with the
diphoton excess in the region of relatively low LQ masses and O(1) couplings, blue (CMS) and
red (ATLAS) regions.

In the case of M1 g < mg/2 the situation is quite different because also the contribution from
photoproduction becomes important. If we assume that the o, function given in eq. (B.2) is the
main contribution and we ignore the color factor d., the experimental data can be fit only for
Mg 2> 60 GeV, see eq. (39), a value excluded from direct searches; we interpret this result as
that a large part of the signal should be a consequence of the gluon fusion mechanism.

For one light LQ we report the excluded and allowed regions in the left panel of Fig. 4.

We can now open the possibility that two LQs (3,3,1/3) and (6,2,7/6) are simultane-
ously light. In our numerical analysis we assume that the lightest LQ is (6, 2, 7/6) with a mass
My g =350 GeV. We indicate with AM g = Mg — My the mass difference and we focus on
|[AM1q| <25 GeV to assure that both LQ masses satisty My.q S ms/2. We also fix the coupling
of the lightest LQ to be cL.q = 1/2 while the other coupling is cL.q + Ac, where no assumptions
on Ac are done; in particular, with the help of the Susyno package [41], we have checked that
the couplings for these two different representations have different Clebsh—Gordan coefficients
at least in one SU(5) invariant built with the 70, so a priori Ac could be different from zero.
Notice that the decays to ZZ and W W™ can be safely neglected because the width to a pair
of LQs (~ O(10) GeV) is much larger than that to Z and W’s (around 100 MeV). In the right
panel of Fig. 4 we show the allowed regions in the plane (AMLq, Ac), with o (pp — S — yy)
compatible with the excess observed at LHC.

1 Notice that none of these LQs mediate proton decay at tree level. However, some of them can mediate it a loop level,
like the (3,3, —4/3), thus their mass can not be too light or the relevant couplings have to be suppressed [39].
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Fig. 4. Left) Region plot of o (pp — § — yy) in the plane (ML, cLq) assuming one light LQ (6,2,7/6) and M1 g S
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this article.)

2.4.2. Triplet decay

In this section we assume that the neutral component of the triplet X3 is the resonance behind
the diphoton excess. The bounds on M1 g and c g are the same of the previous case because the
coupling with the LQs can be expressed using an effective operator of the same structure as in
eq. (22), although with different coefficients. We should notice that it is not possible to generate
the operator (Eg ) ZQELQ because the neutral component of the triplet cannot acquire a VEV
if we want to break SU (5) — GSM.

A new interesting observable in this case is the decay of the charged components E;ﬁ in Wy
or WEZ, governed by the effective couplings gz;wy and gz, wz, respectively.

Following ref. [42] they can be estimated as:

gWy(WZ) My
0og
(4 )2Mig ms2

8T Wy (B3W2Z) ™~ , (42)

where the logarithmic dependence comes from the loop function. The LQs couplings for Wy
and W Z are instead:

+T
T3 (Y +T13) d(2T+1)T(T+1)
gWy—d Z

Sw Sw 3

=SWEWW » (43)
T3=—T

T—s Y+ T d.2T +1)T(T +1
8wz—d2 3 —siy (Y +T3)) — oty LCTHDTT +1)

= cotw gwy - 44)
chW Sw 3

T3=—T

These couplings are summarized in Table 2 for the LQs in representation 70 (since there is no
dependence of the couplings of the triplets on the hypercharge we left it indicated with a generic
index n).
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Table 2

Effective couplings for LQs candidates in representation 70 € SU (5).

LQ 8wy 8wz

@3,3,n) 6/sw ~12.5 6/twsw ~23
(6,2,7/6) 3/sw ~6.3 3/twsy ~11.4

A rough estimate of the decay widths gives F(E;E — W*Z) ~ O(1)GeV for the LQ in
representation (3,3, —4/3) and F(E;E — W*Z) ~ 0.1 = 1)GeV for (6,2,7/6) for Mg 2
mg/2 and (m3= — m3) € [0, 100] GeV.

2.4.3. Degenerate mass spectrum

In this case we assume that the singlet has a mass of 750 GeV. Since no mixing between Eg
and X is allowed, the singlet phenomenology is the same as the one described in sec. 2.4.1.
In principle, in this scenario the decay of a ¥g in a pair of gluons could be detected at LHC.
However, the triple coupling of the scalar octet is gxg5,3q ™~ O(107%) GeV in this region of the
parameter space (see sec. 2.2.3), and in addition there is also a suppression due to the kinematic
factor 72/9 — 1 [29]. Thus the main contribution to Zg decays is through a loop with LQs. The
effective operator at the scale mg = mg can be extracted from the interaction potential

Oopr =mg Y ¢ oLQLQZs, (45)
LQer

where notice that we use E{Q for the octets, keeping cf , for the singlet/triplet.
For every color representation r several SU(3) contractions can be worked out. For example:

LQ~3¢eSUB3): A TQLQ ¢, (46)
LQ~ 6 € SU(3): :{LQ"LQY £¢ +24LQ LQV ¢ , (47)

where i, j,[ =1, 2,3 and the A% matrices are the usual Gell-Mann matrices, witha =1, ...8.
The effective coupling between LQs and the scalar octet in our notation, neglecting the SU(3)
contraction, is

v
g55LQLQ = EmSCEQ- (48)

The decay widths into a gluon pair or Z(y)g are summarized in Appendix A, egs. (A.6) and
(A.7). The effective couplings for the decay into y/Z and a gluon mediated by LQs are

+T
gyg =dcTr(r) Y (T3+Y)=d.Tr(®)QT + 1Y, (49)
Tz=—T
+T 2
T3 ) (Y + T3)
87Zg :dCTR(I‘) Z S‘;/VV—CW = —twdCTR(l‘)(ZT + l)Y = _twg)/g ’ (50)
T3=—T

where we have also performed the sum over the color states (see also Table 3 for a numerical
estimate of such couplings).

The factor Tg(r) is given by the contraction of two SU(3) adjoint external lines. We expect
that the decay into Z g is always suppressed with respect to the y g one. Notice also that the
coupling to y and g is a factor 35 for the LQ (6, 2, 7/6) due to the large Tr(6) coefficient.
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Table 3
Effective couplings for LQs candidates in the representations 45y (upper) and
70y € SU(5) (lower).

