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General Remarks

• You have heard from the previous presentation, the properties of the singal

• The search is inclusive, and all the information we have is the presence of a 
resonance at 750 GeV, with a production cross section times branching ratio 
into photons of about 5 to 10 fb.

• The first thing you do in these cases is to check what was the situation at 
the 8 TeV run, where ATLAS saw no signal

�(pp ! S ! ��)ATLAS = 10± 2.8 fb

�(pp ! S ! ��)CMS = 6.5± 3.5 fb

Limits extracted from 8 TeV,  
assuming gluon fusion producion 
by rescaling gluon gluon parton 

luminosities

�(pp ! S ! ��)ATLAS < 11.8 fb

So, there is marginal consistency 
between the run I and run II data



Two Higgs Doublet Models
• Second thing you do, is to check the simplest case, namely the addition of a 

new doublet

• In two Higgs doublet models, there are new CP-even H and CP-odd Higgs A, 
that can be produced and decay into photons

• The production cross sections are sizable, at 13 TeV and depend on the 
difference of the square of the ratio of the top coupling to the SM coupling  

• But since these Higgs bosons can decay into top quarks and/or gauge bosons 
at tree level, the branching ratio is three orders of magnitude too small

• In the above I assume a prominent decay of the Higgs bosons to top quarks, 
and then the Branching ratio depends weakly on  κt

• One can now try to raise the value of κt, but perturbativity can only allow 
you to increase the cross section up to about 0.1 fb.   Unless you add extra 
matter,  this idea is dead !

�(gg ! H) = 2
t 600 fb

�(gg ! A) = 2
t 850 fb

BR(H ! ��) ' 4 10�6

BR(A ! ��) ' 5 10�6



Singlets

• Since the problem is associated with the decay into SM gauge bosons and 
fermions, one should consider singlets, since they don’t couple to these 
particles at tree level.

• CP-even singlet particles, however,  will generically mix with the SM Higgs, 
unless a condition of somewhat precise Higgs alignment is fulfilled.  

• On the other hand, CP-odd singlets do not mix with the SM Higgs and 
therefore are the most natural candidates for this

• But, wait a second ! How are they effective couplings to gluons and photons 
goind to be produced ?  

• The obvious trick is to add new new vector-like fermions to the theory.

 

• Depending on their quantum numbers, they will induce decays                           
into different gauge bosons ! 

• The rate is suppressed by the fermion masses, so a delicate                                         
balance must be achieved between couplings and masses. 

L = �M ̄ � gf  ̄i�5 AS



Gauge Invariance

• From the point of view of gauge invariance, the coupling of singlets to gauge 
bosons will be obtained via loop processes and is given by

• The coefficients are proportional to the coupling of the singlet to fermions, 
to the square of their charges and to the ratio of the Higgs vev to the 
fermion masses.  To maximize the effect, one could avoid weak eigenstates 
and leave decays into gluons, Z and photons.  

3

0.1 0.3 1 3 10

10-4

10-3

10-2

10-1

100

101

102

lg

D
G
HGe

VL

0.4
8

0.5
0.6
l g=

13103010
0

Figure 1: Values of �� 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.

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 ��g
↵s

12⇡vW
SGa

µ⌫G
a
µ⌫ + �B

↵

⇡c2W vW
SBµ⌫B

µ⌫

+ �W
↵

⇡s2W vW
SW a

µ⌫W
aµ⌫ ,

(18)

where sW = sin ✓W , cW = cos ✓W , and ✓W 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 withW and Z vector bosons,
as well as to a a sizable �� 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

L ��g
↵s

12⇡vW
SGa

µ⌫G
a
µ⌫ + ��

↵

⇡vW
SFµ⌫F

µ⌫

+ �Z
↵

⇡vW
SZµ⌫Z

µ⌫ + �Z�
↵

⇡vW
SZµ⌫F

µ⌫

+ �W
2↵

⇡s2W vW
SW+

µ⌫W
�µ⌫ ,

(19)

where

�� = �B + �W , (20)

�Z� = 2
⇣
�W

cW
sW

� �B
sW
cW

⌘
, (21)

�Z = �W
c2W
s2W

+ �B
s2W
c2W

. (22)

We see that generically for a nonzero S ! �� signal one
also expects the S ! Z�, S ! ZZ and S ! W+W�

decays. All these decay modes are expected to have com-
parable branching ratios.
The couplings �g,W,B 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 mf ,
Hypercharge Yf and in If representation of SU(2)L. A
coupling of this fermion to S through

L � �cfSf̄f, (23)

gives

�g = 2cf
vW
mf

Cc(rf )Dw(rf )Af (⌧f ), (24)

�B =
1

6
cf

vW
mf

Y 2
f Dw(rf )Dc(rf )Af (⌧f ), (25)

�W =
1

6
cf

vW
mf

Cw(rf )Dc(rf )Af (⌧f ), (26)

where Cw(rf ) is the index of the SU(2)L representation,
Tr(T iT j) = Cw(rf )�ij , i, j = 1, 2, 3, and is Cw(rf ) =
If (If + 1)Dw(rf )/3 for Dw = 2If + 1 dimensional rep-
resentation of SU(2)L, while Nc,f is the dimension of
the SU(3)c that the fermion belongs to, and has index
Cc(rf ), Tr(T aT b) = Cc(rf )�ab, a, b = 1, . . . , 8. For in-
stance, for a doublet of SU(2)L thus Cw(2) = 1/2, Dw =
2, while for a octet(triplet, singlet) of color Dc = 8(3, 1),
while Cc(8) = 3, Cc(3) = 1/2, Cc(1) = 0. The loop
function Af (rf ) can be found, e.g., in [89].
Note that due to the dimension 5 nature of the sin-

glet couplings to gauge bosons, the coe�cients �g, �B ,
and �W decouple as vW /mf . In principle, any value for
�g and �� can be reproduced with a su�ciently large
number of vector-like fermions. For instance, in order to
reach �g,�� ⇠ 0.5, the number of vector-like partners of
a right-handed quark with electric charge q is

