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Introduction
• 4 juillet 2012: ATLAS et CMS annonce un signal compatible 

avec un boson de Higgs de masse (dec.2012) (13fb-1 à 8 TeV)
•  mh =125.8+/-0.4+/-0.4GeV (CMS) 
•       =125.2+/-0.3+/-0.6GeV (ATLAS)
• Cette découverte soulève plusieurs questions

– Est-ce un Higgs? LE Higgs du modèle standard? 
– Déviations des couplages du MS?
– Piste vers physique au-delà du modèle standard? 
– Est-ce le Higgs du MSSM?
– Autres Higgs légers? 

• Aucun indice de nouvelle physique au LHC - mais problème 
de la matière noire --> BSM

lundi 3 juin 2013



• Le Higgs du modèle standard
• Résultats LHC 
• ‘Fit’ couplages du Higgs au  LHC 

– Le LHC peut mesurer le signal du Higgs dans plusieurs 
canux de production et/ou de désintégration

– Que peut-on apprendre de ces mesures 

• Implications pour extensions du MS
• Conclusion
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Higgs du Modèle Standard

• Doublet scalaire

• Brisure symétrie
• Masse bosons jauge 

et fermions

• Couplages 
proportionnels à la 
masse
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1.1.3 The Higgs mechanism in the SM

In the slightly more complicated non–abelian case of the SM, we need to generate masses for

the three gauge bosons W± and Z but the photon should remain massless and QED must

stay an exact symmetry. Therefore, we need at least 3 degrees of freedom for the scalar

fields. The simplest choice is a complex SU(2) doublet of scalar fields φ

Φ =

(
φ+

φ0

)
, Yφ = +1 (1.25)

To the SM Lagrangian discussed in the previous subsection

LSM = −1

4
F a

µνF
µν
a − 1

4
BµνB

µν + L iDµγ
µ L + eR iDµγµ eR · · · (1.26)

we need to add the invariant terms of the scalar field part

LS = (DµΦ)†(DµΦ) − µ2Φ†Φ − λ(Φ†Φ)2 (1.27)

For µ2 < 0, the neutral component of the doublet field Φ will develop a vacuum expectation

value [the vev should not be in the charged direction to preserve U(1)QED]

〈Φ 〉0 ≡ 〈 0 |Φ | 0 〉 =

(
0
v√
2

)
with v =

(
−µ2

λ

)1/2

(1.28)

We can then make the same exercise as previously:

– write the field Φ in terms of four fields θ1,2,3(x) and H(x) at first order:

Φ(x) =

(
θ2 + iθ1

1√
2
(v + H) − iθ3

)
= eiθa(x)τa(x)/v

(
0

1√
2
(v + H(x) )

)
(1.29)

– make a gauge transformation on this field to move to the unitary gauge:

Φ(x) → e−iθa(x)τa(x) Φ(x) =
1√
2

(
0

v + H(x)

)
(1.30)

– then fully develop the term |DµΦ)|2 of the Lagrangian LS:

|DµΦ)|2 =
∣∣∣
(
∂µ − ig2

τa

2
W a

µ − ig1
1

2
Bµ

)
Φ

∣∣∣
2

=
1

2

∣∣∣∣

(
∂µ − i

2(g2W 3
µ + g1Bµ) − ig2

2 (W 1
µ − iW 2

µ)
− ig2

2 (W 1
µ + iW 2

µ) ∂µ + i
2(g2W 3

µ − g1Bµ)

) (
0

v + H

)∣∣∣∣
2

=
1

2
(∂µH)2 +

1

8
g2

2(v + H)2|W 1
µ + iW 2

µ |2 +
1

8
(v + H)2|g2W

3
µ − g1Bµ|2

– define the new fields W±
µ and Zµ [Aµ is the field orthogonal of Zµ]:

W± =
1√
2
(W 1

µ ∓ iW 2
µ) , Zµ =

g2W 3
µ − g1Bµ√
g2

2 + g2
1

, Aµ =
g2W 3

µ + g1Bµ√
g2

2 + g2
1

(1.31)
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We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs bosons. A general form of the Higgs

couplings to fermions, massive gauge bosons as well as the Higgs self–coupling, which will

be useful when discussing extensions of the SM, is given in Fig. 1.2.

•H

f

f̄

gHff = mf/v = (
√

2Gµ)1/2 mf × (i)

•H

Vµ

Vν

gHV V = 2M2
V /v = 2(

√
2Gµ)1/2 M2

V × (−igµν)

•H

H

Vµ

Vν

gHHV V = 2M2
V /v2 = 2

√
2Gµ M2

V × (−igµν)

•H
H

H

gHHH = 3M2
H/v = 3(

√
2Gµ)1/2 M2

H × (+i)

•H

H

H

H

gHHHH = 3M2
H/v2 = 3

√
2Gµ M2

H × (+i)

Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–

couplings in the SM. The normalization factors of the Feynman rules are also displayed.

The propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q) =
i

q2 − M2
H + iε

(1.53)

Note that in renormalizable Rξ gauges, the propagators of the neutral G0 ≡ w0 and charged

G± ≡ w± Goldstone bosons are given by

∆w0w0(q2) =
i

q2 − ξM2
Z + iε

, ∆w±w±(q2) =
i

q2 − ξM2
W + iε

(1.54)
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– and pick up the terms which are bilinear in the fields W±, Z, A:

M2
W W+

µ W−µ +
1

2
M2

ZZµZ
µ +

1

2
M2

AAµAµ (1.32)

The W and Z bosons have acquired masses, while the photon is still massless

MW =
1

2
vg2 , MZ =

1

2
v
√

g2
2 + g2

1 , MA = 0 (1.33)

Thus, we have achieved (half of) our goal: by spontaneously breaking the symmetry SU(2)L×
U(1)Y → U(1)QED, three Goldstone bosons have been absorbed by the W± and Z boson to

form their longitudinal components and to get their masses. Since the U(1)QED symmetry

is still unbroken, the photon which is its generator, remains massless as it should be.

Up to now, we have discussed only the generation of gauge boson masses; but what about

the fermion masses? In fact, we can also generate the fermion masses using the same scalar

field Φ, with hypercharge Y =1, and the isodoublet Φ̃ = iτ2Φ∗, with hypercharge Y =–1. For

any fermion generation, we introduce the SU(2)× U(1) invariant Yukawa Lagrangian

LF = −λe L̄ Φ eR − λd Q̄ Φ dR − λu Q̄ Φ̃ uR + h. c. (1.34)

and repeat the same exercise as previously. One obtains, e.g. in the case of the electron

LF = − 1√
2
λe (ν̄e, ēL)

(
0

v + H

)
eR + · · · = − 1√

2
(v + H) ēLeR + · · · (1.35)

The constant term in front of f̄LfR (and h.c.) is identified with the fermion mass

me =
λe v√

2
, mu =

λu v√
2

, md =
λd v√

2
(1.36)

Thus, with the same isodoublet Φ of scalar fields, we have generated the masses of both

the weak vector bosons W±, Z and the fermions, while preserving the SU(2)×U(1) gauge

symmetry, which is now spontaneously broken or hidden.

Before turning to the Higgs field itself, let us first briefly discuss for completeness the

interactions of fermions with the gauge bosons [which will be needed later].

The equations for the field rotation which lead to the physical gauge bosons, define the

Weinberg electroweak mixing angle sin θW

sin θW =
g2√

g2
1 + g2

2

=
e

g2
(1.37)

which can be written in terms of the W and Z boson masses as

sin2 θW ≡ 1 − cos2 θW = 1 − M2
W

M2
Z

(1.38)
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Couplages à une boucle

• hgg : contribution dominante top quark 
• hγγ: contribution dominante: W, boucle de top signe opposé 
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Figure 3: Branching ratios of the SM Higgs boson (left) and total decay width (right) for Higgs-boson
masses accessible at LEP and before, calculated with Hdecay.
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Figure 4: Branching ratios of the SM Higgs boson (left, taken from Refs. [26, 50]), with the band
widths illustrating the parametric and theoretical uncertainties, and total decay width (right, taken
from Ref. [25]) in the Higgs-boson mass range accessible by the LHC.

f

H

f̄

g

H Q

g

γ

H Q,W

γ,Z

W,Z

H

W,Z

Figure 5: Leading-order diagrams for the various SM Higgs-boson decay channels, where Q denotes any
heavy quark.
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2.3.1 Decays into two photons

The partial width at leading order

The decay of the SM Higgs boson two into photons is mediated by W boson and heavy

charged fermion loops. The partial decay width can be cast into the form [80,133,134]

Γ (H → γγ) =
Gµ α2 M3

H

128
√

2 π3

∣∣∣∣∣
∑

f

NcQ
2
fA

H
1/2(τf ) + AH

1 (τW )

∣∣∣∣∣

2

(2.45)

with the form factors for spin–1
2 and spin–1 particles

AH
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2

AH
1 (τ) = −[2τ 2 + 3τ + 3(2τ − 1)f(τ)] τ−2 (2.46)

and the function f(τ) defined as

f(τ) =






arcsin2
√

τ τ ≤ 1

−1

4

[
log

1 +
√

1 − τ−1

1 −
√

1 − τ−1
− iπ

]2

τ > 1
(2.47)

The parameters τi = M2
H/4M2

i with i = f, W are defined by the corresponding masses of

the heavy loop particles. The electromagnetic constant in the coupling should be taken at

the scale q2 = 0 since the final state photons are real.

Since the Hff̄ coupling is proportional to mf , the contribution of light fermions is

negligible so that in the SM with three families, only the top quark and the W boson

effectively contribute to the γγ width. If the Higgs boson mass is smaller than the WW

and f f̄ pair thresholds, the amplitudes are real and above the thresholds they are complex;

Fig. 2.15. Below thresholds, the W amplitude is always dominant, falling from AH
1 = −7 for

very small Higgs masses to AH
1 = −5 − 3π2/4 at the WW threshold; for large Higgs masses

the W amplitude approaches AH
1 → −2. Fermion contributions increase from AH

1/2 = 4/3

for small τf values to AH
1/2 ∼ 2 at the 2mf threshold; far above the fermion threshold, the

amplitude vanishes linearly in τf modulo logarithmic coefficients,

M2
H & 4m2

f : AH
1/2(τf) → −[log(4τf) − iπ]2/(2τf)

M2
H ' 4m2

f : AH
1/2(τf) → 4/3 (2.48)

In Fig. 2.16, we display the partial decay width Γ(H → γγ). The width varies rapidly

from a few KeV for MH ∼ 100 GeV to ∼ 100 KeV for MH ∼ 300 GeV as a consequence

of the growth ∝ M3
H . The contribution of the W boson loop interferes destructively with

the quark loop and for Higgs masses of about 650 GeV, the two contributions nearly cancel

each other. The contribution of the b–loop is negligible, while the t quark contribution with

mt → ∞ is a good approximation for Higgs masses below the 2mt threshold.
75
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• Couplages quartiques 
et auto-couplages du 
Higgs
–  pas encore testé

• Unitarité 
– WW->WW
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The propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q) =
i

q2 − M2
H + iε

(1.53)

Note that in renormalizable Rξ gauges, the propagators of the neutral G0 ≡ w0 and charged

G± ≡ w± Goldstone bosons are given by

∆w0w0(q2) =
i

q2 − ξM2
Z + iε

, ∆w±w±(q2) =
i

q2 − ξM2
W + iε

(1.54)

14

where s, t are the Mandelstam variables [the c.m. energy s is the square of the sum of

the momenta of the initial or final states, while t is the square of the difference between

the momenta of one initial and one final state]. In fact, this contribution is coming from

longitudinal W bosons which, at high energy, are equivalent to the would–be Goldstone

bosons as discussed in §1.4. One can then use the potential of eq. (1.57) which gives the

interactions of the Goldstone bosons and write in a very simple way the three individual

amplitudes for the scattering of longitudinal W bosons

A(w+w− → w+w−) = 2
M2

H

v2
+

(
M2

H

v

)2 1

s − M2
H

+

(
M2

H

v

)2 1

t − M2
H

(1.132)

which after some manipulations, can be cast into the result of eq. (1.131) given previously.

•

W−

W+ W−

W+

• •H
•

•
H

Figure 1.13: Some Feynman diagrams for the scattering of W bosons at high energy.

Thus, in the scattering of W bosons when MH # MW , the cross section σ(W+W− →
W+W−) $ σ(w+w− → w+w−) will increase with the center of mass energy s until unitarity

violated. To see this explicitly, we decompose first the scattering amplitude A into partial

waves a! of orbital momentum "

A = 16π
∞∑

!=0

(2" + 1)P!(cos θ) a! (1.133)

where P! are the Legendre polynomials and θ the scattering angle. Since for a 2× 2 process,

the cross section is given by dσ/dΩ = |A|2/(64π2s) with dΩ = 2πdcos θ, one obtains

σ =
8π

s

∞∑

!=0

∞∑

!′=0

(2" + 1)(2"′ + 1)a!a!′

∫ 1

−1

d cos θP!(cos θ)P!′(cos θ)

=
16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.134)

where the orthogonality property of the Legendre polynomials,
∫

d cos θP!P!′ = δ!!′ , has

been used. The optical theorem tells us also that the cross section is proportional to the

imaginary part of the amplitude in the forward direction, and one has the identity

σ =
1

s
Im [ A(θ = 0) ] =

16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.135)
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Figure 15: Cross sections for the various SM Higgs-boson production channels at Tevatron with a CM
energy of 1.96TeV, as predicted by the TeV4LHC Section Working Group [195].
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Figure 16: Cross sections and respective uncertainties, indicated by the band widths, for the various
SM Higgs-boson production channels at the LHC with a CM energy of 7 and 14TeV, as predicted by
the LHC Higgs Cross Section Working Group [25].

cross section is typically by an order of magnitude or more larger than the remaining production cross
sections. Only for heavy Higgs bosons as heavy as nearly 1TeV the vector-boson fusion (VBF) cross
section competes with gluon fusion in size at the LHC. At the LHC, VBF delivers the second largest
cross section, showing a much slower decrease with increasing Higgs-boson mass owing to its t-channel
dominance, which leads to a logarithmic rise of its partonic cross section with increasing partonic CM
energy

√
ŝ. At Tevatron the Higgs-strahlung channels of HW/HZ production compete with VBF in

size for Higgs masses MH
<∼ 100−200GeV mainly due to the different combinations of PDFs. For a

40
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Figure 3: Branching ratios of the SM Higgs boson (left) and total decay width (right) for Higgs-boson
masses accessible at LEP and before, calculated with Hdecay.
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Figure 5: Leading-order diagrams for the various SM Higgs-boson decay channels, where Q denotes any
heavy quark.
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Table 6: Final results of the searches at LEP2: local p-values for the consistency with the background-
only and signal+background hypotheses assuming MH = 115GeV, expected and observed mass limits
as derived in the LEP Higgs Working Group [194].

Pb-only Ps+b exp. limit obs. limit

LEP 0.09 0.15 115.3GeV 114.4GeV

ALEPH 3.3× 10−3 0.87 113.5GeV 111.5GeV

DELPHI 0.79 0.03 113.3GeV 114.3GeV

L3 0.33 0.30 112.4GeV 112.0GeV

OPAL 0.50 0.14 112.7GeV 112.8GeV

four jets 0.05 0.44 114.5GeV 113.3GeV

all but four jets 0.37 0.10 114.2GeV 114.2GeV

At the beginning of the LEP programme no solid limit existed on the mass of the Higgs boson. The
searches for the SM Higgs boson carried out by the four LEP experiments extended the sensitive range
well beyond that anticipated at the beginning of the LEP programme. This is due to the higher energy
achieved and to more sophisticated detectors and analysis techniques. The range below 114.4GeV was
and is difficult to be probed at past and current hadron colliders.

5 Higgs-boson production at hadron colliders

5.1 Higgs-boson production mechanisms and cross-section overview

The four main production mechanisms for SM Higgs bosons at hadron colliders are illustrated by some
representative LO diagrams in Figure 14. The size of the respective cross sections depends both on
the type of colliding hadrons and on the collision energy. Figures 15 and 16 show the total cross
sections of the various channels for the pp̄ collider Tevatron at its CM energy of

√
s = 1.96TeV and

for the pp collider LHC at the two energies
√
s = 7TeV and 14TeV. At the LHC, the energy increase

from 7TeV to 8TeV leads to an increase of 20−30% in the Higgs-boson production cross sections for
MH ∼ 100−200GeV. The energy step-up from 7TeV to 14TeV raises the cross sections even by a factor
of about 3−4 for these Higgs-boson masses, with the exception of tt̄H production, where the factor is
roughly 8. Globally, loop-induced Higgs-boson production via gluon fusion delivers the largest cross
section owing to the large gluon flux in high-energetic proton–(anti)proton collisions. The respective

H
Q

(a)

H

W/Z
W/Z

(b)

H

q

q

W/Z

W/Z

(c)

H

Q

Q̄

Q

Q

(d)

Figure 14: Representative leading-order diagrams for the main SM Higgs-boson production channels
at hadron colliders, where q and Q denote light and heavy quarks, respectively: (a) gluon fusion,
(b) Higgs-strahlung, (c) vector-boson fusion, (d) heavy-quark associate production.
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strengths of the five channels and the SM expectation of one is about 8%. The compatibility between
the combined best-fit signal strength µ̂ and the best-fit signal strengths of the five channels is 13%. The
dependence of the combined value of µ̂ on the assumed mH has been investigated and is relatively weak:
changing the mass hypothesis between 124.5 and 126.5 GeV changes the value of µ̂ by about 4%.

