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Figure 2: The CLs values for the SM Higgs boson hypothesis as a function of the Higgs boson

mass in the range 110–600 GeV (left) and 110–145 GeV (right). The observed values are shown

by the solid line. The dashed line indicates the expected median of results for the background-

only hypothesis, while the green (dark) and yellow (light) bands indicate the ranges that are

expected to contain 68% and 95% of all observed excursions from the median, respectively. The

three horizontal lines on the CLs plot show confidence levels of 90%, 95%, and 99%, defined as

(1 − CLs).
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = σ/σSM for the SM

Higgs boson hypothesis as a function of the Higgs boson mass in the range 110–600 GeV (left)

and 110–145 GeV (right). The observed values as a function of mass are shown by the solid line.

The dashed line indicates the expected median of results for the background-only hypothesis,

while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain

68% and 95% of all observed excursions from the median, respectively.

Two Amazing Experiments,
Two Amazing Results



#1: Low Mass
Excesses
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = σ/σSM for the SM

Higgs boson hypothesis as a function of the Higgs boson mass in the range 110–600 GeV (left)

and 110–145 GeV (right). The observed values as a function of mass are shown by the solid line.

The dashed line indicates the expected median of results for the background-only hypothesis,

while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain

68% and 95% of all observed excursions from the median, respectively.
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Figure 3: The 95% CL upper limits on the signal strength parameter µ = σ/σSM for the SM

Higgs boson hypothesis as a function of the Higgs boson mass in the range 110–600 GeV (left)

and 110–145 GeV (right). The observed values as a function of mass are shown by the solid line.

The dashed line indicates the expected median of results for the background-only hypothesis,

while the green (dark) and yellow (light) bands indicate the ranges that are expected to contain

68% and 95% of all observed excursions from the median, respectively.

#2: High Mass
Exclusion
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Combine with 
EW Precision
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Combine with 
High Mass 
Exclusion



Combine with 
“only limits” on 
BSM physics



The world has a SM Higgs
 mh ≈ 125 GeV

(and nothing else)



Could be, but...

-  Excesses need to be confirmed/strengthened
   by both experiments with 2012 data

-  If confirmed, properties of Higgs-like resonance    
   studied  (cf.  Tilman’s talk)

- Confirm or rule out the “imposters” or “counterfeits”
   e.g., singlet, radion... e.g. Fox, Tucker-Smith, Weiner 1104.5450



EW Precision Strongly Affected 
by New EW Physics  
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1) Light EW particles and/or 
2) Cutoff scale operators:

can easily get restore (S,T) equivalent to light Higgs.

(in notation of Giudice et al. 0703164)
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BSM Limits Weak in Vital Areas 

Stop production

For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb
−1
. This search sets

limits on sbottom pair production, with the decay b̃ → bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L → bH̃
0
for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R → bH̃
±
, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search
7
. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, m
H̃
< 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb
−1

(green), which only applies for m
Ñ1

<∼ 110 GeV, and has been

surpassed by the LHC limits.

7
In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to effect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small

20

Papucci, Ruderman, Weiler 1110.6926
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bt
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t
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0

H̃
± b

FIG. 2: Possible decay modes in the simplified model consisting only of a left-handed stop/sbottom,

or right-handed stop, decaying to a higgsino LSP. On the left, we show decays of the left-handed

stop and left-handed sbottom, whose masses are both determined by mQ3 . On the right, we show

possible decays of the right-handed stop, whose mass is determined by mu3 . At this stage, we

neglect left-right stop mixing.

We comment that near the edge of the limit, the typical acceptance of the jets plus missing

energy searches for this signal is only ∼ O(10−3). This is the right order of magnitude to set

a limit because 200 GeV stops have a production cross-section of about 10 pb, which then

leads to 10’s of events after cuts, in 1 fb
−1
.

To understand why the acceptance is ∼ O(10−3), we consider, as an example, the high

missing energy selection of the CMS jets plus missing energy search [12]. This search demands

HT > 350 GeV and /ET > 500 GeV. We find that moderately hard initial state radiation

is required for stops and sbottoms in the mass range of 200-300 GeV to pass this cut.

The low acceptance is related to the probability to produce sufficiently hard radiation. In

order to verify that the acceptance is not considerably underestimated due to the fact that

the additional jets are populated only by the parton shower in events generated by Pythia

(with the total cross-section normalized to the NLO value), we have also generated events

in Madgraph [64] with stop and sbottom pair production including also the possibility of

radiating one extra parton at the level of the matrix element. Overall we find good agreement

between the two estimates, within our typical uncertainties.
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Scalar octet (8,1)0 production

with Θa invariant mass among 
both pairs.
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Fig. 3. Expected and observed 95% CL upper bounds on the
product of the scalar pair production cross sections and of the
branching ratio to gluons as a function of the scalar mass. The
predictions of the sgluon and hyperpion pair production cross
section are also shown.

vided us with the code for the differential cross section of
sgluon pair production.
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Figure 6: The observed limit on the cross section times branching fraction times acceptance

for pair production of dijet resonances (solid black curve), and the expected limit (dot dashed

curve) and its 1σ and 2σ variations (shaded), are compared with the theoretical predictions for

the coloron model (red curve). We exclude at 95% C.L. pair production of colorons with mass

M(C) in the range 320 < M(C) < 580 GeV/c2
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BIG effect on Higgs Physics  
g

g

h

g

g

h

FIG. 1. Feynman diagrams for scalar loop contributions to
gg → h. A real scalar field has precisely these diagrams, while
a complex field also has a third diagram that can be obtained
from the second diagram by swapping the initial state gluons.

