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The Question(s) of the Year
 Is N. Sarkozy going to be re-elected?
 Is the ! going to survive?
 Is the Higgs boson going to be discovered?

 Greece?  Technicolor/Higgsless?

 Spain/Italy?  (C)MSSM?

 Germany?  SM?

 Where should you 
invest your money? 

 Which physics to expect    
 Beyond the Standard Model? 

 Poland?  (Natural) SUSY? 
Composite Higgs?
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Facts that we have to live with

signal strength

Correlations?

µi =

�
j Aji σ(j → h)× Br(h → i)

�
j Aji σ(j → h)× Br(h → i) |SM

+ CMS
+ Tevatron

+ blogs...

Still not enough 
information: Exact likelihoods?
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[ RC Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089 ;     Azatov, R.C. , Galloway, JHEP 1204 (2012) 127 ]

Chiral Lagrangian for a light Higgs
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A few (reasonable)
 assumptions:
 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC

γγ WW & ZZ

EWPD

Flavor

see Contino’s talk
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A few (reasonable)
 assumptions:
 spin-0 & CP-even

 custodial symmetry

 no Higgs FCNC

γγ WW & ZZ

EWPD

Flavor

still too much freedom

dynamical assumptions needed 

to explore deformations of the SM!
!

!

see Contino’s talk
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The New Physics Mass Gap

Higgs=Pseudo-Goldstone boson (PGB) 

One solution to the hierarchy pb: 
Higgs transforms non-linearly under some global symmetry

Examples:SO(5)/SO(4): 4 PGBs=W±L, ZL, h
Minimal Composite Higgs Model

Agashe, Contino, Pomarol  ’04SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

Gripaios, Pomarol, Riva, Serra  ’09
SU(4)/Sp(4, ): 5 PGBs=H, s

6

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2
Minimal Composite 

Two Higgs Doublets
Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

G
H

W±L & ZL & h

BSMSO(4)
SO(3)

W±L & ZL

SM

http://arxiv.org/abs/0902.1483
http://arxiv.org/abs/0902.1483
http://arXiv.org/abs/arXiv:1105.5403
http://arXiv.org/abs/arXiv:1105.5403
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One solution to the hierarchy pb: 
Higgs transforms non-linearly under some global symmetry

7

How can we tell the difference with the SM Higgs?

Higgs=Pseudo-Goldstone boson (PGB) 

G
H

W±L & ZL & h

BSMSO(4)
SO(3)

W±L & ZL

SM

What are the experimental constraints?

The New Physics Mass Gap
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SILH Effective Lagrangian

8

custodial breaking

Genuine strong operators (sensitive to the scale f)
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Giudice, Grojean, Pomarol, Rattazzi ‘07

At the moment, we don’t need to know what the Higgs is made of
chiral Lagrangian for the composite Higgs

!
!

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
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Z

h

t W

Z

Figure 7: Leading order and main NLO contributions to h → ZZ.

e−

e+

t

t̄

h

Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)

11
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SM is recovered 
as a limit when

the compositeness scale 
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Explicit (and calculable) models built in AdS5 spacetimes

a =
�

1− ξ c =
�

1− ξ

a =
�

1− ξ c =
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Agashe, Contino, Pomarol ’04 Contino, Da Rold, Pomarol ’06

http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0412089
http://arXiv.org/abs/hep-ph/0412089
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0412089
http://arXiv.org/abs/hep-ph/0412089
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but they are not on agenda of the current LHC run

3.4 Double Higgs production via gluon fusion

Within the SM, double Higgs production via gluon fusion received interest mainly because it is
sensitive to the trilinear Higgs self-coupling [42], see the first diagram in Fig. 2. In composite Higgs

g

g

mi

mi

mi
h

h

h

h

h

mi

mi

mi

mj

h

h

mi

mi

mi

h

h

mi mj

mi

mi

h

h

mj

mi

mi mj

Figure 2: Generic diagrams contributing to double Higgs production via gluon fusion in composite Higgs
models with nf novel fermionic resonances of mass mi (i = 1, ..., nf ). The index j �= i is introduced to
indicate that the fermions in the loops can be different.

models, the process gg → hh is affected essentially in two ways. First, the nonlinearity of the
strong sector gives rise to a ff̄hh coupling (which vanishes in the SM) and thus to a genuinely
new contribution to the amplitude, see the second diagram in Fig. 2. Second, one should take into
account the effects of top partners, which include also new box diagrams involving off-diagonal
Yukawa couplings (shown in the second line of Fig. 2). A first study of gg → hh in composite
Higgs models, neglecting top partners, was performed in Ref. [3], where it was found that a very
strong enhancement of the cross section is possible due to the new tt̄hh coupling. For example,
in MCHM5 with ξ = 0.25, which corresponds to f � 500GeV, the cross section was found to be
about 3.6 times larger than in the SM. Recently, Ref. [4] performed a model-independent study
of the process, making reference to the effective Lagrangian in Eq. (6) and thus again neglecting
the effects of top partners, and found a large sensitivity of the cross section to the c2 coefficient
parameterizing the tt̄hh coupling.

In this paper we include for the first time the effects of top partners in double Higgs production
via gluon fusion. This is especially interesting in the light of the results of Refs. [49], where a light
composite Higgs was shown to be tightly correlated with the presence of light top partners, as such
light resonances can in principle affect the gg → hh cross section in a sizable way. Our analysis
will confirm that this is indeed the case.

We start by discussing the cross section in the LET approximation, which greatly simplifies
the computation. In this limit, the amplitude is simply the sum of two effective diagrams, one
with the effective hgg coupling followed by a trilinear Higgs coupling and the other involving the
effective hhgg coupling. Adopting the SILH formalism, and recalling the expressions of the relevant
Feynman rules, which we already derived and report here for convenience
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(31)

(where p1,2 denote the momenta of the incoming gluons), we can write the amplitude as

Alet (gg → hh) =
αs

3πv2
δab(pν1p

µ

2 − p1 · p2gµν)C(ŝ) , (32)
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other couplings are very interesting as they are directly 
testing non-linearities/strong interactions of the Higgs

Z

h

t W

Z

Figure 7: Leading order and main NLO contributions to h → ZZ.
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Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
mailto:christophe.grojean@cern.ch?subject=gg%20-%3E%20hh
mailto:christophe.grojean@cern.ch?subject=gg%20-%3E%20hh
mailto:christophe.grojean@cern.ch?subject=gg%20-%3E%20hh
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1205.5444
http://arXiv.org/abs/1205.5444
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/hep-ph/0703164
http://arXiv.org/abs/1012.1562
http://arXiv.org/abs/1012.1562
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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other couplings are very interesting as they are directly 
testing non-linearities/strong interactions of the Higgs
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but they are not on agenda of the current LHC run

3.4 Double Higgs production via gluon fusion

Within the SM, double Higgs production via gluon fusion received interest mainly because it is
sensitive to the trilinear Higgs self-coupling [42], see the first diagram in Fig. 2. In composite Higgs
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Figure 2: Generic diagrams contributing to double Higgs production via gluon fusion in composite Higgs
models with nf novel fermionic resonances of mass mi (i = 1, ..., nf ). The index j �= i is introduced to
indicate that the fermions in the loops can be different.

models, the process gg → hh is affected essentially in two ways. First, the nonlinearity of the
strong sector gives rise to a ff̄hh coupling (which vanishes in the SM) and thus to a genuinely
new contribution to the amplitude, see the second diagram in Fig. 2. Second, one should take into
account the effects of top partners, which include also new box diagrams involving off-diagonal
Yukawa couplings (shown in the second line of Fig. 2). A first study of gg → hh in composite
Higgs models, neglecting top partners, was performed in Ref. [3], where it was found that a very
strong enhancement of the cross section is possible due to the new tt̄hh coupling. For example,
in MCHM5 with ξ = 0.25, which corresponds to f � 500GeV, the cross section was found to be
about 3.6 times larger than in the SM. Recently, Ref. [4] performed a model-independent study
of the process, making reference to the effective Lagrangian in Eq. (6) and thus again neglecting
the effects of top partners, and found a large sensitivity of the cross section to the c2 coefficient
parameterizing the tt̄hh coupling.

In this paper we include for the first time the effects of top partners in double Higgs production
via gluon fusion. This is especially interesting in the light of the results of Refs. [49], where a light
composite Higgs was shown to be tightly correlated with the presence of light top partners, as such
light resonances can in principle affect the gg → hh cross section in a sizable way. Our analysis
will confirm that this is indeed the case.

