
( christophe.grojean@cern.ch )

Ch!"ophe Grojean
CERN-TH 

Implications of the Early 
LHC for cosmology
DESY, April 18-20, 2o12

( christophe.grojean@cern.ch )

Ch!"ophe Grojean
CERN-TH 

The Higgs sector
(alternatives to susy)
The Higgs sector
(alternatives to susy)



Christophe Grojean The Higgs Sector DESY, 18th April 2o12

Higgs = “raison d’être” of LHC 
 !500 physics papers over the last 5 years have an 

introduction starting like “the (main) goal of the LHC is to 
discover the Higgs boson”

 !11’000 papers in Spires contain “Higgs” in their title
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with even a bigger peak since last Dec.!
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Higgs = “raison d’être” of LHC 
 !500 physics papers over the last 5 years have an 

introduction starting like “the (main) goal of the LHC is to 
discover the Higgs boson”

 !11’000 papers in Spires contain “Higgs” in their title
 !3x106 references in google 

last missing piece of the SM?
at the origin of the masses of elementary particles?
unitarization of WW scattering amplitudes
screening of gauge boson self-energies

Reasons of a success

 ... no Nobel prize (so far)
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“Higgs = emergency tire of the SM”  
Altarelli @ Blois’10

(14x106 ! 1% of k" requested by the 

German banks to the Greek government)

http://confs.obspm.fr/Blois2010/Altarelli2.pdf
http://confs.obspm.fr/Blois2010/Altarelli2.pdf
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The UV behavior of the weak Goldstone
symmetry breaking: new phase with more degrees of freedom

UV behavior of these Goldstone’s? !!

massive W±, Z: 3 physical polarizations=eaten Goldstone bosons SU(2)LxSU(2)R

SU(2)V

Goldstone of
SU(2)LxSU(2)R/SU(2)V

Lmass = m2
WW+

µ Wµ− +
1

2
m2

ZZµZ
µ =

v2

4
Tr

�
DµΣ

†DµΣ
� Σ = eiσ

aπa/v
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the behavior of this amplitude is not consistent above 4πv (!1÷3TeV) 

Lee, Quigg & Thacker  ’77

πa

πb

contact interaction growing with energy

Lmass =
1

2
(∂µπ

a)2 − 1

6v2
�
(πa∂µπ

a)2 − (πa)2(∂µπ
a)2

�
+ . . .

A
�
πaπb → πcπd

�
= A(s, t, u)δabδcd +A(t, s, u)δacδbd +A(u, t, s)δadδbc

A(s, t, u) =
s

v2

πc

πd Weinberg’s LET

http://inspirebeta.net/record/119348?ln=en
http://inspirebeta.net/record/119348?ln=en
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

growth cancelled for 
a = 1

restoration of 
perturbative unitarity
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LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

A =
1

v2

�
s− a2s2

s−m2
h

�

h
W+ W+

W- W-

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

Goldstone of SU(2)LxSU(2)R/SU(2)V DµΣ ≈ WµΣ = eiσ
aπa/v

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 
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b a

a

For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

6

For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

a c

For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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What is the SM Higgs?
A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

6

For b = a2: perturbative unitarity in inelastic channels WW → hh

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

‘a=1’, ‘b=1’ & ‘c=1’ define the SM Higgs

Higgs properties depend on a single unknown parameter (mH)

can be rewritten as 

h and πa (ie WL andZL) combine to form a linear representation of SU(2)LxU(1)Y

LEWSB DµH
†
DµH

H =
1√
2
e
iσaπa/v

�
0

v + h

�
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What is a composite Higgs?
A σ  particle that combines with WL and ZL to form a SU(2) doublet

7

SU(2)LxU(1)Y linearly realized   ⇔   Standard Model   ⇔   a=b=c=1
renormalizable level =

 uniqueness

deviations of Higgs couplings originate from higher dimensional operators

�
∂µ|H|2

�2 |H|2ψ̄Hψ |H|2BµνB
µν |H|2GµνG

µν

SU(2)LxU(1)Y linearly realized  &  a, b, c " 1   ⇔   Composite Higgs

non-renormalizable level

irrelevant 
for composite Higgs models (not for dilaton)

relevant for 
composite Higgs models

} }
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Higgs as a PGB: a natural extension of SM

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

8

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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Higgs as a PGB: a natural extension of SM

Higgs=Pseudo-Goldstone boson (PGB) 

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

G
H

W±L & ZL & h

BSM

9

How can we tell the difference with the SM Higgs?