Nf ⇠ 2 ·
✓
�g

0.5

◆✓
1

|cf |
◆⇣ mf

1 TeV

⌘
, (27)

Nf ⇠ 9 ·
✓
��

0.5

◆✓
4

9q2

◆✓
1

|cf |
◆⇣ mf

1 TeV

⌘
. (28)

To reach �� ⇠ 0.5, the number of vector-like partners of
a right-handed lepton with charge q is on the other hand

Nf ⇠ 5 ·
✓
��

0.5

◆✓
1

q2

◆✓
1

|cf |
◆⇣ mf

500 GeV

⌘
. (29)

4

Ê

Ê
Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

0.1 0.2 0.5 1.0 2.0

0.1

0.2

0.5

1.0

2.0

lg

l g

•
1500

750

375
1500

750
375

2¥H3,2ê3L+2¥H1,1L

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

Ê

0.1 0.2 0.5 1.0 2.0

0.1

0.2

0.5

1.0

2.0

lg

l g

•150
0
750
375

1500

750

375

H3,5ê3L + H1,1L

Figure 2: Regions in the �g - �� 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 cf = 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 1� (2�) range of the ATLAS
excess (1) gives the brown (gray) shaded region, setting �� =
0.

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 cf > 1).

In Fig. 2, we present regions in the �g - �� plane

that can be reached in two example scenarios contain-
ing vector-like SU(2)L 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 cf = 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�1 13 TeV data are at around 950 GeV, if
the new particle decays 100% into a W boson and a top
quark [90]. 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) [91]. Uncolored vectorlike
fermions are much more weakly constrained. In particu-
lar, if they decay dominantly to third generation leptons,
they could be as light as few (100-150) GeV [92].
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 ! Z�, S ! ZZ and
S ! WW . In terms of the couplings in (19) the respec-
tive branching ratios are

BrS!�� :BrS!Z� : BrS!ZZ : BrS!WW =

= 2�2
� : �2

Z� : 2�2
Z : �2

W
4

s4W
,

(30)

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 �B = 0, one obtains

BrS!�� :BrS!Z� : BrS!ZZ : BrS!WW =

= 1 :
2c2W
s2W

:
c4W
s4W

:
2

s4W
' 1.8% : 12% : 20% : 67%.

(31)

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

Optimized case of a charge 5/3 
vector like quark 

and a charge one vector like lepton.

The coupling of fermions to the 
singlet has been fixed to one

Masses of the order of the TeV
scale leads to the right interpretation

Decays into gluon an Z’s also induced and depend
on the masses of the two added states.

Altmannshofer, Galloway, Gori Kagan, Martin, Zupan’15



Width of Scalar and pseudoscalars coupled to fermions
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Figure 5: �(S ! ��)/M and �(S ! gg)/M as generated by loops of N coloured and/or charged

fermions. In the shaded regions the fermions are lighter than M/2 = 375GeV. The widths grow
as the square of the couplings y and y

5

, which are taken here to be equal to 1. Continuos (dashed)

curves describe the e↵ects produced by a scalar (pseudo-scalar) Yukawa coupling; dotted curves

describe the e↵ect of a scalar cubic coupling.

and we obtain, for the CP-even couplings,

�(S ! gg)

M
⇡ 7.2 ⇥ 10�5

�����X
f

Irfyf
M

2Mf

+
X
s

Irs
AsM

16M2

s

�����
2

, (23a)

�(S ! ��)

M
⇡ 5.4 ⇥ 10�8

�����X
f

drfQ
2

fyf
M

2Mf

+
X
s

drsQ
2

s

AsM

16M2

s

�����
2

, (23b)

where we used ↵
3

(M/2) = 0.1. The e↵ect of CP-odd interactions is obtained by replacing
yfS(⌧f ) ! y

5fP(⌧f ) in eq. (21) and yf ! 3y
5f/2 in eq. (23), and omitting the scalar contribu-

tion. Fig. 5 shows how various kinds of fermions contribute to the S ! ��, gg widths.

Let us first try to explain the �� excess rate without reproducing, at the same time, the value
of the width suggested by ATLAS. In general, allowing for other decay channels than �� and gg,
the partial widths will lie in the yellow region bounded by the blue and green bands in fig. 1a.
��� is minimized when �gg dominates the total width, corresponding to the lower portion of the
blue band and implying �(S ! ��)/M ⇡ few ⇥ 10�6 and �(S ! gg)/M ⇡ few ⇥ 10�3–10�6.
For yf ⇠ 1 and Mf ⇠ TeV such widths can be easily achieved with new matter with order
one electric charges and conventional colour representations, as illustrated in fig. 5. Notice for
instance, that a single heavy quark triplet with charge Q gives �(S ! gg)/�(S ! ��) ⇡ 36/Q4,
which ranges between ⇡ 2 and ⇡ 3000 for 2 � Q � 1/3. Any ratio of �(S ! gg)/�(S !
��) can be obtained by including the appropriate content of heavy leptons and quarks with
di↵erent masses. But notice that in order to reproduce �(S ! ��)/M > 10�6 using fermions
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Figure 4: Weakly coupled models.