We start by discussing the cross section in the LET approximation, which greatly simplifies
the computation. In this limit, the amplitude is simply the sum of two effective diagrams, one
with the effective hgg coupling followed by a trilinear Higgs coupling and the other involving the
effective hhgg coupling. Adopting the SILH formalism, and recalling the expressions of the relevant
Feynman rules, which we already derived and report here for convenience
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(where p1,2 denote the momenta of the incoming gluons), we can write the amplitude as

Alet (gg → hh) =
αs

3πv2
δab(pν1p

µ

2 − p1 · p2gµν)C(ŝ) , (32)
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Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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Away from the SM point, this set-up introduced min-
imal deviations in the physics of the Higgs boson: all the
Higgs couplings have the same Lorentz structure as in the
SM and they are only rescaled by appropriate factors of a, b
and c (note that c is flavor-universal and the only source of
flavor violation are the usual SM Yukawa couplings; this
minimal flavor violation structure actually emerges natu-
rally in the dynamical models that will be considered later):

ghVV = a gS M
hVV , ghhVV = b gS M

hhVV and gh f f̄ � = c gS M
h f f̄ � . (6)

In addition, there are also new couplings, for instance b3
between three Higgses and two gauge bosons or c2 be-
tween two Higgses and two fermions, that will contribute
to multi-Higgs production [1–4].

Since the NLO QCD corrections do not affect the Higgs
couplings, at the LHC the relevant Higgs production cross-
sections simply rescale as [5]:
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The loop-induced gluon fusion production could in prin-
ciple be sensitive to new colored degrees of freedom, e.g.
new quarks, running in the loop. But it was shown [6] that
in explicit Little Higgs models as well as in Composite
Higgs models, a delicate cancelation holds and the cross-
section is independent of the masses and couplings of these
new quarks.

Similarly, the decay widths also have a simple rescal-
ing:

Γ(H → f f̄ ) = c2 ΓS M(H → f f̄ ) , (8)
Γ(H → VV) = a2 ΓS M(H → VV) , (9)
Γ(H → gg) = c2 ΓS M(H → gg) , (10)

Γ(H → γγ) = (cIγ+aJγ)2

(Iγ+Jγ)2 Γ
S M(H → γγ) , (11)

where

Iγ = 4
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The scalar h could correspond to the usual SM Higgs
boson mixed for instance with a gauge singlet but it could
also be a composite bound state emerging from a strongly
interacting sector. When such a composite Higgs boson ap-
pears as a fourth Goldstone boson associated to the sponta-
neous breaking of a global symmetry G of the strong sector
to a subgroup H, there is a natural mass gap between f , the
dynamical scale of the strong interactions, i.e. the Gold-
stone decay constant, and v, the electroweak scale that is
generated radiatively. These composite Higgs models ap-
pear as a natural generalization of the SM with new Gold-
stones in addition to the WL and ZL (see Table 2). Without
knowing the details of the physics of the strongly interact-
ing theories giving rise to the composite Higgs and other

Table 1. Values of the couplings of the effective Lagrangian (4) in
the strongly interacting light Higgs set-up (SILH) and in explicit
SO(5)/SO(4) composite Higgs models built in warped 5D space-
time (in MHCM4, the SM fermions are embedded into spinoral
representations of SO(5) while in MHCM5 they are in fundamen-
tal representations). ξ = (v/ f )2 measures the amount of com-
positeness of the Higgs boson. For the SM with an elementary
Higgs, which corresponds to the limit ξ → 0, the couplings are
a = b = c = d3 = d4 = 1 and c2 = b3 = 0.

Parameters SILH MCHM4 MCHM5

a 1 − cHξ/2
�

1 − ξ
�

1 − ξ
b 1 − 2cHξ 1 − 2ξ 1 − 2ξ

b3 − 4
3 ξ − 4

3 ξ
�

1 − ξ − 4
3 ξ
�

1 − ξ

c 1 − (cH/2 + cy)ξ
�

1 − ξ 1−2ξ√
1−ξ

c2 −(cH + 3cy)ξ/2 −ξ/2 −2ξ

d3 1 + (c6 − 3cH/2)ξ
�

1 − ξ 1−2ξ√
1−ξ

d4 1 + (6c6 − 25cH/3)ξ 1 − 7ξ/3 1−28ξ(1−ξ)/3
1−ξ

Table 2. Global symmetry breaking patterns and the correspond-
ing Goldstone boson contents of the SM, the minimal compos-
ite Higgs model, the next to minimal composite Higgs model,
the minimal composite two Higgs doublet model. Note that the
SU(3) model does not have a custodial invariance. a denotes a
CP-odd scalar while h and H are CP-even scalars

Model Symmetry Pattern Goldstones

SM SO(4)/SO(3) WL,ZL
— SU(3)/SU(2)×U(1) WL,ZL, h

MCHM SO(5)/SO(4)×U(1) WL,ZL, h
NMCHM SO(6)/SO(5)×U(1) WL,ZL, h, a
MCTHM SO(6)/SO(4)×SO(2) ×U(1) WL,ZL, h,H,H±, a

possible resonances, a general effective chiral Lagrangian
can capture the low-energy physics of the composite parti-
cles [2]. The strong sector is broadly parametrized by two
quantities: the typical mass scale, mρ, of the heavy vec-
tor resonances and the dynamical scale, f , associated to
the global symmetry pattern G/H. The effective chiral La-
grangian includes only four operators that are genuinely
sensitive to the strong interactions and affect qualitatively
the physics of the strongly interacting light Higgs (SILH)
boson:

LSILH =
cH
2 f 2

�
∂µ
�
H†H
��2
+ cT

2 f 2

�
H†
←→
D µH

�2

− c6λ
f 2

�
H†H
�3
+
� cyy f

f 2 H†H f̄LH fR + h.c.
� (13)

Whenever this chiral Lagrangian emerges from a strong
sector that is invariant under a custodial symmetry, the co-
efficient cT vanishes. The values of the couplings a, b, . . .
obtained from this SILH Lagrangian are given in Table 1.
The SILH Lagrangian can be extended in several ways (see
Refs. [7]) to include some heavy vector resonances of the
strong sector in addition to the Goldstone bosons.

c2 c2a2
a2
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 Higgs couplings modified w.r.t. SM but same kinematics

 Background processes unaffected! !!

simple rescaling of SM searches

 (particular to single Higgs process - with more than one Higgs, sensitive to derivative couplings)

The QCD NLO  rescale 
trivially in the flavor 

universal limit. 
Not the EW NLO

Figure 2: Isocontours in the (a, acb) plane of |∆�UV

1 /�exp1 |−1
(solid, black) and of |∆�TL

1 /�exp1 |−1

(red, dashed), roughly representing the amount of tuning needed to satisfy EWPT.

• All the other channels are assumed to come from inclusive production. In this case for

LHC

rLHC

incl
(a, acb, c) =

c2σgg + rV BF (a, acb) σV BF + rV h(a, acb) σV h

σgg + σV BF + σV h

∼ c2 (2.19)

where σV h/σgg ≈ 0.058, and the last approximate equality holds because the main pro-

duction mechanism is gluon fusion. We have checked that considering inclusive WW and

ZZ production as coming only from gluon fusion and VBF, as done in Ref. [3], does

not significantly affect our results. An equation completely analogous to (2.19) holds for

inclusive production at Tevatron.

• The partial width for h → γγ, which arises both from W and from heavy fermion (top,

bottom and tau) loops, gets rescaled as

rγγ(a) =
Γ(h → γγ)

Γ(h → γγ)SM
� (1.26 a− 0.26 c)2 (2.20)

for mh = 125GeV .

After computing production cross sections and BRs we construct a χ2
function

χ2
(a, acb, c) =

�

i

(µ̂i − µi(a, acb, c))2

δµ2
i

, (2.21)

where µ̂i is the experimental central value, and δµi is the total error. The latter is obtained

by summing in quadrature the experimental error (symmetrized by means of an average in

6

for mh=125GeV
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the SM exclusion bounds are easily rescaled in the (mH,a) plane

the LHC can do much more than simply excluding the SM Higgs
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Deformation of the SM Higgs: current constraints
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Figure 2: The allowed parameter space of the effective theory given in Eq. (2.1), derived from

the combined ATLAS and CMS constraints for mh = 125 GeV. We display the 1σ allowed regions

generated from Higgs produced via gluon fusion (ggF) decaying to γγ (pink), or to ZZ∗ → 4l (blue),

and Higgs produced via vector boson fusion (VBF) decaying to γγ (beige). The “Combined” region

(green) shows the 90% CL allowed region arising from all channels. The dashed lines show the

SM values. The top left plot characterizes models in which loops containing beyond the SM fields

contribute to the effective 5-dimensional hGa
µνG

a
µν and hAµνAµν operators, while leaving the lower-

dimension Higgs couplings in Eq. (2.1) unchanged relative to the SM prediction. The remaining

plots characterize top partner models where only scalars and fermions with the same charge and

color as the top quark contribute to the effective 5-dimensional operators, which implies the relation

δcγ = (2/9)δcg. The results are shown for 3 different sets of assumptions about the lower-dimension

Higgs couplings that can be realized in concrete models addressing the Higgs naturalness problem.

