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how do quark and gluons 
interact and create a Higgs?

or:



The subatomic world at high energies

• Structure of fundamental interactions: very constrained 
• Only freedom ~ particle content and symmetries
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Quantum chromodynamics
To study any process at the LHC:  

we need to understand how quark and gluons interact

STANDARD MODEL — KNOWABLE UNKNOWNS

�9

This is what you get when you buy one 
of those famous CERN T-shirts

“understanding” = knowledge  ?
“understanding” = assumption ?

Quantum field theory for  
strong interactions →  

quantum chromodynamics (QCD)

A well-defined, well-established theory…



Quantum chromodynamics
To study any process at the LHC:  

we need to understand how quark and gluons interact

STANDARD MODEL — KNOWABLE UNKNOWNS

�9

This is what you get when you buy one 
of those famous CERN T-shirts

“understanding” = knowledge  ?
“understanding” = assumption ?

Quantum field theory for  
strong interactions →  

quantum chromodynamics (QCD)

A well-defined, well-established theory… 
extremely hard to deal with



QCD for Higgs studies: weakly coupled

THE STRONG COUPLING V. SCALE

31

QCD lecture 1 (p. 16)

Basic methods

Perturbation theory
Running coupling (cont.)

Solve Q2 ∂αs

∂Q2
= −b0α

2
s ⇒ αs(Q

2) =
αs(Q2

0 )

1 + b0αs(Q2
0 ) ln

Q2

Q2
0

=
1

b0 ln
Q2

Λ2

Λ ≃ 0.2 GeV (aka ΛQCD) is the
fundamental scale of QCD, at which
coupling blows up.

! Λ sets the scale for hadron masses
(NB: Λ not unambiguously
defined wrt higher orders)

! Perturbative calculations valid for
scales Q ≫ Λ.
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Figure 1.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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PDG World Average: αs(MZ) = 0.1181 ± 0.0011 (0.9%)

mH ~ 125 GeV

Study interactions as perturbation around theory of free quarks/gluons 

σ = σ0 + αs σ1 + αs2 σ2 +… → perturbative QFT: Feynman diagrams

At high energies, QCD becomes weakly coupled

↵s(mH) ⇠ 0.1
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•For a given QFT → set of basic building blocks

σ = σ0 + αs σ1 + αs2 σ2 +…

Perturbation theory and Feynman diagrams

I → F

QCD, only gluons 
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•For a given QFT → set of basic building blocks

σ = σ0 + αs σ1 + αs2 σ2 +…I → F

QCD, only gluons 

•σ0: connect I to F, in all possible ways, minimising closed loops

→ + +

•Higher orders: dress with real and virtual quark and gluons

+… +… one extra leg/loop per order

Perturbation theory and Feynman diagrams

+

QCD, only gluons 



σ = σ0 + αs σ1 + αs2 σ2 +…

•Feynman rules: associate to each diagram 
an analytic formula

``Tree’’ diagrams: simple rational 
functions of momenta / polarisations ``Loop’’: must integrate over momenta of 

particles in the loop → non trivial 
transcendental functions

•Very well-understood procedure since the `60s

•Fully algorithmic

Perturbation theory and Feynman diagrams



σ = σ0 + αs σ1 + αs2 σ2 +…, αs ~ 0.1

The punch-line:

To compute any precise theoretical prediction for any LHC process → 
need to compute Feynman diagrams with many legs/loops

How many? 

•We want to test Higgs interactions at the few percent…

Leading Order (LO) → very imprecise
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σ = σ0 + αs σ1 + αs2 σ2 +…, αs ~ 0.1

The punch-line:

To compute any precise theoretical prediction for any LHC process → 
need to compute Feynman diagrams with many legs/loops

How many? 

•We want to test Higgs interactions at the few percent…

Leading Order (LO) → very imprecise

Next-to-Leading Order (NLO) → ~ 10%

Need Next-to-next-to-leading order (NNLO) and beyond for precision

…in principle: compute a bunch of diagrams with extra legs/loops



… in practice: back to our example

19 

Tree-level example: Five gluons 

Consider the five-gluon process: 

If you evaluate this following textbook Feynman 
rules you find… 

Force carriers in QCD are gluons.  Similar to photons of QED 
except they self interact. 

