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Track 3 Highlights

• Monte Carlo generation 

• Precision frontier 

• Beyond Standard Model physics 

• Towards Quantum Computing

This is a biased selection
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Speeding up Monte Carlo event generators

• Performance analysis 

• Pilot runs (what do we need when?) 

• New architectures - GPUs, vector 
CPUs  

• Portability (Kokkos, Alpaka, …) 

• Physics ideas and analytic results



CHRISTIAN GÜTSCHOW

ACCELERATING LHC EVENT GENERATION

Breakdown of CPU budget in V+jets
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Event Generation Bottlenecks

6

phase space

35 %

clustering

tree-level ME 34 %

loop ME

11 %

PDF

rest+overhead
16 %

pp Ñ e`e´+0,1,2j@NLO+3,4,5j@LO

σpp→Xn
= ∑

ab
∫ dxadxb dΦn fa(xa, μ2

F)fb(xb, μ2
F) |ℳab→Xn

|2 Θn(p1, …, pn)

➡ relevant remaining bottleneck: phase-space & matrix elements  (ME)


- better phase-space sampling directly reduces number of ME evaluations

|ℳ |2

Our job is to sample this integral:

relative CPU time usage

for a typical ATLAS 

V+jets setup with SHERPA 
 

(after series of optimisations  
which give a ~40x speed-up,


thus ticking off one of the major 
HSF generator WG milestones)

[EB et al. 2209.00843] 
[Talk by C. Gutschow]
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Neural Importance Sampling – Results

10

• Smaller impact for more complicated (multi-channel) processes, similar in [Gao et al., Phys. Rev. D 101 (2020) no.7, 076002]


• GPU evaluation of MEs desirable for efficient training cf. talks by M. Knobbe, R. Wang and A. Valassi


• Alternative to ML-assisted phase space sampling: directly learn target distribution using autoregressive flows, GANs, VAEs 
[Stienen and Verheyen SciPost Phys. 10, 038 (2021)], [Butter, Plehn and Winterhalder, SciPost Phys. 7 (6), 075 (2019)], [Sipio et al. JHEP 08, 110 (2019)], 
[Otten et al. Nature Commun. 12 (1), 2985 (2021)], [Choi and Lim, J. Korean Phys. Soc. 78 (6), 482 (2021)]


- if no surjectivity guarantee → might miss tails of distributions and get small bias in overall integration result

remember: aim for , i.e. peaked distribution of w = f /g ≈ 1 w
Γt→be−νe

σe+e−→t[be+νe]t̄[b̄e−ν̄e]

Enrico  

Bothmann



Event Generation Bottlenecks

6

phase space

35 %

clustering

tree-level ME 34 %

loop ME

11 %

PDF

rest+overhead
16 %

pp Ñ e`e´+0,1,2j@NLO+3,4,5j@LO

σpp→Xn
= ∑

ab
∫ dxadxb dΦn fa(xa, μ2

F)fb(xb, μ2
F) |ℳab→Xn

|2 Θn(p1, …, pn)

➡ relevant remaining bottleneck: phase-space & matrix elements  (ME)


- better phase-space sampling directly reduces number of ME evaluations

|ℳ |2

Our job is to sample this integral:

relative CPU time usage

for a typical ATLAS 

V+jets setup with SHERPA 
 

(after series of optimisations  
which give a ~40x speed-up,


thus ticking off one of the major 
HSF generator WG milestones)

[EB et al. 2209.00843] 
[Talk by C. Gutschow]

Neural Importance Sampling – Results

10

• Smaller impact for more complicated (multi-channel) processes, similar in [Gao et al., Phys. Rev. D 101 (2020) no.7, 076002]


• GPU evaluation of MEs desirable for efficient training cf. talks by M. Knobbe, R. Wang and A. Valassi


