
What have we learned  
after LHC first-run?
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H mH ⇡ 125 GeV

(the most relevant piece of LHC)

It has shaken the TH community: 	

No clear indication where this points to
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Implications of mH ⇡ 125 GeV
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125 GeV SM Higgs
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In the SM:

Only a small window	

 in the Higgs mass	


 makes the SM consistent 	

all the way to the Planck scale	
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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Demanding λ  not too large (keep perturbativity), 	

               not too negative that destabilizes the Higgs potential:

from Phys.Lett. B679 (2009) 369
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down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

For Mh~125 GeV, we are at the border of stability and meta-stability:

●

V(H)

7

meta-stable vacuum

but do not worry,  even in meta-stable,	

lifetime of decay larger than the age of the universe!



125 GeV MSSM Higgs
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(125 GeV)2

(91 GeV)2 (86 GeV)2

In the MSSM:

➥ susy breaking term	

 (at one-loop)

both have similar size: 	

Non-small Susy breaking terms

}

M2
h  M2

Z +�m2

Bosons Fermions9



1000500200 2000300 30001500700
90

100

110

120

130

140

mt1
é @GeVD

m
h
@Ge

V
D

MSSM Higgs Mass

Xt = 0

Xt = Xtmax

Suspect
FeynHiggs

Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

Very heavy stops (beyond LHC reach) 	

or large susy-breaking trilinear terms	


 ➥The MSSM is becoming unnatural 	

(>99% parameter space excluded)

from JHEP 1204 (2012) 131 from arXiv:1207.1348Figure 5: Maximal Higgs mass (in GeV) in CMSSM in function of the scale MS = p
m

˜t1
m

˜t2
(in

GeV) for di↵erent top mass values.

Figure 6: Parameter space for the various regimes of the MSSM Higgs sector as defined in the
text and in eq. (8) in the tan�–MA plane, in the maximal mixing scenario with MS = 2 TeV. The
constraints from A ! ⌧⌧ (continuous green line) and t ! H+b (dashed green line) searches at the
LHC are shown together with the LEP2 constraint (continuous black line).

4.4 Higgs signal and MSSM parameters in the SUSY regime

In the SUSY regime the Higgs decay rate can be a↵ected by the contributions of SUSY particles
in the loops. This makes a detailed study of the MSSM parameter space in relation to the first
results reported by ATLAS and CMS particularly interesting for estimating its sensitivity to
specific regions of parameters. In particular, the decay branching fraction into �� are modified
by both mixing e↵ects and light sparticle contributions [10]. We study these e↵ects on the
points of our pMSSM scan. In the following, we use the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h0 ! XX), normalised to its SM value.
We also use the notation µXX to indicate the ratio of product of the inclusive production and
the decay branching ratio for the final state XX to its SM value, µXX = �⇥BR(h!XX)

�⇥BR(H!XX)|SM
. A

major source of deviations from unity for the R values is due to a reduction of the h total
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of ⇡ 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ! 4` [2] channels, showing a combined
⇠ 3� excess at mh ⇡ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇠ 2� excess in
the �� channel at mh ⇡ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⌘ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇠ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e↵ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ! bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ! ��,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ! ⌧⌧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⇡ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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125 GeV  Composite  
Pseudo-Goldstone Higgs
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Similarly as in QCD, we could have from a new TeV strong-sector:

�TeV

100 GeV h

Pseudo-Goldstone	

 bosons (PGB)

Higgs as a composite PGB:

Spectrum of 	

“mesons”:

Other resonances 	

too heavy 	


to be seen at the LHC 8TeV

12

(as pions in QCD)



Example:     Just take QCD (with two flavors)  	

       replace  SU(3)c by SU(2)c 	


                           

Galloway, Evans, Luty, Tacchi 10

5 Goldstones = 	

                      Higgs doublet + singlet    

 L, 
c
R

4=2L + 2RGlobal symmetry:  SU(2)L ⊗ SU(2)R

SU(3)c SU(2)c

SU(4) 

SU(2)V

3 Golstones = π⁰,π⁺, π⁻

SO(5)

<ψψ>≠0 <ψψ>≠0

since  2~2-
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h

h

Light Higgs since its mass arises from one loop	

(explicit breaking of the global symmetry (h→h+c)	


due to the SM couplings): 

= 0 it’s a Goldstoneh

h

contribution from 	

the strong sector

h hh

SM fields

h

+

m2
h ⇠ (TeV)2

16⇡2
⇠ (100 GeV)2
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Tilt the potential



where we have used the fact that the physical top mass is given by
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To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),
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where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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 Using techniques used in QCD,	

we can get for the minimal composite PGB Higgs :

mass of color vector-like fermions 	

with EM charges 5/3,2/3,-1/3

 f = Decay-constant of the PGB Higgs

Marzocca,Serone,Shu; AP, Riva 12

15

Nc=3

(model dependent but expected f ~ v)

Fermion resonances below 
the TeV that should be 

seen at the LHC
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

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

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

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

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

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

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

substantially for Higgs boson masses MH >∼ 100 GeV.

a)
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γ

• F
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γ(Z)

γ

+

•H
Q

g

g

b)

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

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

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

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

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

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

too heavy to be produced directly.

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

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

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

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

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

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

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

In this section, we first analyze the decays widths both at leading order (LO) and then

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

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) ≃ 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f (2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H
f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(
p+ ·s p+·s̄ −

1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)ϵµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

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

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

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

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

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

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

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

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

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

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

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

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

too heavy to be produced directly.