The top right plot was added in v2 to allow a direct comparison with the results of Refs. [27] and

[28]. 8
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Figure 9: Isocontours of 68%, 95% and 99% probability in the plane (a, c) for a 125 GeV Higgs

coming from CMS (left) and ATLAS (right). In each case the posterior probability has been

constructed using the method described in sec. 3.

channels performed by CMS also points to (see Fig. 4 of Ref. [24]). We thus find that such

a pattern of rates can be easily reproduced for c ∼ −1, which ensures an enhanced γγ

while predicting a gluon fusion production cross section close to its SM value. The second

maximum of the probability is for (a � 1.15, c � 1.0). It is smaller than the first peak, as

the shorter isocontours indicate. This solution roughly corresponds to the combined best fit

of CMS where all rates are 20% − 30% larger than their SM expectations (Rγγ � 1.4 and

RWW = RZZ � 1.3 for (a = 1.15, c = 1.0)). While the maximum at c � 1 already emerges

from the fit when including the channels WW , ZZ and γγ alone, we find that the ττ search

plays an important role in shaping the highest peak and excluding points with large and

negative c.

The plot on the right of Fig. 9 shows the best fit in the plane (a, c) obtained using the

full 2011 ATLAS data set (
�
dtL ≤ 4.9 fb−1) [28]. Compared to the corresponding analysis

of CMS, the sensitivity of the h → WW inclusive search in ATLAS (in which the 2-jet VBF

category is not singled out) is much weaker in the fermiophobic region c ∼ 0. This implies

a much broader region where the posterior probability is large, instead of two disconnected

smaller islands. Furthermore, the excess in the ZZ channel seen by ATLAS leads to a best

23
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Figure 4: Left: fit of the Higgs boson coupling parameters a, c to vector bosons and fermions,

respectively (assuming a common rescaling factor with respect to the SM prediction in both

cases). Right: fit to the t-quark and to b-quark and τ -lepton Yukawa couplings assuming the

SM couplings to gauge bosons.

• the partonic cross sections for gg → h and for gg → tt̄h get rescaled by R2
t ;

• the partonic cross sections for qq̄ → qq̄h and for qq̄ → V h get rescaled by R2
V ;

• the decay widths h → V V ∗ get rescaled by R2
V where V = {W,Z};

• the decay widhts h → ff̄ get rescaled by R2
f where f = {b, τ, . . .};

• the decay width h → γγ, arising from the interference of one-loop diagrams mediated by
the top and by the W , gets rescaled by (1.28RW − 0.28Rt)2 for mh = 125GeV;

• similarly the decay width h → Zγ (not yet measured) gets rescaled by (1.05RZ−0.05Rt)2.

A simplifying case considered in previous analyses [10, 11, 12] is a common rescaling factor
a for Higgs boson coupling to vectors and a common rescaling factor c for Higgs boson coupling
to fermions:

a = RV ≡ RW = RZ , c = Rt = Rb = Rτ . (14)

We show in the left panel of Fig. 4 the resulting fit (continuous yellow contours). For comparison
the dashed contours show the result obtained ignoring the γγjj data from CMS and ATLAS, as
is also done in Fig. 2. This allows to compare our results with the ones of previous analyses [10,
11, 12] (although some other data has also been modified and added by experiments). Our
results essentially agree, up to the difference due to our use of more recent data.

We see that a negative RtRW < 0 is favoured because it implies a constructive interference
between the top quark and W boson loops in the decays h → γγ increasing the corresponding

8

Giardino, Kannike, Raidal, 
Strumia ’12

Figure 7: The Tevatron constraints on the couplings (a, c) of a possible Higgs-like particle h
with mass ∼ 125 GeV arising from the (left) b̄b and (centre) WW ∗

final states, and (right)

their combination.

Figure 8: The constraints on the couplings (a, c) of a possible ‘Higgs’ h particle with mass

∼ 125 GeV obtained from a global analysis of the available CMS, ATLAS, CDF and D0 data.

WW ∗
and γγ sub-channels discussed above.

The same features are visible in Fig. 9, where we see how the preference for the ‘anti-

dilaton’ scenario arises. As previously, the upper left panel is for the pseudo-dilaton scenario

with a = c, the upper right panel is for the anti-dilaton scenario with a = −c, the lower left

panel is for fermiophobic models, and the lower right panel is for the MCHM5 model. In the

case of the pseudo-dilaton scenario (which includes the Standard Model and the ξ → 0 limit

of the MCHM5 model when V = 246 GeV), we see that the values of V favoured by the

CMS, ATLAS and Tevatron data, while overlapping, do not coincide, whereas they coincide

perfectly in the ‘anti-dilaton’ case. The preference for a/c < 0 can be traced to the fact

that both CMS and ATLAS see γγ signals that are somewhat enhanced compared to the

Standard Model, which can be explained by positive interference between the top and W±
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FIG. 7: Update to the global fit. To the left we have only updated the WW ATLAS signal in Table I to the value in

Table II. On the right we have also added the ATLAS ττ and Tevatron data on pp̄ → b b̄ and pp̄ → W+ W− as shown

in Table II.

Channel [Exp] mh[GeV] µ (µL)

pp → W W � → �+ ν �− ν̄ [ATLAS] 126 0.2+0.6
−0.7 (1.3)

pp → b b̄ [ATLAS] 124 −0.8+1.7
−1.7 (3.5)

pp → τ τ̄ [ATLAS] 124 −0.1+1.7
−1.7 (3.4)

pp̄ → b b̄ [CDF&D0/] 125 2.0+0.8
−0.7 (3.2)

pp̄ → W+ W− [CDF&D0/] 125 0.03+1.22
−0.03 (2.4)

TABLE II: Summary table of reported signatures with events related to the Higgs mass scale of interest (mh �

124 GeV) where excess events have been reported. Moriond 2012 update with new numbers to supplement (or

replace) entries in Table I.

Appendix B: Moriond 2012 Update

In this section we present updated results including the data presented at Moriond 2012 [40]. The

most significant change in the data that was used in Table I is an update to the ATLAS measurement of

pp → W W � → �+ ν �− ν̄. In addition, ATLAS reported best fit signal strengths in the pp → b b̄ and

pp → τ τ̄ channels while CDF and D0/ reported a broad excess in pp̄ → b b̄ events. Further, CMS has now

also supplied best fit signal strengths as a function of mh, allowing various Higgs mass hypotheses to be

fit to. In this Appendix we include these experimental results in our fit and supply supplementary plots for

various Higgs masses (refining also our determination of the 95% C.L. exclusion limits).
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strong interference with single hψψ coupling

2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark [and to a lesser extent the bottom quark] contribute

substantially for Higgs boson masses MH >∼ 100 GeV.

a)

•H
W

γ(Z)

γ

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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look at final state: 

The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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Associated production of the Higgs boson and a single top quark at hadron colliders

F. Maltoni, K. Paul, T. Stelzer, and S. Willenbrock
Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, Illinois 61801

!Received 28 June 2001; published 11 October 2001"

We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.

DOI: 10.1103/PhysRevD.64.094023 PACS number!s": 13.85.Qk, 12.38.Bx, 14.65.Ha, 14.80.Bn

I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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2.3 Loop induced decays into γγ, γZ and gg

Since gluons and photons are massless particles, they do not couple to the Higgs boson

directly. Nevertheless, the Hgg and Hγγ vertices, as well as the HZγ coupling, can be

generated at the quantum level with loops involving massive [and colored or charged] particles

which couple to the Higgs boson. The Hγγ and HZγ couplings are mediated by W boson and

charged fermions loops, while the Hgg coupling is mediated only by quark loops; Fig. 2.14.

For fermions, only the heavy top quark [and to a lesser extent the bottom quark] contribute

substantially for Higgs boson masses MH >∼ 100 GeV.
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Figure 2.14: Loop induced Higgs boson decays into a) two photons (Zγ) and b) two gluons.

For masses much larger than the Higgs boson mass, these virtual particles do not decouple

since their couplings to the Higgs boson grow with the masses, thus compensating the loop

mass suppression. These decays are thus extremely interesting since their strength is sensitive

to scales far beyond the Higgs boson mass and can be used as a possible probe for new charged

and/or colored particles whose masses are generated by the Higgs mechanism and which are

too heavy to be produced directly.