Used in calculation of scattering processes at the LHC 

+ 22 similar 
terms

Dress with one real gluon

Rational function of momenta 
and polarisations



… in practice: back to our example

19 

Tree-level example: Five gluons 

Consider the five-gluon process: 

If you evaluate this following textbook Feynman 
rules you find… 

Force carriers in QCD are gluons.  Similar to photons of QED 
except they self interact. 

Used in calculation of scattering processes at the LHC 

+ 22 similar 
terms

Dress with one real gluon

98 pages analytic 
formula!



More legs…

Scattering amplitudes

k

!

Z
d4k 2 ! 2

2 ! 1

g g ! (N � 2)g12 Chapter 1. Tree-level scattering amplitudes in gauge theories

n 2 3 4 5 6 . . .
# diagrams 4 45 510 5040 40320 . . .

Table 1.1: Number of Feynman diagrams contributing to gg → ng at tree level.

where T a denote the generators of the Lie algebra of SU(Nc), with the nor-

malization

Tr
!

T aT b
"

= δab and
#

T a, T b
$

= i
√

2 fabc T c. (1.3)

The Lagrangian in Eq. (1.1) describes all the gauge interactions between the

quarks and the gluons, and all (tree-level) Feynman rules can be derived from

it. The complete set of Feynman rules of an SU(Nc) gauge theory can be found

in Ref. [31]. Feynman rules are at the basis of the computation of Feynman

diagrams, the ‘Queen’ of all techniques to compute scattering amplitudes in

quantum field theory (QFT), which has been one of the most important activi-

ties in theoretical physics over the last fifty years. Although Feynman diagrams

provide a very intuitive approach to the calculation of scattering amplitudes,

their use may become inefficient due the factorial growth in complexity with

the number of external particles (See Table 1.1). The main reason for such

an extremely fast growth stems from the fact that each individual Feynman

diagram is not a gauge-invariant quantity and subsets of diagrams combine to

yield a gauge-invariant result, and gauge-invariant subsets are repeated many

times. On the other hand, it is known that even if the number of diagrams

can be quite large, the gauge-invariant results for QCD amplitudes can very

often be written in a rather simple form, and large cancellations can happen

between the different non gauge invariant contributions. For this reason, new

techniques have been developed over the last fifteen years that allow to take the

gauge-invariant structure into account from the beginning and to avoid in this

way the bad algorithmic behavior of the Feynman diagram expansion. The

first chapter of this work is a short review of these alternatives to Feynman

diagrams.

N � 2

4 25 220 2485 34300
Explosion of 

terms
Final state gluons

(1984)

Prospect for 
theoretical 

calculations 30y ago
(1984)



Loops?

23 

Result of performing the integration 

Calculations explode for larger numbers of particles 
or loops.  Clearly, there should be a better way! •Very difficult integrals…

•… when you compute them you get infinity!



Loops?

23 

Result of performing the integration 

Calculations explode for larger numbers of particles 
or loops.  Clearly, there should be a better way! •Very difficult integrals…

•… when you compute them you get infinity!

in principle, last century 
physics tells us what to do…

… in practice, we don’t go very far



Typical expectation: hopeless
My first interaction with a Nobel Prize winner…

•Him, to friend A: what are you working on?

•My friend: X and Y […]

•Him: Fascinating […] Keep on the good work!

Similar pattern with friend B, C… until it is my turn

•Him: and you, what are you doing?

•Me: I am trying to do precision physics at the LHC

•Him, genuinely worried for me: my dear boy, no! You should change 
topic, the LHC is a messy environment, we are going to discover stuff 
but we cannot do precision physics there!

if we kept relying on `70s understanding of QFT, he had a point…



… but in the meantime

19 

Tree-level example: Five gluons 

Consider the five-gluon process: 

If you evaluate this following textbook Feynman 
rules you find… 

Force carriers in QCD are gluons.  Similar to photons of QED 
except they self interact. 

Used in calculation of scattering processes at the LHC 

+ 22 similar 
terms

21 

Reconsider Five-Gluon Process 

With a little Chinese magic: Xu, Zhang and Chang 
and many others 

Same physical content as previous slide. 

