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l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 
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γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS and CMS and from the combined analysis presented here. The systematic (narrower,
magenta-shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars)
uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the combined measurement, respectively.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

for the postfit case, which are both very similar to the observed uncertainties reported in Eq. (3).

Constraining all signal yields to their SM predictions results in an mH value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the
central value reflects the combined effect of the higher-than-expected H ! ZZ ! 4` measured
signal strength and the increase of the H ! ZZ branching fraction with mH. Thus, the fit
assuming SM couplings forces the mass to a higher value in order to accommodate the value
µ = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined analysis incorporates approximately 300 nuisance parameters. Among
these, approximately 100 are fitted parameters describing the shapes and normalizations of the
background models in the H ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg analysis categories to be changed [35]. Of
the remaining almost 200 nuisance parameters, most correspond to experimental or theoretical
systematic uncertainties.

Based on the results from the individual experiments, the dominant systematic uncertainties
for the combined mH result are expected to be those associated with the energy or momentum
scale and its resolution: for the photons in the H ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related between the two experiments since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which are fully independent except for negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

follow-up of La Biodola discussion…
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 LHC run at 7-8 TeV completed  [ ∫ L ~ 5 + 20 fb-1/ exp]  
 (just initial LHC phase ! )  
amazing performance ➜ results well above expectations...  
 SM tested at high accuracy in a new √s range :  
QCD (many regimes), top physics, EW processes, flavor 
 “direct” exploration of SM EWSB sector started up with 
observation of a  (quite light) Higgs resonance !!! 
 still a lot of room for a non-SM EWSB sector 
 bounds on new heavy states predicted by many BSM 
models widely extended wrt pre-LHC era 
 no real hint of BSM physics ! 
 SM Hierarchy-Problem solution getting harder...

pp collisions: where we stand today
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Higgs Lagrangian :

Figure 40: The measured production cross section for e+e� ! W+W� compared to the SM and to
fictitious theories not including trilinear gauge couplings, as indicated

In order to obtain these result for the vertex the reader must duly take into account the

factor of -1/4 in front of F 2
µ⌫ in the lagrangian and the statistical factors which are equal

to 2 for each pair of identical particles (like W+W+ or ��, for example). The quartic

coupling, being quadratic in g, hence small, could not be directly tested so far.

3.5 The Higgs Sector

We now turn to the Higgs sector of the EW lagrangian [10]. Until recently this sim-

plest realization of the EW symmetry breaking was a pure conjecture. But on July ’12

the ATLAS and CMS Collaborations at the CERN LHC have announced [229, 230] the

discovery of a particle with mass mH ⇠ 126 GeV that very much looks like the long sought

Higgs particle. More precise measurements of its couplings and the proof that its spin is

zero are necessary before the identification with the SM Higgs boson can be completely

established. But the following description of the Higgs sector of the SM can now be read

with this striking development in mind.

The Higgs lagrangian is specified by the gauge principle and the requirement of renor-

malizability to be

LHiggs = (Dµ�)
†(Dµ�)� V (�†�)�  ̄L� R��  ̄R�

† L�
† , (264)

97

where � is a column vector including all Higgs fields; in general it transforms as a reducible

representation of the gauge group SU(2)L ⌦U(1). In the Minimal SM it is just a complex

doublet. The quantities � (which include all coupling constants) are matrices that make the

Yukawa couplings invariant under the Lorentz and gauge groups. The potential V (�†�),

symmetric under SU(2)L ⌦ U(1), contains, at most, quartic terms in � so that the theory

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

As discussed in Chapter 1, spontaneous symmetry breaking is induced if the minimum

of V, which is the classical analogue of the quantum mechanical vacuum state, is not a

single point but a whole orbit obtained for non-vanishing � values. Precisely, we denote

the vacuum expectation value (VEV) of �, i.e. the position of the minimum, by v (which

is a doublet):

h0|�(x)|0i = v =

✓

0

v

◆

6= 0 . (266)

The reader should be careful that, for economy of notation, the same symbol is used for

the doublet and for the only non zero component of the same doublet. The fermion mass

matrix is obtained from the Yukawa couplings by replacing �(x) by v:

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

In the MSM, where all left fermions  L are doublets and all right fermions  R are singlets,

only Higgs doublets can contribute to fermion masses. There are enough free couplings in

� so that one single complex Higgs doublet is indeed su�cient to generate the most general

fermion mass matrix. It is important to observe that by a suitable change of basis we can

always make the matrix M Hermitian (so that the mass matrix is �5-free) and diagonal.