SO(4)
SO(3)

W±L & ZL

SM
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SILH Effective Lagrangian

extra derivative: extra Higgs leg:  

(strongly-interacting light Higgs)

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Goldstone sym.

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale m!)
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Giudice, Grojean, Pomarol, Rattazzi ‘07

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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The parameter ‘a’ controls the size of the 
one-loop IR contribution to the 
LEP precision observables 

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

Deformation of the SM Higgs: EW constraints

a a

a = 1 (SM)

a = 0 (TC)

�1,3 = c1,3 log(m
2
Z/µ

2)− c1,3 a
2 log(m2

h/µ
2)− c1,3

�
1− a2

�
log(m2

ρ/µ
2) + finite terms

c1 = +
3

16π2

α(mZ)

cos2 θW

c3 = − 1

12π

α(mZ)

4 sin2 θW

∆�1,3 = −c1,3
�
1− a2

�
log(m2

ρ/m
2
h)
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http://arxiv.org/abs/arXiv:0706.0432
http://arxiv.org/abs/arXiv:0706.0432
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EW data constraints on ‘a’
EW fit with SM degrees of freedom + (composite) Higgs

EW data require 
less than 15-20% 
deviations in the 
couplings of the 
Higgs to gauge 

bosons
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EW data constraints on ‘a’
EW fit with SM degrees of freedom + (composite) Higgs

EW data require 
less than 15-20% 
deviations in the 
couplings of the 
Higgs to gauge 

bosons

additional UV 
contributions to S 
and T can modify 

the preferred 
values of couplings

note:

ΔT=-0.1

ΔT=-0.1
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EW data constraints on ‘a’
EW fit with SM degrees of freedom + (composite) Higgs

EW data require 
less than 15-20% 
deviations in the 
couplings of the 
Higgs to gauge 

bosons

additional UV 
contributions to S 
and T can modify 

the preferred 
values of couplings

note:

ΔT=0.1

ΔT=0.1

 

 EW data don’t
constraint 

the other Higgs 
couplings
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Flavor Constraints

Composite Higgs set-up: c is flavor universal
(except may be for the top)

mass terms

Higgs fermion interactions

mass and interaction matrices are not diagonalizable simultaneously
if cij are arbitrary

! FCNC

Minimal flavor violation built in!
13

�
1 +

cij |H|2

f2

�
yij f̄LiHfRj =

�
1 +

cijv
2

2f2

�
yijv√

2
f̄LifRj

�
1 +

3cijv2

2f2

�
yijv√

2
hf̄LifRj
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Direct Searches

SM ‘a=1’, ‘b=1’ & ‘c=1’
Current EW data constrain only ‘a’
Direct searches constrain also ‘c’

Espinosa, Grojean, Muehlleitner  ’10

1-
a2

1-
a2

fermiophobic Higgs

SM limit

MCHM4 MCHM5 c=(2a2-1)/ac=a
gaugephobic Higgs

LEWSB =
v2

4
Tr

�
DµΣ

†DµΣ
��

1 + 2a
h

v
+ b

h2

v2

�
− λψ̄LΣψR

�
1 + c

h

v

�

http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251
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Higgs bounds: news from last December

ATLAS-CONF-2011-163
 [GeV]HM

100 200 300 400 500 600

S
M

σ/
σ

9
5
%

 C
L
 L

im
it 

o
n
 

-110

1

10

Observed
Expected

σ1 ±
σ2 ±  = 7 TeVs     

-1
 Ldt = 1.0-4.9 fb∫

ATLAS Preliminary 2011 Data

CLs Limits

(a)

 [GeV]HM
110 115 120 125 130 135 140 145 150

S
M

σ/
σ

9
5
%

 C
L
 L

im
it 

o
n
 

1

10
Observed
Expected

σ1 ±
σ2 ±  = 7 TeVs     

-1
 Ldt = 1.0-4.9 fb∫

ATLAS Preliminary 2011 Data

CLs Limits

(b)

Figure 4: The combined upper limit on the Standard Model Higgs boson production cross-section divided

by the Standard Model expectation as a function of mH is indicated by the solid curve. This is a 95% C.L.

limit using the CLs method in the full mass range of this analysis (a) and in the low mass range (b). The

dotted curve shows the median expected limit in the absence of a signal and the green and yellow bands

indicate the corresponding 68% and 95% expected regions.
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Figure 8: The combined 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
. The observed limits are

shown by the solid symbols and the black line. The dashed line indicates the median expected

limit on µ for the background-only hypothesis, while the green (yellow) bands indicate the

ranges that are expected to contain 68% (95%) of all observed limit excursions from the median.

