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We explore several perturbative scenarios in which the di-photon excess at 750 GeV can potentially
be explained: a scalar singlet, a two Higgs doublet model (2HDM), a 2HDM with an extra singlet,
and the decays of heavier resonances, both vector and scalar. We draw the following conclusions: (i)
due to gauge invariance a 750 GeV scalar singlet can accommodate the observed excess more readily
than a scalar SU(2)r doublet; (ii) scalar singlet production via gluon fusion is one option, however,
vector boson fusion can also provide a large enough rate, (iii) 2HDMs with an extra singlet and no
extra fermions can only give a signal in a severely tuned region of the parameter space; (iv) decays
of heavier resonances can give a large enough di-photon signal at 750 GeV, while simultaneously

explaining the absence of a signal at 8 TeV.

I. INTRODUCTION

Recently ATLAS and CMS have observed an excess
of events in the di-photon final state at 13 TeV collision
energy [1, 2]. With an integrated luminosity of 3.2 fb™*,
ATLAS has observed a 3.60 excess at a di-photon invari-
ant mass of m,, = 747 GeV, assuming a narrow reso-
nance [1]. Allowing for a wide resonance, the significance
increases to 3.90 with a preferred width of approximately
45 GeV. The observed limit of the fiducial cross section
at 750 GeV exceeds the expected limit by approximately
9 fb. Assuming that the resonance is a scalar produced in
gluon fusion this can be interpreted as an inclusive cross
section measurement of

UATLAS(pp -5 — ’Y’y)|13Tev = (10 + 2.8) fb. (1)

CMS observed an excess using 2.6 fb~! of data at 13 TeV,
with a local significance of 2.60 peaking at m., = 760
GeV, assuming a narrow width for the resonance. As-
suming a resonance with a width of 45 GeV, the local
significance reduces to 20. The corresponding cross sec-
tion is

oems(pp — S = yy)|isTev = (6.5 £3.5) b, (2)

Assuming a narrow resonance, CMS also observed a
roughly 20 excess at around 750 GeV in their 8 TeV 19.7
fb~! data [3]. The 8 TeV cross section is approximately
(0.6540.35) fb. ATLAS sees no significant excess in their
20.3 fb~! data at 8 TeV, placing a bound at around 2.5 fb
[4] (note that this bound is for a graviton search).
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Assuming production in gluon fusion, the 8 TeV results
can be translated into 13 TeV cross sections by multiply-
ing with the ratio of gluon gluon parton luminosities at
13 TeV and 8 TeV. The corresponding cross sections at
13 TeV read

ooms(pp = S = y) =31+ 1.7) fb, (3)
oatLas(pp = S = yy) <11.8 b . (4)

The CMS 8 TeV result is thus in slight tension with the
excess reported by ATLAS at 13 TeV, if interpreted as a
resonance produced in gluon fusion.

Alternatively, assuming a production through vector

boson fusion (VBF), the corresponding cross sections at
13 TeV read

ocms(pp — S — yy)VBF = (1.6 £0.9) fb,  (5)
oatLas(pp = S = vy)VBF < 6.3 tb | (6)

showing a larger tension with the excess reported by AT-
LAS at 13 TeV.

In this paper we discuss several new physics models
that can explain the reported diphoton excess. In most
of the interpretations we assume the narrow width of the
resonance, but also comment on the possibility that the
resonance could have a decay width of several tens of
GeV. While some aspects of our analysis may be found
in the literature [5-11], many of the results are new
(for alternative interpretations see [12-86])*. Most im-
portantly, we will show that Two Higgs doublet models
(2HDMs) cannot accomodate the excess without intro-
ducing additional degrees of freedom. We also show that
a singlet scalar produced through vector boson fusion is
a viable candidate, along with the possibility already dis-
cussed in the literature — that it is produced from gluon
fusion.

L For earlier work see also [87].



The paper is organized as follows. In Sec. II we discuss
the observed signal in terms of an effective theory, con-
taining a spin 0 particle with mass 750 GeV that is pro-
duced in gluon fusion and decays to diphotons through
higher dimensional operators. In Sec. III we identify the
spin 0 particle with a singlet scalar that couples to glu-
ons and photons via loops of vector-like fermions. We
also comment on the possibility of production in vector
boson fusion. In Sec. IV we consider the possibility that
the resonance is part of a second Higgs doublet instead
of a singlet. In Sec. V we discuss scenarios where the
750 GeV resonance is produced in the decay of a more
massive degree of freedom. We consider both the case of
gluon fusion production of a heavy scalar and Drell-Yan
production of a heavy vector. We conclude in Sec. VI.

II. EFFECTIVE FIELD THEORY DISCUSSION

We start the discussion by forming a minimal Effective
Field Theory (EFT) of the new state with the gluons
and photons. We assume CP conservation and consider
the case where the new state is a scalar and comment
briefly about the pseudoscalar case, since the latter leads
to qualitatively similar results. Possible interpretations
of the excess in terms of a spin 2 particle are beyond the
scope of this work.

Working in the phase with broken electroweak symme-
try, the effective Lagrangians describing interactions of a
scalar, S, or pseudoscalar, A, with gluons and photons
are

Ls = A

—SG G + A SFWF‘“’ (7)

g12

La4 =\ AGY, G“ AFWF“” , (8)
w

gl?v

a
where G,

strengths, respectively, while G’fw and 1*:‘#,, are the cor-
responding dual field strengths. Note that the dimen-
sionless couplings Ay ~,Aq,, include the expected para-
metric loop suppressions, taking the electroweak vev,
vy = 246 GeV, as the generic scale.

The interactions in (7) allow for gluon fusion produc-
tion of the scalar and lead to its decays into dijets and
diphotons. The corresponding decay widths for the scalar
read at leading order

and F),, are the gluon and photon field

o m?
Lro(S —gg9) = 72;?3 UTS/\; 9)
w
D(S -5 ) = 2o T 32 (10)
4d v,

where mg is the mass of the scalar. The higher order
QCD corrections to the S — gg width are large and
increase I',o (S — gg) by approximately 50% [88]. Using
as(mg/2) ~ 0.1 and a K-factor K ~ 1.5 for the gluonic

decay width we obtain

mg 3
— 11
750GeV) ’ (11)

ms 3
750GeV> - (12)

T(S = gg) = 4TMeV - A2 - (
(S = 7y) = 3.4MeV - A2 - (

In the limit where there are no additional decay channels
with rates much larger than S — gg and S — v, and
the theory is weakly coupled, S is a narrow resonance.

