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what are we trying to 
learn at the LHC?

�2



�3

what is the underlying 
Lagrangian of particle 

physics?
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LHC is first machine to directly 
access Higgs sector 

Is it the minimal version 
hypothesised in the SM? 

origin of mass for W/Z  

origin of mass for fermions via 
Yukawa couplings 

a potential V(φ) that is theorists’ 
favourite toy (φ4), but yet to be 

confirmed in nature 
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Is there anything else at the 
~TeV scale? 

If not, then many people 
worry about fine tuning

+ ? ? ?
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what are the values of the 
parameters of the SM? 

couplings  
(esp. strong coupling) 

masses  
(e.g. top & W masses) 
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what are the values of the 
parameters of the SM? 

couplings  
(esp. strong coupling) 

masses  
(e.g. top & W masses) 
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.
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A proton-proton collision: INITIAL STATE

�8

proton proton



A proton-proton collision: FINAL STATE
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...
π

−

K
B

B

+

µ

µ−

+

(actual final-state multiplicity ~ several hundred hadrons)
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UNDERLYING 
THEORY

EXPERIMENTAL 
DATA

through a chain  
 of experimental 

and theoretical links

how do you make 
quantitative 
connection?
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What are the links? 

ATLAS and CMS (big LHC expts.) have  
written ~1000 articles since 2014 

links ≡ papers they cite

quantum chromodynamics (QCD) theory papers

experimental & statistics papers



this lecture: 7 small parts

1. structure of QCD Lagrangian  
2. a master formula 
3. the strong coupling 
4. parton distribution functions 
5. fixed order calculations 
6. Monte Carlo event generators 
7. jets 
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the QCD lagrangian
and lattice QCD

�14



quantum chromodynamics (QCD)
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QCD lecture 1 (p. 5)

What is QCD Lagrangian + colour

Quarks — 3 colours: ψa =

⎛

⎝

ψ1

ψ2

ψ3

⎞

⎠

Quark part of Lagrangian:

Lq = ψ̄a(iγ
µ∂µδab − gsγ

µtCabA
C
µ −m)ψb

SU(3) local gauge symmetry ↔ 8 (= 32 − 1) generators t1ab . . . t
8
ab

corresponding to 8 gluons A1
µ . . .A

8
µ.

A representation is: tA = 1
2λ

A,

λ
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⎛

⎝
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1 0 0
0 0 0

⎞

⎠ , λ
2 =

⎛

⎝

0 −i 0
i 0 0
0 0 0

⎞

⎠ , λ
3 =

⎛

⎝

1 0 0
0 −1 0
0 0 0

⎞

⎠ , λ
4 =

⎛

⎝

0 0 1
0 0 0
1 0 0

⎞

⎠ ,

λ
5 =

⎛

⎝

0 0 −i

0 0 0
i 0 0

⎞

⎠ , λ
6 =

⎛

⎝

0 0 0
0 0 1
0 1 0

⎞

⎠ , λ
7 =

⎛

⎝

0 0 0
0 0 −i

0 i 0

⎞

⎠ , λ
8 =

⎛

⎜

⎝

1√
3

0 0

0 1√
3

0

0 0 −2√
3

⎞

⎟

⎠
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QCD lecture 1 (p. 12)

Basic methods

Perturbation theory
What do Feynman rules mean physically?

A, µ

b a
ψ̄b(−igstAbaγ

µ)ψa

A, µ

b a

( 0 1 0 )

︸ ︷︷ ︸

ψ̄b

⎛

⎝

0 1 0
1 0 0
0 0 0

⎞

⎠

︸ ︷︷ ︸

t1ab

⎛

⎝

1
0
0

⎞

⎠

︸ ︷︷ ︸

ψa

A gluon emission repaints the quark colour.
A gluon itself carries colour and anti-colour.