LQ 8yg 8Zg

(3,2,7/6) 7/2 —tw7/2~—-191
(3,1,1/3) 1/2 —tw /2~ —0.27
3,3,1/3) 3/2 —tw3/2~—0.82
(3,3,-4/3) -6 tw6~3.28
(6,2,7/6) 35 —ty35>~—19

In the following we give a naive comparison between some of the most interesting singlet to
octet decay rate ratios:

I'(Zo—>gg) 8( ) 211 LQ

x O(), 51
F(ES_)gg) PLQ ZLQCLQ % ©h

M= yy) 4 TGo=2y) _ ten (mo)’ | Zra8Sela| ) 5
NZs—ye) "T(Zs— Zg)  as <m_s> Slogrdtio O 2
FEo—>yy) 1 (“em)2 (@)5 Tioeloth?| x O(1) (53)
(X3 —>gg) po \ as ms) | Y 0T o8ss ’

where in O(1) we consider the loop factors and prq is an order one coefficient that takes into
account the color structure in the decay Xg — gg, see eq. (A.8). We first observe that a larger
decay width into two gluons is expected for the singlet, assuming the same order of magnitude
for the O(1) coefficients and mq >~ mg. For the other decay channels, the presence of the strong
couplings always favors the decays of Xg into final states containing at least one gluon jet.

In order to have a large enough o (pp — S — yy) we observed in sec. 2.4.1 that we need
My ~ 400 GeV with an order one coefficient. For mg ~ 1 TeV the tree-level decay to a LQ pair,
given in eq. (A.11), dominates the total width, so that Br(¥g — XY) ~T'(¥g — XY)/I'(Xg —
LQLQ) where XY is any possible final state. The expected signal at LHC can be computed in a
similar way to the diphoton channel for X, see eq. (B.4) in Appendix B.1. To compare the cross
section for a given final state XY produced through ¥g with the cross section o (pp — S — yy),
we can define the following dimensionless quantity:
o(pp > g > XV) _ Cggur =ms) moI'(Zy —~ gg) Br(Zg — XV)
o(pp—> Xo—>yy) Celur=mg) mgI'(Zo— gg) Br(Zo— yy)
where our estimates do not take into account the photoproduction mechanism o,,,. Here ur =
mg is the factorization scale. To produce valuable numerical results, we fix the LQ mass to be
Mg =500 GeV and c g = 1. We obtain o (pp — X9 — yy) =1.0[5.1] fb for a 3,3, —4/3)
[(6,2,7/6)] LQ, that we can use together with Rxy to extract information on the various decay
widths of the Xg state. We report our results in Fig. 5 as a function of the octet mass mg. The
green dashed, red dot-dashed and blue lines are the signal region in the channels gg, yg and Zg,
respectively. For comparison, we also show the ratio o (pp — X3 — LQLQ)/o (pp — LQLQ)
with the azure dotted lines (see sec. 5.1 for further details). The effective coupling E{Q are al-
lowed to vary in the interval [1/2, 2], so that the upper lines always correspond to EiQ =2 and
the lower ones to ¢ = 1/2.

Rxy = , (54)
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Fig. 5. Rxy as a function of mg assuming one light LQ with My g = 500 GeV and c¢79 = 1. In the left panel we show
the contribution of (3,3, —4/3) while in the right panel that of (6, 2, 7/6). The green dashed, red dot-dashed and blue
solid lines are the signal region in the channels gg, yg and Zg, respectively. The azure dotted lines contain the region
o(pp — ¥g — LQLQ)/o (pp — LQLQ). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

We observe that in the case of (6,2,7/6) and for low octet masses there is an enhancement
in the channel X3 — yg, while for (3,3, —4/3) the order of magnitude is the same as that of
o(pp — Xo — yv). The large suppression with mg is given by the small gluon contribution
encoded in the Cyg coefficient: at /s = 13 TeV we get Cgo(mg = 1 TeV) ~ 448 and Cyq(mg =
2 TeV) ~ 7 using the PDF set mstw2008n1lo.

3. A new doublet from the 45z or the 70y as the resonance
3.1. The model

In this section we study the possibility that the resonance S belongs to a second Higgs doublet.
Assuming only two scalar fields 5y and 455 or 705 we can construct the SU(S) invariant poten-
tial as discussed in Appendix B of ref. [43] for the 45 . In our study we assume some particular
mass spectrum my <mgs K< ma,my+, mp <mg K< mg,my+ ormy <mg>mpg < mg+ and,
for the sake of simplicity, we neglect the effect of the charged particles in Higgs sector. This mass
spectrum is allowed for my+ < 1 TeV by Electroweak Precision Tests, see ref. [44] for a recent
analysis.

Let us consider first that the second Higgs doublet is in the 45 . This setup corresponds to the
well-known Georgi—Jarlskog model [31]. We will follow the notation of ref. [45]. Neglecting the
corrections of order vs 45/v24, we can normalize the relative weights in the electroweak vacuum
as

vy —3ugs

v2=|v5|2+9|v45|2:>t/35v—15 (55)

vs

Notice that this normalization is needed in order to reproduce the correct SM gauge boson masses
and to be able to define the alignment limit, in which the lightest CP-even Higgs is SM-like, i.e.,
with SM-like couplings to both gauge bosons and fermions. And similarly for the 70, with a
different contribution to gauge boson masses from its VEV, and thus a different #g.
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From a low-energy perspective, we are dealing with an effective two-Higgs doublet model
(2ZHDM). Therefore we have two CP-even states, namely /4 and S which are a linear superposi-
tion of the real neutral components in Hs ~ (1,2, 1/2) € Sy and Hys ~ (1,2, 1/2) € 45y [46]:
Re{Hé)} = —hsy + Scq and Re{Hfs} = hcy + Ssy, Where sina = s,, cosa = ¢,. The mix-
ing angle « is related to the parameters in the potential defined in eq. (4). Another possibil-
ity is that the resonance observed at the LHC is the pseudoscalar A of the 2HDM, so that
Im{Hg} = Goc,g — Asg and Im{Hfs} = GOSﬂ + Acg, where GY is the would-be Goldstone bo-
son, eaten by the Z boson. Finally, it could be that the signal is really due to both the CP-even
and CP-odd resonances, if CP is not a good symmetry and they are sufficiently close in mass.