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

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

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

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

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

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

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

In this section, we first analyze the decays widths both at leading order (LO) and then

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

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section.
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]
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with β = (1 − 4m2
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H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.
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Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼
β3

f → 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf (2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]
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−Re(ab∗)ϵµνρσpµ
+pν

−sρs̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2 |a|

2(M2
Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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Figure 1: Left: �2 � �2
min as a function of cV for a fit to the Higgs (dashed blue), EW (dashed red), and

combined (solid black) data, after marginalizing over the remaining parameters of the e↵ective theory. The

orange and purple lines visualize the 68% and 95% CL range of cV . Right: Fit of c�� and cZ� to EW data

when cV is fixed to the SM value. The 68% (darker green) and 95% CL (lighter green) allowed regions are

displayed. In both plots ⇤ = 3 TeV.

measurements summarized in Table 1. For the cuto↵ scale ⇤ = 3 TeV we find

cV = 1.08± 0.07, c�� = 0.10± 0.04, cZ� = �0.04± 0.06. (3.2)

The limit on the LO coupling cV are driven by the limits on the T-parameter, and the 95%

CL allowed range is cV 2 [0.95, 1.21]. In other words, the couplings of the 125 GeV particle

to the W and Z boson lie within 20% of those of the SM Higgs, independently of possible

inclusion of higher order Higgs couplings, over which we have marginalized. These limits

are logarithmically sensitive to the cuto↵: for the 95% CL range we obtain cV 2 [0.92, 1.30]

for ⇤ = 1 TeV, and cV 2 [0.96, 1.16] for ⇤ = 10 TeV. The NLO couplings c�� and cZ� are

generically constrained at the level of 0.1 as well, but for c�� ⇡ �cZ� these two coupling

are allowed to take O(1) values. We will see in the following that LHC Higgs data impose

a much stronger bound on c��, while the electroweak constraints on cZ� are competitive to

those from the LHC.

6

ATLA
S+C

M
S

EW
PT

Higgs mediated processes recover calculability:

Back to the prediction era!

WL

WL

WL

WL WL

WL WL

WL

+

Finite results!

h

h

500 1000 1500 2000 2500 3000

0.5

1

1.5

2

2.5

3

3.5

Untitled-1 1

p
s

M

Massive gauge theories become 
as good as massless gauge theories 

Affects the Z propagator,	

whose properties were 	

well-measured at LEP

at the LHC:

Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial
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where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) ≃ 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].
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Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)
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Higgs Couplings
❖ CMS coupling fits are based on preliminary results released Spring 2013. !
❖ Updated individual measurements are available and consistent with preliminary 

results.
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH
is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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The different origins of the Higgs	

give different predictions for the Higgs couplings  	


Two examples:

a) Supersymmetry (MSSM)  	

      with a Heavy spectrum 	


b) Composite PGB Higgs

Msusy � mW
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MSSM with heavy spectrum ( ≫100 GeV)

Main effects from the 2nd Higgs doublet:

h
H

H

W

W

h
H

f

f

⇠ v4

M4
H

⇠ v2

M2
H

Dominant 
effect!

Superpartners can only modify Higgs couplings at the loop-level: 	

Only stops/sbottoms give some contribution to hgg/hγγ (not very large)

v2
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1) MSSM (no mixing):

2) MSSM (with extra D-terms):

3) NMSSM (with heavy singlet and light stops):

from arXiv:1212.524
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FIG. 2: Theoretical expectation for Higgs couplings deviations for the MSSM with heavy stops and no mixing, taking

mh = 125GeV, showing contours of constant mA (solid blue) and tan� (dashed), obtained from the exact expressions

of Eqs. (68,69) of Appendix II. Also shown are the 68% (green), 95%(yellow) and 99%(grey) C.L. regions obtained by

a global fit of the most recent LHC Higgs data, as explained in Appendix I, neglecting loop contributions to the hgg and

h�� couplings. The dashed red lines show the approximate results of Eq. (21) for mH = 300, 500GeV.

push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct

ci =
ghii
gSMhii
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where,

 =
g2X

8(1 +
M2

Z0
2m2

�
)
. (27)

Here m� is the soft SUSY breaking mass of the MSSM singlets that breaks the U(1)X group (with gauge
coupling gX) and MZ0 the SUSY-preserving mass of the gauge boson. Eq. (27) shows that, in the limit
MZ0 � m�, the Z 0 can be supersymmetrically integrated out and the D-term contribution of the U(1)X
group decouples: non-decoupling D-terms require a large soft mass m� ⇠ MZ0 and result in an e↵ective hard
breaking in the Higgs sector.

The contributions to �� and � are similar to Eqs. (13,14), with the substitution m2
Z/v

2 ! 4. In the absence
of other e↵ects that a↵ect the Higgs mass (we assume the loop e↵ects of Eqs. (20,24) to be subdominant), we
can fix  in order to obtain the observed Higgs mass 4, we can then write

cb ⇡ 1 + 2
m2

h

m2
H

t2�
t2� � 1

(28)

ct ⇡ 1 � 2
m2

h

m2
H

1

t2� � 1
. (29)

meaning that, for tan� > 1, positive (negative) deviations are expected in cb (ct). For large tan� the
modifications in ct vanish, as usual, while those on cb asymptote to cb � 1 ⇡ (176GeV/mH)2. This is shown,
using the exact expressions from Appendix II, in Fig. 5. Di↵erently from Fig. 2, the global fit of Fig. 5 includes
the e↵ect of a light stop at 500 GeV (as opposed to the previous section, where heavy stops were necessary
to increase the Higgs mass, here this is taken care by the additional D-terms, and the stops can be naturally
light, see also Section VI). Masses mH . 300GeV can already be excluded, with better results in the small
tan� region (see also Fig. 3).

In principle we could relax the assumption that H1 and H2 carry equal and opposite U(1)X charges. In this
case, however, additional structure is needed in order to generate a µ-term. For example an extra SM singlet,
charged under U(1)X can generate this term by aquiring a non-vanishing vev. This extension, however, implies
additional contributions to the quartic potential from F-terms which, as we comment in the next-section, are
expected to dominate.