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual
channels and their combination at a Higgs boson mass of 125.5 GeV.

Higgs Boson Decay µ
(mH=125.5 GeV)

VH → Vbb −0.4 ± 1.0
H → ττ 0.8 ± 0.7

H → WW (∗) 1.0 ± 0.3
H → γγ 1.6 ± 0.3

H → ZZ(∗) 1.5 ± 0.4
Combined 1.30 ± 0.20

)µSignal strength (
  -1  0 +1

Combined

 4l! (*) ZZ!H 

"" !H 

#l# l! (*) WW!H 

$$ !H 

 bb!W,Z H 

-1Ldt = 4.6 - 4.8 fb% = 7 TeV:  s
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-1Ldt = 4.6 fb% = 7 TeV:  s
-1Ldt = 20.7 fb% = 8 TeV:  s
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-1Ldt = 20.7 fb% = 8 TeV:  s

-1Ldt = 4.6 fb% = 7 TeV:  s
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-1Ldt = 13 fb% = 8 TeV:  s

 = 125.5 GeVHm

 0.20± = 1.30 µ

ATLAS Preliminary

Figure 1: Measurements of the signal strength parameter µ for mH =125.5 GeV for the individual chan-
nels and their combination.

In the SM, the production cross sections are completely fixed once mH is specified. The best-fit value
for the global signal strength factor µ does not give any direct information on the relative contributions
from different production modes. Furthermore, fixing the ratios of the production cross sections to the
ratios predicted by the SM may conceal tension between the data and the SM. Therefore, in addition to
the signal strength in different decay modes, the signal strengths of different Higgs production processes
contributing to the same final state are determined. Such a separation avoids model assumptions needed
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have the following proportionality:

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ
σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ γγ · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) (3)

σ(qq′ → qq′H) ∗ BR(H → WW (∗)) ∼ µggF+tt̄H;H→WW(∗) · µVBF+VH/µggF+tt̄H

σ(gg→ H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ
σ(qq′ → qq′H) ∗ BR(H → ττ) ∼ µggF+tt̄H;H→ττ · µVBF+VH/µggF+tt̄H

where µggF+tt̄H;H→XX is defined as

µggF+tt̄H;H→XX =
σ(ggF) · BR(H → XX)

σSM(ggF) · BRSM(H → XX)
=

σ(tt̄H) · BR(H → XX)
σSM(tt̄H) · BRSM(H → XX)

(4)

and µVBF+VH/µggF+tt̄H is the parameter of interest giving the ratio between VBF + VH and ggF + tt̄H
scale factors.

The likelihood as a function of the common ratio µVBF+VH/µggF+tt̄H , while profiling over all pa-
rameters µggF+tt̄H;H→XX , is shown in Fig. 3 for the H→ γγ, H→ZZ(∗)→ 4$, H→WW (∗)→ $ν$ν and
H → ττ channels and their combination. For this combination it is only necessary to assume that
the same boson H is responsible for all observed Higgs-like signals and that the separation of gluon-
fusion-like events and VBF-like events within the individual analyses based on the event kinematic
properties is valid. The measurements in the four channels, as well as the observed combined ratio
µVBF+VH/µggF+tt̄H = 1.2+0.7

−0.5 , are compatible with the SM expectation of unity. The p-value3 when test-
ing the hypothesis µVBF+VH/µggF+tt̄H = 0 is 0.05% , corresponding to a significance against the vanishing
vector boson mediated production assumption of 3.3σ. The ratio µVBF/µggF+tt̄H , where the signal strength
µVH of the VH Higgs production process is profiled instead of being treated together with µVBF, gives
the same result of µVBF/µggF+tt̄H = 1.2+0.7

−0.5. The p-value for µVBF/µggF+tt̄H = 0 is 0.09% corresponding
to a significance against the vanishing VBF production assumption of 3.1σ.

In another approach the dependence on the individual production µi cancels out when taking the
ratio of µi × BR within the same production mode. For the example of the H→ γγ and H→ ZZ(∗)→ 4$
channels, this results in a ratio of relative branching ratios ρ, defined as:

ργγ/ZZ =
BR(H→ γγ)

BR(H → ZZ(∗))
× BRSM(H → ZZ(∗))

BRSM(H→ γγ) , (5)

where the first term is the ratio of branching ratios and the second term rescales this ratio to the SM
expectations. The relevant channels have the following proportionality:

σ(gg→ H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · ργγ/ZZ

σ(qq′ → qq′H) ∗ BR(H→ γγ) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H · ργγ/ZZ

σ(gg→ H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) (6)

σ(qq′ → qq′H) ∗ BR(H → ZZ(∗)) ∼ µggF+tt̄H;H→ZZ(∗) · µVBF+VH/µggF+tt̄H

3The p-value and significance are calculated for the test hypothesis µVBF+VH/µggF+tt̄H = 0 against the one-sided alternative
µVBF+VH/µggF+tt̄H > 0 using the profile likelihood test statistic.
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for a consistent parametrization of both production and decay modes in terms of Higgs boson couplings.
Since several Higgs boson production modes are available at the LHC, results shown in two di-

mensional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production
has been observed yet, hence a common signal strength scale factor µggF+tt̄H has been assigned to both
gluon fusion production (ggF) and the very small tt̄H production mode, as they both scale dominantly
with the ttH coupling in the SM. Similarly, a common signal strength scale factor µVBF+VH has been
assigned to the VBF and VH production modes, as they scale with the WH/ZH gauge coupling in the
SM. The resulting contours for the H→ γγ, H→WW (∗)→ "ν"ν, H→ZZ(∗)→ 4" and H → ττ channels
for mH=125.5 GeV are shown in Fig. 2.
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factors B/BSM, which are different for the different
final states. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF
and VH) production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL
contours are also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to account for a deficit of events from the
corresponding production process. As described in Ref. [12], while the signal strengths may be negative,
the total probability density function must remain positive everywhere, and hence the total number of
expected signal+background events has to be positive everywhere. This restriction is responsible for
the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different
branching fraction B/BSM, hence a direct combination of the contours from different final states is not
possible.

It is nevertheless possible to use the ratio of production modes channel by channel to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between ggF+ tt̄H
and VBF + VH, and test the compatibility of the measurements among channels. The relevant channels

6
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Tevatron
• Résultats avec 10fb-1
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Channel Signal strength µ MH (GeV) Production mode

ggF VBF VH ttH

H → γγ [59]

Combined 6.14
+3.25
−3.19 125 78% 5% 17% –

H → WW [59]

Combined 0.85
+0.88
−0.81 125 78% 5% 17% –

H → bb̄ [14]

VH tag 1.56
+0.72
−0.73 125 – – 100% –

Table 3: Tevatron results for up to 10 fb
−1

at
√
s = 1.96 TeV, as employed in this analysis.

are determined from the grid data.) For plotting distributions of χ2
as a function of any one

variable, we use the above grid data together with the best fit value, to profile the minimal

χ2
value with respect to the remaining unconstrained parameters. The 68%, 95% and 99.7%

confidence level (CL) intervals are then given by χ2
= χ2

min +1, +4 and +9, respectively. Two-

dimensional χ2
distributions are obtained analogously from a grid in the two parameters of

interest, profiling over the other, unseen parameters; in this case, we show contours of χ2
corre-

sponding to the 68% (χ2
= χ2

min+2.30), 95% (χ2
= χ2

min+6.18) and 99.7% (χ2
= χ2

min+11.83)

confidence levels for 2 parameters treated jointly.

Before presenting our results, a couple of comments are in order. First of all, we stress that

in models of new physics beyond-the-SM (BSM), both the branching ratios and the production

cross sections and distributions (and indeed the number of Higgs particles) may differ from SM

expectations. For any BSM interpretation of the Higgs search results it is absolutely crucial to

have as precise and complete channel-by-channel information as possible [65]. Unfortunately,

not all the experimental analyses give all the necessary details. Below we comment on how we

use the currently available information from the experiments. The ideal case would of course

be that the experiments consistently do the unfolding of theoretical vs. experimental channels

from the data as mentioned above and always provide directly the experimental results for the

theoretically relevant �µi’s (see Eq. (5)) and the correlations between them.

ATLAS

• H → γγ: we take our information from Fig. 4 of [4]. This figure shows the results after

unfolding to obtain the experimental results for the µ’s as defined theoretically. Fig. 4

does make the approximation that VBF and VH can be lumped together (i.e. have the

same efficiencies after cuts) and that ggF and ttH can be similarly lumped together (note

that ttH contributes less than 1%). We fit the 68% CL contour assuming that the ∆χ2

follows a bivariate normal distribution.
2

With this, the correlation ρ = −0.37 between

the ggF and VBF+VH channels is automatically taken into account. We also note that

while Fig. 4 of [4] is for 126.6 GeV, Fig. 12 (right) in the same paper shows that there is

a broad “plateau” as a function of the mass when the energy scale uncertainty is taken

into account, implying that the results should not depend too much on the mass.

2We thank Guillaume Drieu La Rochelle for providing this fit, cf. Table 4 in version 2 of [39].
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Figure 15: Cross sections for the various SM Higgs-boson production channels at Tevatron with a CM
energy of 1.96TeV, as predicted by the TeV4LHC Section Working Group [195].
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Figure 16: Cross sections and respective uncertainties, indicated by the band widths, for the various
SM Higgs-boson production channels at the LHC with a CM energy of 7 and 14TeV, as predicted by
the LHC Higgs Cross Section Working Group [25].

cross section is typically by an order of magnitude or more larger than the remaining production cross
sections. Only for heavy Higgs bosons as heavy as nearly 1TeV the vector-boson fusion (VBF) cross
section competes with gluon fusion in size at the LHC. At the LHC, VBF delivers the second largest
cross section, showing a much slower decrease with increasing Higgs-boson mass owing to its t-channel
dominance, which leads to a logarithmic rise of its partonic cross section with increasing partonic CM
energy

√
ŝ. At Tevatron the Higgs-strahlung channels of HW/HZ production compete with VBF in

size for Higgs masses MH
<∼ 100−200GeV mainly due to the different combinations of PDFs. For a

40

18

TABLE V: Ratios of observed and median expected (for the
background-only hypothesis) 95% C.L. upper production lim-
its to the SM cross section as a function of the Higgs boson
mass for the combined CDF and D0 searches in all decay
modes, obtained using the Bayesian and CLs methods.

Bayesian CLs

mH (GeV/c2) Robs
95 Rexp

95 Robs
95 Rexp

95
90 0.37 0.74 0.39 0.74
95 0.48 0.80 0.49 0.81
100 0.62 0.72 0.62 0.73
105 0.89 0.77 0.93 0.77
110 1.02 0.82 1.03 0.83
115 1.63 0.90 1.67 0.91
120 2.33 1.00 2.40 0.99
125 2.44 1.06 2.62 1.07
130 2.13 1.11 2.10 1.10
135 2.03 1.04 2.12 1.06
140 2.10 1.01 2.08 1.00
145 1.35 0.88 1.29 0.90
150 0.94 0.79 0.91 0.78
155 0.64 0.69 0.62 0.68
160 0.46 0.51 0.45 0.51
165 0.37 0.47 0.36 0.47
170 0.54 0.57 0.53 0.57
175 0.71 0.68 0.68 0.68
180 0.87 0.81 0.86 0.82
185 1.20 1.02 1.18 1.04
190 1.86 1.29 1.86 1.27
195 2.74 1.44 2.64 1.48
200 3.07 1.66 2.97 1.67

G. Compatibility of the Excess with the SM Higgs
Boson Hypothesis

The best-fit rate parameters, Rfit, for the full com-
bination of all channels and the combinations of chan-
nels focusing on the H → W+W−, H → bb̄, H → γγ,
and H → τ+τ− decay modes [74] are listed in Ta-
ble VII as a function of Higgs boson mass over the range
115 < mH < 140 GeV/c2, where the combined result
has sensitivity to a signal and a clear excess exists. For
mH = 125 GeV/c2, we obtain Rfit = 1.44+0.59

−0.56 using all
decay modes.
Figure 15 shows the contribution of the four combina-

tions for the different decay modes to the best-fit signal
cross section for mH = 125 GeV/c2. The results are
consistent with each other, with the full combination,
and with the production of the SM Higgs boson at that
mass. Figure 16 shows the posterior probability densi-
ties obtained for the cross section scale factors from the
H → bb̄, H → W+W−, H → γγ, and H → τ+τ− com-
binations.
The Higgs boson is expected to couple more strongly

to more massive particles than to less massive ones, and
thus may provide sensitivity to non-SM particles whose

 Br)/SM! "Best Fit (
0 1 2 3 4 5 6 7 8 9 10

b Vb#VH

-$+$ #H

-W+ W#H

%% #H

2 = 125 GeV/cHm

Combined (68% C.L.) 

Single channel

-1 10 fb& intTevatron Run II, L

FIG. 15: (color online) Best-fit values of R = (σ × B)/SM
using the Bayesian method for the combinations of CDF
and D0’s Higgs boson search channels focusing on the H →
W+W−, H → bb̄, H → γγ, and H → τ+τ− decay modes for
a Higgs boson mass of 125 GeV/c2. The shaded band corre-
sponds to the one s.d. uncertainty on the best-fit value of R
for all SM Higgs boson decay modes combined.

interactions become more relevant at higher energies. It
is important therefore to study in detail the properties
of the new particle. The channel-by-channel values of
R = (σ×B)/SM provide useful constraints on the possi-
ble couplings of the particle [75], but their interpretation
is ambiguous because signal contributions from multiple
sources are simultaneously accepted by each sub-channel.
For example, the ZH → νν̄bb̄ channels have sensitivity
to both the WH and ZH production modes, and the
H → W+W− searches are sensitive to gluon-gluon fu-
sion, WH , ZH , and VBF in different mixtures within
independent sub-channels characterized by the number
of reconstructed jets.

Most of the searches conducted at the Tevatron are
sensitive to the product of fermion and boson coupling
strengths. In the V H → V bb̄ searches, the production
depends on the coupling of the Higgs boson to the weak
vector bosons, while the decay is to fermions. In the
gg → H → W+W− searches, the production is domi-
nated by the Higgs boson couplings to fermions via the
quark loop processes, but the decay is to bosons. A large
enhancement of the Higgs boson’s couplings to fermions
can thus be masked by a small coupling to bosons, and
vice versa, as shown in Fig. 2 of Ref. [75]. However,
other less-sensitive channels included in this combina-
tion provide additional constraints. The same-sign di-
lepton searches, the tri-lepton searches, and some of the
searches with tau leptons as decay products of W bosons

Altonen et al, 1303.6346

lundi 3 juin 2013



Couplages génériques

• Couplages à l’arbre

• Symétrie ‘custodial’ CW=CZ=CV

• Universalité des générations et CD=CL 
• Couplages induits boucles: hgg, hγγ

– modifiés si couplages à l’arbre sont modifiés même si  
seulement particules standard dans la boucle

– contributions de nouvelles particules
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we assume that the CF are family universal). Moreover, we assume a custodial symmetry in
employing a single CW = CZ ≡ CV in Eq. (1). The structure we are testing thus becomes

L = g

�
CV

�
mWWµW

µ +
mZ

cos θW
ZµZ

µ

�
− CU

mt

2mW
t̄t− CD

mb

2mW
b̄b− CD

mτ

2mW
τ̄ τ

�
H . (2)

In general, the CI can take on negative as well as positive values; there is one overall sign ambi-
guity which we fix by taking CV > 0. Even in this restricted context, various types of deviations
of these three CI from unity are possible in extended theories such as Two-Higgs-Doublet Mod-
els (2HDMs), models with singlet-doublet mixing, and supersymmetric models such as the
Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal Supersymmetric
Standard Model (NMSSM).