• Alternative to ML-assisted phase space sampling: directly learn target distribution using autoregressive flows, GANs, VAEs 
[Stienen and Verheyen SciPost Phys. 10, 038 (2021)], [Butter, Plehn and Winterhalder, SciPost Phys. 7 (6), 075 (2019)], [Sipio et al. JHEP 08, 110 (2019)], 
[Otten et al. Nature Commun. 12 (1), 2985 (2021)], [Choi and Lim, J. Korean Phys. Soc. 78 (6), 482 (2021)]


- if no surjectivity guarantee → might miss tails of distributions and get small bias in overall integration result

remember: aim for , i.e. peaked distribution of w = f /g ≈ 1 w
Γt→be−νe

σe+e−→t[be+νe]t̄[b̄e−ν̄e]

Enrico  

Bothmann

3rd Component: The Color Sum [Bothmann, Giele, Höche, Isaacson, MK, 2106.06507]

Benchmark performance for gluon-only process
Relevant test, since as-many-gluon-as-possible
amplitudes make up largest portion of computing time for
jet-processes
Compare different color treatments:
color-dressing/summing/sampling
Color-sampled algorithms scale similar to color-summed
approaches
Color-summing scales worse than color-dressing, but
faster up to roughly 5-6 outgoing jets
Caveat: Color-sampling comes with penalty factor from
slower convergence

) Algorithmic choice: Sum colors
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Speeding up Madgraph5_aMC@NLO through CPU vectorization and GPUs A. Valassi – ACAT, Bari, 24 October 2022 11

MadEvent/CUDA for gg→t ҧtgg (improved at ACAT2022)

Reduced the overhead from scalar Fortran MadEvent overhead from 10% to 5% of initial Fortran (improved handling of MLM merging)
Maximum allowed overall speedup from Amdahl’s law is now increased from x10 to x20 - which we do achieve

ICHEP2022

ACAT2022
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Argonne Leadership Computing Facility9

Performance of Kokkos
● So, does Kokkos provide equivalent 

performance?
● Plot shows early versions of BlockGen 

calculating the process:  gg→njets
● Time per Event on y-axis, number of 

outgoing partons on x-axis
● Compare CPU with C++, GPU with CUDA, 

and GPU with Kokkos
● Can see the CUDA is 100x faster than the 

CPU for this example
● Kokkos is slightly less performant than 

CUDA at low multiplicity (low computational 
complexity), but reaches comparable 
performance as multiplicity increases.

gg → n-jets

Taylor Childers
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Precision test of the Standard Model Future prospects

Overview of future experiments as of 2022

Experiment uncertainty Theory uncertainty

ILC CEPC FCC-ee Current

MW [MeV] 3-4 3 /10.3 4

sin2
◊

l
e� [10≠5] 1 2.3 ?0.6 4.5

�Z [MeV] 0.8 0.5 /0.10.025 0.4

Rf [10≠5] 14 17 /61 15

Recent update from [Alain Blondel, Patrick Janot, Eur.Phys.J.Plus 137 (2022) 1]

To match the precision of the experiment we compute 3-loop and
4-loop Standard Model predictions

9 / 29

8

Precision Frontier

• Numerical methods 
• Avoiding algebraic complexity 

• Physics informed 
• Exploiting known structures

Johann Usovitsch

multiplicity frontier

loop frontier

IR frontier

L O(N),≤1
EOM O(N),≤2

EOM O(N),≤3
EOM O(N),≤4

EOM

1

2

3

4

Table 1. In the Lth row the table gives examples of diagrams contributing to the L-loop contri-
bution to Γ(N)

gg . Subgraphs whose UV-counterterms require the various EOM operators O(N),k
EOM are

highlighted with dashed boxes.

