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Abstract

We consider minimal effective interactions of the 750 GeV mass resonance observed
recently by ATLAS and CMS. Assuming a new scalar and gauge invariant effective inter-
actions leads to non-trivial two particle scattering amplitudes with asymptotic gauge boson
states. The longitudinally polarizedW± andZ bosons interacting via dimension-five ef-
fective operators provide stringent constraints on the validity of the effective model. The
large width found by ATLAS implying a bound of approximately500 GeV already below
the resonance, turns this scenario unlikely. For production mainly in gluon fusion we get
an upper bound of∼ 1.3 TeV and strong limits on the masses of the underlying vector-like
fermions are given.

∗cyn@general.elte.hu
†kovacsjucus@caesar.elte.hu
‡lendvai@general.elte.hu

http://arxiv.org/abs/1604.01008v2


1 Introduction

ATLAS and CMS collaborations have recently presented excess in the diphoton searches in
the 13 TeV LHC run-2 data. ATLAS [1] claims events with3.9σ local significance over the
smooth background assuming spin-2 and large width (they found 3.6σ for spin-0). The re-
analyzed ATLAS run-1 data presented at Moriond EW 2016 shows2σ excess for spin-0 and
it is also compatible with a spin-2 resonance. The local significance of the CMS [2] diphoton
excess grows from 2015 December to Moriond to a local2.9σ after adding 20 percent new
data to the analysis. The combined CMS run-1 and run-2 significance is3.4σ both for spin-
0 and spin-2, preferring low width. The clean diphoton signature and the absence of other
final states hint towards a new scalar or pseudoscalar resonance with mass approximately 750
GeV [3–6]. The relatively large cross section requires large couplings or strong dynamics. A
spin-2 resonance could be a Kaluza-Klein graviton from extra dimensional models, but not
favored by the combined run-1 and run-2 ATLAS data [7].

Motivated by the photon-photon final state resembling the Higgs discovery we assume that
the new resonance is a new electroweak singlet scalar particle. Direct couplings to standard
fermions and the Higgs must be suppressed as no fermion final state has been observed and the
mixing with the Higgs is severely constrained [4]. We assumethat the new singlet couples to
the field strength of electroweak gauge bosons and gluons viadimension five gauge invariant
operators, induced by (color, hyper-, weak) charged new vector-like fermions [3, 4, 8–10]. We
will not specify these new states until the last section. After electroweak symmetry breaking
couplings with theγγ, ZZ, Zγ andW+W− are induced. It was found that the production rate
in the four final states depends only on two parametersκB andκW providing predictions for
their ratios [9,11–13].

The study of the elastic2 → 2 processes was important to find the limits and successors of
the Fermi four-fermion interactions. Requiring perturbative unitarity the charged and neutral
gauge bosons and finally the Higgs have to be introduced to tame the amplitudes that grow
with energy [14], it was mentioned in connection with the resonance in [15]. In this letter
the effective interactions induce derivative couplings ofthe new resonance to theW±, Z, γ
leading to non-trivial two particle gauge boson scatterings growing badly with energy

√
s. We

find the perturbative limits of the effective theory describing the the diphoton excess, where
new perturbative physics and/or strong interactions must enter. The production mechanism of
the resonance in proton-proton collisions is mostly accepted to be either gluon-gluon orγγ
fusion. The allowed range of the couplings was given in several papers [5, 8–10, 16–32]. Here
we will show that the couplings are large and using perturbative unitarity we get rather low
upper bounds on the validity of the effective model, nearly ruling out the large width scenario
and disfavoring the production by light by light scattering[33].

The rest of the paper is organized as follows. In the next section we give the effective in-
teractions and calculate the two-particle elastic scattering processes for gauge bosons. We start
with theγ asymptotic states as theγγ interactions were directly observed by the two LHC ex-
periments. Then with reasonable assumptions on the couplings we consider the massive gauge
bosons scatterings and establish constraints. In section 3we resolve the effective coupling with
new charged heavy fermions, prove our assumptions about therelation of theκB andκW cou-
plings and set limits on the mass of the new fermions running in the loops. The paper is closed
with conclusion and comments on the literature.
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2 VV scattering via S exchange

The interactions of an electroweak singlet scalarS with the vector bosons first induced at one-
loop level. In this section, we study the effective model of theS resonance.