The inclusive partonic gg — S cross section is at LO
given by

2

F10(99 = 8) = g —T10(S = 99)0(5 — m}).  (13)

Using ihixs [89], we find the NNLO production cross
section for mg = 750 GeV:
o(pp = S) = (590 £ 90)fb - A2, (14)

where we add linearly the pdf and scale uncertainties ob-
tained using the 68 % CL error estimate from MSTW2008
pdf set [90] and by varying u € [mg,mg/4], respectively.
If S — gg is the dominant decay channel, the I'(S —
gg) cancels to first approximation in o(pp — S)Br(S —
~7) between the production and the decay. This approxi-
mation is exact at LO, and is only approximate at higher
orders due to different QCD corrections for the gluon

fusion production cross section and the S — gg decay
width. For the total rate into di-photon, we obtain

(S =)

(S — g9)

LS =) (15)
A7MeV

~ 43fb - A2

0Bryy >~ o(pp — S)

o~ 590fb -

In this limit thus the diphoton excess is a measurement
of the S — vy decay width and the EFT parameter A, .
For the ATLAS central value of (10 + 2.8) fb we find

I'(S — ~vy) = (0.80 +0.25) MeV, (16)
Ay = 0.48 £ 0.08. (17)

In general S can have more interactions beyond those
in (7), resulting in more decay channels beyond S — gg
and S — ~v7v. Those could be into other SM particles
or into NP particles. We will parameterize any addi-
tional decay width by AI'. In Fig. 1, we show in the
Ag - AT plane the values of A, required to obtain the
ATLAS central value of the observed diphoton excess,
10 fb (red solid contours), as well as the total width of
the scalar S (dashed black contours). In the gray region
with Ay < 0.15, the production cross section is too small
to reproduce the excess, for any value of A,. The brown
shaded region produces a too large di-jet cross section
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Figure 1: Values of A, required to obtain the ATLAS central
value of the observed diphoton excess, 10 fb (red solid con-
tours). The black dashed contours indicate the total width
of the scalar S, from top to bottom 100/10/1/0.1/0.01 GeV.
The brown shaded region is excluded by LHC di-jet resonance
searches.

to be compatible with the LHC searches of di-jet reso-
nances [91].2 For negligibly small AT and A\, 2 0.2, we
observe A, ~ 0.5 in agreement with (17). A width of
~ 45 GeV requires large couplings Ay, Ay ~ 3. In this
region of parameter space the bulk of the width comes
from AI'. Depending on the origin of AI', parts of the
shown parameter space might be strongly constrained by
direct searches for the other S decay products.

III. SCALAR SINGLET

We now consider an explicit model that realizes the
EFT described in the previous section. We extend the
SM by a single scalar singlet S. Due to gauge invariance,
the singlet has no renormalizable couplings to the SM
fermions and gauge bosons. Interactions of S with the
SM gauge bosons can arise from dimension 5 operators

L DA SG“ WGl T AB—5——

g 12 ch

SWe, wan,

SB,,, B"

(18)
+ )\W27
TS VW

2 Note that, for this exclusion bound, we assume that the narrow
width approximation describes the resonance well. At large val-
ues of AT' 2 50 GeV the actual exclusion bound will be slightly
weaker than what is shown in the figure.

where sy = sinfw, ey = cosby, and Oy is the weak
mixing angle. At the renormalizable level, the singlet can
have couplings to the SM Higgs doublet and mix with the
Higgs after electroweak symmetry breaking [5]. This can
lead to direct couplings of S with W and Z vector bosons,
as well as to a a sizable AT" from S — hh. Here, we will
neglect couplings and mixing with the Higgs, and explore
the consequences of dimension 5 couplings in (18).

After electroweak symmetry breaking, the La-
grangian (18) becomes

o
a a F VF;LV
ED)\gu SGL, G Jr/\,yimj SF,
+/\ZmSZNVZ“”+)\27 SZN,,F'“ (19)
2
+ A —— SW LW,
TSy Vw
where
Ay = AB + Aw, (20)
Azy = 2<>\W— - /\B—> (21)
Sw cw
ck 52
)\Z—)\W + AB W. (22)
W W

We see that generically for a nonzero S — v+ signal one
also expects the S — Zv, S — ZZ and S — WTW~—
decays. All these decay modes are expected to have com-
parable branching ratios.

The couplings Ay w,p can be induced from loops of ad-
ditional degrees of freedom charged under the SM gauge
group that couple to the singlet S. For instance, we will
consider the case of a vectorlike fermion with mass my,
Hypercharge Y; and in Iy representation of SU(2),. A
coupling of this fermion to S through

L5 —csSfT, (23)

gives
A = 2cf;ﬂcc(rf)pw(rf)Af(Tf), (24)
N5 = Gor YD) Delry) Aslry). (29

1
A = gcf%cw<rf>Dc<rf>Af<Tf>, (26)
f

where C,(r¢) is the index of the SU(2), representation,
Tr(T'T7) = Cyu(rg)d™, i,5 = 1,2,3, and is Cy(ry) =
If(If +1)Dy(ry)/3 for D,, = 2y + 1 dimensional rep-
resentation of SU(2)r, while N, s is the dimension of
the SU(3). that the fermion belongs to, and has in-
dex Ce(ry), Tr(TeT®) = C(rs)d%, a,b =1,...,8. For
instance, for a doublet of SU(2); thus Cy(2) = 1/2,
D, = 2, while for a octet(triplet, singlet) of color
D. = 8(3,1), while C.(8) = 3, C.(3) = 1/2, Co(1) = 0
The loop function Af(7s) can be found, e.g., in [92] and
Tp = mg/(4m}).



Note that due to the dimension 5 nature of the sin-
glet couplings to gauge bosons, the coefficients Ay, Ap,
and Ay decouple as vy /my. In principle, any value for
Ag and A, can be reproduced with a sufficiently large
number of vector-like fermions. For instance, in order to
reach Ay, A, ~ 0.5, the number of vector-like partners of
a right-handed quark with electric charge g is

ver () () G e
w0 (a3) (aw) () () -

To reach Ay ~ 0.5, the number of vector-like partners of
a right-handed lepton with charge ¢ is on the other hand

Ay 1 1 my
Np~s (0.5) <q2> <|cf|> (500 GeV) )
This shows that, to reproduce the central value of the AT-
LAS excess, several new vector-like fermions at around
the TeV scale would be required (or they need to have
exotically large charges and/or large couplings to the sin-
glet scalar ¢y > 1).
In Fig. 2, we present regions in the A, - A, plane
that can be reached in two example scenarios contain-
ing vector-like SU(2)r, singlet fermions:

(i) two flavors of color triplets with charge 2/3 together
with two flavors of color singlets with charge 1 (up-
per plot);

(ii) one flavor of color triplet with charge 5/3 together
with one flavor of color singlet with charge 1 (lower
plot).

