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Figure 3: The combined 95% C.L. upper limits on the signal strength modifier µ = σ/σSM ,

obtained with the CLs method, 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 line

indicates the median expected µ95%
value for the background-only hypothesis, while the

green (yellow) band indicates the range expected to contain 68% (95%) of all observed

limit excursions from the median.
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Figure 1: The invariant or transverse mass distributions for the selected candidate events, the total back-

ground and the signal expected in the H → γγ (a), the H → ZZ(∗) → !+!−!+!− in the low mass region

(b), H → ZZ(∗) → !+!−!+!− in the entire mass range (c), and the H →WW (∗) → !+ν!−ν (d) channels.
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What to make of this?
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Figure 1: Background model fit to the mγγ distribution for the combined data in all 4 event

classes, together with a simulated signal (mH=120 GeV/c
2
). The magnitude of the signal is what

would be expected if its cross section were 5 times the SM expectation.

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c
2

in

the classes with best resolution, the search is carried out in steps of 0.5 GeV/c
2
.

Table 3 lists the sources of systematic uncertainty that have been taken into account in the

evaluation of the limits, together with the magnitude of the variation of the source that has

been applied.

The limit set on the cross section of a Higgs boson decaying to two photons using the frequen-

tist CLS computation and an unbinned evaluation of the likelihood, is shown in Fig. 2. Figure 3

shows the limit relative to the SM expectation, where the theoretical uncertainties on the ex-

pected cross sections from the different production mechanisms are individually included as

systematic uncertainties in the limit setting procedure. The fluctuations of the observed limit

about the expected limit are consistent with statistical fluctuations to be expected in scanning

the mass range. It has also been verified that the shape of the observed limit obtained is un-

changed if the choice of background model fitting function is changed over a wide range of

functional forms, although the expected limit improves by as much as 10% if functions with

less free parameters than the 5
th

order polynomial are used.

The results obtained from the binned evaluation of the likelihood are in excellent agreement

with the results shown in Figs. 2 and 3.

Figure 4 shows the local p-value calculated, using the asymptotic approximation, at 0.5 GeV/c
2

intervals in the mass range 110< mH < 150 GeV/c
2
. The local p-value quantifies the proba-

bility for the background to produce a fluctuation as large as observed, and assumes that the

relative signal strength between the event classes follows the Monte Carlo signal model for the

Standard Model. The local p-value corresponding to the largest upwards fluctuation of the

observed limit, at 123.5 GeV/c
2
, has been computed to be 9.6×10

−3
(2.34σ) in the asymptotic

Dec 13...
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Hiding the Higgs

How effective can
 new physics 

hide the Higgs at LHC?

Focus on reduction of Higgs cross section.

Wide range of Higgs masses 
become “re”viable.
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Gluon Fusion Higgs 
Production

Dominantly top loop.

“Indirect”
- SM tth coupling
- no other loop contributions

Gluon Fusion
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- cutoff operators (Manohar-Wise)
- “fermiophobic” (also affects decays)
- “gluophobic” MSSM (e.g., Djouadi)
- composite Higgs (e.g. Low-Rattazzi-Vechi)

Decreasing Production
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Operators
Manohar & Wise emphasized one operator:
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Modifications to the Properties of the Higgs Boson

Aneesh V. Manohar1 and Mark B. Wise2

1Department of Physics, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0319
2California Institute of Technology, Pasadena, CA 91125

(Dated: January 23, 2006)

We explore the impact of new SU(3) × SU(2) × U(1) invariant interactions characterized by a
scale of order a TeV on Higgs boson properties. The Higgs production rate and branching ratios
can be very different from their standard model values. We also discuss the possibility that these
new interactions contribute to acceptable unification of the gauge couplings.

I. INTRODUCTION

The standard model for strong weak and electromag-
netic interactions has provided an extremely successful
description of experimental results. The recent mea-
surements of neutrino masses and mixings indicate new
physics beyond that of the Glashow-Salam-Weinberg
(GSW) theory.

Many of the extensions of the standard model pro-
posed in the literature have been motivated by the hierar-
chy puzzle. The same naturalness arguments that make
us uncomfortable about the smallness of the Higgs mass
compared with the unification or Planck scales also apply
to the cosmological constant. There is now experimental
evidence for a cosmological constant of order (10−3eV)4,
so Nature does not seem concerned about violations of
naturalness.

If one does not use naturalness to motivate what new
physics might occur at the weak scale, then a more ex-
perimentally motivated approach is warranted. We shall
assume that the SU(3) × SU(2) × U(1) GSW theory is
valid at the electroweak symmetry breaking scale of or-
der v " 250 GeV, and any new particles are at a mass
scale heavier than the Higgs vacuum expectation value,
so that their effects for Higgs physics can be parameter-
ized in terms of SU(3) × SU(2) × U(1) invariant higher
dimension operators in the standard model.