In fact, we can make separate unitary transformations on  L and  R according to

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

This transformation produces di↵erent e↵ects on mass terms and on the structure of the

fermion couplings in Lsymm, because both the kinetic terms and the couplings to gauge

bosons do not mix L and R spinors. The combined e↵ect of these unitary rotations leads to

the phenomenon of mixing and, generically, to flavour changing neutral currents (FCNC),

as we shall see in Sect. 3.6. If only one Higgs doublet is present, the change of basis that

makes M diagonal will at the same time diagonalize the fermion–Higgs Yukawa couplings.

Thus, in this case, no flavour-changing neutral Higgs vertices are present. This is not

true, in general, when there are several Higgs doublets. But one Higgs doublet for each
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Note that the trilinear couplings are nominally of order g2, but the adimensional coupling

constant is actually of order g if we express the couplings in terms of the masses according

to Eqs.(278):

L[H,W,Z] = gmWW+
µ W�µH +

g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

Thus the trilinear couplings of the Higgs to the gauge bosons are also proportional to the

masses (at fixed g: if instead GF is kept fixed then, by Eq. 244, g is proportional to mW ,

and the Higgs couplings are quadratic in mW ). The quadrilinear couplings are of order g2.

Recall that to go from the lagrangian to the Feynman rules for the vertices the statistical

factors must be taken into account: for example, the Feynman rule for the ZZHH vertex

is igµ⌫g2/2 cos2 ✓W .

The generic coupling of H to a fermion of type f is given by (after diagonalization):

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

= 21/4G1/2
F mf . (287)

The Higgs self couplings are obtained from the potential in Eq.(265) by the replacement

in Eq.(283). Given that, from the minimum condition:

v =

r

µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

The constant term can be omitted in our context. We see that the Higgs mass is positive

(compare with Eq.(265)) and is given by:

m2
H = 2µ2 = 2�v2 (290)

By recalling the value of v in Eq.(279), we see that formH ⇠ 126 GeV � is small, �/2 ⇠ 0.13

(note that �/2 is the coe�cient of �4 in Eq.(265), and the Higgs self interaction is in the

perturbative domain.

The di�culty of the Higgs search is due to the fact that it is heavy and coupled in

proportion to mass: it is a heavy particle that must be radiated by another heavy particle.

So a lot of phase space and of luminosity are needed. At LEP2 the main process for

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].
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spontaneusly  broken  
via Higgs mechanism

SM gauge group :
SU(3)QCD x SU(2)L x U(1)B  
                       

masses fix all  
Higgs interactions 

 ➜  SU(3)QCD x U(1)em

built up just by imposing  
 gauge invariance (LSM singlet of SM group) 
 renormalizability [D ≤4 operators]
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32 10. Electroweak model and constraints on new physics
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Figure 10.4: Fit result and one-standard-deviation (39.35% for the closed contours
and 68% for the others) uncertainties in MH as a function of mt for various inputs,
and the 90% CL region (∆χ2 = 4.605) allowed by all data. αs(MZ) = 0.1185 is
assumed except for the fits including the Z lineshape. The width of the horizontal
dashed (yellow) band is not visible on the scale of the plot.

account for Rb, which has been measured on the Z peak and off-peak [227] at LEP 1.
An average of Rb measurements at LEP 2 at energies between 133 and 207 GeV is 2.1 σ

below the SM prediction, while A
(b)
FB (LEP 2) is 1.6 σ low [171].

The left-right asymmetry, A0
LR = 0.15138 ± 0.00216 [154], based on all hadronic data

from 1992–1998 differs 2.1 σ from the SM expectation of 0.1468 ± 0.0004. The combined
value of Aℓ = 0.1513 ± 0.0021 from SLD (using lepton-family universality and including
correlations) is also 2.1 σ above the SM prediction; but there is experimental agreement
between this SLD value and the LEP 1 value, Aℓ = 0.1481 ± 0.0027, obtained from a fit

to A
(0,ℓ)
FB , Ae(Pτ ), and Aτ (Pτ ), again assuming universality.

The observables in Table 10.4 and Table 10.5, as well as some other less precise
observables, are used in the global fits described below. In all fits, the errors include
full statistical, systematic, and theoretical uncertainties. The correlations on the LEP 1
lineshape and τ polarization, the LEP/SLD heavy flavor observables, the SLD lepton
asymmetries, and the ν-e scattering observables, are included. The theoretical correlations

between ∆α
(5)
had and gµ − 2, and between the charm and bottom quark masses, are also

accounted for.