3 Weakly coupled models

Here we describe how to obtain weakly coupled (renormalizable) models realising the scenario
discussed in the previous section via the Feynman diagram in fig. 4. The SM is extended
by adding one (or more) scalar singlets S, and extra vector-like fermions Qf (written in Dirac
notation) or scalars Q̃s with massMi, hypercharge Yi, chargeQi and in the colour representation
ri, with the couplings

SQ̄f (yf + i y
5f�5)Qf + SAsQ̃⇤

sQ̃s. (20)

As before, the use of the scalar or pseudo-scalar interaction depends on the CP nature of S.
This kind of structure is fairly generic in models that extend the SM sector around the weak
scale. One is easily convinced that our conclusions are not dramatically a↵ected by allowing
also matter with SU(2)L quantum numbers. The case in which the scalar S is part of a SU(2)L
multiplet will be dealt with later and the model building constraints imposed by the large width
will be investigated in the next subsection.

Focusing on the CP-even couplings, we find that the fermion loops induce the following
widths [21]:

�(S ! gg) = M
↵2

3

2⇡3

�����X
f

Irf
p
⌧fyfS(⌧f ) +

X
s

Irs
As

2M
F(⌧s)

�����
2

, (21a)

�(S ! ��) = M
↵2

16⇡3

�����X
f

drfQ
2

f

p
⌧fyfS(⌧f ) +

X
s

drsQ
2

s

As

2M
F(⌧s)

�����
2

, (21b)

where ⌧i = 4M2

i /M
2 and Ir and dr are the index and dimension of the colour representation r

(e.g. I
3

= 1/2, I
8

= 3), and

P(⌧) = arctan2(1/
p
⌧ � 1) , S(⌧) = 1 + (1 � ⌧)P(⌧) , F(⌧) = ⌧P(⌧) � 1 . (22)

In the limit of heavy extra particles (⌧ ! 1) we have P(⌧) ⇡ 1/⌧ , S(⌧) ⇡ 2/3⌧ , F(⌧) ⇡ 1/3⌧

12
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Effective photon and gluon coupling

For doublets a Higgs vev is necessary due to gauge invariance. 
Since the coupling is dimensional, the width

gS�� ' NQ2↵ yf
4⇡mf

gSgg ' yfC(r)↵s

4⇡mf

�(S ! ��) / M3
S

g2S��

16⇡



Comments

• The introduction of a singlet and vector like fermions is a predominant 
theme in the many papers that have been written in the literature. It is one 
of the most obvious ones

• The addition is add-hoc, and can be done also in supersymmetry. For 
instance, Hall and Nomura, added to the MSSM a singlet coupled to vector 
like fermions. The singlet had not couplings to any of the MSSM fields and 
hence is just introduced to fix the data without andy particular motivation 
for being there

• Perhaps the only motivation for SUSY is the existence of a symmetry that 
solves the additional hierarchy problem associated with the second Higgs !

• This is different from an extension of the so-called NMSSM, since there is no 
coupling of S to the Higgs doublets !

• The branching ratio into gammas may be just extracted from the coefficient 
of the different operator, which follow from the quantum numbers of the 
particles in the loop. From there bounds on the masses of the particles in 
the loop may be obtained

If the recently announced data on a 750 GeV resonance decaying to diphotons [1, 2] is
confirmed, what are the implications for the framework of supersymmetric unification? Neither
the Minimal Supersymmetric Standard Model (MSSM) nor its extension to include a gauge
singlet chiral multiplet can account for the resonance (see, however, [3]). In this paper we show
that a simple addition to the theory, that maintains supersymmetric gauge coupling unification
at MG ∼ 2 × 1016 GeV, can account for the resonance and leads to new vector-like quarks,
with masses below 1 TeV in the vast majority of parameter space, and couplings predicted from
the infrared behavior of renormalization group equations. (For the first studies of the 750 GeV
excess that appeared after the announcement, see Ref. [4].)

We take the resonance to be the scalar component of a gauge singlet chiral multiplet S.
Production and decay of S is accomplished by coupling to TeV-scale multiplets Φi and Φ̄i, so
that the effective theory below MG is described by

Weff = WMSSM + S
∑

i

λi ΦiΦ̄i +
µS

2
S2 + µi ΦiΦ̄i. (1)

To preserve precision supersymmetric gauge coupling unification, we study theories where Φi

and Φ̄i form complete multiplets of SU(5). We study the complete set of such theories: the
“(5+ 5)N5

” theory containing N5 = 1, 2, 3 or 4 copies of (D̄, L̄) + (D,L), the “10+ 10” theory
containing (Q,U,E) + (Q̄, Ū , Ē), and the “15 + 15” theory that contains a full generation of
vector quarks and leptons. In the (5 + 5)4 and 15 + 15 theories, the standard model gauge
couplings near MG are in the strong coupling regime, so they correspond to the scenario of
strong “unification” [5], rather than precision perturbative unification, which applies to the
other theories.

The parameters µS and µi are assumed to be of order the TeV scale, with an origin that
may be similar to that of the supersymmetric Higgs mass parameter. Any S3 coupling in the
superpotential is assumed to be sufficiently small not to affect our analysis. The effective theory
of Eq. (1) possesses a parity on the vector matter, so that the lightest Φi is stable. We therefore
add Yukawa interactions between these vector quarks and leptons and the standard model quarks
and leptons via the MSSM Higgs doublets; this can be done without violating R-parity if Φi and
Φ̄i are R-parity odd. We take these couplings to be sufficiently small that they do not affect the
production and decay of the 750 GeV resonance, and do not violate bounds on flavor-changing
processes. This allows the vector quarks and leptons to have prompt decays to known quarks
and leptons with the emission ofW,Z or h, the 125 GeV Higgs boson. (An alternative possibility
will be discussed at the end of the paper.)