II. MODELS OF UNDERPRODUCTION

The general class of models leading to modifications in

Higgs production that we consider consist of the standard

model extended to include a set of real or complex scalars

φi transforming under some representations of the color

SU(3) group. The renormalizable interactions of the col-

ored scalars are of the form

L(φi) = Dµφ
†
iD

µφi −M
2
i φ†

iφi

− κijφ
†
iφj H

†
H − λijklφ

†
iφjφ

†
kφl (2.1)

where suitable color contractions are implicit (for λijkl,

this can result in several independent interactions). This

set of interactions can be recast for real scalar fields

under the replacement (φi,φ
†
i ) → (φi,φi)/

√
2. Addi-

tional representation-dependent renormalizable interac-

tions are possible, such as �αβγφα
i φ

β
j φ

γ
k for color triplets,

dabcφa
i φ

b
jφ

c
k for color octets, etc.

The Higgs portal interactions proportional to κ are our

primary interest. Consider the effects of a single scalar

field, φi. ExpandingH = (v+h)/
√
2 gives the dimension-

3 operator κiivφ
†
iφih, that leads to the 1-loop colored

scalar contributions to gluon fusion shown in Fig. 1. For

a complex scalar field, the diagrams in Fig. 1 are added

to the “gluon-crossed” triangle diagram to obtain a finite

result, similar to the calculation of the top-quark loop.

For a real scalar field there is no gluon-crossed diagram,

but the bubble diagram has a symmetry factor of 1/2

such that the result is again finite.

These new physics contributions combine with the

standard model contributions to the gluon fusion process.

For production of a single on-shell Higgs in the narrow

width approximation, the gluon fusion rate is propor-

tional to the partial width of the Higgs boson into gluons,

σ̂(gg → h) =
π2Γ(h → gg)

8Mh
δ(ŝ−M

2
h) . (2.2)

At leading order, that partial width is

Γ(h → gg) =
GFα2

sM
3
h

64
√
2π3

�����At(τt) +
�

i

ciκii
v
2

2M
2
i

Ai(τi)

�����

2

(2.3)

where ci = C
i
A (ci = 2C

i
A) is equal to (twice) the

quadratic Casimir of the QCD representation of the ith

scalar in a real (complex) representation. Here τt ≡
M

2
h/(4M

2
t ) and τi ≡ M

2
h/(4M

2
i ) while At and Ai are

the contributions to the amplitude from top quark loops

and scalar loops, respectively. For the scalar contribution

we obtain

τiAi(τi) = 2M
2
i C0(4M

2
i τi;Mi) + 1 (2.4)

in terms of the three-point Passarino-Veltman [17] func-

tion C0, defined by

C0(s;m) ≡ C0(p1, p2;m,m,m)

=

�
d
4
q

iπ2

1

(q2−m2) [(q + p1)
2−m2] [(q + p1 + p2)

2−m2]

(2.5)

where p
2
1 = p

2
2 = 0 and (p1 + p2)

2
= s. The well-known

top loop is [2, 18]

τtAt(τt) = −4M
2
t (1− τt)C0(4M

2
t τt;Mt)− 2 . (2.6)

Using these expressions, it is straightforward to calculate

the effects of one or more scalars on the gluon fusion rate.

In the limit where the Higgs mass is small, Mh �
Mt,Mi, the amplitudes are real, and asymptote to mass-

independent values: At(0) = −4/3 and Ai(0) = −1/3.

This yields the following change in the h → gg width:

�
Γ(h → gg)

Γ(h → gg)SM

�

Mh�Mt,Mi

≈

�����1 +
�

i

ciκii
v
2

8M
2
i

�����

2

, (2.7)

where Γ(h → gg)SM is the standard model width. This

shows that suppression of Higgs production occurs for

κii < 0.
1

For a single colored scalar, a substantial can-

cellation between the top and scalar loops is possible

when its mass is related to its Higgs portal coupling by

Mi ≈ v
�
cii|κi|/8.

In the particular case Mh = Mi = Mt, the amplitudes

areAt(1/4) = −8(1−π2
/12) andAi(1/4) = −4(π2

/9−1),

so that

�
Γ(h → gg)

Γ(h →gg)SM

�

Mh=Mi=Mt

≈

�����1 +
2

3

�
π2 − 9

12− π2

��

i

ciκii

�����

2

(2.8)

where we used v ≈
√
2Mt. Substantial cancellation in

this case requires
�

i ciκii ≈ −3.7.