The data allow a simultaneous determination of MZ , MH , mt, and the strong coupling

αs(MZ). (m̂c, m̂b, and ∆α
(3)
had are also allowed to float in the fits, subject to the

August 21, 2014 13:18

PDG 2014 “invisible” width ! 

(m
H error band)

last missing 
 SM state !

red area is 90% CL  
prediction from EWPTs
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 test gHXX (magnitude and structure) to vector bosons (EWSB), 
to  fermions  and  self-couplings

is  LHC signal really a SM Higgs ?
To do this job, the Higgs couplings 

must take a particular value:

h

h

W , Z

W , Z

=
gMf

2MW

= gMW ,
gMZ

cos �W

f

f

The couplings must be exactly these ones
(at tree-level) to make the SM a consistent theory

Otherwise this is NOT a Higgs = “Impostor”

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

• F
H

γ(Z)

γ

+

•H
Q

g

g

b)

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

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

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

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

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

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

too heavy to be produced directly.

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

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

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

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

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

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

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

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 β3
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

−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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Φ−2m2

f−2m2
f ) and ∝ 1

2 |b|
2(M2

Φ−2m2
f +2m2
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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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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 β3
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]
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polarization vectors of the fermions and the four–momenta are such that p± = p± p̄, is given
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1)

2)

3)

4)

5)

6)

f=top

f=bottom

f=tau

at present 
only indirectly from

Main pieces of information to be extracted from data:

HIGGS PHYSICS

threshold. For large masses, MH >∼ 500 GeV, the Higgs becomes obese since its total width
is comparable to its mass, and it is hard to consider it as a resonance.

In e+e− collisions, the main production mechanisms for the SM Higgs particles are,
Fig. 2.6a, the Higgs–strahlung [38, 71] and the WW fusion [72] processes

e+e− → ZH → f f̄H and e+e− → ν̄eνeH (i)

The final state Hνν̄ is generated in both the fusion and Higgs–strahlung processes. Besides
the ZZ fusion mechanism [72] e+e− → e+e−H which is similar to WW fusion but with an
order of magnitude smaller cross section, sub–leading Higgs production channels, Fig. 2.6b,
are associated production with top quarks e+e− → tt̄H [73] and double Higgs production
[74, 75] in the Higgs–strahlung e+e− → ZHH and fusion e+e− → ν̄νHH processes. Despite
the smaller production rates, the latter mechanisms are very useful when it comes to the
study of the Higgs fundamental properties. The production rates for all these processes are
shown in Fig. 2.7 at energies

√
s = 500 GeV and

√
s = 1 TeV as a function of MH . Other

sub–leading processes such as associated production with a photon e+e− → Hγ and loop
induced pair production e+e− → HH have even smaller rates and will not be discussed here.

•
e−

e+ Z∗

H

Z(a)

•
e−

e+

V ∗

V ∗
H

νe (e−)

ν̄e (e+)

•
e−

e+

H

t

t̄
(b)

•
e−

e+ Z∗

H

H

Z

•
e−

e+

W ∗

W ∗
H

H

νe

ν̄e

FIGURE 2.6. Diagrams for the dominant (a) and subleading (b) Higgs production mechanisms at ILC.

The cross section for Higgs–strahlung scales as 1/s and therefore dominates at low en-
ergies, while the one of the WW fusion mechanism rises like log(s/M2

H) and becomes more
important at high energies. At

√
s ∼ 500 GeV, the two processes have approximately the

same cross sections, O(50 fb) for the interesting Higgs mass range 115 GeV <∼ MH <∼ 200
GeV favored by high–precision data. For the expected ILC integrated luminosity L ∼ 500
fb−1, approximately 30000 and 40000 events can be collected in, respectively, the e+e− → HZ
and e+e− → νν̄H channels for MH ∼ 120 GeV. This sample is more than enough to observe
the Higgs particle at the ILC and to study its properties in great detail.

