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Standard Model from Gauge Principle

✓ Recognize symmetry of Nature SU(3)C ⌦ SU(2)L ⌦ U(1)Y

✓ Impose symmetry in local form (introduce gauge fields, just try U(1))

 AµFermion (spin 1/2) Boson (spin 1)

< ψ > = < Aμ > = 0✓Each particle represented by a field

 (x) ! ei↵(x) (x) Aµ(x) ! Aµ(x) + @µ↵(x)

✓ Minimal coupling between matter and gauge fields

Lmatter( , @µ ) ! Lmatter( , Dµ ) Dµ = @µ � igAa
µ(x)T

a
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With the particle content of SM 
before July 4 2012 : all massless

Solution: Spontaneous Symmetry Breaking

Keep symmetry at the Lagrangian level
Break symmetry at the level of the ground state 
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Higgs; Brout-Englert; Guralnik–Hagen–Kibble (~1964) Nobel 2013



L⇥ = |Dµ�|2 � V (�) V (⇤) = µ2|⇤|2 + �|⇤|4

� =
1�
2

(�1 + i�2)

gauge coupling

Spontaneous Symmetry Breaking
U(1) example: Introduce a complex scalar field

�(x) ! �0(x) = e�i↵(x)�(x)

µ2 < 0If 
infinite vacuums

V

�1

�2

not gauge invariant

|h�i|2 =
�µ2

2�
⌘ v2

� > 0





Spontaneous Symmetry Breaking

V

�1

�2 �
H

�(x) � 1⇥
2
ei �(x)

v (v + H(x))

perturbation away from minimummoves between vev’s
VEV not gauge invariant

|Dµ⇥|2 =
1
2
⇤µH⇤µH � 1

2
(�2µ2H2) +

q2v2

2
AµAµ +

q2

2
AµAµH2 + vq2AµAµH

interactions 

Gauge boson mass termmA = qv

scalar boson mass term

Degree of freedom “eaten” to provide longitudinal polarization

field can be rotated away by gauge transformation (unitary gauge)�(x)

Two parameters in the potential mH , mA

m2
H

= �2µ2

µ , �



Spontaneous Symmetry Breaking

The SM example: Introduce a doublet of complex scalar fields

Spontaneous symmetry breaking

Experimentally, the weak bosons are massive. We give mass to the gauge bosons through the

Higgs mechanism: generate mass terms from the kinetic energy term of a scalar doublet field Φ

that undergoes spontaneous symmetry breaking.

Introduce a complex scalar doublet

Φ =





φ+

φ0



 , YΦ =
1

2

LHiggs = (DµΦ)†(DµΦ)− V
(

Φ†Φ
)

Dµ = ∂µ − igWµ
i

σ i

2
− ig′YΦBµ

V
(

Φ†Φ
)

= V0 −µ2Φ†Φ + λ
(

Φ†Φ
)2

, µ2, λ > 0

Notice the “wrong” mass sign. Minimum of potential when

Φ has vacuum expectation value

< |Φ| > =
v√
2

=
|µ|√

2λ

)
V

(|
Φ+ |

0
Φ| ,

|

|Φ

+|

Φ
0||

µ <02

µ>02

v/ 2

Transforms as (1,2,1/2) under SU(3)C x SU(2)L x U(1)Y 

Expanding Φ around the minimum

Φ =





φ+

φ0



 =





φ+

1√
2
[v + H(x) + iχ(x)]



 =
1√
2

exp

[

iσiθ
i(x)
v

]





0

v + H(x)





We can rotate away the fields θi(x) by an SU(2)L gauge transformation

Φ(x)→Φ′(x) = U(x)Φ(x) =
1√
2





0

v + H(x)





where U(x) = exp
[

− iσiθ
i(x)
v

]

.

This gauge choice, called unitary gauge, is equivalent to absorbing the Goldstone modes θi(x).

The vacuum state can be chosen to correspond to the vacuum expectation value

Φ0 =
1√
2





0

v





Notice that only a scalar field can have a vacuum expectation value.The VEV of a fermion or

vector field would break Lorentz invariance.
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< |Φ| > =
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=
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)
V

(|
Φ+ |

0
Φ| ,

|

|Φ

+|

Φ
0||

µ <02

µ>02

v/ 2

Spontaneoussymmetrybreaking

Experimentally,theweakbosonsaremassive.Wegivemasstothegaugebosonsthroughthe

Higgsmechanism:generatemasstermsfromthekineticenergytermofascalardoubletfieldΦ

thatundergoesspontaneoussymmetrybreaking.