As we emphasize in this paper, it is possible that new
physics associated with a mass scale well above the Higgs
vacuum expectation value can have significant impact on
the properties of the Higgs boson and still be consistent
with the present experimental constraints on extensions
of the standard model.1 As a simple example, consider
adding to the standard model the dimension six operator,

δL = −
cGg2

3

2Λ2
H†HGA

µνGAµν , (1)

where GAµν is the gluon field strength tensor and H is
the Higgs doublet. Expanding about the Higgs vacuum

1 Models where the Higgs decays to new invisible light degrees of
freedom have been studied for example in Refs. [1, 2]. In our
work there are no additional light degrees of freedom beyond
those in the standard model.

expectation value v " 250 GeV,

δL = −
cGg2

3v
2

4Λ2
GA

µνGAµν −
cGg2

3vh

2Λ2
GA

µνGAµν

−
cGg2

3h
2

4Λ2
GA

µνGAµν . (2)

The first term in Eq. (2) has the same form as the gluon
kinetic term. It can be eliminated by rescaling the gluon
field, and so can be absorbed into a shift of the gluon cou-
pling constant. As a result, the coefficient of the opera-
tor in Eq. (1) is only constrained by Higgs boson physics.
The term linear in h in Eq. (2) contributes to the pro-
duction rate for Higgs bosons. For mh = 120 GeV, this
correction increases the production rate by about 20%
if cG is negative and Λ/v " 50

√
cG. Sizeable changes

(i.e. big enough to be relevant for LHC Higgs searches)
in the properties of the Higgs boson are possible even if
the scale of new physics Λ is greater than a TeV. The
reason for this is that in the standard model, the produc-
tion cross section σSM(gg → h) results from a one-loop
matrix element gg → h, and so has enhanced sensitivity
to new physics.

The new physics effects we consider in this article are
those which can significantly modify the gg → h pro-
duction rate and the h → gg, h → γγ and h → γZ
decay rates, all of which have one loop standard model
amplitudes. In section II, we write down the dimension
six operators that are important for the h → gg, γγ, γZ
amplitudes. The experimental implications of these op-
erators for Higgs production and decay is discussed in
sections III and IV. The results given in these sec-
tions are general, and only depends on the existence of
SU(3)× SU(2)×U(1) invariant operators at some scale
Λ above the weak scale v. There are several hints for
the existence of a unified theory at a high scale of order
1015 GeV. In section V, we examine the implications of
unification for the size of the higher dimension operators.
Conclusions are given in section VI.

II. OPERATORS

We are interested in non-renormalizable operators
that, when added to those in the minimal standard
model, change the rates for the processes gg → h, h → γγ

Completely changes
gluon fusion rate:

5

FIG. 1: The standard model h → gg amplitude Ig given by
Eq. (7) plotted as a function of the Higgs mass.

FIG. 2: The standard model h → γγ amplitude Iγ given by
Eq. (10) (solid curve) and the h → γZ amplitude IZ given
by Eq. (13) (dashed curve) plotted as a function of the Higgs
mass.

Ig is the smallest in magnitude, so if all the coeffi-
cients cj were the same size, the new physics would be
most important for the gg → h cross section. In Fig. (3)
we plot the gg → h ratio in Eq. (6) as a function of
cG×(1 TeV/Λ)2 with c̃G = 0 for mh = 120, 140, 160 GeV.
The gg → h rate depends very weakly on the Higgs mass
in this range. The new physics contributions make a dra-
matic difference to the production rate. For Λ = 1 TeV
and cG = 0.01 the production cross section is 76% of its
standard model value and for cG = −0.05 it is 3 times
its standard model value.

In Figs. (4) and (5) we plot the h → γγ and h → γZ ra-
tios in Eqs. (9) and (12) as a functions of cγγ×(1 TeV/Λ)2

and cγZ × (1 TeV/Λ)2 respectively, when c̃γγ = c̃γZ = 0
and mh = 120, 140, 160 GeV. There is a much larger de-

FIG. 3: The ratio of the gg → h cross-section to its standard
model value as a function of cG for mh = 120 GeV (dashed
red), mh = 140 GeV (solid black) and mh = 160 GeV (dotted
blue). The variation with Higgs mass is very small.

FIG. 4: The ratio of the h → γγ decay rate to its standard
model value as a function of cγγ for mh = 120 GeV (dashed
red), mh = 140 GeV (solid black) and mh = 160 GeV (dotted
blue).

pendence on the Higgs mass than for gg → h. Consider
the choice of parameters mh = 140 GeV, Λ = 1 TeV and
cW = cB = 0.01, cWB = 0, which are small values for the
c’s, and correspond to cγγ = 0.02 and cγZ $ 0.013. The
Higgs decay rate to two photons is increased by 6% over
its standard model value and the Higgs decay rate to a
photon and a Z boson is increased by roughly 2% over
its standard model value. For larger values of the coeffi-
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We explore the impact of new SU(3) × SU(2) × U(1) invariant interactions characterized by a
scale of order a TeV on Higgs boson properties. The Higgs production rate and branching ratios
can be very different from their standard model values. We also discuss the possibility that these
new interactions contribute to acceptable unification of the gauge couplings.