Turning to the sub–leading processes, the ZZ fusion mechanism e+e− → He+e− is similar
to WW fusion but has a cross section that is one order of magnitude smaller as a result of
the smaller neutral couplings compared to the charged current couplings. However, the full
final state can be reconstructed in this case. Note that at

√
s >∼ 1 TeV, the cross section for

this process is larger than that of Higgs–strahlung for MH <∼ 300 GeV.
The associated production with top quarks has a very small cross section at

√
s = 500

GeV due to phase space suppression but, at
√

s = 800 GeV, it can reach the level of a few
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a clear SM footprint is emerging : gHXX ~ mX(2)
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7.5 Test for the presence of BSM particles in loops 35
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-
induced interactions with the Higgs boson are resolved in terms of the couplings of other SM
particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-
sent the 95% CL confidence intervals. When performing the scan for one parameter, the other
parameters in the model are profiled. (Right) The 2D likelihood scan for the M and e parame-
ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,
and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The
diamond represents the SM expectation, (M, e) = (v, 0), where v is the SM Higgs vacuum
expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.
The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)
are placed at particle mass values chosen as explained in the text. The ordinates are differ-
ent for fermions and massive vector bosons to take into account the expected SM scaling of
the coupling with mass, depending on the type of particle. The result of the (M, e) fit from
Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the
68% and 95% CL confidence regions.

SM pattern 
well matched  
within errors !

it is not a 
generic   

scalar state!
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Mystery in  Hierarchy of  SM  Yukawa’s 
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e" µ" τ" b"s"c"d"u" t"ντ"νµ" W"Z"H"

 origin of Flavor Symmetry Breaking ?
courtesy of R. Chierici

LYf ⇠ mf

v
f̄f H mf’s span many orders  

of magnitudes…
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SM  is not enough !

 SM beautifully successful at E < 1 TeV,  
but has some “messy features” (flavour sector...), 
and does not explain a number of things  
(strong CP, neutrino sector, baryogenesis, Dark Matter...) 

 crucial issue for Collider Physics (and LHC !) :                 
 

               what is the expected  
  Energy THReshold (ETHR) to go BSM ???



 quadratic divergences on fundamental-scalar mass 
 drive  MH  to the next energy threshold ETHR  ! 
 

➜  to avoid huge Fine-Tuning of parameters,  
      one expects roughly : 

     ETHR ~  MH / gcoupling ~ o (1 TeV) 
   this  was  (before LHC start-up),   
   and  STILL  IS  ( after Run 1 ),   
   a  ROBUST  statement !!!
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1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ≃ 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal

1

MH unprotected  
by Symmetries !
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WARNING !

 after LHC Run I, Simplest Versions of  
“PROPOSED” Models  look quite Fine-Tuned !

 a ROBUST statement too  !!!

the exact way ETHR materializes (➜ enters theory) 
depends on the actual (yet unknown !) SM extension



Higgs is an invaluable probe of BSM sectors
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 typical deviations  
in H couplings in  

‘natural’ Higgs models:   
few % ➜ 10’s %

Conclusion 

!  We’ve just started and there’s a long 
and exciting way to go: 
!  Go from O(10%) measurements to 

differential. 
!  Go from “seen” to O(%) measurements. 
!  Go from limits on rare things to 

observations. 
!  Reduce theory uncertainties. 
!  Explore the full potential of the LHC and 

its upgrades. 
 
!  All it takes is deviation to point 

us on the right way beyond the SM. 

@CMSexperiment @ICHEP2014 
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before LHC Higgs data
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Composite Higgs
Higgs mediated processes recover calculability:

Back to the prediction era!
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Finite results!
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Massive gauge theories become 
as good as massless gauge theories 

small effects already expected,!
as EWPT (LEP1) put strong limits !

to the coupling hVV!
 since it affects the Z propagator:

(reduction of couplings)

A better perspective to understand how close to a SM Higgs: 

Composite PGB Higgs 
(smaller couplings)

 

(light h)

A.Pomarol
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largest contributions to gHXX from BSM
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ghff ghV V GG �� Z� g3h

MSSM X X
NMSSM X X X X X X
MCHM X X X X

SUSY Composite Higgs X X X
Higgs as a Dilaton X X X X

Partly-Composite Higgs X X X X
Bosonic TC X

Table 1: Largest contributions to Higgs couplings (relative to the SM one) expected from different BSM scenarios.
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Higgs is also  
a privileged probe  
of Hidden Sectors !

SM HSX
in general, with D≤4 operators (➜ no mediator) :

but 4D terms mixing SM and HS in the 
Lagrangian possible in few cases !   
 

Sectors UNCHARGED (= singlet)  
 under the SM gauge group  

(and vice versa)”

L[D] ~ [SM]singlet x [HS]singlet / [E](D-4)
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Higgs-portal  SM ↔ HS  interaction 

 new Hidden-Sector scalar       interacting with  
the SM Higgs         operator :  
Higgs-portal :                                [D=4]   
  

16LNF,  2  April  2015

�

can contribute to  
H invisible width ! H

H†H

�

�

 not suppressed by large E scales ! 