QCD lecture 1 (p. 11)

Basic methods

Perturbation theory
Perturbation theory

Relies on idea of order-by-order expansion small coupling, αs ≪ 1

αs + α
2
s

︸︷︷︸

small

+ α
3
s

︸︷︷︸

smaller

+ . . .
︸︷︷︸

negligible?

Interaction vertices of Feynman rules:
A, µ

ba
−igstAbaγ

µ

A, µ

B, ν

C, ρ

p

q

r

−gs f ABC [(p − q)ρgµν

+(q − r)µgνρ

+(r − p)νgρµ]

B, ν

D, σ

C, ρ

A, µ

−ig2
s f

XAC f XBD [gµνgρσ −
gµσgνγ ] + (C , γ) ↔

(D, ρ) + (B , ν) ↔ (C , γ)

These expressions are fairly complex,
so you really don’t want to have to deal
with too many orders of them!
i.e. αs had better be small. . .

quantum chromodynamics (QCD)
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QCD lecture 1 (p. 6)

What is QCD Lagrangian: gluonic part

Field tensor: FA
µν = ∂µAA

ν − ∂νAA
ν − gs fABCAB

µA
C
ν [tA, tB ] = ifABC tC

fABC are structure constants of SU(3) (antisymmetric in all indices —
SU(2) equivalent was ϵABC ). Needed for gauge invariance of gluon part of
Lagrangian:

LG = −
1

4
Fµν
A FAµν

QCD lecture 1 (p. 11)

Basic methods

Perturbation theory
Perturbation theory

Relies on idea of order-by-order expansion small coupling, αs ≪ 1

αs + α
2
s

︸︷︷︸

small

+ α
3
s

︸︷︷︸

smaller

+ . . .
︸︷︷︸

negligible?

Interaction vertices of Feynman rules:
A, µ

ba
−igstAbaγ

µ

A, µ

B, ν

C, ρ

p

q

r

−gs f ABC [(p − q)ρgµν

+(q − r)µgνρ

+(r − p)νgρµ]

B, ν

D, σ

C, ρ

A, µ

−ig2
s f

XAC f XBD [gµνgρσ −
gµσgνγ ] + (C , γ) ↔

(D, ρ) + (B , ν) ↔ (C , γ)

These expressions are fairly complex,
so you really don’t want to have to deal
with too many orders of them!
i.e. αs had better be small. . .



quantum chromodynamics (QCD)

The only complete solution uses lattice QCD 

➤ put all quark & gluon fields on a 4d lattice  
(NB: imaginary time) 

➤ Figure out most likely configurations  
(Monte Carlo sampling)
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image credit fdecomite [flickr]

http://www.flickr.com/photos/fdecomite/2615572026/


For LHC reactions, lattice would have to  
➤ Resolve smallest length scales (2 TeV ~ 10-4 fm) 
➤ Contain whole reaction (pion formed on timescale ~ 1fm, with boost of  104 — i.e. 104 fm) 
That implies 108 nodes in each dimension, i.e. 1032 nodes — inconceivable

quantum chromodynamics (QCD)

The only complete solution uses lattice QCD 

➤ put all quark & gluon fields on a 4d lattice  
(NB: imaginary time) 

➤ Figure out most likely configurations  
(Monte Carlo sampling)
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Durr et al, arXiv:0906.3599

hadron spectrum from lattice QCD



the strong coupling, αs
it feeds into everything else in collider QCD
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for more info see arXiv:1712.05165, arXiv:1902.08191

https://arxiv.org/abs/1712.05165
https://arxiv.org/abs/1902.08191


All couplings run: the QCD coupling runs fastest

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

➤ it sets the mass scale for most 
hadrons 

➤ perturbation theory only valid for 
Q ≫ Λ, where αs is small

�20

40 1. Quantum chromodynamics

QCD αs(Mz) = 0.1181 ± 0.0011

QCD αs(Mz) = 0.1181 ± 0.0013
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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).