I. INTRODUCTION

The standard model for strong weak and electromag-
netic interactions has provided an extremely successful
description of experimental results. The recent mea-
surements of neutrino masses and mixings indicate new
physics beyond that of the Glashow-Salam-Weinberg
(GSW) theory.

Many of the extensions of the standard model pro-
posed in the literature have been motivated by the hierar-
chy puzzle. The same naturalness arguments that make
us uncomfortable about the smallness of the Higgs mass
compared with the unification or Planck scales also apply
to the cosmological constant. There is now experimental
evidence for a cosmological constant of order (10−3eV)4,
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perimentally motivated approach is warranted. We shall
assume that the SU(3) × SU(2) × U(1) GSW theory is
valid at the electroweak symmetry breaking scale of or-
der v " 250 GeV, and any new particles are at a mass
scale heavier than the Higgs vacuum expectation value,
so that their effects for Higgs physics can be parameter-
ized in terms of SU(3) × SU(2) × U(1) invariant higher
dimension operators in the standard model.

As we emphasize in this paper, it is possible that new
physics associated with a mass scale well above the Higgs
vacuum expectation value can have significant impact on
the properties of the Higgs boson and still be consistent
with the present experimental constraints on extensions
of the standard model.1 As a simple example, consider
adding to the standard model the dimension six operator,

δL = −
cGg2

3

2Λ2
H†HGA

µνGAµν , (1)

where GAµν is the gluon field strength tensor and H is
the Higgs doublet. Expanding about the Higgs vacuum

1 Models where the Higgs decays to new invisible light degrees of
freedom have been studied for example in Refs. [1, 2]. In our
work there are no additional light degrees of freedom beyond
those in the standard model.

expectation value v " 250 GeV,

δL = −
cGg2

3v
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cGg2

3vh

2Λ2
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µνGAµν

−
cGg2

3h
2

4Λ2
GA

µνGAµν . (2)

The first term in Eq. (2) has the same form as the gluon
kinetic term. It can be eliminated by rescaling the gluon
field, and so can be absorbed into a shift of the gluon cou-
pling constant. As a result, the coefficient of the opera-
tor in Eq. (1) is only constrained by Higgs boson physics.
The term linear in h in Eq. (2) contributes to the pro-
duction rate for Higgs bosons. For mh = 120 GeV, this
correction increases the production rate by about 20%
if cG is negative and Λ/v " 50

√
cG. Sizeable changes

(i.e. big enough to be relevant for LHC Higgs searches)
in the properties of the Higgs boson are possible even if
the scale of new physics Λ is greater than a TeV. The
reason for this is that in the standard model, the produc-
tion cross section σSM(gg → h) results from a one-loop
matrix element gg → h, and so has enhanced sensitivity
to new physics.

The new physics effects we consider in this article are
those which can significantly modify the gg → h pro-
duction rate and the h → gg, h → γγ and h → γZ
decay rates, all of which have one loop standard model
amplitudes. In section II, we write down the dimension
six operators that are important for the h → gg, γγ, γZ
amplitudes. The experimental implications of these op-
erators for Higgs production and decay is discussed in
sections III and IV. The results given in these sec-
tions are general, and only depends on the existence of
SU(3)× SU(2)×U(1) invariant operators at some scale
Λ above the weak scale v. There are several hints for
the existence of a unified theory at a high scale of order
1015 GeV. In section V, we examine the implications of
unification for the size of the higher dimension operators.
Conclusions are given in section VI.

II. OPERATORS

We are interested in non-renormalizable operators
that, when added to those in the minimal standard
model, change the rates for the processes gg → h, h → γγ

What generates this
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Scalars
transforming

only under QCD.

and (virtually) nothing else?



Class of Models
One or more colored scalars in some 
representations of QCD.
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IV. OCTET MODEL

Extensive higher-order calculations of the effects of
a real color octet scalar on Higgs production were car-
ried out in Ref. [4]. These heroic calculations were ap-
plied exclusively to consider enhancements in the Higgs
production rate, and the extent to which they can be
bounded from data. Our interest in color octet scalars is
orthogonal – we seek reductions in the Higgs production
rate, demonstrating that natural parameter ranges per-
mit substantial if not complete destructive interference
between the top loop and the color octet scalar.

Aside from the kinetic term of the octet, we add octet
self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.