1 This was noted in Ref. [10] in the context of a real scalar color
octet, but not explored further.

2

Light colored particles can lead to 
large destructive interference for 

gluon fusion, effectively
hiding the Higgs. 
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Color Octet

“Higgs portal” self quartic

Consider:  real scalar octet “Θ”:  (8,1)0

Color-octet real (complex) scalars have ci = 3 (6), so

that the above particular cases show that gluon fusion

may be strongly suppressed with order-one couplings.

We will analyze the color-octets in Section III. In the case

of color-triplet complex scalars, the Casimir is smaller,

ci = 1, so that several triplets are necessary to obtain

substantial suppression with order-one κii couplings.

Supersymmetric models automatically have color-

triplet scalars with substantial couplings to the Higgs sec-

tor. The possibility of destructive interference between

the top loop and loops of stops has been explored pre-

viously [5]. In the supersymmetric case, the coupling

to the Higgs is determined by supersymmetric as well

as supersymmetry-breaking interactions, and so the size

and sign of the contribution is model-dependent. In the

limit of no supersymmetry breaking with tanβ = 1 and

µ = 0, there are two mass eigenstates, a pure t̃L and

t̃R with masses equal to the top mass and Higgs portal

coupling given by κ = y
2
t . In the limit Mh � Mt = Mt̃,

the addition of the stops results in an increase in the am-

plitude by a factor of 3/2, and thus an increase in the

Higgs production rate by a factor of 9/4. This is indica-

tive of the size of the correction that colored scalars can

provide, but this particular limit does not yield a realis-

tic model of low-energy supersymmetry due to the lack

of both tree-level and one-loop corrections to the Higgs

mass itself.

If the Higgs mass is large enough for an on-shell decay

to proceed, the h → gg amplitude develops an imaginary

part. Two on-shell decays could occur: h → tt̄ and/or

h → φ(†)
i φi. This leaves four distinct possibilities:

i) Mh < 2Mi, 2Mt: No imaginary part is generated for

the amplitudes; suppression of gluon fusion arises entirely

through cancellation of the real parts of the diagrams.

ii) 2Mi < Mh < 2Mt: An imaginary part is generated

for the amplitude involving colored scalars. It increases

rapidly (in magnitude), such that Im[Ai(τi)] = Re[Ai(τi)]
is achieved already once Mh � 2.15Mi. This results in a

significant non-cancelable contribution to the amplitude

for Higgs production through gluon fusion.

iii) 2Mt < Mh < 2Mi: An imaginary part is generated

for the amplitude involving top quarks. It increases more

slowly, we find Im[At(τt)] = (1/4, 1/2, 1)×Re[At(τt)] oc-
curs when Mh � (2.3, 2.5, 3.1)Mt. Hence, there is a re-

gion of parameter space when 2Mt <∼ Mh for which size-

able cancellation in the real parts remains sufficient to

suppress Higgs production through gluon fusion.

iv) 2Mi, 2Mt < Mh: Imaginary parts are generated

for both amplitudes involving colored scalars as well

as top quarks. Interestingly, for 2Mi � Mh and with

Mh >∼ 2Mt, both the real and imaginary contributions to

At and Ai are negative. This suggests there is an inter-

esting regime where both the real and imaginary parts of

the contributions from top loops and colored scalar loops

can simultaneously destructively interfere.

We will see all four of these cases arise in the specific

model involving a color-octet scalar considered in the

next section.

It is also interesting to estimate how small the gg → h

rate could be made in principle. Note that so far we

have neglected other quark contributions to the ampli-

tude. While it is possible for scalar loop contributions

to cancel the sum of the real parts of the top loop and

the much smaller light quark contributions, without ex-

traordinary tuning it is not possible to also cancel the

small imaginary part that accompanies h → bb̄. Even

for the smallest Higgs mass allowed by LEPII, we find

the absolute value of the imaginary part of the b-quark

loop contribution is smaller than 10% of the absolute

value (real part) of the top quark contribution to the am-

plitude. Hence, the gluon fusion Higgs production rate

could be as small as 1% of the standard model rate while

not running afoul of this lower bound.

III. COLOR-OCTET REAL SCALAR

Let us now consider the standard model plus an

electroweak-singlet, color-octet real scalar field Θa
. The

most general renormalizable Lagrangian involving Θa
is

LΘ =
1

2
(DµΘ

a
)
2 − 1

2

�
M

2
0 + κH†

H
�
ΘaΘa

− µΘ dabcΘ
aΘbΘc − λΘ

8
(ΘaΘa

)
2

− λ�
ΘdabedcdeΘ

aΘbΘcΘd
. (3.1)

Here κ,λΘ and λ�
Θ are dimensionless real parameters, M0

and µΘ are real parameters of mass dimension +1, and

dabc is the totally symmetric SU(3) tensor. After elec-

troweak symmetry breaking, the octet obtains the phys-

ical mass

M
2
Θ = M

2
0 +

κ

2
v
2
, (3.2)

which we require to be positive definite. This implies a

constraint on the bare (mass)
2
, M

2
0 > −κv2/2. As we

saw in Sec. II, a negative Higgs portal interaction, κ < 0,

is interesting because it leads to destructive interference

between the top-quark and scalar loops. To ensure that

Θ does not acquire a VEV, one needs to impose λΘ > 0

and |µΘ| <∼ MΘ (the precise upper limit depends on Mh,

λΘ and λ�
Θ, as well as on the sign of µΘ).