5. R. Brock et al., [CTEQ Collab.], Rev. Mod. Phys. 67, 157 (1995), see also
http://www.phys.psu.edu/~cteq/handbook/v1.1/handbook.pdf.
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2010.
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PDG World Average:  
αs(MZ) = 0.1181 ± 0.0011 (0.9%)

Solve Q2 d↵s

dQ2
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2
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strong-coupling determinations

➤ Most consistent set of independent determinations is 
from lattice 

➤ Two determinations with smallest errors are from 
same group (HPQCD, 1004.4285, 1408.4169) 
αs(MZ) = 0.1183 ± 0.0007 (0.6%)  [heavy-quark 
                                                              correlators]  
αs(MZ) = 0.1183 ± 0.0007 (0.6%)  [Wilson loops] 

➤ Many determinations quote small uncertainties (≲1%). 
Most are disputed!  

➤ Most robust is perhaps ALPHA lattice result 
αs(MZ) = 0.1185 ± 0.00084 (0.7%)  

➤ Some determinations quote anomalously small central 
values (~0.113 v. world avg. of 0.1181±0.0011). Also 
disputed
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Figure 3: The ↵s determinations discussed in this review, in order of increasing quoted
uncertainty.
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strong-coupling determinations
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factorisation
and perturbative expansions
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a proton-proton collision: FILLING IN THE PICTURE
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Why is simplification “allowed”?          key idea #1             FACTORISATION

➤ Proton’s dynamics occurs on timescale O(1–104 fm/c)  
Final-state hadron dynamics occurs on timescale O(1–104 fm/c) 

➤ Production of Higgs, Z (and other  
 “hard processes”) occurs on timescale 
 1/MH ~ 1/125 GeV ~ 0.002 fm/c 

That means we can separate — “factorise” — the hard process, i.e. treat it as independent from 
all the hadronic dynamics 
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Why is simplification “allowed”?          key idea #2   USE PERTURBATION THEORY

➤ On timescales 1/MH ~ 1/125 GeV ~ 0.002 fm you can take advantage of 
asymptotic freedom 

➤ i.e. you can write results in terms of an expansion in the (not so) strong coupling 
constant αs(125 GeV) ~ 0.11

�31

�̂ = �̂0(1 + c1↵s + c2↵
2
s + · · · )

+
µ

µ−
b
_

σ
u

Z

_
u

H
b

proton proton

LO
(Leading Order)



Why is simplification “allowed”?          key idea #2   short-distance QCD corrections are perturbative

➤ On timescales 1/MH ~ 1/125 GeV ~ 0.002 fm you can take advantage of 
asymptotic freedom 

➤ i.e. you can write results in terms of an expansion in the (not so) strong coupling 
constant αs(125 GeV) ~ 0.11
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�̂ = �̂0(1 + c1↵s + c2↵
2
s + · · · )

+
µ

µ−
b
_

σ
u

Z

_
u

H
b

proton proton

NNLO
(Next-to-next-to-Leading Order)



the master equation
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+
µ

µ−
b
_

σ
u

Z

_
u

H
b

proton proton

8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗

µ2F
∂fi/p

(

x, µ2F
)

∂µ2F
=
∑

j

αs
(

µ2F
)

2π

∫ 1

x

dz

z
P
(1)
i←j (z) fj/p

(x

z
, µ2F

)

, (1.14)

with, for example, P
(1)
q←g(z) = TR(z

2+(1−z)2). The other LO splitting functions are listed
in Sec. 16 of this Review, while results up to NLO, α2s, and NNLO, α3s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
(1)
2,i (x,Q

2, µ2R, µ
2
F ) = C

(1)
2,i (x,Q

2, µ2R, Q
2)− ln

(µ2F
Q2

)
∑

j

∫ 1
x

dz
z C

(0)
2,j (

x
z )P

(1)
j←i(z).