)2Higgs boson mass (GeV/c
110 115 120 125 130 135 140 145 150 155 160

SM
!/

!
95

%
 C

L 
lim

it 
on

 

-110

1

10

 ObservedSCL
! 1± Expected SCL
! 2± Expected SCL

Bayesian Observed
Asymptotic CLs obs

 ObservedSCL
! 1± Expected SCL
! 2± Expected SCL

Bayesian Observed
Asymptotic CLs obs

-1 = 4.6-4.7 fbintCombined, L
 = 7 TeVsCMS Preliminary,  

Figure 9: The observed 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
as obtained with three

methods: CLs as presented in the note (black solid points and black solid line), CLs using an

asymptotic approximation (red curve), and Bayesian (blue open circles and blue dashed line).

The green (yellow) bands are the same as in Fig. 8.

!127 GeV!131 GeV

http://cdsweb.cern.ch/record/1406347/files/HIG-11-032-pas.pdf
http://cdsweb.cern.ch/record/1406347/files/HIG-11-032-pas.pdf
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Rescaling Higgs Searches

g

g

t, b

H

q

q
W, Z H

q

q̄ W, Z

W, Z

H

t/b

t/b

H
g

q

q̄

EPJ Web of Conferences

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]:

g

g

t, b

H

q

q
W,Z H

q

q̄ W,Z

W,Z

H

t/b

t/b

H

g

q

q̄

σNLO
σS M

NLO
= c2 a2 a2 c2 (7)

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
3 F1/2(4m2

t /m2
h), Jγ = F1(4m2

W/m
2
h),

F1/2(x) ≡ −2x
�
1 + (1 − x) f (x)

�
,

F1(x) ≡ 2 + 3x
�
1 + (2 − x) f (x)

�
,

f (x) ≡



arcsin[1/
√

x]2 for x ≥ 1

− 1
4

�
log 1+

√
1−x

1−
√

1−x
− iπ
�2

for x < 1

(12)

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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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-
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tween two Higgses and two fermions, that will contribute
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Since the NLO QCD corrections do not affect the Higgs
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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
3 F1/2(4m2

t /m2
h), Jγ = F1(4m2

W/m
2
h),

F1/2(x) ≡ −2x
�
1 + (1 − x) f (x)

�
,

F1(x) ≡ 2 + 3x
�
1 + (2 − x) f (x)

�
,

f (x) ≡



arcsin[1/
√

x]2 for x ≥ 1

− 1
4

�
log 1+

√
1−x

1−
√

1−x
− iπ
�2

for x < 1

(12)

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.

 Higgs couplings modified w.r.t. SM but same kinematics

 Background processes unaffected

! !!

simple rescaling of SM searches
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Rescaling Higgs Searches

each search channel is rescaled individually 

all the channels are then combined

Espinosa, Grojean, Muehlleitner  ’10

http://arXiv.org/abs/1003.3251
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FIG. 10: 95% C.L. limits on σ/σSM for CMS (left) and ATLAS (right). The official curve is the black solid line. The

red curve is obtained from the simple approximation of Eqn.(8). The green curves are more precise determinations of

the limit as explained in the text.

with the data at the 88%CL. We do not consider a Fermiophobic scenario to be favoured by the global data

or the pattern of deviations from the SM in the current data set. With such marginal signal events, statistical

fluctuations in the data are still present affecting the pattern of deviations.

Finally, the 95% CL exclusion curves from ATLAS and CMS in the plots of this Appendix have been

determined using a more precise method than Eq. (8). In the same spirit of Ref. [39], for each individual

search channel i, we have first approximated the corresponding probability density function of the signal

strength parameter µ by a Gaussian pi(µ) ∝ Exp[−(µ − µ̄i)2/(2σ2
obs,i)]. We have obtained the quantities

µ̄i
and σobs,i trying to get the best approximation to the reported 95% CL in that channel, µi

L (obtained from

the equation
� µi

L
0 pi(µ)dµ = 0.95). In the case of CMS channels, we use the approximation of Ref. [39]

(which uses σobs,i � σexp,i = µi
L,exp/1.96 and obtains µ̄ by solving the equation that determines µi