 L ~ 1/[E](D-4)   [SM]singlet x [HS]singlet

LD=4 ⇠ �†� H†H
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Higgs  non-decoupling !

g

g
H

top

non-decoupling can also apply  
 to new heavy chiral states !

(m
top

! 1)

➜  finite (potentially large) effects  
     from heavy BSM states !

Agg!H ⇠ Ytop

mtop
! 1

v
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Higgs as a “source” of Dark Photons 
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Gabrielli et al, arXiv:1405.5196

H ! ��̄

�̄

�
heavy scalar messengers  
(squark/slepton-like) 
connecting SM to Dark-Fermion  
sector (Dark Matter?, Yukawa  
origin and hierarchy?)

massless (invisible)  
Dark Photon 

( mediating long-range  
 U(1)F force between  
 Dark particles )	



H non-decoupling effects 
 (just as in SM) possible:	



�(H ! ��̄) ⇠ 1

M2
Heavy

! 1

v2

SL,R

�(H ! ��̄) ⇠ 1

M2
Heavy

! 1

v2

mono-photon  
resonant signature
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        prediction in minimal models
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FIG. 1: Predictions for BR(H ! ��̄) as functions of ↵̄ for
di↵erent BRinv and r�� in the minimal model.

amplitudes have the same structure as (5), and we obtain

⇤�� = ⇤��̄
R

R0

r
↵̄

↵
, ⇤�̄�̄ = ⇤��̄

r
↵

↵̄

R

R1
, (9)

where R0 = 3Nc(e2U+e2D), and R1 = Nc

P3
i=1

�
q2Ui

+ q2Di

�
.

A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows

BR�� = N
�
1±p

r��
�2
, BRAB = NrAB , (10)

where AB ⌘ {��̄, �̄�̄}, N = BRSM
�� /(1 + r�̄�̄BR

SM
�� ), and

the ratios rAB are given by

r��̄ = 2 r��
R2

R2
0

⇣ ↵̄
↵

⌘
, r�̄�̄ = r��

R2
1

R2
0

⇣ ↵̄
↵

⌘2

, (11)

where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by

r�� =

✓
R0⇠

2

3F (1� ⇠2)

◆2

, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.
We stress that large values of the messenger mixing-

mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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amplitudes have the same structure as (5), and we obtain
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A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows
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, BRAB = NrAB , (10)
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where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by

r�� =
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, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.

We stress that large values of the messenger mixing-
mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows
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where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by

r�� =
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where F is the SM contribution, given by F = FW (�W )+P
f NcQ
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fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.

We stress that large values of the messenger mixing-
mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows
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where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by

r�� =
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, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.

We stress that large values of the messenger mixing-
mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows
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where r�� ⌘ �NP
�� /�SM

�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by
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where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.
We stress that large values of the messenger mixing-

mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the
LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.
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�� . Here �NP
�� and �SM

�� corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by
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and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution
(in fb/GeV) of the signal (red), and the main backgrounds �j
(grey), �Z (blue), jZ (green), and W (yellow). For illustra-
tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 2.28 ⇥ 10�3, while the dashed
lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

�� ), consistently with all model parameters and the
LHC constraints.
We stress that large values of the messenger mixing-
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expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1
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� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as

MT =
q
2p�T /ET (1� cos��), (13)

where p�T is the photon transverse momentum, and �� is
the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p�T distribu-
tion will exhibit a similar structure around mH/2. These

1 Large values of the mixing parameter ⇠ can be safely generated
from the purely EW messenger sector, since the latter does not
a↵ect the Higgs production cross section in gluon fusion.

Gabrielli et al,arXiv:1405.5196(parton-level analysis)

W

γZ

jZ

γj

H ! �̄�

BR�̄�
H =5%

(8TeV/20fb-1)

σ (fb)

Emiss~ Eγ ~ mH/2

4

features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p�T distributions.
These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p�T < 63 GeV
and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p�T is not much a↵ected by
a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the
signal and background processes at 8 TeV for the selections
(A1) 50 GeV < p�T < 63 GeV; (A2) 60 GeV < p�T < 63 GeV.
In all cases |⌘� | < 1.44, and S/

p
S +B is for 20 fb�1. The

significance improves with tighter cuts, but this is subject to
experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.
Acknowledgment. We thank S. Chauhan,

J.P. Chou and J. Alcaraz Maestre for communications,
and C. Spethmann for collaboration in the early stages of
the project. This work was supported by grants MTT60,
IUT23-6, CERN+, and by EU through the ERDF CoE
program.