We can compute the couplings of the neutral Higgses to SM gauge bosons, as derived from
the kinetics terms in the SU(5) Lagrangian. Notice that such a kind of couplings are zero in the
case S = X, Eg and A. We obtain

my my 0 56
ChvV =3 CSVV =30k cavy =0. (56)

If we want to reduce the decay width into a boson pair for the heavy scalar S while at the same
time have a SM-like Higgs we have to go to the alignment or decoupling limit: 8 —«a =7 /2.

The presence of the 45y gives an extra term to the masses of the SM fermions, which in
particular produces the desired factor of 3 among down and charged lepton masses [31]. We can
closely follow ref. [45] regarding the Yukawa Lagrangian and, for the sake of simplicity, we take
the Yukawa Y4 of the 455 10F 10F term equal to zero (its presence will only open the allowed
parameter space). The masses read:

Mg =Y vs—6Y]vys, Mp = Yivs +2Y2u45, My =4(Y3 + YT )vs. (57)

In this way, starting in the basis where up quarks and charged leptons are diagonal (with diagonal
mass matrices mg, my), we can completely determine the Yukawa interactions of the scalars
with the SM fermions in terms of their masses and the CKM mixing matrix Vegm = VLd .

Using tano = t,, and equivalently for g8, the neutral interactions of %#/S/A which we are
interested in read, for the quarks (4-H.c for the opposite chiralities):

/ S / / Cq / ./
Chiigu, = — Y3 a — Y3, CSigu, = Y3 a — Ystg, CAmgu;, = —iY31g, (58a)
’ Sa ’ ’ Co /
Chdpd, = =Y, Vekm — — Y| Ve, Codpd, = Y1 Vekm — — Yy Vekm g,
cp e
CAdpd, = —l'Yl/ Vekm g (58b)
and for the charged leptons:
C S, mg
Cheger, :Y2/_a _Yl/_a_> Y2/+Y1/:_’
sg cp v
Sa Ca Y;
CSgne; =Yi—+ Y= > Y tg — =,
Serer, 25 1Cﬂ 14 P
Y ST ¢
CAepe; = —I Yltﬂ—g , (59)

where the couplings after the arrows show how they simplify in the decoupling limit 8 — « =
/2, and we have defined the effective Yukawas in the mass basis as:
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3mDVgKM+mE 3mDVgKM—mE
4v 4v

Y{EY]CﬁZ , YZ/EZstng—

’

Constraints on the mixing angles « and 8 can be obtained from the observed values on the light
Higgs (h) channels, as measured by CMS and ATLAS [47]. We define the signal strength for the
channel ii as:

. o(pp—h) Br(h — ii) sa\>  Br(h —ii)
.= X — —_—
" osm(pp = h) - Brsm(h —ii)  \cg Brsm(h — i)’

(61)

where ii =t 1™, bb, tf, WrW~, ZZ, yy and we assume dominant gluon—gluon fusion pro-
duction, as is the case of the LHC.

For the heavy scalars S, A we impose the upper limits (and the diphoton signal) from LHC
searches on the different channels [22]

o

2
u =0 (pp— ) x Br(S — ii) = o0 (c—> x Br(S = ii), (62)
cp
ui =0 (pp— A) x Br(A — ii) =03 1§ x Br(A — ii), (63)

where ag 4 are the cross sections of S, A at 750 GeV with full couplings to tops, which have a
value 00 = 0.736 pb and 0§ ~ | A1 2(%;)[?/|A12(11) %0 = 1.039 pb.”

The couplings involved for the different channels can be straightforwardly obtained from
egs. (58a), (58b) and (59), where Y 1/ pare defined in eq. (60). The strongest constraints come from
searches of heavy resonances decaying to SM quarks and leptons. In particular, we impose the
limits on a 750 GeV resonance decaying into gauge bosons, tops, bottoms, and tau-leptons [47]
(as well as the limits on the light Higgs decay channels mentioned above). These limits are shown
in Fig. 6, in the plane tg — s, . Clearly, data impose to be close to the decoupling limit.

The interaction between the heavy scalar S or pseudoscalar A and the LQ ~ (3,2, 7/6) € 45y
can be obtained from the scalar potential involving 55 and 45 . We can construct the following
two different quartic contributions:

V O [4554555u5u 11 + (455454554511, (64)

where we ignore all the possible SU(5) contractions. From the first type of terms
[45,455 55511 the coupling is proportional to vcgcy, while from the second term we obtain
vsgsy. Instead, in the case of A we get vsgcg from both terms. Therefore

CstQLQ =Y (81cpca + 825854) = v (81 — g2) SpCp (65)
CaLQLQ = —iv (81 — 82) SgCp (66)

where g1 2 are linear combination of the couplings involved in the potential in eq. (64); the last
equality in eq. (65) is computed in the decoupling limit. We see that an accidental suppression for
the decay S/A — LQLQ is possible for g; — go ~ 0. A similar coupling to eq. (65) is possible
for the SM-like Higgs h

2 See https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections.
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this article.)

oL =V (—glcﬁsa + gzcasﬁ) — v (glc% + gzs/%) . ©7)

Thus for 75 ~ 1 and g1 ~ —g2, we can suppress the light Higgs couplings to LQs while obtaining
the desired enhancement. The alignment limit can be easily investigated in the basis where only
the neutral component of one of the two Higgs doublets gets a vacuum expectation value, see
for instance ref. [48]. In that case, our condition g ~ —g» translates into a hierarchy among the
quartic couplings involved in the interaction terms ALQLQ and SLQLQ, the latter being much
smaller. The relation g; ~ —g» can be affected by loop corrections which are however suppressed
by the loop factor 1/(1672) and are expected to be under control.

Since mg > 2my we can have the tree-level decay mode S — hh. The coupling is a non-trivial
function of B and «. However, in the decoupling limit csyp, cazn — 0, like the decays into gauge
bosons, given its proportionality to cg_. For the CP-odd state c 4,4 = 0.