All fermion-scalar couplings are set to ¢y = 1 in the
plots. Blue lines represent a fixed mass of the SU(3)
singlet state, red lines a fixed mass of the SU(3) triplet
state with values indicated in GeV. (In the upper plot
we assume that the two triplets and the two singlets
are degenerate, for simplicity.) We restrict ourselves to
masses above 375 GeV to kinematically forbid direct de-
cays of the scalar S into the vector-like fermions. In
the shaded region in Fig. 2, the diphoton excess ob-
served by ATLAS can be reproduced, setting any ad-
ditional decay width of the scalar to zero. Note that
LHC direct searches for vector-like fermions put addi-
tional constraints on the masses of SU(3) triplets. In
the particular case of a (3,5/3) representation, limits set
using 2.2 fb~! 13 TeV data are at around 950 GeV, if
the new particle decays 100% into a W boson and a top
quark [93]. Vectorlike fermions in the (3,2/3) represen-
tation, instead, have been probed up to (715-950) GeV
with 8 TeV LHC data, depending on their specific de-
cay mode (T' — Wb, Zt, ht) [94]. The precise bounds are
model dependent and can be weakened if additional de-
cay modes are present. A detailed study of the collider
bounds is beyond the scope of this work. Uncolored vec-
torlike fermions are much more weakly constrained. In
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Figure 2: Regions in the Ay - A, plane that can be reached in
two example models with vector-like fermions. Top panel: two
flavor SU(3) triplets with charge 2/3 together with two flavor
SU (3) singlets with charge 1; Bottom panel: one SU(3) triplet
with charge 5/3 together with one SU(3) singlet with charge
1. Setting the couplings of the fermions with the scalar ¢y =1,
the mass of the triplet/singlet in GeV is indicated by the
numbers in red/blue, while red/blue lines indicate contours of
fixed triplet/singlet masses. The 1o (20) range of the ATLAS
excess (1) gives the brown (gray) shaded region, setting AI' =
0.

particular, if they decay dominantly to third generation
leptons, they could be as light as few (100-150) GeV [95].
Additional model-dependent constraints on vector-like
fermions might arise from electro-weak precision observ-
ables and measurements of the properties of the 125 GeV
Higgs.



Having established that the scalar singlet allows to ac-
commodate the observed diboson excess on condition of
having several new particles charged under SU(3) and
U(1)em, we now discuss in more details the expectations
for the other diboson decays S — Zv, S — ZZ and
S — WW. In terms of the couplings in (19) the respec-
tive branching ratios are

Brs_yyy :Brs_zy: Brszz : Brsww =

4 (30)

=2X2: A%, 1205 A,

Sw

where we neglected the small corrections due to phase

space factors. Considering a simple case, where the vec-

torlike fermion in the loop does not carry Hypercharge,
so that Ap = 0, one obtains

Brs_yy :Brs_zy: Brszz : Brsww =
o
=l et

W Sw Sw
~ 1.8%:12% : 20% :

(31)
67%.

In this case the di-photon branching ratio is thus sub-
leading and one would expect significant signals in the
other three channels. The corresponding cross-section
times branching ratio values at 13 TeV are at the level
of ~ 100 fb as illustrated in Fig. 3. This case is al-
ready very constrained by existing ZZ and Z+ resonance
searches [96-98] that probe cross sections of pp — S —
Z7 and pp — S — Z~ at the level of ~ 15 fb and ~ 5 fb
at 8 TeV. At 13 TeV, this corresponds approximately to
constraints of ~ 75 fb and ~ 25 fb in the ZZ and Zv
channel respectively (we are still assuming a gluon fu-
sion production). Also WW searches [96, 99] are already
starting to be constraining. At 8 TeV, constraints on
the cross section of pp — S — WW are around 50 fb,
corresponding to ~ 250 fb at 13 TeV.

As another illustration, we consider the opposite limit,
Aw = 0, so that the decay S — WW is absent. This
is the case of the vectorlike fermions we discussed pre-
viously, that are SU(2) singlets and thus only carry
Hypercharge. Then

Brs_syy : Brszy: Brszz : Brsoww =

22 4
zlzystW:O (32)
w Cw

~59% :35% :5.3% : 0%.

In this case the v signal is dominant, and as also illus-
trated in Fig. 3, the predicted Zv and ZZ signals are at
the level of few fb.

An interesting possibility arises if none of the vectorlike
fermions are charged under color. In that case S does not
couple to gluons, i.e., Ay = 0 in (18). This possibility has
been pointed in [10], where only A, was switched on (see
also [31]). This is not possible in our framework where we
keep only dimension 5 operators, since one would need
to set to zero three parameters, Ay, Az, Az, using only
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SU(2), Singlet
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Figure 3: Predicted signals for WW, ZZ, and Z~ resonances
at invariant mass of 750 GeV as function of the v+ signal in
the scalar singlet model. The 1o (20) range of the ATLAS
excess (1) is shown in brown (gray). Two example choices of
heavy vectorlike fermions that induce the coupling to electro-
weak gauge bosons are shown. Red solid lines show the case
of fermions in SU(2)1 multiplets with zero Hypercharge; blue
dashed lines the case of SU(2). singlets.

two parameters, Agp and Ay . The option of having S
couple only to photons is, however, still open if higher
dimensional operators are included.

In our analysis we keep only dimension 5 operators
and vary Aw and Ap, keeping Ay = 0. In this case S
can still be produced through the vector boson fusion,
WW =S WZ—=S,2Z—S8,Zy— S, Wy — S and
vy — S. Working at leading order, the WW, W Z and
7 7 fusion lead to pp — Sjj, the Zv fusion to pp — Sj
and photon fusion to pp — S. Adding these contribu-
tions gives the inclusive vector boson fusion cross section
for S production. In Fig. 4 we show the Ap and Ay, val-
ues that lead to the diphoton signal (1). Ag, Ay of order
few are required. The branching ratios to two photons,
Br(S — vv) = 20%, 7%, 3%, are shown with solid blue
lines (from top to bottom), while the total decay width
of S in GeV is given by the dashed blue lines, assuming
no other open channels beyond WW, ZZ, Z~,~~y. When
Aw =~ Ap the dominant production mode is photon fu-
sion, with WW, ZZ fusion a factor of two smaller, and
Z~ an order of magnitude smaller. For Ag > Ay the
photon fusion completely dominates, while for Ay > Ap
all four production modes are roughly of the same size.