L). In

the case of ATLAS data, we find better agreement with the reported limits by directly using µ̄i = µ̂i
and

σobs,i as provided
8
. To illustrate the precision of our approximations to the exclusion limits we compare

them with the official 95% CL limit on σ/σSM in Fig. 10. In the left (right) panel we show the CMS

(ATLAS) limit, with the official curve in black. The red curve is the simple approximation of Eq. (8) and

the green curves are more precise determinations of the limit as explained above. The dashed green line

corresponds to an approximate determination of µ̂i
and σobs,i as in Ref. [39]. The solid green line (only

8
This is not the case of the bb̄ channel, where we find a discrepancy between the limit derived from µ̂i

and σobs,i and the reported

limit. We therefore do not use this channel to extract the combined limit in the (a, c) plane. Although this is a subdominant

channel, the impact of such discrepancy on the SM exclusion around 115−120 GeV is not negligible. In the case of the Z → 4l
channel, for some ranges of Higgs masses the reported (negative) value of µ̂ is hitting a boundary and we could not use it to

reproduce well the experimental limit. In these cases we use the same approximation as for the CMS channels.

official
improved combination 

in quadrature
improved combination 

with reconstructed likelihood
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Rescaling Higgs Searches

How robust is our TH combination?

Let’s look at the SM (a=c=1)

Espinosa, Grojean, Muehlleitner  ’10
Espinosa, Grojean, Muhlleitner, Trott ’12 

See also  Azatov, Contino, Galloway ’12

http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1003.3251
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3415
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1-
a2

1-
a2

SM limits

MCHM4 MCHM5 c=(2a2-1)/ac=a

Espinosa, Grojean, Muehlleitner ’11

the SM exclusion bounds are easily rescaled in the (mH,a) plane

LHC tsunami!
the LHC can do much more than simply excluding the SM Higgs
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Deformation of the SM Higgs: current constraints

http://arXiv.org/abs/1202.
http://arXiv.org/abs/1202.
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Higgs bounds: news from last December

ATLAS-CONF-2011-163
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Figure 4: The combined upper limit on the Standard Model Higgs boson production cross-section divided

by the Standard Model expectation as a function of mH is indicated by the solid curve. This is a 95% C.L.

limit using the CLs method in the full mass range of this analysis (a) and in the low mass range (b). The

dotted curve shows the median expected limit in the absence of a signal and the green and yellow bands

indicate the corresponding 68% and 95% expected regions.
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Figure 8: The combined 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
. The observed limits are

shown by the solid symbols and the black line. The dashed line indicates the median expected

limit on µ for the background-only hypothesis, while the green (yellow) bands indicate the

ranges that are expected to contain 68% (95%) of all observed limit excursions from the median.
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Figure 9: The observed 95% C.L. upper limits on the signal strength modifier µ = σ/σSM as

a function of the SM Higgs boson mass in the range 110–160 GeV/c2
as obtained with three

methods: CLs as presented in the note (black solid points and black solid line), CLs using an

asymptotic approximation (red curve), and Bayesian (blue open circles and blue dashed line).

The green (yellow) bands are the same as in Fig. 8.

?
a 120-130 GeV higgs is very interesting (from the exp. point of view)

 since many competing decay channels

http://cdsweb.cern.ch/record/1406347/files/HIG-11-032-pas.pdf
http://cdsweb.cern.ch/record/1406347/files/HIG-11-032-pas.pdf
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Various Search Channels

µ =
σ ×BR

(σ ×BR)SMCombination: µ̂
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signal strength
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Various Search Channels

µ =
σ ×BR

(σ ×BR)SM

Espinosa, Grojean, Muhlleitner, Trott ’12 

5

Channel [Exp] mh[GeV] (Local Significance) µ (µL) Scaling to SM

pp→ γ γ [ATLAS] 126.5± 0.7 (2.8 σ) [26] 2+0.9
−0.7 [27] (2.6) ∼ c2 Brγ γ [a, c]

pp→ Z Z� → �+ �− �+ �− [ATLAS] 126± ∼ 2% (2.1 σ) [26] 1.2+1.2
−0.8 [27] (4.9) ∼ c2 BrZZ [a, c]

pp→W W � → �+ ν �− ν̄ [ATLAS] 126± ∼ 20% (1.4 σ) [26] 1.2+0.8
−0.8 [27] (3.4) ∼ c2 BrWW [a, c]

