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We study the possibility of a heavy scalar or pseudoscalar in TeV-scale beyond the Standard Model
scenarios being the inflaton of the early universe in light of the recent O(750) GeV diphoton excess at the
LHC. We consider a scenario in which the new scalar or pseudoscalar couples to the Standard Model gauge
bosons at the loop level through new massive Standard Model charged vectorlike fermions with or without
dark fermions. We calculate the renormalization group running of both the Standard Model and the new
scalar couplings, and present two different models that are perturbative, with a stabilized vacuum up to near
the Planck scale. Thus, the Standard Model Higgs and this possible new resonance may still preserve the

minimalist features of Higgs inflation.
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I. INTRODUCTION

One of the recurrent lessons in physics is that simplicity
beats complexity. While theoretical reasonings (such as the
hierarchy problem and naturalness) and observations (e.g.,
dark matter) have motivated many beyond the Standard
Model (BSM) scenarios, the search for new physics has so
far been elusive. One may wonder if we have seen the
beginning of a desert in that the new physics that completes
the Standard Model (SM) only appears at higher energies
currently not within reach.

Very recently the CMS and ATLAS collaborations have
reported a roughly 3¢ enhancement in the yy spectrum
at O(750) GeV, based on the first ~3 /fb of data from run 2
of the LHC at /s = 13 TeV [1,2]. This potential new
resonance can be interpreted as either a spin-zero or a spin-
two particle, as the Laudau-Yang theorem states that an
on-shell spin-one particle cannot decay to a diphoton. A
spin-two particle would yield an interesting yy distribution
that is peaked in the beam directions. The possibility that
the candidate resonance is a KK graviton is not excluded
but is quite constrained by the run 1 data. For concreteness,
we focus on the interpretation of this candidate resonance
as a spin-zero particle, which can be a scalar or a
pseudoscalar. The 8 TeV run of the LHC did not report
a signal, which hints at the possibility that the production
rate might have a steeper energy dependence. All these
hints, taken together, suggest that this new resonance
couples to the SM gauge bosons including photons and
gluons only through higher dimensional operators. The
resonance can be produced by gg — ® — yy, though ¢g
annihilation can also contribute. Moreover, the ATLAS
Collaboration has enough events to show a larger width of
the resonance, which suggests the presence of some other
decay channels besides the diphoton. Since there are no
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excesses shown in the other channels, one tempting
explanation is that this new resonance decays into the dark
sector.

This possible excess has already sparked numerous
theoretical explorations [3—7]. To explain this potential
new resonance, two prevailing ideas are as follows: (1) to
stay within weakly coupled theories and introduce vector-
like SM charged fermions, or (2) to invoke strong dynamics
as in composite Higgs models. While we maintain our
healthy skepticism towards the reality of this signal, we
think it worthwhile to explore the cosmological implica-
tions of this potential new resonance while awaiting further
data from the LHC to either confirm or falsify its existence.
Though previous works [3—7] provide various explanations
for the possible excess, the X(750) resonance and the
additional new particles are introduced without necessarily
having a purpose. Here, we would like to see, if we take
Occam’s razor seriously, what correlated statements in
cosmology can we make.

Inflation is the leading paradigm of early universe
cosmology. An inflationary universe can be realized with
a scalar or pseudoscalar (known as the inflaton) with a
sufficiently flat potential. Moreover, this inflaton should
couple to the SM fields somehow in order for reheating to
occur. It is in this minimalist spirit that Higgs inflation [8],
in which the SM Higgs field was identified with the
inflation (with nonminimal coupling to gravity), was
proposed. Here, we examine how the new resonance, if
confirmed, may alter this minimalist scenario. We focus on
the weak coupling explanation of the resonance, as it is
challenging (if at all possible) to accommodate inflation
concretely with strongly coupled theories (see, e.g.,
Refs. [9-11]). Moreover, a strongly coupled sector typi-
cally comes with a plethora of particles, far from the
minimalist approach we opt to take. In the weakly coupled
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scenarios, the new resonance can be a candidate for the
inflaton, while the additional vectorlike SM charged
fermions are necessarily there for the inflaton to reheat
the SM sector. In a sense, our scenario is a minimal
model to accommodate the success of both the SM and
cosmic inflation, if the X (750) resonance is confirmed. We
studied the perturbativity and the stability of the SM
vacuum in light of the new particles and the associated
new couplings.