In addition to the tree-level couplings given above, the H has couplings to gg and γγ that
are first induced at one loop and are completely computable in terms of CU , CD and CV if
only loops containing SM particles are present. We define Cg and Cγ to be the ratio of these
couplings so computed to the SM (i.e. CU = CD = CV = 1) values. However, in some of our
fits we will also allow for additional loop contributions ∆Cg and ∆Cγ from new particles; in
this case Cg = Cg + ∆Cg and Cγ = Cγ + ∆Cγ. The largest set of independent parameters in
our fits is thus

CU , CD, CV , ∆Cg, ∆Cγ . (3)

In this study, we focus on models in which the Higgs decays only to SM particles, in
particular not allowing for invisible (e.g. H → χ̃0

1χ̃
0
1, where χ̃

0
1 is the lightest SUSY particle) or

undetected decays (such as H → aa, where a is a light CP-odd, perhaps singlet scalar). This
approach, when we allow in the most general case for the CU , CD, CV , Cγ and Cg couplings
to be fully independent, encompasses a very broad range of models, including in particular
those in which the Higgs sector consists of any number of doublets + singlets, the only proviso
being the absence of decays of the observed ∼ 125 GeV state to non-SM final states. (A fit
for invisible Higgs decays was performed early on in [43].) This approach however does not
cover models such as composite models and Higgs-radion mixing models for which the V V H

coupling has a more complicated tensor structure than that given in Eq. (2). Our procedure
will also be inadequate should the observed signal at ∼ 125 GeV actually arise from two or
more degenerate Higgs bosons (see e.g. [44, 45]). Although the success of our fits implies that
there is no need for such extra states, the explicit tests for degenerate states developed in [46]
should be kept in mind as a means to test directly for two or more Higgs bosons contributing
to the signal at 125–126 GeV.

This paper is organized as follows. The experimental inputs and our fitting procedure are
described in Section 2. The results of three generic fits are presented in Section 3 together with
the results of a fit in Two-Higgs-Doublet models. Section 4 contains our conclusions.

2
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Procédure pour fit

• Inclure corrections  QCD dans Cg (HIGLU) et Cγ(HDECAY)
• Grille et  calcul de  χ2 - puis utilise MINUIT pour trouver le 

vrai minimum, meilleur fit+ 1σ
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2 Experimental inputs and fitting procedure

We perform fits employing all production/decay channels for which results are available
from the ATLAS and CMS collaborations at the LHC, as well as the Tevatron CDF+D0 Higgs
results. The experimental results are given in terms of signal strengths µ(X, Y ), the ratio of the
observed rate for some process X → H → Y relative to the prediction for the SM Higgs. Often
it is the case that several production processes contribute to a given experimental channel.
For example, both vector boson fusion and gluon fusion can contribute to the “VBF” channels
(or “categories”) that are defined by a given set of experimental cuts. In comparing theory
to experiment it is thus important to incorporate the estimates from the experiments of the
relative contributions of the theoretically distinct production/decay processes. The values for
the signal strengths in the various (sub)channels as reported by the experiments and used in
this analysis, together with the estimated decompositions into production channels are given
in Tables 1–3.

We adopt the simple technique of computing the χ2 associated with a given choice of the
input parameters following the standard definition:

χ2 =
�

k

(µk − µk)2

∆µ
2
k

, (4)

where k runs over all the experimentally defined production/decay channels employed, µk is
the observed signal strength for channel k, µk is the value predicted for that channel for a given
choice of parameters and ∆µk is the experimental error for that channel. The µk associated
with each experimentally defined channel is further decomposed as

µk =
�

T
i
k�µi (5)

where the T
i
k give the amount of contribution to the experimental channel k coming from the

theoretically defined channel i and �µi is the prediction for that channel for a given choice of CU ,
CD, CV and (for fits where treated as independent) Cγ and Cg. For the computation of the �µi in-
cluding NLO corrections we follow the procedure recommended by the LHC Higgs Cross Section
Working Group in [60]. In particular we include all the available QCD corrections for Cg using
HIGLU [61, 62] and for Cγ using HDECAY [62, 63], and we switch off the electroweak corrections.
The T i

k depend on the specific analysis and hence differ from experiment to experiment. Often,
the T

i
k are determined from simulations of a SM Higgs signal. In some cases, the experiments

have done the unfolding of theoretical vs. experimental channels from the data and provide di-
rectly experimental results for the theoretically relevant �µi’s and the correlations between them.

With this framework programmed, our fitting procedure is as follows. We first scan over
a fine grid of the free parameters of the scenario considered, for example, CU , CD, CV with
Cg, Cγ = Cg, Cγ as computed from the SM-particle loops (this will be Fit II below). We obtain
the value of χ2 associated with each point in the grid and thus determine the values of the
parameters associated with the approximate minimum (or minima). To get the true minimum
χ2, χ2

min, and the associated “best-fit” values and the one-standard deviation (1σ) errors on
them we employ MINUIT [64]. (The errors on parameters which are not input, i.e. Cg and Cγ,
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Résultats (1)

• Meilleur fit  χ2min=17.6 pour 20 d.o.f.
• ΔCγ=0.14 ΔCg=-0.06  (pre-Moriond ΔCγ=0.43 ΔCg=-0.09)
• SM :  χ2=19.0 
• Exemple de modèles: UED, Inert Doublet, MSSM dans la limite de 

découplage   - > voir la suite 15

three categories (µτh+X, eτh+X and eµ+X) because they are the most sensitive ones;
they lead to very similar decompositions which we use in our analysis. Our combination
(weighted mean) agrees within 6% with that given by CMS (µcomb = 0.83± 0.49 instead
of 0.88+0.51

−0.48).

Tevatron

• H → γγ and H → WW : no decomposition into production modes is given by the
experiments. We assume that the analyses are inclusive and we thus employ the ratios of
the theoretical predictions for the (SM) Higgs production cross sections.

• H → bb̄: we use the new results from HCP2012 [14] assuming 100% VH.

3 Results

3.1 General coupling fits

Fit I: CU = CD = CV = 1, ∆Cg and ∆Cγ free

For a first test of the SM nature of the observed Higgs boson, we take CU = CD = CV = 1
(i.e. quark, lepton and W,Z vector boson couplings to the Higgs are required to be SM-like) but
we allow for additional new-physics contributions to the γγ and gg couplings, parameterized by
∆Cg and ∆Cγ, coming from loops involving non-SM particles or from anomalies. This fit, which
we refer to as Fit I, is designed to determine if the case where all tree-level Higgs couplings are
equal to their SM values can be consistent with the data. For example, such a fit is relevant in
the context of UED models where the tree-level couplings of the Higgs are SM-like [63, 64].

Figure 1 displays the results of this fit in the ∆Cg versus ∆Cγ plane. The best fit is obtained
for ∆Cγ � 0.43, ∆Cg � −0.09, and has χ2

min = 12.31 for 19 degrees of freedom (d.o.f.), giving
a p-value of 0.87. The results of this fit are summarized in Table 4, together with the results
of the other fits of this section.

We note that the SM (i.e. CU = CD = CV = 1, ∆Cg = ∆Cγ = 0) has χ2 = 20.2 and is
hence more than 2σ away from the best fit in Fig. 1. The number of degrees of freedom for the
SM fit is 21, implying a p-value of 0.51. The largest χ2 contributions come from the H → γγ
channels from ATLAS (∆χ2 = 5.06), CMS (∆χ2 = 3.36) and Tevatron (∆χ2 = 2.60), followed
by the VBF result for H → WW from CMS with ∆χ2 = 2.01.

Fit II: varying CU , CD and CV (∆Cγ = ∆Cg = 0)

Next, we let CU , CD, CV vary, assuming there are no new particles contributing to the
effective Higgs couplings to gluons and photons, i.e. we take∆Cγ = ∆Cg = 0 implying Cg = Cg,
Cγ = Cγ as computed from the SM-particle loops. The results for the one-dimensional and
two-dimensional χ2 distributions are shown in Figs. 2 and 3. The value of CV is rather well
determined to be close to unity. It is intriguing that the best fit of CV is indeed just slightly
below 1, as any model with only Higgs doublets or singlets requires CV ≤ 1. The best fit values
for CD and CU are SM-like in that they have magnitudes that are close to one. However, the
best fit CU value is opposite in sign to the SM Higgs case. The preference for CU < 0 is at

7
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Figure 1: Two parameter fit of ∆Cγ and ∆Cg, assuming CU = CD = CV = 1 (Fit I). The red, orange and yellow
ellipses show the 68%, 95% and 99.7% CL regions, respectively. The white star marks the best-fit point.

The experimental results are given in terms of signal strengths µ(X,Y ), the ratio of the
observed rate for some process X → H → Y relative to the prediction for the SM Higgs. As
in 4, we adopt the simple technique of computing the χ2 associated with a given choice of the
input parameters following the standard definition:

χ2 =
�

k

(µk − µk)2

∆µ
2
k

, (2)

where k runs over all the experimentally defined production/decay channels employed, µk is the
observed signal strength for a channel k, µk is the value predicted for that channel for a given
choice of parameters and ∆µk is the experimental error for that channel. The µk associated with
each experimentally defined channel is further decomposed as µk =

�
T
i
k �µi, where the T

i
k give

the amount of contribution to the experimental channel k coming from the theoretically defined
channel i and �µi is the prediction for that channel for a given choice of CU , CD, CV and (for
fits where treated as independent) Cγ and Cg. For the computation of the �µi including NLO
corrections we follow the procedure recommended by the LHC Higgs Cross Section Working
Group 6.

2 Results

In order to probe the SM nature of the observed Higgs boson, we perform the following fits:

I) fit of ∆Cγ and ∆Cg, assuming CU = CD = CV = 1;

II) fit of CU , CD and CV , assuming ∆Cγ = ∆Cg = 0;

III) fit of CU , CD, CV , ∆Cγ and ∆Cg, restricted to CU > 0 and CD > 0.

2.1 Fit I: ∆Cγ and ∆Cg

In this first case, we allow for additional new physics contributions to the γγ and gg couplings,
parameterized by ∆Cγ and ∆Cg, coming from loops involving non-SM particles. This fit, which
we refer to as Fit I, is designed to determine if the case where all tree-level Higgs couplings are
equal to their SM values can be consistent with the data. For example, such a fit is relevant in
the context of UED models where the tree-level couplings of the Higgs are SM-like 7,8.

Figure 1 displays the results of this fit in the ∆Cg versus ∆Cγ plane. The best fit is obtained
for ∆Cγ = 0.14, ∆Cg = −0.06, and has χ2

min = 17.6 for 20 degrees of freedom (d.o.f.), giving a
p-value of 0.61. We note that the SM (i.e. CU = CD = CV = 1, ∆Cγ = ∆Cg = 0) has χ2 = 19.0
for 22 d.o.f., implying a p-value of 0.65.
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Fit II: CU,CD,CW 

• Suppose aucune nouvelle particule contribuant à  hgg, hγγ
• Meilleur fit: CU=0.89, CD=0.99, CV=1.07
• Cg et Cγ meilleur  fit similaire au cas précédent (origine 

différente)
• Changement significatif depuis Moriond
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Figure 2: Two-dimensional χ2
distributions for the three parameter fit of CU , CD, CV with Cγ and Cg as

computed in terms of CU , CD, CV (Fit II). Color code as in the previous figure.

0 0.5 1 1.5 2
0

2

4

6

8

10

CU,D,V

∆
χ
2

 

 

CU
CD
CV

−1 −0.5 0 0.5 1
0

2

4

6

8

10

∆Cγ ,g

∆
χ
2

 

 

∆Cγ

∆Cg

Figure 3: One-dimensional χ2
distributions for the five parameter fit of CU , CD, CV , ∆Cγ and ∆Cg (Fit III).

2.2 Fit II: CU , CD and CV

Next, we let CU , CD and CV vary, assuming there are no new particles contributing to the
effective Higgs couplings to gluons and photons, i.e. we take ∆Cγ = ∆Cg = 0, implying Cγ and
Cg as computed from the SM particle loops. Such parametrization is relevant in the context
of 2HDM with a heavy charged Higgs, that does not contribute to the loop-induced H → γγ
process.

Our results are shown in Fig. 2. We consider two best fits points, having positive and
negative CD. The one with CD > 0 is located at CU = 0.89, CD = 0.99, CV = 1.07, and
CU = 0.84, and has χ2

min = 17.7 for 19 d.o.f., giving a p-value of 0.54. (The one with CD < 0
is almost equivalent—the sign of CD only affects mildly the loop-induced processes—and has
χ2
min = 17.6.) Contrary to the situation at the end of 2012 4 we note that the regions having

CU < 0, in which the H → γγ rate is significantly enhanced, are disfavored at the level of 2.4σ.
This mainly comes from the update of the CMS H → γγ results presented at this conference 9.

2.3 Fit III: CU , CD, CV , ∆Cγ and ∆Cg

Finally, in Fit III, we allow for new particles entering the loop, parametrized by∆Cγ and∆Cg, in
addition to the tree-level parameters CU , CD and CV , leading therefore to five free parameters.
This encompasses a very broad class of models. The associated 1d plots are given in Fig. 3.

The main differences as compared to Fit II is that CU is only weakly constrained by the
data. Allowing for additional contributions to H → γγ and gluon fusion, parametrized by ∆Cγ

and ∆Cg, account for the observed rates of these processes. CU is then only determined from
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• Augmentation de Br(γγ) en changeant signe de boucle de top 
par rapport à celle des W (CU<0)

• La plupart des modèles ont CU>0
• Différence causée par mise à jour de CMS hγγ
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Figure 2: One-dimensional χ2 distributions for the three parameter fit, Fit II, of CU , CD, CV

with Cγ = Cγ and Cg = Cg as computed in terms of CU , CD, CV .
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Figure 3: Two-dimensional χ2 distributions for the three parameter fit, Fit II, of CU , CD, CV

with Cγ = Cγ and Cg = Cg as computed in terms of CU , CD, CV . The red, orange and yellow

ellipses show the 68%, 95% and 99.7% CL regions, respectively. The white star marks the

best-fit point. Details on the minima in different sectors of the (CU ,CD) plane can be found in

Table 5.
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Production de top et Higgs

• Production d’un top associé à un  Higgs augmente fortement 
quand  CU, CV sont signe opposé
– Farina et al, arXiv:1211.3736, Biswas et al arXiv:1211.0499

• Dans le cadre du MS : interférence destructive entre 
contributions des W et top

• Mesures de précision du ‘single top’ au LHC permettra de 
vérifier la possibilité de CU<0 
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Figure 1: Feynman diagrams contributing to the partonic process W+b → th.

the sign of the top Yukawa could be reached.
In our study we focus on the decay of the Higgs into bb̄, updating the early analysis of

Ref. [18] (see also Refs. [19, 20]). This choice leads to an experimental signature (lepton +
missing energy + multijets, among which ≥ 3 are b-jets) which is very similar to the one
ATLAS and CMS have already analyzed in their searches for tt̄h production [11, 12]. In this
respect we believe that the experimental collaborations could easily perform the analysis we
propose here in the very near future, thus adding new important information to the challenge
of identifying the true nature of the recently discovered particle.

The large enhancement of the th cross section for nonstandard Higgs couplings is asso-
ciated to the growth of the scattering amplitude at high energy, which in turn implies that
perturbative unitarity is lost at some UV scale Λ. We estimate Λ, which acts as the cutoff
of our effective theory, to be at least of O(10) TeV and thus above the energy scales that
the LHC will be able to probe. In fact, the th invariant mass distribution in LHC collisions
essentially vanishes above 1 TeV, therefore we can safely conclude that our analysis remains
insensitive to UV physics above the cutoff scale.

Our paper is structured as follows: we start by introducing the general features of the th
process and discussing its implications, including an estimate of the scale where perturbative
unitarity is lost, in Section 2. We proceed in Section 3 to the analysis of the signal and of
the main backgrounds at the LHC, performing a parton-level simulation. In Section 4, we
discuss the implications on the determination of the Higgs parameters. Finally, we conclude
in Section 5. Unless otherwise specified, the Higgs mass is assumed to be mh = 125GeV
throughout this work. For the top mass we take mt = 173GeV. Finally, the shorthand
th is always understood to include also the charge-conjugated case where t is replaced by t̄.
Therefore all our cross sections include both t and t̄ production.

2 Single top and Higgs associated production

The Feynman diagrams contributing to the core process Wb → th are shown in Fig. 1. The
diagram where the Higgs is emitted from a b leg is suppressed by the bottom Yukawa, and will
be consistently neglected in our study. In the th production process at the LHC the initial
W is radiated from a quark in the proton, and is thus spacelike. However, at high energy
the effective W approximation [21, 22] holds, which allows us to factorize the process into
the emission of an approximately on-shell W from the quark times its hard scattering with a
bottom. Thus it makes sense to discuss the amplitude for Wb → th at high energies assuming

2
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• Meilleur fit CU=0, CD=1.02, CV=1.04, ΔCγ=-0.16,ΔCg=0.82

• Cu peu contraint (directement seulement de  tth)
• Corrélation CU-ΔCg

• Pas besoin de contribution importante pour γγ, seulement pour 
gg

19
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Figure 2: Two-dimensional χ2
distributions for the three parameter fit of CU , CD, CV with Cγ and Cg as

computed in terms of CU , CD, CV (Fit II). Color code as in the previous figure.
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distributions for the five parameter fit of CU , CD, CV , ∆Cγ and ∆Cg (Fit III).