As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as

σ (h1h2 → W +X) =
∞
∑

n=0

αns

(

µ2R

)

∑

i,j

∫

dx1dx2 fi/h1

(

x1, µ
2
F

)

fj/h2

(

x2, µ
2
F

)

× σ̂
(n)
ij→W+X

(

x1x2s, µ
2
R, µ

2
F

)

+O

(

Λ2

M4
W

)

, (1.15)

∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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For visualisations of PDFs and related quantities,  
a good place to start is 

http://apfel.mi.infn.it/ (ApfelWeb)

http://apfel.mi.infn.it/
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Deep Inelastic Scattering — the simpler context to determine PDFs

�42

Deep Inelastic scattering (DIS): example[PDFs]

[DIS kinematics]

Q2 = 25030 GeV 2
; y = 0:56;

e+

x=0.50

e+

Q2

x

proton

e+

jet

proton

jet

Gavin Salam (CERN) QCD basics 3 4 / 32

two major 
kinematic variables: 

x ≃ longitudinal 
momentum fraction 

of struct quark 

Q2 ≃ photon 
virtuality → 
transverse 

resolution at which 
is probes proton 

structure



Parton distribution and DGLAP

➤ Write up-quark distribution in proton as 
 

➤ μF is the factorisation scale — a bit like the renormalisation scale (μR) for the 
running coupling. 

➤ As you vary the factorisation scale, the parton distributions evolve with a 
renormalisation-group type equation 

Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations
�43

Summary so far[Initial-state splitting]

[1st order analysis]

I Collinear divergence for incoming partons not cancelled by virtuals.
Real and virtual have di↵erent longitudinal momenta

I Situation analogous to renormalization: need to regularize (but in IR
instead of UV).

Technically, often done with dimensional regularization

I Physical sense of regularization is to separate (factorize) proton
non-perturbative dynamics from perturbative hard cross section.

Choice of factorization scale, µ2, is arbitrary between 1 GeV2 and Q
2

I In analogy with running coupling, we can vary factorization scale and get
a renormalization group equation for parton distribution functions.

Dokshizer Gribov Lipatov Altarelli Parisi equations (DGLAP)

Q
2

increase

Q
2

increase

u
u

u

g

g
g

du

u
d d

u
g

g
u u
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fu/p(x, µ
2
F )
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Today’s PDF fits
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DIS data and global fits[Determining full PDFs]

[Global fits]
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Figure 2.1: The kinematic coverage of the NNPDF3.1 dataset in the
�
x,Q

2
�
plane.

10

NNPDF 3.1



Today’s PDF fits
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0.3

3

30

0.1

1

10

0.001 0.01 0.1 1

NNPDF31, μ = 2 GeV

gluon (fg/p)

up quark (fu/p)
x
f i/p
(x
)

x

➤ LHC EW physics probes x 
~ mH/√s ~ 0.01 

➤ gluon distribution is ~  
10× larger than (up) 
quark distribution

x = fraction of proton momentum  
carried by quark/gluon

quark & gluon distributions inside proton 
(number per unit log x)



Today’s PDF fits
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0.3
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0.1

1
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0.001 0.01 0.1 1

NNPDF31, μ = 100 GeV

gluon (fg/p )

up quark (fu/p)

x
f i/p
(x
)

x

➤ LHC EW physics probes x 
~ mH/√s ~ 0.01 

➤ gluon distribution is ~  
10× larger than (up) 
quark distribution 

➤ viewing proton at scales 
from 2 GeV to 100 GeV, 
DGLAP evolution modifies 
PDFs by ~ ×2–10

x = fraction of proton momentum  
carried by quark/gluon

quark & gluon distributions inside proton 
(number per unit log x)



fixed-order calculations
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� ⇠ �2↵
2
s + �3↵

3
s + �4↵

4
s + �5↵

5
s + · · ·

LO NLO NNLO N3LO
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fixed order calculations 
(only modestly represented in plot,  
but arguably the core of the field)



LO

Ingredients for a calculation (generic 2→2 process)
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Tree 
2→2

to illustrate the 
concepts, we don’t 

care what the 
particles are ̶ just 

draw lines

2

Tree 
2→3

2

NLO
1-loop  
2→2

× + complex conj.