Large values of A\yy are excluded by direct searches at
8 TeV. The regions excluded by searches in the ZZ [96,
97], and Z~ [98] channels are shaded light and dark red,
respectively (the WW channel searches [96, 99] lead to
less stringent constraints outside the plotted parameter
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Figure 4: The brown (gray) shaded region in (Aw, Ag) param-
eter space that gives the 1o (20) range for the diphoton signal
(1) exclusively from vector boson fusion. The red shaded re-
gions are exclusions due to 8 TeV searches in ZZ [96, 97], Zv
[98] channels (lighter and darker shades, respectively). The
solid blue lines show the branching ratio to two photons, while
the dashed blue lines show total decay width in GeV, assum-
ing only WW, ZZ, Z~,~~ open channels.

region). The viable parameter space in order to explain
the observed diphoton rate thus requires Ay < 7 and 3 <
Ap < 8. These values are sizeable, yet still small enough

that one may hope they can be realized in a concrete UV
model.

Finally, we stress that precise measurements of the var-
ious diboson rates at invariant mass of 750 GeV allow to
narrow down the possible electroweak quantum numbers
of the particles that mediate the couplings of the scalar
S to the gauge bosons. The VBF scenario in Fig. 4
can be distinguished from the gluon fusion production
by searching for the two forward jets.

IV. TWO HIGGS DOUBLET MODELS

We now consider the posibillity that the 750 GeV res-
onance originates from a scalar SU(2)r doublet that is
part of a two Higgs doublet model (2HDM). The two
Higgs doublets contain 5 physical degrees of freedom:
two neutral scalars, h and H, one neutral pseudoscalar,
A, and a charged Higgs, H*, as well as the Goldstone
bosons, G* and G°, that provide longitudinal compo-

nents of the W and Z

_ 85G+ - C@H+
Hy = (\%(vl + cah + so H +i(sgG° — cgA)) (33)

_ CﬁG+ + 8@H+
Hy = (\%(vg — Sah+ coH +i(cgGO + s5A)) (39)

Here ¢; = cosz, sy = sinz, while tg = tan 8 = vy /vy is
the ratio of the vacuum expectation values of Hy; and Ho
with v3, = v¥ + v, and « is the angle that diagonalizes
the scalar mass matrix. The lighter scalar h is identified
with the 125 GeV Higgs particle. We will discuss to which
extent the heavy scalar H or the pseudoscalar A can re-
produce the diphoton excess®. Typically, one expects H
and A to be close in mass with m? —m? ~ v%,. Therefore
one might also entertain the possibility that they both
contribute to the diphoton excess. With a mass splitting
of few 10s of GeV, the peaks of H and A could even
appear as one broad resonance.

We first consider the case where the second Higgs dou-
blet is the only new degree of freedom beyond the SM,
and then turn to a scenario where loops of additional
degrees of freedom induce the couplings of the second
doublet to photons and gluons.

A. 2HDM without new degrees of freedom

In a 2HDM where the second Higgs doublet is the only
new degree of freedom beyond the SM, a possible dipho-
ton signal is generically orders of magnitude too small
compared to the observed excess.

The coupling of H and A to gluons and photons are
induced at the loop level by loops of SM particles. How-
ever, for a 750 GeV resonance the decays into the cor-
responding SM particles are kinematically allowed. This
results in tiny branching ratios of H/A — ~v at the level
of ~ 1075, If we assume, for example, that the only non-

negligible coupling of the pseudoscalar A is to top quarks,
we find

8a2. 1 ) 1\ "2
BR(A ~ “dem © 1- —
(A=) = Sl (1- )
~88x107¢, (35)

where 74; = m?%/(4m?) and the loop function f can be
found, e.g., in [92].

A very similar result holds for the scalar H if its only
non-negligible coupling are to top quarks

3202 ) 1\ %2
BR(H ~ SZ0em 1A 1-—
(1~ ) = e 4y () (1= =)
~80x107¢, (36)

3 We assume that CP is conserved in the scalar sector. In the
presence of CP violation, H and A mix, which however does not
qualitatively change any of our conclusions.



with 7z, = m%/(4m?).
If instead, H couples dominantly to weak gauge bosons
we find

4902
1672

X (g (Taw) + lg (THZ)> h

BR(H — v7) =~ | Ay (Taw) |

2
~ 1.8x 1079, (37)

where Tw = m% /(4m¥,), THz = m%/(4m%), and the
kinematical function g(1/x) = (1 — z + 32%/4)y/1 — .
The function A4, is given, e.g., in [92].

Considering sizable couplings to several fermions
and/or W bosons simultaneously, does not allow to in-
crease the diphoton branching ratio appreciably. The
additional loop contributions to the diphoton width are
always counter-balanced by an increase in the total width
due to tree-level decays into more fermions or gauge
bosons. Note that in a 2HDM one generically also ex-
pects decays of the heavy Higgses into the 125 GeV Higgs
boson, H/A — hh, that will further reduce the diphoton
branching ratio.

The only possibility to increase the diphoton branch-
ing ratio beyond the above estimate is through loops of
charged Higgs bosons that are sufficiently heavy such
that H and A cannot decay into HT H~ or into W+ HT.
If the charged Higgs contribution dominates, the partial
decay width of H into diphotons reads

o2 v?m3, | Ay(zgge) |
T(H ~ __cm L A2 38
(H = 77) = {5543 mi, 3 . (38)

where zy g+ = m% /(4m?.) and Ay is the coupling of
H with two charged Higgs bosons. The corresponding
coupling of A vanishes in the absence of CP violation.
The function A, can be found for example in [92]. For
mpy+ =~ 750 GeV this gives I(H — vy) ~ A1 x 23 eV,
which is tiny. The impact of charged Higgs loops is there-
fore generically small even for O(1) couplings. We will
take into account charged Higgs loops in our numerical
analysis discussed below.