We will follow the notation of [9], the five-dimensional gauge invariant operators are
αem

4πs2w

κW

4mS

SW a
µνW

aµν +
αem

4πc2w

κB

4mS

SBµνB
µν +

αs

4π

κg

4mS

SGa
µνG

aµν . (1)

The Standard Model couplings are explicitly taken out as they would appear in the one-loop
integrated renormalizable model. After electroweak symmetry breaking, the couplings to the
γ, Z bosons are

Γµν
SV1V2

=
κV

mS

αem

4π

(

pV1
· pV2

gµν − pνV1
pµV2

)

, (2)

with V = γ orZ andκγ = κB + κW , κZ =
c2W
s2
W

κW + s2w
c2w
κB. The coupling toW± is

Γµν
SW1W2

=
κW

mS

αem

4πs2w

(

pW1
· pW2

gµν − pνW1
pµW2

)

. (3)

In the case of a pseudo-scalar resonanceS, both the calculations and conclusions are effec-
tively the same in this section [9,34]. Investigating the elastic vector boson scattering processes,
we set bounds on the validity of the effective description.

γγ scattering

First, we calculate theγγ scattering, since the only experimentally observed decay channel is
S → γγ. We consider only the scattering viaS exchange that gives amplitudes growing withs.
The Standard Model contributions are small and can be neglected. The three relevant Feynman
graphs are shown in figure 1. We chose a concrete basis for the transverse polarization vectors,
included all helicity channels in that basis for the amplitude,

iMλ1λ2→λ3λ4
=

i

8m2
S

(αemκγ

4π

)2

·













s2

s−m2

S

+ t2 cos2 θ
t−m2

S

+ u2 cos2 θ
u−m2

S

0 0 s2

s−m2

S

0 t2 cos θ
t−m2

S

u2 cos θ
u−m2

S

0

0 u2 cos θ
u−m2

S

t2 cos θ
t−m2

S

0
s2

s−m2

S

0 0 s2

s−m2

S

+ t2

t−m2

S

+ u2

u−m2

S













. (4)

We calculate the s-wave partial amplitude and impose partial wave unitarity on the helicity
channels [14],

a0 =
1

32π

∫

1

−1

d (cos θ)M, (5)

|Rea0| ≤
1

2
. (6)

The best bound comes from a helicity changing channel, whereonly the s-channel is present,
M±±→∓∓ ∝ s2

s−m2

S

,

√
s .

32π
3

2mS

αemκγ

=
1.7× 107 GeV

κγ

. (7)
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Figure 1: Feynman graphs for theV V → S → V V scatterings.

Taking the photon coupling from [3],κγ ∈ [23.7, 143.1] (1012.0), where the range is from
the minimal total widthΓtot = Γ(S → γγ) + Γ(S → gg) with the lowerκ values provided by
production dominated by gluon fusion and the higher values by photon fusion1. The preferred
one isΓ(S → gg) ≫ Γ(S → γγ) from comparing the 8 and 13 TeV LHC data. The third value
given in parenthesis is coming from the best fit of ATLAS with largeS width.

√
s . 118.8 . . . 716.3 TeV (16.8 TeV) (8)

The lower bound comes from the photon fusion dominated production ofS, while at the upper
end the gluon fusion dominates. As the photon has only transverse polarization, the amplitudes
only grow withs, giving these relatively weak, but important bounds as theyare based on the
only experimentally observed decay channel without further assumptions.

The calculation of gluon-gluon scattering goes similarly,but even less constrained by the
experimental data [3]. Stronger bounds are expected from massive gauge boson scatterings,
which have longitudinal polarization, but the couplings are less contrained.

W+W− and ZZ scatterings

The longitudinal polarization of the massiveW±, Z, ǫµL(k) ≈ kµ

mW,Z
gives2 → 2 amplitudes

growing withs3, resulting in a strong bound on the validity of the theory. Wecan also investi-
gate theγZ scattering as well to get slightly better bounds than fromγγ, but not as strong as
fromZZ only and with the same uncertainty. Inclusion of the Higgs inthe scattering processes
needs assumptions about further effective operators, not preferred by experimental observa-
tions.

The related two and three Feynman graphs are shown in figure 1 and the scattering ampli-
tudes are the following,

iMWLWL→WLWL
=

i

32m2
Sm

4
W

(

αemκW

4πs2w

)2(

s2(s− 4m2
W )2

s−m2
S

+
t2(t−m2

W )2

t−m2
S

)

, (9)

iMZLZL→ZLZL
=

i

32m2
Sm

4
Z

(αemκZ

4π

)2
(

s2(s− 4m2
Z)

2

s−m2
S

+
t2(t− 4m2

Z)
2

t−m2
S

+
u2(u− 4m2

Z)

u−m2
S

)

.