O(N),3
EOM = g2(D.F )a

∑

i+j+k
=N−4

Cabcd
ijk (∂iAb)(∂jAc)(∂kAd) (3.15)

O(N),4
EOM = g3(D.F )a

∑

i+j+k+l
=N−5

Cabcde
ijkl (∂iAb)(∂jAc)(∂kAd)(∂lAe) (3.16)

Let us now discuss the color decomposition of the C-coefficients. While at rank two and

three possible color structures are limited to δab and fabc, color decompositions for operators

of higher rank are in general non-trivial, in particular when keeping the color gauge group

general as we do here. However the fact that we only require counterterms valid up to

certain loop orders imposes strong contstraints and allows us to identify the following color

decompositions:

Cabc
ij = fabcκij (3.17)

Cabcd
ijk = (ff)abcdκ(1)ijk + dabcd4 κ(2)ijk + dabcd

4̂ff
κ(3)ijk (3.18)

Cabcde
ijkl = (fff)abcdeκ(1)ijkl + dabcde4f κ(2)ijkl , (3.19)

where the different color structures are defined as

– 10 –

N3LO splitting functions, analytic 
resummation, SCET, beam functions etc.

4

H

H

FIG. 1: Top: example of a triple-real emission amplitude
with a quark-antiquark pair in the final state which con-
tributes to the bare beam function in the leading-color ap-
proximation and therefore has been included in our compu-
tation. Bottom: example of a similar amplitude which is
sub-leading in Nc and therefore is not included in our com-
putation. The box labeled H denotes the hard scattering
process.

where p is the four-momentum of the incoming parton,
p̄ is the complementary collinear direction, s = 2p · p̄,
[dki] = dd�1

ki/((2⇡)d�12k(0)i ) is a single-parton phase-

space element, knR =
nRP
i=1

ki and P
(RnRV nV )
qq denotes the

nV -loop contribution to the collinear splitting functions
that describes the q ! q

⇤ + g1 + ... + gnR process or, if
nR � 2, the q ! q

⇤ + q
0 + q̄

0 + g3 + ...+ gnR process. We
note that the functions B

b,RnRV nV
qq (t, z) scale uniformly

with the transverse virtuality, i.e.

B
b,RnRV nV
qq (t, z) ⇠ t

�1�3✏
B̃

b,RnRV nV
qq (z). (15)

This observation will be important for the discussion be-
low where we describe the computation of the double-
virtual single-real contribution B

b,R1V 2
qq .

The calculation of the triple-real and double-real
single-virtual contributions B

b,R3V 0
qq and B

b,R2V 1
qq was

discussed in Refs. [28, 29], respectively. We will briefly
summarize these discussions here.

Although, as we already said, the collinear splitting
functions in Eq. (14) are universal objects, they are not
available in closed form beyond NNLO. Since, as shown
in Eq. (14), our goal is not only to construct the split-
ting functions, but also to integrate them over the real-
emission phase space, it is important to have an algo-
rithm that allows us to perform both of these tasks in a
concerted way. We achieve this by following the proce-
dure outlined in Ref. [36] that describes how to extract
splitting functions by considering emissions o↵ a single
external line and by employing relevant projection op-
erators. An important ingredient in this construction is
the use of physical gauges for both virtual and real glu-

ons that, unfortunately, complicates the computations
significantly. In Ref. [36] this procedure was used to
explicitly construct all tree-level splitting functions at
NNLO in QCD. Here, we just use this procedure to find
a suitable expression for the collinear splitting functions

P
(RnRV nV )
qq (p, p̄, {ki}) that may involve unintegrated mo-

menta of both real and virtual gluons. Once such a repre-

sentation for P (RnRV nV )
qq (p, p̄, {ki}) is available, we apply

reverse unitarity [38] to map phase-space integrals onto
loop integrals. We then use integration-by-parts tech-
nology [39, 40] to express each particular contribution
to B

bare
qq in terms of master integrals and to derive the

di↵erential equations that these integrals satisfy [41–44].
A detailed discussion of how the master integrals are

computed from the relevant di↵erential equations can be
found in Refs. [28, 29]. Here, we just note that the use
of physical gauges makes their computation much more
di�cult, in that it introduces additional propagator-like
structures that arise from polarization sums of real and
virtual gluons. Unfortunately, this leads to a prolifer-
ation of integrals that need to be calculated. Another
interesting point is that the master integrals, that de-
scribe triple-real emissions, are initially written as linear
combinations of generalized polylogarithms of a complex-
valued variable

x = �1 +
z

2
± i

2

p
z(4� z), (16)

which arises during the rationalization of the di↵erential
equations, see Ref. [29]. Curiously, as we will see from
the final result, the dependence on x disappears once the
complete triple-real emission contribution to the beam
function is constructed.