Unfortunately, because of the suppression by the additional electroweak or strong cou-

pling constants, these loop decays are important only for Higgs masses below ∼ 130 GeV

when the total Higgs decay width is rather small. However, these partial widths will be

very important when we will discuss the Higgs production at hadron and photon colliders,

where the cross sections will be directly proportional to, respectively, the gluonic and pho-

tonic partial decay widths. Since the entire Higgs boson mass range can be probed in these

production processes, we will also discuss the amplitudes for heavy Higgs bosons.

We will first analyze the decays widths both at leading order (LO) and including the next–

to–leading order (NLO) QCD corrections. The discussion of the LO electroweak corrections

and the higher–order QCD corrections will be postponed to the next subsection.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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The region !q2!MW
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production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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1. has LHC identified  a violation of the custodial symmetry?
2. if yes, how to reconcile LHC data with EW data?

#
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Channel [Exp] µ119.5 (µL
119.5) µ124 (µL

124) µ125 (µL
125)

pp→ γ γ [ATLAS] 0.0+0.6
−0.8 (1.5) 0.8+0.8

−0.7 (2.6) 1.6+0.9
−0.8 (3.9)

pp→ Z Z� → �+ �− �+ �− [ATLAS] −0.5+0.5?? (5.1) 1.6+1.4
−0.8 (4.7) 1.4+1.3

−0.8 (4.1)

pp→W W � → �+ ν �− ν̄ [ATLAS] 0.0+1.2
−1.3 (2.4) 0.1+0.7

−0.7 (1.6) 0.1+0.7
−0.6 (1.4)

pp→ γ γ [CMS] −1.1+0.6
−0.6 (1.3) 1.5+0.7

−0.7 (3.5) 1.6+0.7
−0.6 (3.0)

pp→ Z Z� → �+ �− �+ �− [CMS] 2.0+1.6
−1.1 (5.2) 0.5+1.1

−0.7 (2.7) 0.6+0.9
−0.6 (2.5)

pp→W W � → �+ ν �− ν̄ [CMS] 0.9+0.8
−0.7 (2.5) 0.6+0.7

−0.7 (1.8) 0.4+0.6
−0.6 (1.5)

pp→ b b̄ [CMS] 0.4+1.8
−1.6 (4.1) 1.2+1.9

−1.8 (5.0) 1.2+2.1
−1.7 (5.2)

pp→ τ τ̄ [CMS] 0.2+0.9
−1.1 (3.6) 0.4+1.0

−1.2 (3.9) 0.6+1.1
−1.2 (4.1)

pp→ τ τ̄ [ATLAS] −0.9+1.7
−1.7 (2.9) −0.1+1.7

−1.8 (3.4) 0.1+1.7
−1.8 (3.5)

pp̄→ b b̄ [CDF&D0/] 1.5+0.6
−0.5 (2.5) 1.9+0.8

−0.6 (3.1) 2.0+0.8
−0.7 (3.2)

TABLE III: Summary table of reported best fit signal strengths for various Higgs mass values. We note that the

asymmetric nature of the error band for the best fit signal strength values reported for the pp→ Z Z� → �+ �− �+ �−

signal by ALTAS is curious by marking its error with “??” in the chart above. We use this data in the fit. For

mh = 125 GeV we use the public results presented at Moriond 2012 that splits the γ γ signal events into four classes

(that are not identical to the classes used in the body of the paper) as well as the VBF induced photon events instead

of the global photon value in the Table in Fig. 8. The non VBF di-photon events we rescale inclusively. The data used

for the category zero to four photons is given (in order) for µ125 by 2.1+2.0
−1.6, 0.6+1.0

−0.3, 2.2+1.4
−1.4, 0.5+1.8

−1.7, while the VBF

induced photon result is 3.6+2.2
−1.6.

III for each particular higgs mass value chosen. These results are shown for various masses in Fig. 8.

Examining the results, one clearly sees that the excess at 119.5 GeV can be distinguished globally to be a

likely statistical fluctuation compared to the global fit to the excess of events around ∼ 124 − 126 GeV.

Fitting to mh = 124 GeV shows that the discrimination on the parameter space offered by separately

reporting the VBF induced γγ jj signal is important. We also encourage the experimental collaborations

to report the degree of contamination of this signal with gg initial state Higgs events. One can demonstrate

how the VBF signal interpolates between the two results shown in Fig. 8 by adding in contamination due to

σ(gg → h) events with our consistent rescaling procedure. One finds the series of plots shown in Fig. 9 for

various degrees of contamination.

The update to the data has a small effect on the CL of the SM Higgs hypothesis compared to the best

fit value of the current data. Assuming no contamination due to gg for VBF events one finds that our

previously reported global fit with the Moriond 2012 data update (but without correcting to a single Higgs

mass value in the experimental best fit signal strengths) has the SM hypothesis residing on a 91 % CL curve

around the best fit value of (a, c). Assuming a 3% contamination of the VBF events due to gg, the SM

hypothesis remains consistent with the data at 91 % CL compared to the best fit value. Fitting to a single
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124) µ125 (µL
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−0.7 (2.6) 1.6+0.9
−0.8 (3.9)
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−0.8 (4.7) 1.4+1.3
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−0.6 (1.3) 1.5+0.7

−0.7 (3.5) 1.6+0.7
−0.6 (3.0)

pp→ Z Z� → �+ �− �+ �− [CMS] 2.0+1.6
−1.1 (5.2) 0.5+1.1

−0.7 (2.7) 0.6+0.9
−0.6 (2.5)

pp→W W � → �+ ν �− ν̄ [CMS] 0.9+0.8
−0.7 (2.5) 0.6+0.7

−0.7 (1.8) 0.4+0.6
−0.6 (1.5)
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TABLE III: Summary table of reported best fit signal strengths for various Higgs mass values. We note that the

asymmetric nature of the error band for the best fit signal strength values reported for the pp→ Z Z� → �+ �− �+ �−

signal by ALTAS is curious by marking its error with “??” in the chart above. We use this data in the fit. For

mh = 125 GeV we use the public results presented at Moriond 2012 that splits the γ γ signal events into four classes

(that are not identical to the classes used in the body of the paper) as well as the VBF induced photon events instead

of the global photon value in the Table in Fig. 8. The non VBF di-photon events we rescale inclusively. The data used

for the category zero to four photons is given (in order) for µ125 by 2.1+2.0
−1.6, 0.6+1.0

−0.3, 2.2+1.4
−1.4, 0.5+1.8

−1.7, while the VBF

induced photon result is 3.6+2.2
−1.6.

III for each particular higgs mass value chosen. These results are shown for various masses in Fig. 8.

Examining the results, one clearly sees that the excess at 119.5 GeV can be distinguished globally to be a

likely statistical fluctuation compared to the global fit to the excess of events around ∼ 124 − 126 GeV.

Fitting to mh = 124 GeV shows that the discrimination on the parameter space offered by separately

reporting the VBF induced γγ jj signal is important. We also encourage the experimental collaborations

to report the degree of contamination of this signal with gg initial state Higgs events. One can demonstrate

how the VBF signal interpolates between the two results shown in Fig. 8 by adding in contamination due to

σ(gg → h) events with our consistent rescaling procedure. One finds the series of plots shown in Fig. 9 for

various degrees of contamination.

The update to the data has a small effect on the CL of the SM Higgs hypothesis compared to the best

fit value of the current data. Assuming no contamination due to gg for VBF events one finds that our

previously reported global fit with the Moriond 2012 data update (but without correcting to a single Higgs

mass value in the experimental best fit signal strengths) has the SM hypothesis residing on a 91 % CL curve

around the best fit value of (a, c). Assuming a 3% contamination of the VBF events due to gg, the SM

hypothesis remains consistent with the data at 91 % CL compared to the best fit value. Fitting to a single
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asymmetric nature of the error band for the best fit signal strength values reported for the pp→ Z Z� → �+ �− �+ �−

signal by ALTAS is curious by marking its error with “??” in the chart above. We use this data in the fit. For

mh = 125 GeV we use the public results presented at Moriond 2012 that splits the γ γ signal events into four classes

(that are not identical to the classes used in the body of the paper) as well as the VBF induced photon events instead

of the global photon value in the Table in Fig. 8. The non VBF di-photon events we rescale inclusively. The data used

for the category zero to four photons is given (in order) for µ125 by 2.1+2.0
−1.6, 0.6+1.0

−0.3, 2.2+1.4
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−1.7, while the VBF
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−1.6.

III for each particular higgs mass value chosen. These results are shown for various masses in Fig. 8.