2.2 Fit II: CU , CD and CV

Next, we let CU , CD and CV vary, assuming there are no new particles contributing to the
effective Higgs couplings to gluons and photons, i.e. we take ∆Cγ = ∆Cg = 0, implying Cγ and
Cg as computed from the SM particle loops. Such parametrization is relevant in the context
of 2HDM with a heavy charged Higgs, that does not contribute to the loop-induced H → γγ
process.

Our results are shown in Fig. 2. We consider two best fits points, having positive and
negative CD. The one with CD > 0 is located at CU = 0.89, CD = 0.99, CV = 1.07, and
CU = 0.84, and has χ2

min = 17.7 for 19 d.o.f., giving a p-value of 0.54. (The one with CD < 0
is almost equivalent—the sign of CD only affects mildly the loop-induced processes—and has
χ2
min = 17.6.) Contrary to the situation at the end of 2012 4 we note that the regions having

CU < 0, in which the H → γγ rate is significantly enhanced, are disfavored at the level of 2.4σ.
This mainly comes from the update of the CMS H → γγ results presented at this conference 9.

2.3 Fit III: CU , CD, CV , ∆Cγ and ∆Cg

Finally, in Fit III, we allow for new particles entering the loop, parametrized by∆Cγ and∆Cg, in
addition to the tree-level parameters CU , CD and CV , leading therefore to five free parameters.
This encompasses a very broad class of models. The associated 1d plots are given in Fig. 3.

The main differences as compared to Fit II is that CU is only weakly constrained by the
data. Allowing for additional contributions to H → γγ and gluon fusion, parametrized by ∆Cγ

and ∆Cg, account for the observed rates of these processes. CU is then only determined from
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Lever la dégénerescence

• Importance de la mesure tth : déterminer CU

• Impact d’une mesure à 30% 
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Figure 7: Two-dimensional distributions for the five parameter fit of CU , CD, CV , ∆Cγ and

∆Cg (Fit III). Details regarding the best fit point are given in Table 4.
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Figure 8: Lifting of the degeneracy in CU and ∆Cg in Fit III when tt̄H is measured to 30%

accuracy (µ(ttH) = 1±0.3). These two plots should be compared to the top left and top middle

plots of Fig. 7. See text for details.
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Higgs invisible
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Higgs invisible
• Nouveaux modes de désintégration du Higgs 

– invisible  H-> DM,DM   (mDM<mh/2)
– non-détecté - H-> AA ->bbbb 
– contraints par les mesures des couplages du Higgs

22
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Figure 4: ∆χ2
distributions for the branching ratio of invisible Higgs decays. The full, dashed, and dotted lines

correspond, respectively, to the cases of 1) SM couplings, 2) arbitrary ∆Cγ and ∆Cg (Fit I), and 3) deviations of

CU , CD, CV from 1 (Fit II). We also show as dash-dotted line the variant of case 3) with CU , CD > 0 and CV ≤ 1.

the results on associated top pair production. The best fit is at CU = 0, CD = 1.02, CV = 1.04,
∆Cγ = −0.16, ∆Cg = 0.82 and has χ2

min = 17.2 for 17 d.o.f., giving a p-value of 0.44.

2.4 Limits on invisible decays of the Higgs

The current measurements can also be used to derive limits on the invisible decays of the Higgs,
as was done in 10. We also include in our fit the ATLAS limit on ZH → �� + invisible 11. Our
results are shown in Fig. 4. The 95% CL limits on B(H → invisible) range from 18% to 35%,
depending on our assumption on the couplings of the Higgs boson.
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Fit global vs mesure directe
• Monojet limite directe sur Brinv

– gluon radiation gg-h-inv
– qq->qqh (un jet non détecté)
– Djouadi et al 1205.3169

• Analyse monojet de CMS à 7TeV 
et L=4.7fb-1 (CMS,arXiv:1206.5663)

• Aussi pp-> Zh-> ll+inv      (ATLAS-
Conf-2013-011)
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Figure 7: Contours of B(H → invisible) versus Cg, on the left for the fit of ∆Cg and ∆Cγ, on
the right for the fit of CU , CD, CV with CV ≤ 1. The red, orange and yellow regions are 68%,
95% and 99.7% CL regions, respectively. The dark (light) blue bands show the constraints from
the monojet search, Rinv < 1.3 (0.9) at 95% CL, with the bands obtained by varying ∆Cγ (left
plot) or CV (right plot) within their fitted 2σ ranges.

probe B(H → invisible) > 0.25 with L = 300 fb−1. Since the 2 jets +p
miss
T

channel is dominated
by VBF production (86% after analysis cuts), this can be useful to constrain the cases with
CV > 1. For example, B(H → invisible) > 0.23 (0.4) could be probed at 8 TeV for Cg = 1 and
CV = 2 (1.5), thus covering a large fraction of the currently allowed parameter space at large
values of CV in Fig. 3 and Fig. 4 (right panel).

Let us finally comment on decays that may in principle be detectable. The ability of the
LHC to probe for Higgs decays into light pseudoscalars, H → AA, depends on the decays of the
A’s. The most likely A decays are A → bb, dominant for mA > 2mb, and A → τ+τ−, dominant
for 2mτ < mA < 2mb. A review, with detailed referencing, of the possibilities for the LHC in
various production modes in the cases of these decays is given in [19]. In two-Higgs-doublet
models A → qq, gg, . . . (where q is a light quark, e.g. s or c) can be significant if tan β <∼ 1.7
or mA < 2mτ . LHC sensitivity in this case has been examined for ZH production in [20]. In
all the different A decay scenarios pretty much full LHC luminosity, L = 100 − 1000 fb−1 at√
s = 14 TeV is required to place strong limits (e.g. B < 10% at 95% CL) on H → AA decays.
Another potentially interesting decay channel, that may have escaped observation, is H →

γ + E
miss
T

, with a soft photon. This may arise for instance in H → χ̃0
1G̃ decays followed by

χ̃0
1 → γG̃, where G̃ denotes a gravitino [25] or a goldstino [26].

4 Interplay with direct dark matter searches

Assuming that the invisible particle which the Higgs potentially decays into is the dark
matter of the Universe, the LHC bounds on B(H → invisible) can be turned into bounds on
the DM scattering off nucleons, mediated by Higgs exchange, cf. [27–32]. These bounds are
often much stronger than the current limits from XENON100 for mχ < 62 GeV (i.e. mH/2).
Both the invisible width of the Higgs and the spin-independent cross-section for scattering on
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Figure 5: B(H → invisible) contours obtained by requiring CV ≤ 1 and CU , CD > 0. Same

color code as in previous figures.

minimum χ2
point is characterized by CU = 0.85

+1.11
−0.13, CD = 0.85

+1.11
−0.21, CV = 1.05

+0.95
−0.12, and the

fit worsens to χ2
min = 18.7. Further, B(H → invisible) can only be constrained to < 0.84 at

95% CL. For illustration, see the right-hand-side plot in Fig. 4.

Perhaps most interesting from the theoretical point of view is the case in which CU , CD > 0

and CV ≤ 1 is required. With these constraints, χ2
min = 18.9 (i.e. not far from the SM fit value

of 20.2) and the 95% CL limit on B(H → invisible) is ∼ 0.36. The ∆χ2
distribution for this

case is shown as dash-dotted line in Fig. 1. For B(H → invisible) versus CU and CV , see Fig. 5.

The relevant 2d correlations between parameters, illustrating the discussion above, are

shown in Fig. 6 for: the fit requiring CV ≤ 1 but allowing arbitrary signs for CU , CD (top

row); and the fit requiring both CV ≤ 1 and CU , CD > 0 (bottom row). In order to see the

impact of invisible decays on the coupling fits, we have superimposed the 1σ and 2σ regions

from [4] obtained for B(H → invisible) = 0.

Let us end this section with a comment on CU < 0 and non-standard CV . A negative sign of

CU—while maintaining a positive sign of mt—is actually not easy to achieve. If the top quark

and Higgs bosons are considered as fundamental fields, it would require that the top quark

mass is induced dominantly by the vev of at least one additional Higgs boson which is not the

Higgs boson considered here, and leads typically to various consistency problems as discussed,

e.g., in [23].

3 Further probes of invisible or undetected Higgs decays

Truly invisible Higgs decays can be probed at the LHC in monojet searches in either the

ggF mode where a gluon is radiated from the initial state, or in VBF when one of the jets

is missed. Invisible decays can also be probed in ZH associated production with Z → l
+
l
−
.

In [17], sensitivity to the monojet searches is phrased in terms of limits on

Rinv(X) =
σ(X → H)B(H → invisible)

σSM(X → H)
. (1)
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Figure 6: Fit of B(H → invisible) allowing for deviations of CU , CD, CV from 1. In the top row
of plots, CV ≤ 1 but CU , CD may have either sign. In the bottom row, CV ≤ 1 and CU , CD > 0.
Color code etc. as in previous figures.

A 95% CL upper limit of Rinv = 2
3 Rinv(ggF) +

1
3 Rinv(VBF) < 1.3 was obtained using the

CMS monojet analysis at
√
s = 7 TeV and L = 4.7 fb−1 [24]. The relative contributions of

the gluon and vector boson fusion production mechanisms were assumed to be the same as in
the SM after the analysis cuts. Of course, this need not apply if CU , CD, CV are allowed to
vary. (Assuming only one production channel, the 95% CL upper limits are Rinv(ggF) < 1.9
and Rinv(VBF) < 4.3.) The projected limit for

√
s = 8 TeV and L = 15 fb−1 is Rinv < 0.9.

Since the signals are also proportional to the possibly non-standard Higgs production cross
section ∼ C

2
g in the ggF mode or ∼ C

2
V in the VBF mode, Rinv(ggF) = C

2
g B(H → invisible)

and Rinv(VBF) = C
2
V B(H → invisible). Upper limits on Rinv(ggF) will thus constrain B(H →

invisible) as function of Cg, as shown in Fig. 7 for case 2) on the left and case 3) with CV ≤ 1
on the right. These plots should be compared to B(H → invisible) versus ∆Cg in Fig. 2 and
B(H → invisible) versus CU in Fig. 4. The dark (light) blue bands indicate Rinv(ggF) < 1.3
(0.9), with the band obtained by varying ∆Cγ or CV within 2σ. As can be seen, the monojet
searches are already quite complementary in constraining invisible Higgs decays when there is
a large increase in the production cross section.

Another analysis [18] considered searching for invisible Higgs in the 2 jets and missing
pT channel showing that a 5σ signal could be observed at 8 TeV for L = 20 fb−1 for a SM
production cross section provided B(H → invisible) > 0.84, while the LHC at 14 TeV could
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Figure 15: Cross sections for the various SM Higgs-boson production channels at Tevatron with a CM
energy of 1.96TeV, as predicted by the TeV4LHC Section Working Group [195].
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Figure 16: Cross sections and respective uncertainties, indicated by the band widths, for the various
SM Higgs-boson production channels at the LHC with a CM energy of 7 and 14TeV, as predicted by
the LHC Higgs Cross Section Working Group [25].

cross section is typically by an order of magnitude or more larger than the remaining production cross
sections. Only for heavy Higgs bosons as heavy as nearly 1TeV the vector-boson fusion (VBF) cross
section competes with gluon fusion in size at the LHC. At the LHC, VBF delivers the second largest
cross section, showing a much slower decrease with increasing Higgs-boson mass owing to its t-channel
dominance, which leads to a logarithmic rise of its partonic cross section with increasing partonic CM
energy

√
ŝ. At Tevatron the Higgs-strahlung channels of HW/HZ production compete with VBF in

size for Higgs masses MH
<∼ 100−200GeV mainly due to the different combinations of PDFs. For a

40
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Figure 3: Branching ratios of the SM Higgs boson (left) and total decay width (right) for Higgs-boson
masses accessible at LEP and before, calculated with Hdecay.
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Figure 5: Leading-order diagrams for the various SM Higgs-boson decay channels, where Q denotes any
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Production  pp

Désintégration

Table 6: Final results of the searches at LEP2: local p-values for the consistency with the background-
only and signal+background hypotheses assuming MH = 115GeV, expected and observed mass limits
as derived in the LEP Higgs Working Group [194].

Pb-only Ps+b exp. limit obs. limit

LEP 0.09 0.15 115.3GeV 114.4GeV

ALEPH 3.3× 10−3 0.87 113.5GeV 111.5GeV

DELPHI 0.79 0.03 113.3GeV 114.3GeV

L3 0.33 0.30 112.4GeV 112.0GeV

OPAL 0.50 0.14 112.7GeV 112.8GeV

four jets 0.05 0.44 114.5GeV 113.3GeV

all but four jets 0.37 0.10 114.2GeV 114.2GeV

At the beginning of the LEP programme no solid limit existed on the mass of the Higgs boson. The
searches for the SM Higgs boson carried out by the four LEP experiments extended the sensitive range
well beyond that anticipated at the beginning of the LEP programme. This is due to the higher energy
achieved and to more sophisticated detectors and analysis techniques. The range below 114.4GeV was
and is difficult to be probed at past and current hadron colliders.

5 Higgs-boson production at hadron colliders

5.1 Higgs-boson production mechanisms and cross-section overview

The four main production mechanisms for SM Higgs bosons at hadron colliders are illustrated by some
representative LO diagrams in Figure 14. The size of the respective cross sections depends both on
the type of colliding hadrons and on the collision energy. Figures 15 and 16 show the total cross
sections of the various channels for the pp̄ collider Tevatron at its CM energy of

√
s = 1.96TeV and

for the pp collider LHC at the two energies
√
s = 7TeV and 14TeV. At the LHC, the energy increase

from 7TeV to 8TeV leads to an increase of 20−30% in the Higgs-boson production cross sections for
MH ∼ 100−200GeV. The energy step-up from 7TeV to 14TeV raises the cross sections even by a factor
of about 3−4 for these Higgs-boson masses, with the exception of tt̄H production, where the factor is
roughly 8. Globally, loop-induced Higgs-boson production via gluon fusion delivers the largest cross
section owing to the large gluon flux in high-energetic proton–(anti)proton collisions. The respective
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H

Q
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Q
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Figure 14: Representative leading-order diagrams for the main SM Higgs-boson production channels
at hadron colliders, where q and Q denote light and heavy quarks, respectively: (a) gluon fusion,
(b) Higgs-strahlung, (c) vector-boson fusion, (d) heavy-quark associate production.
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Matière noire légère
• Lorsque mDM<mh/2, désintégration invisible du Higgs  

reliée à diffusion élastique sur nucleon (détection directe)
• Par exemple, fermion MN: 

• Si Higgs contribution dominante à détection directe  
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protons depend on the square of the Higgs–DM–DM coupling CDM. If the DM is a Majorana
fermion, χ, the invisible width arising from H → χχ decays is given by

Γinv = Γ(H → χχ) =
g
2

16π
mHC

2
χβ

3
, (2)

where β = (1 − 4m2
χ/m

2
H
)1/2 and Cχ is defined by L = gCχχ̄χH. In case of the DM being a

real scalar, φ, we have L = gmφCφφφH and

Γinv = Γ(H → φφ) =
g
2

32π

m
2
φC

2
φ

mH

β . (3)

The spin-independent cross-section for scattering on a nucleon, considering only the Higgs
exchange diagram, can then be directly related to the invisible width of the Higgs:

σSI = ηµ2
r
m

2
p

g
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M
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Γinv
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(4)

with η = 4/(m5
H
β3) for a Majorana fermion and η = 2/(m3

H
m

2
φβ) for a real scalar; µr is the

reduced mass and f
N

q
(fN

g
) are the quark (gluon) coefficients in the nucleon. We take the values

f
p

s
= 0.0447, f p

u
= 0.0135, and f

p

d
= 0.0203 from an average of recent lattice results [33, 34].

The gluon and heavy quark (Q = c, b, t) coefficients are related to those of light quarks, and
f
p

g
= f

p

Q
= 2/27(1 −

�
q=u,d,s

f
p

q
) at leading order. Since the contribution of heavy quarks to

the scattering amplitude originates from their contribution to the Hgg coupling, we write the
effect of ∆Cg, the last term in eq. (4), in terms of an additional top quark contributing to the

Hgg coupling; numerically �Cg = Cg = 1.052 with only the SM top-quark contribution taken
into account for computing Cg.