In principle, one can compute the B
b,R1V 2
qq contribu-

tion to the beam function using a similar approach. This
would require the calculation of the two-loop correction
to the process q ! q

⇤ + g in a physical gauge; such com-
putation is, currently, not available. Fortunately, there
is a way out. The contribution we are interested in can
be extracted from the two-loop amplitude of the process
q(p)q̄(p̄) ! V +g(k1) in the limit when the gluon is emit-
ted along the direction of the incoming quark q. To see
this, consider the Mandelstam variables T = (p � k1)2,
U = (p̄� k1)2 and S = 2p · p̄ that are needed to describe
this process. Then, from the phase-space constraints in
Eq. (14), we find T = �t/z, U = �s(1 � z). Therefore,
we can obtain the required splitting function by studying
the T ! 0 limit of the NNLO QCD contribution to the
amplitude squared for the process q(p)q̄(p̄) ! V + g(k1),
and by extracting the contribution with the appropriate
T

�1�2✏ scaling.2 The calculation of the 0 ! qq̄V g scat-

2
According to Eq. (15), the N

3
LO contributions to the beam func-

tions scale as t�1�3✏
. In case of the double-virtual single-real

term Bb,R1V 2
qq , this scaling is obtained from the t�1�2✏

scal-

ing of the virtual amplitude squared and the t�✏
scaling of the

single-gluon phase space.

N3LO 2!2, N4LO 2!1 (gg!H)

N2LO 2!3 (pp!3j pp!W2j, pp!ttj,…)

Simon  

Badger
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∑

i+j+k+l
=N−5

Cabcde
ijkl (∂iAb)(∂jAc)(∂kAd)(∂lAe) (3.16)

Let us now discuss the color decomposition of the C-coefficients. While at rank two and

three possible color structures are limited to δab and fabc, color decompositions for operators

of higher rank are in general non-trivial, in particular when keeping the color gauge group

general as we do here. However the fact that we only require counterterms valid up to

certain loop orders imposes strong contstraints and allows us to identify the following color

decompositions:

Cabc
ij = fabcκij (3.17)

Cabcd
ijk = (ff)abcdκ(1)ijk + dabcd4 κ(2)ijk + dabcd

4̂ff
κ(3)ijk (3.18)

Cabcde
ijkl = (fff)abcdeκ(1)ijkl + dabcde4f κ(2)ijkl , (3.19)

where the different color structures are defined as
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N3LO splitting functions, analytic 
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FIG. 1: Top: example of a triple-real emission amplitude
with a quark-antiquark pair in the final state which con-
tributes to the bare beam function in the leading-color ap-
proximation and therefore has been included in our compu-
tation. Bottom: example of a similar amplitude which is
sub-leading in Nc and therefore is not included in our com-
putation. The box labeled H denotes the hard scattering
process.

where p is the four-momentum of the incoming parton,
p̄ is the complementary collinear direction, s = 2p · p̄,
[dki] = dd�1

ki/((2⇡)d�12k(0)i ) is a single-parton phase-

space element, knR =
nRP
i=1

ki and P
(RnRV nV )
qq denotes the

nV -loop contribution to the collinear splitting functions
that describes the q ! q

⇤ + g1 + ... + gnR process or, if
nR � 2, the q ! q

⇤ + q
0 + q̄

0 + g3 + ...+ gnR process. We
note that the functions B

b,RnRV nV
qq (t, z) scale uniformly

with the transverse virtuality, i.e.