The effects of a color-octet scalar on the suppression

of Higgs production through gluon fusion can be ob-

tained directly from the results of Sec. II, substituting

c = CA = 3. We evaluate the Passarino-Veltman func-

tion using the LoopTools package [19]. The parameter

space is controlled by the Higgs mass and two parameters

in the octet model, (MΘ,κ). In Fig. 2 we show contours

of σ(gg → h) in the MΘ versus κ plane for three choices

of Higgs mass, Mh = 125, 250, 450 GeV. In this con-

tour plot, we have normalized the cross sections to the

standard model value at leading order. Working within

the narrow width approximation, all parton distribution

effects factorize and the ratio of cross sections is simply

the ratio of widths, Γ(h → gg)/Γ(h → gg)SM.

3
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that the above particular cases show that gluon fusion

may be strongly suppressed with order-one couplings.

We will analyze the color-octets in Section III. In the case

of color-triplet complex scalars, the Casimir is smaller,

ci = 1, so that several triplets are necessary to obtain

substantial suppression with order-one κii couplings.

Supersymmetric models automatically have color-

triplet scalars with substantial couplings to the Higgs sec-

tor. The possibility of destructive interference between

the top loop and loops of stops has been explored pre-

viously [5]. In the supersymmetric case, the coupling

to the Higgs is determined by supersymmetric as well

as supersymmetry-breaking interactions, and so the size

and sign of the contribution is model-dependent. In the

limit of no supersymmetry breaking with tanβ = 1 and

µ = 0, there are two mass eigenstates, a pure t̃L and

t̃R with masses equal to the top mass and Higgs portal

coupling given by κ = y
2
t . In the limit Mh � Mt = Mt̃,

the addition of the stops results in an increase in the am-

plitude by a factor of 3/2, and thus an increase in the

Higgs production rate by a factor of 9/4. This is indica-

tive of the size of the correction that colored scalars can

provide, but this particular limit does not yield a realis-

tic model of low-energy supersymmetry due to the lack

of both tree-level and one-loop corrections to the Higgs

mass itself.

If the Higgs mass is large enough for an on-shell decay

to proceed, the h → gg amplitude develops an imaginary

part. Two on-shell decays could occur: h → tt̄ and/or

h → φ(†)
i φi. This leaves four distinct possibilities:

i) Mh < 2Mi, 2Mt: No imaginary part is generated for

the amplitudes; suppression of gluon fusion arises entirely

through cancellation of the real parts of the diagrams.

ii) 2Mi < Mh < 2Mt: An imaginary part is generated

for the amplitude involving colored scalars. It increases

rapidly (in magnitude), such that Im[Ai(τi)] = Re[Ai(τi)]
is achieved already once Mh � 2.15Mi. This results in a

significant non-cancelable contribution to the amplitude

for Higgs production through gluon fusion.

iii) 2Mt < Mh < 2Mi: An imaginary part is generated

for the amplitude involving top quarks. It increases more

slowly, we find Im[At(τt)] = (1/4, 1/2, 1)×Re[At(τt)] oc-
curs when Mh � (2.3, 2.5, 3.1)Mt. Hence, there is a re-

gion of parameter space when 2Mt <∼ Mh for which size-

able cancellation in the real parts remains sufficient to

suppress Higgs production through gluon fusion.

iv) 2Mi, 2Mt < Mh: Imaginary parts are generated

for both amplitudes involving colored scalars as well

as top quarks. Interestingly, for 2Mi � Mh and with

Mh >∼ 2Mt, both the real and imaginary contributions to

At and Ai are negative. This suggests there is an inter-

esting regime where both the real and imaginary parts of

the contributions from top loops and colored scalar loops

can simultaneously destructively interfere.

We will see all four of these cases arise in the specific

model involving a color-octet scalar considered in the

next section.

It is also interesting to estimate how small the gg → h

rate could be made in principle. Note that so far we

have neglected other quark contributions to the ampli-

tude. While it is possible for scalar loop contributions

to cancel the sum of the real parts of the top loop and

the much smaller light quark contributions, without ex-

traordinary tuning it is not possible to also cancel the

small imaginary part that accompanies h → bb̄. Even

for the smallest Higgs mass allowed by LEPII, we find

the absolute value of the imaginary part of the b-quark

loop contribution is smaller than 10% of the absolute

value (real part) of the top quark contribution to the am-

plitude. Hence, the gluon fusion Higgs production rate

could be as small as 1% of the standard model rate while

not running afoul of this lower bound.