Soft supersymmetry breaking masses for the scalar components of S,Φi, Φ̄i are present, as
well as A and B type soft trilinears and bilinears. For simplicity, these parameters are chosen so
that S does not acquire a vacuum expectation value. Furthermore, we assume that the scalar
components of Φi and Φ̄i are sufficiently heavy that they do not contribute significantly to the
production or decay of S(750); this assumption is valid for most of the parameter region. The
bilinear scalar interaction, L ⊃ −bSS2/2 + h.c., leads to a mass splitting between the two mass
eigenstate scalars S1 and S2, leading to three distinct descriptions of the diphoton excess. For a
large mass splitting, the 750 GeV state is described by S1 alone, which has a narrow width much
smaller than the experimental resolution. If bS is one-loop suppressed the S1-S2 mass difference

1

Low, Lykken’15



Additional degrees of freedom in 2HDM

• As we saw, in 2HDM the rate is naturally too small. Can one add extra 
fermions to make it work ?

• Well, one can do it.  But with some pain.   One would have to go to regions 
of parameter were the top coupling is suppressed and the bottom is not too 
large.  And for the fermions one should introduced couplings likes the one 
we introduced with P. Shwaller and A. Joglekar a few years ago to enhance 
the Higgs coupling to photons, namely

• The advantage is that the effective operator is of the form

• This enhances the coupling of the Higgs that does not acquire expectation 
value, namely the non-standard Higgs bosons !

• So, one can take a type I Higgs model, where the top coupling is suppressed 
by tanbeta. The reduced coupling to the top still competes efficiently with 
the vector like quark effects and one needs high multiplicity of fermions..

L = �Y1H1Q̄LUR � Y2H2Q̄RUL + h.c.

Y1Y2Q1Q2H1H2

m2
f

Fµ⌫F
µ⌫
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Figure 5: Contours of constant cross section (in fb) for �(gg !
H) ⇥ BR(H ! ��) + �(gg ! A) ⇥ BR(A ! ��) in the m –
Y2 plane for the case of 6 flavors of charge 5/3 color triplets.
The value of tan� is 50 and the coupling Y1 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.

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(! ��), with mS = 750 GeV, while mH > 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 mH = 1 TeV the production cross section
is �(pp ! H) ' 80 fb ⇥ (⇠Ht )2, with ⇠Ht the reduced
top coupling of the heavy neutral Higgs, H. This means
that Br(H ! h(S ! ��)) ⇠ O(10%) and ⇠Ht ⇠ O(1)
would be required. The latter can be achieved in the
small tan� regime of type II 2HDM, or in general type
III 2HDM. A large Br(H ! h(S ! ��)) can be achieved
only, if the decay widths for H ! WW,ZZ, hh are neg-
ligible compared to �(H ! hS), so that Br(H ! hS)
and Br(H ! tt̄) dominate. The H ! WW,ZZ are
suppressed in the alignment or decoupling limits where

cos(↵ � �) ' 0. We find that cos(↵ � �) ⇠ O(10�5)
is required, in such a way to su�ciently suppress the
WW and ZZ decay modes. Another requirement is that
�(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 � �µ1SH

†

1H1�µ2SH
†

1H1�µ3SH
†

1H2+h.c.. The Shh
coupling needs to be therefore tuned away. The S ! ��
decay width is proportional to µ2

i . It is large enough if
µ2,3 ⇠ 5 TeV, with µ1 chosen such that S ! hh is small.
We find that tuned cancellations between µi at the level
of O(10�5) are required. In this case Br(S ! ��) ⇠ 7%.
The remaining channels are Z�, ZZ,WW , also induced
through charged Higgs loops. In conclusion, in 2HDM
with a singlet it is possible to obtain the signal with-
out additional fermions, albeit at the price of severe fine-
tuning. 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 ! hh3 ! ��. However,
the situation is even more challenging, as one cannot ob-
tain large enough trilinear h3H

+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 (! ��)Y 0, 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 ! ��). 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 (2TeV),
while for the Drell-Yan production the corresponding ra-
tio of qq̄ 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.

In general, large values of tanβ,                   
                    large  multiplicities and sizable charges and Yukawas needed

Theories tend to have Landau poles or instabilities in the potential. 
Better to enhance Y2, related to the non-standard

Higgs boson, in order to avoid large instabilities in standard Higgs potential. 

Countors of cross sections, in fb, for 6 
copies of vector like quarks of charge 5/3.  Y1 = 0.4

’
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MSSM

• Here we want to discuss the R-parity conserving MSSM. It is known that the  
Higgs sector in such a case is just a type II Higgs doublet sector

• So, for heavy superparticles, the constraints on the two Higgs doublet model will 
also apply to supersymmetry. 

• One can imagine using sparticles to enhance either the loop induced production 
cross section or the branching ratio in to gammas.  Moreover, sparticle can be 
heavier than half of the Higgs mass and then the Higgs will not decay into them. 

• Two problems arise :  The only sparticles that have large enough couplings are the 
third generation sfermions,  and the loop induced processes are suppressed by 
the ratio of the Higgs vev to the square of the heavy sparticle masses.  

• One can try to use large trilinear couplings to fulfill the role.  Ideally, the effective 
operator must be of the form

• It is impossible to push the parameters of the model to obtain the desired signal 
without inducing color breaking minima and/or large effects effects in the SM 
Higgs like particle 

A(H ! ��)t̃/A(H ! ��)t̃ '
 
1

2

m2
tµAt

m2
t̃1
m2

t̃2

!