B
b,RnRV nV
qq (t, z) ⇠ t

�1�3✏
B̃

b,RnRV nV
qq (z). (15)

This observation will be important for the discussion be-
low where we describe the computation of the double-
virtual single-real contribution B

b,R1V 2
qq .

The calculation of the triple-real and double-real
single-virtual contributions B

b,R3V 0
qq and B

b,R2V 1
qq was

discussed in Refs. [28, 29], respectively. We will briefly
summarize these discussions here.

Although, as we already said, the collinear splitting
functions in Eq. (14) are universal objects, they are not
available in closed form beyond NNLO. Since, as shown
in Eq. (14), our goal is not only to construct the split-
ting functions, but also to integrate them over the real-
emission phase space, it is important to have an algo-
rithm that allows us to perform both of these tasks in a
concerted way. We achieve this by following the proce-
dure outlined in Ref. [36] that describes how to extract
splitting functions by considering emissions o↵ a single
external line and by employing relevant projection op-
erators. An important ingredient in this construction is
the use of physical gauges for both virtual and real glu-

ons that, unfortunately, complicates the computations
significantly. In Ref. [36] this procedure was used to
explicitly construct all tree-level splitting functions at
NNLO in QCD. Here, we just use this procedure to find
a suitable expression for the collinear splitting functions

P
(RnRV nV )
qq (p, p̄, {ki}) that may involve unintegrated mo-

menta of both real and virtual gluons. Once such a repre-

sentation for P (RnRV nV )
qq (p, p̄, {ki}) is available, we apply

reverse unitarity [38] to map phase-space integrals onto
loop integrals. We then use integration-by-parts tech-
nology [39, 40] to express each particular contribution
to B

bare
qq in terms of master integrals and to derive the

di↵erential equations that these integrals satisfy [41–44].
A detailed discussion of how the master integrals are

computed from the relevant di↵erential equations can be
found in Refs. [28, 29]. Here, we just note that the use
of physical gauges makes their computation much more
di�cult, in that it introduces additional propagator-like
structures that arise from polarization sums of real and
virtual gluons. Unfortunately, this leads to a prolifer-
ation of integrals that need to be calculated. Another
interesting point is that the master integrals, that de-
scribe triple-real emissions, are initially written as linear
combinations of generalized polylogarithms of a complex-
valued variable

x = �1 +
z

2
± i

2

p
z(4� z), (16)

which arises during the rationalization of the di↵erential
equations, see Ref. [29]. Curiously, as we will see from
the final result, the dependence on x disappears once the
complete triple-real emission contribution to the beam
function is constructed.

In principle, one can compute the B
b,R1V 2
qq contribu-

tion to the beam function using a similar approach. This
would require the calculation of the two-loop correction
to the process q ! q

⇤ + g in a physical gauge; such com-
putation is, currently, not available. Fortunately, there
is a way out. The contribution we are interested in can
be extracted from the two-loop amplitude of the process
q(p)q̄(p̄) ! V +g(k1) in the limit when the gluon is emit-
ted along the direction of the incoming quark q. To see
this, consider the Mandelstam variables T = (p � k1)2,
U = (p̄� k1)2 and S = 2p · p̄ that are needed to describe
this process. Then, from the phase-space constraints in
Eq. (14), we find T = �t/z, U = �s(1 � z). Therefore,
we can obtain the required splitting function by studying
the T ! 0 limit of the NNLO QCD contribution to the
amplitude squared for the process q(p)q̄(p̄) ! V + g(k1),
and by extracting the contribution with the appropriate
T

�1�2✏ scaling.2 The calculation of the 0 ! qq̄V g scat-

2
According to Eq. (15), the N

3
LO contributions to the beam func-

tions scale as t�1�3✏
. In case of the double-virtual single-real

term Bb,R1V 2
qq , this scaling is obtained from the t�1�2✏

scal-

ing of the virtual amplitude squared and the t�✏
scaling of the

single-gluon phase space.