pp→ γ γ jj [CMS] 124± 3% [10, 11] 3.7+2.5
−1.8 [11] ∼ a2 Brγγ [a, c]

pp→ γ γ[CMS,b, Rmin
9 > 0.94] 124± 3% [10, 11] 1.5+1.1

−1.0 [11] ∼ c2 Brγ γ [a, c]

pp→ γ γ[CMS,b, Rmin
9 < 0.94] 124± 3% [10, 11] 2.1+1.5

−1.4 [11] ∼ c2 Brγ γ [a, c]

pp→ γ γ[CMS, e, Rmin
9 > 0.94] 124± 3% [10, 11] 0.0+2.9 [11] ∼ c2 Brγ γ [a, c]

pp→ γ γ[CMS, e, Rmin
9 < 0.94] 124± 3% [10, 11] 4.1+4.6

−4.1 [11] ∼ c2 Brγ γ [a, c]

pp→ Z Z� → �+ �− �+ �− [CMS] 126± 2% (1.5 σ) [11, 28] 0.5+1.0
−0.7 [10] (2.7) ∼ c2 BrZZ [a, c]

pp→W W � → �+ ν �− ν̄ [CMS] 126± 20% [10, 29] 0.7+0.4
−0.6 [10] (1.8) ∼ c2 BrWW [a, c]

pp→ b b̄ [CMS] 124± 10% [10] 1.2+1.4
−1.7 [10] (4.1) ∼ a2 Brbb̄[a, c]

pp→ τ τ̄ [CMS] 124± 20%[10] 0.8+1.2
−1.7 [10] (3.3) ∼ c2 Brττ̄ [a, c]

TABLE I: Summary table of reported signatures with events related to the Higgs mass scale of interest (mh � 124

GeV) where excess events have been reported.

a parameter R9 - and their location in the detector, being endcap - e or barrel - b. The data we fit to also

have associated exclusion curves. We take these exclusions into account by another procedure described in

the text. Note that the τ+τ− searches at ATLAS are included in the exclusion analysis but not fit to in the

signal strength best fit as the corresponding experimental error is not available.

The excesses of events with approximately the same mass scale in various channels are suggestive of a

resonance, that could be interpreted as evidence of a light Higgs boson. We will assume that these excesses

of events correspond to the same underlying physics and fit the data to discern the degree up to which the

excesses are consistent with a SM Higgs boson interpretation.3 Our procedure to perform a global fit to the

current data is as follows.

First we fit to reported values of µi including the deviations in the SM predictions by allowing the

parameters a and c to deviate from their SM values of 1. We include in the fits the effects of modified

production cross sections and branching ratios due to the rescaling of the SM couplings by the parameters

a and c. In order to carry out these fits we are required to make a set of assumptions, which are summarized

and discussed in the Appendix. We will illustrate the sensitivity of the fit to the various assumptions by

varying them in the results presented in Section III A.

For example, consider the case of the event yield used to construct each µi for pp → γ γ, which in this

3 The local significance quoted in Table I should be taken as a reminder to the reader of the very marginal situation of the statistical
significance of these signals at present.

signal strength

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
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Various Search Channels (after Moriond)
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(σ ×BR)SM
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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

signal strength
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Model independent fit to LHC data
Espinosa, Grojean, Muhlleitner, Trott ’12 

0.0 0.5 1.0 1.5 2.0
�3

�2

�1

0

1

2

3

a

c

Fit to LHC Higgs like data, inclusive

Atlas 95%CL exclusion

CMS 95%CL exclusion

Azatov, Contino, Galloway ’12

65%

90%

99%

mh=124GeV

Two minima:
(a,c)=(1.13,0.58)

(a,c)=(0.96,-0.64)

χ2=2.86

χ2=1.96

SM

for similar analyses, see also Carni, Falkowski, Kuflik, Volansky ’12

note: a fermiophobic 
Higgs is disfavored by 

data (mostly VBF 
channels)

Text“disfermiophilia”“disfermiophilia”

the current data 
prefers “negative” 

coupling to fermions
!

positive interference 
between top and W in 

γγ channel 

SM 82%CL 
away from 

best fit point

http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3415
http://arXiv.org/abs/1202.3144
http://arXiv.org/abs/1202.3144


Christophe Grojean The Higgs Sector DESY, 18th April 2o12

17

0.0 0.5 1.0 1.5 2.0
�3

�2

�1

0

1

2

3

a

c

Fit to LHC Higgs like data

0.0 0.5 1.0 1.5 2.0
�3

�2

�1

0

1

2

3

a

c

Fit to Global Higgs like data

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).