Introduceacomplexscalardoublet

Φ=





φ+

φ0



,YΦ=
1

2

LHiggs=(DµΦ)†(DµΦ)−V
(

Φ†Φ
)

Dµ=∂µ−igWµ
i

σi

2
−ig′YΦBµ

V
(

Φ†Φ
)

=V0−µ2Φ†Φ+λ
(

Φ†Φ
)2

,µ2,λ>0

Noticethe“wrong”masssign.Minimumofpotentialwhen

Φhasvacuumexpectationvalue

<|Φ|>=
v√

2
=

|µ| √
2λ

)

V
(|
Φ +|

0

Φ |,

|

| Φ
+ |

Φ
0| |

µ <0 2

µ>0 2

v/2

vacuum state neutral

m2
W =

g2v2

4
m2

Z =
(g2 + g02)v2

4
=

m2
W

cos2 ✓W
•W and Z acquire masses 

•Photon remains massless

v =

s
1p
2GF

⇡ 246.22GeV•vev known

Consequences for the scalar field H

The scalar potential

V
(

Φ†Φ
)

= λ

(

Φ†Φ − v2

2

)2

expanded around the vacuum state

Φ(x) =
1√
2





0

v + H(x)





becomes

V =
λ

4

(

2vH + H2
)2

=
1

2
(2λv2)H2 + λvH3 +

λ

4
H4

Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.

SU(3)C ⌦ SU(2)L ⌦ U(1)Y



Interactions with Higgs Boson

WWH  and ZZH  couplings

WWHH  and ZZHH couplings

2i
m2

W

v
gµ⌫ 2i

m2
Z

v
gµ⌫

2i
m2

Z

v2
gµ⌫2i

m2
W

v2
gµ⌫

One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
µ :

W±
µ =

1√
2
(A1

µ ± A2
µ) −→ MW = g

v

2
, (26)

and for the neutral gauge boson Z0
µ:

Z0
µ =

1√
g2 + g′2

(gA3
µ − g′Bµ) −→ MZ =

√

g2 + g′2v

2
, (27)

while the orthogonal linear combination of A3
µ and Bµ remains massless and corresponds to

the photon field (Aµ):

Aµ =
1√

g2 + g′2
(g′A3

µ + gBµ) −→ MA = 0 , (28)

the gauge boson of the residual U(1)em gauge symmetry.

The content of the scalar sector of the theory becomes more transparent if one works in

the unitary gauge and eliminate the unphysical degrees of freedom using gauge invariance.

In analogy to what we wrote for the abelian case in Eq. (7), this amounts to parametrize

and rotate the φ(x) complex scalar field as follows:

φ(x) =
e

i
v

!χ(x)·!τ
√

2






0

v + H(x)






SU(2)−→ φ(x) =
1√
2






0

v + H(x)




 , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν

11
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Fermion Masses

Generate Fermion masses through Yukawa interactions 

Lfermion
mass = �mf  ̄ ⌘ �mf

�
 ̄L R +  ̄R L

�

LY ukawa = ��dQ̄L�dR � �uQ̄L(i�2�
⇤)uR � �eL̄L�eR + h.c.

md = �d
vp
2

Feynman rules for Higgs couplings

H

f

f

−i
m f

v

H

Wµ
+

Wν
-

ig mW gµν

H

Zµ

Zν

i g 1
cosθW

mZ gµν

Within the Standard Model, since almost all masses have been measured, the Higgs couplings

are almost completely known. The only free parameter (not yet measured) is the Higgs mass

m2
H = 2λv2

Fermion mass Fermion-Higgs interaction

All interactions with Higgs boson proportional to particle mass 

Li
L (where i = 1, 2, 3 is a generation index) represent quark and lepton left handed doublets

of SU(2)L, while ui
R, di

R and liR are the corresponding right handed singlets. When the

scalar fields φ acquires a non zero vacuum expectation value through spontaneous symmetry

breaking, each fermionic degree of freedom coupled to φ develops a mass term with mass

parameter

mf = Γf
v√
2

, (32)

where the process of diagonalization from the current eigenstates in Eq. (31) to the corre-

sponding mass eigenstates is understood, and Γf are therefore the elements of the diagonal-

ized Yukawa matrices corresponding to a given fermion f . The Yukawa couplings of the f

fermion to the Higgs boson (yf) is proportional to Γf :

f

f

H = −imf

v = −i Γf√
2

= −iyf

As long as the origin of fermion masses is not better understood in some more general

context beyond the Standard Model, the Yukawa couplings yf represent free parameter of the

SM Lagrangian. The mechanism through which fermion masses are generated in the Stan-

dard Model, although related to the mechanism of spontaneous symmetry breaking, requires

therefore further assumptions and involves a larger degree of arbitrariness as compared to

the gauge boson sector of the theory.

C. Theoretical constraints on the Standard Model Higgs boson mass

Several issues arising in the scalar sector of the Standard Model link the mass of the

Higgs boson to the energy scale where the validity of the Standard Model is expected to

fail. Below that scale, the Standard Model is the extremely successful effective field theory

that emerges from the electroweak precision tests of the last decades. Above that scale, the

Standard Model has to be embedded into some more general theory that gives origin to a

wealth of new physics phenomena. From this point of view, the Higgs sector of the Standard

Model contains actually two parameters, the Higgs mass (MH) and the scale of new physics

(Λ).

13



Back to Higgs potential

Consequences for the scalar field H

The scalar potential

V
(

Φ†Φ
)

= λ

(

Φ†Φ − v2

2

)2

expanded around the vacuum state
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1√
2





0

v + H(x)





becomes

V =
λ

4

(

2vH + H2
)2

=
1

2
(2λv2)H2 + λvH3 +

λ

4
H4

Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.
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Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.