A similar pattern occurs in the case of 70g; in fact, the coupling to vector bosons is exactly
the same as eq. (56) and in this case we can work in the exact decoupling limit. Since the 70
does not couple to fermions, this model is equivalent to a type-I 2HDM. Following ref. [46], in

the decoupling limit we have:

o _MfSe My M My =i
W= T e v STk B Car g =

(63)

The couplings between LQs can be computed in the same way as in eq. (65) for S or eq. (66) for
A, with the obvious caveat that they depend on different Clebsh—Gordan coefficients. The main
difference with respect to the case of the 45y is in the decay mode S/A — yy mediated by a
loop of LQs because the 705 contains larger U(1)y representations.
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3.2. Collider phenomenology

In the case of 2HDM the phenomenology is quite similar to the singlet decay discussed
in sec. 2. The effective operator describing the interactions of LQ and the heavy scalar is the
same, but the coefficient is now given by eq. (65) and with the right normalization, g STQLQ =
CsLQLQ™MS /2and g ALQLQ = CALQLQ/MA /2. In the loop processes we need to include the fermion
contributions (¢ and b quarks or the 7 lepton); the scalar/pseudoscalar decay widths into a fermion
pair are given in eq. (A.12) of Appendix A, with couplings as in egs. (58a), (58b) and (59) for a
type-1I1 2HDM and eq. (68) for a type-I 2HDM. Working in the decoupling limit we can safely
neglect the decay into light Higgses and vector bosons, while at one loop they contribute to the
total decay width, see for example eq. (A.13) in Appendix A.

The branching ratio for 2HDM is a function of the ratio vgs/vs or vy9/vs through the pa-
rameter g and the effective couplings g12. In order to obtain a large signal we expect that the
coupling of S and A to LQs obey g; >~ —g>. Such a large coupling is also needed in order to
reduce the negative interference with the top quark contribution in the decay width. The region
tg > 20 is excluded from SUSY searches at the LHC [49,50], while in the low g region one
should consider 7g 2 1, motivated by the ATLAS and CMS searches for spin one resonances
decaying into a top pairs [51,52].

We expect that the largest part of the decay width, for M1.q 2 ms/2, is given by decay into a
top pairs. The branching ratio can be estimated for S as

r'S—vyy o? v \? 5 m‘é
Br(S ~ - =9 —= x0(), 69
(S=vy) L(S—1) 9672 \mytg X leragyy| MEQ O (69)

where in O(1) we consider the loop contribution and #g ~ 1 due to the signal strength u)}jy.
A similar result holds for the pseudoscalar A.

3.2.1. Decays in 2HDM

The decays of a heavy particle S and/or A can be mediated by a loop of LQs. In this ex-
ploratory study we assume the LQs in representations (3,2, 7/6) € 45y and (6,2,7/6) € 70y.
We fix the effective couplings g1 to some representative values and leave the LQ mass Mg
and tg as free parameters. We assume 7g 2 1/3 to keep the top Yukawa coupling perturba-
tive. In Figs. 7 and 8 we show our results for the cross section o(pp — S — yy) (with
very large A mass) and o(pp — A — yy) (with very large S mass) for the (3,2,7/6) and
(6, 2,7/6) leptoquarks, respectively. In Fig. 9 the allowed regions are instead obtained for the
sum o(pp — S — yy) +o(pp - A — yy) assuming a quasi-degenerate mass spectrum
m4 =~ mg. In the plots we also consider the effects of LQs on the production and decay of the SM

h through the signal strength ,uﬁy = 1.161“8:?3, reported in tab. 11 of [47] and defined in eq. (61).

In our analysis we work in the decoupling limit, thus I'(h — VV) = 'sm(h — VV)3
and we consider only production via gluon fusion, hence o (pp — h)/osm(pp — h) =T'(h —
g8)/ Tsm(h — gg). The inclusion of the corrections given by vector-boson fusion are beyond
the scope of this work and are neglected.

3 For the decay into a vector boson pair we use the values quoted in LHC Cross Section Working Group: I'sy (B —

WHTW~)=28.815x 10~% GeV and F'sm(h — ZZ) = 1.0824 x 10~% GeV. See https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/CrossSections.
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Fig. 8. Same of Fig. 7 for S, A, (6,2,7/6) € 70g.

The modified couplings of /4 are discussed in the previous subsections. The constraint from
uij implies that 15 ~ 1. if g1 ~ —g2, see eq. (67); thus in this region we can neglect the
gq-channel in the S production because the largest contribution comes from the b PDF, which
gives Cpp ~ 15 but it is sensibly smaller than the gluon contribution. If, on the other hand, 15 > 1
then also the b-quark channel can be relevant; however this possibility is not generally realized
in our models. Notice that the data Br(B; — ut ™) tell us that 1g < 0.7 is excluded [44]. This
applies to the Georgi—Jarlskog model, where flavor is violated in the bs sector.
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(left) or 70 7 (right). We show in black dashed lines contours of constant total width, I'tot =4 + I's.

Assuming a type-III 2HDM our results give a large width, I's, 4 ~ 20 GeV dominated by tree
level decays into SM fermions, however in the case of the pseudoscalar A the allowed regions in
the plane (MLq, tg) are quite different because the coupling between LQs and A is imaginary,
thus the interference term in the Br(S — yy) has a large impact on the observed signal, see right
panel in Fig. 7.

If we consider the second Higgs doublet as a member of the 704, the situation is qualitatively
different to the previous case, since we have now I'g ~ I'y = O(1) GeV and, due to different LQ
representation, the allowed mass range is slightly different. For instance, in the case of (6, 2, 7/6),
the /s = 8 TeV data exclude a larger region for both for S and A if My q 2 ms a/2; thus we
expect Mg 2 500 GeV. The dependence on #g in ,ui’,y is similar to the scenario with the 45y
because the coupling among the SM-like Higgs & and LQs is the same in the effective theory
approach. The results for S and A are shown in Fig. 8.

We can also consider the possibility that A and S are quasi-degenerate particles, for instance
with masses mg = 750 GeV and m4 = 730 GeV. In this case, for ur = my = 730 GeV, the
gluon PDF slightly increases with respect to the values computed at mg = 750 GeV (see Ap-
pendix B.1) and smaller effective couplings |g;| ~ |g2] < 27, even for large LQ mass, are needed
to obtain a cross section compatible with the diphoton excess observed at LHC, Fig. 9. This is
quite different to the case of just S or A, as it can be seen in Figs. 7 and 8.