LS =
1

2
(DµSa)

2−1

2
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2
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2
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†
H SaS
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4
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FIG. 5. Limits on color octet pair production from the AT-
LAS search on pairs of dijet resonances (magenta) compared
with the predicted S production cross section (blue). We are
interested in real scalars so the cross sections are half of those
presented in (Mahoar /Wise, Sgluons, etc.).

In order for the octets to decay, we must include one (or
more) Z2 violating operator. We add the renormalizable
interaction

λS d
abc

SaSbSc, (4)

where a, b, c label the color index and λS has dimension
of mass.

Appendix A: Other mass points

Appendix B: Scalar contribution to box and triangle

The scalar contribution to the ggh coupling consists of a triangle diagram and a bubble diagram. Note that, unlike
in the fermionic loop case, for the scalar loop the crossed-gluon diagram is redundant with the uncrossed diagram
so we do not add it separately. Also, the bubble diagram comes with a symmetry factor of 1/2. Combining both
diagrams, we find

κ v αsCAδab
4π

�
2MS C0(p1, p2 : MS) + 1

��
ηµν − p1 ν p2µ

(p1 · p2)

�
, (B1)

where CA is the Casimir of the representation of the scalar in the loop (CA = 3 for the octet), the function C0 is the
Pasarino-Veltman scalar three-point integral, and a, b refer to the color indices of the incoming gluons. Adding this
term to the fermionic triangle, we can solve for the critical value of κ.

4

IV. OCTET MODEL

Extensive higher-order calculations of the effects of
a real color octet scalar on Higgs production were car-
ried out in Ref. [4]. These heroic calculations were ap-
plied exclusively to consider enhancements in the Higgs
production rate, and the extent to which they can be
bounded from data. Our interest in color octet scalars is
orthogonal – we seek reductions in the Higgs production
rate, demonstrating that natural parameter ranges per-
mit substantial if not complete destructive interference
between the top loop and the color octet scalar.

Aside from the kinetic term of the octet, we add octet
self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.

LS =
1

2
(DµSa)

2−1

2
M

2
S SaS

a−κ

2
H

†
H SaS

a−ωS

4
(SaS

a)2

100 120 140 160 180 200
10

50

100

500

1000

5000

1�104

mS �GeV�

Σ
�pp�S

S��pb
�

cross section at LHC7

FIG. 5. Limits on color octet pair production from the AT-
LAS search on pairs of dijet resonances (magenta) compared
with the predicted S production cross section (blue). We are
interested in real scalars so the cross sections are half of those
presented in (Mahoar /Wise, Sgluons, etc.).

In order for the octets to decay, we must include one (or
more) Z2 violating operator. We add the renormalizable
interaction

λS d
abc

SaSbSc, (4)

where a, b, c label the color index and λS has dimension
of mass.

Appendix A: Other mass points

Appendix B: Scalar contribution to box and triangle

The scalar contribution to the ggh coupling consists of a triangle diagram and a bubble diagram. Note that, unlike
in the fermionic loop case, for the scalar loop the crossed-gluon diagram is redundant with the uncrossed diagram
so we do not add it separately. Also, the bubble diagram comes with a symmetry factor of 1/2. Combining both
diagrams, we find

κ v αsCAδab
4π

�
2MS C0(p1, p2 : MS) + 1

��
ηµν − p1 ν p2µ

(p1 · p2)

�
, (B1)

where CA is the Casimir of the representation of the scalar in the loop (CA = 3 for the octet), the function C0 is the
Pasarino-Veltman scalar three-point integral, and a, b refer to the color indices of the incoming gluons. Adding this
term to the fermionic triangle, we can solve for the critical value of κ.

“Higgs portal” self quartic

2

of electroweak symmetry breaking itself, which not sur-
prisingly, can easily affect Higgs production as well as
decay. There is a large literature on this; some who
have considered reductions in the Higgs production rate
through changes in electroweak symmetry breaking in-
clude Refs. [big list]. An extreme limit, namely elec-
troweak symmetry breaking through technicolor, has of
course no Higgs at all. Yet, the standard lore if no Higgs
is found is that presumably some strongly-coupled elec-
troweak symmetry breaking mechanism is present. This
class of models provides a concrete counter-example –
and a set of definitive tests to discover it or rule it out.

It is interesting to consider that single Higgs produc-
tion may then proceed only through Higgstralung for rel-
atively low Higgs masses, and vector-boson-fusion (VBF)
throughout the mass range. This suggests rethinking the
strategies for Higgs detection, and the extent to which
they have been over -optmized for a gluon fusion source.
For instance, the current search strategies for Higgs to
WW for xx < mh < yy GeV at ATLAS [cite] and CMS
[cite] employ dilepton plus 0 or 1 jets. If the VBF channel
were the source of single Higgs, the WW signal accompa-
nied by at least 2 (forward) jets, and thus be overwhelm-
ingly rejected by their analyses.