Examining the results, one clearly sees that the excess at 119.5 GeV can be distinguished globally to be a

likely statistical fluctuation compared to the global fit to the excess of events around ∼ 124 − 126 GeV.

Fitting to mh = 124 GeV shows that the discrimination on the parameter space offered by separately

reporting the VBF induced γγ jj signal is important. We also encourage the experimental collaborations

to report the degree of contamination of this signal with gg initial state Higgs events. One can demonstrate

how the VBF signal interpolates between the two results shown in Fig. 8 by adding in contamination due to

σ(gg → h) events with our consistent rescaling procedure. One finds the series of plots shown in Fig. 9 for

various degrees of contamination.

The update to the data has a small effect on the CL of the SM Higgs hypothesis compared to the best

fit value of the current data. Assuming no contamination due to gg for VBF events one finds that our

previously reported global fit with the Moriond 2012 data update (but without correcting to a single Higgs

mass value in the experimental best fit signal strengths) has the SM hypothesis residing on a 91 % CL curve

around the best fit value of (a, c). Assuming a 3% contamination of the VBF events due to gg, the SM

hypothesis remains consistent with the data at 91 % CL compared to the best fit value. Fitting to a single
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Figure 1: Logarithmically divergent diagrams contributing to �3, (a), and to �1, (b) and (c).
The diagrams in (a) and (b) contribute to the log divergence also for acb = 0 , while those in

(c) exactly cancel in that limit. However, when acb is turned on, the diagrams in (c) give rise

to the ∝ (g/g�)2 term in Eq. (2.12).

2.1 Electroweak precision tests

We can now move on to the study of constraints coming from EWPT, for which we employ the

�i parameters [21]. When (a, acb) �= (1, 0) , logarithmic ultraviolet sensitivity arises in �1 and

�3 , due to the partial noncancellation of loop diagrams involving would-be Goldstone bosons

and the Higgs. However, we have to stress that a simple substitution a → a+ acb to the ‘usual’

calculation of such divergences (i.e., for acb = 0, see Ref. [22]) is not sufficient, because the

presence of an explicit custodial breaking term introduces additional contributions to �1. In

Fig. 1 (c) we show the involved diagrams: due to the custodial symmetry they usually cancel

out with each other, while in our case they introduce a term enhanced by (g/g�)2. We then

obtain (we recall that ∆�1,3 ∼ T̂ , Ŝ)

∆�1 = − 3
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2
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, (2.12)
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48π
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h

�
. (2.13)

These corrections need to be added to the SM values of the �i, computed at full 1-loop for

mh = 125 GeV (which we take as reference in what follows): we have (�1, �3)SM = (5.1, 5.0) 10−3
.

We refer the reader to Appendix A for further details about the input parameter values and

the EW fit. The cutoff Λ is defined, as usual, as the scale at which perturbative unitarity is

lost in pion-pion scattering. Taking into consideration the modified couplings of the different
pions to the Higgs, we find

Λ = min

�
4πv�
|1− a2|

,
4πv�

|1− (a+ acb)2|

�
. (2.14)
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that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.

As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4πv ∼ 3TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)
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(2.7)

where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.

Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms

Lcb = −v2

8

�
Tr

�
Σ†DµΣ σ3

��2
�
tcb + 2acb

h

v
+ · · ·

�
, (2.8)

where tcb and acb are free parameters2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, T̂ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows

LhV V =

�
a m2

W
W+

µ
W−

µ
+

1

2
(a+ acb) m

2
Z
ZµZµ

��
2
h

v

�
. (2.9)

Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators

OH =
cH
2f 2

∂µ(H†H)∂µ(H
†H) , OT =

cT
2f 2

�
H†DµH − (DµH)†H

�2
(2.10)

where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find

a = 1− cH
2

v2

f 2
, acb = −2cT

v2

f 2
. (2.11)

However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
T̂ = cT (v2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same

2
Higher orders in the Higgs are negligible for our purposes.
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Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.

As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4πv ∼ 3TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)

Lh =
1

2
(∂µh)

2 − V (h) +
v2

4
Tr

�
(DµΣ)

† (DµΣ)
��

1 + 2a
h

v
+ b

h2

v2
+ . . .

�

− v√
2

�

i,j

�
ūi
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where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.

Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms

Lcb = −v2

8

�
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�
Σ†DµΣ σ3

��2
�
tcb + 2acb

h

v
+ · · ·

�
, (2.8)

where tcb and acb are free parameters2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, T̂ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows

LhV V =
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a m2

W
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µ
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2
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. (2.9)

Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators

OH =
cH
2f 2

∂µ(H†H)∂µ(H
†H) , OT =

cT
2f 2

�
H†DµH − (DµH)†H

�2
(2.10)

where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find

a = 1− cH
2

v2

f 2
, acb = −2cT

v2

f 2
. (2.11)

However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
T̂ = cT (v2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same

2
Higher orders in the Higgs are negligible for our purposes.
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that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.

As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4πv ∼ 3TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)
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where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.

Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms

Lcb = −v2

8
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where tcb and acb are free parameters2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, T̂ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows
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Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators

OH =
cH
2f 2

∂µ(H†H)∂µ(H
†H) , OT =

cT
2f 2
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H†DµH − (DµH)†H
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where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find

a = 1− cH
2

v2

f 2
, acb = −2cT

v2

f 2
. (2.11)

However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
T̂ = cT (v2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same

2
Higher orders in the Higgs are negligible for our purposes.
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Figure 2: Isocontours in the (a, acb) plane of |∆�UV

1 /�exp1 |−1
(solid, black) and of |∆�TL

1 /�exp1 |−1

(red, dashed), roughly representing the amount of tuning needed to satisfy EWPT.

• All the other channels are assumed to come from inclusive production. In this case for

LHC

rLHC

incl
(a, acb, c) =

c2σgg + rV BF (a, acb) σV BF + rV h(a, acb) σV h

σgg + σV BF + σV h

∼ c2 (2.19)

where σV h/σgg ≈ 0.058, and the last approximate equality holds because the main pro-

duction mechanism is gluon fusion. We have checked that considering inclusive WW and

ZZ production as coming only from gluon fusion and VBF, as done in Ref. [3], does

not significantly affect our results. An equation completely analogous to (2.19) holds for

inclusive production at Tevatron.

• The partial width for h → γγ, which arises both from W and from heavy fermion (top,

bottom and tau) loops, gets rescaled as

rγγ(a) =
Γ(h → γγ)

Γ(h → γγ)SM
� (1.26 a− 0.26 c)2 (2.20)

for mh = 125GeV .

After computing production cross sections and BRs we construct a χ2
function

χ2
(a, acb, c) =

�

i

(µ̂i − µi(a, acb, c))2

δµ2
i

, (2.21)

where µ̂i is the experimental central value, and δµi is the total error. The latter is obtained

by summing in quadrature the experimental error (symmetrized by means of an average in
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Figure 4: Left: best-fit region in the (a, acb) plane from LHC results, as on Table 1, at 68, 95, 99%

C.L. after marginalization. Dashed lines represent the same best fit contours in the case c = 1.

The two best fit points with (without) marginalization are shown as black dots (crosses), while

the star is the SM point corresponding to (a, acb) = (1, 0). Right: The region allowed by EWPT

at 99% confidence level is shown in red shading, along with the LHC best fit region. Dashed

lines represent isolines of the ∆�1 (in units of 10
−3
) required to be compatible with EWPT.

marized in Fig. 4 left, where we also show for completeness the results without marginalization

(i.e. fixing c = 1). The best fit points are respectively (0.93, 0.27) and (0.93, − 2.13), both

corresponding to χ2
= 9.3 with 13 d.o.f. As expected the best fit points are ‘Zphilic’ (or

equivalently, Wphobic): |(ghZZ/ghWW ) cos
2 θW | = |a+ acb|/a ≈ 1.3.

Notice that the contours are symmetric under (a+ acb) → −(a+ acb) , as such coupling al-

ways appears squared. In the best-fit region where a+acb < 0 , the Higgs is actually ‘dysZphilic’,

since the sign of the hZZ coupling is opposite with respect to the standard case. We will discuss

in Section 3 some future measurements that may lift the degeneracy between a Zphilic and a

dysZphilic Higgs.

In Fig. 4 right we show, along with the best fit results, the region allowed at 99% C.L. by

EWPT. It is immediate to see that a much larger range of a is compatible with both EWPT

and LHC data with respect to the case acb = 0 : at 99% CL we find 0.4 � a � 1.5, whereas

for acb = 0 one has roughly 0.95 � a � 1.1 . As one moves away from the EWPT region

(especially in acb) an extra contribution to �1 is required to be compatible with precision data.