The production modes of H include gluon fusion, vec-
tor boson fusion, as well as production in association with
gauge bosons, tops, or bottoms. The pseudoscalar A can
be produced in gluon fusion and in association with tops,
or bottoms. For a SM-like Higgs at 750 GeV, the dom-
inant production mode is through gluon fusion, which
is in turn dominated by the top loop. Also vector bo-
son fusion can contribute in a non-negligible way. For
the corresponding production cross-sections of H we es-
timate

olgg— H) ~ (&) xo(gg = H)sm ,  (39)
o(VBF) ~ (¢11)2 x o(VBF)sy | (40)

where &7, 55 are the relative size of the Htt, HWW
couplings with respect to the SM top Yukawa and weak

gauge coupling, respectively. The production cross-
sections of a SM-like Higgs boson with mass 750 GeV
at 13 TeV proton-proton collisions are approximately
o(g9 — H)sm =~ 620 fb [100] and o(VBF)sm =~
220 fb [101-103]. The gluon fusion production cross
section for the pseudoscalar A is approximately 50%
larger [100]. Combined with a branching ratio into dipho-
tons of at most O(107%), this strongly suggests that a
diphoton signal is orders of magnitude below the ob-
served excess, unless the couplings of the heavy Higgses
to the top quark are non-perturbatively large, [¢7] > 1.
(Note that for the coupling to gauge bosons one always
has |¢| <1 in a 2HDM.)

We performed a numerical analysis of the 2HDM pa-
rameter space, taking into account decays of H and A
into tops, bottoms, taus, weak gauge bosons, gluons, and
photons. In the decay to gluons we consider loops of
tops and bottoms and use NLO expressions for the de-
cay widths. In the decay to photons we consider loops
of tops, bottoms, taus, W bosons and charged Higgses.
We considered production in gluon fusion, vector boson
fusion and in association with bottom quarks. The gluon
fusion production cross section is computed at NNLO us-
ing higlu [100] and taking into account top and bottom
loops. The cross section for production in vector boson
fusion is estimated as in (40). To obtain the cross sec-
tion for production in association with bottom quarks,
we use bbh@nnlo [104]. We neglect all other subdomi-
nant production modes. We scan all relevant couplings
in the following generous ranges

A < 1/3/5, 1&g <100, [¢8A] < 200 ,
lEd <1, M| <10. (41)

The reduced couplings of H and A to tops, bottoms and
taus are taken to be independent in the scan. We take
into account the bounds from heavy Higgs to ZZ searches
in [97] (see also [96]) that strongly constrain regions of
parameter space where |¢{I| is sizable. We find the fol-
lowing maximal signal strengths

(6BR)(pp = H — ~vv) < (0.01/0.06/0.14) fb , (42)
(6BR)(pp — A — vy) < (0.01/0.07/0.18) fb , (43)

where the first/second/third value corresponds to maxi-

mal top couplings of |§tH’A| = 1/3/5. Adding up the H

and A signals, we find that even with extremely large top
: H,A . .

couplings of & ~ 5, the signal cross sections are well

below 1 fb.
B. Adding more degrees of freedom

As next step, we consider additional contributions to
the effective couplings of the Higgs doublets to the gauge



bosons. In an effective theory approach we write

grrt grrt a a
/:312 ()\HH1+/\HH2>G e,

+0¢752)\12 (H Hy + HTH1) GG,
12702,

m oMy i (H Ha — HYH) G, G, (44)

where, as throughout the paper, we assumed that CP is
conserved. In (44) we only show the couplings to glu-
ons. Effective couplings of the Higgs doublets to the
SU(2)L gauge bosons, Al 5, and to the Hypercharge
gauge boson, /\{3:2712, can be defined analogously. Note
that the leading gauge invariant operators that couple
H; 2 to gauge bosons are of dimension 6, in contrast to
the singlet case discussed above, where such couplings
exists already at the dimension 5 level.

After electroweak symmetry breaking and moving to
Higgs mass eigenstates, we find for the effective couplings
of H and A to gluons and photons

Ag = )\?SBSQ + )\gcﬁca + A!{Z(CBS(X + 550(") , (49)
Ay = OF + 24 )sp50 + (OF + M )esca

+(A% + A5 (cpsa + spca) (46)
Ag = Ay, (47)
A = A5 Y (48)

In the decoupling limit, 8 — o = 7/2, the contributions
from )‘li,z are suppressed by sgcg — 1/tg in the large
tan 3 regime. The contributions from \},, on the other
hand, are not suppressed at large tan (.

As in the singlet case, the effective couplings can be
induced by a multitude of new degrees of freedom. As
an example, we consider one set of vector-like quarks:
a SU(2)y, doublet, @, and the corresponding singlet, U
(with charge ¢). The vector-like quarks couple to the
second Higgs doublet H, through Yukawa interactions

LD YQQHQQRUL + YQUHQQLUR . (49)

The mass of the vector-like quarks is a sum of contri-
butions from the Hs vev, and from vector-like masses,
mg and my. For simplicity in the following we as-
sume degenerate masses mg = my = m, and also set
Y2Q =YY = Y3. For the corresponding effective cou-
plings to gluons and photons we find

Ay = YZU%Vﬂigc“Af(TH) : (50)
A = Cyptiesce s o) ay
Ry = St Ly, (52
5 = Myptivesss Ly (53)

4 m TA

The couplings of H and A to gluons and photons are
suppressed by 1/tg for large tan 8. Also the couplings of
the SM-like Higgs h to gluons and photons are modified.
However, compared to effective couplings given above,
the modifications are suppressed by |so/ca| — 1/ts.
Aiming for A\;, \; ~ 0.5 and allowing for at most 10%
modifications to the couplings of A, implies a lower bound
of roughly tan 8 = 5 in the considered setup.

As expected, the contributions to the effective cou-
plings in (50) decouple with v#,/m? which has to be
contrasted to the singlet case discussed in the previous
section, where the decoupling was with vy /m. Direct
searches for vector-like quarks result in lower bounds on
the masses of vector-like quarks at the level of 700 GeV to
almost 1 TeV, depending on their decay modes [93, 94].
Given also the lower bound on tan 3 discussed above, we
learn that a single vector-like quark which couples only to
Hj is by far not sufficient to accommodate the observed
diphoton excess in the context of a 2HDM, unless the
Yukawa coupling is non-perturbatively large Y» > 1. For
O(1) Yukawa couplings, a very large number of vector-
like quark flavors, Ny, would be required to reach e.g.
Ags Ay ~ 0.5

v (32) () (9) (7)o
v (3) () (3) () o
w0 (55) (55) (%) () 0
s~ (53) (o) () (i) o0

where we assigned the quarks a default charge of 5/3.
Note that for such a huge number of heavy quarks, the
lower bound on their mass from direct searches typically
exceeds 1 TeV.