————-
Finally, while there are piles upon piles of litera-

ture stealthifying the Higgs by modifying its decay rates
when the Higgs is relatively light [cite a bunch], our
model permits moderate to heavier Higgses, up to mh �
Min(2mS , 2mt), to be stealth.

This suggests completely rethinking the search strat-
egy for the Higgs

In addition, the more general question of how to inter-
pret a future observation of a particle consistent with a
Higgs (in some decay channels, for example) and yet in-
consistent with one or more Standard Model predictions
(in the production rate or branching fraction) remains
paramount. Understanding the full range of possibilities
for how new physics modifies Higgs properties

is vital to distinguish it from an “imposter” [cite Paddy
Neal].

It is well known that the LEP limits on the Higgs are
stringent and not easily avoided. This is because the pro-
duction mode, e+e− → Z

∗ → Zh, is directly related to
electroweak symmetry breaking, while most of the decay
rates are easily measurable. (The older exceptions [cite],
namely h → aa → 4τ and h → aa → 4τ

————

II. MODELS LEADING TO

UNDERPRODUCTION

The general class of models that naturally lead to mod-
ifications in Higgs production consist of extending the
Standard Model to include a set {i} of real φr,i and a
set {j} of complex scalar fields φc,j transforming in real
or complex representations Ra

, R
α of QCD respectively.

The renormalizable interactions consist of
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where the color contractions for a scalar in a given rep-
resentation are implicit. For compactness we have not
written mixed colored scalar self-interactions such as
φ†
c,iφc,iφ

†
c,jφc,j or φ2

r,iφ
2
r,j .

The “Higgs-portal” interactions proportional to κ are
what interest us.
Aside from the kinetic terms of the scalars (which we

have rotated into a diagonal kinetic basis), we add the
self-interactions and
Aside from the kinetic term of the octet, we add octet

self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.
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For octet-Higgs coupling κ < 0 the interference between
the top quark loop and the scalar octet loop is always
destructive. Dialing κ, we reach a critical value where the
cancellation is exact (at LO). This critical value depends
on the octet and Higgs masses.
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FIG. 1. The critical value of the coupling κ where gluon

fusion gg → h exactly vanishes. The value of the coupling

depends on MS , but it is perturbative for octet masses in

the ∼ few hundred GeV range. Three different Higgs masses

are shown (mH = 120GeV, 140GeV, 160GeV), however the

critical coupling is fairly insensitive to Higgs mass.

• The value of the critical coupling seems large. How-
ever, NLO effects have been calculated in [4] and
can be shown to enhance the scalar loop signifi-
cantly, leading to a reduction in the critical coupling
κ∗ of the order 25%.

See also
Y. Bai’s talk

Our working example, consider
real scalar octet  Sa  with interactions:



Class of Models
One or more colored scalars in some 
representations of QCD.
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IV. OCTET MODEL

Extensive higher-order calculations of the effects of
a real color octet scalar on Higgs production were car-
ried out in Ref. [4]. These heroic calculations were ap-
plied exclusively to consider enhancements in the Higgs
production rate, and the extent to which they can be
bounded from data. Our interest in color octet scalars is
orthogonal – we seek reductions in the Higgs production
rate, demonstrating that natural parameter ranges per-
mit substantial if not complete destructive interference
between the top loop and the color octet scalar.

Aside from the kinetic term of the octet, we add octet
self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.
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FIG. 5. Limits on color octet pair production from the AT-
LAS search on pairs of dijet resonances (magenta) compared
with the predicted S production cross section (blue). We are
interested in real scalars so the cross sections are half of those
presented in (Mahoar /Wise, Sgluons, etc.).

In order for the octets to decay, we must include one (or
more) Z2 violating operator. We add the renormalizable
interaction

λS d
abc

SaSbSc, (4)

where a, b, c label the color index and λS has dimension
of mass.

Appendix A: Other mass points

Appendix B: Scalar contribution to box and triangle

The scalar contribution to the ggh coupling consists of a triangle diagram and a bubble diagram. Note that, unlike
in the fermionic loop case, for the scalar loop the crossed-gluon diagram is redundant with the uncrossed diagram
so we do not add it separately. Also, the bubble diagram comes with a symmetry factor of 1/2. Combining both
diagrams, we find

κ v αsCAδab
4π

�
2MS C0(p1, p2 : MS) + 1

��
ηµν − p1 ν p2µ

(p1 · p2)

�
, (B1)

where CA is the Casimir of the representation of the scalar in the loop (CA = 3 for the octet), the function C0 is the
Pasarino-Veltman scalar three-point integral, and a, b refer to the color indices of the incoming gluons. Adding this
term to the fermionic triangle, we can solve for the critical value of κ.
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of electroweak symmetry breaking itself, which not sur-
prisingly, can easily affect Higgs production as well as
decay. There is a large literature on this; some who
have considered reductions in the Higgs production rate
through changes in electroweak symmetry breaking in-
clude Refs. [big list]. An extreme limit, namely elec-
troweak symmetry breaking through technicolor, has of
course no Higgs at all. Yet, the standard lore if no Higgs
is found is that presumably some strongly-coupled elec-
troweak symmetry breaking mechanism is present. This
class of models provides a concrete counter-example –
and a set of definitive tests to discover it or rule it out.