R-Parity Violation

• Here you can produce the resonance from quark annihilation and not gluon 
fusion and then the bounds are somewhat weakened

• The resonance would be a scalar neutrino, and it would decay into gammas 
via loops of charged and light staus.  The dimensionful scalar coupling and 
the R-parity violating coupling must be adjusted

• Here the dimensionful scalar coupling was set to be 14 times the stau mass, 
that is when the theory breaks unitarity, and yet can only be done in a very 
narrow region of parameters

• I think this explanation is really difficult to swallow and unlikely to be true.
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We explain the recent excess seen by ATLAS and CMS experiments at around 750 GeV in the
di-photon invariant mass as a narrow width sneutrino decaying to di-photons via a stau loop in
R�parity violating Supersymmetry. The stau mass is predicted to be somewhere between half the
resonant sneutrino mass and half the sneutrino mass plus 14 GeV. The scenario also predicts further
signal channels at an invariant mass of 750 GeV, the most promising being into di-jets.

I. INTRODUCTION

The ATLAS and CMS collaborations have recently
presented the results of di-photon resonance searches in
early Run II of

p
s = 13 TeV data [1, 2]. ATLAS ob-

served an excess of 3.9 � local significance (2.3 � global)
at a di-photon invariant mass of around 750 GeV with 3.2
fb�1 integrated luminosity. CMS also observed a 2.6 �

excess locally (< 1.2 � globally) at a similar mass ⇠ 760
GeV in 2.6 fb�1 of data. The ATLAS excess prefers
a large width ⇠ 45 GeV, but only at a very mild level
(the local significance increases by 0.3� above the narrow
width approximation [1]) whereas such a fit has not been
performed on the CMS data. These excesses are consis-
tent with a new narrow-width resonance decaying into
two photons with approximately �(pp ! ��) ⇡ 5.3± 2.4
fb (unfolding e�ciency and acceptance as in Ref. [3]1).
The possibility of a new 750 GeV resonance decaying into
di-photons has stimulated a lot of ideas and speculation
in the theory community recently; for an incomplete list,
see e.g. [3–19, 21–75]. Many of the interpretations rely
on Higgs or other scalar bosons with additional charged
particles that enhance the di-photon branching ratio and
the total width.

In this work we interpret the observed di-photon excess
within the Minimal Supersymmetric Standard Model
(MSSM) framework as a 750 GeV scalar neutrino (sneu-
trino) resonance, dd̄ ! ⌫̃

i

, produced via the R-parity
violating (RPV) interaction

W

LV

= �

0
i11

L

i

Q

1

D̄

1

, (1)

where i is the family index of the sneutrino. The sneu-
trino may decay into two photons through a triangle loop

1 This assumes e�ciency times acceptance of 0.65 for ATLAS and
0.48 for CMS. These numbers were calculated assuming gluon
fusion production, which will not be our case. However, to the
accuracy with which we work, the approximation should be suf-
ficiently good.

FIG. 1. Example Feynman diagram for resonant sneutrino
production via the LiQ1D̄1 operator in Eq. (1) and its decay
to two photons through the triangle stau loop via the soft
term ˜̀

i
˜̀
3⌧̃

+
R in Eq. (2). The cross in the stau propagator

represents the left-right mixing in the stau sector. There are
other diagrams with ⌧̃L⌧̃

⇤
L�� or ⌧̃R⌧̃

⇤
R�� vertices which are not

shown.

diagram of staus with a large left-right mixing via the
RPV soft supersymmetry (SUSY) breaking term

Lsoft

LV

= A

i33

˜̀
i

˜̀
3

⌧̃

+

R

+ (H.c.) , (2)

where the SU(2)
L

indices of ˜̀
i

and ˜̀
3

are anti-
symmetrically contracted implicitly, which forbids i to
be 3, so the 750 GeV sneutrino has to be of electron or
muon type in our scenario. The process shown in Fig. 1
will contribute to the di-photon signal and may explain
the excesses observed in the ATLAS and CMS data, as
shown below.
The rest of the paper is organised as follows. In Sec. II

we consider the decay of the sneutrino and discuss the
constraints on our scenario. In Sec. III we show our re-
sults and discuss the value of the sneutrino width that
one can obtain in our scenario. Sec. IV discusses how one
might tweak the model in order to increase the width of
the sneutrino in the event that it is unambiguously mea-
sured by the experiment to be a wide resonance. Sec. V
is devoted to conclusions.
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FIG. 3. The di-photon signal cross section times branching
ratio as a function of the stau mass for di↵erent values of the
RPV coupling �0

i11.

arguments [78]). From Fig. 2, we find that the di-photon
channel is dominant for small �0

i11

, which however cannot
be made arbitrarily small, since the sneutrino production
cross section is proportional to |�0

i11

|2. We also note that
the partial widths for ⌫̃

i

! �Z and ⌫̃

i

! ZZ are respec-
tively ⇠ 10�4 and ⇠ 10�7 of �(⌫̃

i

! ��). We therefore
neglect these contributions in our subsequent analytical
formulae, although we include them in our numerical re-
sults.