The magnitude of such contribution can be quantified by taking the distance between �1(a, acb)
for a given point and the experimental central value

∆�1 = �exp1 − �1(a, acb) . (2.24)

Isolines of ∆�1 are shown in Fig. 4: a contribution at most of O(10
−2
) is required, implying
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Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases a + acb ≷ 0 have different relative sign between LO and
NLO. Thus we can write the width in the two cases as (the superscript corresponds to the sign
of a + acb) Γ

±
ZZ ≈ Γ0

ZZ(1 ± δ), with δ ≈ 1% for SM couplings [38]. Assuming departures from
the leading approximation a + acb = ±1 to have negligible effects, we quantify the relative
separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the tops (as
shown in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)
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that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.

As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4πv ∼ 3TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)

Lh =
1

2
(∂µh)

2 − V (h) +
v2

4
Tr

�
(DµΣ)

† (DµΣ)
��

1 + 2a
h

v
+ b

h2

v2
+ . . .

�

− v√
2

�

i,j

�
ūi

L
di
L

�
Σ

�
1 + c

h

v
+ c2

h2

v2
+ · · ·

��
λu

ij
uj

R

λd

ij
dj
R

�
+ h.c.

(2.7)

where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.

Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms

Lcb = −v2

8

�
Tr

�
Σ†DµΣ σ3

��2
�
tcb + 2acb

h

v
+ · · ·

�
, (2.8)

where tcb and acb are free parameters2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, T̂ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows

LhV V =

�
a m2

W
W+

µ
W−

µ
+

1

2
(a+ acb) m

2
Z
ZµZµ

��
2
h

v

�
. (2.9)

Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators

OH =
cH
2f 2

∂µ(H†H)∂µ(H
†H) , OT =

cT
2f 2

�
H†DµH − (DµH)†H

�2
(2.10)

where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find

a = 1− cH
2

v2

f 2
, acb = −2cT

v2

f 2
. (2.11)

However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
T̂ = cT (v2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same

2
Higher orders in the Higgs are negligible for our purposes.
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Figure 4: Left: best-fit region in the (a, acb) plane from LHC results, as on Table 1, at 68, 95, 99%

C.L. after marginalization. Dashed lines represent the same best fit contours in the case c = 1.

The two best fit points with (without) marginalization are shown as black dots (crosses), while

the star is the SM point corresponding to (a, acb) = (1, 0). Right: The region allowed by EWPT

at 99% confidence level is shown in red shading, along with the LHC best fit region. Dashed

lines represent isolines of the ∆�1 (in units of 10
−3
) required to be compatible with EWPT.

marized in Fig. 4 left, where we also show for completeness the results without marginalization

(i.e. fixing c = 1). The best fit points are respectively (0.93, 0.27) and (0.93, − 2.13), both

corresponding to χ2
= 9.3 with 13 d.o.f. As expected the best fit points are ‘Zphilic’ (or

equivalently, Wphobic): |(ghZZ/ghWW ) cos
2 θW | = |a+ acb|/a ≈ 1.3.

Notice that the contours are symmetric under (a+ acb) → −(a+ acb) , as such coupling al-

ways appears squared. In the best-fit region where a+acb < 0 , the Higgs is actually ‘dysZphilic’,

since the sign of the hZZ coupling is opposite with respect to the standard case. We will discuss

in Section 3 some future measurements that may lift the degeneracy between a Zphilic and a

dysZphilic Higgs.

In Fig. 4 right we show, along with the best fit results, the region allowed at 99% C.L. by

EWPT. It is immediate to see that a much larger range of a is compatible with both EWPT

and LHC data with respect to the case acb = 0 : at 99% CL we find 0.4 � a � 1.5, whereas

for acb = 0 one has roughly 0.95 � a � 1.1 . As one moves away from the EWPT region

(especially in acb) an extra contribution to �1 is required to be compatible with precision data.

The magnitude of such contribution can be quantified by taking the distance between �1(a, acb)
for a given point and the experimental central value

∆�1 = �exp1 − �1(a, acb) . (2.24)

Isolines of ∆�1 are shown in Fig. 4: a contribution at most of O(10
−2
) is required, implying
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that is gauge invariant, but explicitly breaks SU(2)L × SU(2)R and therefore the custodial
symmetry. To prevent large deviations from ρ = 1 and thus tensions with precision tests, its
coefficient has to be very small, O(10−3), so the term (2.6) is usually neglected.

As it is well known, the description (2.2) leads to amplitudes for longitudinal gauge boson
scattering that grow with energy, and as a consequence to a loss of perturbative unitarity at a
scale 4πv ∼ 3TeV . To moderate the growth of amplitudes and therefore postpone the pertur-
bative unitarity breakdown, a scalar resonance transforming as a singlet under the custodial
symmetry can be introduced. We can thus add to Eq. (2.2) all possible interactions with the
scalar resonance up to second order, obtaining [16] (see also Refs. [17, 18] for an introduction)
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2 − V (h) +
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(2.7)

where a, b, c, c2 are free parameters (the SM is retrieved by choosing a = b = c = 1 , c2 = 0 and
vanishing terms of higher order in h). We do not write explicitly the scalar self-interactions
contained in V (h), as they will not be relevant in our discussion.

Since we are interested in custodial breaking effects, we add to the Lagrangian the following
terms

Lcb = −v2

8

�
Tr

�
Σ†DµΣ σ3

��2
�
tcb + 2acb

h

v
+ · · ·

�
, (2.8)

where tcb and acb are free parameters2 and the overall normalization has been chosen for later
convenience. As we already mentioned, tcb contributes to T at tree level, T̂ = −tcb . On the
other hand, the consequences of the coupling acb can be seen by going to the unitary gauge,
Σ = 1: the interactions of the Higgs with vector bosons are modified as follows

LhV V =

�
a m2

W
W+

µ
W−

µ
+

1

2
(a+ acb) m

2
Z
ZµZµ

��
2
h

v
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. (2.9)

Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos2 θW .
In a SILH Lagrangian [19], where the SM gauge symmetries are linearly realized in the strong
sector, we can consider the following operators

OH =
cH
2f 2

∂µ(H†H)∂µ(H
†H) , OT =

cT
2f 2

�
H†DµH − (DµH)†H

�2
(2.10)

where H is the (composite) Higgs doublet emerging as a pseudo-Goldstone boson from the
strong sector. We find

a = 1− cH
2

v2

f 2
, acb = −2cT

v2

f 2
. (2.11)

However, in addition a contribution tcb = −cT (v2/f 2) is generated, or equivalently a correction
T̂ = cT (v2/f 2) . Therefore in this case the coefficients tcb and acb in Eq. (2.8) are of the same

2
Higher orders in the Higgs are negligible for our purposes.
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ILC ($s=800GeV and 1ab-1)

Figure 5: The colored regions show the range of µZZ/µWW (left) and µγγ−V BF/µZZ (right) as
a function of a, obtained varying acb within the 68% CL region of the LHC fit, whereas the
full line corresponds to choosing the best fit value of acb for the given a . The dashed line
corresponds to taking acb in the narrow region allowed by EWPT.

at the level of ∼ 1%, corresponding to

|δa|, |δ(a+ acb)| ∼ 1% . (3.1)

Such precision is expected both at ILC [31] and CLIC [32] with reference values mh = 120GeV,√
s = 500 GeV and with 500 fb−1 of integrated luminosity. In the following we fix c = 1 in

order to highlight the main points under study.

3.1 h → ZZ decay width

The first channel we investigate is the width of h → ZZ → 4l. Here the interference occurs be-
tween tree level and higher orders, the former being sensitive to the sign flip a+ acb → −(a+ acb).
On the contrary we assume, in order to maximize the separation, that most of the radiative
corrections arise from loops not directly involving the hZZ vertex (see the diagrams in Fig. 7).
In this approximation the two cases have different relative sign between LO and NLO. Thus we
can write the width, for a+ acb ≷ 0, as Γ±

ZZ ≈ Γ0
ZZ(1± δ), with δ ≈ 1% for SM couplings [33].

Assuming departures from the leading approximation a + acb = ±1 to have negligible effects,
we quantify the relative separation with

∆ =

����
Γ+
Z − Γ−

Z

Γ+
Z + Γ−

Z

���� = δ ≈ 1% . (3.2)

It is clear that a very high precision is required to resolve the two cases. In fact, even considering
perfect knowledge of the coupling constants, the experimental uncertainties should be at least
of the same size or smaller of ∆. We conclude that the measurement under study is not realistic.
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Figure 8: Feynman diagrams contributing to e+e− → htt̄.