The paper is organized as follows. We discuss some
general aspects of this new resonance in Sec. II. We present
some models with and without dark fermions and solve the
corresponding renormalization group (RG) equations in
Sec. III. The parameter spaces of the initial conditions that
preserve perturbativity and vacuum stability of the models
are presented. We conclude in Sec. IV. For completeness,
we also include in the Appendix, the complete RG
equations for the models explaining the X (750) resonance
considered in [3].

II. GENERAL ASPECTS OF THE
NEW RESONANCE

The CMS and ATLAS excess suggests a cross section,
o(pp = ®) xBR(® - yy) 22 1b (1)

with the mass Mg ~ 750 GeV of a new spin-zero particle P.
As discussed in the Introduction, we consider the five-
dimensional operators with a SM singlet scalar or pseudo-
scalar that couples to the SM gauge bosons. For the scalar
case, & = §, the effective couplings are given by

S
Leffectivc ) Z (_gsyF/me/ - gsyG;u/Gm/)’ (2)

whereas for the pseudoscalar case, ® = P, we have

P - ~
Leffective o Z <_gpyF;wFlw - gpyG/wle)' (3)

Here G, and F,, are the Standard Model color SU(3).
and U(1),,, field strength. The gluon couplings account for
the gluon-gluon fusion production of this new resonance, and
the photon couplings give rise to the dominant decay
channels to a diphoton. Notice here there are also likely
decay modes of S/P into dibosons (yZ, ZZ, WW) because the
dimensional-5 operators with these gauge fields are also
allowed. Currently an excess does not show up in the other
channels; therefore they are constrained by the run 1 and 2
data [12].

It is well known that the new vectorlike fermion at the
TeV scale can give rise to these effective operators. In
fact, such fermions also appear in BSM extensions that
address other pressing questions like flavor physics or
dark matter issues [13,14]. Let us introduce here N,
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vectorlike fermions w = (w,,yg)! in the 3-representa-
tion of the color SU(3), and with an electromagnetic
charge Q. Their Yukawa couplings to S and the mass
term are

L> _ﬂSy/y/Slpl// - My/ll_/‘// (4)

Here and in what follows we focus on the scalar
case, ® = S, for concreteness, but the results for the
pseudoscalar case should be qualitatively the same. We
also assume suppressed Yukawa couplings between
vectorlike quarks and the SM fermions. By integrating
out the heavy fermion we arrive at the effective
couplings:

N, Agy, @
v Syy L
g = T 5
Psg 37r\/§Ml,, )
_ V2N, QP ©)
Isr M, '

The LHC measurement production times branching ratio
is a(pp = ®) x BR(® = yy)  g3,95,/ (845, + g5,)» with
Gsg/ 95y > 1. Taking ay(TeV) ~0.09 from PDG [15],
we have

<2NW/ISWQ2a1 TeV) 2.2 ™)

7 M, ) ~13000°

II1. SPECIFIC MODELS OF THE NEW
RESONANCE FOR PERTURBATIVITY
AND VACUUM STABILIZATION

In this section we explore models which are perturbative
and stable up to near the Planck scale, 10'7 GeV, while at
the same time explaining the diphoton excess. As we have
discussed, the diphoton excess motivates the existence
of a new spin-zero particle and new vectorlike massive
fermions with SM charges. The couplings of this sector
at the electroweak scale are constrained by Eq. (7). In
addition, here we would like to include dark fermions
which have no SM charges, suggested by a possibility that
the dark matter sector couples to the new spin-zero particle.
Our matter content then includes the SM particles, the new
scalar S, the new SM charged vectorlike fermions, and the
dark fermions.