V. F-TERMS, THE NMSSM AND THE BMSSM

It is tempting to parametrize these new e↵ects using an e↵ective field theory approach with an expansion
in powers of the scale of physics beyond the MSSM (in the example of the previous section, this would be the
mass of the new gauge bosons MZ0). The most general such parametrization, however, lacks any predictive
power (peculiar directions in parameter space can be found where an increase in the Higgs quartic coupling
doesn’t imply modifications of the couplings [28]). Nevertheless, as shown in Ref. [29], the leading order e↵ects
in such an expansion have a very specific form5:

L5 =

Z
d2✓

✓
�1

M
(H1H2)

2 + Z �2

M
(H1H2)

2

◆
(30)

where Z = ✓2mSUSY is a dimensionless spurion that parametrizes SUSY breaking. This leads to additional
contributions to the scalar potential,

�V5 = 2✏1H1H2(H
†
1H1 +H†

2H2) + ✏2(H1H2)
2 + c.c (31)

4 Notice that as tan � ! 1, all contributions to the Higgs mass from D-terms vanish; hence these expressions have to be trusted
only away from this singular point: in FIG. 5 we show curves of constant gX (in the limit of large m� � MZ0 ) to show that
in the region of interest the parameters are under control.

5 For large tan� interactions at higher order in the expansion could be enhanced and dominate.

Corrections to h coupling to fermions:
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FIG. 6: Coupling deviations in the NMSSM assuming a Higgs mass of 125 GeV in the limit where the singlet is heavy

and it doesn’t mix with the Higgs, but its contributions do not decouple. Global fit as in Fig. 5.

then the Higgs couplings to fermions are modified as

cb ⇡ 1 � t2� � 1

2

m2
h � m2

Z

m2
H

(33)

ct ⇡ 1 +
t2� � 1

2t2�

m2
h � m2

Z

m2
H

, (34)

which, for large tan�, gives deviations in the ht̄t coupling of order �ct ⇡ (60GeV/mH)2, and in the couplings
to bottom quarks�cb ⇡ t2�(60GeV/mH)2. We show the exact coupling deviations in Fig. 6 (we assume, again,
the presence of 500 GeV stops, see section VI) where we also emphasize curves of constant �S : values below
�S . 0.7 are perturbative up to the GUT scale, while for values 0.7 . �S . 2 the non-perturbative regime
is reached above a scale of 10 TeV [21, 30]. The bounds on mH that can be extracted from this analysis are
very much dependent on tan�, as can be seen in Fig. 3.

While the approach of Eq. (30) encompasses large classes of models, its applicability is limited to cases with
widely separated scales, such as the NMSSM where the singlet has both a large SUSY preserving and SUSY
breaking mass6. In the opposite case, however, its interactions with the Higgs sector can induce mixings with
the lightest CP-even Higgs and the analysis changes completely, as we now discuss.

6 Triplets with hypercharge Y ± 1 and superpotential W = �TTH2H2 + �T̄ T̄H1H1 have also been considered in the literature:
in the non-decoupling limit, their contribution to the potential is

�V = |�T |2H4
2 + |�T̄ |2H4

1 (35)

and

�� =
|�T̄ |2

4
c4� +

|�T |2

4
s4� , � = |�T̄ |2c3�s� + |�T |2s3�c� . (36)

For large tan� only the H4
2 term is important and the results coincide with those of section IIIA.
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push the MSSM into fine-tuning territory [21]. Ignoring for a moment this tension, we can assume these loop
contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as

cb ⇡ 1 +
m2

h � m2
Z cos 2�

m2
H

,

ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while

(cb � 1) ⇡
✓
154GeV

mH

◆2

. (22)

We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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contributions to be uniquely responsible for the large value of the Higgs mass, and write the deviations of cb,t
induced by loop e↵ects Eq. (20) together with the ones from the tree-level potential Eq. (14), as
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ct ⇡ 1 � (cot�)2
m2

h � m2
Z cos 2�

m2
H

. (21)

This shows that, in the MSSM with no stops mixing and for tan� > 1, the deviations in cb (ct) are always
positive (negaitive), as already observed in Ref. [15]. For large tan� the deviations in ct are suppressed, while
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We can compare these results with the exact ones of Fig. 2, which shows the intuitive (cb, ct)-plane mentioned
above, and compares these theoretical expectations with the most recent data [8]-[12], using the methods
described in Appendix I. We assume a heavy sparticle spectrum, that does not a↵ect the Higgs couplings
to gluons and photons, other than through Eq. (21) (this is motivated by the fact that in this example, we
are assuming multi-TeV stops). Masses mH . 250GeV can be excluded, almost independently of tan�, as
suggested already by Eq. (22) for a sensitivity to the hb̄b coupling of about 50%. In Fig. 3 we also show
the CMS bounds on the traditional MSSM mA, tan� plane (for a recent analysis see Ref. [22]) from direct
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FIG. 4: Same as FIG.2, but for near maximal mixing and, again, we adjust
p
mt̃1

mt̃2
2 [550, 2000] GeV in order to

obtain the observed Higgs mass. We take xt =
p
6± 0.1 for the blue/red curve in order to show the influence, for large

tan�, of small deviations from maximal mixing; µ = 400GeV.

mixing discussed in the previous paragraph. As mentioned above, this term is maximized by large mixing,
with drastic e↵ects and the stop mass can be as low as 550 GeV in this case. Nevertheless, a fine-tuning at
the percent level persists due to the fact that large At terms also contribute to the Higgs mass-parameter [21].

Unfortunately, for a generic choice of µ and At, the multitude of parameters introduced by mixing weakens
the Higgs mass/coupling connection as shown by Eq. (25) where sizable �5,7 can a↵ect the Higgs couplings
without contributing to the Higgs mass. We show this e↵ect in Fig. 4 where we consider small deviations from
maximal mixing: departures from �7 = �MaxMix

7 = 0 are enhanced at large tan� & 20 and the contribution
to � and to our predictions can be seizable. Nevertheless such large values of tan� are already in tension
with rare B processes, such as Bs ! µ+µ� [26], and with direct searches for H/A ! ⌧̄ ⌧ [59], so that we do
not expect our results to change significantly in the intermediate tan� region, where our bounds are more
competitive, see Fig. 3.