Ingredients for a calculation (generic 2→2 process)
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Tree 
2→4

2

NNLO
1-loop  
2→3 × + complex conj.

2-loop  
2→2 × + complex conj.

1-loop  
2→2

2
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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

doing better than Feynman diagrams to calculate individual terms
slide adapted from Fabrizio Caola

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!

mathematically equivalent

=
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2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

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

Z-γ, Grazzini, Kallweit, Rathlev, Torre
jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZZ, Cascioli it et al.
ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
ttbar diff., Czakon, Fiedler, Mitov

Z-γ, W-γ, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
γ-γ, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
ptZ, Gehrmann-De Ridder et al.
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.
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
HHZ, Li, Li, Wang
DIS jj, Žlebčík et al.
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.
ttbar total, Catani et al.
γj, Chen et al.

H->bbj, Mondini, Williams
ttbar diff., Catani et al.

major advances in NNLO 
calculations v. time

as of 2019-05, with input from Fabrizio Caola



Higher precision needs more legs & more loops
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and uncertainty estimate

perturbative series for Higgs production (gg → H)

NB: here, only the renorm. scale μ(≡μR) has been varied to 
estimate uncertainty. In real life you need to change renorm. 

and factorisation (μF) scales.
�58

even though αs(mH) ≃ 0.11, 
perturturbative series requires a 

number of orders in order to start 
converging 

a similar phenomenon holds for 
almost all hadron collider cross 

sections (though not usually quite 
this bad)

results from arXiv:1503.06056

http://arxiv.org/abs/arXiv:1503.06056


Monte Carlo event generators
see e.g. arXiv:1202.1251, PDG review

�59

https://arxiv.org/abs/1202.1251
http://pdg.lbl.gov/2018/reviews/rpp2018-rev-mc-event-gen.pdf


�600

0.2

0.4

0.6

0.8

1
Papers commonly cited by ATLAS and CMS (2014-2017)

as of 2018-01-14, excluding self-citations; all papers > 0.2

Pl
ot
by

G
P
Sa
la
m
ba
se
d
on

da
ta
fro
m
In
sp
ire
H
EP

fra
ct
io
n
of
AT

LA
S
&
C
M
S
pa
pe
rs
th
at
ci
te
th
em

GE
AN
T4

An
ti-
k t
jet
alg
.

Py
th
ia
6.
4
M
C

Py
th
ia
8.
1

CT
10
PD
Fs

PO
W
HE
G
Bo
x

PO
W
HE
G
(2
00
7)

CT
EQ

6
PD
Fs

CL
(s
) t
ec
hn
iqu
e
(A
.R
ea
d)

PO
W
HE
G
(2
00
4)

M
G5
aM
Ca
tN
LO

M
ST
W
20
08
PD
Fs

Fa
stJ
et
M
an
ua
l

Lik
eli
ho
od
te
sts

fo
r n
ew

ph
ys
ics

Sh
er
pa
1.
1

M
ad
Gr
ap
h
5

to
p+
+

NN
LO

ttb
ar

He
rw
ig
6
M
C

Pi
leu
p
su
bt
ra
cti
on

PD
F4
LH
C
(2
01
1)

NN
PD
F2
3
PD
Fs

CL
(s
) t
ec
hn
iqu
e
(T
.Ju
nk
)

NN
PD
F3
0
PD
Fs

Pe
ru
gia

tu
ne
s (
20
10
)

He
rw
ig+
+
M
C

predicting what  
collider events look like 

IN DETAIL
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Higgs 
boson

b

b

QCD Parton Shower  [parton = quark or gluon]



�65

Higgs 
boson

100 GeV 10 GeV 1 GeV

0.001 fm/c 0.1 fm/c 10 fm/c

energy  
scale

distance

b

b

QCD Parton Shower  [parton = quark or gluon]