Let us summarize our notation for the couplings. First,
the scalar potential is given by [16]

A
V=2l HP +AHP) +m2S + 55 4 D HES. (8)

We introduce N, vectorlike fermions y and N, dark
fermions D [17]. We assume that the vectorlike fermions
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are in the 3-representation of SU(3), and have an SU(2),
isospin S, and a hypercharge Y. On the other hand, the dark
fermions have no SM charges. Their Yukawa couplings
to § are denoted by Ag,, and Agpp, respectively. More
explicitly, L D —Ag,,, S¥y — AsppSDD. Their RG equa-
tions are then given by

di
1672 <78 = 3% 41262 + 24N, (25, + DA,
— 144(28,, + 1)N,, A4, + 8NpA2ppis
—48Np i),
> sy 3
167° =2 = (3 4 6N, (25, + 1))23,, — 8B sy
— 6Y? @Ay, — 68, (S, + 1)BAsyy,
+ 2N pAsppAsyys
di
1672 ;fD (3+2ND)/1§ +6NT(25W+ 1)/1SDD)“Sy/y/’
dg;
167>~ = (SM part) +3NW(2SW +1)gi.
S,(S, +1)(28, + 1
6 2 92 (SM pal't) +4N ( 4 )( 4 )933
d 3
1672997 = (SM part) +4Y>N,, (25, + 1)gy
d
1672 =1 = (SM par0).

di 1
1672 = = (SM part) + — x>
6r 0 (SM p )+2K,

d
167;2;’; = K<4K + 124+ Ag + 6y?

+ 12N, (28, + 1)43,,, + 4N pA5pp
3 9
-3 -3%). ©

where ¢;, ¢, and gy are the gauge couplings for
SU3)¢s SU(2),, and U(1)y, respectively. t=1Inyu is
the renormalization scale, y; is the top Yukawa coupling,
and 4 is the Higgs self-coupling. The calculation here is
based on [18]. The SM part and initial conditions can be
found in, e.g., Ref. [19]. In the rest of this section,
based on the above RG equations, we investigate two
types of models with (a) toplike vectorlike fermions and
dark fermions and (b) vectorlike fermions with exotic
SM charges.

A. Toplike vectorlike fermions and dark fermions

Let us start with a model with N, vectorlike fermions 7
with (3,1,2/3) under SU(3), x SU(2), x U(1)y and Np,
dark Dirac fermions D. This class of models is given by
w=T,S5; =0,and Y = 2/3 in the previous RG equations.
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Note that these dark fermions can be the dark matter of the
universe. They can annihilate mainly through DD —
S/P — gg in the early universe. Because in our case the
dark fermion masses are not constrained much from
perturbativity and vacuum stabilization [as long as they
are not far from the O(TeV) range], we can easily achieve
the correct relic abundance.

In Figs. 1 and 2, we show the region where this model
becomes perturbative and stable up to 107 GeV for
Ny =1. The blue and red regions correspond to
nonperturbative and unstable regions, respectively.
Unfortunately, we cannot find a region realizing Eq. (7),
which requires Ag,,, = O(1). Increasing Agpp and Np
makes the problem worse as in the right panel of Fig. 1
and the left panel of Fig. 2. The dark sector can therefore be
an obstruction to realizing a “desert” up to a high scale
generically. On the other hand, if we increase the number of
N, the situation becomes better, because the constraint (7)
on the Yukawa coupling Agrr at the electroweak scale is
relaxed. However, it is not sufficient to explain the diphoton
signal; see the right panel of Fig. 2.

B. Exotic charge fermion

The difficulty of the previous model comes from the
necessity of large coupling for one toplike vectorlike

Aspp=0.3 Np=2, Aspp=0.3
07 0.7
0.6 0.6
= =
173 17
~< ~<
05 0.5
0.4 0.4

10 12 14 16 18 20 22 24 10 12 14 16 18 20 22 24
As As

FIG. 1. The blue and red regions are not perturbative and stable
up to 10'7 GeV, respectively. In the left (right) panel, we take
MT = 1000 GeV, }'SDD = 03, ND = 1(2) and NT =1.