N3LO 2!2, N4LO 2!1 (gg!H)

N2LO 2!3 (pp!3j pp!W2j, pp!ttj,…)

Simon  

Badger



Anke Biekötter for Track 3

Precision test of the Standard Model Future prospects

Overview of future experiments as of 2022

Experiment uncertainty Theory uncertainty

ILC CEPC FCC-ee Current

MW [MeV] 3-4 3 /10.3 4

sin2
◊

l
e� [10≠5] 1 2.3 ?0.6 4.5

�Z [MeV] 0.8 0.5 /0.10.025 0.4

Rf [10≠5] 14 17 /61 15

Recent update from [Alain Blondel, Patrick Janot, Eur.Phys.J.Plus 137 (2022) 1]

To match the precision of the experiment we compute 3-loop and
4-loop Standard Model predictions

9 / 29
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Precision Frontier

• Numerical methods 
• Avoiding algebraic complexity 

• Physics informed 
• Exploiting known structures

Johann Usovitsch

multiplicity frontier

loop frontier

IR frontier

L O(N),≤1
EOM O(N),≤2

EOM O(N),≤3
EOM O(N),≤4

EOM

1

2

3

4

Table 1. In the Lth row the table gives examples of diagrams contributing to the L-loop contri-
bution to Γ(N)

gg . Subgraphs whose UV-counterterms require the various EOM operators O(N),k
EOM are

highlighted with dashed boxes.
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EOM = g2(D.F )a

∑
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=N−4

Cabcd
ijk (∂iAb)(∂jAc)(∂kAd) (3.15)
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EOM = g3(D.F )a

∑

i+j+k+l
=N−5

Cabcde
ijkl (∂iAb)(∂jAc)(∂kAd)(∂lAe) (3.16)

Let us now discuss the color decomposition of the C-coefficients. While at rank two and

three possible color structures are limited to δab and fabc, color decompositions for operators

of higher rank are in general non-trivial, in particular when keeping the color gauge group

general as we do here. However the fact that we only require counterterms valid up to

certain loop orders imposes strong contstraints and allows us to identify the following color

decompositions:

Cabc
ij = fabcκij (3.17)

Cabcd
ijk = (ff)abcdκ(1)ijk + dabcd4 κ(2)ijk + dabcd

4̂ff
κ(3)ijk (3.18)

Cabcde
ijkl = (fff)abcdeκ(1)ijkl + dabcde4f κ(2)ijkl , (3.19)

where the different color structures are defined as
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FIG. 1: Top: example of a triple-real emission amplitude
with a quark-antiquark pair in the final state which con-
tributes to the bare beam function in the leading-color ap-
proximation and therefore has been included in our compu-
tation. Bottom: example of a similar amplitude which is
sub-leading in Nc and therefore is not included in our com-
putation. The box labeled H denotes the hard scattering
process.

where p is the four-momentum of the incoming parton,
p̄ is the complementary collinear direction, s = 2p · p̄,
[dki] = dd�1

ki/((2⇡)d�12k(0)i ) is a single-parton phase-

space element, knR =
nRP
i=1

ki and P
(RnRV nV )
qq denotes the

nV -loop contribution to the collinear splitting functions
that describes the q ! q

⇤ + g1 + ... + gnR process or, if
nR � 2, the q ! q

⇤ + q
0 + q̄

0 + g3 + ...+ gnR process. We
note that the functions B

b,RnRV nV
qq (t, z) scale uniformly

with the transverse virtuality, i.e.

B
b,RnRV nV
qq (t, z) ⇠ t

�1�3✏
B̃

b,RnRV nV
qq (z). (15)

This observation will be important for the discussion be-
low where we describe the computation of the double-
virtual single-real contribution B

b,R1V 2
qq .

The calculation of the triple-real and double-real
single-virtual contributions B

b,R3V 0
qq and B

b,R2V 1
qq was

discussed in Refs. [28, 29], respectively. We will briefly
summarize these discussions here.