III. RESULTS

We compute the signal cross section at
p
s = 13

TeV LHC using the RPV model implementation in
FeynRules [79] and the parton-level event generation
in MadGraph5 [80] with NNPDF2.3 leading order PDF
sets [81]. We find

�(pp ! ⌫̃

i

! ��)
13TeV

= �

13TeV

0

|�0
i11

|2 · BR
��

,(13)

where �13TeV

0

= 156 pb for m
⌫̃i = 750 GeV with �

0
i11

= 1
and BR

��

= �
��

/�
tot

. We require that the signal cross
section be within the 1� region of the observed value,
i.e. 5.3± 2.4 fb [3]. Fig. 3 shows predictions for the sig-
nal cross section times branching ratio as a function of
the lightest stau mass for di↵erent values of �0

i11

. When
the stau mass is smaller than half the resonant sneutrino
mass at the left-hand side of the plot, the branching ratio
to the di-photon channel is highly suppressed and conse-
quently the signal cross section is too small. It is clear
from the figure that when the stau mass is half (or just
over half) the resonant sneutrino mass, the cross section
fits the di-photon excess measurements. Here, on-shell
stau production is kinematically disfavoured, boosting
the �� branching ratio, but as the stau mass further in-
creases, the loop diagram depicted in Fig. 1 becomes in-
creasingly mass suppressed and the signal cross section
dies o↵.

Since the other gauge boson channels are suppressed,
there is no constraint from those decay modes. On the

other hand, the ⌫̃

i

! dd̄ channel is constrained by the
di-jet resonance searches [76, 77]. The most stringent
constraint comes from the

p
s = 8 TeV LHC data:2

�(pp ! ⌫̃

i

! dd̄)
8TeV

' �

8TeV

0

|�0
i11

|2 · BR
d

¯

d

<⇠ 2.5 pb,

(14)

where �8TeV

0

= 57 pb is the
p
s = 8 TeV production cross

section for pp ! ⌫̃

i

with �

0
i11

= 1 and BR
d

¯

d

= �
d

¯

d

/�
tot

is the branching ratio of the di-jet decay mode.
Let us first consider the �

X

= 0 case. Since the up-
per limit of the di-jet cross section (2.5 pb) is much larger
than the preferred di-photon cross section (8 fb), we have
�
d

¯

d

� �
��

in the most of the interesting parameter re-
gion. In this regime the total width of the sneutrino can
be approximated by �

d

¯

d

/⇠ |�0
i11

|2 and we have

�(pp ! ⌫̃

i

! ��) /⇠ |�0
i11

|2 · � �
��

|�0
i11

|2
� ⇠ �

��

, (15)

�(pp ! ⌫̃

i

! dd̄) /⇠ |�0
i11

|2 · � �
d

¯

d

|�0
i11

|2
� / |�0

i11

|2, (16)

thus the �� signal rate is approximately independent of
�

0
i11

as Fig. 3 shows in the region m

⌧̃1 > m

⌫̃i/2. The di-
jet signal cross section also receives a contribution from
charged slepton production:

�(pp ! ẽ

�
Li

! ūd) = �

8 TeV

� |�0
i11

|2 (17)

�(pp ! ẽ

+

Li
! ud̄) = �

8 TeV

+

|�0
i11

|2, (18)

since, to a good approximation, the charged slepton
branching ratio into 2 jets is 1 because m

⌫̃⌧ � m

⌧̃1 and
so the loop diagrams for W� and WZ decays are sup-
pressed because they involve the tau sneutrino. SU(2)

L

invariance leads to the tree-level relation m

2

ẽLi
= m

2

⌫̃i
+

M

2

W

cos 2�, thus m

ẽi = 746 GeV for m

⌫̃i = 750 GeV
and tan� = 5, for instance. This means that the
charged slepton contribution to the di-jets constraint can-
not be made small by arbitrarily changing the mass of
the charged slepton. We obtain �

8 TeV

� = 23 pb and
�

8 TeV

+

= 57 pb for a 750 GeV charged slepton.
Fig. 4 shows our numerical result for the �

X

= 0 case.
Throughout this section, we take the maximal left-right
mixing (✓ = ⇡/4) and A

i33

= 14m
⌧̃1 so that the signal

rate is maximized. With this relation, A
i33

respects the
perturbativity bound: larger values of A

i33

generate a
large |˜̀

i

|4 operator via the box diagram of ˜̀
i

and ⌧̃

R

[78]. In the green shaded region the di-photon signal
rate is within the 1 � band of the observed value, whereas
the red shaded region is excluded by the di-jet resonance
searches. As discussed above, the signal rate depends
almost exclusively on m

⌧̃1 unless |�0
i11

| ⌧ 1. As can be
seen, in order to explain the di-photon excess the lightest

2 Note that the reported results from the early Run II LHC di-
jet resonance searches [82, 83] do not cover the region at di-jet
invariant masses of 750 GeV at all.
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We explain the recent excess seen by ATLAS and CMS experiments at around 750 GeV in the
di-photon invariant mass as a narrow width sneutrino decaying to di-photons via a stau loop in
R�parity violating Supersymmetry. The stau mass is predicted to be somewhere between half the
resonant sneutrino mass and half the sneutrino mass plus 14 GeV. The scenario also predicts further
signal channels at an invariant mass of 750 GeV, the most promising being into di-jets.

I. INTRODUCTION

The ATLAS and CMS collaborations have recently
presented the results of di-photon resonance searches in
early Run II of

p
s = 13 TeV data [1, 2]. ATLAS ob-

served an excess of 3.9 � local significance (2.3 � global)
at a di-photon invariant mass of around 750 GeV with 3.2
fb�1 integrated luminosity. CMS also observed a 2.6 �

excess locally (< 1.2 � globally) at a similar mass ⇠ 760
GeV in 2.6 fb�1 of data. The ATLAS excess prefers
a large width ⇠ 45 GeV, but only at a very mild level
(the local significance increases by 0.3� above the narrow
width approximation [1]) whereas such a fit has not been
performed on the CMS data. These excesses are consis-
tent with a new narrow-width resonance decaying into
two photons with approximately �(pp ! ��) ⇡ 5.3± 2.4
fb (unfolding e�ciency and acceptance as in Ref. [3]1).
The possibility of a new 750 GeV resonance decaying into
di-photons has stimulated a lot of ideas and speculation
in the theory community recently; for an incomplete list,
see e.g. [3–19, 21–75]. Many of the interpretations rely
on Higgs or other scalar bosons with additional charged
particles that enhance the di-photon branching ratio and
the total width.