3.3 Zh associated production

The third channel we examine is the Higgs-strahlung process e+e− → Zh, see Fig. 9. As in the
first case above, we are interested in the change in sign of NLO corrections with respect to the
tree level amplitude. Following detailed analyses present in literature [35,36] we can divide the
main electroweak corrections in three different terms, as following:

• Initial State Radiation (δISR): whose amplitude clearly has the same sign of the tree level
one;

• Fermionic contributions (δF ): they are mainly due to self energy corrections to the Z
propagator. Thus, in first approximation, we expect them to have the same sign of the
LO amplitude;

• Bosonic contributions (δB): they are due to box diagrams usually involving W bosons. It
is reasonable to assume that most of these would not involve the hZZ vertex and so to
assume that δB does not present a sign flip for a disZphilic Higgs.

It is then possible to write, for a ≷ 0,

σ± = σ0(1 + δISR + δF ± δB) (3.5)

as a rough estimate of the effect. Referring to a center of mass energy of 1000 GeV the expected
magnitudes for such corrections6 are δISR ≈ 20%, δF ≈ 10% and δB ≈ −20%. Thus σ+ ≈ 1.1σ0,
σ− ≈ 1.5σ0 and we are able to quantify the separation between the two signs as

∆ =

����
σ+ − σ−

σ+ + σ−

���� ≈ 15% , (3.6)

6
The numerical values are extracted from Ref. [37], where mh = 150 GeV was assumed. However, correc-

tions due to the lower Higgs mass we are considering should be small and nonetheless would not change our

conclusions.
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3.3 Zh associated production

The third channel we examine is the Higgs-strahlung process e+e− → Zh, see Fig. 9. As in the
first case above, we are interested in the change in sign of NLO corrections with respect to the
tree level amplitude. Following detailed analyses present in literature [35,36] we can divide the
main electroweak corrections in three different terms, as following:

• Initial State Radiation (δISR): whose amplitude clearly has the same sign of the tree level
one;

• Fermionic contributions (δF ): they are mainly due to self energy corrections to the Z
propagator. Thus, in first approximation, we expect them to have the same sign of the
LO amplitude;

• Bosonic contributions (δB): they are due to box diagrams usually involving W bosons. It
is reasonable to assume that most of these would not involve the hZZ vertex and so to
assume that δB does not present a sign flip for a disZphilic Higgs.

It is then possible to write, for a ≷ 0,

σ± = σ0(1 + δISR + δF ± δB) (3.5)

as a rough estimate of the effect. Referring to a center of mass energy of 1000 GeV the expected
magnitudes for such corrections6 are δISR ≈ 20%, δF ≈ 10% and δB ≈ −20%. Thus σ+ ≈ 1.1σ0,
σ− ≈ 1.5σ0 and we are able to quantify the separation between the two signs as
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���� ≈ 15% , (3.6)
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The numerical values are extracted from Ref. [37], where mh = 150 GeV was assumed. However, correc-

tions due to the lower Higgs mass we are considering should be small and nonetheless would not change our

conclusions.

12

e+e-"tth 

Figure 6: Isocurves of µγγ/µZZ (solid) and of µbb̄/µZZ (dashed) in the (a, c) plane (left) and in
the (a, acb) plane (right). In both plots the LHC best-fit regions are also shown; in the right
panel, c = 1 has been set to facilitate the comparison with the custodial-preserving case. All
the observables involved are insensitive to the sign of a + acb, implying the symmetry under
(a, acb) → (a,−(2a+ acb)) in the (a, acb) plane.

3.2 htt̄ associated production

We now focus on a case where the interference arises between different LO contributions.
In Higgs boson associated production with tops (heavy fermions in general) the process is
essentially e+e− → Z → tt̄ with a scalar emitted either by the Z or by one of the t (as shown
in Fig. 8). We can write the total cross section for the two cases a+ acb = ±1 as follows

σ± = (σt + σZ ± σint) , (3.3)

where the index refers to the particle the Higgs boson is emitted from. We have σint/(σt+σZ) ≈
1− 4% , leading to

∆ =

����
σ+ − σ−

σ+ + σ−

���� � 4% , (3.4)

that needs to be compared to the experimental resolution. It has been shown [34] that from
e+e− → tt̄ the coupling gtth could be measured up to 6% precision5, which directly translates
in a precision of around 10− 12% on the cross section, at least 3 or 4 times higher than ∆. So
even this case seems unlikely to be able to resolve the different signs.

5At ILC with
√
s = 800 GeV and with 1000 fb−1 of integrated luminosity.
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e+e− → Zh, see text for details.
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Figure 10: Feynman diagrams contributing to e+e− → Zhh.

if we consider the simple cases a + acb = ±1 . A comparison with the expected experimental

sensitivity [38], which is of ∼ 3 − 5%, shows that this measurement would indeed be able to

resolve the sign.

3.4 Zhh production

Another process where interference is at leading order is e+e− → Z → Zhh . In this case there

are 3 distinct constributions: the diagram with 2 subsequent Higgs-strahlungs, the diagram

involving the hhZZ vertex, and a third one involving the Higgs self-coupling (see Fig. 10), the

last being the only one that changes sign under (a + acb) → −(a + acb) . The cross section for

a+ acb = ±1 can then be written as

σ± = σ0 ± σint , (3.7)

and for
√
s = 500GeV (which is the best choice for the process e+e− → Zhh) we find

σ+ � 0.28 fb, σ− � 0.09 fb. Therefore

∆ =

����
σ+ − σ−

σ+ + σ−

���� ≈ 50% , (3.8)

that needs to be compared to the experimental resolution. For an integrated luminosity of

2000 fb
−1

and SM couplings, this can be as low as 10% [39]. In the case of flipped hZZ
coupling, by taking into account the reduced statistics we estimate the resolution to be still

less than 20%, i.e. more than 2 times smaller than ∆. So this case is promising. However,

we warn the reader that in the previous discussion we made stronger assumptions than for the

other precision measurements we presented. First, when setting the Higgs self-coupling λhhh

to its SM value, we assumed to know it to a good accuracy, even though the measurement

of such coupling at the LHC would be a difficult task, and the best channel to measure the
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3.3 Zh associated production

The third channel we examine is the Higgs-strahlung process e+e− → Zh, see Fig. 9. As in the
first case above, we are interested in the change in sign of NLO corrections with respect to the
tree level amplitude. Following detailed analyses present in literature [35,36] we can divide the
main electroweak corrections in three different terms, as following:

• Initial State Radiation (δISR): whose amplitude clearly has the same sign of the tree level
one;

• Fermionic contributions (δF ): they are mainly due to self energy corrections to the Z
propagator. Thus, in first approximation, we expect them to have the same sign of the
LO amplitude;

• Bosonic contributions (δB): they are due to box diagrams usually involving W bosons. It
is reasonable to assume that most of these would not involve the hZZ vertex and so to
assume that δB does not present a sign flip for a disZphilic Higgs.

It is then possible to write, for a ≷ 0,

σ± = σ0(1 + δISR + δF ± δB) (3.5)

as a rough estimate of the effect. Referring to a center of mass energy of 1000 GeV the expected
magnitudes for such corrections6 are δISR ≈ 20%, δF ≈ 10% and δB ≈ −20%. Thus σ+ ≈ 1.1σ0,
σ− ≈ 1.5σ0 and we are able to quantify the separation between the two signs as

∆ =

����
σ+ − σ−

σ+ + σ−

���� ≈ 15% , (3.6)

6
The numerical values are extracted from Ref. [37], where mh = 150 GeV was assumed. However, correc-

tions due to the lower Higgs mass we are considering should be small and nonetheless would not change our

conclusions.
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if we consider the simple cases a + acb = ±1 . A comparison with the expected experimental

sensitivity [38], which is of ∼ 3 − 5%, shows that this measurement would indeed be able to

resolve the sign.

3.4 Zhh production

Another process where interference is at leading order is e+e− → Z → Zhh . In this case there

are 3 distinct constributions: the diagram with 2 subsequent Higgs-strahlungs, the diagram

involving the hhZZ vertex, and a third one involving the Higgs self-coupling (see Fig. 10), the

last being the only one that changes sign under (a + acb) → −(a + acb) . The cross section for

a+ acb = ±1 can then be written as

σ± = σ0 ± σint , (3.7)

and for
√
s = 500GeV (which is the best choice for the process e+e− → Zhh) we find

σ+ � 0.28 fb, σ− � 0.09 fb. Therefore

∆ =

����
σ+ − σ−

σ+ + σ−

���� ≈ 50% , (3.8)

that needs to be compared to the experimental resolution. For an integrated luminosity of

2000 fb
−1

and SM couplings, this can be as low as 10% [39]. In the case of flipped hZZ
coupling, by taking into account the reduced statistics we estimate the resolution to be still

less than 20%, i.e. more than 2 times smaller than ∆. So this case is promising. However,

we warn the reader that in the previous discussion we made stronger assumptions than for the

other precision measurements we presented. First, when setting the Higgs self-coupling λhhh

to its SM value, we assumed to know it to a good accuracy, even though the measurement

of such coupling at the LHC would be a difficult task, and the best channel to measure the
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Signs of New Particles?