IV. EXTRA D-TERMS

As discussed above, a 125 GeV Higgs in the MSSM is generally associated with fine-tuning. This suggests
that the principle of SUSY, if realized at low energy in a natural way, extends beyond the MSSM, with
new tree-level e↵ects contributing to the Higgs quartic. The first possibility is to envisage additional gauge
symmetries that contribute to the Higgs quartic, similarly to the MSSM gauge group [19, 23, 27]. In this
section we study the example of an additional abelian gauge group under which H1 and H2 have opposite
charges (as compatible with the µ-term). Then, the extra contribution to the Higgs sector quartic3

�V = 
�|H0

1 |2 � |H0
2 |2�2 (26)

3 The form of the potential in Eq. (26) holds also for the non-abelian extension considered in Refs [23, 27].
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Higgs coupling measurements are already 	

ruling out susy-parameter space8 HIGGS PORTAL TO DARK MATTER 12
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Figure 5: Regions of the (mA, tan �) plane excluded in a simplified MSSM model via fits to the measured
rates of Higgs boson production and decays. The likelihood contours where �2 ln⇤ = 6.0, corresponding
approximately to 95% CL (2�), are indicated for the data and expectation assuming the SM Higgs sector.
The light shaded and hashed regions indicate the observed and expected exclusions, respectively. The
SM decoupling limit is mA ! 1.

for 2  tan �  10, with the limit increasing to larger masses for tan � < 2. The observed limit is
stronger than expected since the measured rates in the h ! �� (expected to be dominated by a W boson
loop) and h ! ZZ⇤ ! 4` channels are higher than predicted by the SM, but the simplified MSSM
has a physical boundary V  1 so the vector boson coupling cannot be larger than the SM value. The
physical boundary is accounted for by computing the profile likelihood ratio with respect to the maximum
likelihood obtained within the physical region of the parameter space, mA >0 and tan � >0. The range
0 tan � 10 is shown as only that part of the parameter space was scanned in the present version of this
analysis. The compatible region extends to larger tan � values.

The results reported here pertain to the simplified MSSM model studied and are not fully general.
The MSSM includes other possibilities such as Higgs boson decays to supersymmetric particles, decays
of heavy Higgs bosons to lighter ones, and e↵ects from light supersymmetric particles [60] which are
not investigated here.

8 Higgs Portal to Dark Matter

Many “Higgs portal” models [14,34,61–65] introduce an additional weakly-interacting massive particle
(WIMP) as a dark matter candidate. It is assumed to interact very weakly with the SM particles, except
for the Higgs boson. In this study, the coupling of the Higgs boson to the WIMP is taken to be a free
parameter.

The upper limit on the branching ratio of the Higgs boson to invisible final states, BRi, is derived
using the combination of rate measurements from the h ! ��, h ! ZZ⇤ ! 4`, h ! WW⇤ ! `⌫`⌫,
h! ⌧⌧, and h! bb̄ channels, together with the measured upper limit on the rate of the Zh! ``+ Emiss

T
process. The couplings of the Higgs boson to massive particles other than the WIMP are assumed to be
equal to the SM predictions, allowing the corresponding partial decay widths and invisible decay width
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Composite Higgs scenarios
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Couplings dictated by symmetries (as in the QCD chiral Lagrangian)  
Giudice,Grojean,AP,Rattazzi 07

ghWW

gSMhWW

=

s

1� v2

f2

ghff
gSMhff

=
1� (1 + n) v

2

f2

q
1� v2

f2

n = 0, 1, 2, ...

small deviations on the h𝜸𝜸(gg)-coupling due to the 
Goldstone nature of the Higgs

Composite PGB Higgs couplings 

AP,Riva 12

 = Decay-constant of the PGB Higgsf

MCHM5,10

(model dependent but expected f ~ v)

30



from, e.g., Montull,Riva 	

arXiv:1207.1716
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Figure 2: Predictions of a generic MCHM in the (ghff/g
SM
hff , ghWW /gSMhWW )-plane. The di↵erent curves corresponds

to di↵erent values of n, going downwards from n=0 to n = 5. The red part of the curves is for 0 < ⇠ < 0.25 and the
blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.

For m
Q4 ' 3 TeV, the Higgs mass Eq. (43) can be as small as 40 GeV. Larger values of m

h

imply

larger values of FL

Q1
, meaning thatm

h

⇠125 GeV can be obtained without light fermionic resonances

as we show in Figure 1. In this case, however, it is important to notice that extra contributions are

needed to reduce ↵ in order to have hs
h

i ⌧ 1.

3 Higgs couplings to SM fermions

In composite Higgs models the Higgs couplings to fermions generically deviate from their SM values

[12]. For the SO(5)/SO(4) model, the Higgs couplings to the SM fermions can be parametrized by

Eq. (27). At low-energies p ⌧ m
Qi and in the limit ✏ ⌧ 1, the Higgs couplings reduce, for the case

of a generic SM fermion f
L,R

, to

Le↵ ' f̄
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M f

1 (0)fRs
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h
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h

+ h.c. ⌘ f̄
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f
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f

(h) + h.c . (44)

From this we can obtain the hff coupling [12]:

g
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f
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@h
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1 + 2m� (1 + 2m+ n)⇠p
1� ⇠

, (45)

where we have used that m
W

(h) = gs
h

/2 [5] and written the SM hff coupling as a function of the

physical W and fermion mass, gSM
hff

= gm
f

/(2m
W

). For m 6= 0, Eq. (45) gives deviations of order

one from the SM expectations, even in the limit ⇠ ! 1. For this reason, we will concentrate on the

m = 0 case. In Figure 2 we show, for m
h

' 125 GeV and assuming that all fermions couple in the
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blue one for 0.25 < ⇠ < 1. The contours are the 68%, 95% and 99% CL for a 125 GeV Higgs as obtained in Ref. [15]
from the CMS data.
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ATLAS+CMS:

 Too premature 	

to see deviations	


for v/f ~ 0.5!