4. Higgs flavor violation from the Georgi-Jarlskog model

In this section we will discuss Higgs flavor violating (HFV) decays, both in the lepton and
the down quark sectors.* In the Georgi—Jarlskog model, these decays are controlled by the
CKM matrix. In the down-quark (charged-lepton) sector they are furthermore proportional to the
charged-lepton masses (down-quark masses), see eqs. (58a) and (58b). Thus the most promising
channels are h — bs and h — t . In the decoupling-limit, Higgs lepton flavor violating inter-

4 In the up-quark sector, decays like # — hc, hu are absent, due to the fact that we take the minimal model with Y4 =0,
see ref. [45].
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actions are absent, as it should, while those in the down-quark sector are present, as in the SM,
but controlled in this case by the charged-lepton masses. Thus, in order to have 7 — T, we will
depart slightly from the decoupling limit, taking sin(8 — «) = 0.9, see Fig. 6. In this way we are
able to open the parameter space, and furthermore study 7 — 7, for which there is a hint of
a signal. Indeed, CMS 8 TeV data show a 2.40 excess in the light Higgs channel 7 — ut [8],
which is translated into a branching fraction:

Br(h — ut) = (0.8479039) %, (70)

while ATLAS shows no significant deviation Br(h — ut) = (0.53 £0.51) % [7].

If confirmed, this would be a clear signature of physics beyond the Standard Model, at the
same level of the diphoton signal. There have been many works trying to explain this ~ 1%
signal, either using an EFT approach [53-55] or focusing on a type IIl 2HDM [56-61] (also
at loop level, see for instance an example in ref. [62]). Here we will study if the signal can be
accommodated or not in the Georgi—Jarlskog model, with a Sy and a 455 . Although the new LQ
can provide a signal at one loop, only tree level topologies naturally allow for a 1% Br, as shown
in ref. [55]. In particular, topologies with new scalars (a 2HDM, or a 2HDM plus new scalars)
can explain the result [55]. Recently, a 2HDM was employed to explain both the diphoton excess
and the & — T hint simultaneously [63] (see also ref. [61,64—66]).

The h — pt branching ratio is given:

mp _ /
Br(h — pt) = m Chrps Chtp = |Chfu|2 + |Ch/1t|2 , (71)

where the relevant couplings are given in eq. (59), with Yl/’ , defined in eq. (60).

Although the strongest constraints come in most models from 7 — puy,’ in the Georgi—
Jarlskog model [31] the Yukawas to down quarks and to charged leptons are completely related,
c.f ¢y, 5, in eq. (58b) with ¢pg. in eq. (59). Furthermore, even though it is an effective low-energy
2HDM, both couplings involve Y| 2> Which are completely fixed by the down quark masses, the
charged lepton masses and the CKM, as it can be seen in eq. (60). As we focus on the 7 sector,
this means that there may be strong constraints from the bs sector. Thus, we will furthermore
impose, in addition to T — wy, the strongest constraints of the down-quarks sector, which come
from B, meson mixing, in particular on the mass splitting AMp [69] (see for instance tab. II of
ref. [54] for the constraints on the bs Yukawa):

SM 1 Eﬁbs E%’bs E%bs
AMBS = A]WB + — SBs 2 + P + PB.Y > s (72)
y MBS mh mS mA
where we have defined Cops = |/ |Cpj, > + lcaspl?, for @ =h, S, A, and:
Bg, f5 M5, | M3 Bg, f3 M2, 1 1M,
B 6 (mp +my)? B 6 (mp +mg)? |
(73)

5 We use the T — ny expressions (including also the two-loops Barr—Zee diagrams) given in refs. [67,68,53,54],
summed over the different scalars 4, S, A, and with their couplings as given in eqgs. (58a), (58b) and (59), where Y 1’ 2
are defined in eq. (60).
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The SM value is assumed to be AME]SVI = (128.968 + 10.691) x 10~13 GeV, [70], and we
consider the 30 allowed region. The experimental value is AMp = (116.834 + 0.138) x
10713 GeV [71].

Clearly, in order to satisfy these last constraints and have large HFV the best case scenario
is to have mg = 750 GeV and m4 > 750 GeV. We scan over the relevant parameter space,
tg €[0,50], s¢ € [—1, 1], while 700 GeV <m 4 < 5 TeV and m p+ is fixed using the best value of
the T parameter, T = 0.01 [71] (in accordance with the relation discussed in ref. [56], we observe
|ma/mp+ — 1| < 5%). For this scenario, in the left panel of Fig. 10 we show Br(h — ut) versus
Br(h — bs). We also plot T — py versus AMp_in the right panel of Fig. 10. We find that AMp_
mixing always imposes stronger constraints than T — py in this model.

The results show that Br(h — ut), Br(h — bs) < 1073 always, far below LHC and future
expected sensitivity. Thus, the hint of an observed Br(h — ) reported in eq. (70) cannot be ex-
plained in the minimal scenario and a confirmation of the Br(h — ut) signal would rule-out the
minimal model as the explanation. Notice that the dip in Br(2 — ) comes from a cancellation
in the relevant terms of the Higgs effective coupling to leptons, see first line of eq. (58b).

Let us conclude by mentioning that we have focused on topology A of ref. [55] (a type III
2HDM) but a topology B can also be realized in our set-up (see fig. 2 and tab. 3 of ref. [55]),
where the relevant scalars at low energy would be, in addition to the second Higgs doublet be-
longing to a Sy or a 45, a hypercharge-less singlet or triplet, fields which are precisely present
in the 24 as discussed extensively in sec. 2. In addition to the flavor-violating Yukawa of the sec-
ond Higgs, the relevant term in the potential that can generate the topology B (and thus 7 — )
is precisely w1 in eq. (15) for a second 5y (and similarly for the case of a second 45g). This
gives rise to mixing among the scalars, and will in general also give a contribution to the to-
tal rate. Indeed if these trilinear terms are larger than the scalar masses, topology B would be
enhanced and could dominate. However, this would pose other problems, like naturality and or
charge/breaking that we do not address here.
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5. Leptoquarks phenomenology
5.1. Pair production and limits from direct searches

Let us consider the pair production of LQs C 70y, 455 or ¥g C 24y . As we have seen in
the previous sections, LQs in representations (3, 3,—4/3), (6,2,7/6) C 70y are particularly
interesting candidates to accommodate the diphoton excess. Thus, we briefly discuss here their
main production and decays modes.