[1] P. Ade et al. [Planck Coll.], arXiv:1303.5076.
[2] For a review and references see, R. Essig et al.,

arXiv:1311.0029 [hep-ph].
[3] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84,

3760 (2000); M. Vogelsberger, J. Zavala and A. Loeb,
Mon. Not. Roy. Astron. Soc. 423, 3740 (2012).

[4] L. G. van den Aarssen, T. Bringmann and C. Pfrommer,
Phys. Rev. Lett. 109, 231301 (2012); S. Tulin, H. -B. Yu
and K. M. Zurek, Phys. Rev. D 87, 115007 (2013).

4

features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p�T distributions.
These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p�T < 63 GeV
and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p�T is not much a↵ected by
a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the
signal and background processes at 8 TeV for the selections
(A1) 50 GeV < p�T < 63 GeV; (A2) 60 GeV < p�T < 63 GeV.
In all cases |⌘� | < 1.44, and S/

p
S +B is for 20 fb�1. The

significance improves with tighter cuts, but this is subject to
experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.

Acknowledgment. We thank S. Chauhan,
J.P. Chou and J. Alcaraz Maestre for communications,
and C. Spethmann for collaboration in the early stages of
the project. This work was supported by grants MTT60,
IUT23-6, CERN+, and by EU through the ERDF CoE
program.

[1] P. Ade et al. [Planck Coll.], arXiv:1303.5076.
[2] For a review and references see, R. Essig et al.,

arXiv:1311.0029 [hep-ph].
[3] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84,

3760 (2000); M. Vogelsberger, J. Zavala and A. Loeb,
Mon. Not. Roy. Astron. Soc. 423, 3740 (2012).

[4] L. G. van den Aarssen, T. Bringmann and C. Pfrommer,
Phys. Rev. Lett. 109, 231301 (2012); S. Tulin, H. -B. Yu
and K. M. Zurek, Phys. Rev. D 87, 115007 (2013).

4

features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p�T distributions.
These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p�T < 63 GeV
and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p�T is not much a↵ected by
a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the
signal and background processes at 8 TeV for the selections
(A1) 50 GeV < p�T < 63 GeV; (A2) 60 GeV < p�T < 63 GeV.
In all cases |⌘� | < 1.44, and S/

p
S +B is for 20 fb�1. The

significance improves with tighter cuts, but this is subject to
experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.

Acknowledgment. We thank S. Chauhan,
J.P. Chou and J. Alcaraz Maestre for communications,
and C. Spethmann for collaboration in the early stages of
the project. This work was supported by grants MTT60,
IUT23-6, CERN+, and by EU through the ERDF CoE
program.

[1] P. Ade et al. [Planck Coll.], arXiv:1303.5076.
[2] For a review and references see, R. Essig et al.,

arXiv:1311.0029 [hep-ph].
[3] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84,

3760 (2000); M. Vogelsberger, J. Zavala and A. Loeb,
Mon. Not. Roy. Astron. Soc. 423, 3740 (2012).

[4] L. G. van den Aarssen, T. Bringmann and C. Pfrommer,
Phys. Rev. Lett. 109, 231301 (2012); S. Tulin, H. -B. Yu
and K. M. Zurek, Phys. Rev. D 87, 115007 (2013).

BR�̄�
H =5%

model-independent 
measurement of BRDP!



Barbara Mele

Higgs self-couplings

 in the SM :  
 
 
 

                  needs HH                       needs HHH 
                  in final states 

 BSM : Max λ deviations   
compatible with no  
other BSM observation: 
few % to ~20%  
➜ target for both TH and EXP accuracies !

21LNF,  2  April  2015

1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ≃ 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 4

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1
[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1
[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 6
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ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW (⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014
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arXiv:1305.6397Defining a target accuracy for λ:
   - Maximum deviation in (plausible) BSM scenarios for which...
   - There are no other EWSB states accessible at LHC.
        (ie: first sign of non-standard higgs sector is in λ)
   - Models investigated satisfy existing direct/indirect constraints 

How well do we need to measure λ?
 - SM predicts relationship between mh and λ:
       Verifying relationship directly probes EWSB
 - Modified in many SM extensions.