�67

Higgs 
boson

b

b

100 GeV 10 GeV 1 GeV

0.001 fm/c 0.1 fm/c 10 fm/c

energy  
scale

distance

Pattern of branching usually simulated 
with a Monte Carlo Parton Shower 

algorithm 

Experiments always compare data to 
Monte Carlo simulations to establish 

fundamental hypotheses


Robustness & accuracy of multi-scale 
properties of these simulations is one 

of the open questions of the field

QCD Parton Shower  [parton = quark or gluon]
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∞

∑
n = 0

n

∏
i= 1 ( ) =

At its simplest: the perturbative part of event generators

iteration of 2→3 (or 1→2) splitting kernel 
in what sense does it give the right answer when you ask arbitrary questions about the final state?  

cf. arXiv:1805.09327

https://arxiv.org/abs/1805.09327


QCD lecture 2 (p. 16)

Parton showers Hadronisation Models

String Fragmentation
(Pythia and friends)

Cluster Fragmentation
(Herwig)

Pictures from ESW book

parton–hadron transition (“hadronisation”) can, today, only be modelled

�69

(& Sherpa)

reorganise 
coloured 
partons 
into 

colour-
singlet 
hadrons



jets
i.e. how we make 

sense of the hadronic 
part of events
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H

−

µ
+

µ

_
u

σ
u

b

b
_

Z

proton proton

π
...

K

−

+

B

B−µ

+
µ

proton proton

Interpretation

see e.g.  
arXiv:0906.1833  

 arXiv:1901.10342 

http://arxiv.org/abs/arXiv:0906.1833
http://arxiv.org/abs/arXiv:1901.10342


jets
i.e. how we make 

sense of the hadronic 
part of events

�71
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jets: organising event information



what should a jet definition achieve? A projection to a simple picture of energy flow
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Jets as projections[Introduction]

[Background knowledge]

jet 1 jet 2

LO partons

Jet Def n

jet 1 jet 2

Jet Def n

NLO partons

jet 1 jet 2

Jet Def n

parton shower

jet 1 jet 2

Jet Def n

hadron level

π π

K
p φ

Projection to jets should be resilient to QCD effects

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 8 / 35

projection to jets should be resilient to QCD effects



anti-kt jet algorithm

‣ successive recombination of closest 
pair of particles (with some distance 
measure) 

‣ parameter for reach in angle (R) 

‣ parameter for minimum energy of jet 
(pt,min)

 74

pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10



anti-kt jet algorithm
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pt/GeV

50

40

20

0
0 1 2 3 4 y

30

10

Too soft for  
a jet  

(pT < pT,min)

Good Jet  
   (pT > pT,min) ‣ successive recombination of closest 

pair of particles (with some distance 
measure) 

‣ parameter for reach in angle (R) 

‣ parameter for minimum energy of jet 
(pt,min)



using full event information: jet substructure for  W tagging

�92

QCD rejection with  
just jet mass

QCD rejection with use  
of full jet  

substructure 

5–10x better

taken from Dreyer, GPS & Soyez ‘18
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For identifying spatial clusters, we have implemented both centroid- 
linkage hierarchical clustering using FastJet […] 

Via the qSR software, FastJet can analyze a typical super-resolution 
dataset within a few seconds. By storing the full tree structure, the user 
can quickly re-cluster data and compare the resulting clusters at varying 
characteristic sizes. 

	 9	

 
Figure S6: FastJet hierarchical clustering. (A) FastJet clusters found with a length scale of 
140nm. (B-D) Zoomed in view of the region in the blue box from A. The clusters were generated 
by cutting the tree with a length scale of 93 nm, 140 nm, and 210 nm respectively. The black + 
signs mark the centroids of each cluster. Scale Bars – A: 5 μm B - D: 500 nm 
 

  



closing
does it work?  

does it work sufficiently well?