These LQs do not couple to fermions at renormalizable level. However, at the level of D =7
for LQs in representations (5, 3,—-4/3), (6,2,7/6) C 70y we can construct the following EFT
operator

_Ciz oo Cr o [dydiupQ5LQ, LQ~ (6.2,7/6)

07 = A35F5F10F10F70H— e X {d%LLeRQELQ, LQ~ (3.3,—4/3) ' 74)

where A is the scale of the heavy degree of freedom that mediates the process. Assuming an order

one coefficient and taking My g = 500 GeV, we obtain that short-lived LQs need a cutoff scales

A < 10° GeV, while stability at collider scales is instead obtained for 10° GeV < A < 107 GeV
(where the upper bound assures decay lifetimes below 100 s).

Both ATLAS and CMS have searched for single or pair production of the state (3,2,7/6)
(which could also be relevant for the 2HDM in the case of 45y ). Assuming that the LQ couples
to the second generation of fermions with an O(1) Yukawa, they found that M1 g 2 1 TeV, if the
decay fraction into a charged lepton and a quark is 1, see ref. [74] for a review on this topic. This
bound can be avoided assuming a smaller decay fraction (while the Yukawa dependence is less
relevant), otherwise we cannot achieve a signal for the diphoton excess in the case of 2HDM also
for |g1,2| < 4m, see Fig. 7.

The largest production mechanism is through gluon fusion. We use the data quoted in tab. 9
of ref. [74] for LQ ~ 3 € SU(3), where o(pp — LQLQ) = 0.0461 pb at /s = 14 TeV for
Myq =500 GeV. We can estimate the pp — 66 cross section using eqs. (B.5a) and (B.5b)
(where the involved Casimir are C(3) =4/3 and C(6) = 10/3) as:

o(pp—>66) C(6)>3x3 243
o(pp—33) 6x2C3)? 64

3.80, (75)

hence we expect a larger production for the LQ in representation (6, 2, 7/6).

Another interesting signal is the pair production of two scalar octets through the kinetic term
in the SU(5) Lagrangian. The partonic cross sections can be computed from eqs. (B.5a) and
(B.5b) and are in agreement with refs. [29,75], see further details in Appendix B.2. In Fig. 11
we report the cross section for the pair production of Xg as a function of the octet mass mg,
for ur = pugr = 2mg and ag(mz) = 0.1185; the one loop correction to «g do not take into
account the contribution of the LQ, that we put at a mass larger than 2mg. We also neglect
QCD corrections. The results are in agreement with a similar analysis performed in ref. [76].

To conclude this section, we remind that the pair production of the octet Xg with its subsequent
decays to LQ, Xg — LQLQ can compete with direct pair production of LQ, as shown in Fig. 5;
from that, we observe that the LQ pair production has the same order of magnitude of the decay
mode ¥g — LQLQ in the region mg = O(1) TeV for order one E{Q couplings.
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Fig. 11. Cross section as function of mg at LHC for /s = 8 TeV, in blue, and /s = 13 TeV, in red. The solid lines are the
total cross section, the dashed the gg-production and the dot-dashed the gluon production. We use the mstw2008nlo
PDF set. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Table 4
Dynkin indexes D, corrections 8b to the B-function of U(1)y, SU(2)r, and SU(3). gauge couplings for LQs in 45y (up-
per) and 70z (lower) and the value of the GUT area ratio A. We define bj= b?M +38bj and pSM = {41/10, —19/6, —7}.

b1 has been normalized to the usual \/5/3 factor.

LQ DSU(S) DSU(Z) 5b1 51)2 51)3 A
(3,2,7/6) 172 1/2 49/30 172 1/3 0.5
(3.1,1/3) 1/2 0 1/15 0 1/6 5.3
(3.,3,1/3) 1/2 2 1/5 2 172 2.3 x 1072
(3.3,-4/3) 1/2 2 16/5 2 1/2 6.8 x 1072
(6,2,7/6) 5/2 1/2 49/15 1 5/3 8.6 x 10

5.2. Qualitative discussion on GUT unification

The presence of massive LQs, with Mg ~ 1 TeV, poses the question of how strong they
affect the running of the gauge couplings. In order to grasp the relevant effect, we consider all
LQs already studied in this paper and, for each of them, we compute the shifts induced to the
one-loop B function coefficients §b;, where i = 1,2, 3 refers to the SU (3), SU(2)r, and U(1)
gauge groups [77,78]. For the sake of simplicity, we only take into account the contributions of
LQs, no matter of whether we are dealing with a singlet or 2HDM scenarios. The amount of
unification at one-loop is quantified by the parameter A, which is defined as the ratio between
the area of the GUT triangle in one particular model (we take Mg = 1 TeV), and that for the
SM; for comparison, the latter is given by Agy = 5.87 x 10 GeV. Notice that the lesser the A,
the closer we are to having unification, being A = 0 the case of exact unification. The results for
the B functions are summarized in Table 4.

From this analysis it is clear that the best candidate is (3, 3, —4/3), while (3, 3, 1/3) is also
a good possibility. We stress again that this exercise has to be understood as a very simplistic
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and qualitative study, as many different combinations of fields up to the GUT scale are possible,
yielding a large number of possibilities.

6. Concluding remarks

We have studied different low-energy realizations of SU(S), involving new scalars and lep-
toquarks at the TeV scale. We have shown that they can be used to address different anomalies.
In particular, we have focus on analyzing ways to explain the diphoton excess within an SU(5)
framework, each of which leading to a different phenomenology. We have also studied the possi-
bility to have Higgs flavor violation. In addition to studying the different scenarios, we have tried
to make definite predictions for the different cases in order to pinpoint the underlying physics
beneath the excess, should it be confirmed. We list in the following some concluding remarks
and differences of the possible set-ups:

e The first type of models with the singlet/triplet/degenerate cases have a large phenomenol-
ogy. Pair production of the triplets and octets at the TeV scale are a clear signature to test
them.

e The second type of models with an effective 2HDM can come from either another S, or a
45y or a 70y . The 45 is well motivated by down-quark and charged-lepton masses, in the
well-known Georgi—Jarlskog model. The 70y does not couple to fermions at the renormal-
izable level and thus naturally evades FCNC, leading to a type-1 2HDM.

e Both cases of the singlet/triplet and the 2HDM in the alignment limit (no decays to light
Higgses or gauge bosons at tree level) are allowed. In the last cases, decays into SM fermions
are predicted which, depending on the model and 74, are predominantly into tops, b’s and/or
tau’s. These are absent in the singlet/triplet case, and serve as a clear discriminant of both
scenarios.