III. COLOR-OCTET REAL SCALAR

Let us now consider the standard model plus an

electroweak-singlet, color-octet real scalar field Θa
. The

most general renormalizable Lagrangian involving Θa
is
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1
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Θ are dimensionless real parameters, M0

and µΘ are real parameters of mass dimension +1, and

dabc is the totally symmetric SU(3) tensor. After elec-

troweak symmetry breaking, the octet obtains the phys-

ical mass

M
2
Θ = M

2
0 +

κ

2
v
2
, (3.2)

which we require to be positive definite. This implies a

constraint on the bare (mass)
2
, M

2
0 > −κv2/2. As we

saw in Sec. II, a negative Higgs portal interaction, κ < 0,

is interesting because it leads to destructive interference

between the top-quark and scalar loops. To ensure that

Θ does not acquire a VEV, one needs to impose λΘ > 0

and |µΘ| <∼ MΘ (the precise upper limit depends on Mh,

λΘ and λ�
Θ, as well as on the sign of µΘ).

The effects of a color-octet scalar on the suppression

of Higgs production through gluon fusion can be ob-

tained directly from the results of Sec. II, substituting

c = CA = 3. We evaluate the Passarino-Veltman func-

tion using the LoopTools package [19]. The parameter

space is controlled by the Higgs mass and two parameters

in the octet model, (MΘ,κ). In Fig. 2 we show contours

of σ(gg → h) in the MΘ versus κ plane for three choices

of Higgs mass, Mh = 125, 250, 450 GeV. In this con-

tour plot, we have normalized the cross sections to the

standard model value at leading order. Working within

the narrow width approximation, all parton distribution

effects factorize and the ratio of cross sections is simply

the ratio of widths, Γ(h → gg)/Γ(h → gg)SM.
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“Higgs portal” coupling leads to LO contribution:

g
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h  ≈ 
κ g32

16π2 mΘ2
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FIG. 2. Contours of the Higgs production cross section

through gluon fusion at leading order, including the effects
of a color-octet real scalar having Higgs portal coupling κ
and mass MΘ, normalized to the standard model value. The

inner (red), middle (blue), outer (green) regions correspond

to σ(pp → h)/σ(pp → h)SM < 0.1, 0.25, 0.5 respectively. The

top, middle, and bottom panels show increasing Higgs mass.

As thresholds for h → 2-body decays are crossed, qualitative

changes in the suppression of the Higgs production through

gluon fusion are evident.

The striking result is that the Higgs production is sub-

stantially reduced in a large region of the (MΘ,κ) pa-

rameter space. In the Mh = 125, 250 GeV panels, the

contours cut off fairly rapidly near MΘ = Mh/2, corre-
sponding to when the scalar contribution to the ampli-

tude develops an imaginary part resulting from h → ΘΘ

going on-shell.

In the Mh = 450 GeV panel, since the decay h → tt̄
goes on-shell, the amplitude again develops an imaginary

part from the top loop. Here we see two regions where

suppression to Higgs production is possible. The first re-

gion, when MΘ > Mh/2, is analogous to similar regions

for lower Higgs masses. However, since there is a non-

cancelable imaginary part, the size of the cross section

suppression is more limited within the range of parame-

ters shown. The second region, when MΘ <∼ Mh/2, both
the top loop and scalar loops have both real and imag-

inary parts that partially destructively interfere. Sur-

prisingly, the interference can be just as effective in this

region of parameter space as we found when the ampli-

tudes were purely real, Mh < 2Mt, 2MΘ.

In Fig. 3 we again show contours of σ(gg → h), nor-
malized to the SM value, but now in the MΘ versus Mh

plane while holding κ = −0.6,−1.2 fixed at two values.

Much of the structure of the contours is determined by

the threshold for h → ΘΘ to go on-shell, which is the

clear diagonal line in the plots satisfying Mh = 2MΘ.

There are two distinct regions of gluon fusion suppres-

sion. The first is when Mh < 2MΘ and Mh <∼ 2Mt in

the lower center of both plots. In this case, the real parts

between the two diagrams are destructively interfering,

even when h → tt̄ goes (slightly) on-shell, due to the

slow rise of the top amplitude’s imaginary part. In the

second region, Mh > 2MΘ, 2Mt, more clearly seen in the

lower plot of Fig. 3 (κ = −1.2), both real and imaginary

parts for the top and scalar amplitudes are present and

destructively interfere. It is remarkable that such sizable

suppression, between a factor of 2 to 10 in the rate for

gluon fusion, persists throughout much of the parameter

space of both plots.

For another perspective, we can fix both the coupling κ
and the octet mass, then plot the Higgs production cross

section as a function of Higgs mass alone. We do this

in Fig. 4 for κ = −0.75 and three different octet masses,

125GeV, 175GeV and 250GeV.