24

Model independent fit to (Moriond) LHC data
Espinosa, Grojean, Muhlleitner, Trott ’12 
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Model independent fit to LHC data
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Which are the channels driving the fit?
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FIG. 8: Fitting various mass hypothesis using the data from Table III and its caption. The red dashed line is the ATLAS

exclusion limit as described in the text, the blue solid line is the CMS limit and the combined CMS and ATLAS limit

is included as a black solid line.

degree of contamination of this signal with gg initial state Higgs events to enable a consistent treatment of

the reported best fit signal stengths. 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. Note that

CMS also reports W+W− jj events which offer a similar discrimination of the parameter space as the

γγ jj signal in principle. However, again contamination due to σ(gg → h) events will exist and is not re-

ported by the collaborations. We do not use this data as a separate channel at present. The update to the data
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Channel [Exp] µ̂119.5 (µL
119.5) µ̂124 (µL

124) µ̂125 (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+1
(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

−1.7 (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)

pp̄ → W+ W− [CDF&D0/] 1.63+1.46
−1.12 (4.5) 0.03+1.22

−0.03 (2.4) 0.03+1.22
−0.03 (2.4)

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. We use this data in the fit. For mh = 125GeV 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 (dominantly) VBF induced photon events instead of the global photon value in the Table.

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.

The updated data that we supplement Table I with is given in Table II. Due to an apparent inconsistency

in the ATLAS best fit signal strength plot for pp → b b̄ and the corresponding ATLAS CLs limit plot we do

not use the b b̄ best fit signal strength value in the combined fit. We show in Fig. 7 the effect of the Moriond

2012 data on our previously reported fit results.

We also show joint fits for the Higgs mass values mh = 119.5, 124, 125GeV where we have taken the

experimentally reported µ̂ and the corresponding theory predictions at a common mh due to the release

of the required data by CMS, after version one of this paper. The data we use is given in Table III for

each particular Higgs mass value chosen. These results are shown for various masses in Fig. 8. Examin-

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

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

the three mass values, the best fit points (mh, a, c,χ2) are (119.5, 0.28, 0.49, 9.8), (124, 0.87,−0.43, 4.1)

and (125, 0.87,−0.42, 4.6), where for the latter two masses we use the CMS di-photon data resolved into

subclasses. Fitting to mh = 124GeV with global di-photon best fit data only, compared to di-photon data

split into subclasses, 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
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FIG. 6: Contours of constant ratios of signal production in the (a, c) plane overlapped on the best fit region. On

the left, the ratio µγγ/µZZ is superimposed for 8 TeV c.m. energy on the best fit regions, on the right, the ratio

µγγ
V BF /µγγ is superimposed. These observable ratios can resolve the degeneracy of the best fit regions.

III A that are included in ZZ signal events. These ratios are obviously 1 in the SM. It is important to note

that comparing theoretical and experimental determinations of such ratios, which include sets of best fit

signal strengths simultaneously, will allow the degeneracy of the best fit regions to be significantly reduced.

Such combinations can also be experimentally appealing when they allow systematic uncertainties to be

cancelled, such as photon systematic uncertainties in µγγ
V BF /µγγ .

VI. CONCLUSIONS

We have examined the current LHC data in an effective theory to determine to what degree the SM

Higgs hypothesis is emerging from the data. To this end we have performed global fits of best fit signal

strengths and exclusion regions, taking into account current data. The SM Higgs hypothesis turns out to be

consistent with the data at the 82 % CL. In our global fits we find that there are two best fit regions. We have

determined experimentally accessible ratios of best fit signal strengths for a specific Higgs mass value that

will allow the degeneracy in the best fit regions to be significantly reduced with sufficient data collected at

8 TeV c.m. energy.
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A tension between LHC and EW data
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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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DisZphilia or how to live with custodial breaking
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follows. We do not write explicitly the scalar self-interactions contained in V (h), as they will

not be relevant in our discussion.

Even if the ‘zeroth-order’ coefficient of Eq. (2.4) is set to zero, it is possible to consider non

negligible couplings of the operator with the Higgs boson. Thus we introduce in the Lagrangian

the custodial breaking term

Lcb = −v
2

8

�
Tr

�
Σ†

DµΣ σ3
��2

�
0 + 2acb

h

v
+ · · ·

�
, (2.6)

where acb is a free parameter
1
and the overall normalization has been set for later convenience.