e Obtaining a large width is possible both in the case of singlet/triplet/degenerate for some
configurations (see the left panel of Fig. 4), and in the type-IIl 2HDM, while this is not the
case for type-I 2HDM, even if both the CP-even and the CP-odd are almost degenerate in
mass and contribute significantly to the rate.

e For the 2HDM the parameter space able to explain the excess is smaller (also because of
the constraint imposed by ,u)}ﬁy) as the main decays come from low-energy dimension 6
operators, to be compared with the dimension 5 ones of the singlet.

e Regarding fine-tuning, whenever non-supersymmetric SU(5) is present there are un-natural
couplings that must be tuned in order to tackle the doublet-triplet splitting and/or the hierar-
chy problem. In the case of the singlet, the new fine-tuning sources are shown in Fig. 2, and
lie below the typical SU(5) ones. For the 2HDM, for any of the Sy or 45y representations,
the particles that mediate proton decay will need to be at the GUT scale, while the doublets
need to be at the TeV scale. This is another source contributing to the doublet-triplet splitting
problem. Notice that none of the LQs of the 705 mediate proton decay at tree level but, for
some of them like the (3, 3, —4/3), possible loop level contributions may arise, thus their
mass can not be too light or the relevant couplings must be somehow suppressed.

e In the models discussed in sec. 2, in addition to dijet events, we expect significant decays
into gauge bosons, all of which cannot be simultaneously reduced. This can help to pinpoint
the underlying model. For instance, for singlets, we expect decays into WW, ZZ, y Z, see
Table 1. For triplets, decays into Wy and W Z are present, see Table 2. And in the case of
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degenerate spectrum with a light octet, correlated decays into photon+jet and Z+-jet can be
searched for, see Table 3.

e For the 2HDM, the decays into SM fermions and the anti-correlation among the yy and
Z+photon are the most striking signatures. Furthermore, when the resolution is larger, both
a CP-even and CP-odd almost degenerate in mass could be disentangled.

e From a measurement of the decay rates, one could disentangle whether the representation
behind the resonance is a 45y or a 70y. This is due to two reasons: the decays of the
resonance have a different dependence on #g, and furthermore tg is not the same in the
different scenarios, as it depends on the SU(S) representation (45 or 70) to which the
second Higgs doublet belongs. Furthermore, the 45y can have a larger width, while the 70y
does not, as it can be seen in Figs. 7, 8 and 9.

e In addition, in the case of the Georgi—Jarlskog model there is flavor violation in Higgs de-
cays. However, we have found that B mixing limits imply Br(h — T, bs) < 107, beyond
any expected sensitivity. Thus a confirmation of a 1% Br(h — tu) at the LHC would rule-
out this model as an explanation, at least in its minimal version.

As a last remark, we want to emphasize again that, whether the diphoton excess will be con-
firmed or not by future LHC data, the analysis performed in this paper will remain a useful study
of low-energy realizations of SU(5), with many phenomenological implications in different sec-
tors, ranging from the phenomenology of low-mass colored states to that of Higgs flavor violating
interactions.

Acknowledgements

JHG wants to thank Andreas Crivellin for useful discussions on # — bs. ADI thanks Gabriele
Ria for different numerical checks and useful discussions. We would also like to acknowledge
partial support by the DFG Cluster of Excellence ‘Origin and Structure of the Universe’ SEED
project “Neutrino mass generation mechanisms in (grand) unified flavor models and phenomeno-
logical imprints”.

Appendix A. Decay widths

For the decay of § in two photon we use same convention of ref. [37] for the loop functions,
that we report here for completeness:
_ 2
8s 8SLQL
DN A + 3 S g P o)
f ! LQ LQ

2 3
aemGFmS

(S — —_em 7S
( vy) 128+/273

(A1)

where the loop functions A; are discussed below in Appendix A.l. The couplings gsyx and
gsLQLQ can be obtained from the potential. Couplings to fermions are zero for the case S =
>0, Eg but are relevant for 2HDM. Here and in the following «,;, is the fine-structure constant,
as the strong coupling constant, G r the Fermi constant and 7; = 4m§ / m% In our numerical
study, we assume de,, (mw) = 1/128 and ag(mz) = 0.1185.
In the case of S — gg the relation is quite similar:
_ 2
YN A+ Y B0y )| L (a2)
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Another interesting process that occurs at loop level is the decay into Z and y, in this case the
decay width for S is:

o? GFm3 m2 ’
NS—2zZy)=-2—351-—%
64273 mS

8 SLQLQ

(f)
8 27577 —4s
ZN 0 Sff WQ

A S A
P Swew 12T, Ap)+

2

(A3)

gngO(TLQa ALQ)

We expect that the decay into Zy is suppressed with respect to the y y process also because of the
loop function Ag(t, 1), where A; = 4m§/m22 since, for mz — 0, we have Ag(t) — 2Ao(7, L)
(see ref. [79] for further details).

The decay width into W W™ can be obtained using the effective field theory and it reads
[12]:

2 3
_. o, Grm 8SLOLQ LQ
I'S—wtw-)~ S x O(1), (A.4)
256327 &5 MZg MV

where the O(1) represent the loop contribution. A similar analysis occurs for the decay in ZZ.
If Mg Sms/2 it is possible to have the decay S into a LQ pair. From the effective operator in
eq. (22) we get [80]:

2
4My

2
mg

(S — LQLQ) = delcf o P o> |1 — (A.5)
Q' 327

As done in the case of § we can obtain the loop mediated decay widths for Xg. These are:

3 2
Aemots G pmyg ngLQLQ Lo, —
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8 x 128+/273 Z ME, Q
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’ 8 x 64+/273 m3 %5 MEQ 73 40(TLQ: ALQ)| » (A.

where T; = 4m3 /m3. The factor of 8 in the denominator takes into account the average over
the initial states. In order to consider the right color factor for the decay X3 — gg we have to
recast the decay width I'(S — gg). The rescaling factor prq for a single LQ in representation
r € SU(3) is given by

2
Zco]or Tr[{Tlfl ’ Trb } Trc]
Zcolor Tr[Tra Trb]

where « (r) is the coefficient associated to gauge triangle anomaly, Tr[{7}¢, T” 1T 1= K (r)debe.
It can be easily evaluated with the help of Susyno. The numerator in (A.8) is given by the two
possible diagrams of the decay while the denominator is the usual color structure of a scalar
decay into two gluons. We get

V3

7 49
LY 14 ~1 A.
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Hence we have

(5 g5~ pro- S0r | 5 85000 o ) (A.10)
§ —> 88) = PL 8gg AONTLQ)| - '
98 x 36273 0 Miq "% ¢

For a LQ in representation r € SU (5) we have the tree level decay process:

_ d. ms 4aM?
[(Ss— LQLQ) = Tlefo e 55 [1- Q (A.11)

7
g
In the context of 2HDM, we need to consider the tree-level decay of S/A into a fermion pair.
The formulae are [80]:

3/2
F(Sﬁff)—dcksfﬂ ﬁ[l D :| ,

Ty — _ p2mns f
F(A%ff)—dc|CAff| E[l_—z (A.12)

where d, is the color multiplicity of the final state, that is d. = 1 for leptons and d, = 3 for
quarks.