In this work we interpret the observed di-photon excess
within the Minimal Supersymmetric Standard Model
(MSSM) framework as a 750 GeV scalar neutrino (sneu-
trino) resonance, dd̄ ! ⌫̃

i

, produced via the R-parity
violating (RPV) interaction

W

LV

= �

0
i11

L

i

Q

1

D̄

1

, (1)

where i is the family index of the sneutrino. The sneu-
trino may decay into two photons through a triangle loop

1 This assumes e�ciency times acceptance of 0.65 for ATLAS and
0.48 for CMS. These numbers were calculated assuming gluon
fusion production, which will not be our case. However, to the
accuracy with which we work, the approximation should be suf-
ficiently good.

FIG. 1. Example Feynman diagram for resonant sneutrino
production via the LiQ1D̄1 operator in Eq. (1) and its decay
to two photons through the triangle stau loop via the soft
term ˜̀

i
˜̀
3⌧̃

+
R in Eq. (2). The cross in the stau propagator

represents the left-right mixing in the stau sector. There are
other diagrams with ⌧̃L⌧̃

⇤
L�� or ⌧̃R⌧̃

⇤
R�� vertices which are not

shown.

diagram of staus with a large left-right mixing via the
RPV soft supersymmetry (SUSY) breaking term

Lsoft

LV

= A

i33

˜̀
i

˜̀
3

⌧̃

+

R

+ (H.c.) , (2)

where the SU(2)
L

indices of ˜̀
i

and ˜̀
3

are anti-
symmetrically contracted implicitly, which forbids i to
be 3, so the 750 GeV sneutrino has to be of electron or
muon type in our scenario. The process shown in Fig. 1
will contribute to the di-photon signal and may explain
the excesses observed in the ATLAS and CMS data, as
shown below.
The rest of the paper is organised as follows. In Sec. II

we consider the decay of the sneutrino and discuss the
constraints on our scenario. In Sec. III we show our re-
sults and discuss the value of the sneutrino width that
one can obtain in our scenario. Sec. IV discusses how one
might tweak the model in order to increase the width of
the sneutrino in the event that it is unambiguously mea-
sured by the experiment to be a wide resonance. Sec. V
is devoted to conclusions.
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We explain the recent excess seen by ATLAS and CMS experiments at around 750 GeV in the
di-photon invariant mass as a narrow width sneutrino decaying to di-photons via a stau loop in
R�parity violating Supersymmetry. The stau mass is predicted to be somewhere between half the
resonant sneutrino mass and half the sneutrino mass plus 14 GeV. The scenario also predicts further
signal channels at an invariant mass of 750 GeV, the most promising being into di-jets.

I. INTRODUCTION

The ATLAS and CMS collaborations have recently
presented the results of di-photon resonance searches in
early Run II of

p
s = 13 TeV data [1, 2]. ATLAS ob-

served an excess of 3.9 � local significance (2.3 � global)
at a di-photon invariant mass of around 750 GeV with 3.2
fb�1 integrated luminosity. CMS also observed a 2.6 �

excess locally (< 1.2 � globally) at a similar mass ⇠ 760
GeV in 2.6 fb�1 of data. The ATLAS excess prefers
a large width ⇠ 45 GeV, but only at a very mild level
(the local significance increases by 0.3� above the narrow
width approximation [1]) whereas such a fit has not been
performed on the CMS data. These excesses are consis-
tent with a new narrow-width resonance decaying into
two photons with approximately �(pp ! ��) ⇡ 5.3± 2.4
fb (unfolding e�ciency and acceptance as in Ref. [3]1).
The possibility of a new 750 GeV resonance decaying into
di-photons has stimulated a lot of ideas and speculation
in the theory community recently; for an incomplete list,
see e.g. [3–19, 21–75]. Many of the interpretations rely
on Higgs or other scalar bosons with additional charged
particles that enhance the di-photon branching ratio and
the total width.

In this work we interpret the observed di-photon excess
within the Minimal Supersymmetric Standard Model
(MSSM) framework as a 750 GeV scalar neutrino (sneu-
trino) resonance, dd̄ ! ⌫̃

i

, produced via the R-parity
violating (RPV) interaction

W

LV

= �

0
i11

L

i

Q

1

D̄

1

, (1)

where i is the family index of the sneutrino. The sneu-
trino may decay into two photons through a triangle loop

1 This assumes e�ciency times acceptance of 0.65 for ATLAS and
0.48 for CMS. These numbers were calculated assuming gluon
fusion production, which will not be our case. However, to the
accuracy with which we work, the approximation should be suf-
ficiently good.