Expanding the potential around the vacuum 

results in

Higgs boson mass m2
H

= 2�v2 can not be predicted (only unknown)

Cubic and Quartic self-couplings

One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
µ :

W±
µ =

1√
2
(A1

µ ± A2
µ) −→ MW = g

v

2
, (26)

and for the neutral gauge boson Z0
µ:

Z0
µ =

1√
g2 + g′2

(gA3
µ − g′Bµ) −→ MZ =

√

g2 + g′2v

2
, (27)

while the orthogonal linear combination of A3
µ and Bµ remains massless and corresponds to

the photon field (Aµ):

Aµ =
1√

g2 + g′2
(g′A3

µ + gBµ) −→ MA = 0 , (28)

the gauge boson of the residual U(1)em gauge symmetry.

The content of the scalar sector of the theory becomes more transparent if one works in

the unitary gauge and eliminate the unphysical degrees of freedom using gauge invariance.

In analogy to what we wrote for the abelian case in Eq. (7), this amounts to parametrize

and rotate the φ(x) complex scalar field as follows:

φ(x) =
e

i
v

!χ(x)·!τ
√

2






0

v + H(x)






SU(2)−→ φ(x) =
1√
2






0

v + H(x)




 , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν
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Search and Discovery



Higgs search was never easy….



Higgs at hadron colliders

• Clearly want to use large gluon luminosity; W, Z assisted 
production another option

gg Fusion
g

g

t

t
_

t H

tt
!
 Fusion

g

g

t
_

t

t
_

t

H

Higgs-Strahlung
q
_

q"

W
*
, Z

*

W, Z

H

WZ Fusion
q

q"

W,Z

W,Z

H

Can’t do LEP search, √s not 
fixed at hadron machine 

Any hadron collider search 
must confront backgrounds

Particle production at 
hadronic colliders

‣  1 Higgs in 1012 !



Higgs in hadronic colliders

g

g

4 leptons
21%

2 photons
0.2%

Production Decay

half life10-22 s



Higgs in hadronic colliders (all channels)



HIGGS boson discovery at the LHC

(p�1 + p�2)
2 = m2

��

‣ signal

‣ background



Properties



Higgs Boson Mass in H→γγ
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
CMS stat. uncert. smaller as core resol., syst. smaller due to homogen. ECAL.
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This time last year, the 125 GeV boson had been “rediscovered”

with up to 15 fb�1
of 13 TeV data!
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However, in most cases Run 1 measurements were still superior and several

“mysteries” persisted...

Measurements in the H ! �� channel

Available on the CERN CDS information server
CMS PAS HIG-16-040

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch

2017/05/15

Measurements of properties of the Higgs boson in the

diphoton decay channel with the full 2016 data set

The CMS Collaboration

Abstract

Measurements of properties of the Higgs boson SM(125) in the H ! �� de-

cay channel are reported. The analysis uses the data collected by the CMS ex-

periment in proton-proton collisions during the 2016 LHC running period. The

data sample corresponds to an integrated luminosity of 35.9 fb�1 at
� s = 13 TeV.

The measured signal strength relative to the standard model prediction is

1.16+0.15
�0.14 = 1.16 +0.11

�0.10(stat.) +0.09
�0.08(syst.) +0.06

�0.05(theo.). Signal strengths associated with

the different Higgs boson production mechanisms, coupling modifiers to bosons and

fermions, and effective couplings to photons and gluons are also measured.

Available on the CERN CDS information server
CMS PAS HIG-17-015CMS Physics Analysis SummaryContact: cms-pag-conveners-higgs@cern.ch

2017/03/30Measurement of differential fiducial cross sections for

Higgs boson production in the diphoton decay channel in

pp collisions at
�

s = 13TeV
The CMS Collaboration

AbstractA measurement of the integrated and differential fiducial production cross sections

for the Higgs boson in the diphoton decay channel at �
s = 13 TeV is performed

using 35.9 fb�1 of pp collisions data collected by the CMS experiment at the CERN

LHC. Differential cross sections are measured as a function of the diphoton transverse

momentum and jet multiplicity. All cross sections are measured within a fiducial

phase space defined by the requirements on the photons kinematics, their isolation,

and the event topology. The measured cross sections are compared to state of the

art theoretical predictions for the Standard Model Higgs bosons. A good agreement

between observations and predictions is observed.

ATLAS NOTE

ATLAS-CONF-2017-045

July 5, 2017

Measurements of Higgs boson properties in the diphoton decay

channel with 36.1 fb�1 pp collision data at the center-of-mass

energy of 13 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

Properties of the Higgs boson are measured in the two-photon final state using 36.1 fb�1

of proton–proton collision data recorded at
� s = 13 TeV by the ATLAS experiment at the

Large Hadron Collider. The ATLAS and CMS mass measurement of 125.09 ± 0.24 GeV

is used and signals are extracted in a diphoton mass range of 105–160 GeV. Production

cross section measurements for a Higgs boson rapidity |yH| < 2.5 and in the full phase

space for gluon fusion (ggH), vector boson fusion (VBF), and Higgs boson production in

association with a vector boson or a top-quark pair are reported. The signal strength, defined

as the ratio of the observed signal yield to the expected signal yield, is measured for the

same production processes as well as inclusively. The global signal strength measurement

of 0.99± 0.14 improves on the precision of the previous ATLAS measurement by a factor of

2, and ggH (VBF) production is measured to be 1 � below (2 � above) the Standard Model

expectation. Measurements of simplified template cross sections, designed to measure the

di�erent Higgs boson production processes in specific regions of phase space, are reported.