At one loop, there can be decays into gauge bosons. In ref. [81] the authors discussed sim-
ilar processes and also took into account the interference with the top quark amplitude; in the
effective theory approach they found:

Il

2 9
g

I'(S— WTW™)~(0.19 GeV) x (A.13)

where the dimensionful one-loop induced coupling C;’;"fw can be estimated to be proportional
to gWszCo(m%V, m%v, m%, My, Mg, MLq), where Cy is the well-known Passarino—Veltman
function. Using Package-X [82], we get C;{,{;W ~ 01070 x gwwv? for a wide range of
values of Mg and so I'(S — WHW=) = O(10712) GeV for gww ~ 10 while I'(S — yy) =

O(107%) GeV.
A.l. Loop functions

For the decays of S — yy/gg, the scalar, fermion and gauge boson contributions into the
loops are:

Ao(t) = —12 [fl — f(fl)] , (A.14a)
Ap@=22 [ @ - nfeh] (A.14b)
Al(t) = —12 [2f2 430 4320 - 1)f(r*‘)] : (A.14c)

with T = 4m?/m?% (m is the mass particle in the loop), while in the case of S — Zy we have:
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Ao(x,y)=1(x,y), (A.152)
A1/2(x»)’)511(xs)’)_12()5»)’)» (AISb)
Al(x,y) =43 —tan’ Ow) L (x, y) + [(1 +2x Htan? 0y — 5+ 2x—1)] L(x,y),
(A.15¢)
where
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In the case of a CP-odd state the spin-1/2 function for the decay A — yy/gg is different:
Ap(ty=2tf (7). (A.17)
The functions g and f are explicitly given by [83]:
arcsin’ \/T T>1,
2
fo)= 1 1++1+770 (A.18a)
—— | In——— —in <1,
4 1++/1—11
/T~ — larcsin /T >1,
g(t)y=11 — 1++/1+771 . (A.18b)
—Vrl—-l|lh—— — —in| <1,
2 1++1—17"1

In the limit of large loop masses (compared to the scalar one) we have Ag — 1/3, Ao — 4/3
and A; — —7. For pseudoscalar particles, we have Al /2 —> 2. In the case of the decay of the
SM Higgs, we get Aj(tw) = —8.32 and N, Q?Al/z(r,) = 1.83 hence the dominant contribution
comes from the W.

Appendix B. LHC production mechanisms
B.1. §/Xg production

The total signal for the particle responsible of the diphoton excess is
(S— g8)

r
o(pp = S = yy) = KggCyqo(ur =msy) mss Br(S = yy) +oyy . (B.1)
where the photoproduction o, can be expressed as [38]
I's 2
=10.8 pb Bre(S . B.2
Oyy p (45GeV> (S —>yy) (B.2)

In eq. (B.1) we introduce the parameter Cy,, that is given by the gluon PDF f,(x; M%) of the
proton at the factorization scale ur

1
72 dx 5 m% 2
ng:? Yfg(X;,U«F)fg ;QN«F . (B.3)

2/
mg/s
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Table B.5
Cgg coefficients at the two scales g =730 GeV and up =750 GeV.
Cee@ /s =8TeV Ceg@ /s =13 TeV
wr =730 GeV 202 2445
ur =750 GeV 174 2137

The values used in our paper and obtained with the PDF set mstw2008n1lo, see ref. [84], are
reported in Table B.5. The factor K, is introduced to taking into account QCD corrections, the
typical value is Kz, >~ 1.48.

A relation similar to eq. (B.1) also holds for Xg; for any possible final state XY we have

I'(Xg — gg)
o(pp — Zg—>XY):Kggng(qumg)TBr(ZgaXY). (B.4)

B.2. Scalar pair production

Let us consider the pair production of LQs or Xg. In the following P = {LQ, Xg} and Mp is
the related mass. The partonic cross sections are [85,86]:

6(q@q— PP) —asEC(r)d Aﬂp , (B.52)

C(r)2
65

1+8p
, B.5b
—Pr } (B.55)

6(gg — PP)=« SE [27ﬂp—17,3P+3(ﬂP +2,3P—3)1
where Bp = /1 +4M? /5 is the velocity of P in the center of mass frame and § is the partonic

energy, d = d. x dy, is the number of states in representation (r, r’) € SU(3). ® SU(2)L and C(r)
is the Casimir invariant, we have C(3) =4/3, C(6) = 10/3, C(8) =3 and C(15) = 16/3. The
factor £ is the multiplicity, which is equal to 1/2 for real representations of all quantum numbers
or one otherwise. The total cross section is given by the sum of the partial cross sections

o(pp — PP)=Kgz,0(qq — PP)+ Kg0(gg — PP), (B.6)

where typical value of the K-factor for quarks is Kz, ~ 1.2 (K, >~ 1.48 for gluons). The inte-
grated partonic cross sections are [87]

1

— dx [TdLge | raa _
o(gg — PP) = / —| = [$6(sg > PP)], (B.7a)
x | s dr
4M2/s
dx [ T ALz o —
o(Gqg—PP)=)_ / L ‘”} [36(@q — PP)] (B.7b)
a4 4M3 /s

where the parton luminosity for partons i and j is defined as:

Q
I
© | «»»

1
t dL;; /8 dx
T = 1+5ij/7[ﬁ‘(x;M%)fj(f/x;ufv)+ﬁ(r/x;u%)fj(x;u?r)],

(B.8)
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