arXiv:1303.1812
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Invisible Higgs decay

for example:	

𝛘 = Dark Matter = extra scalar,  neutralinos, …

Possible in certain models:

(or 𝛘 𝛘 = gravitino + neutrino, as in models in which 
the Higgs is the susypartner of the neutrino)	


                                                          arXiv:1211.4526	


Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2 is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) ≃ 2Γ(H → ZZ) (1.166)

The behavior, ΓH ∝ M3
H , compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H
V

V

• •
•

+ + + · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

]
(1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3 (1.168)

63

𝛘

𝛘
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Bounds on invisible Higgs decay
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42

✦ Given the accuracy of present measurement of 
Higgs branching fractions, there is a lot of 
room for non-SM decays, e.g. decays into 
invisible particles

✦ Many theoretical models predict such decays, e.g.:
๏ Higgs coupled to light dark matter
๏ Hidden valley models
๏ Right-handed neutrino models

✦ Search is done in associated production with 
the Z boson decaying leptonically
๏ Discriminating variables: MET (ATLAS), 

MT (CMS)
✦ ATLAS (4.7+13.0 fb-1):

๏ Br(H→χχ) < 65% (84% exp.) @ 95% CL, 
mH = 125 GeV

✦ CMS (5+20 fb-1):
๏ Br(H→χχ) < 75% (91% exp.) @ 95% CL, 

mH = 125 GeV

q

q

Z
H χ

χ

Z

l−

l+

Figure 1: Leading Feynman diagram of the associated ZH production. In this search the

stable particle
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✦ Given the accuracy of present measurement of 
Higgs branching fractions, there is a lot of 
room for non-SM decays, e.g. decays into 
invisible particles

✦ Many theoretical models predict such decays, e.g.:
๏ Higgs coupled to light dark matter
๏ Hidden valley models
๏ Right-handed neutrino models

✦ Search is done in associated production with 
the Z boson decaying leptonically
๏ Discriminating variables: MET (ATLAS), 

MT (CMS)
✦ ATLAS (4.7+13.0 fb-1):

๏ Br(H→χχ) < 65% (84% exp.) @ 95% CL, 
mH = 125 GeV

✦ CMS (5+20 fb-1):
๏ Br(H→χχ) < 75% (91% exp.) @ 95% CL, 

mH = 125 GeV

missing ET + l+l-
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towards a better image of the Higgs
Future... 
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• A better Higgs-mass measurement?

Finding  m H≈125 GeV  shook us,	

   but knowing m H = 125.457... GeV  will leave us indifferent
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).

17

Probably only “true-believers” of the SM up to the Planck scale would like 
to know mH in order to learn about the stability of the Higgs potential

But also strong dependence 	

on top-mass and αs !
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• A better Higgs-mass measurement?

• Spin, CP determination of H?

 If one trusted theorist in the search for the Higgs, 	

                 trust them now!!     It is s=0 and CP-even

Of course, it is good to check, but the outcome 	

as interesting as knowing who will win today’s game Brazil-Cameroon

Finding  m H≈125 GeV  shook us,	

   but knowing m H = 125.457... GeV  will leave us indifferent

• Better determination of couplings? Absolutely ✓
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Assuming a large new-physics scale, Λ>>mW:	


Le↵ = LSM +
X

i

ci
⇤2

Oi

NP scale
dim=6

{

“Non-renormalizable theories are 	

as renormalizable as renormalizable theories”	

                                       S. Weinberg	

  (means: take E<Λ and no problems)

Parametrization of BSM effects in Higgs physics

give the deviations 	

to SM Higgs physics from BSM

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a
µ⌫B

µ⌫ and OWW = g2|H|2W a
µ⌫W

µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c
3W ⇠ g2/g2⇤ and c

3G ⇠ g2s/g
2

⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

➥ e.g.

➥effective theory for Higgs physics	

➥approach valid for all BSM with heavy particles !
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How many Higgs coupling can deviate from SM ?	

(not effecting other experiments)

(assuming CP-conservation)Eight !

(f=t,b,𝝉)

h→bb,𝝉𝝉

GG→h

h→γγ 

h→VV*

Affects h³: 	

It can be measured  
in the far future by 

GG→hh

GG→tth

h→Zγ 

htt deviation
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LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a
µ⌫B

µ⌫ and OWW = g2|H|2W a
µ⌫W

µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c
3W ⇠ g2/g2⇤ and c

3G ⇠ g2s/g
2

⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

(custodial invariant)

arXiv: 1308.1879;1308.2803

e.g.

G G

1

g2s
G2

µ⌫ +
|H|2

⇤2
G2

µ⌫ !
✓

1

g2s
+

v2

⇤2

◆
G2

µ⌫

Effects that on the vacuum, ! = v, give only !
a redefinition of the SM couplings:

⨂ ⨂

G G
Not physical!

But can affect h physics:

G G

⨂h
affects GG →h!
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Higgs boson into massive gauge bosons, which will be discussed later in detail. Using the

equivalence theorem and the Lagrangian eq. (1.58), one can write immediately the partial

decay width of the Higgs boson into two longitudinal Z bosons [or W bosons]

Γ(H → ZZ) ∼ Γ(H → w0w0) =

(
1

2MH

) (
2! M2

H

2v

)2 1

2

(
1

8π

)
→

M3
H

32πv2
(1.165)

where the first parenthesis is for the flux factor, the second for the amplitude squared, the

factor 1
2

is for the two identical final particles, and the last parenthesis is for the phase space

factor. For the decay H → WW , one simply needs to remove the statistical factor to account

for both W± states

Γ(H → W+W−) ≃ 2Γ(H → ZZ)
(1.166)

The behavior, ΓH ∝ M3
H, compared to ΓH ∝ MH for decays into fermions for instance, is

due to the longitudinal components that grow with the energy [which is MH in this context].

H

V

V

•
•

•+
+

+ · · ·

Figure 1.16: Generic diagrams for the one– and two–loop corrections to Higgs boson decays.