Massive simplification!

Same physical content

=



Massive simplifications in tree amplitudes
Similar simplification persist at higher multiplicity

Giulia Zanderighi, Precision at the LHC

Finding simplicity

15

Soon afterwards they could guess an incredible, unanticipated 
simple form (for a fixed helicity configuration) … 

Giulia Zanderighi, Precision at the LHC

Finding simplicity

16

… which naturally suggested the result for an arbitrary number 
of gluons 

Simplest helicity configuration:

Sum of 220 Feynman diagrams!

Sum of ~n! diagrams



Massive simplifications in tree amplitudes
Similar simplification persist at higher multiplicity

Giulia Zanderighi, Precision at the LHC

Finding simplicity

15

Soon afterwards they could guess an incredible, unanticipated 
simple form (for a fixed helicity configuration) … 

Giulia Zanderighi, Precision at the LHC

Finding simplicity

16

… which naturally suggested the result for an arbitrary number 
of gluons 

Simplest helicity configuration:

Sum of 220 Feynman diagrams!

Sum of ~n! diagrams
What is

 going on?



QFT in the XXI century
Structure of QFT extremely rigid → very much constrained by 
special relativity and quantum mechanics

•Special relativity: everything is local → tree-level results can only 
have a well-defined set of simple singularities

•Quantum mechanics: unitarity → what happens at singular points 
entirely determined by trees with lower multiplicity

Completely hidden in Feynman diagrams!

Trees have a natural recursive nature, that can be fully exploited to 
reconstruct the result for n+1 legs from the n-leg one.



QFT in the XXI century
Structure of QFT extremely rigid → very much constrained by 
special relativity and quantum mechanics

•Special relativity: everything is local → tree-level results can only 
have a well-defined set of simple singularities

•Quantum mechanics: unitarity → what happens at singular points 
entirely determined by trees with lower multiplicity

Completely hidden in Feynman diagrams!

Trees have a natural recursive nature, that can be fully exploited to 
reconstruct the result for n+1 legs from the n-leg one. Any process.

Trees: problem solved 



… what about loops?

Giulia Zanderighi, Precision at the LHC

Thirty years later (2014)

18

• connection between NLO amplitudes 
and LO ones 

• input from supersymmetry/string 
theory

• sophisticated algebraic methods
• connections with formal theory and  

pure mathematics …   

the problem of computing NLO QCD corrections is now solved

Suddenly, thanks to theoretical conceptual breakthrough 
ideas

Similar ideas:
• ``cut open a loop’’ → tree
• use smart trees → simplify 

dramatically the function to integrate

?

Integrals?
• one loop → solved long time ago 
• higher loop → very complicated, but 

they seem to have nice geometrical 
structures… can we understand this?

One-loop
Multi-loop



… what about loops?

Giulia Zanderighi, Precision at the LHC

Thirty years later (2014)

18

• connection between NLO amplitudes 
and LO ones 

• input from supersymmetry/string 
theory

• sophisticated algebraic methods
• connections with formal theory and  

pure mathematics …   

the problem of computing NLO QCD corrections is now solved

Suddenly, thanks to theoretical conceptual breakthrough 
ideas

Similar ideas:
• ``cut open a loop’’ → tree
• use smart trees → simplify 

dramatically the function to integrate

?

Integrals?
• one loop → solved long time ago 
• higher loop → very complicated, but 

they seem to have nice geometrical 
structures… can we understand this?

One-loop
Multi-loop

A lot of progress



Precision physics at the LHC: timeline

2002 2004 2006 2008 2010 2012 2014 2016 2018

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

H diff., Anastasiou, Melnikov, Petriello

H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello
H diff., Catani, Grazzini

W/Z diff., Catani et al.

VBF total, Bolzoni, Maltoni, Moch, Zaro

WH diff., Ferrera, Grazzini, Tramontano

γ-γ, Catani et al.