Although, as we already said, the collinear splitting
functions in Eq. (14) are universal objects, they are not
available in closed form beyond NNLO. Since, as shown
in Eq. (14), our goal is not only to construct the split-
ting functions, but also to integrate them over the real-
emission phase space, it is important to have an algo-
rithm that allows us to perform both of these tasks in a
concerted way. We achieve this by following the proce-
dure outlined in Ref. [36] that describes how to extract
splitting functions by considering emissions o↵ a single
external line and by employing relevant projection op-
erators. An important ingredient in this construction is
the use of physical gauges for both virtual and real glu-

ons that, unfortunately, complicates the computations
significantly. In Ref. [36] this procedure was used to
explicitly construct all tree-level splitting functions at
NNLO in QCD. Here, we just use this procedure to find
a suitable expression for the collinear splitting functions

P
(RnRV nV )
qq (p, p̄, {ki}) that may involve unintegrated mo-

menta of both real and virtual gluons. Once such a repre-

sentation for P (RnRV nV )
qq (p, p̄, {ki}) is available, we apply

reverse unitarity [38] to map phase-space integrals onto
loop integrals. We then use integration-by-parts tech-
nology [39, 40] to express each particular contribution
to B

bare
qq in terms of master integrals and to derive the

di↵erential equations that these integrals satisfy [41–44].
A detailed discussion of how the master integrals are

computed from the relevant di↵erential equations can be
found in Refs. [28, 29]. Here, we just note that the use
of physical gauges makes their computation much more
di�cult, in that it introduces additional propagator-like
structures that arise from polarization sums of real and
virtual gluons. Unfortunately, this leads to a prolifer-
ation of integrals that need to be calculated. Another
interesting point is that the master integrals, that de-
scribe triple-real emissions, are initially written as linear
combinations of generalized polylogarithms of a complex-
valued variable

x = �1 +
z

2
± i

2

p
z(4� z), (16)

which arises during the rationalization of the di↵erential
equations, see Ref. [29]. Curiously, as we will see from
the final result, the dependence on x disappears once the
complete triple-real emission contribution to the beam
function is constructed.

In principle, one can compute the B
b,R1V 2
qq contribu-

tion to the beam function using a similar approach. This
would require the calculation of the two-loop correction
to the process q ! q

⇤ + g in a physical gauge; such com-
putation is, currently, not available. Fortunately, there
is a way out. The contribution we are interested in can
be extracted from the two-loop amplitude of the process
q(p)q̄(p̄) ! V +g(k1) in the limit when the gluon is emit-
ted along the direction of the incoming quark q. To see
this, consider the Mandelstam variables T = (p � k1)2,
U = (p̄� k1)2 and S = 2p · p̄ that are needed to describe
this process. Then, from the phase-space constraints in
Eq. (14), we find T = �t/z, U = �s(1 � z). Therefore,
we can obtain the required splitting function by studying
the T ! 0 limit of the NNLO QCD contribution to the
amplitude squared for the process q(p)q̄(p̄) ! V + g(k1),
and by extracting the contribution with the appropriate
T

�1�2✏ scaling.2 The calculation of the 0 ! qq̄V g scat-

2
According to Eq. (15), the N

3
LO contributions to the beam func-

tions scale as t�1�3✏
. In case of the double-virtual single-real

term Bb,R1V 2
qq , this scaling is obtained from the t�1�2✏

scal-

ing of the virtual amplitude squared and the t�✏
scaling of the

single-gluon phase space.

N3LO 2!2, N4LO 2!1 (gg!H)

N2LO 2!3 (pp!3j pp!W2j, pp!ttj,…)

Simon  
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Kinematic distributions

Standard BNN Precision boosted BNN

Gray shades indicate statistical limitation of training data…
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Numerical approaches 
Introduction - Overview

Loop Integrals

Methods

Results

Conclusions

Results Graph 2116: C�2,C�1,C0 as a function of s
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Numerical approaches - physics informed

Introduction Extension to one-loop matrix elements Constructing the emulator Results Summary and outlook References