It is immediate to see the consequences of this inclusion by going to the unitary gauge, Σ = 1.

The interactions of the Higgs with vector bosons are modified as

LhV V =

�
a m

2
W
W

+
µ
W

−
µ
+

1

2
(a+ acb) m

2
Z
ZµZµ

��
2
h

v

�
. (2.7)

Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos
2 θW .

In a SILH Lagrangian, where the following operators

cH

2f 2
∂µ

(H
†
H)∂µ(H

†
H) ,

cT

2f 2

�
H

†
DµH − (DµH)

†
H
�2

(2.8)

are added to the SM, we find

a = 1− cH

2

v
2

f 2
, acb = −2cT

v
2

f 2
. (2.9)

In addition, a contribution −cT (v
2
/f

2
) to the zeroth-order coefficient of the custodial breaking

operator in (2.6) is generated, or equivalently a correction T̂ = cT (v
2
/f

2
) . It is known [2] that

cH is in general positive definite
2
, implying the generic expectation a < 1 in composite Higgs

models. However, in the following we will not restrict ourselves to this range.

2.1 EWPT

We can now move on to the study of constraints coming from electro-weak precision tests, for

which we employ the �i parameters [3]. When (a, acb) �= (1, 0) , logarithmic divergences arise

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.[4]) 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

1
Higher orders in the Higgs are negligible for our purposes.

2
The contribution to cH arising from integrating out triplet scalars is negative. However, in models where

the collective symmetry breaking mechanism is realized, such as Little Higgs theories, the total contribution to

cH is positive even in presence of scalar triplets. See Ref.[2].

2
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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

16π

α(mZ)

cos2 θW

�
1− (a+ acb)

2
+

�
g

g�

�2

(a2 − (a+ acb)
2
)
�
log

�
Λ2

m2
h

�
, (2.12)

∆�3 = +
1

48π

α(mZ)

sin
2 θW

�
1− (a+ acb)

2
�
log

�
Λ2

m2
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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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
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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
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�
. (2.14)
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follows. We do not write explicitly the scalar self-interactions contained in V (h), as they will

not be relevant in our discussion.

Even if the ‘zeroth-order’ coefficient of Eq. (2.4) is set to zero, it is possible to consider non

negligible couplings of the operator with the Higgs boson. Thus we introduce in the Lagrangian

the custodial breaking term

Lcb = −v
2

8

�
Tr

�
Σ†

DµΣ σ3
��2

�
0 + 2acb

h

v
+ · · ·

�
, (2.6)

where acb is a free parameter
1
and the overall normalization has been set for later convenience.

It is immediate to see the consequences of this inclusion by going to the unitary gauge, Σ = 1.

The interactions of the Higgs with vector bosons are modified as

LhV V =

�
a m

2
W
W

+
µ
W

−
µ
+

1

2
(a+ acb) m

2
Z
ZµZµ

��
2
h

v

�
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Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos
2 θW .

In a SILH Lagrangian, where the following operators

cH

2f 2
∂µ

(H
†
H)∂µ(H

†
H) ,

cT

2f 2

�
H

†
DµH − (DµH)

†
H
�2

(2.8)

are added to the SM, we find

a = 1− cH

2

v
2

f 2
, acb = −2cT

v
2

f 2
. (2.9)

In addition, a contribution −cT (v
2
/f

2
) to the zeroth-order coefficient of the custodial breaking

operator in (2.6) is generated, or equivalently a correction T̂ = cT (v
2
/f

2
) . It is known [2] that

cH is in general positive definite
2
, implying the generic expectation a < 1 in composite Higgs

models. However, in the following we will not restrict ourselves to this range.

2.1 EWPT

We can now move on to the study of constraints coming from electro-weak precision tests, for

which we employ the �i parameters [3]. When (a, acb) �= (1, 0) , logarithmic divergences arise

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.[4]) 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

1
Higher orders in the Higgs are negligible for our purposes.

2
The contribution to cH arising from integrating out triplet scalars is negative. However, in models where

the collective symmetry breaking mechanism is realized, such as Little Higgs theories, the total contribution to

cH is positive even in presence of scalar triplets. See Ref.[2].
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Figure 2: Best fit region for the EWPT parameters �3 and �1 at 68, 95, 99% C.L. and deviations

from the SM point for different values of acb (a) with fixed a = 1 (acb = 0), shown as red

triangles (black dots).