The Higgs can couple to new particles
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FIG. 1: Global fit to SM Higgs signal channel’s best fit signal strengths, based on post Moriond 2012 data

(see the Appendix) when an invisible width is added to the SM as a free parameter. The red (upper) solid

curve is for mh = 125 GeV; the blue (lower) solid curve is for mh = 124 GeV. The one sigma region

defined with the CDF for a one parameter fit is given by the horizontal dashed lines in each case and the

best fit points are given by (mh,Brinv) = (124, 0.12), (125, 0.15).

invisible width by modifying the SM branching ratios universally for each decay into final states

f via

Br(h→ f) ≡ Γ(h→ f)

ΓSM + Γinv
= (1− Brinv)× BrSM(h→ f). (3)

Thus, the effect of including an invisible width (of BSM origin) on the signal strengths is that

the expected µi = 1 in the SM is modified to an expectation of µi = 1 − Brinv. We fit for the

parameter Brinv assuming a SM Higgs with a total SM width ΓSM and a particular Higgs mass.

The resulting χ2 as a function of Brinv is shown in Fig. 1. Interestingly, we find the global χ2

is minimized for a non-zero value of Brinv.4 An inspection of the data used for mh = 124 GeV

(see Appendix) reveals h → γγ (ATLAS) and h → WW (ATLAS and Tevatron) as the channels

that most favor a nonzero value of Brinv, while h → ZZ (ATLAS), h → γγ (CMS) and h → bb̄

(Tevatron) are the channels which tend to drive Brinv → 0. This result also demonstrates that,

despite a suggestive hint in the data for a Higgs like scalar resonance, Brinv remains essentially

4 Our results are difficult to compare to the results of Ref. [19] which find that a related global χ2 is minimized
for Brinv < 0. For the results presented in this paper we use the µ̂i (and errors) as reported by the experimental
collaborations. The results in Ref. [19] are based on µ̂i constructed from reported and expected CL limits that only
approximate the experimentally reported µ̂i, apparently introducing a distortion in the data (and associated errors)
that affect the final conclusions, although in both cases the 95% CL range is wide.
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FIG. 10: Global fits to c̃G, c̃γ γ assuming a SM Higgs for Brinv fixed to (0, 0.14, 0.5). EWPD is not

simultaneously imposed. The convention for the plot regions is the same as previous figures. In examining

the allowed parameter space recall that the factor 1/16π2
has been scaled out of the BSM contribution, so

that large allowed values of v2 c̃γ γ/Λ2, v2 c̃G/Λ2
, although difficult to model build, are still perturbative

corrections to the SM.
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FIG. 11: Marginalizing over c̃G, c̃γ γ in the global fit (assuming a SM Higgs) and constructing the residual

χ2
distribution for Brinv (left figure). Conversely marginalizing over Brinv and fitting for the c̃G, c̃γ γ

allowed parameter space in the global fit (right figure). Plot conventions are the same as in previous figures.

radiation and vertex corrections to GA
µ νG

A µ ν
are expected to be common multiplicative factors for

the operator hGA
µ νG

A µ ν
in the mt → ∞ limit, and as such are not incorporated in the numerical

factors proceeding c̃G, c̃γ γ above. We will consider the parameter space where the SM is modified

by these corrections and Brinv �= 0 in this section, fitting to (v2 c̃γ γ/Λ2, v2 c̃G/Λ2, Brinv). The

exact relationship between these parameters, if any, is model dependent and unknown. As such,

we fit to the data assuming no relationship between the three parameters.

charged under 
SM gauge group

neutral under 
SM gauge group
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FIG. 1: Global fit to SM Higgs individual signal channel’s best fit signal strengths (left) and combined best

fit signal strengths supplied by the four experiments (right). These results are based on post Moriond 2012

data (see the Appendix and Table I) when an invisible width is added to the SM as a free parameter. Left:

The red (upper) solid curve is for mh = 125 GeV; the blue (lower) solid curve is for mh = 124 GeV.

The one sigma region defined with the CDF for a one parameter fit is given by the horizontal dashed lines

in each case and the best fit points are given by (mh,Brinv) = (124, 0.12), (125, 0.15). Right: The red

(lower) solid curve is for mh = 125GeV; the blue (upper) solid curve is for mh = 124GeV. Now the best

fit points are given by (mh,Brinv) = (124, 0.10), (125, 0.06). Comparing these results gives a sense of the

effect of neglected correlations amongst the individual signal channels in such fits.

where we have introduced the combined variables

1

σ2
c

=
Nch�

i

1

σ2
i

,
µ̂c

σ2
c

=
Nch�

i

µ̂i

σ2
i

. (5)

Note that Eq. 4 is valid if all the µi are equal, as is the case for the SM with an addition of Brinv.

This decomposition illuminates what our analysis of the fit to individual channels really does.

The location of the minimum of the fit, and the Nσ intervals, is controlled by the first term in

Eq. 4, which depends only on the combined parameters µ̂c and σc but not on the dispersion of

the different µ̂i’s around their average µ̂c. How good the fit is, is just given by the second piece

in Eq. 4, which is simply χ2
min, and does depend on how separate are the individual channel µ̂i’s

from µ̂c. Interpreting, as we do in this paper, deviations of µ̂ from its SM value of 1 as a Higgs

invisible width, one immediately obtains that the χ2
is minimized (defining Brmin

inv ) when

Brinv = 1− µ̂c. (6)

This also offers the alternative approach of bypassing the individual channel analysis and using
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Search for Invisible Decays with Visible Channels
Espinosa, Grojean, Muhlleitner, Trott ’12

direct (vertical) vs indirect (horizontal) searches 27
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FIG. 14: The vertical lines end at the points where the smallest ξ = σ/σSMBR(h → inv) that can have

a 95% CL limit imposed are estimated to be in various studies. In the SM, with only Brinv added as a free

parameter, one identifies ξ ≡ Brinv. The specific channels examined in the dedicated search studies are

labeled at the bottom of the figure under each line. Also shown is the expected 2 σ sensitivity band for the

SM (where again ξ ≡ Brinv) using the global PDF test we advocate to compare with the sensitivity of these

searches. The sensitivity band corresponds to the p-value test shown in Fig.3 (right). The light blue shaded

horizontal band is for σc = 0.15, expected at the end of this year, and dark blue shaded horizontal band for

σc = 0.05. Blue vertical lines:
√

s = 14 TeV,
�
L = 30 fb−1, in weak boson fusion, Zh and tt̄h production

(from Ref. [42]). Green vertical line:
√

s = 7 TeV,
�
L = 20 fb−1, in weak boson fusion [49]. Red vertical

line:
√

s = 7 TeV,
�
L = 20 fb−1, in monojet searches [50].

and a future value when σc = 0.05. One sees in this figure that the global test statistics are likely

to offer a significantly improved reach for the existence of Brinv in the data set the 2012 run. How-

ever, to claim a discovery of Brinv will likely require a combination of these global searches and

direct kinematic searches, as we have demonstrated throughout Section III.

V. CONCLUSIONS.

In this paper, we have systematically examined the potential of global fits to extract information

on Brinv in the present and future signal strength data sets of a scalar resonance. We have focused
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SM (where again ξ ≡ Brinv) using the global PDF test we advocate to compare with the sensitivity of these

searches. The sensitivity band corresponds to the p-value test shown in Fig.3 (right). The light blue shaded

horizontal band is for σc = 0.15, expected at the end of this year, and dark blue shaded horizontal band for
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and a future value when σc = 0.05. One sees in this figure that the global test statistics are likely

to offer a significantly improved reach for the existence of Brinv in the data set the 2012 run. How-

ever, to claim a discovery of Brinv will likely require a combination of these global searches and

direct kinematic searches, as we have demonstrated throughout Section III.

V. CONCLUSIONS.

In this paper, we have systematically examined the potential of global fits to extract information

on Brinv in the present and future signal strength data sets of a scalar resonance. We have focused
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The Question of the next Decade(s)
What is this Higgs boson that might have  been discovered at ~ 125GeV?

Higgs

[picture courtesy to Andreas Weiler]

“Higgs = emergency tire of the SM”  
Altarelli @ Blois’10
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