One way to avoid the tan 5 suppression of the couplings
in (50)-(53) is to couple both H; and Hj to the vector-like
quarks. We add the following interactions

LOYPH\QrUL + YV H1QLUR . (58)

As in the case of the Yukawa couplings of the second
Higgs doublet, we will assume that both Yukawas in (58)
are equal YlQ =Y =Y, for the sake of simplicity.

In that case we find for the loop induced couplings

Ay = Yln”WSBCaAf(TH) , (59)
2
B v, 85C0
)"Y = ?Yly? m2 Af(TH) ) (60)
~ 3 vZ, 1
A = VY, X — 61
9= 3 12m2TAf(TA)’ (61)
< 3¢> vi, 1
A= —YYo 5~ — . 62
v = h 2m2TAf(TA) (62)
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Figure 5: Contours of constant cross section (in fb) for o(gg —
H) x BR(H — ~vy) + 0(99 — A) x BR(A — ~v) in the m —
Y> plane for the case of 6 flavors of charge 5/3 color triplets.
The value of tan 8 is 50 and the coupling Y7 is set to 0.4.
The shaded region corresponds to the region best fitting the
ATLAS excess of events. The region on the left of the dashed
black line is excluded by LHC measurements of the SM Higgs
couplings to photons and gluons.

At the same time also the couplings of h are modified by
corrections proportional to Y;2. Assuming a mild hierar-
chy Y1 < Y5, these corrections can be kept under control.

We give one example that allows to accommodate the
diphoton excess. For illustration, we assume that we are
sufficiently close to the decoupling limit of a 2HDM, such
that we can neglect the couplings of H to electroweak
gauge bosons. The tree-level decays to WW and ZZ thus
do not deplete a possible v signal. For the coupling to
the SM fermions we chose a 2HDM type I setup. In the
decoupling limit the couplings of H and A to SM fermions
are thus universally suppressed by 1/t3 compared to the
SM Yukawa couplings. We also assume that couplings
of H and A to the 125 GeV Higgs and to charged Higgs
bosons are negligible. In this setup, the relevant decay
modes of H and A are only into tops and into gluons and
photons which are loop induced by the new degrees of
freedom. The two scalars H and A are expected to be
close in mass and we will assume that both contribute to
the diphoton signal.

In Fig 5, we show the cross section times branching
ratio for the combined production of H and A decaying
into photons in the m — Y5 plane setting Y7 = 0.4. The
photon and gluon couplings are generated by 6 flavors of
vector-like charge 5/3 color triplets with degenerate mass
m and common Yukawa couplings Yj o to the two Higgs
doublets. The value of tan 5 is fixed to 50 to suppress
decays of H and A into SM fermions, foremost tops. In

the region on the left of the dashed black line the mod-
ifications to the h gluon and/or photon coupling exceed
10%.

This plot demonstrates that the observed diphoton ex-
cess could in principle come from a second Higgs doublet.
However, a considerable amount of additional degrees of
freedom is required to induce large enough couplings to
photons and gluons. An explanation in terms of a sin-
glet can be viable with a more minimal field content and
therefore might appear more plausible.

C. 2HDM and a singlet scalar

A potentially interesting possibility is that the di-
photon signal is due to a cascade decay. This is possi-
ble, if one extends the 2HDM by adding a singlet scalar,
S, without adding any additional colored or charged de-
grees of freedom. The signal would arise from gg —
H — hS(— 7v7v), with mg = 750 GeV, while mpyg > 875
GeV. The S — ~~ is generated from S coupling to the
charged Higgs that runs in the loop. While in princi-
ple possible, a large enough signal is obtained only in
a very tuned region of the parameter space. For in-
stance, for myg = 1 TeV the production cross section
is o(pp — H) ~ 80fb x (¢7)2, with ¢ the reduced
top coupling of the heavy neutral Higgs, H. This means
that Br(H — h(S — v7)) ~ O(10%) and ¢ ~ O(1)
would be required. The latter can be achieved in the
small tan 8 regime of type II 2HDM, or in general type
ITI 2HDM. A large Br(H — h(S — 77)) can be achieved
only, if the decay widths for H — WW, ZZ, hh are neg-
ligible compared to I'(H — hS), so that Br(H — hS)
and Br(H — tt) dominate. The H — WW,ZZ are
suppressed in the alignment or decoupling limits where
cos(a — B) ~ 0. We find that cos(a — 8) ~ O(107%)
is required, in such a way to sufficiently suppress the
WW and ZZ decay modes. Another requirement is that
I'(S — hh) is small. This is an ad-hoc requirement,
as there is no symmetry that forbids the Shh coupling.
For instance, it arises already from the trilinear couplings
V > —pu SH{Hy — pySHI Hy — usSHY Hy+h.c.. The Shh
coupling needs to be therefore tuned away. The S — vy
decay width is proportional to p2. It is large enough if
f2,3 ~ 5 TeV, with p; chosen such that S — hh is small.
We find that tuned cancellations between p; at the level
of O(1079) are required. In this case Br(S — yy) ~ 7%.
The remaining channels are Zv, ZZ, WW also induced
through charged Higgs loops. In conclusion, in 2HDM
with a singlet it might be possible to obtain the signal
without additional fermions, albeit at the price of severe
fine-tuning. Having identified corners of parameter space
where a sizable diphoton signal might be possible, a de-
tailed study would be required to ensure that additional
constraints from e.g. vacuum stability, perturbativity,
electro-weak precision observables, etc. do not exclude
such regions of parameter space. If additional vector-like
fermions couple to S it is much easier to obtain the signal,



as then Br(S — ) can be ~ O(1).

The situation is even more dire in three Higgs doublet
models. In principle the light component of an addi-
tional Higgs doublet could play a similar role as the sin-
glet above, leading to pp — H — hhs — 7. However,
the situation is even more challenging, as one cannot ob-
tain large enough trilinear h3 H™H ™~ couplings without
violating unitarity constraints. We thus found no viable
solutions for the diphoton excess in this case.