Aspp=0.6 Ny=3
0.7 0.7
0.6 0.6
5 5
~ <
0.5 0.5
0.4 0.4
0.3
10 12 14 16 1.8 20 22 24 0.0 0.5 1.0 1.5 2.0 25
As As

FIG. 2. Left panel: Same as Fig. 1, but taking A¢p, = 0.6. Right
panel: We take Ny = 3 and Agpp = O.
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TABLE 1.

PHYSICAL REVIEW D 93, 123514 (2016)

The possible SU(2), x U(1)y charge. Q. represents the maximum electromagnetic charge among the multiplets. Only

the particle with Q. < 5/3 can be perturbative up to 10'7 GeV. Here we take M, =700 GeV.

(SU(3)¢.SU(2),.U(1)y) Ormax A,, [GeV] A,, [GeV] 6xBR>2fb Ay, < 107 GeV
3.5,0) 2 8.9 x 10% 1.3 x 10° A5y > 0.18(7034&)

(3.4,1/2) 2 7.6 x 10% 6.1 x 107 Dy > 0.32 (méwéev)

(3,3, 1) 2 4.7 x 106 1.1 x 10% Jspy > 035 (70(1;4&\/)

(3.2,3/2) 2 2.1x 10" A5y > 035 (70§4éev)

(3. 1,2 2 1.8 x 10 D5y > 0.44(7034&)

(3.3.2/3) 5/3 1.8 x 10% 1.1 x 102 Jsyy > 0.53 (7034560 Asyy < 0.75
(3,2,7/6) 5/3 3.4 x 10" Kspy > 0.54<70(1)wéev) Asyy < 0.81
(3.1.5/3) 5/3 2.3 x 10" D5y > 0.62 (méwéev) Asyy < 1.02

fermion. From Eq. (7), we see that we can take smaller g by
considering vectorlike fermions with a larger charge.
However, if the representation is too large, the gauge
coupling hits the Landau pole far below the Planck scale.
By solving the one-loop renormalization group equation of
the gauge couplings, the position of the pole is

A = Mexp (3]
pr— X ——
v v &P bi QZ(MU/)

1

M\ bisw/bi 872 1
=M, (—’) ’ exp <—ﬂ — ), (10)
Ml[/ bi g; (Mt)

where i =Y, 2, and b, g\ and b; are the coefficients of the
beta function of g; in the SM and SM with an exotic quark,
respectively. We summarize the position of the pole in
Table I, from which we can see that only Q <5/3 is

W(3,2,7/6)
a(pp—->S)xBR(S-yy)=4fb
0.7
0.6
3 2fb
[
&
0.5
0.4
0.0 0.5 1.0 1.5 2.0
As

FIG. 3.

consistent with perturbativity up to 10'7 GeV. The position
of the Landau pole of Ag,,,, A sy is also shown. We note that
A’isww
successful examples, we consider vectorlike fermions
whose charges are (3,2,7/6) and (3,1,5/3) under
SU(3)c xSU(2), x U(1)y, and show that these models
indeed explain the diphoton excess and can be valid up to
near the Planck scale. The mass bound on a charge 5/3
particle is about 900 GeV [20] if y mainly decays into top,
while the bound is 690 GeV if the main decay mode is a light
quark [21].

We plot the region excluded by perturbativity and
stability up to 10'7 GeV, in Fig. 3 with M,, = 700 GeV,
S, =2 and Y = 7/6. The inclusion of x does not change
the allowed region very much. It is found that only a
very small part in the white region has o(pp — S) x
BR(S — yy) ~2 fb. In Fig. 4, we also show the viable

is independent of x and Ag. Therefore, as simple

As(My)=1.7,As (M) =0.7,k(M\,)=0.1

1.5
1.0
0.5
0.0
0 5 10 15
Logqo(u [GeV])

Left panel: The blue and red regions are not perturbative and stable up to 10'7 GeV, respectively. The white region is allowed;

we take x = 0 and M,, = 700 GeV. Right panel: The running of scalar and Yukawa couplings. All couplings are perturbative and stable

up to 10'7 GeV.
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w(3,1,5/3)

0.95

da(pp->S)xBR(S-yy)=4fb
0.90

0.85
2 0.80
o0
g
0.75
0.70
0.65

0.60
20 22 24 26 28 3.0 3.2 34

As

FIG. 4. Same as Fig. 3, but §, =0, ¥ = 5/3.

region with S, = 0, Y = 5/3. Although the region is small,
the consistent region survives.