What we see is that Higgs production through gluon

fusion can be suppressed throughout the Higgs mass

range from the LEP II bound up to largest Higgs masses

that the LHC is currently sensitive to. We should note

that our calculations of the cross sections have been per-

formed in the narrow Higgs width approximation, and for

the largest Higgs masses, the finite width effects become

increasingly important.

Higgs production through gluon fusion is well-known to

have large higher-order corrections [9, 20, 21]. Extensive

higher-order calculations of the effects of a real scalar

color octet on Higgs production were also carried out in

Ref. [10]. These calculations were applied exclusively to

consider enhancements in the Higgs production rate, and

the extent to which they can be bounded from data. We

did, however, apply their results to the negative κ region,

to estimate the higher order corrections to the parameter

space shown in Fig. 2. We found that the higher order

corrections enhance the scalar contribution relative to the
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section as a function of Higgs mass alone. We do this
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fusion can be suppressed throughout the Higgs mass

range from the LEP II bound up to largest Higgs masses
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that our calculations of the cross sections have been per-
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the largest Higgs masses, the finite width effects become
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FIG. 2. Contours of the Higgs production cross section

through gluon fusion, including the effects of a color-octet

scalar, normalized to the standard model value. The in-

ner (red), middle (blue), outer (green) regions correspond to

σ(pp → h)/σ(pp → h)SM < 0.1, 0.25, 0.5 respectively. The

top, middle, and bottom panels show increasing Higgs mass.

As thresholds for h → 2-body decays are crossed, qualitative

changes in the suppression of the Higgs production through

gluon fusion are evident.

In the Mh = 450 GeV panel, when the decay h → tt̄
goes on-shell, the amplitude again develops an imaginary

part from the top loop. Here we see two regions where

suppression to Higgs production is possible. The first re-

gion, when MΘ > Mh/2, is analogous to similar regions
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FIG. 3. Like Fig. 2, we show contours of the Higgs production

cross section through gluon fusion, including the effects of a

color-octet scalar, normalized to the standard model value.

Unlike Fig. 2, we have fixed the Higgs portal coupling to κ =

−0.6,−0.12 in the upper and lower plots, respectively, while

allowing Mh and MΘ to vary.

for lower Higgs masses. However, since there is a non-

cancelable imaginary part, the size of the cross section

suppression is more limited within the range of parame-

ters shown. The second region, when MΘ <∼ Mh/2, both
the top loop and scalar loops have both real and imag-

inary parts that partially destructively interfere. Sur-

prisingly, the interference can be just as effective in this

region of parameter space as we found when the ampli-

tudes were purely real, Mh < 2Mt, 2MΘ.

In Fig. 3 we again show contours of σ(gg → h), nor-
malized to the SM value, but now in the MΘ versus Mh
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Higher Order Corrections

Using their results, we checked that this at most leads to a
shift in value of κ (up to ≈ 25%), but does not change the
underproduction result.

Boughezal & Petriello calculated higher order corrections in 
color octet scalar model (inf top mass limit; large logs; 
incl scalar quartic)

200 400 600 800 1000
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Figure 9: The region of parameter space in !2 and m1 to reduce the gg ! h production cross section
as 10% of the SM one. The new particle is a color-octet and weak-doublet scalar. The blue region is
at the leading order in "s and the orange region is at the next-to-leading order.

with TA as the SU(3)c generators and mi
U D are up-type (down-type) quark masses. Since the third-

generations have the largest Yukawa couplings, the color octets prefer to decay into t" or b" quarks.

The decays widths are
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Through the weak interaction, the charged state can also decay into the neutral state plus a W gauge

boson. From Fig. 6, the mass splitting between those two states are below the W gauge boson mass,

so only o"-shell decays are allowed and the decay width is (our result is di"erent from Ref. [46])
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Di-Higgs Production

6

The triangle diagram contributions to gg → hh only have Pµν gauge structure:

AP,tri =
αs κCA

4π

�
3m2

H

(s−m2
H
)
+ 1

��
2M2

S
C0(p1, p2 : MS) + 1

�
δab. (B5)

The first term in the parenthesis comes from connecting a Higgs propagator and three-point vertex to the scalar

triangle, while the second term comes from attaching the four-point vertex in the κ interaction to the scalar loop.

The scalar box diagrams contribute to both gauge structures. There are four distinct diagrams, shown in Fig. 7.

We find the contribution to the Pµν term is:

FIG. 7. Scalar loop contributions to gg → hh. Diagrams in the left panel are O(αsκ) and in the right panel they are O(αsκ
2
),

where κ is the Higgs portal coupling.