�94
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vast array of 
LHC data 

agrees with 
QCD predictions
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All results at: http://cern.ch/go/pNj7

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ
µll, l=e,→, Zνl→: fiducial with Wγγ,WγγEW,Z

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW WWW γWV γγZ γγW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σΔ in exp. HσΔTh. 

ggHqqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction
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Higgs 
cross-sections 
v. QCD theory



Higgs precision (H → γγ) : optimistic estimate v. luminosity & time
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µ��
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Figure 1. Projected uncertainties on ki, combining
ATLAS and CMS: total (grey box), statistical (blue),
experimental (green) and theory (red). From Ref. [2].

These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs

Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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assumption that the couplings to vector bosons are not larger than
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The combination of ATLAS and CMS Higgs boson coupling mea-
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ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
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These coupling measurements assume the absence of sizable
additional contributions to GH . As recently suggested, the patterns
of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
channels, some of which were not considered in previous projections: 2b2g , 2b2t , 4b, 2bWW, 2bZZ. Assuming the SM Higgs
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the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].
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of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.

The Run 2 experience in searches for Higgs pair production led to a reappraisal of the HL-LHC sensitivity, including several
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Figure 2. Left: Summary of the projected HL-LHC limits on the quark Yukawa couplings. Right: Summary of constraints on
the SMEFT operators considered. The shaded bounds arise from a global fit of all operators, those assuming the existence of a
single operator are labeled as "exclusive". From Ref. [2].

2

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Expected uncertainty

γZκ
µκ
τκ
bκ
tκ

gκ
Zκ

Wκ
γκ

9.8 

4.3 

1.9 

3.7 

3.4 

2.5 

1.5 

1.7 

1.8 

6.4 7.2 1.7 

1.7 3.8 1.0 

1.5 0.9 0.8 

3.2 1.3 1.3 

3.1 0.9 1.1 

2.1 0.9 0.8 

1.2 0.7 0.6 

1.3 0.8 0.7 

1.3 0.8 1.0 
Tot Stat Exp Th
Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%
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of quantum interference between background and Higgs-mediated
production of photon pairs or four leptons are sensitive to GH .
Measuring the off-shell four-fermion final states, and assuming
the Higgs couplings to gluons and ZZ evolve off-shell as in the
SM, the HL-LHC will extract GH with a 20% precision at 68% CL.
Furthermore, combining all Higgs channels, and with the sole
assumption that the couplings to vector bosons are not larger than
the SM ones (kV  1), will constrain GH with a 5% precision at
95% CL. Invisible Higgs boson decays will be searched for at
HL-LHC in all production channels, VBF being the most sensitive.
The combination of ATLAS and CMS Higgs boson coupling mea-
surements will set an upper limit on the Higgs invisible branching
ratio of 2.5%, at the 95% CL. The precision reach in the mea-
surements of ratios will be at the percent level, with particularly
interesting measurements of kg/kZ, which serves as a probe of
new physics entering the H ! gg loop, can be measured with an
uncertainty of 1.4%, and kt/kg, which serves as probe of new
physics entering the gg ! H loop, with a precision of 3.4%.

A summary of the limits obtained on first and second gen-
eration quarks from a variety of observables is given in Fig. 2
(left). It includes: (i) HL-LHC projections for exclusive decays of
the Higgs into quarkonia; (ii) constraints from fits to differential
cross sections of kinematic observables (in particular pT); (iii)
constraints on the total width GH relying on different assumptions
(the examples given in the Fig. 2 (left) correspond to a projected limit of 200 MeV on the total width from the mass shift
from the interference in the diphoton channel between signal and continuous background and the constraint at 68% CL on the
total width from off-shell couplings measurements of 20%); (iv) a global fit of Higgs production cross sections (yielding the
constraint of 5% on the width mentioned herein); and (v) the direct search for Higgs decays to cc using inclusive charm tagging
techniques. Assuming SM couplings, the latter is expected to lead to the most stringent upper limit of kc / 2. A combination of
ATLAS, CMS and LHCb results would further improve this constraint to kc / 1.
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