ZH diff., Ferrera, Grazzini, Tramontano

σ = σ0 + αs σ1 + αs2 σ2 +…
Second-order (→ few percent) 

LHC predictions
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H total, Anastasiou, Melnikov
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H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello
H diff., Catani, Grazzini

W/Z diff., Catani et al.
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σ = σ0 + αs σ1 + αs2 σ2 +…
Second-order (→ few percent) 

LHC predictions

First steps towards dealing
with infinities in generic processes

New ideas for 2-loop
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2002 2004 2006 2008 2010 2012 2014 2016 2018

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

H diff., Anastasiou, Melnikov, Petriello

H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello

H diff., Catani, Grazzini

W/Z diff., Catani et al.

VBF total, Bolzoni, Maltoni, Moch, Zaro

WH diff., Ferrera, Grazzini, Tramontano

γ-γ, Catani et al.

Hj (partial), Boughezal et al.

ttbar total, Czakon, Fiedler, Mitov

jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZH diff., Ferrera, Grazzini, Tramontano

ttbar diff., Czakon, Fiedler, Mitov

Hj, Boughezal et al.
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
γ-γ, Campbell, Ellis, Li, Williams
ptZ, Gehrmann-De Ridder et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
ptH, Chen et al.
ptZ, Gehrmann-De Ridder et al.
jj, Currie, Glover, Pires
γX, Campbell, Ellis, Williams
γj, Campbell, Ellis, Williams
VH, H->bb, Ferrera, Somogyi, Tramontano
single top, Berger, Gao, Zhu
VH, H->bb, Caola, Luisoni, Melnikov, Roentsch
ptW, Gehrmann-De Ridder et al.
VBF diff., Cruz-Martinez, Gehrmann, Glover, Huss

Wj, Zj, Gehrmann-De Ridder et al.
γj, Chen et al.

H->bbj, Mondini, Williams

Explosion of higher order results 
precision physics at the LHC is possible



Higgs boson production: today

HIGGS BOSON

▸ Precise measurement 

▸ 3.8 sigma deviation 

▸ 1500 papers about new 
physics on the arXiv 

▸ SM fails

Data Theory
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Precision and the Higgs
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Higgs boson production: today

HIGGS BOSON

▸ Precise measurement 

▸ 3.8 sigma deviation 

▸ 1500 papers about new 
physics on the arXiv 

▸ SM fails

Data Theory
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Preliminary data

 combinedl4→*ZZ→H, γγ→H

 = 125 GeVHm = 13 TeV,  s,  H→pp
Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
)sα PDF+⊕(scale, Tot. uncert. 

LO

COMPARE DATA TO PREDICTION

�exp = 59± 9.5 pb

�N3LO = 55.5± 2.9 pb

Very high orders required 
to test the Higgs sector! NLOLO

NNLO

N3LO

Precision and the Higgs
σ = σ0 + αs σ1 + αs2 σ2 + αs3 σ3



Extracting Yukawa interactions
Use gluon as a probe to look inside Higgs interactions…

•``1’’: Standard Model 

•Curves: Higgs is not as predicted 
by the Standard Model

•If we control theoretical predictions at the 
few percent → can disentangle

[arXiv:1606.09253]

http://arxiv.org/abs/arXiv:1606.09253


Extracting Yukawa interactions

Already interesting results

Could improve 
dramatically in the future

[arXiv:1606.09253]

http://arxiv.org/abs/arXiv:1606.09253


Conclusions
•Higgs studies at the LHC require very good control on QCD

•Although QCD is known since last century, a loot of exciting new 
progress

•Did cover only a tiny fraction of what is going on…

•A new way of looking at QCD, we keep learning interesting new 
stuff, and can apply it for high precision studies at the LHC

•Already know we can do a lot…

•… but in the precision program the best is yet to come: more data, 
better theory understanding

•LHC is the beginning of the Higgs story

•With precision, we can explore the very core of Higgs interactions



High precision Higgs studies

•With the Higgs, the Standard Model may be a complete theory. What 
is the point of looking at the next decimal digit?

``physics is complete, all we need to do 
is to measure some known quantities to 
a great degree of precision’’

5 years later: special relativity. 
Less than 30 years later: quantum mechanics, general relativity

Lord Kelvin, ca 1900 



… fatti non foste a viver come bruti, ma per seguir virtue e canoscenza

Thank you very much

[…you were not born to live like brutes, but to follow virtue and knowledge]