The fiducial cross section is measured to be 54.7±10.2 fb for a Higgs boson decaying to two

isolated photons that have transverse momentum greater than 35% and 25% of the diphoton

invariant mass and each with absolute pseudorapidity |�| < 2.37, excluding the region 1.37 <

|�| < 1.52. Fiducial regions probing Higgs boson production in vector boson fusion or

in association with large missing transverse energy, leptons or top-quark pair are reported.

Finally, di�erential cross sections dominated by ggH production are measured as a function

of diphoton kinematic variables sensitive to quantum chromodynamics and the spin of the

Higgs boson. These are compared with state-of-the-art Standard Model predictions, where

no significant deviations are observed.

c� 2017 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS and CMS have updated their analyses with over 35 fb�1 of 13 TeV data!

Status of 125 GeV Higgs Boson Measurements 4 / 33

Higgs discovered, re-discovered and re-re-discovered

mH and �H - Latest measurements with H ! 4` (arXiv:1706.09936)

mH = 125.26 ± 0.20 (stat.) ± 0.08 (syst.) GeV

Exploit kinematic fit and per-lepton resolution information, precision on mH limited
by stat. unc., syst. unc. dominated by lepton momentum scale unc.

Precision at level of Run 1 ATLAS+CMS combination! (125.09± 0.21 (stat.)± 0.11 (syst.) GeV)
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X Direct measurement with on-shell production, no assumptions on BSM physics

7 Measurement limited by m4` resolution, only sensitive at the ⇠ 1 GeV level

Status of 125 GeV Higgs Boson Measurements 21 / 33

‣Mass uncertainty (125 GeV) ~ 0.2% !

‣Cross sections in agreement with SM

‣ Signal strength 

‣ Electric charge = 0

‣ Spin = 0

today: 30 x Higgs 





A. Gilbert (CERN)17/7/19

Summary
• Run 2 of the LHC has brought major advances in 

our understanding of the Higgs boson 
- Couplings to the τ lepton, b quark and t quark 

established 
- Going beyond inclusive measurements, e.g. to 

di"erential cross sections, extends the sensitivity to new 
physics 

- Expect “full Run 2” combination results next year, 
followed by CMS+ATLAS combination 

• Rare channels still to be established: e.g. H→μμ, 
H→cc, di-Higgs production 

• HL-LHC will dramatically expand the reach for 
Higgs physics 
- ~ 2-4% precision on Higgs couplings 
- Many inclusive measurements will be systematically 

limited ⇒ important work ahead on both theory and 
experimental sides
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 Higgs couplings

‣Observation of decay in γγ, WW, ZZ, bb̄, ττ̄

‣ Second generation more difficult but on the way to cc̄, μ+μ−

‣Observation in all production channels, including  !tt̄H

‣No measurement of HHH and HHHH couplings (see later)



‣NO information about Higgs self-couplings

One recognizes in Eq. (25) the mass terms for the charged gauge bosons W±
µ :

W±
µ =

1√
2
(A1

µ ± A2
µ) −→ MW = g

v

2
, (26)

and for the neutral gauge boson Z0
µ:

Z0
µ =

1√
g2 + g′2

(gA3
µ − g′Bµ) −→ MZ =

√

g2 + g′2v

2
, (27)

while the orthogonal linear combination of A3
µ and Bµ remains massless and corresponds to

the photon field (Aµ):

Aµ =
1√

g2 + g′2
(g′A3

µ + gBµ) −→ MA = 0 , (28)

the gauge boson of the residual U(1)em gauge symmetry.

The content of the scalar sector of the theory becomes more transparent if one works in

the unitary gauge and eliminate the unphysical degrees of freedom using gauge invariance.

In analogy to what we wrote for the abelian case in Eq. (7), this amounts to parametrize

and rotate the φ(x) complex scalar field as follows:

φ(x) =
e

i
v

!χ(x)·!τ
√

2






0

v + H(x)






SU(2)−→ φ(x) =
1√
2






0

v + H(x)




 , (29)

after which the scalar potential in Eq. (23) becomes:

Lφ = µ2H2 − λvH3 − 1

4
H4 = −1

2
M2

HH2 −
√

λ

2
MHH3 − 1

4
λH4 . (30)

Three degrees of freedom, the χa(x) Goldstone bosons, have been reabsorbed into the lon-

gitudinal components of the W±
µ and Z0

µ weak gauge bosons. One real scalar field remains,

the Higgs boson H , with mass M2
H =−2µ2 = 2λv2 and self-couplings:

H

H

H= −3iM2
H

v

H

H

H

H

= −3iM2
H

v2

Furthermore, some of the terms that we omitted in Eq. (25), the terms linear in the gauge

bosons W±
µ and Z0

µ, define the coupling of the SM Higgs boson to the weak gauge fields:

Vµ

Vν

H= 2iM2
V

v gµν

Vµ

Vν

H

H

= 2iM2
V

v2 gµν
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Consequences for the scalar field H

The scalar potential

V
(

Φ†Φ
)

= λ

(

Φ†Φ − v2

2

)2

expanded around the vacuum state

Φ(x) =
1√
2





0

v + H(x)





becomes

V =
λ

4

(

2vH + H2
)2

=
1

2
(2λv2)H2 + λvH3 +

λ

4
H4

Consequences:

•• the scalar field H gets a mass which is given by the quartic coupling λ

m2
H = 2λv2

•• there is a term of cubic and quartic self-coupling.

‣Need to study multiple Higgs production
  to explore mechanism for Spontaneous Symmetry Breaking 



(a) gg double-Higgs fusion: gg → HH
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q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ

2

(

1− 2
M2

H

ŝ
∓
√

1−
4M2

H

ŝ

)

, (5)

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F#, F! and G! approach constant values in the infinite top quark mass limit,

F# →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F#, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

‣To measure 3H coupling one needs to look at 2H production

much smaller cross sections          @ 14 TeV

~ 40 fb

‣ Production rate drops 3 orders of magnitude for each extra H

difficult but 
next discovery?

HL-LHC 4000 fb-1 ~ 160.000 HH

Higgs pair production

Experimental limit in self-coupling today ~ 5 x SM
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ŝ
∓
√

1−
4M2

H

ŝ
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~ 0.05 fb impossible at LHC

HL-LHC 4000 fb-1 ~ 160.000 HH

Higgs pair production

Experimental limit in self-coupling today ~ 5 x SM
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Everything looks SM-like within (large) uncertainties

‣There is plenty of room for discoveries yet



SM

BSM

SM
BSM

Search for new states 
Resonances: “Descriptive TH”

Search for new interactions 
Deviations: “Precision TH”
+ EFT description

‣ less known (room for surprises!)
‣more sensitive (Portal) to new physics
‣Potential : look at multiple Higgs production

• Explore Higgs sector with precision

‣ EXP and TH : (for Higgs) Precision is the name of the game

Everything looks SM-like within (large) uncertainties

‣There is plenty of room for discoveries yet



electron (1897) Thompson
positron (1932) Anderson
muon (1937) Cosmic radiation-Cloud chamber
neutrino electron (1956) Savannah River Plant
neutrino muon (1962) BNL
u,d,s (1969) SLAC
charm (1974) SLAC-BNL
tau (1975) SLAC-SPEAR-LBL
bottom (1977) E288
gluon (1979) DORIS/PETRA
W/Z (1983) UA1
top (1995) Tevatron
neutrino tau (2000) DONUT
Higgs (2012) LHC

One big discovery per experiment…
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Precision becomes even more critical 
TH: Do we miss sources of uncertainty? (HTL, EW corr., PDF MHOU, Schemes, …) 
EXP: Do we use the most accurate results? (PS validation, Match/ Merge)

ℒ

TH errors 
may 
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‣Precision becomes critical

‣TH: can we improve calculations? Where? How?

‣HL-LHC projections ~20 years from now!

‣Theoretical uncertainties on SM predictions generally largest component 
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Very nice Lagrangian, but can not be solved analytically                  
perturbative expansion
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Very nice Lagrangian, but can not be solved analytically                  
perturbative expansion

↵s ⇠ 0.11‣ Perturbative parameter ‣ Strong coupling

QCD requires high orders…
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ŝ
−

M
2H

+
iM

H
Γ

H
,

C
!

=
1,

F
!

→
23
,

F
!
→

−
23
,

G
!

→
0,

(15)

w
ith

th
e

trilin
ear

cou
p
lin

g
λ

H
H

H
=

3M
2H
/M

2Z
.

(ii)
M

S
S
M

:

T
h
e

cou
p
lin

gs
for

th
e

p
rocesses

gg
→

φ
1 φ

2
are

gen
erically

d
efi

n
ed

as
(φ

,φ
i

=
h
,H

,A
)

C
φ!

=
λ

φ
1 φ

2 φ
M

2Z

ŝ
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ŝ
−

M
2φ
+

iM
φ Γ

φ
g

φt ,
C

!
=

g
φ

1
t

g
φ

2
t

,
(16)

w
h
ere

φ
d
en

otes
th

e
H

iggs
p
articles

of
th

e
s-ch

an
n
el

contrib
u
tion

s.
T

h
e

trilin
ear

cou
p
lin

gs
λ

φ
1 φ

2 φ
an

d
th

e
n
orm

alized
Y

u
kaw

a
cou

p
lin

gs
g

φt
can

b
e

fou
n
d

in
R

ef.
[10].