It is interesting to consider that single Higgs produc-
tion may then proceed only through Higgstralung for rel-
atively low Higgs masses, and vector-boson-fusion (VBF)
throughout the mass range. This suggests rethinking the
strategies for Higgs detection, and the extent to which
they have been over -optmized for a gluon fusion source.
For instance, the current search strategies for Higgs to
WW for xx < mh < yy GeV at ATLAS [cite] and CMS
[cite] employ dilepton plus 0 or 1 jets. If the VBF channel
were the source of single Higgs, the WW signal accompa-
nied by at least 2 (forward) jets, and thus be overwhelm-
ingly rejected by their analyses.
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ture stealthifying the Higgs by modifying its decay rates
when the Higgs is relatively light [cite a bunch], our
model permits moderate to heavier Higgses, up to mh �
Min(2mS , 2mt), to be stealth.

This suggests completely rethinking the search strat-
egy for the Higgs

In addition, the more general question of how to inter-
pret a future observation of a particle consistent with a
Higgs (in some decay channels, for example) and yet in-
consistent with one or more Standard Model predictions
(in the production rate or branching fraction) remains
paramount. Understanding the full range of possibilities
for how new physics modifies Higgs properties

is vital to distinguish it from an “imposter” [cite Paddy
Neal].

It is well known that the LEP limits on the Higgs are
stringent and not easily avoided. This is because the pro-
duction mode, e+e− → Z

∗ → Zh, is directly related to
electroweak symmetry breaking, while most of the decay
rates are easily measurable. (The older exceptions [cite],
namely h → aa → 4τ and h → aa → 4τ
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have rotated into a diagonal kinetic basis), we add the
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FIG. 1. The critical value of the coupling κ where gluon

fusion gg → h exactly vanishes. The value of the coupling

depends on MS , but it is perturbative for octet masses in

the ∼ few hundred GeV range. Three different Higgs masses

are shown (mH = 120GeV, 140GeV, 160GeV), however the

critical coupling is fairly insensitive to Higgs mass.

• The value of the critical coupling seems large. How-
ever, NLO effects have been calculated in [4] and
can be shown to enhance the scalar loop signifi-
cantly, leading to a reduction in the critical coupling
κ∗ of the order 25%.

See also
Y. Bai’s talk

Our working example, consider
real scalar octet  Sa  with interactions:
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We explore the impact of new SU(3) × SU(2) × U(1) invariant interactions characterized by a
scale of order a TeV on Higgs boson properties. The Higgs production rate and branching ratios
can be very different from their standard model values. We also discuss the possibility that these
new interactions contribute to acceptable unification of the gauge couplings.

I. INTRODUCTION

The standard model for strong weak and electromag-
netic interactions has provided an extremely successful
description of experimental results. The recent mea-
surements of neutrino masses and mixings indicate new
physics beyond that of the Glashow-Salam-Weinberg
(GSW) theory.

Many of the extensions of the standard model pro-
posed in the literature have been motivated by the hierar-
chy puzzle. The same naturalness arguments that make
us uncomfortable about the smallness of the Higgs mass
compared with the unification or Planck scales also apply
to the cosmological constant. There is now experimental
evidence for a cosmological constant of order (10−3eV)4,
so Nature does not seem concerned about violations of
naturalness.

If one does not use naturalness to motivate what new
physics might occur at the weak scale, then a more ex-
perimentally motivated approach is warranted. We shall
assume that the SU(3) × SU(2) × U(1) GSW theory is
valid at the electroweak symmetry breaking scale of or-
der v " 250 GeV, and any new particles are at a mass
scale heavier than the Higgs vacuum expectation value,
so that their effects for Higgs physics can be parameter-
ized in terms of SU(3) × SU(2) × U(1) invariant higher
dimension operators in the standard model.