Let us have a brief look at these decays when higher–order radiative corrections, involving

the Higgs boson and therefore the quartic coupling λ, are taken into account. Including the

one–loop and two–loop radiative corrections, with some generic Feynman diagrams shown

in Fig. 1.16, the partial Higgs decay width into gauge bosons is given by [121, 122]

Γtot ≃ ΓBorn

[
1 + 3λ̂+ 62λ̂2 + O(λ̂3)

] (1.167)

with λ̂ = λ/(16π2). If the Higgs boson mass is very large, MH ∼ O(10 TeV), the one loop

term becomes close to the Born term, 3λ̂ ∼ 1, and the perturbative series is therefore not

convergent. Even worse, already for a Higgs boson mass in the TeV range, MH ∼ O(1 TeV),

the two–loop contribution becomes as important as the one–loop contribution, 3λ̂ ∼ 62λ̂2.

Hence, for perturbation theory to hold, MH should be smaller than about 1 TeV.

In addition, the partial decay widths become extremely large for a very heavy Higgs

particle. Indeed, taking into account only W and Z decay modes, the total width is

Γ(H → WW + ZZ) ∼ 500 GeV (MH/1 TeV)3
(1.168)
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Most genuine Higgs coupling !

(discloses its role in EWSB) 

x

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H
(3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H
(3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H
(3.4)

q

q̄
V ∗

•
H

V
•

q

q V ∗

V ∗

H

q

q

•

g

g H
Q

•
g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X
(3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →

HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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2.3 Loop induced decays into γγ, γZ and gg

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

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

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

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

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

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

substantially for Higgs boson masses MH
>∼ 100 GeV.

a)

•H W

γ(Z)

γ

• FH

γ(Z)

γ
+

•H Q

g

g

b)

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

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

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

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

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

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

too heavy to be produced directly.

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

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

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

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

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

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

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

In this section, we first analyze the decays widths both at leading order (LO) and then

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

electroweak corrections and the higher–order QCD corrections will be postponed to the next

section. 88
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2.1 Decays to quarks and leptons

2.1.1 The Born approximation

In the Born approximation, the partial width of the Higgs boson decay into fermion pairs,

Fig. 2.1, is given by [111,145]

ΓBorn(H → f f̄) =
GµNc

4
√

2π
MH m2

f β
3
f

(2.6)

with β = (1 − 4m2
f/M

2
H)1/2 being the velocity of the fermions in the final state and Nc the

color factor Nc = 3 (1) for quarks (leptons). In the lepton case, only decays into τ
+τ− pairs

and, to a much lesser extent, decays into muon pairs are relevant.

•H

f

f̄

Figure 2.1: The Feynman diagram for the Higgs boson decays into fermions.

The partial decay widths exhibit a strong suppression near threshold, Γ(H → f f̄) ∼

β3
f
→ 0 for MH ≃ 2mf . This is typical for the decay of a Higgs particle with a scalar

coupling eq. (2.3). If the Higgs boson were a pseudoscalar A boson with couplings given in

eq. (2.5), the partial decay width would have been suppressed only by a factor βf [146]

ΓBorn(A → f f̄) =
GµNc

4
√

2π
MH m2

f βf

(2.7)

More generally, and to anticipate the discussions that we will have on the Higgs CP–

properties, for a Φ boson with mixed CP–even and CP–odd couplings gΦf̄f ∝ a + ibγ5,

the differential rate for the fermionic decay Φ(p+) → f(p, s)f̄(p̄, s̄) where s and s̄ denote the

polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given

by [see Ref. [147] for instance]

dΓ

dΩ
(s, s̄) =

βf

64π2MΦ

[
(|a|2 + |b|2)

(1

2
M2

Φ − m2
f + m2

fs·s̄
)

+(|a|2 − |b|2)
(

p+ ·s p+·s̄ −
1

2
M2

Φs·s̄ + m2
fs·s̄− m2

f

)

−Re(ab∗)ϵµνρσp
µ
+pν

−sρ s̄σ − 2Im(ab∗)mfp+ ·(s + s̄)
]

(2.8)

The terms proportional to Re(ab∗) and Im(ab∗) represent the CP–violating part of the cou-

plings. Averaging over the polarizations of the two fermions, these two terms disappear and

we are left with the two contributions ∝ 1
2
|a|2(M2

Φ−2m2
f−2m2

f) and ∝ 1
2
|b|2(M2

Φ−2m2
f+2m2

f)

which reproduce the β3
f and βf threshold behaviors of the pure CP–even (b = 0) and CP–odd

(a = 0) states noted above.
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1)

2)

3)

4)

f=fermions

Main pieces of information to be extracted from data:

(other Lorentz structures are possible, but we neglect them for the moment)

L = ghffhf̄LfR
+ h.c.+ ghV V hV

µVµ

+ghGGhG
µ⌫Gµ⌫ + gh��hF

µ⌫Fµ⌫

V = W,Z

+ghZ� F
µ⌫
Z

Fµ⌫ + g3h h
3



Experimental bound on h→Zγ 

... last hope for finding O(1) deviations ?

BR~0.001	

small in the SM	

 since it comes 	

at one-loop:

(possibility in composite Higgs models)
41

Rare Decays

Phys.Lett.B726 (2013)

27

CMS-HIG-14-003

still allow to be 
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Don’t expect high-precision measurements of Higgs couplings:

☛ Linear colliders have a point here!
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Don’t expect high-precision measurements of Higgs couplings:

☛ Linear colliders have a point here!

Daniel'Froidevaux,'CERN LHCP'Conference,'NY,'3rd'of'June'2014

What&next?

27

mercredi 4 juin 2014
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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error
bars) 1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and
250 fb�1 (‘HLC’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a
program with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal
band represents a 5% deviation from the Standard Model prediction for the coupling.