m2
h = 2�hhhv

2

value of �S required to raise the Higgs mass to 126 GeV in-
creases (this can be understood from the sin2 2� factor in
eq. 47). For tan � = 2 we find �S  0.7, which satisfies
the condition for perturbativity up to the Grand Unification
scale [23] (MGUT ⇠ 2⇥ 1016 GeV), whereas for tan� = 7.5 we
find �S  2, the upper value (�S = 2) leading to a divergence
in �S at ⇠ 10TeV [39]. For tan � > 7.5 we find that the con-
dition for perturbativity up to 10 TeV, �S < 2, is not satisfied.
Thus the maximum possible deviation, if we require perturba-
tivity up to 10 TeV is about �25% for tan � = 7.5,mA = 500
GeV.
Now we come to the question, would the heavier Higgs re-

main undetected by the LHC for this point tan � = 7.5,mA =
500 GeV? In the case of the MSSM this point lies outside
the LHC reach of heavy supersymmetric Higgs searches (see
Fig. 1.21 of Ref. [24]). In the NMSSM the coupling of the
heavier Higgs bosons to down-type quarks and vector bosons
is the same up to the percent level while the coupling to
up-type quarks is reduced with respect to the MSSM. This
means that the we expect similar (in processes controlled
by heavy Higgs boson couplings to down-type fermions like
bb ! H ! ⌧⌧ ) or smaller cross-sections (if the process
involves, for instance, gluon fusion where coupling to the
top would be suppressed relative to the MSSM). Thus we
would expect that if a point like tan� = 7.5,mA = 500
GeV is beyond LHC reach for the MSSM the same would
hold for the NMSSM too, given our construction. Thus
tan � = 7.5,mA = 500 GeV indeed represents a point where
the self-coupling deviation from SM is maximal, and the heavy
Higgs bosons are beyond the LHC reach. The self-coupling
deviation for this point, �25% is thus the target in the case
of the NMSSM.

Model �ghhh/gSMhhh

Mixed-in Singlet �18%
Composite Higgs tens of %
Minimal Supersymmetry �2%a �15%b

NMSSM �25%
LHC 3 ab�1 [36] [�20%,+30%]

Table 1: Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where
no other exotic electroweak symmetry breaking state (e.g.,
new Higgs bosons or “⇢ particle”) is found at the LHC except
one: the ⇠ 126GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on
the discussion in the text. For the �ghhh/gSMhhh values of super-
symmetry, superscript a refers to the case of high tan � > 10
and no superpartners are found at the LHC, and superscript
b refers to all other cases, with the maximum value of �15%
reached for the special case of tan � ' 5. In the last row,
the best estimates for the 1� accuracy of the measurement of
the triple Higgs coupling at the LHC with 3 ab�1 integrated
luminosity is given. It is assumed here that no additional dy-
namics or operators contribute to non-SM shifts in pp ! hh
except the self-coupling.

4 Conclusions

To summarize, we have found that the 150MeV uncertainty
on the Higgs boson mass that ATLAS and CMS are scheduled
to achieve is likely to be better than we will ever need to
know it in the foreseeable future. Better determinations yield
no obvious advantage in testing any proposed question about
nature that we can formulate today.
On the other hand, we have shown that in beyond the SM

15

Target ~20% constraint on λhhh

   - 20 % measurement of µhh or 
    - 40 % measurement of µhh-VBF

⇒

mH  directly related to Higgs dynamics !

Gupta et al, 
arXiv:1305.6397

out 
of r

each
 !
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bad news !  ➜   tiny SM HH rates !
 dominant production in pp collisions : 
 
 
 
 
 
 
 

 other production channels have  σ < 1/10 σ(HH) :  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λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 4
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σ(HH)SM ~ 10-3 σ(H)SM

N. Styles | Higgs XSsec HH Subgroup Meeting |  08/12/2014  |  Slide 2

Introduction

> Self coupling is a fundamental property of the SM Higgs field

 To understand if observed Higgs boson is really SM, must measure this coupling as well 
as its coupling to other particles 

> Self-coupling strength can be determined by measuring Higgs pair 
production cross-section

 Destructive interference between diagrams with and without self-interaction

> NB Analysis is not currently optimised specifically for sensitivity to λ
HHH

 Focus on extracting a signal

14 TeV

destructive interference 
ruled by Yt and 

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1
[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1
[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 6
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[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫
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gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]
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[λSM = (mH/v)2/2 =0.13]

SM
t

t

present  ΔTH  on σ(gg ➜ HH)  ~ 40% !
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(SM) HH rates at HL-LHC   (ev/3000fb-1)
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1 Introduction

The ATLAS and CMS collaborations have recently reported the discovery of a Higgs boson with a

mass of mH ≃ 125 GeV [1, 2]. The measurement of the Higgs boson self-coupling and subsequent

reconstruction of the Higgs potential is crucial in order to confirm whether the Higgs boson discovered

has the properties predicted in the Standard Model.