T
h
e

in
d
ivid

u
al

exp
ression

s
in

th
e

h
eavy-qu

ark
lim

it
can

b
e

su
m

m
arized

as:

7

φ
1

φ
2

φ
,Z

g g

t,b

φ
1

φ
2

g g

t,b

F
igu

re
2:

G
en

eric
diagram

s
describin

g
n
eutral

H
iggs-boson

pair
production

in
gluon

–
gluon

collision
s

(φ
,φ

i
=

h
,H

,A
).

w
h
ere

θ
is

th
e

scatterin
g

an
gle

in
th

e
p
arton

ic
c.m

.
system

w
ith

invariant
m

ass
Q

,
an

d

λ
(x

,y,z)
=

(x
−

y
−

z)
2−

4yz.
(13)

T
h
e

integration
lim

its

t̂
±

=
−

12

[Q
2−

m
21 −

m
22 ∓

√
λ
(Q

2,m
21 ,m

22 ) ]
(14)

in
E

q.
(11)

corresp
on

d
to

cos
θ

=
±

1.
T

h
e

scale
p
aram

eter
µ

is
th

e
ren

orm
alization

scale.
T

h
e

com
p
lete

d
ep

en
d
en

ce
on

th
e

ferm
ion

m
asses

is
contain

ed
in

th
e

fu
n
ction

s
F
!

,F
!
,
an

d
G

!
.

T
h
e

fu
ll

exp
ression

s
of

th
e

form
factors

F
!

,
F

!
,
G

!
,
in

clu
d
in

g
th

e
exact

d
ep

en
d
en

ce
on

th
e

ferm
ion

m
asses,

can
b
e

fou
n
d

in
R

ef.
[10].

T
h
e

cou
p
lin

gs
C

!
an

d
C

!
an

d
th

e
form

factors
F
!

,F
!
,G

!
in

th
e

h
eavy-qu

ark
lim

it
are

given
by:

(i)
S
M

:

C
!

=
λ

H
H

H
M

2Z

ŝ
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Improved Higgs Cross-section  @ LHC

‣  Great improvement over the last years

‣  Without QCD corrections : fail by more than a factor of 2

Higgs Cross-Section WG✓at 13 TeV

 4

Higgs - Gluon-Fusion

mq(Q0)/GeV Q0/GeV

t 162.7 162.7
b 4.18 4.18
c 0.986 3.0

Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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t 162.7 162.7
b 4.18 4.18
c 0.986 3.0

Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
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+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .
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Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
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� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.
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Improved Higgs Cross-section  @ LHC

‣  Great improvement over the last years

‣  Without QCD corrections : fail by more than a factor of 2

Higgs Cross-Section WG✓at 13 TeV
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↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by
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and finite quark masses were taken into account as described in the previ-
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find
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�4.72pb
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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In combination we find
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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collider energy. according to eqs. (26)-(28).

In combination we find
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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Table 1: Default values for the quark masses and starting scales for the respective evolu-
tions of the masses.

4. Predictions for the LHC

In the previous sections we listed the various ingredients included in
iHixs. Here, we utilise our program to demonstrate the output that can
be generated and derive state of the art predictions for the inclusive pro-
duction probability of a Higgs boson at the LHC due to the gluon-fusion
production mechanism.

Throughout this section we use PDF4LHC15 parton distribution func-
tions [37] at NNLO. We choose a value of the strong coupling constant of
↵S(mZ) = 0.118 and a Higgs boson mass of mh = 125 GeV. The non-
vanishing quark masses need to be specified at a reference scale Q0. We use
the values given in table 1 in the MS scheme [4, 47]. To derive cross section
predictions we choose µR = µF = mh/2 as central scales.

With a single run of iHixs we can determine that the Higgs boson pro-
duction cross section at the LHC with a center of mass energy of 13 TeV is
given by

�PP!H+X = 16.00 pb (+32.87%) LO, rEFT
+ 20.84 pb (+42.82%) NLO, rEFT
+ 9.56 pb (+19.64%) NNLO, rEFT
+ 1.62 pb (+3.32%) N3LO, rEFT
� 2.07 pb (�4.25%) (t,b,c) corr. to exact NLO
+ 0.34 pb (+0.70%) 1/mt corr. to NNLO
+ 2.37 pb (+4.87%) EWK corr.
= 48.67 pb .

(37)

Here e↵ects from perturbative QCD through N3LO, electro-weak interactions
and finite quark masses were taken into account as described in the previ-
ous sections. Figure 1 shows the relative contributions of the the di↵erent
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collider energy. according to eqs. (26)-(28).
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To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty
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‣TH : precision calculations

‣QCD at high orders NNLO or more

‣EW corrections

‣Resummation

‣MonteCarlos matched to fixed order calculations



Future 2



Next years (>20x number of events
Discovery and precision

‣Approved >2040?



International Linear Collider (e+e-)

~250 GeV : Higgs Factory (precision)

‣Technology available, ready to build (lack of funds and site...)