FIG. 1. Example Feynman diagram for resonant sneutrino
production via the LiQ1D̄1 operator in Eq. (1) and its decay
to two photons through the triangle stau loop via the soft
term ˜̀

i
˜̀
3⌧̃

+
R in Eq. (2). The cross in the stau propagator

represents the left-right mixing in the stau sector. There are
other diagrams with ⌧̃L⌧̃

⇤
L�� or ⌧̃R⌧̃

⇤
R�� vertices which are not

shown.

diagram of staus with a large left-right mixing via the
RPV soft supersymmetry (SUSY) breaking term

Lsoft

LV

= A

i33

˜̀
i

˜̀
3

⌧̃

+

R

+ (H.c.) , (2)

where the SU(2)
L

indices of ˜̀
i

and ˜̀
3

are anti-
symmetrically contracted implicitly, which forbids i to
be 3, so the 750 GeV sneutrino has to be of electron or
muon type in our scenario. The process shown in Fig. 1
will contribute to the di-photon signal and may explain
the excesses observed in the ATLAS and CMS data, as
shown below.
The rest of the paper is organised as follows. In Sec. II

we consider the decay of the sneutrino and discuss the
constraints on our scenario. In Sec. III we show our re-
sults and discuss the value of the sneutrino width that
one can obtain in our scenario. Sec. IV discusses how one
might tweak the model in order to increase the width of
the sneutrino in the event that it is unambiguously mea-
sured by the experiment to be a wide resonance. Sec. V
is devoted to conclusions.
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Low Energy SUSY Breaking

• A chiral field responsible for the gauge kinetic term, via a vev of its auxiliary 
component

• Couplings proportional to gaugino masses and inversely proportional to the 
square of the supersymmetry breaking scale 

• Obviously, for this explanation to be true, the SUSY breaking scale must be 
of order of a few TeV !  (gravitino couplings will also relevant)

contains additional hard-breaking operators, e.g. quartic Higgs couplings. The latter make

the Higgs sector resemble a two-Higgs doublet model with an additional (complex) singlet.

LSSB models present a much milder electroweak fine-tuning than usual MSSMs [10,11] and a

rich phenomenology [9–12]. As discussed in refs. [5,6,8], the LSSB scenario can nicely explain

the diphoton excess at 750 GeV observed at the LHC.

Let us summarize the main ingredients of LSSB scenarios. Expanding in inverse powers

of M , superpotential, W , Kähler potential, K, and the gauge kinetic function, fab, read

W = WMSSM + F
⇣
�+

⇢�
6M2

�3 + · · ·
⌘
+

✓
µ+

µ0

M
�+ · · ·

◆
Hu ·Hd

+
1

2M

✓
`+

`0

M
�+ · · ·

◆
(Hu ·Hd)

2 + · · · , (1)

K = |�|2
⇣
1� ↵�

4M2
|�|2 + · · ·

⌘
+ |Hu|2

h
1 +

↵u

M2
|�|2 + · · ·

i
+ |Hd|2

h
1 +

↵d

M2
|�|2 + · · ·

i

+
h
Hu ·Hd

⇣ ↵ud

2M2
�̄2 + · · ·

⌘
+ h.c.

i
+ · · · , (2)

fab =
�ab
g2a


1 + ca

�

M
+ · · ·

�
. (3)

Here all the parameters are dimensionless, except the µ, µ0 · · · parameters in the superpo-
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Figure 1: Regions of the M3,M�̃ plane in which the observed cross section �(pp ! � ! ��)

is reproduced, assuming
p
F = 4 TeV and M1 = M2. The green and blue bands correspond

to � = 0.06M� and the real � from decays into SM gauge bosons. Thin (broad) bands

correspond to 1� (2�). The gray region is excluded by LHC dijet searches (but applies only

to the blue band).

resonance that ATLAS reports. In the sgoldstino scenario we consider, such double resonance

is a natural possibility, as the complex singlet field � has two real components, as explicitly

shown in Eq. (4), and generic scalar potentials give di↵erent masses to �S and �P . Indeed,

such mass splitting has been proposed in [6] as a resolution to the puzzle of the large width

of the 750 GeV resonance. In this section we go beyond that analysis in several respects,

pointing out that other sources of sgoldstino mass splitting, di↵erent from the one considered

in [6], are possible and interesting.

After electroweak symmetry breaking (EWSB), the mass matrix for the neutral scalars in

generically mixes the two sgoldstino fields �S,P with three Higgs fields: the light Higgs h0,

and the two heavy ones, H0 and A0. In first approximation, neglecting e↵ects from EWSB,

as v ⌧ M�, one simply gets from (7) the two squared-mass eigenvalues m̃2(↵�± ⇢�). A small

mass splitting requires ⇢� ⌧ ↵�, in which case �M� ' m̃⇢�/
p
↵� ' M�⇢�/↵�. So, �M� ⇠ 30

GeV requires the mild hierarchy ⇢�/↵� ⇠ 0.04 between ⇢� and ↵�, the Wilson coe�cients
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Here we fix the SUSY breaking
scale to be as low as 4 TeV

Blue band is were the signal is reproduced
Green band gives a large width

An effective larger width may be obtained by splitting the 
scalar and psudoscalar components

I don’t know of any realistic scenario realizing this 
possibility, but is something to consider.

Peterson, Torre’15;  Casas, Espinosa’15



Are there SUSY alternatives ?

• Again, so far in the literature the only alternative to these ones is NMSSM 
with vector like quarks and/or leptons

• Why are they there ? Maybe a remnant of E6 unification

• Remember that a 27 of E6 has a generation plus a 5 a 5bar and a singlet !

• This may work, but demands alignment of the singlets, namely small mixing 
with the  doublets and/or large charges and multiplicities. 

• But maybe we are looking at it wrongly, and the production is not via gluon 
fusion but from cascade decays

• The question is what comes with the scalars in this case

• In any case, no weakly interacting model presented so far is particularly well 
motivated, but maybe that is the way it should go....