V. THE SIGNAL FROM HIGHER MASS
RESONANCES

So far we mainly discussed di-photon signals from di-
rect resonant production pp — X — ~~. Cascade decays,
of the form pp - X — Y (— ~4v)Y’, have several ben-
eficial features compared to direct resonant production.
Since the production of X and the decay of Y are in prin-
ciple unrelated it is easy to achieve large Br(Y — vv). In
addition, if X is heavy enough, this can explain the slight
tension between 8 and 13 TeV data, due to the absence of
a sizable excess at 8 TeV. There are two distinct produc-
tion mechanisms that we consider, (i) production through
gluon fusion and (ii) the Drell-Yan production. Each of
these has a significantly increased cross section when go-
ing from 8 TeV to 13 TeV. For gluon fusion the ratio of
parton luminosities is 5.9 (15.0) for mx = 1TeV (2 TeV),
while for the Drell-Yan production the corresponding ra-
tio of ¢g parton luminosities is 3.2 (7.6). For 2 TeV X
resonance produced from gluon fusion the sensitivity of
the present 13 TeV diphoton searches is thus larger than
the 8 TeV diphoton searches. Note that any cascade
decays require that there are other objects in the event
beside the photons. The status of whether or not there
are other objects in the event is unclear at the moment,
though in future they could rule in or out the cascade
explanation of the di-photon excess.

A. Gluon fusion production

We first discuss a phenomenological model where the
production is dominated by gluon fusion. The model
consists of two scalars, S; and Sy, taken to be SM gauge
singlets. The di-photon signal is produced from the pp —
Sy — S1(— )51 decay chain, where S; has a mass of
mg, = 750 GeV. The interaction Lagrangian is assumed
to contain the coupling

Lint D Asgms, 5257, (63)

which leads to the Sy — 5157 decay. In this toy model
we assume that S; and S; couple to SM only through
higher dimensional operators containing the gauge fields,
(18),(19), with the obvious generalization of the notation,
AB — AiB,..., with ¢ = 1,2, For natural values of the
interaction (63), Ag ~ O(1), one has Br(Sy — 5151) ~
100% for mg, = 2mg, = 1.5 TeV.

~
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In this example it is easy to obtain a large enough di-
photon signal. In Fig. 6 we show the scenario where Sy
couples to gluons, while S; only couples to B,,. That is,
the effective Lagrangian is

Lo = A2 S2Ga Gh, + M B — 51 By,

g 12 W
6
while the remaining dimension five operators are set to
zero for simplicity. Renormalizable realizations of this
Lagrangian are models in which the Sy couples to Ny
vector-like fermions charged under SU(3),,

Ny
_Zgé,fSZfifi» (65)
i=1
which gives
g2, fow
o = 2Cu(rp) 22 Ap(ry), (66)
mpg

while S7 couples to a different set of vector-like fermions
that only carry Hypercharge. This means that the
branching ratio to photons is Br(S; — ~y) = 59%,

cf. Eq. (32), irrespective of the Hypercharges of the
fermions.
In Fig. 6 we set g5, = 1, and take the colored

vector-like fermions to be octets of SU(3). and have the
same mass, my. We then show the dependence of my
on the mass of the first resonance in the decay chain,
msg,, for Ny = 1,3 generations of fermions (from bot-
tom to top). The brown (gray) bands correspond to a
1o (20) range of the diphoton signal (1). We see that for
a ~ 2 TeV resonance, Sy, three generations of fermions
are required with mass ~ 1TeV (or a correspondingly
higher coupling constant g  ~ 3). For other charge as-
signments of the vector-like fermions the details of the
numerics change. If the fermions coupling to S; carry
only SU(2);, charges, then the branching ratio is much
smaller, Br(S1 — v7v) = 1.8%, which would need to be
compensated by a significantly higher gluonic cross sec-
tion either due to larger go ¢, or by having more genera-
tions, or both.

Finally, we comment on the possibility that the dipho-
ton excess is coming from very light S; (see also a discus-
sion in [14]). If mg, < mg, the two photons can merge
and lead to an effective diphoton signal in the detector.
Taking granularity of the electromagnetic calorimeter as
the guidance, the two photons merge for mg, = 750 GeV,
if mg, <20 GeV. The photons can still be resolved, how-
ever, if both photons convert in the inner tracker. The
probability of this to happen is O(20%). A search for the
mg, peak in the m,, distribution using only converted
photons can thus reveal this possibility with about five
times the present statistics.
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Figure 6: The mass of Ny = 1,3 copies copies of color octet
vector-like fermions coupling to Sz resonance with go 5 = 1
strength, such that a di-photon signal (1) is obtained from
pp — S2 — S151 decay chain, where S; decays to photons
through loops of fermions that carry only Hypercharge.

B. Drell-Yan production

We turn next to the Drell-Yan production, which we
describe with a phenomenological Lagrangian contain-
ing an SU(2), triplet of heavy vector resonances, Vft, a
scalar weak triplet, 7%, and a scalar weak singlet, S. They
are assumed to be color and Hypercharge singlets. The
diphoton signal will be due to the pp — V! — 'S, with
either S or the neutral component of 73 decaying to two
photons. In this section we are agnostic about whether
the fields WZ,Wi,S are fundamental or composite. As
an example of a perturbative model one can consider the
SU(2), xSU(2)g xU(1) that were invoked for the expla-
nation of the putative eTe™, j5, Wh? and W Z anomalies
near 1.9 TeV in the 8 TeV data [107-110]. In this case
VfL are the gauge bosons of SU(2)g, while ¢ and S are
additional scalars not needed in [107-110]. One can also
imagine that the Vli are the lightest vector resonances of
the new strongly interacting sector, while 7% and S are
the pseudo-Goldstone bosons due to spontaneous break-
ing of a global symmetry in the composite sector.

In our phenomenological description we only need the
transformation properties of Vli, S and 7 under the SM
gauge group. The vectors couple to the SM fermions, fr,
and fr, through

Leg D g‘L}ij,ifLV”TifL + g}éffV,ifRV"TifR- (67)

In the notation we distinguish the couplings of ij = Z;l,
from those of (V,, FiV3)/ V2 = W/ %, since they differ
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Figure 7: Top: The blue solid lines show gy = g}/{; re-
quired to obtain the di-photon signal cross section of 10fb
as a function of W’ mass, assuming combined branching ra-
tios Br(W' — ntS(— ) = 1071/1072/1073/10™* (bot-
tom to top), and setting to zero the other couplings of SM
fermions to W’. The grey (red) shaded regions show di-jet
exclusions from ATLAS [105] (CMS [91, 106]) 8TeV data as-
suming Br(W' — jj) = 100%) (10% for darker regions).
Bottom: the same as the top but assuming W’ only couples
to the 2nd generation right handed quarks.

slightly due to U(1)y breaking of the custodial symmetry.
The Z’ coupling to SM fermions can come from the Z'-Z
mixing, e.g., through the operator

gwViH'T'D,H, (68)
where H is the SM Higgs doublet. After EWSB this term



introduces a mass mixing between Z and Z’, resulting in
the mass matrix

2
m agyowmyzg

,/\/l = Z . 69
zz (gvamz m2Z/ ) ( )

The couplings of Z’ to the SM fermions are thus
97 ;=97 ssinbzz, gh;=gf ;sinbzz, (70)

where ng”f and gg are the couplings of Z to the left-
handed and right-handed SM fermions, and the mixing
angle is given by

gyuvwmz

Sinozz/ >~ (71)

mZZ/
The expressions for couplings to W’ are obtained from
the above by replacing Z — W.