FCC  pp collider (y e+e-)
~ 100 TeV (descubrimiento)



‣For a long time search was guided by Theoretical expectations



Now is experimentally-driven
‣new methods for discovering new physics based on data rather than 

theory: machine learning

‣Search for variables that maximize 

 signal vs background

‣Search for "anomalies" and new physics

  without theoretical bias
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‣A Higgs boson was found at the LHC

‣Consistent with SM Higgs (large uncertainties yet)

‣Great TH work to match EXP precision

High order corrections

‣Need to analyze Higgs sector with detail

‣PRECISION for the next decades

‣Can still expect surprises at the LHC

Summary

‣Studies underway for new colliders





Off-shell effects and interference

Aij!H AH!X +AcontinuumAij!X =

signal background

Propagator

Coming back to the framework that we are introducing, there is another important issue: when working
in the on-shell scheme one finds that the two-loop corrections to the on-shell Higgs width exceed the one-loop
corrections if the on-shell Higgs mass is larger than 900 GeV , as discussed in Ref. [18]. This fact simply
tells you that perturbation theory diverges badly, starting from approximately 1 TeV . In this work we
will also illustrate the corresponding impact on the Higgs boson lineshape (previous work can be found in
Refs. [19,20]).

Recently the problem of going beyond the zero-width approximation has received new boost from the
work of Refs. [21,22]: the program iHixs allow the study of the Higgs–boson-lineshape for a finite width
of the Higgs boson and computes the cross-section sampling over a Breit-Wigner distribution. There is,
however, a point that has been ignored in all calculations performed so far: the Higgs boson is an unstable
particle and should be removed from the in/out bases in the Hilbert space, without destroying the unitarity
of the theory. Therefore, concepts as the production of an unstable particle or its partial decay widths do not
have a precise meaning and should be replaced by a conventionalized definition which respects first principles
of Quantum Field Theory (QFT).

This paper is organized as follows. In Section 2 we introduce and discuss complex poles for unstable
particles. In Section 3 we analyze production and decay of a Higgs boson at LHC. A discussion on gauge
invariance is presented in Section 4. In Section 6 we present a short discussion on the QCD scale error.
In Section 5 we present numerical results while in Section 7 we discuss the residual theoretical uncertainty.
Finally, technical details are discussed in Appendices, in particular in Appendix B we discuss how to apply
the equivalence theorem for virtual vector-bosons and in Appendix C.1 we discuss analytic continuation in
a theory with unstable particles.

2 Propagation

To start our discussion we consider the process ij → H(→ F)+X where i, j ∈partons and F is a generic
final state (e.g. F = γγ, 4 f, etc.). For the sake of simplicity we neglect, for a moment, folding the partonic
process with parton distribution functions (PDFs). Since the Higgs boson is a scalar resonance we can split
the whole process into three parts, production, propagation and decay. In QFT all amplitudes are made out
of propagators and vertices and the (Dyson-resummed) propagator for the Higgs boson reads as follows:
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where Mi is a renormalized mass and SHH is the renormalized Higgs self-energy (to all orders but with
one-particle-irreducible diagrams). The first argument of the self-energy in Eq.(1) is the external momentum
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etc. To lowest order accuracy the Higgs propagator can be rewritten as

∆−1
H = s− sH. (3)

The complex pole describing an unstable particle is conventionally parametrized as

si = µ2
i − i µi γi, (4)

where µi is an input parameter (similar to the on-shell mass) while γi can be computed (as the on-shell
total width), say within the Standard Model. There are other, equivalent, parametrizations [18], e.g.
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µH − i/2 γH. Note that the the pole of ∆ fully embodies the propagation properties of a particle. We know
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Off-shell effects and interference
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Figure 3: MZZ distributions for gg (→ H) → ZZ → !!̄ν!ν̄! for MH = 125GeV. Applied
cuts: pT ! > 20GeV, |η!| < 2.5, 76GeV < M!! < 106GeV, p/T > 10GeV. Other details as
in Fig. 2.
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Figure 4: Representative Feynman graphs for the Higgs signal process (left) and the qq̄-
(center) and gg-initiated (right) continuum background processes.

cesses in Refs. [81–87].15 Due to the enhanced Higgs cross section above the V V threshold,
integrated cross sections can be affected by O(10%) signal-background interference effects,
which are hence also displayed in Figs. 2 and 3.

In the vicinity of the Higgs resonance, finite-width and Higgs-continuum interference
effects are negligible for gg (→ H) → V V if MH # 2MV , as shown in Fig. 5 for gg (→
H) → W−W+ → !ν̄!!̄ν!. For weak boson decays that permit the reconstruction of the
Higgs invariant mass, the experimental procedure focuses on the Higgs resonance region
and for MH # 2MV the enhanced off-shell region is thus typically excluded.