As we emphasize in this paper, it is possible that new
physics associated with a mass scale well above the Higgs
vacuum expectation value can have significant impact on
the properties of the Higgs boson and still be consistent
with the present experimental constraints on extensions
of the standard model.1 As a simple example, consider
adding to the standard model the dimension six operator,

δL = −
cGg2

3

2Λ2
H†HGA

µνGAµν , (1)

where GAµν is the gluon field strength tensor and H is
the Higgs doublet. Expanding about the Higgs vacuum

1 Models where the Higgs decays to new invisible light degrees of
freedom have been studied for example in Refs. [1, 2]. In our
work there are no additional light degrees of freedom beyond
those in the standard model.

expectation value v " 250 GeV,

δL = −
cGg2

3v
2

4Λ2
GA

µνGAµν −
cGg2

3vh

2Λ2
GA

µνGAµν

−
cGg2

3h
2

4Λ2
GA

µνGAµν . (2)

The first term in Eq. (2) has the same form as the gluon
kinetic term. It can be eliminated by rescaling the gluon
field, and so can be absorbed into a shift of the gluon cou-
pling constant. As a result, the coefficient of the opera-
tor in Eq. (1) is only constrained by Higgs boson physics.
The term linear in h in Eq. (2) contributes to the pro-
duction rate for Higgs bosons. For mh = 120 GeV, this
correction increases the production rate by about 20%
if cG is negative and Λ/v " 50

√
cG. Sizeable changes

(i.e. big enough to be relevant for LHC Higgs searches)
in the properties of the Higgs boson are possible even if
the scale of new physics Λ is greater than a TeV. The
reason for this is that in the standard model, the produc-
tion cross section σSM(gg → h) results from a one-loop
matrix element gg → h, and so has enhanced sensitivity
to new physics.

The new physics effects we consider in this article are
those which can significantly modify the gg → h pro-
duction rate and the h → gg, h → γγ and h → γZ
decay rates, all of which have one loop standard model
amplitudes. In section II, we write down the dimension
six operators that are important for the h → gg, γγ, γZ
amplitudes. The experimental implications of these op-
erators for Higgs production and decay is discussed in
sections III and IV. The results given in these sec-
tions are general, and only depends on the existence of
SU(3)× SU(2)×U(1) invariant operators at some scale
Λ above the weak scale v. There are several hints for
the existence of a unified theory at a high scale of order
1015 GeV. In section V, we examine the implications of
unification for the size of the higher dimension operators.
Conclusions are given in section VI.

II. OPERATORS

We are interested in non-renormalizable operators
that, when added to those in the minimal standard
model, change the rates for the processes gg → h, h → γγ

g

g

h

Loop-induced
size:

 ≈ 
κ g32

16π2 mS2

mS  ≈  Λ/(4π)  ≈  100 - 300 GeV
(for  -κ ≈  0.3 - 3)
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Decay width hardly affected since
even for light h, rate h -> gg is small.
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Higher Order Corrections

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

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.



Interesting Regimes

1)  Small;
     i.e., SM  >  gluon fusion  >  VBF 

2)  Really small;
     i.e., gluon fusion  <  VBF
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of electroweak symmetry breaking itself, which not sur-
prisingly, can easily affect Higgs production as well as
decay. There is a large literature on this; some who
have considered reductions in the Higgs production rate
through changes in electroweak symmetry breaking in-
clude Refs. [big list]. An extreme limit, namely elec-
troweak symmetry breaking through technicolor, has of
course no Higgs at all. Yet, the standard lore if no Higgs
is found is that presumably some strongly-coupled elec-
troweak symmetry breaking mechanism is present. This
class of models provides a concrete counter-example –
and a set of definitive tests to discover it or rule it out.

It is interesting to consider that single Higgs produc-
tion may then proceed only through Higgstralung for rel-
atively low Higgs masses, and vector-boson-fusion (VBF)
throughout the mass range. This suggests rethinking the
strategies for Higgs detection, and the extent to which
they have been over -optmized for a gluon fusion source.
For instance, the current search strategies for Higgs to
WW for xx < mh < yy GeV at ATLAS [cite] and CMS
[cite] employ dilepton plus 0 or 1 jets. If the VBF channel
were the source of single Higgs, the WW signal accompa-
nied by at least 2 (forward) jets, and thus be overwhelm-
ingly rejected by their analyses.
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pret a future observation of a particle consistent with a
Higgs (in some decay channels, for example) and yet in-
consistent with one or more Standard Model predictions
(in the production rate or branching fraction) remains
paramount. Understanding the full range of possibilities
for how new physics modifies Higgs properties

is vital to distinguish it from an “imposter” [cite Paddy
Neal].