We show in Fig. 2 the deviations from the SM values coming from either a or acb: the EWPT

are clearly sensitive to acb due to the enhanced term in �1. However, values of acb up to O(10
−1
)

are allowed when a is sizably different from unity, as can be seen in Fig. 2.

2.2 Recent LHC results

Since we have shown that acb �= 0 is allowed by EWPT, then it is worthwhile to study its

implications at the LHC in light of the recent results in Higgs searches. In what follows we

will simply leave acb free in the fit to LHC data, and later quantify the extra correction to �1
(beyond Eq. (2.12)) needed to bring the LHC best-fit regions in agreement with EWPT. This

will give us some information about the relative size of the acb parameter and the zeroth-order

coefficient in Eq. (2.8) that a viable model would need to generate in order to comply with

both LHC and EW data.

We are going to use the full set of data released in March from ATLAS [23,24], CMS [25,26]

and Tevatron [27], as reported in Table I
4
. Experimental results are given in terms of

µ =
(σprod × BR)

obs

(σprod × BR)SM
. (2.15)

4We have included all the channels for which a signal strength has been provided. We exclude from this set

only the ATLAS results on h → bb̄ and h → τ τ̄ , which are difficult to interpret within the framework of our

simple analysis. The signal strengths for all CMS and Tevatron channels, as well as for the ATLAS WW and

γγFP are taken at mh = 125GeV. On the other hand, for the ATLAS ZZ and γγ channels we use the peak

signal strength.

5

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

8

‘acb’ allows for larger range of values for ‘a’

acb=0:  0.95 # a # 1.1

acb#0:  0.4 # a # 1.5
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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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follows. We do not write explicitly the scalar self-interactions contained in V (h), as they will

not be relevant in our discussion.

Even if the ‘zeroth-order’ coefficient of Eq. (2.4) is set to zero, it is possible to consider non

negligible couplings of the operator with the Higgs boson. Thus we introduce in the Lagrangian

the custodial breaking term

Lcb = −v
2

8

�
Tr

�
Σ†

DµΣ σ3
��2

�
0 + 2acb
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v
+ · · ·

�
, (2.6)

where acb is a free parameter
1
and the overall normalization has been set for later convenience.

It is immediate to see the consequences of this inclusion by going to the unitary gauge, Σ = 1.

The interactions of the Higgs with vector bosons are modified as

LhV V =
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+
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−
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2
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Clearly the ratio between the two couplings differs from the usual SM value ghWW/ghZZ = cos
2 θW .

In a SILH Lagrangian, where the following operators

cH

2f 2
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(H
†
H)∂µ(H

†
H) ,
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†
DµH − (DµH)
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are added to the SM, we find

a = 1− cH

2

v
2

f 2
, acb = −2cT

v
2

f 2
. (2.9)

In addition, a contribution −cT (v
2
/f

2
) to the zeroth-order coefficient of the custodial breaking

operator in (2.6) is generated, or equivalently a correction T̂ = cT (v
2
/f

2
) . It is known [2] that

cH is in general positive definite
2
, implying the generic expectation a < 1 in composite Higgs

models. However, in the following we will not restrict ourselves to this range.

2.1 EWPT

We can now move on to the study of constraints coming from electro-weak precision tests, for

which we employ the �i parameters [3]. When (a, acb) �= (1, 0) , logarithmic divergences arise

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.[4]) 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

1
Higher orders in the Higgs are negligible for our purposes.

2
The contribution to cH arising from integrating out triplet scalars is negative. However, in models where

the collective symmetry breaking mechanism is realized, such as Little Higgs theories, the total contribution to

cH is positive even in presence of scalar triplets. See Ref.[2].
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difference is physically relevant only in the presence of 
interference with single hZZ coupling

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

∆ =

����
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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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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Figure 9: Representative diagrams for each of the 3 classes of radiative corrections to

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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Conclusions
EW interactions need Goldstone bosons to provide mass to W, Z

Strong EWSB w/o an elementary Higgs can be very similar to SM

it might take a long time to decipher the true dynamics of EWSB!

EW interactions also need a UV moderator/new physics 
to unitarize WW scattering amplitude

! !! !! !

We’ll need another Gargamelle experiment
to discover the still missing neutral current of the SM: the Higgs

weak NC ⇔ gauge principle
Higgs NC ⇔ ?
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