IV. CONCLUSION

Motivated by the recent O(750) GeV diphoton excess at
the LHC, we have studied the RG running in the scenario
where a new spin-zero particle couples to the SM gauge
bosons at the loop level through new massive SM charged
vectorlike fermions. For both models with and without dark
fermions, we have explicitly shown that there exists a certain
parameter range which accommodates the stability and
perturbativity up to 10'7 GeV. We illustrated two types of
workable models with vectorlike fermions with exotic SM
charges which may explain the current diphoton excess at the
same time. Our result thus suggests a possibility that, other
than the X(750) resonance and the associated vectorlike
fermion in the O(TeV) range, there is a “desert” up to near the
Planck scale.

In the same spirit of Higgs inflation, it is natural to
look for the inflaton among the two (pseudo)scalars, i.e.,
the SM Higgs and the new spin-zero particle, of the
minimal setups we proposed. In the standard Higgs
inflation, the action for the inflaton ¢ in the Jordan
frame is given by

M> 1 .
sjz/d‘*x[—T"lR—.fgomE(aw—%w . an

which is characterized by the inflaton quartic coupling
Ain¢ and the nonminimal coupling & to the scalar
curvature. In the region |£| > 1, however, the action in
the Einstein frame is reduced to [22]

M3 1
Sg = /d“x[—TPlR—i-E(@)()z

M3, Aing 2y
P (1ren(-20))) @
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which depends only on the ratio A,;/&%. It can directly be
related to the length of the inflationary period, so that we
have, e.g., &£ = 4.5 x 10*/7;,; for 60 e-folds. Since both
the SM Higgs and the new spin-zero particle may have
the quartic coupling of the order SO(1), either can be
used as the inflaton ¢ by introducing an appropriate size
of the nonminimal coupling &. The primordial tilt n; and
the tensor-to-scalar ratio r are the same as the standard
Higgs inflation, n, =0.97 and r =0.0033 for the e-
folding number N = 60, so they agree well with the
current constraints by Planck [23] and BICEP2/Keck
Array [24]. This is the conclusion of this paper.

One important question to be investigated next is
whether the inflaton is the SM Higgs or the new spin-zero
particle. The main differences between those particles are
their couplings to the SM particles and the dark fermions (if
they exist). Such a difference may leave some interesting
imprints, e.g., on the reheating process and the dark matter
abundance. Moreover, both scalar fields may play the role
of the inflaton, and thus our setups naturally suggest a
realization of multifield inflation. It would be interesting to
explore this possibility. The isocurvature remnants would
be a key feature of this class of models and would be useful
to constrain details of the model such as the reheating
process and the initial condition of the inflationary trajec-
tory [25,26]. Another interesting direction would be to
embed inflation into other scenarios explaining the current
diphoton excess, such as models in which the new spin-
zero particle is identified with a dilaton or an axion. To
explain the diphoton excess, the decay constant of the spin-
zero particle is of the order of the electroweak scale. At
least naively, the dilaton would go into the strong coupling
regime at the inflation scale. An electroweak scale decay
constant is also not suited for the simplest form of axion
inflation. Therefore, it is not easy to realize inflationary
models such as dilaton inflation or axion inflation using the
new spin-zero particle that explains the diphoton excess.
However, it would be interesting to explore this direction
further. We hope to address these issues elsewhere.
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papers [5-7] on electroweak vacuum  stabilization
appeared. Our analysis concerns more general setups and
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the implications to inflation. We would also like to point APPENDIX: RENORMALIZATION GROUP
out that Refs. [5,6] did not take into account the Landau EQUATIONS FOR VARIOUS MODELS IN [3]

pole of gauge couplings gy and g,, which is appropriately
taken into account in our analysis. See Table I. The model
in [7] contains vectorlike fermions with the electromagnetic
charge 3/2, which may form rather exotic mesons with a
fractional electromagnetic charge, whereas the electromag-

netic charges of mesons in our models are always integers.
|

models III and IV are given below.