It is well known that the LEP limits on the Higgs are
stringent and not easily avoided. This is because the pro-
duction mode, e+e− → Z

∗ → Zh, is directly related to
electroweak symmetry breaking, while most of the decay
rates are easily measurable. (The older exceptions [cite],
namely h → aa → 4τ and h → aa → 4τ
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UNDERPRODUCTION

The general class of models that naturally lead to mod-
ifications in Higgs production consist of extending the
Standard Model to include a set {i} of real φr,i and a
set {j} of complex scalar fields φc,j transforming in real
or complex representations Ra
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α of QCD respectively.
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where the color contractions for a scalar in a given rep-
resentation are implicit. For compactness we have not
written mixed colored scalar self-interactions such as
φ†
c,iφc,iφ
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c,jφc,j or φ2
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2
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The “Higgs-portal” interactions proportional to κ are
what interest us.
Aside from the kinetic terms of the scalars (which we

have rotated into a diagonal kinetic basis), we add the
self-interactions and
Aside from the kinetic term of the octet, we add octet

self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.
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For octet-Higgs coupling κ < 0 the interference between
the top quark loop and the scalar octet loop is always
destructive. Dialing κ, we reach a critical value where the
cancellation is exact (at LO). This critical value depends
on the octet and Higgs masses.
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FIG. 1. The critical value of the coupling κ where gluon

fusion gg → h exactly vanishes. The value of the coupling

depends on MS , but it is perturbative for octet masses in

the ∼ few hundred GeV range. Three different Higgs masses

are shown (mH = 120GeV, 140GeV, 160GeV), however the

critical coupling is fairly insensitive to Higgs mass.

• The value of the critical coupling seems large. How-
ever, NLO effects have been calculated in [4] and
can be shown to enhance the scalar loop signifi-
cantly, leading to a reduction in the critical coupling
κ∗ of the order 25%.
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Limits of Applicability
1)  2 mt < mh < 2 mS

2)  2 mS  <  mh < 2 mt

For Higgs heavier than 350 GeV, h -> tt goes on-shell, 
giving imaginary part to the amplitude.

For Higgs heavier than 2 mS, 
decay h -> SS goes on-shell,
and again get imaginary part.
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3)  2 mt, 2 ms < mh   (real + imag parts cancel)
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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

4

Heavy Higgs Also Viable



Correlated Effects



Di-Higgs Production

Well known to be correlated with changes
to Higgs production (c.f. Pierce, Thaler, Wang)

Some classes of diagrams “still” suppressed;
others (boxes) can be significantly enhanced
by κ2  in amplitude.



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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+ t̂2 − 2m4
H
)C0(k1, k2 : MS)

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

•

•

g

g

Sa

Sa

g

g

g

g

One of several diagrams:

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



Octet Decay
Break Z2 (S -> -S) through:

leads to decay into two gluons:

4

IV. OCTET MODEL

Extensive higher-order calculations of the effects of
a real color octet scalar on Higgs production were car-
ried out in Ref. [4]. These heroic calculations were ap-
plied exclusively to consider enhancements in the Higgs
production rate, and the extent to which they can be
bounded from data. Our interest in color octet scalars is
orthogonal – we seek reductions in the Higgs production
rate, demonstrating that natural parameter ranges per-
mit substantial if not complete destructive interference
between the top loop and the color octet scalar.

Aside from the kinetic term of the octet, we add octet
self-interactions and interactions of S with the SM Higgs
boson. These “Higgs-portal” interactions are the only
renormalizable link between SM matter and the octet.

LS =
1

2
(DµSa)

2−1

2
M

2
S SaS

a−κ

2
H

†
H SaS

a−ωS

4
(SaS

a)2
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FIG. 5. Limits on color octet pair production from the AT-
LAS search on pairs of dijet resonances (magenta) compared
with the predicted S production cross section (blue). We are
interested in real scalars so the cross sections are half of those
presented in (Mahoar /Wise, Sgluons, etc.).

In order for the octets to decay, we must include one (or
more) Z2 violating operator. We add the renormalizable
interaction

λS d
abc

SaSbSc, (4)

where a, b, c label the color index and λS has dimension
of mass.

Appendix A: Other mass points

Appendix B: Scalar contribution to box and triangle

The scalar contribution to the ggh coupling consists of a triangle diagram and a bubble diagram. Note that, unlike
in the fermionic loop case, for the scalar loop the crossed-gluon diagram is redundant with the uncrossed diagram
so we do not add it separately. Also, the bubble diagram comes with a symmetry factor of 1/2. Combining both
diagrams, we find

κ v αsCAδab
4π

�
2MS C0(p1, p2 : MS) + 1

��
ηµν − p1 ν p2µ

(p1 · p2)

�
, (B1)

where CA is the Casimir of the representation of the scalar in the loop (CA = 3 for the octet), the function C0 is the
Pasarino-Veltman scalar three-point integral, and a, b refer to the color indices of the incoming gluons. Adding this
term to the fermionic triangle, we can solve for the critical value of κ.

g

g

hS



Octet Production

•

•
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Sa
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Four jet production

with Sa invariant mass among two pairs.
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New Higgs Production Mode

Important when scalars light?



Impact on LHC Searches
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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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SM + Colored Scalars



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.

Caution -- (over-)optimized search strategies?