9

Higgs coupling accuracy in different colliders
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Other Higgs couplings 
e.g., form-factors (momentum-dependence)

Already tested in other experiments:

H†DµHf̄�µf

=
1

2v
⇥

Modifications in h→Zff  related to Z→ff      

e.g.

Constrained by LEP1	

 at the per-mille level!

& also constraints from triple gauge-boson couplings:

Z,𝛄
W

W

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and

gauge bosons, OWB = g0gH†�aHW a
µ⌫B

µ⌫ and OWW = g2|H|2W a
µ⌫W

µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths

and then their corresponding coe�cients should scale as c
3W ⇠ g2/g2⇤ and c

3G ⇠ g2s/g
2

⇤ respec-

tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to

begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,

that when needed the Hermitian conjugate of a given operator is included in the analysis. In

the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.

5

from e.g.
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Nevertheless, worthy to explore 	

as already started at the LHC

pp→H*→ZZ*→4l

Off-shell Higgs couplings:
Total Width Measurements

❖ Enhancement of cross section at 
high mass due to Higgs boson. 
~8 % in ZZ final state!

❖ Can be used to constrain total 
width 

N. Kauer, G. Passarino, JHEP 08 (2012) 116!
F. Koala, K. Melnikov, Phys. Rev. D88 (2013), 054024!
J. Cambell et al, arXiv:1311.3589

16

Total Width Measurements
❖ Experimental constrain on total width using H* → ZZ!

❖ Combination of 4l and 2l2v final states!

❖ Results:  r < 5.4 (8.0 expected) or ΓH < 22 MeV (33 MeV expected) @ 95%CL

arXiv:1405.3455
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Momentum distribution in H→γγ
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Figure 4: Observed di↵erential cross sections of the Higgs bosons decaying into two isolated photons,
for p��T , |y��|, | cos ✓⇤|, and p j1

T . Systematic uncertainties are presented in grey, and the black bars repre-
sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

p
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H ! �� branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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➥ No large custodial-breaking effects allowed
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In the future:

h→Wff, Zff form-factors:

(assuming mf=0 and CP-conservation)

interactions hV f̄f . Apart from the contributions given in Eq. (29), we have

�LhV V = 2
h

v

h
ĉW

�
W�

µ Dµ⌫W+
⌫ + h.c.

�
+ ĉZ ZµDµ⌫Z⌫ + (ĉW � ĉB)t✓W ZµDµ⌫A⌫

i

� 2
h

v

h
cWW W+µ⌫W�

µ⌫ + cZZ Zµ⌫Zµ⌫

i
, (35)

�LhV ff =
h

v

X

f=fL,fR

h
ghWff 0 Wµf̄�

µf 0 + ghZff Zµf̄�
µf

i
, (36)

where Dµ⌫ = @µ@⌫ �2⌘µ⌫ and

ĉW = cW + HW , ĉZ = ĉW + ĉBt
2
✓W

, ĉB = cB + HB , (37)

cWW = HW , cZZ =
1

2
(HW + HBt

2
✓W

)� 2
s4✓W
c2✓W

BB . (38)

Eq. (36) gives the contributions to the contact hV f̄f vertices that is found to be correlated

with those to the V f̄f vertices:

ghZff =
2

v
�gfZ and ghWff 0 =

2

v
�gfW , (39)

where �gfZ and �gfW are given respectively in Eqs. (57) and (65) of Appendix A.

The CP-even part of the total amplitude for the process h ! V f̄f can be written as 4

M(h ! V Jf ) = (
p
2GF )

1/2✏⇤µ(q) JV ⌫
f (p)

⇥
AV

f ⌘µ⌫ + BV
f (p · q ⌘µ⌫ � qµ p⌫)

⇤
, (40)

where q and p are respectively the total 4-momentum of V and the fermion pair in the JV
f

current (Jµ
fL,R

= f̄L,R�µfL,R), ✏µ is the polarization 4-vector of V , and we have defined

AV
f = aVf + baVf

p2 +M2
V

p2 �M2
V

, BV
f = bVf

1

p2 �M2
V

+bbVf
1

p2
(bbVf = 0 for V = W ) . (41)

The above coe�cients are in one-to-one correspondence with the coe�cients of the La-

grangians Eqs. (31), (35) and (36):

aZf = �gfZ(1 + �ghZZ) + 2eQf (ĉW � ĉB)t✓W + v ghZff , aWf = �gfW (1 + �ghWW ) + v ghWff 0 ,

baZf = gfZ(1 + �ghZZ + 2ĉZ) , baWf = gfW (1 + �ghWW + 2ĉW ) ,

bZf = 8gfZcZZ , bWf = 4gfW cWW ,

bbZf = �8eQf t✓WZ� , (42)

where we have not included the universal contribution from cH that drops when calculating

BR. All 7 quantities in Eq. (42) can be related with other experiments and therefore can be

constrained. Indeed, the terms proportional to �ghV V of Eq. (32) and the universal part of

4 We neglect terms proportional to the light fermion masses, see however Ref. [37].
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h

v

X

f=fL,fR

h
ghWff 0 Wµf̄�

µf 0 + ghZff Zµf̄�
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i
, (36)

where Dµ⌫ = @µ@⌫ �2⌘µ⌫ and

ĉW = cW + HW , ĉZ = ĉW + ĉBt
2
✓W

, ĉB = cB + HB , (37)

cWW = HW , cZZ =
1

2
(HW + HBt

2
✓W

)� 2
s4✓W
c2✓W

BB . (38)

Eq. (36) gives the contributions to the contact hV f̄f vertices that is found to be correlated

with those to the V f̄f vertices:

ghZff =
2

v
�gfZ and ghWff 0 =

2

v
�gfW , (39)

where �gfZ and �gfW are given respectively in Eqs. (57) and (65) of Appendix A.