AP,box =
αs v2 κ2 CAδab

2π
×

�m2
H
− t̂

ŝ
C0(p1, k1 : MS) +

m2
H
− û

ŝ
C0(p2, k1 : MS) + (B6)

+M2
S
(D0(p1, p2, k1 : MS) +D0(p2, p1, k1 : MS) +

û t̂+ 2M2
S
ŝ−m4

H

2ŝ
D0(k1, p1, p2 : MS)

�
,

and the contribution to the Qµν term is

AQ,box =
αs v2 κ2 CAδab

2π
× 1

2(m4
H
− t̂ û)

�
ŝ (û+ t̂)C0(p1, p2 : MS)− (û2

+ t̂2 − 2m4
H
)C0(k1, k2 : MS)

+ 2 t̂ (t̂−m2
H
)C0(p1, k1 : MS) + 2 û (û−m2

H
)C0(p2, k1 : MS) + 2M2

S
(m4

H
− t̂ û)D0(k1, p1, p2 : MS)

+ (2M2
S
(m4

H
− t̂ û)− ŝ t̂2)D0(p1, p2, k1 : MS) + (2M2

S
(m4

H
− t̂ û)− ŝ û2

)D0(p2, p1, k1 : MS)

�
. (B7)

Adding the scalar loop AP , AQ to the top loop contributions gives us the total M(gg → hh)µν amplitude. Squaring

and adding phase space, color- and spin-averaging factors, we arrive at the differential partonic cross section,

dσ̂(gg → hh)

d z
=

βh

1024πŝ

�
|AP,tot|2 + |AQ,tot|2

�
, z = cos θ∗. (B8)

Note that the overall factor of 1/2 for creating a pair of identical particles is canceled by PµνPµν
= QµνQµν

= 2.

The Passarino-Veltman functions are defined by:

C0(pi, pj : m) =

�
d4q

iπ

1

(q2 −m2)((q + pi)2 −m2)((q + pi + pj)2 −m2)

D0(pi, pj , pk : m) =

�
d4q

iπ

1

(q2 −m2)((q + pi)2 −m2)((q + pi + pj)2 −m2)((q + pi + pj + pk)2 −m2)
(B9)
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Octet Production

One of several diagrams:

Huge cross section ... 
                         but what do you look for?

•

•

g

g

!a

!a

g

g

g

g



Octet Decay

The cubic interaction

leads to decay into two gluons:

g

g

hΘ

Color-octet real (complex) scalars have ci = 3 (6), so

that the above particular cases show that gluon fusion

may be strongly suppressed with order-one couplings.

We will analyze the color-octets in Section III. In the case

of color-triplet complex scalars, the Casimir is smaller,

ci = 1, so that several triplets are necessary to obtain

substantial suppression with order-one κii couplings.

Supersymmetric models automatically have color-

triplet scalars with substantial couplings to the Higgs sec-

tor. The possibility of destructive interference between

the top loop and loops of stops has been explored pre-

viously [5]. In the supersymmetric case, the coupling

to the Higgs is determined by supersymmetric as well

as supersymmetry-breaking interactions, and so the size

and sign of the contribution is model-dependent. In the

limit of no supersymmetry breaking with tanβ = 1 and

µ = 0, there are two mass eigenstates, a pure t̃L and

t̃R with masses equal to the top mass and Higgs portal

coupling given by κ = y
2
t . In the limit Mh � Mt = Mt̃,

the addition of the stops results in an increase in the am-

plitude by a factor of 3/2, and thus an increase in the

Higgs production rate by a factor of 9/4. This is indica-

tive of the size of the correction that colored scalars can

provide, but this particular limit does not yield a realis-

tic model of low-energy supersymmetry due to the lack

of both tree-level and one-loop corrections to the Higgs

mass itself.

If the Higgs mass is large enough for an on-shell decay

to proceed, the h → gg amplitude develops an imaginary

part. Two on-shell decays could occur: h → tt̄ and/or

h → φ(†)
i φi. This leaves four distinct possibilities:

i) Mh < 2Mi, 2Mt: No imaginary part is generated for

the amplitudes; suppression of gluon fusion arises entirely

through cancellation of the real parts of the diagrams.

ii) 2Mi < Mh < 2Mt: An imaginary part is generated

for the amplitude involving colored scalars. It increases

rapidly (in magnitude), such that Im[Ai(τi)] = Re[Ai(τi)]
is achieved already once Mh � 2.15Mi. This results in a

significant non-cancelable contribution to the amplitude

for Higgs production through gluon fusion.

iii) 2Mt < Mh < 2Mi: An imaginary part is generated

for the amplitude involving top quarks. It increases more

slowly, we find Im[At(τt)] = (1/4, 1/2, 1)×Re[At(τt)] oc-
curs when Mh � (2.3, 2.5, 3.1)Mt. Hence, there is a re-

gion of parameter space when 2Mt <∼ Mh for which size-

able cancellation in the real parts remains sufficient to

suppress Higgs production through gluon fusion.

iv) 2Mi, 2Mt < Mh: Imaginary parts are generated

for both amplitudes involving colored scalars as well

as top quarks. Interestingly, for 2Mi � Mh and with

Mh >∼ 2Mt, both the real and imaginary contributions to

At and Ai are negative. This suggests there is an inter-

esting regime where both the real and imaginary parts of

the contributions from top loops and colored scalar loops

can simultaneously destructively interfere.