For the numerical evaluation of σSI, we use micrOMEGAs [34, 35] in which the relation
between the heavy quark coefficients and the light ones are modified by QCD corrections. This
amounts to taking

CQf
p

Q
→ CQ

�
1 +

35αs(mQ)

36π

�
f
p

Q
, ∆Cgf

p

g
→ ∆Cg

�
1− 16αs(mt)

9π

�
f
p

g
. (5)

The results for σSI versus the DM mass and for different B(H → invisible) are displayed in
Fig. 8 for a Majorana fermion (left panel)4 and a real scalar (right panel) assuming CU = CD =
CV = 1. As can be seen, for a Majorana fermion the current XENON100 limits [36] exclude,
for example, B(H → invisible) > 0.4 when 46 GeV < mχ < mH/2. For scalar DM, the cross
sections are larger, and XENON100 excludes B(H → invisible) > 0.4 for mφ � 15 GeV. These
limits become much stronger when CU and/or CD are large provided they have the same sign.
Further, these limits become stronger when we include a non-zero value of ∆Cg. For example,
for ∆Cg = 1 we find that σSI increases by a factor 1.8 as compared to the case ∆Cg = 0 for any
given value of B(H → invisible). This increase is due in part to the new contribution in eq. (4)
and in part because a larger coupling of the DM to the Higgs is necessary to maintain a constant
value of B(H → invisible). Note that imposing universality of quark couplings to the Higgs

4For a Dirac fermion, the cross sections are a factor 1/2 smaller.
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Direct detection

• Typical diagrams

• Higgs exchange often dominates

For Dirac fermions Z exchange contributes to SI and SD
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protons depend on the square of the Higgs–DM–DM coupling CDM. If the DM is a Majorana
fermion, χ, the invisible width arising from H → χχ decays is given by

Γinv = Γ(H → χχ) =
g
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16π
mHC

2
χβ

3
, (2)

where β = (1 − 4m2
χ/m

2
H
)1/2 and Cχ is defined by L = gCχχ̄χH. In case of the DM being a

real scalar, φ, we have L = gmφCφφφH and

Γinv = Γ(H → φφ) =
g
2

32π
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The spin-independent cross-section for scattering on a nucleon, considering only the Higgs
exchange diagram, can then be directly related to the invisible width of the Higgs:
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) are the quark (gluon) coefficients in the nucleon. We take the values
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= 0.0447, f p
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= 0.0135, and f
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d
= 0.0203 from an average of recent lattice results [33, 34].

The gluon and heavy quark (Q = c, b, t) coefficients are related to those of light quarks, and
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g
= f

p

Q
= 2/27(1 −

�
q=u,d,s

f
p

q
) at leading order. Since the contribution of heavy quarks to

the scattering amplitude originates from their contribution to the Hgg coupling, we write the
effect of ∆Cg, the last term in eq. (4), in terms of an additional top quark contributing to the

Hgg coupling; numerically �Cg = Cg = 1.052 with only the SM top-quark contribution taken
into account for computing Cg.

For the numerical evaluation of σSI, we use micrOMEGAs [34, 35] in which the relation
between the heavy quark coefficients and the light ones are modified by QCD corrections. This
amounts to taking
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The results for σSI versus the DM mass and for different B(H → invisible) are displayed in
Fig. 8 for a Majorana fermion (left panel)4 and a real scalar (right panel) assuming CU = CD =
CV = 1. As can be seen, for a Majorana fermion the current XENON100 limits [36] exclude,
for example, B(H → invisible) > 0.4 when 46 GeV < mχ < mH/2. For scalar DM, the cross
sections are larger, and XENON100 excludes B(H → invisible) > 0.4 for mφ � 15 GeV. These
limits become much stronger when CU and/or CD are large provided they have the same sign.
Further, these limits become stronger when we include a non-zero value of ∆Cg. For example,
for ∆Cg = 1 we find that σSI increases by a factor 1.8 as compared to the case ∆Cg = 0 for any
given value of B(H → invisible). This increase is due in part to the new contribution in eq. (4)
and in part because a larger coupling of the DM to the Higgs is necessary to maintain a constant
value of B(H → invisible). Note that imposing universality of quark couplings to the Higgs

4For a Dirac fermion, the cross sections are a factor 1/2 smaller.
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Higgs vs détection directe

• En supposant  couplages Higgs MS + invisible : la limite 
Brinv~20% des fits globaux plus contraignant que recherche 
directe  pour MN fermionique et comparable pour MN 
scalaire
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Figure 8: σSI as a function of the mass of the DM particle, for B(H → invisible) =
0.2, 0.4, 0.6, 0.8 (from bottom to top) for the case of a Majorana χ (left panel) or a real scalar
φ (right panel) when CU = CD = CV = 1 and ∆Cg = ∆Cγ = 0, i.e. a SM Higgs plus invisible
decays. The red dashed curves show the XENON100 exclusion limit.

has an impact on our predictions for σSI since all quark flavors contribute to this observable,
whereas universality plays basically no role for Higgs decays as only the third generation is
important.

When CU < 0 and CD > 0, corresponding to the best fit for case 3), there is a destructive
interference between the u-type and d-type quark contributions such that σSI is much below
the current limit. Note however that a negative sign of CU would require that mt is induced
dominantly by the vev of a Higgs boson which is not the Higgs boson considered here; if such
a Higgs boson also couples to dark matter it could then contribute significantly to the SI cross
section. Without a complete model for the Higgs sector it is therefore difficult to make generic
predictions in this case.

When the DM candidate is a Dirac fermion and one assumes the same amount of matter
and anti-matter in the early universe, the results for σSI are simply a factor 1/2 lower then those
obtained in the Majorana case. However if this fermion also couples to the Z, this gives an
additional positive contribution to σSI, thus leading to stronger constraints from direct detection
experiments. Similar arguments hold for the case of a complex scalar, as compared to a real
scalar.

5 Conclusions

Assuming that the 125 GeV state observed at the LHC is, indeed, a Higgs boson a very
important question is whether or not it has decays to non-SM particles that escape undetected.
Truly invisible decays include, for instance, H → LSP+LSP (the LSP being the lightest su-
persymmetric particle in R-parity conserving supersymmetry and a DM candidate) while un-
detected, but not intrinsically invisible, decays are typified by H → AA where A is a light

10
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Résumé - couplages du Higgs
• Les mesures actuelles sont compatibles avec un Higgs 

standard, mais
– CU< 0 pas encore exclus  
– CU~0, Cg>1 possible  (mesure tth nécessaire)
– meilleur fit, Cγ >1 (e.g. contribution de nouvelles 

particules chargées - sans couleur)

• Impact sur la physique au-delà du modèle standard 
(BSM)
– multi-Higgs
– Nouvelles particules boucles
– SUSY
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Unitarité

• Corrections de quelques % à  CW -> violation 
d’unitarité pour WW-> WW à quelques TeV

• Pas problème d’unitarité si élargit secteur Higgs : par 
exemple 2 doublets ou doublet+ singlet. 27

where s, t are the Mandelstam variables [the c.m. energy s is the square of the sum of

the momenta of the initial or final states, while t is the square of the difference between

the momenta of one initial and one final state]. In fact, this contribution is coming from

longitudinal W bosons which, at high energy, are equivalent to the would–be Goldstone

bosons as discussed in §1.4. One can then use the potential of eq. (1.57) which gives the

interactions of the Goldstone bosons and write in a very simple way the three individual

amplitudes for the scattering of longitudinal W bosons

A(w+w− → w+w−) = 2
M2

H

v2
+

(
M2

H

v

)2 1

s − M2
H

+

(
M2

H

v

)2 1

t − M2
H

(1.132)

which after some manipulations, can be cast into the result of eq. (1.131) given previously.

•

W−

W+ W−

W+

• •H
•

•
H

Figure 1.13: Some Feynman diagrams for the scattering of W bosons at high energy.

Thus, in the scattering of W bosons when MH # MW , the cross section σ(W+W− →
W+W−) $ σ(w+w− → w+w−) will increase with the center of mass energy s until unitarity

violated. To see this explicitly, we decompose first the scattering amplitude A into partial

waves a! of orbital momentum "

A = 16π
∞∑

!=0

(2" + 1)P!(cos θ) a! (1.133)

where P! are the Legendre polynomials and θ the scattering angle. Since for a 2× 2 process,

the cross section is given by dσ/dΩ = |A|2/(64π2s) with dΩ = 2πdcos θ, one obtains

σ =
8π

s

∞∑

!=0

∞∑

!′=0

(2" + 1)(2"′ + 1)a!a!′

∫ 1

−1

d cos θP!(cos θ)P!′(cos θ)

=
16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.134)

where the orthogonality property of the Legendre polynomials,
∫

d cos θP!P!′ = δ!!′ , has

been used. The optical theorem tells us also that the cross section is proportional to the

imaginary part of the amplitude in the forward direction, and one has the identity

σ =
1

s
Im [ A(θ = 0) ] =

16π

s

∞∑

!=0

(2" + 1)|a!|2 (1.135)
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Figure 1. The cross section for W+W− → W+W− as a function of the CM energy, on imposition
of a cut 10◦ ≤ θ ≤ 170◦ on the scattering angle. The left (right) panels refer to unpolarized and
W+

L W−

L → W+
L W−

L scattering respectively. The individual curves refer to different values of the
WWh coupling gW as normalized to the SM value (see Eq. 1.1).

importance as the deviations δgW,Z in the fits F2 and F3 are relatively small and could

shrink further once more data is taken into account.

3.2 Unitarity and gt

As already mentioned, of the SM particles, the Higgs couples with an unsuppressed strength

only to the weak gauge bosons and the top. We have already discussed the consequences of

deviations to the former and, now, concentrate on the latter. In analogy to the discussion in

the preceding section, this coupling plays a crucial role in processes such as W+W− → tt̄,

to which the following diagrams contribute:

W+

W−

t

t̄

k1

k2

k3

−k4

γ, Z

W+

W−

t

t̄

k1

k2

k3

−k4

W+

W−

t

t̄

k1

k2

k3

−k4
h

b

Figure 2. Diagrams contributing to the process W+W− → tt̄.

As can be ascertained from arguments mirroring those in the preceding section, the

amplitude that grows most strongly with energy pertains to W+
L W−

L annihilation to tt̄.

Indeed, the Higgs diagram contribution goes as Mh ∝ gt gW mt
√
s/m2

W for
√
s & mt.

If the coupling gt deviates from the SM value, the cancellation of the leading term with

the non-Higgs diagrams would be imperfect and the amplitude would grow with energy,

thereby violating the Froissart bound at some scale. While it may be argued that it is

only the combination gt gW that comes into play, note that the δgW needed for the fits

can neither compensate for the required δgt nor is such a large deviation consistent with

WW scattering. Similarly, large deviations in the Wtb vertex can be ruled out from the

measurements of single-top production at the Tevatron [15] and the LHC [16], as well as

from B physics observables such as the mass difference of neutral B meson eigenstates.

– 7 –
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Exemple: Deux doublets Higgs

• Deux paramètres libres 
– α (mélange Higgs) 
– tanβ (vu/vd)

• Meilleur fit tanβ ~0.24

• Possibilité H ~125 GeV 
( hZZ couplage réduit 
25%MS - OK avec LEP)

28

Type I and II Type I Type II

Higgs VV up quarks down quarks & up quarks down quarks &

leptons leptons

h sin(β − α) cosα/ sin β cosα/ sin β cosα/ sin β −sinα/ cos β
H cos(β − α) sinα/ sin β sinα/ sin β sinα/ sin β cosα/ cos β
A 0 cot β − cot β cot β tan β

Table 6: Tree-level vector boson couplings C
hi
V (V = W,Z) and fermionic couplings C

hi
F nor-

malized to their SM values for the Type I and Type II two-Higgs-doublet models.

3.2 Two-Higgs-Doublet Model

So far our fits have been model-independent, relying only on the Lagrangian structure of

Eq. (2). Let us now turn to the concrete examples of Two-Higgs-Doublet Models (2HDMs) of

Type I and Type II. In both cases, the basic parameters describing the coupling of either the

light h or heavy H CP-even Higgs boson are only two: α (the CP-even Higgs mixing angle)

and tan β = vu/vd, where vu and vd are the vacuum expectation values of the Higgs field that

couples to up-type quarks and down-type quarks, respectively. The Type I and Type II models

are distinguished by the pattern of their fermionic couplings as given in Table 6. The SM limit

for the h (H) in the case of both Type I and Type II models corresponds to α = β − π/2
(α = β). In our discussion below, we implicitly assume that there are no contributions from

non-SM particles to the loop diagrams for Cγ and Cg. In particular, this means our results

correspond to the case where the charged Higgs boson, whose loop might contribute to Cγ, is

heavy.

The results of the 2HDM fits are shown in Fig. 9 for the case that the state near 125 GeV

is the lighter CP-even h. The figure also applies for the case of the heavier H being identified

with the ∼ 125 GeV state with the replacement rules given in the figure caption.
3
Note that

the convention CV > 0 implies sin(β−α) > 0 for the h and cos(β−α) > 0 for the H. Moreover,

the requirement tan β > 0 restricts β ∈ [0, π/2]. The best fit values and 1σ ranges for α and β,
together with the corresponding values for CU , CD, CV , Cg and Cg, are listed in Table 7. These

numbers are again for the case of h being the state near 125 GeV. Replacing h by H amounts

to a shift in α → α+ π/2; thus we find α = 6.07
+0.09
−0.08 (cosα = 0.98± 0.02) for the 2HDM-I and

α = 6.14
+0.15
−0.14 (cosα = 0.99

+0.01
−0.03) for the 2HDM-II, while the values for tan β, CU , CD, CV , etc.

do not change.

Note that for both the Type I and the Type II model, the best fits are quite far from the SM

limit in parameter space. In particular, since we do not include any extra loop contributions

to Cγ, we end up with negative CU close to −1 as in Fit II. Demanding CU > 0 (i.e. cosα > 0

for h, sinα > 0 for H), one ends up in a long ‘valley’ along the decoupling limit where the

Higgs couplings are SM like, see Fig. 9; this is however always more than 2σ away from the

best fit. Furthermore, solutions with very small tanβ < 1 are preferred at more than 2σ. Since
such small values of tan β are rather problematic (in particular tan β < 0.5 is problematical

3Since the ∼ 125 GeV state clearly couples to WW,ZZ we do not consider the case where the A is the only
state at ∼ 125 GeV. We also do not consider the cases where the ∼ 125 GeV peak comprises degenerate (h,H),
(h,A) or (H,A) pairs.
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Figure 9: 2HDM fits for the h in the Type I (left) and Type II (right) models. The upper row

shows the fit results in the β − π/2 vs. α plane, while the lower row shows the sin β vs. cosα
plane. The dashed lines indicate the SM limit. The same results are obtained for the heavier

H with the replacements β − π/2 → β and α → α + π/2 (sin β → − cos β, cosα → sinα).

for maintaining a perturbative magnitude for the top-quark Yukawa coupling) we also give in

Table 7 the corresponding fit results requiring tanβ > 1. These results come quite close to the

SM limit, and accordingly have a χ2
min of about 19–20 (recall that for the SM we find χ2 � 20.2).

2HDMs with tan β > 1 hence do not provide a better fit than the SM itself.

A couple of more comments are in order. First, an important question that we leave for

future work is whether other — e.g. stability, unitarity, perturbativity (SUP) and precision

electroweak (PEW) — constraints are obeyed at the best-fit points, or the 68% CL regions.

Here we just note that according to Fig. 1 of [70], the SUP and PEW constraints do not seem

problematic for Type II, but may play a role for Type I models at low tanβ.
Second, the best fits correspond to very small tanβ (small β) values that are potentially

constrained by limits from B-physics, in particular from ∆MBs and Z → bb̄ . The B-physics

constraints are summarized in Figs. 15 and 18 of [71] for Type II and Type I, respectively.

Figure 18 for Type I places a lower bound on tan β as a function of the charged Higgs mass

which excludes small tanβ < 1 unless the charged Higgs is very heavy, something that is

possible but somewhat unnatural. Figure 15 for Type II places a substantial lower bound on

the charged Higgs mass for all tan β, but such a constraint does not exclude the 68% CL region.
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Fit 2HDM-I 2HDM-II 2HDM-I, tan β > 1 2HDM-II, tan β > 1

α [rad] 4.50
+0.09
−0.08 4.56

+0.15
−0.14 5.37

+1.11
−0.13 6.28

+0.17
−0.83

β [rad] 0.24
+0.07
−0.10 0.17

+0.12
−0.17 [π/4, π/2] 1.56

+0.01
−0.78

cosα −0.21
+0.09
−0.08 −0.15

+0.15
−0.13 0.61

+0.39
−0.11 1.00−0.67

tan β 0.24
+0.08
−0.10 0.17

+0.13
−0.17 [1, +∞[ [1, +∞[

CU −0.90
+0.17
−0.19 −0.87

+0.12
−0.13 0.87

+0.17
−0.15 1.02

+0.05
−0.07

CD −0.90
+0.17
−0.19 1.00−0.01 0.87

+0.17
−0.15 0.94

+0.13
−0.11

CV 0.90± 0.07 0.95
+0.05
−0.12 0.99

+0.01
−0.04 1.00−0.05

Cγ 1.37
+0.09
−0.10 1.44

+0.08
−0.13 1.03−0.06 1.01

+0.01
−0.09

Cg 0.90
+0.19
−0.16 0.92

+0.13
−0.11 0.87

+0.16
−0.15 0.99

+0.08
−0.04

χ2
min 12.20 11.95 19.43 19.88

Table 7: Summary of fit results for the h in 2HDMs of Type I and Type II.