The CP-even part of the total amplitude for the process h ! V f̄f can be written as 4

M(h ! V Jf ) = (
p
2GF )

1/2✏⇤µ(q) JV ⌫
f (p)

⇥
AV

f ⌘µ⌫ + BV
f (p · q ⌘µ⌫ � qµ p⌫)

⇤
, (40)

where q and p are respectively the total 4-momentum of V and the fermion pair in the JV
f

current (Jµ
fL,R

= f̄L,R�µfL,R), ✏µ is the polarization 4-vector of V , and we have defined

AV
f = aVf + baVf

p2 +M2
V

p2 �M2
V

, BV
f = bVf

1

p2 �M2
V

+bbVf
1

p2
(bbVf = 0 for V = W ) . (41)

The above coe�cients are in one-to-one correspondence with the coe�cients of the La-

grangians Eqs. (31), (35) and (36):

aZf = �gfZ(1 + �ghZZ) + 2eQf (ĉW � ĉB)t✓W + v ghZff , aWf = �gfW (1 + �ghWW ) + v ghWff 0 ,

baZf = gfZ(1 + �ghZZ + 2ĉZ) , baWf = gfW (1 + �ghWW + 2ĉW ) ,

bZf = 8gfZcZZ , bWf = 4gfW cWW ,

bbZf = �8eQf t✓WZ� , (42)

where we have not included the universal contribution from cH that drops when calculating

BR. All 7 quantities in Eq. (42) can be related with other experiments and therefore can be

constrained. Indeed, the terms proportional to �ghV V of Eq. (32) and the universal part of

4 We neglect terms proportional to the light fermion masses, see however Ref. [37].
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3.1 New physics e↵ects in h ! V f̄f

The decays h ! V f̄f (V = W,Z) are potentially much richer than two-body decays, since

the di↵erent di↵erential partial-widths can give in principle extra information on BSM con-

tributions [7, 34–39]. Nevertheless, as we will show, most of the new information that we

could extract from measuring the various di↵erential partial-widths of the decay h ! V f̄f is

already constrained by other experiments.

Contributions to h ! V f̄f can come from corrections to hV V vertices and contact-

interactions hV f̄f . Apart from the contributions given in Eq. (31), we have

�LhV V = 2
h

v

h
ĉW

�
W�

µ Dµ⌫W+
⌫ + h.c.

�
+ ĉZ ZµDµ⌫Z⌫ + (ĉW � ĉB)t✓W ZµDµ⌫A⌫

i

� 2
h

v

h
cWW W+µ⌫W�

µ⌫ + cZZ Zµ⌫Zµ⌫

i
, (37)

�LhV ff =
h

v

X

f=fL,fR

h
ghWff 0 Wµf̄�

µf 0 + ghZff Zµf̄�
µf

i
, (38)

where Dµ⌫ = @µ@⌫ �2⌘µ⌫ and

ĉW = cW + HW , ĉZ = ĉW + ĉBt
2
✓W

, ĉB = cB + HB , (39)

cWW = HW , cZZ =
1

2
(HW + HBt

2
✓W

)� 2
s4✓W
c2✓W

BB . (40)

Eq. (38) gives the contributions to the contact hV f̄f vertices that is found to be correlated

with those to the V f̄f vertices:

ghZff =
2

v
�gfZ and ghWff 0 =

2

v
�gfW , (41)

where �gfZ and �gfW are given respectively in Eqs. (60) and (68) of Appendix A.

The CP-even part of the total amplitude for the process h ! V f̄f can be written as 4

M(h ! V Jf ) = (
p
2GF )

1/2✏⇤µ(q) JV ⌫
f (p)

⇥
AV

f ⌘µ⌫ + BV
f (p · q ⌘µ⌫ � pµ q⌫)

⇤
, (42)

where q and p are respectively the total 4-momentum of V and the fermion pair in the JV
f

current (Jµ
fL,R

= f̄L,R�µfL,R), ✏µ is the polarization 4-vector of V , and we have defined

AV
f = aVf + baVf

p2 +m2
V

p2 �m2
V

, BV
f = bVf

1

p2 �m2
V

+bbVf
1

p2
(bbVf = 0 for V = W ) . (43)

4We neglect terms proportional to the light fermion masses (see however Ref. [38]). Also we omit a term
proportional to CW

f ✏µ⌫↵� p
↵ q� that could be CP-even if CW

f is pure imaginary. None of the Wilson coe�cients
of the dimension-6 operators contribute to this term at tree-level.
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➥ to be measured in 	

     momentum/angle distributions

 
 

Michael Duehrssen kappas and beyond 13

● NLO corrections are not treated properly. The known SM 

EWK corrections are just scaled with κ

● Changes to the W- and Z-couplings would likely also cause 
changes to event kinematics
● Visible in H→WW and H→ZZ decays
● Visible in VBF and VH production

→ κ-framework is good for inclusive quantities
→ but a coupling strength is not sufficient for distributions

κ-framework: known limitations

~ order one bounds from 	

    SM values expected after the end of run2
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        Higgs Boson Properties: Field Strength Tensor                        
Structure  via HÆZZ*Æ4l 

12 

 Test for presence of extra anomalous CP-even (coupling 
a2ÅÆg2) and CP-odd (coupling a3ÅÆg4) components  

 8D fit involving kinematical variables sensitive to a2 and a3 
with free parameters Re(ai)/ a1 and Im(ai)/ a1 , i={2,3}  

ATL-PHYS-PUB-2013-013 

S. Gascon-Shotkin ‘Higgs  Prospects  for  the  Future’  , Columbia Univ. June 4  2014 

 95% CL limits:  (0,0) 
corresponds to pure CP-
even  ‘0+’  SM  state 

 Factor ~2-3 
improvement in precision 
between 300 and 
3000fb-1 

    fb-1 
fb-1 



With the Higgs ➠ the SM is completed

➥ No need for anything else 	

to (at least) around the Planck scale

… but very unnatural theory !

Expected “deformations” from SM properties
To see them, we must test the Higgs very well

If not found…      ☛  Multiverse?	

If we find them in h→ff  only      ☛  probably MSSM	

In a reduction of couplings   ☛ probably Composite Higgs
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Conclusions