For H → V V channels that do not allow to reconstruct the Higgs invariant mass, the
tail contribution can nevertheless be reduced significantly by means of optimized selection
cuts. In Table 1, we demonstrate this for gg (→ H) → W−W+ → !ν̄!!̄ν!. Here, the

15For studies of the qq̄ and gg continuum background (see Fig. 4, center and right), we refer the reader
to Refs. [88–95] and references therein.
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Figure 2: Distribution of the four-lepton invariant mass in the range 100 < m4` < 800 GeV.
Points represent the data, filled histograms the expected contributions from the reducible (Z+X)
and qq backgrounds, and from the sum of the gluon fusion (gg) and vector boson fusion (VV)
processes, including the Higgs boson mediated contributions. The inset shows the distribution
in the low mass region after a selection requirement on the MELA likelihood discriminant
Dkin

bkg > 0.5 [7]. In this region, the contribution of the ttH and VH production processes is
added to the dominant gluon fusion and VBF contributions.

using the observables (mZ1, mZ2, ~W) for a given value of m4`, where ~W denotes the five angles
defined in Ref. [28]. The discriminant is built from the probabilities Pgg

tot and P
qq
bkg for an event to

originate from either the gg ! 4` or the qq ! 4` process. We use the matrix element likelihood
approach (MELA) [2, 29] for the probability computation using the MCFM matrix elements for
both gg ! 4` and qq ! 4` processes. The probability P

gg
tot for the gg ! 4` process includes

the signal (Pgg
sig), the background (Pgg

bkg), and their interference (Pgg
int), as introduced for the

discriminant computation in Ref. [37]. The discriminant is defined as

Dgg =
P

gg
tot

P
gg
tot + P

qq
bkg

=

2

41 +
P

qq
bkg

a ⇥ P
gg
sig +

p
a ⇥ P

gg
int + P

gg
bkg

3

5
�1

, (4)

where the parameter a is the strength of the unknown anomalous gg contribution with respect
to the expected SM contribution (a = 1). We set a = 10 in the definition of Dgg according to the
expected sensitivity. Studies show that the expected sensitivity does not change substantially
when a is varied up or down by a factor of 2. It should be stressed that fixing the parameter a

to a given value only affects the sensitivity of the analysis. To suppress the dominant qq ! 4`
background in the on-shell region, the analysis also employs a MELA likelihood discriminant
Dkin

bkg based on the JHUGEN and MCFM matrix element calculations for the signal and the back-
ground, as illustrated by the inset in Fig. 2 and used in Ref. [7].
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Width from interference H → γγ
‣ In diphoton channel, interference small for total cross 

section but asymmetry produces shift in invariant mass : 
enhanced by detector resolution

Total Higgs width ΓH from pp→ γγ Dixon, Li ’13

Interference between signal gg→ H→ γγ and bkg gg→ γγ shifts Higgs mass peak:

NLO (gg): +

+ +

LO (gg): H LO (qg):

Dicus, Willenbrock ’88;
Dixon, Siu ’03;
Martin ’12,’13;
de Florian et al. ’13;
Dixon, Li ’13

Mass shift ∆MH = Mγγ
H −MZZ

H depends on ΓH: Dixon, Li ’13
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Fig. 19: Diphoton invariant mass distribution for the interference terms. The solid line is the gg channel contribu-
tion, the dotted one the qg channel, and dashed the qq̄.

For a phenomenological analysis of the results, we need to perform a convolution of the par-
tonic cross-section with the parton density functions. We use the MSTW2008 LO set [89] (five mass-
less flavours are considered), and the one-loop expression of the strong coupling constant, setting the
factorization and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . For the
sake of simplicity, the production amplitudes are computed within the effective Lagrangian approach
for the ggH coupling (relying in the infinite top mass limit), approximation known to work at the
few percent level for the process of interest. The decay into two photons is treated exactly and we
set α = 1/137. For the Higgs boson we usemH = 125GeV and ΓH = 4.2MeV. For all the histograms
we present in this section, an asymmetric cut is applied to the transverse momentum of the photons:
phard(soft)

T,γ ≥ 40(30)GeV. Their pseudorapidity is constrained to |ηγ | ≤ 2.5. We also implement the
standard isolation prescription for the photons, requesting that the transverse hadronic energy deposited
within a cone of size R =

√
∆φ2 + ∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3GeV.

Furthermore, we reject all the events with Rγγ < 0.4.
In Figure 19 we show the three contributions to the full signal-background interference as a func-

tion of the diphoton invariant massMγγ after having implemented all the cuts mentioned above. The gg
term (solid line) represents the dominant gg channel, while the qg contribution (dashed) is about 3 times
smaller in absolute magnitude, but as we can observe, has the same shape but opposite sign to the gg
channel. The qq̄ contribution (dotted) is a couple of orders of magnitude smaller than the gg one. The
position of the maximum and minimum of the distribution are located nearMγγ = MH ± ΓH/2, with a
shift at this level that remains at O(1MeV).

To simulate the smearing effects introduced by the detector, we convolute the cross-section with a
Gaussian function of mass resolution width σMR = 1.7GeV following the procedure Ref. [79].

In order to quantify the physical effect of the interferences in the diphoton invariant mass spec-
trum, we present in Figure 20 the corresponding results after adding the Higgs signal. The solid curve
corresponds to the signal cross-section, without the interference terms, but including the detector smear-
ing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV. When adding the gg
interference term, we observe a shift on the position of the peak of about 90MeV towards a lower mass
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or precise mass measurements
in different H qT bins in γγ

NLL

Cieri, Coradeschi, deF, Fidanza (2017)

‣ Search for -2% effect of interference in cross section

‣ All effects might be enhanced by BSM