Third, we remind the reader that in the 2HDMs, the soft Z2-symmetry-breaking m
2
12 and

the other Higgs masses (Mh, MH and MA) are independent parameters. It is thus possible to

have either Mh or MH ∼ 125 GeV without violating constraints from direct searches for the

charged Higgs whose mass is related to mA. However, in the case of MH ∼ 125 GeV, one has

to avoid the LEP limits for the lighter h, which severely constrain the h coupling to ZZ in case

of Mh < 114 GeV [72]. So either Mh � 114 GeV for MH ≈ 125 GeV, or sin
2
(β − α) needs to

be small (e.g. sin2
(β − α) � 0.3 for Mh ≈ 100 GeV, or sin

2
(β − α) � 0.1 for Mh < 90 GeV).

The ∆χ2
distributions of sin

2
(β − α) for Type I and Type II with MH ∼ 125 GeV are shown

in Fig. 10. Interestingly, around the best fit the h coupling to ZZ is sufficiently suppressed to

allow for Mh of the order of 100 GeV (or lower in Type II).
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Figure 10: ∆χ2
distribution of sin

2
(β − α) in the Type I (left) and Type II (right) models for

the case that H is the observed state near 125 GeV.
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UED
• Modèle une dimension supplémentaire compactifié S1/Z2
• paramètres R-1, mh, Lambda
• A chaque particule MS -> particules de KK
• niveau n : toutes les particules ont masse~n/R (à l’arbre)
• Contributions particules KK dans la boucle : même signe que standard

– ggh : augmente
– hγγ : diminue 
– hWW = MS

29
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2 Higgs production and decay

For low and intermediate mh, the most important Higgs
production process at the LHC is gluon-gluon fusion. The
lowest order Feynman diagram contributing to this process
is the one shown in Fig. 1 (top), with quarks running in the
triangle loop. For low mh, Higgs decay to two photons is
the most important channel due to its small background. In
Fig. 1 (bottom), two leading order contributions are shown.
There are actually many other one-loop diagrams involving
W± bosons that are not shown; for the full details see [5].
But essentially there is tension between the quark/lepton
(dominated by the top quark) and the W contributions to
the decay, with the W contribution being dominant in the
SM.

q

g

g

h

W±

γ

γ

h q, �±

γ

γ

h

Fig. 1. Representative diagrams involved in Higgs production by
gluon fusion (top) and subsequent decay to photons (bottom).

In MUED, KK particles can also flow in the loops.
These enhance each of the diagrams shown. The rate of
Higgs production is therefore increased relative to the SM.
The opposing fermion and W contributions to the diphoton
decay are each enhanced, but the fermion enhancement is
greater than the W and so the partial decay width to pho-
tons is decreased for most of the relevant (mh,R−1) param-
eter space. The matrix elements for production and decay
both take the form

M = M̃ ×



m2
h

2
gµν − pνqµ


 �µ�ν,

where the � four-vectors are gluon or photon polarisations.
We have approximated external particles as being on shell.
The scalar parts M̃ of the matrix elements for g, g→ h and
h→ γ, γ are plotted in Fig. 2 (top and middle) as multiples
of the SM values for various values of mh and R−1.

We used our own implementation of the MUED model
in the LanHEP and CalcHEP software packages in order to
calculate these matrix elements and, later, cross-sections.
Unlike other implementations, ours includes the effects of
radiative corrections to KK particle masses at one-loop be-
cause these corrections play a vital role due to the highly-
degenerate tree-level MUED mass spectrum [6]. Our model
also includes two-loop SM corrections to the ggh and hγγ

vertices that can be as large as 50 % of the leading order
values, although these cancel in the ratios plotted in Fig. 2.
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Fig. 2. Ratios of the scalar parts of matrix elements for Higgs
production and decay, where R = M̃MUED/M̃SM. For each graph,
on the RHS, from top to bottom, the curves represent R−1 values
of 500, 750, 1000, 1250 and 1500 GeV.

Overall, the enhancement of the Higgs production am-
plitude is greater than the suppression of the Higgs de-
cay to two photons and so the MUED cross-section for
gg → h → γγ is always enhanced relative to the Standard
Model’s. This is shown the bottom graph in Fig. 2. This
means that our model is more sensitive to experimentally-
determined Higgs mass limits that the SM and this sensi-
tivity can be used to constrain the parameter space further.

In addition to gg → h → γγ, we also looked at gg →
h → W+W−, which is particularly important in the inter-
mediate Higgs mass range. The gluon fusion part of the
process is enhanced as before, but decay to two Ws can

Contribution of KK particles in the loop same sign as SM

production : enhanced
interference top/W : some reduction in two-photon width
hWW partial width =SM --> signal enhanced 
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• Couplage du Higgs --> Limite 
inférieure sur R-1

– R(ggγγ)  > 1
– R(WWγγ) < 1
– R(ggWW) > 1   

– prévoit amélioration de 
limite sur R-1 avec toutes 
données 8 TeV

30

• CMS+ ATLAS limits-->

4
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proceed via a tree-level diagram so KK particles have no
leading order effect on the decay part.

3 Limits on parameter space
We looked at the latest ATLAS and CMS SM Higgs searches
and reinterpreted the analyses for MUED. The results of
the searches are expressed in terms of µ ≡ σ95%/σSM,
where σ95% is the cross-section for a particular Higgs pro-
duction and decay process that has currently been ruled
out at the 95 % confidence level, and σSM is the SM cross-
section for that same process.

One can place limits on MUED by calculating µMUED =
σMUED/σSM for different values of (mh,R−1) and seeing
whether it is larger than the existing limit. We used the
latest limits shown in Fig. 3 of [7] for ATLAS and Fig. 6
(top) of [8] for CMS. We combined the limits from the two
experiments statistically for each of channels of interest
(diphoton and W+W−) using

µcomb =




1
µ2

ATLAS
+

1
µ2

CMS



− 1

2

.

This does not take into account systematic errors but it
does give a good estimate of the combination in lieu of
the official combination from ATLAS and CMS.
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Fig. 3. Regions of MUED parameter space ruled out at the 95 %
confidence level by combination of ATLAS and CMS Higgs
searches using the diphoton (red) and W+W− (blue) channels.

The parameter space ruled out by the Higgs search data
is shown in Fig. 3. All of the parameter space for mh >
111 GeV is ruled out except for a small region around
125 GeV – this is due to the excess of events observed
by ATLAS and CMS recently in this region.

For completeness, in Fig. 4 we show the limits on the
MUED parameter space from the Higgs analysis presented
here together with existing limits from other constraints. In
addition to those constraints described in Section 1, elec-
troweak precision fits from LEP prefer a Higgs with a mass
in the window delineated on the graph by the two blue hy-
perboloids.

What is left is a very narrow region of parameter space
with mh around 125 GeV and 700 GeV < R−1 < 1600 GeV.
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Fig. 4. Constraints on parameter space. Purple and pink show
regions ruled out by DM considerations. Gold denotes the region
excluded by the Higgs search analysis presented here and also the
existing LEP2 limit. Points between the blue hyperboloids agree
with LEP EW precision fits to a 95 % confidence level.

4 Conclusions

We have used the latest ATLAS and CMS Higgs search
data to constrain the parameter space of MUED. We have
improved on an earlier analysis by including the effects of
the KK modes on the Higgs decay to two photons and by
also including the radiative corrections to the KK masses.
Full details will be given in [5].

We eagerly await the official limit combination from
ATLAS and CMS, although details of the combination will
become moot (for our purposes!) if the 125 GeV excess
goes away when extra data is collected in 2012. If this hap-
pens, we will be able to rule out MUED completely at the
3σ limit by the end of the year. If the excess remains and
we discover the Higgs there, this should allow us to make
a prediction as to the value of R−1.
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leading order effect on the decay part.
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FIG. 5: The variation with respect to R−1 of the mUED cross-sections for gg → h → γγ (top), gg → h →

W+W−/ZZ (middle) and W+W−/ZZ → h → γγ (bottom) channels relative to the SM for mh = 125 GeV.
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MSSM
• Un Higgs de masse 125GeV nécessite réglage fin  mais 

possible avec grand mélange des stops (e.g. Hall et al, 
1112.2703)

• Deux doublets + nouvelles particules dans boucle
• Dans la limite du découplage  (grand mA) : couplages à l’arbre 

du  Higgs aux particules MS,  CU,CV,CD~1

• Boucles : possibilité de  corrections importantes des particules 
SUSY légères
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The virtuality of the final state gauge boson allows to kinematically open this type of decay

channels in some other cases where they were forbidden at the two–body level

H → AZ∗ → A(H)f f̄ , H → H±W±∗ → H±f f̄ ′ , H± → AW±∗ → Aff̄ ′

A → HZ∗ → Hff̄ , A → H±W±∗ → H±f f̄ ′ , H± → HW±∗ → Hff̄ ′ (2.22)

At low tan β values, the branching ratio for some of these decays, in particular H± → AW ∗,

can be sizable enough to be observable.

Finally, let us note that the direct radiative corrections to the H± → AW decays have

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except

when the tree–level partial widths are strongly suppressed; however, the total tree–level plus

one–loop contribution in this case, is extremely small and the channels are not competitive.

The same features should in principle apply in the case of H± → hW and A → hZ decays.

2.1.3 Loop induced Higgs decays

The γγ and γZ couplings of the neutral Higgs bosons in the MSSM are mediated by charged

heavy particle loops built up by W bosons, standard fermions f and charged Higgs bosons

H± in the case of the CP–even Φ = h, H bosons and only standard fermions in the case of

the pseudoscalar Higgs boson; Fig. 2.8. If SUSY particles are light, additional contributions

will be provided by chargino χ±
i and sfermion f̃ loops in the case of the CP–even Higgs

particles and chargino loops in the case of the pseudoscalar Higgs boson.

•
h, H

W

γ(Z)

γ

• f, χ±
i

h, H, A
γ(Z)

γ

•
h, H

f̃ , H±

γ(Z)

γ

Figure 2.8: Decays of the h, H, A bosons into two photons or a photon and a Z boson.

In the case of the gluonic decays, only heavy quark loops contribute, with additional

contributions due to light squarks in the case of the CP–even Higgs bosons h and H ; Fig. 2.9.

• Q
h, H, A

g

g

•
h, H

Q̃

g

g

Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons.

In this subsection, we will discuss only the contributions of the SM and H± particles,

postponing those of the SUSY particles, which are assumed to be heavy, to the next section.
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• Contribution stop peut être importante
– Djouadi, PLB345(98) 101

–  
– grand mélange : stop interférence destructive avec top
– Avec mh=125GeV : suppression de ggh  plus importante que  

augmentation de hγγ - Rggγγ <1

•  Rggγγ >1 possible avec  stau léger, (Carena et al 1205.5842) ou chargino 
léger 
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The virtuality of the final state gauge boson allows to kinematically open this type of decay

channels in some other cases where they were forbidden at the two–body level

H → AZ∗ → A(H)f f̄ , H → H±W±∗ → H±f f̄ ′ , H± → AW±∗ → Aff̄ ′

A → HZ∗ → Hff̄ , A → H±W±∗ → H±f f̄ ′ , H± → HW±∗ → Hff̄ ′ (2.22)

At low tan β values, the branching ratio for some of these decays, in particular H± → AW ∗,

can be sizable enough to be observable.

Finally, let us note that the direct radiative corrections to the H± → AW decays have

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except

when the tree–level partial widths are strongly suppressed; however, the total tree–level plus

one–loop contribution in this case, is extremely small and the channels are not competitive.

The same features should in principle apply in the case of H± → hW and A → hZ decays.

2.1.3 Loop induced Higgs decays

The γγ and γZ couplings of the neutral Higgs bosons in the MSSM are mediated by charged

heavy particle loops built up by W bosons, standard fermions f and charged Higgs bosons

H± in the case of the CP–even Φ = h, H bosons and only standard fermions in the case of

the pseudoscalar Higgs boson; Fig. 2.8. If SUSY particles are light, additional contributions

will be provided by chargino χ±
i and sfermion f̃ loops in the case of the CP–even Higgs

particles and chargino loops in the case of the pseudoscalar Higgs boson.

•
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Figure 2.8: Decays of the h, H, A bosons into two photons or a photon and a Z boson.

In the case of the gluonic decays, only heavy quark loops contribute, with additional

contributions due to light squarks in the case of the CP–even Higgs bosons h and H ; Fig. 2.9.
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Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons.

In this subsection, we will discuss only the contributions of the SM and H± particles,

postponing those of the SUSY particles, which are assumed to be heavy, to the next section.
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Vt̃1 t̃1h = +gR
1

MW

{

m2
t + sin θt̃ cos θt̃

(

sin θt̃ cos θt̃(m
2
t̃1
− m2

t̃2
) −

mt µ r

tan β

)

+ M2
Z((2 + r) cos2 β − 1)

(

(
1

2
−

2

3
sin2 θW ) cos2 θt̃ +

2

3
sin2 θW sin2 θt̃

)}

(3.19)

We see that in the limit r " 1 where r is neglected, the t̃1t̃1h very much simplifies. Note

that neglecting the correction due to r, the coupling no longer depends on µ. Notice also

that Eq. 3.19 shows that this correction is reduced as tanβ gets larger. Discarding the r

correction altogether, we end up with a compact formula

Vt̃1 t̃1h #
g

MW

(

sin2(2θt̃)
(m2

t̃1
− m2

t̃2
)

4
+ m2

t

+ M2
Z cos(2β)

(

(
1

2
−

2

3
sin2 θW ) cos2 θt̃ +

2

3
sin2 θW sin2 θt̃

))

(3.20)

We also confirm that the tanβ dependence in the vertex is also hardly noticeable.

Eq. 3.20 makes it clear that even for maximal mixing, sin2 2θt̃ ∼ 1 the contribution of the

stops and that of the top cancel each other thus leading to a very small vertex. The dip

occurs for values of the mixing angle such that:

sin2 2θt̃ #
4m2

t

m2
t̃2
− m2

t̃1

(3.21)

On the other hand when the mixing is negligible, the vertex is accounted for almost

entirely by the top mass and therefore has the same strength as the tth vertex.

The t̃2t̃2h vertex can be obtained from t̃1t̃1h by sin θt̃ ↔ cos θt̃ and mt̃1 ↔ mt̃2 . There-

fore if the t̃2t̃2h and t̃1t̃1h vertices were to be added, the mixing terms do not survive,

as expected since the latter mix the left and right states. This is to be kept in mind.

In situations where the stop masses are of the order of the top mass so that they both

contribute to h → gg or h → γγ, the effect of mixing will, to a large extent, be washed

away.

Already at this point we can attempt to predict the general features in Rggγγ and

Rγγ that will be introduced by large mixing in the stop sector. Consider the large MA

limit where the t̃1t̃1h vertex is most transparent, see Eq. 3.20. Naturally the stop will

contribute if its mass is not too large and if its coupling to the Higgs is also large. When

there is no mixing, only the diagonal m2
t term in Eq. 3.20 will, in both Γ(h → gg) and

Γ(h → γγ), interfere constructively with the top quark contribution. We therefore expect

ggH

2.3 Collider constraints

Since performing the parameter space exploration, new limits from the LHC were announced.
The important limits on the Higgs sector are the ones for h → ττ which constrain the low MA-
large tanβ region of parameter space. Furthermore the new upper limit on BR(Bs → µ+µ−) <
1.08 × 10−8 [66] also constrains the low MA region. We have imposed both these constraints
a posteriori. The impact of the additional constraints from LHC is displayed in Fig. 1 in the
tanβ − MA plane and in the BR(Bs → µ+µ−) − MA plane. The points excluded by either
the Higgs search or BR(Bs → µ+µ−) are coloured in yellow (light grey). One can see that
BR(Bs → µ+µ−) excludes points at lower values of tanβ than the Higgs searches (yellow points
that are below the Higgs exclusion line in Fig. 1 (left panel) while some points that satisfy the
BR(Bs → µ+µ−) limit are constrained by Higgs searches (Fig. 1, right panel). In this plot and
all the following we will use the same color code: the points excluded by collider constraints
are yellow, those excluded by either XENON100 or Fermi-LAT are red and allowed points are
green (dark grey). Note that the scan extends to unnaturally large values of tanβ, however the
special features in the observables we will discuss do not require a very large value of tanβ.

Figure 1: Left: Allowed points in the tanβ vs. MA plane in green (dark grey). The exclusion
limit from CMS [3] (full line) is also displayed. Right: Allowed points in the BR(Bs → µ+µ−)
vs. MA plane. The exclusion limit from CMS and LHCb [66] (dotted line) is also displayed.
In yellow, points excluded by collider constraints (Higgs and BR(Bs → µ+µ−)), in red those
excluded by astrophysical constraints (XENON100 and Fermi-LAT).