We will see all four of these cases arise in the specific

model involving a color-octet scalar considered in the

next section.

It is also interesting to estimate how small the gg → h

rate could be made in principle. Note that so far we

have neglected other quark contributions to the ampli-

tude. While it is possible for scalar loop contributions

to cancel the sum of the real parts of the top loop and

the much smaller light quark contributions, without ex-

traordinary tuning it is not possible to also cancel the

small imaginary part that accompanies h → bb̄. Even

for the smallest Higgs mass allowed by LEPII, we find

the absolute value of the imaginary part of the b-quark

loop contribution is smaller than 10% of the absolute

value (real part) of the top quark contribution to the am-

plitude. Hence, the gluon fusion Higgs production rate

could be as small as 1% of the standard model rate while

not running afoul of this lower bound.

III. COLOR-OCTET REAL SCALAR

Let us now consider the standard model plus an

electroweak-singlet, color-octet real scalar field Θa
. The

most general renormalizable Lagrangian involving Θa
is

LΘ =
1

2
(DµΘ

a
)
2 − 1

2

�
M

2
0 + κH†

H
�
ΘaΘa

− µΘ dabcΘ
aΘbΘc − λΘ

8
(ΘaΘa

)
2

− λ�
ΘdabedcdeΘ

aΘbΘcΘd
. (3.1)

Here κ,λΘ and λ�
Θ are dimensionless real parameters, M0

and µΘ are real parameters of mass dimension +1, and

dabc is the totally symmetric SU(3) tensor. After elec-

troweak symmetry breaking, the octet obtains the phys-

ical mass

M
2
Θ = M

2
0 +

κ

2
v
2
, (3.2)

which we require to be positive definite. This implies a

constraint on the bare (mass)
2
, M

2
0 > −κv2/2. As we

saw in Sec. II, a negative Higgs portal interaction, κ < 0,

is interesting because it leads to destructive interference

between the top-quark and scalar loops. To ensure that

Θ does not acquire a VEV, one needs to impose λΘ > 0

and |µΘ| <∼ MΘ (the precise upper limit depends on Mh,

λΘ and λ�
Θ, as well as on the sign of µΘ).

The effects of a color-octet scalar on the suppression

of Higgs production through gluon fusion can be ob-

tained directly from the results of Sec. II, substituting

c = CA = 3. We evaluate the Passarino-Veltman func-

tion using the LoopTools package [19]. The parameter

space is controlled by the Higgs mass and two parameters

in the octet model, (MΘ,κ). In Fig. 2 we show contours

of σ(gg → h) in the MΘ versus κ plane for three choices

of Higgs mass, Mh = 125, 250, 450 GeV. In this con-

tour plot, we have normalized the cross sections to the

standard model value at leading order. Working within

the narrow width approximation, all parton distribution

effects factorize and the ratio of cross sections is simply

the ratio of widths, Γ(h → gg)/Γ(h → gg)SM.

3
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Fig. 3. Expected and observed 95% CL upper bounds on the
product of the scalar pair production cross sections and of the
branching ratio to gluons as a function of the scalar mass. The
predictions of the sgluon and hyperpion pair production cross
section are also shown.
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Figure 14: The 95% C.L. upper limits for each Higgs boson decay mode separately, and

combined, on the signal strength modifier µ = σ/σSM , obtained with the CLs method in

the asymptotic approximation, as a function of the SM Higgs boson mass in the range

110-600 GeV/c2
. The observed limits are shown by solid symbols. The dashed lines

indicate the median expected µ95%
value for the background-only hypothesis.
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Figure 14: The 95% C.L. upper limits for each Higgs boson decay mode separately, and

combined, on the signal strength modifier µ = σ/σSM , obtained with the CLs method in

the asymptotic approximation, as a function of the SM Higgs boson mass in the range

110-600 GeV/c2
. The observed limits are shown by solid symbols. The dashed lines

indicate the median expected µ95%
value for the background-only hypothesis.
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Summary

One particle can effectively hide any mass Higgs 
from the LHC.

Whole class of models of colored scalars;
concrete example -- color octets -- viable!

Di-Higgs cross section generically large; 5-100 times SM.

Are Higgs search strategies over-optimized for 
gluon fusion source?



Some Things I Won’t Talk About

SM Higgs cross sections & decay rates
(Matthias’ talk; also Grazzini talk @ HCP)
http://indico.in2p3.fr/materialDisplay.py?contribId=111&sessionId=8&materialId=slides&confId=6004

Measuring Higgs Properties (Tilman’s talk)

MSSM Higgs (Marcela’s talk)

Whatever Spencer talks about.

http://indico.in2p3.fr/materialDisplay.py?contribId=111&sessionId=8&materialId=slides&confId=6004
http://indico.in2p3.fr/materialDisplay.py?contribId=111&sessionId=8&materialId=slides&confId=6004