(10)
1This range is in agreement with other estimations in the literature. In [10], the range of the couplings is

the same, in their notation1
fB

=
αem

4πc2w

κB

4mS
and 1

fW
=

αW

4πs2w

κB

4mS
. [4] only considers gluon fusion dominated

production and takes large QCDk-factors into account, in their notationcSγγ =
v

mS

κγ

16π2 , wherev is the Higgs
vev.
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Imposing the partial wave unitarity on the amplitudes we getfor theW± andZ scattering at
leading order inm

2

V

s
, respectively

√
s . 4

√
π 3

√

2m2
WmSs2w√
3αemκW

=
3.86 TeV

3
√
κW

, (11)

√
s . 4

√
π

3

√

2m2
ZmS

αemκZ

=
7.35 TeV

3
√
κZ

. (12)

The next to leading order calculations only differ at the percent level. The bound from the
W+W− scattering is stronger, but whenκW vanishes, theZZ scattering bound becomes im-
portant.

To quantify the constraints in (11) and (12), we need more information on the couplings,
κW andκB. The experiments so far only constrainsκγ = κW + κB.

In general, theκ couplings have the same sign2, assuming they are positive gives a lower
and an upper bound on theκB andκW .

0 ≤ κW,B ≤ κW + κB = 23.7 . . . 143.1 (1012.0) (13)

Purely mathematically translating this to the effectiveZ couplingκZ = c2w
s2w
κW + s2w

c2w
κB ∈

[7.1, 479.2] (3388.1). Using the value ofκZ in (12) gives a stringent limit on the validity of the
effective description. Let us specify the constraints in the two limiting case of vanishingκW or
κB.

WhenκW = 0, theZ coupling is small, too,κZ ∈ [7.1, 42.8] (302.3), giving the energy
bound √

s . 2.1 . . . 3.8 TeV(1.1 TeV). (14)

Again, the lower end corresponds to photon fusion being the dominant production channel,
while the upper bound comes from production by gluon fusion.

In the other limit whenκB = 0, theZ coupling is much larger,κZ ∈ [79.5, 479.2] (3388.1),
and the energy bound becomes

√
s . 0.9 . . . 1.7 TeV (0.5 TeV). In this case, theW+W−

scattering provides an even stronger bound from (11) withκW = κγ ∈ [23.7, 143.1] (1012.0),

√
s . 0.7 . . . 1.3 TeV(0.4 TeV). (15)

As we can see, the large width scenario gives extremely smallupper bounds given in the paren-
thesis that are smaller than the mass of the resonancemS = 750 GeV. We arrived at these
bound with assumptions that one of the two couplingsκW , κB vanishes. As we can see in the
section,κW andκB are expected to be the same order of magnitude, as they are generally in-
duced at one-loop by particles having ordinary weak chargesand hypercharges. For a standard
vector-like doubletκW = κB and we get similar bounds as in (15).

2It is true if there are only fermions with same sign Yukawas and no scalars involved in resolving the effective
couplings, see section 3.
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S

B,W 1,2,3

B,W 1,2,3

→ S

B,W 1,2,3

B,W 1,2,3

T
T

T

Figure 2: Resolving the effectiveSV V couplings with heavy fermion loop.

3 Heavy fermion loop

Let us consider the case, where the above effective theory iscoming from a UV complete
renormalizable theory with a new heavy fermionT with massmT that couples toS via a
Yukawa type coupling. The massmT & 375 GeV to avoid the unobserved direct decay ofS to
charged fermions further leading to larger total width and largeΓ(S → γγ). The new operators
are then

T̄ iγµDµT − λST T̄ TS. (16)

Calculating the couplings to theSU(2)W andU(1)Y generators givesκW andκB directly,
see Fig. 2. This calculation justifies the separation of the electroweak couplings and loop
factors in (1). It can be seen that the scale of the underlyingphysics ismT instead ofmS,
though they are partly related, butmT is unknown at the level of the effective theory. For aT
with NC colors andNF flavors,

κW

2mS

=
λST

mT

NCNF

∑

T

T 2

3T f̃(τ), (17)

κB

2mS

=
λST

mT

NCNF

∑

T

Y 2

T f̃(τ). (18)

wheref̃(τ) = τ(1 + (1− τ)f(τ)) with

f(τ) =







(

arcsin 1√
τ

)2

τ > 1,

−1

4

(

log 1+
√
1−τ

1−
√
1−τ

− iπ
)2

τ < 1,
(19)

whereτ =
4m2

T

m2

S

and the relevant region isτ > 1. There1 > f̃(τ) > 2

3
and formT & mS,

f̃(τ) ≈ 2

3
is a good approximation. That means that the ratio of the effective couplings are

determined only by theSU(2)W × U(1)Y charges of the new fermion.