3 Higgs observables

The mass of the light Higgs in the MSSM scenarios that we consider is always below 130GeV
thus the most important detection channel is in the two-photon channel. In this mass range, the
light Higgs is predominantly produced in gluon fusion, thus we define the ratio of the production
times branching ratio of the MSSM to the SM,

Rggγγ =
σ(gg → h)MSSMBR(h → γγ)MSSM

σ(gg → h)SMBR(h → γγ)SM
(1)

Note that σ(gg → h) is taken to be proportional to Γ(h → gg) even though QCD corrections
are different for the two processes. We assume that the effect of QCD corrections cancels out

5
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MSSM

• Fit pMSSM + couplages 
Higgs ATLAS (2012)

• Avec particules SUSY et Higgs2  
de quelques centaines de GeV : 
couplages du Higgs à peu près 
standard

33

2.1 SUSY corrections to the Higgs rates

In general, deviations of the µ signal strength ratios from their SM values may be due to modi-

fications of either the decay branching fractions or the relevant production cross sections, or to

both. In order to disentangle these effects, it is important to conduct analyses where the same

decay channel is studied in different production processes, such as gluon–gluon fusion gg → h,
associated production with a gauge boson (VH) or forward jets (VBF). The ATLAS collabo-

ration published a first attempt to separate the contribution of the VBF and VH production

from gg → h in the h → γγ channel [1]. The confidence level (C.L.) contours obtained in the

analysis are compared in Figure 2 to the distribution for all the accepted pMSSM points and

to those selected within the 90% C.L. with the Higgs results from the χ2
probability analysis.

Figure 2: µ values in the h → γγ channel for associate VBF and VH production vs. gg → h. The

dots in dark grey show the accepted pMSSM points and those in light green the points which agree

at 90% C.L. with the constraints of Table 1. The contours give the results obtained by the ATLAS

experiment (adapted from Ref. [1]).

The h decay branching fractions may be modified by a change of the h total decay width.

Since the dominant decay mode for a ∼126 GeV lightest h boson is h → bb̄, a change of the

effective hbb̄ coupling by direct vertex corrections, through the ∆b correction that grows as

µ tan β, results in an anti-correlated variation of the branching fractions of all the other modes

compared to that in bb̄. The reduction of the h → bb̄ decay width, away from the decoupling

regime MA � MZ , occurs in a non-trivial way. The radiative corrections to the mixing angle

α in the CP–even Higgs sector strongly affect the hbb̄ coupling, ghbb̄ = − sinαeff/ cos β. While

in the decoupling limit we expect tanαeff → −1/ tan β making ghbb̄ to become SM–like, there

is a combination of parameters which realises the so–called “vanishing coupling” regime [23]

in which αeff → 0. In this case, (tanαeff tan β) becomes very small and when µ is positive,

we obtain an additional reduction of the hbb̄ coupling by a factor ≈ 1 − ∆b/(tanαeff tan β).
This combination of parameters leads to a reduction of the decay rate

1
for h → bb̄ thereby

enhancing all other channels, including h → γγ. This would explain a possible excess in the

γγ channel without any modification of the gg → h production rate or the h → γγ branching

1
Note that in this small αeff scenario, the rate for the h → τ+τ− channel will also be suppressed since

ghττ ∝ − sinαeff/ cosβ. In turn, there is no significant change by ∆τ corrections, that are similar to ∆b for the

electro-weak part but much smaller (they are now included in the program HDECAY 5.0 [20]).

5
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  Un autre higgs léger?
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Résultats du LEP
• Petit excès pour  e+e--> Zbb (~2sigma) au LEP  avec 

Mh~98GeV. 
• Compatible avec la limite Mh>114 GeV si  couplage au  ZZ 

plus faible que dans le MS, seulement 0.1-0.25
• Pourrait-être un deuxième Higgs h’?
• Mélange entre h’ et h modifie les propriétés de h, e.g. 

mélange avec  h’ peut modifier  hbb, donc largeur totale et 
Br(h-XX) 

– Br(h-> XX) ~ Γ(h-> XX)/Γ(h->bb)
• Dans le cadre du MSSM : Heinemeyer et al, 1112.3026; Hagiwara et 

al, 1207.0802;  Drees, 1210.6507; Bechtle et al, 1211.1955
• Ici considère le NMSSM 

35
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NMSSM
• MSSM + un superchamp singlet

•  paramètre µ relié à vev du singlet
– naturellement à l’échelle electrofaible 

• secteur Higgs : 3 CP-pair, 2 CP-impair+ Higgs chargé
– phénoménologie plus riche que MSSM
– un singlet scalaire + un singlet pseudoscalaire 

• Aussi 5eme neutralino -> singlino 
–  influence propriétés de la matière noire 

36

mass parameter. Obviously, the larger tanβ or MS is, the heavier h becomes, and for given

MS, mh reaches its maximum when Xt/MS =
√
6, which corresponds to the so-called mmax

h

scenario.

About Eq.(3), three points should be noted [18]. The first is this equation is only valid

for small splitting between mt̃1 and mt̃2 . In case of large splitting, generally Xt/MS >
√
6

is needed to maximize mh. The second is m2
h in Eq.(3) is symmetric with respect to the

sign of Xt. This behavior will be spoiled once higher order corrections are considered, and

usually a larger mh is achieved for positive AtM3 with M3 being gluino soft breaking mass.

And the last is in Eq.(3), we do not include the contributions from the sbottom and slepton

sectors. Such contributions are negative and become significant only for large tanβ.

Compared with the MSSM, the Higgs sector in the NMSSM is rather complex, which can

be seen from its superpotential and the corresponding soft-breaking terms given by [12]

WNMSSM = WF + λĤu · ĤdŜ +
1

3
κŜ3, (4)

V NMSSM
soft = m̃2

u|Hu|2 + m̃2
d|Hd|2 + m̃2

S |S|2 + (AλλSHu ·Hd +
Aκ

3
κS3 + h.c.). (5)

Here WF is the superpotential of the MSSM without the µ term, the dimensionless param-

eters λ and κ are the coefficients of the Higgs self couplings, and m̃u, m̃d, m̃S, Aλ and Aκ

are the soft-breaking parameters.

After the electroweak symmetry breaking, the three soft breaking masses squared for

Hu, Hd and S can be expressed in terms of their VEVs (i.e. vu, vd and s) through the

minimization conditions of the scalar potential. So in contrast to the MSSM where there

are only two parameters in the Higgs sector, the Higgs sector of the NMSSM is described

by six parameters [12]:

λ, κ, M2
A =

2µ(Aλ + κs)

sin 2β
, Aκ, tanβ =

vu
vd

, µ = λs. (6)

The Higgs fields can be written in the following form:

H1 =





H+

S1+iP1√
2



 , H2 =





G+

v + S2+iG0
√
2



 , H3 = s+
1√
2
(S3 + iP2) , (7)

where H1 = cos βHu − ε sin βH∗
d , H2 = sin βHu + ε cosβH∗

d with ε12 = ε21 = −1 and

ε11 = ε22 = 0, G+ and G0 are Goldstone bosons and v =
√

v2u + v2d. In the CP-conserving

NMSSM, the fields S1, S2 and S3 mix to form three physical CP-even Higgs bosons, and P1

4
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NMSSM: la masse du Higgs
• Masse du Higgs léger  : nouvelle  contribution à l’arbre
• Repousse limite supérieure        mh2  <
• surtout pour  petit tanβ
• Plus facile d’obtenir  125GeV même sans corrections des stop, 

il faut λ ~1 (Ellwanger et al JHEP1109.105; Hall et al 1112.2703)

• Reglage fin réduit (Ellwanger et al 1107.2472)
• Mélange doublet singlet - le Higgs le plus léger peut  satisfaire 

les limites du LEP
• Mélange doublet singlet - peut réduire hbb et augmenter        

Br(h->2 photons)  -  grand λ ,  petit tanβ 
– Ellwanger, 1012.1201,1112.3548
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An approximate formula for the mass MSM of the SM-like Higgs scalar in the NMSSM
in the limit κs ! |Aκ|, |Aλ| (corresponding to a heavy singlet-like scalar), including the
dominant top/stop radiative corrections, is given by

M2
SM " M2

Z cos2 2β + λ2v2 sin2 2β −
λ2

κ2
v2(λ− κ sin 2β)2

+
3m4

t

4π2v2

(
ln

(
m2

T

m2
t

)
+

A2
t

m2
T

(
1−

A2
t

12m2
T

))
(3.2)

where v is defined in (2.12), the soft SUSY breaking stop masses squared in (2.36) are
assumed to satisfy m2

T ∼ m2
Q3

! m2
t , At is the stop trilinear coupling assumed to satisfy

|At| ! mt, µeff; the terms ∼ λ2 are specific to the NMSSM, and the last term in the first
line originates from the mixing with the singlet-like scalar. In the MSSM, where λ = 0,
the LEP bound on MSM implies that tan β has to be large such that cos 2β ∼ 1, mT above
∼ 300 GeV for maximal mixing (A2

t ∼ 6m2
T , maximising the second line in (3.2)), or

>∼ 1 TeV otherwise.
In order to maximise MSM in the NMSSM, λ should be as large as possible, and tanβ

should be small in order to avoid a suppression from sin2 2β. (As discussed before, λ is
bounded from above by λ <∼ 0.7 − 0.8 if one requires the absence of a Landau singularity
below the GUT scale.) However, the negative contribution from the mixing with the singlet-
like scalar should vanish; without neglecting Aλ, the relevant mixing term is proportional
to (λ− sin 2β(κ + Aλ/(2s)))2 [104]. If this expression is not small, a larger value of λ can
even generate a decrease of the mass of the Higgs scalar with SM-like couplings to the Z
boson in the NMSSM.

The resulting upper bound on the lightest CP-even Higgs mass in the NMSSM has been
studied in the leading log approximation in [82–84,103,105–109]. Full one-loop calculations
of the corresponding upper bound involving top/bottom quark/squark loops have been
carried out in [72, 85, 86, 110–117]. (Analyses at large values of tan β have been performed
in [118–120], and upper bounds for more general supersymmetric Higgs sectors have been
considered in [121–123].)

At present, additional known radiative corrections to the Higgs mass matrices in the
NMSSM include MSSM-like electroweak together with the NMSSM-specific Higgs one-loop
contributions [124, 125] and dominant two-loop terms [73, 87, 125–127]. In order to discuss
these in detail, it is convenient to separate the quantum corrections involving scales Q2

with Q2 >∼ M2
SUSY from those with scales Q2 <∼ M2

SUSY.
The result of the quantum corrections with Q2 >∼ M2

SUSY is still a supersymmetric
effective Lagrangian (including soft SUSY breaking terms), where all running parameters
(couplings and masses) are defined, within a given subtraction scheme, at the scale Q2 ∼
M2

SUSY. (If desired, the parameters at the scale Q2 can be obtained in terms of parameters
at a higher scale with the help of the RGEs.) Subsequently, the quantum corrections with
Q2 <∼ M2

SUSY (i. e. with an ultraviolet cutoff M2
SUSY) have to be evaluated, generating a non-

supersymmetric effective action including an effective Higgs potential, effective couplings
of fermions and wave function normalisation constants. From the effective potential and
couplings one can derive the so-called running masses, which still differ somewhat from the
physical pole masses (the poles of the propagators).

19
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• Peut-on obtenir Mh1~100 + Mh2~125 ?
• NMSSM avec semi-unification des termes de brisure douce à 

l’échelle  de grande unification
–  m1/2,m0,A0, m2Hu,m2Hd,mS, Aλ,Aκ,tanβ

• Inclus contraintes Higgs de NMSSMTools + physique du B, 
MN (limite supérieure WMAP et Xenon100), g-2 
– Gunion, Jiang, Kraml, arXiv:1207.1545

• NB:  g-2 trop petit pour expliquer l’écart observé avec la 
prédiction du MS  

• Calcul de tous les  Rh 

– pour LEP : RVBF(bb)

38
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FIG. 1. Signal strengths (relative to SM repeat) Rh1
V BF (bb) versus R

h2
gg (γγ) for mh1 ∈ [96−100] GeV and mh2 ∈ [123−128] GeV.

Higgs branching ratio to a given final state X, relative to the corresponding value for the SM Higgs boson, as

Rhi
gg
(X) ≡ Γ(hi → gg) BR(hi → X)

Γ(hSM → gg) BR(hSM → X)
, Rhi

VBF(X) ≡ Γ(hi → WW ) BR(hi → X)

Γ(hSM → WW ) BR(hSM → X)
, (1)

where hi is the ith NMSSM scalar Higgs, and hSM is the SM Higgs boson. Note that the corresponding ratio for
V ∗ → V hi (V = W,Z) with hi → X is equal to Rhi

VBF(X). In the context of any two-Higgs-doublet plus singlets model,
not all the Rhi are independent. For example, Rhi

V H
(X) = Rhi

V BF
(X), Rhi

Y
(ττ) = Rhi

Y
(bb) and Rhi

Y
(ZZ) = Rhi

Y
(WW ).

A complete independent set of Rhi ’s can be taken to be (with h = h1 or h = h2)

Rh

gg
(WW ), Rh

gg
(bb), Rh

gg
(γγ), Rh

V BF
(WW ), Rh

V BF
(bb), Rh

V BF
(γγ) . (2)

In order to display the ability of the NMSSM to simultaneously explain the LEP and LHC Higgs-like signals, we
turn to NMSSM scenarios with semi-unified GUT scale soft-SUSY-breaking. By “semi-unified” we mean universal
gaugino mass parameter m1/2, scalar (sfermion) mass parameter m0, and trilinear coupling A0 ≡ At = Ab = Aτ

at the GUT scale, but m2
Hu

, m2
Hd

and m2
S
as well as Aλ and Aκ are taken as non-universal at MGUT. Specifically,

we use points from the scan performed in [6] using NMSSMTools 3.2.0 [7–9]. These scenarios obey all experimental
constraints (including Ωh2 < 0.136 and 2011 XENON100 constraints on the spin-independent scattering cross section)
except that the SUSY contribution to the anomalous magnetic moment of the muon, δaµ, is too small to explain the
discrepancy between the observed value aµ and that predicted by the SM. For a full discussion of the kind of NMSSM
model employed see [5, 6, 10].

We first display in Fig. 1 the crucial plot that shows Rh1
V BF

(bb) versus Rh2
gg
(γγ) when mh1 ∈ [96 − 100] GeV and

mh2 ∈ [123−128] GeV are imposed in addition to the above mentioned experimental constraints. Note that Rh1
V BF

(bb)
values are always smaller than 0.3 by virtue of the fact that the LEP constraint on the e+e− → Zbb channel with
M

bb
∼ 100 GeV is included in the NMSSMTools program. Those points with Rh1

V BF
(bb) between about 0.1 and 0.25

would provide the nicest fit to the LEP excess. (We note again the Rh1
V BF

(bb) is equivalent to Rh1
V h1

(bb) as relevant for

LEP.) A large portion of such points have Rh2
gg
(γγ) > 1 as preferred by LHC data. In all the remaining plots we will

impose the requirements: Rh2
gg
(γγ) > 1 and 0.1 ≤ Rh1

V BF
(bb) ≤ 0.25. To repeat, the Rh2

gg
(γγ) > 1 requirement is such as

to focus on points that could be consistent with the enhanced γγ Higgs signal at the LHC. The 0.1 ≤ Rh1
V BF

(bb) ≤ 0.25
window is designed to reproduce the ∼ 100 GeV reduced Higgs signal seen in LEP data at M

bb
∼ 100 GeV in the Zbb

final state
In Fig. 2, we plot Rh1

gg
(γγ) vs. Rh2

gg
(γγ) and Rh1

V BF
(γγ) vs. Rh2

V BF
(γγ), on the top showing that the h2 can easily

have an enhanced γγ signal in both gg and VBF fusion whereas the γγ signal arising from the h1 for both production
mechanisms is quite small and unlikely to be observable. The bottom row of the figure focuses on the bb final state.
We observe the reduced Rh2

gg
(bb) and Rh2

V BF
(bb) values that are associated with reduced bb width (relative to the SM)

needed to have enhanced Rh2
gg
(γγ) and Rh2

V BF
(γγ). Meanwhile, the Rh1

gg
(bb)and Rh1

V BF
(bb) values are such that the h1
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Signaux du Higgs
• Deux Higgs à 98GeV+125GeV 

• Pour une découverte de Higgs léger dans le canal bb doit 
augmenter la sensibilité du LHC par un facteur 4-10 
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FIG. 1. Signal strengths (relative to SM) Rh1
V BF (bb) versus Rh2

gg(γγ) for mh1 ∈ [96, 100] GeV and mh2 ∈

[123, 128] GeV. In this and all subsequent plots, points with Ωh2 < 0.094 are represented by blue circles

and points with Ωh2 ∈ [0.094, 0.136] (the “WMAP window”) are represented by red/orange diamonds.

muon, δaµ, is too small to explain the discrepancy between the observed value of aµ [16] and that

predicted by the SM. For a full discussion of the kind of NMSSM model employed see [7, 8, 17].