The Z-Z' and W-W’' mixing also receives contribu-
tions from the kinetic mixing,

1 ) .
LD 5 ekinVZle

pvo

(72)

where V), = D,V —D,V},, while W}, = 9,W. -8, W} +
iggeijkW:LWg are the components of the SU(2), field
strength. The kinetic mixing term can be removed by
shifting the W/ fields

W, = W, + en V.. (73)

After these redefinitions, the Vﬁ couples to the SM weak
currents with the strength ey,. The couplings to W’ are
given by

9L =9I fexins  9R.; = IR fEkin, (74)

and similarly for Z’; obtained by replacing W — Z in
the above expression. In perturbative theories the kinetic
mixing parameter €y is loop suppressed, e, ~ 1/(167)",
where n is the number of loops required to connect Wﬁ
and Vlﬁ. In strongly interacting theories, the mixing can
be large, exin ~ O(1/4m).

The coupling of VZ to 7' and S is given by

Log D gVﬂSV;DMwiS + gvﬂﬁeijkVZD,mjﬂ'k. (75)

The scalar S couples to SM gauge bosons through di-
mension five operators, given in (18). The scalar triplets
have the following couplings to the SM gauge bosons

My Wi By
T (76)
+ Aww WZleWWw/Eijk.,

Lot DAwB

it

where we assumed that 7% are pseudoscalars, as realized
in strongly interacting models.

In Fig. 7 we show the required couplings to W' in
order to have a di-photon signal at the rate o(W’'¥) x

12

Br(W'* — 7£8)Br(S — vv) = 10fb. On the top panel,
we consider the limit where W’ only couples to the right-
handed u and d quarks, and thus set

9}/?1,/,1‘;61 = gZVZ =0. (77)

The blue solid lines show the value of gy required to ob-
tain a diphoton signal of 10 fb as a function of W’ mass,
if the branching ratio Br(W'* — 7t8)Br(S — vv) is
set to 1071,1072,1072,10~* (bottom to top in the fig-
ure). The shaded regions are excluded by dijet searches,
assuming that W’ decays almost exclusively through
W' — jj (the dark shaded regions show exclusions for
Br(W’' — jj) = 0.1). The gray shaded region shows
exclusion from ATLAS narrow dijet resonance search
[105], while red shaded region shows the CMS exclusions
[91, 106], both with 8TeV data. Equivalent plot, but
for W’ coupling only to right-handed ¢ and s quarks, is
shown in the bottom panel of Fig. 7.

If W’ predominantly decays to di-jets, a branching ra-
tio Br(W'* — 7t8)Br(S — v7) 2 1% is required. For
a W' resonance with mass of 2 TeV (1.5 TeV) a coupling
to u and d quarks of gy ~ 0.4(0.2) is required (if W’
couples vectorially to both left-handed and right-handed
quarks these values are smaller by v/2). If W’ has other
dominant decay channels, the coupling gy can be corre-
spondingly larger, and by Br(W'* — 7+8)Br(S — vv)
can be smaller. For instance, if Br(W’' — jj) = 10%,
then Br(W'* — 7£8)Br(S — vv) ~ 1073 is still al-
lowed by the dijet searches. Note that to a good approx-
imation Fig. 7 (top) applies also to the case where W’
couples universally to all three generations, due to the
suppressions of the s, ¢, and b pdfs. The effect of the pdf
suppression is clearly visible when the top and bottom
pannels of Fig. 7. If W’ couples only to ¢ and s quarks
then gy needs to be about ~ 5x larger than if it couples
to w and d quarks.

w’
9r1 = 9v,

VI. CONCLUSIONS

The di-photon excess can be explained by a scalar
singlet coupled to gluons and electroweak vector bosons
through effective dimension 5 operators. We showed that
a large enough cross section and consequently the dipho-
ton signal is obtained if either (i) the scalar is produced
through gluon fusion, or even (ii) if the singlet is pro-
duced entirely through vector boson fusion. One possibil-
ity to induce the dimension 5 couplings is through loops
of vector-like fermions. Depending on the electroweak
gauge quantum numbers of the fermions, one also expects
signals in WW ZZ and Z~ resonance searches with cross
sections that are comparable to the observed v~ signal.
Some scenarios are already constrained by 8 TeV reso-
nance searches in the WW  ZZ and Z~ final states. The
prospects for detecting resonances in these channels at
the 13 TeV run of the LHC are in general excellent. If
the couplings of the vector-like fermions to the singlet are
of O(1) and their charges are not exotically large, several



copies of vector-like fermions are required to induce large
enough effective gluon and photon couplings. The effec-
tive couplings decouple as vy /my, where my is the mass
of the vector-like fermions. We expect these fermions
not to be far above the TeV scale and potentially within
direct reach of the LHC at 13 TeV.

In the context of two Higgs doublet models, both the
heavy scalar H and the heavy pseudoscalar A can in prin-
ciple produce a diphoton signal. If the second Higgs dou-
blet is the only new degree of freedom beyond the Stan-
dard Model, we find that the signal cross sections are
typically orders of magnitude below the observed excess.
Adding charged and colored degrees of freedom (e.g. in
the form of vector-like fermions) allows for large enough
gluon and photon couplings to the second doublet in or-
der to explain the data. However, in the doublet case
the new physics contributions to the effective gluon and
photon couplings decouple as v{, /m%. Therefore a very
large number of additional degrees of freedom is required
in order to induce large enough couplings, rendering an
explanation in the context of a 2HDM less plausible.

An alternative possibility for the diphoton excess is
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that it is due to a cascade decay, pp - X — Y(—
vy)Y’. The heavier resonance, X, can either be pro-
duced through gluon fusion, or through Drell-Yan pro-
duction. The searches for dijet resonances at 8TeV place
strong constraints on the allowed parameter space of the
models. If X decays predominantly to dijets, then gener-
ically Br(Y — 77) needs to be above 1072, This may
be a challenge in models that address naturalness, but
can be avoided in ad-hoc models invoked to explain the
di-photon excess.
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