κW

κB

=

∑

T T 2
3T

∑

T Y 2
T

(20)

From Eqs. (17) and (18) we see thatκW andκB have the same sign, depending on the
common Yukawa coupling. We can imagine opposite signκW , κB with more fermions in
different representations and Yukawas or additional scalars in the loop.

Let us now consider a concrete model with the new fermionT is a vector-likeSU(2)W

doublet without color charge,T =

(

T 0

T−

)

, with the quantum numbersT3T = 1

2
andYT = 1

2
.
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Then from the fermion loops, the ratio of the couplingsκB

κW
= 1. When these two couplings

are equalκW = κB = κγ

2
∈ [11.9, 71.6] (506.0), the strongest bounds come from theW+W−

scattering. √
s . 0.9 . . . 1.7 TeV(0.5 TeV). (21)

The bounds are similar to (15), theκB = 0 case. The ATLAS large width scenario leaves nearly
no room for the effective interactions in (1), asmT & 375 GeV. The lower values in (15) and
(21) coming from the photon fusion production give rather low bounds, this way making the
gluon fusion dominated process with minimal total width themost likely scenario.

In this case, we can also bound the ratio of the new fermion’s Yukawa coupling and mass
from κW ,

λST

mT

=
κW

2mS

1

f̃(τ)

τ>1→ 3κW

4mS

∈ [0.008, 0.05] (0.34). (22)

mT ≈ λST · (21 . . . 126 GeV) (λST · (3 GeV)). (23)

The perturbative limit on the Yukawa coupling isλST . 4
√
π, where the previous mass limits

translate to
mT ≈ 148 . . . 896 GeV (21 GeV). (24)

These low bounds are valid ifT is a color-singlet and theTS Yukawa coupling is close to
its perturbative limit,λST ≈ 4

√
π. The perturbative unitarity bound for the resolved inter-

actions, e.g. for weakly charged vector-like fermion doublets were calculated in [35] giving
similar constraints. To have smaller Yukawa couplings, we can take fermions in color (or fla-
vor) multiplets, that gives a factor ofNC (or NF ), allowingO(1) Yukawa couplings. Several
fermion multiplets can be considered to ease the strong bounds. It is clear from (24) that for
a single fermion the gluon dominated production is favored,theγγ fusion and the large width
scenario are ruled out. For the large width a huge multiplicator NCNF is needed to reach the
S decay threshold 375 GeV. With colored fermions in the loop the gluon coupling is similarly
induced as (17) and (18), but we did not need it in our analysis. For the photon-photon fusion
largeNC · NF is needed, at least a coloredT quark is favored and possibly in more than one
generation to have Yukawa couplings not saturating the perturbativity bound.

4 Conclusion

We studied the effective model for the newly postulated 750 GeV resonanceS with perturba-
tive unitarity. We have considered the one-loop generated dimension five interactions where
the loop and gauge coupling factors were separated. Then calculated the two-particle elastic
scattering amplitudes for various final states and imposed the perturbative unitarity ona0 partial
wave amplitude. Even though the experimental bounds are only available for theSγγ coupling,
with requiring positivity for theκ couplings, the effective theory is limited to be valid below√
s . 1.3 . . . 3.8 TeV. This is the scale where new degrees of freedom or strongly interacting

dynamics responsible for the resonance should appear. Fromnot observing excess in the other
V V channels we could further bound the effectiveκW , κZ couplings. Moreover, theSZZ and
SW+W− couplings can be generated independently from theSγγ coupling by other effective
operators, such as1

fH
|DµH|2, see [10,31].

If the one-loop induced couplings are expected to be equal, which is the case of a vector-
like weak doublet with half hypercharge running in the loop,we get strong limits

√
s .
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0.9 . . . 1.7 TeV for the minimal total width scenario. For the largeS width preferred by AT-
LAS the onset of new physics is at approximately 0.5 TeV, extremely low. This constrains the
mass of the vector-like fermionmT between375 . . . 500 GeV, which still requires large Yukawa
coupling turning the scenario unlikely. The lower bound in (21) is just above the mass of the
resonance, implies largeκ and Yukawa couplings disfavor theγγ fusion dominated production.
This is because the large Yukawas soon develop a Landau pole during the renormalization group
running. The Landau pole can be avoided by adding enough number of new fermions, which
requires fine tuning to circumvent the instability of the scalar potential [36,37]. The resolution
of the effective couplings presented in section 3 also points towards colored and high multi-
plicity fermions in the loop to avoid large Yukawas. All these findings imply that if the LHC
experiments prove the existence of the postulated resonance, its perturbative treatment prefers
production by gluon fusion and the relatively early onset ofnew physics resolving the effective
interactions. A second solution can be a similarly early starting strong dynamics [36, 38–41]
that should show up as new resonances at the LHC.
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