A direct measurement of the Higgs trilinear self-coupling λHHH requires the study of Higgs bo-

son pair production. At hadron colliders, the dominant Higgs pair production mechanism is gluon

fusion, with the other production mechanisms1 being more than an order of magnitude smaller [3].

For a centre-of-mass energy of 14 TeV, the production cross section of pairs of 125 GeV Higgs bo-

sons is estimated to be 40.8 fb (with an error of ±8.5% from QCD scale uncertainties and ±7% from

PDF+αS ) [4, 5].

The various decays of the Standard Model Higgs boson offer a variety of final states which can be

studied, and the most interesting of these are given in Table 1, along with their branching ratios and the

approximate event yield in the anticipated High-Luminosity LHC (HL-LHC) dataset corresponding to

3000 fb−1.

Decay Channel Branching Ratio Total Yield (3000 fb−1)

bb + bb 33% 40,000

bb +W+W− 25% 31,000

bb + τ+τ− 7.3% 8,900

ZZ + bb 3.1% 3,800

W+W− + τ+τ− 2.7% 3,300

ZZ +W+W− 1.1% 1,300

γγ + bb 0.26% 320

γγ + γγ 0.0010% 1.2

Table 1: Branching ratios for different HH final states, and their corresponding approximate expected

yields in 3000 fb−1 of data before any event selection is applied, assuming a total production cross

section of 40.8 fb and mH = 125 GeV.

The H(→ bb̄)H(→ γγ) final state discussed in this note offers the potential for a clean HH signal ex-

traction thanks to the narrow mass peak of the H → γγ decay. The low branching for this decay mode

leads to low expected signal rates, so only the gluon-gluon production mode has been studied. The

analysis documented in this note has been done using truth-level samples (i.e. 4-vectors describing the

kinematics of the various physics objects) produced by the event generators described in Section 3.1,

applying smearing functions in order to model the expected performance of the upgraded ATLAS de-

tector at the HL-LHC. These smearing functions were obtained from fully simulated samples produced

for various benchmark physics processes, with an average number of collisions per bunch crossing,

< µ >, of around 140 [6, 7]. The high-luminosity conditions provide a challenging experimental envir-

onment, which will be mitigated as far as possible by improvements to the ATLAS detector design and

technology, as described in Ref. [8].

This note focuses on the observation of Higgs boson pair production in the H(→ bb̄)H(→ γγ)
final state; a precise measurement of λHHH would need a combination of analyses from several decay

channels, each with its own sensitivity to the effects of the Higgs self-coupling.

1vector boson fusion, higgsstrahlung, and associated production with tt̄.

1

(40.8 fb NNLO HH)selection of HH final states has to account for:  
- final states experimentally clear and robust  
- final states with large enough production rate 
 HH	
 ➜	
 bbWW [large rates but  S(~103)/B(tt pairs)~10-4] 

 HH ➜	
 bbγγ [clean but small rates], (also  HH ➜	
 bb[ττ,bb,ZZ,µ µ])
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      HH ➜	
 bbγγ      (Snowmass studies)
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28 Higgs working group report

Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.

Community Planning Study: Snowmass 2013

a lot of work still needed to assess  
the actual HL-LHC sensitivity to λ H3 coupling ! 

will likely benefit a lot from new exp strategies developed in Run 2  

and knowledge of actual HL detector upgrades  

(3σ significance (SM) / 3ab-1 doable ?)
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e+e- colliders
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013

needs full luminosity program !

based on bbbb and  WWbb simulation at ILC  
and bbbb at CLIC   

(to be improved - ongoing simulations)

ILC TDR + Snowmass projections
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Outlook
 SM is not enough… 
 Higgs boson is the first elementary (?) scalar field       
 observed in nature  
       ➜ it comes together with quite a few criticalities ! 
 in the SM Lagrangian, the Higgs sector is the most  
 exposed to BSM effects ➜ measurement of Higgs  
 properties is one of the best ways to “indirectly” discover  
 new physics (and discriminate among different BSM’s) 
 possibility of exotic signatures in Higgs decays  
 Higgs boson observation opened up an entire new chapter  
 of BSM exploration 
 in case of no observation of new heavy states in the next  
 LHC run, precision Higgs physics will have a key role in 
 paving the way for extending the SM theory…
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BACK-UP
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Higgs-coupling accuracy projections
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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