We first display in Fig. 1 the crucial plot that shows Rh1
V BF (bb) versus Rh2

gg (γγ) when mh1 ∈

[96, 100] GeV and mh2 ∈ [123, 128] GeV are imposed in addition to the above mentioned experi-

mental constraints.
3
(In this and all subsequent plots, points with Ωh2 < 0.094 are represented by

blue circles and points with Ωh2 ∈ [0.094, 0.136] (the “WMAP window”) are represented by red and

orange diamonds. These two colors are associated with different LSP masses as will be discussed

below.) Note that Rh1
V BF (bb) values are required to be smaller than 0.3 by virtue of the fact that the

LEP constraint on the e+e− → Zbb channel with Mbb ∼ 98 GeV is included in the NMSSMTools

program. Those points with Rh1
V BF (bb) between about 0.1 and 0.25 would provide the best fit to

the LEP excess. (We note again that Rh1
V BF (bb) is equivalent to Rh1

V h1
(bb) as relevant for LEP.)

A large portion of such points have Rh2
gg (γγ) > 1 as preferred by LHC data. In all the remaining

plots we will impose the additional requirements: Rh2
gg (γγ) > 1 and 0.1 ≤ Rh1

V BF (bb) ≤ 0.25. In

the following, we will refer to these NMSSM scenarios as the “98 + 125 GeV Higgs scenarios”.

To repeat, the Rh2
gg (γγ) > 1 requirement is such as to focus on points that could be consistent

(within errors) with the enhanced γγ Higgs signal at the LHC of order 1.5 times the SM. The

0.1 ≤ Rh1
V BF (bb) ≤ 0.25 window is designed to reproduce the small excess seen in LEP data at

3
Here the Higgs mass windows are designed to allow for theoretical errors in the computation of the Higgs masses.

GB et al, JHEP 2012
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Signal des Higgs

• h1 -> 2-photons faible
• VBF->h2->bb  <1 
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FIG. 2. For the h1 and h2, we plot (top) Rh
gg(γγ) and Rh

V BF (γγ) and (bottom) Rh
gg(bb) and Rh

V BF (bb)

for NMSSM scenarios consistent with the LEP and LHC Higgs excesses. More specifically, in this and all

subsequent plots we only show points that satisfy all the basic constraints specified in the text and that

also satisfy mh1 ∈ [96, 100] GeV, mh2 ∈ [123, 128] GeV, Rh2
gg(γγ) > 1 and Rh1

V BF (bb) ∈ [0.1, 0.25]. These we

have termed the “98+125 GeV Higgs scenarios”. Regarding the WMAP-window points, we refer to the red

diamonds as “region A” and to the orange ones as “region B”.

Mbb ∼ 98 GeV in the Zbb final state.

In Fig. 2, we plot (upper row) Rh1
gg (γγ) vs. Rh2

gg (γγ) and Rh1
V BF (γγ) vs. Rh2

V BF (γγ) and (lower

row) Rh1
gg (bb) vs. R

h2
gg (bb) and Rh1

V BF (bb) vs. R
h2
V BF (bb). In these and all subsequent plots, we only

show points that satisfy all the basic constraints specified earlier and that also satisfy mh1 ∈

[96, 100] GeV, mh2 ∈ [123, 128] GeV, Rh2
gg (γγ) > 1 and Rh1

V BF (bb) ∈ [0.1, 0.25]. The upper plots

show that the h2 can easily have an enhanced γγ signal for both gg and VBF production whereas

the γγ signal arising from the h1 for both production mechanisms is quite small and unlikely to

be observable. Note the two different Rh2
gg (γγ) regions for which Ωh2 lies in the WMAP window,

one with Rh2
gg (γγ) ∼ 1.6 (region A, red diamonds) and the other with Rh2

gg (γγ) ∼ 1.1 (region B,

orange diamonds). As we will show later, region A corresponds to m�χ0
1
∼ 77 GeV and mt̃1 between
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FIG. 2. For the h1 and h2, we plot (top) Rh
gg(γγ) and Rh

V BF (γγ) and (bottom) Rh
gg(bb) and Rh

V BF (bb)

for NMSSM scenarios consistent with the LEP and LHC Higgs excesses. More specifically, in this and all

subsequent plots we only show points that satisfy all the basic constraints specified in the text and that

also satisfy mh1 ∈ [96, 100] GeV, mh2 ∈ [123, 128] GeV, Rh2
gg(γγ) > 1 and Rh1

V BF (bb) ∈ [0.1, 0.25]. These we

have termed the “98+125 GeV Higgs scenarios”. Regarding the WMAP-window points, we refer to the red

diamonds as “region A” and to the orange ones as “region B”.

Mbb ∼ 98 GeV in the Zbb final state.

In Fig. 2, we plot (upper row) Rh1
gg (γγ) vs. Rh2

gg (γγ) and Rh1
V BF (γγ) vs. Rh2

V BF (γγ) and (lower

row) Rh1
gg (bb) vs. R

h2
gg (bb) and Rh1

V BF (bb) vs. R
h2
V BF (bb). In these and all subsequent plots, we only

show points that satisfy all the basic constraints specified earlier and that also satisfy mh1 ∈

[96, 100] GeV, mh2 ∈ [123, 128] GeV, Rh2
gg (γγ) > 1 and Rh1

V BF (bb) ∈ [0.1, 0.25]. The upper plots

show that the h2 can easily have an enhanced γγ signal for both gg and VBF production whereas

the γγ signal arising from the h1 for both production mechanisms is quite small and unlikely to

be observable. Note the two different Rh2
gg (γγ) regions for which Ωh2 lies in the WMAP window,

one with Rh2
gg (γγ) ∼ 1.6 (region A, red diamonds) and the other with Rh2

gg (γγ) ∼ 1.1 (region B,

orange diamonds). As we will show later, region A corresponds to m�χ0
1
∼ 77 GeV and mt̃1 between
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Autres tests du modèle?
• LHC: 

– h1 (bb) avec plus de luminosité
– a1 : léger mais singlet - faible taux 
– a2 : doublet, plus prometteur

• gg->a2-> tt  ( ~0.01pb pour  masse 500 GeV)
• ou   a2-> a1h1 -> 4b 

• gg-> a2, h3 -> ττ
– besoin de plus de luminosité 

– H+ : Br (H+-> h1W ) ~20%

– Higgs dans désintégrations de neutralino 
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FIG. 10. Ca2,h3

d (eff), see Eq. (3), vs. ma2 and mh3 for gg → a2, h3 → τ+τ−.
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FIG. 11. Decay branching ratios of the charged Higgs bosons.

charginos to lighter inos plus a Higgs boson. A brief summary of the results shown is in order. First,

decays to the a1 are not shown since they have very low branching ratios due to the singlet nature of

the a1. The only decay with branching ratio to the a2 above 0.1 is �χ±
2 → �χ±

1 a2 with m�χ±
2
>∼ 1.4 TeV

(beyond LHC reach via electroweak production). In contrast, prospects for the all important h1

are quite good, with BR(�χ0
3, �χ0

4 → �χ0
1h1) and BR(�χ±

2 → �χ±
1 h1) being quite substantial (i.e. > 0.1)

at lower values of m�χ0
3
,m�χ0

4
and m�χ±

2
, respectively. Decays of �χ0

3, �χ0
4, �χ0

5 to �χ0
1h2 are have BR > 0.1

once m�χ0
3
,m�χ0

4
,m�χ0

5
are >∼ 250, 400, 500 GeV, respectively. Similarly, BR(�χ±

2 → �χ±
1 h2) > 0.1 for
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Autres particules du NMSSM
• Autres particules sous TeV : pseudoscalaires, 

neutralino,chargino,stop 
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6

197 GeV and 1 TeV, while the region B corresponds to m�χ0
1
> 93 GeV and mt̃1 > 1.8 TeV. These

same two regions will emerge in many subsequent figures. If Rh2
gg (γγ) ends up converging to a large

value, then masses for all strongly interacting SUSY particles would be close to current limits if

the present 98 + 125 GeV LEP-LHC Higgs scenario applies.

The bottom row of the figure focuses on the bb final state. We observe the reduced Rh2
gg (bb) and

Rh2
V BF (bb) values that are associated with reduced bb width (relative to the SM) needed to have

enhanced Rh2
gg (γγ) and Rh2

V BF (γγ). Meanwhile, the Rh1
gg (bb) and Rh1

V BF (bb) values are such that the

h1 could not yet have been seen at the Tevatron or LHC. Sensitivity to Rh1
gg (bb) (R

h1
V BF (bb)) values

from 0.05 to 0.2 (0.1 to 0.25) will be needed at the LHC. This compares to expected sensitivities

after the
√
s = 8 TeV run in these channels to R values of at best 0.8.4 Statistically, a factor of 4

to 10 improvement requires integrated luminosity of order 16 to 100 times the current L = 10 fb
−1

.

Such large L values will only be achieved after the LHC is upgraded to 14 TeV, although we should

note that the luminosity required to probe this signal at 14 TeV could be lower than indicated by

this simple estimate as the sensitivity to the Higgs signal improves at higher energies. Finally, the

reader should note that for WMAP-window points the largest Rh1
V BF (bb) values occur for region A

described above for which supersymmetric particle masses are as small as possible.
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FIG. 3. Scatter plot of ma2 versus ma1 for the 98+125 GeV scenario; note that ma2 � mh3 � mH± . Note

that in this figure there is a dense region, located at (ma1 ,ma2) ∼ (130, 330) GeV, of strongly overlapping

red diamond points. These are the points associated with the low-m�χ0
1
WMAP-window region of parameter

space. Corresponding dense regions appear in Figs. 4 – 7 and 10.

4
Here, we have used Fig. 12 of [2] extrapolated to a Higgs mass near 98 GeV and assumed L = 20 fb

−1
each for

ATLAS and CMS.
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FIG. 4. Plots showing m�χ0
1
, m�χ±

1
, mt̃1 , mt̃2 , mq̃, mg̃, and the mixing parameter (At − µ cotβ)/

√
mt̃1mt̃2 .

Also shown are m��R , m�ν�
, m�τ1 and m�ντ , where � = e, µ.

III. OTHER NMSSM PARTICLES AND PARAMETERS

It is also very interesting to consider expectations for the other NMSSM particles in these

scenarios. For this purpose, we present a series of plots. Figure 3 displays the pseudoscalar

masses in the ma1–ma2 plane. We do not plot mh3 nor mH± since their masses are such that
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FIG. 5. GUT scale and SUSY scale parameters leading to the 98 + 125 GeV LEP-LHC Higgs scenarios.

mh3 � mH± � ma2 for the scenarios considered. We note that small ma1 is typical of the WMAP-

window points. We discuss discovery prospects for the a1 later in the paper. The masses of

some crucial SUSY particles are displayed in Fig. 4. We observe the typically low values of m�χ0
1

and m�χ±
1
, the possibility of m

t̃1
as small as 197 GeV, the mostly modest values of the mixing

parameter (At−µ cotβ)/√m
t̃1
m

t̃2
, and the fact that the predicted mq̃ and mg̃ are beyond current

experimental limits, although the lowest values (as found in particular in region A) may soon be
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Matière noire
• 5 neutralinos

• LSP soit higgsino ou singlino
– higgsino annihilation en paires de 

W  - Ωh2 ~0.1 car juste sous seuil
– Composante singlino:   

annihilation via échange d’un  
Higgs singlet 
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probed. Note that mg̃ can be below m��R (as common in constrained models when m0 is large) for

some points, including the points in region A. Low values of m�χ0
1
are typical for the scan points,

but more particular to this model are the rather low values of m�χ±
1
. ATLAS and CMS are currently

performing analyses that could in principle be sensitive to the m�χ±
1
values predicted in this model.

For some points, m�χ±
1
−m�χ0

1
can be rather small, implying some difficulty in isolating the leptons or

jets associated with �χ±
1 → �χ0

1+X decays. However, it should be noted that for the WMAP-window

points m�χ±
1
−m�χ0

1
is typically quite substantial, at least 35 GeV for the low-m�χ0

1
points, so that

for these points the above difficulty would not arise. Of particular interest is the very large range

of mt̃1 that arises in the 98 + 125 GeV LEP-LHC Higgs scenarios. For lighter values of mt̃1 , as

typical of the WMAP-window points in region A, the t̃1 always decays via t̃1 → �χ+
1 b or t̃1 → �χ0

1t,

the latter being absent when mt̃1 < m�χ0
1
+ mt. At high mt̃1 , these same channels are present

but also t̃1 → �χ0
2,3,4,5t can be important, which channels being present depending upon whether

mt̃1 −mχ0
2,3,4,5

−mt > 0 or not.

It is interesting to survey the GUT scale parameters that lead to the scenarios of interest.

Relevant plots are shown in Fig. 5. No particular regions of these parameters appear to be singled

out aside from some preference for negative values of A0. These plots show clearly that scenarios

A and B correspond to distinct regions in the parameter space. Note however that the density of

red points in these plots is purely due to our scan procedures which have some focus on region A.
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FIG. 6. Neutralino and chargino compositions for the 98 + 125 GeV LEP-LHC Higgs scenarios.
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Détection directe
• Recherche de MN par 

diffusion inélastique sur 
noyaux dans grand détecteur - 
meilleures limites de 
Xenon100 (2012)

• Détection directe de MN: juste 
sous limite Xenon ou très supprimé

• Mis a part des signaux  dans  
expériences de  détection directe 
d’une tonne,  pour le moment aucune 
contrainte des observables de MN 
(sauf densité relique) 
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IV. DARK MATTER, INCLUDING LSP AND LIGHT CHARGINO COMPOSITIONS

The composition of the �χ0
1 and the �χ±

1 are crucial when it comes to the relic density of the

�χ0
1. For those points in the WMAP window in region A (red diamonds), the �χ0

1 can have a large

Higgsino fraction since the �χ0
1�χ0

1 → W+W−
annihilation mode (mainly via t-channel exchange of

the light Higgsino-like — see second plot of Fig. 6 — chargino) is below threshold; the group of

points with m�χ0
1
> 93 GeV (region B, orange diamonds) can lie in the WMAP window only if the

�χ0
1 does not have a large Higgsino fraction. This division is clearly seen in Fig. 6. We note that to a

reasonable approximation the singlino fraction of the �χ0
1 is given by 1 minus the Higgsino fraction

plotted in the left-hand window of the figure.

Dark matter (DM) properties for the surviving NMSSM parameter points are summarized in

Fig. 7. Referring to the figure, we see a mixture of blue circle points (those with Ωh2 < 0.094)

and red/orange diamond points (those with 0.094 ≤ Ωh2 ≤ 0.136, i.e. in the WMAP window).

The main mechanism at work to make Ωh2 too small for many points is rapid �χ0
1�χ0

1 annihilation to
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FIG. 7. Dark matter properties for the 98 + 125 GeV LEP-LHC Higgs scenarios.
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... aux collisionneurs futurs
• ILC 

– Production Zh1 importante
– Dans quelques cas peut détecter 5 Higgs neutres

45

18

scenario I scenario II

scenario III

FIG. 13. Cross sections for Higgs production at an e+e− collider, as functions of the center-of-mass energy

√
s, for three illustrative mass spectra as tabulated in Table I.

established [26–28]. For low Higgs masses, the required electron collider could have energy of order

mHiggs/0.8.

In the present context, it is of interest to assess the extent to which a γγ collider would be able to

study the neutral NMSSM Higgs bosons. This is determined by the ratio of the γγ coupling squared

of the given Higgs boson to that of the SM Higgs. In Fig. 14 we present plots of (Ch
γγ)

2
as a function

of mh for h = h1, h2, h3, a1, a2 for masses below 1 TeV. The fairly SM-like h2 at ∼ 125 GeV can be

studied easily at such a collider since its γγ coupling is close to SM strength. For example, at an

e−e− collider with the optimal Eee = 206 GeV, a 125 GeV SM Higgs has a cross section of 200 fb.

After two years of operation, equivalent to L = 500 fb
−1

, one can measure the bb,W+W−, γγ
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• Possibilité d’un Higgs à 98 GeV dans les données 
du LEP   dans le cadre du  NMSSM - signatures 
caractéristiques 

• Le LHC peut  chercher le Higgs léger dans des 
canaux standard, et aussi nouveaux canaux pour 
recherche de h1,a1

• NB: singlet léger du NMSSM peut avoir 
n’importe quelle masse 
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CONCLUSION

• Données LHC compatibles avec Higgs standard (surtout 
depuis   résultats CMS  γγ)  - aussi avec extensions du MS

• Secteur de Higgs au LHC nous réserve peut être des surprises 
- même si pas encore d’indice sur nouvelle physique 

• Ne pas oublier possibilité d’un Higgs m<125 GeV - en 
particulier un Higgs singlet à 100GeV 
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