MODEL 1iI [3]:

1672 % dt =305 + 12k% = 14425, + 24435500 — 288450 + 48450 0Aa — 14445 + 2405120,

di g
1622 ;zTT = 643gpAsrr + 122300571 + Iy — 8GR Asrr — S Rlsrrs
dig 0 |
1672 dQQ = 645554500 + 15/1§QQ + 64500437 — 8%B4s00 — EQ%ASQQ 69Y/1SQQ’
d 5
1672 jfB = 9pp + 1245552500 + 6AsppAsrr — 893Asns — 2 BAssp.

d 2 4 2 d
16722 dgt3 (SM part) + 3g3 + 393 + 393, 167° dgtz (SM part) + 23,

dgy 6. 1. 2 dy, da 1
167> —= = (SM part) + —gy + =gy + = g; 167 —* = (SM part 167> — = (SM part) + - «*
w— - = (SMpart) + =gy + 5gy + 5 gy, z°— = (SM part), n° = (SM part) + 5%,
, dx 2 2 2 2 3, 9,
167 7K 4K+12/1—|—ﬂq>+6y,—|—12/15TT—|—24/1$QQ+12ASBB—§gY—§g2 .
MODEL 1V [3]:

da
16n2d—f’ =322 4 1262 — 14428 55 + 2472 5500 — 4824 1 + 8420 0A0
—96A%; , + 162, ; g — 4824y + 843y nAa — 288A% o + 48135 pAe — 144238,y + 240211 A,

1672

di
;;T — 62%33)“577' +2)’§EEJ'STT +4A§LL/1STT +21§‘NN)“STT + ]2/1§QQ/15TT +9A’§TT - SQ%ASTT —gg%/lSTT,
,da
16722522 _ ¢,
dt

dAspp
dt

dasr,
Cdr

2
1671'2 = 9A§BB + 2ASBBJ'§'EE + 4/?’SBB/1§LL + 2/1533/1%1\”\, + IZJ’SBB/‘L%QQ + 6/1533/1%7-7 - 8g§/1533 _§g2Yj'SBB’

9 3
16 2 6/1SBB)“SLL +2&SEE)“SLL +7J’SLL+2'}'SLLA N+ 12)“SLL/,{SQQ+6)“SLLJ’STT ZQZJ’SLL 29%/)“SLL?

di
16 2 WASEE
T

- 62§BB/ISEE + SJ%EE + 4J’SEEA’§LL + 2)’SEEA’§NN + 12}’SEE)’§QQ + 6J-SEEJJ§TT - 69%’/1SEE’

24
ZV X = 643 ppAswn + 203 pAsnn + 443, L Asun + 503y + 124snn A3 g0 + 6AsnAdrr.
2 ng
dr
2

3

2
(SM part) + 292 += 92,

3
@ 1622 yt’ (SM part)

g3 2 4, 2
1672 SM part

3530

gg, 167~ —=

1
gy+

2+
9Y3

1+
9Y9

dgy 16
1672 SM part
” = (SM part) + 5

9gy+

dA
167[2—t = (SM part) + &>

, dk 3 9
167° =K (4K+ 1224 Ag + 6y7 + 12231 +24/15QQ + 122355 + 843, + 4230 + 445N —zg%, —Egg) .
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For completeness, we here provide the RG equations for
various models introduced in [3]. The models I and II there
may be embedded into our model in Sec. III, whose RG
equations are given by Eq. (9). The RG equations for the

(A1)

9 1
Sps00 T 245554500 + 445114500 + 2AsnnAsoo + 154300 T 6450045 — 8934500 — 292/15QQ 69Y’15QQ’

(A2)
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