Comparison to naive model
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Results: e↵ective gain factors for LHC multi-jet processes

fe↵ :=
Tstandard

Tsurrogate

Using 1M training events:
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e�ective gain factor fe�
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dipole

naive

dipole
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dipole

gg � e�e+ggdd̄

uū � tt̄dd̄g

gg � tt̄ggg
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20

2.2
55

Timo Janßen (U of Göttingen) Surrogate-based unweighting ACAT 2022 12

Henry Truong Timo Janssen
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Analytic approaches

Benchmarks:
Herzog, Ruijl, Ueda, Vermaseren, Vogt : 
arXiv:1707.01044 

(+ many more)
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Dependencies graph1234

1Charles R. Harris et al. “Array programming with NumPy”. In: Nature 585 (2020), pp. 357–362. doi:
10.1038/s41586-020-2649-2.

2Fredrik Johansson et al. mpmath: a Python library for arbitrary-precision floating-point arithmetic (version 0.18).
http://mpmath.org/. 2013.

3Aaron Meurer et al. “SymPy: symbolic computing in Python”. In: PeerJ Computer Science 3 (Jan. 2017), e103. issn:
2376-5992.

4Wolfram Decker et al. Singular 4-3-0 — A computer algebra system for polynomial computations.
http://www.singular.uni-kl.de. 2022.

Giuseppe De Laurentis PSI
Singular and 𝑝 -adic phase space with lips 5/12

Zeno Capatti

Ryan Moodie

Giuseppe de Laurentis

Introduction Processes Computation Finite fields Reconstruction Performance Conclusion

Timing

Channel
f64/f64 Evaluation strategy

Time (s) f (%) Time (s) f (%)
gg ! ggg 1.39 69 1.89 77
gg ! q̄qg 1.35 91 1.37 91
qg ! qgg 1.34 92 1.57 93
qq̄ ! ggg 1.34 93 1.38 93
q̄Q ! Qq̄g 1.14 99 1.16 99
q̄Q̄ ! q̄Q̄g 1.36 99 1.39 99
q̄g ! q̄QQ̄ 1.36 99 1.39 99
q̄q ! QQ̄g 1.14 99 1.14 99
q̄g ! q̄qq̄ 1.84 99 1.90 99
q̄q̄ ! q̄q̄g 1.82 99 1.94 99
q̄q ! qq̄g 1.71 99 1.77 99
gg ! ��g ⇤ 9 99 26 99

Ryan Moodie (Turin) Two-loop five-point amplitudes in massless QCD with finite fields 14/17

Local unitarity

Finite fields
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Non-perturbative physics

Results: Correlation Functions

InterpolationExtrapolation 

λ = 4.70

λ = 4.50λ = 4.30

λ = 4.45

Results only  from the 
critical region 

15

 Simulation at multiple  valuesλ

S(ϕ, mfixed, λ)

λ

For a lattice action :

Critical Region

Utilise 
information 
from non-

critical regions   

Generate lattice 
configurations in 
critical regions

Non-Critical Region Non-Critical Region

Divergent, 
simulation cost is 

high

τint

p(ϕ |λi)

ϕprop ∼ p̃(ϕ; λc, θopt)

 action parameter

10

Ankur Singha



New Theory Prediction Pipeline

Produce FastKernel (FK) tables!

  

yadismmg5

pinefarm

Theory 
Runcard

grid

pineko

ekoeko

FK 
table

Kinematics

Fitting Codeexp. data

Instructions

Vrap

program

object

config

The workhorse in the background: PineAPPL
7

Monte Carlo
event generator

Data 
Analysis

Showers

PDFs

h|A|2i
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hadronisation

detetector
simulations

IR

from theory to experiment

Alberto Martini - ACAT 2022 - Run Dependent Monte Carlo at Belle II, 26 October 2022 18

Preparation of detector configuration
MCrd should have data-driven detector configurations

Manipulate the data calibration constants to provide MC payloads → gather together 
detector related quantities from each sub-detector

Alignment constants Dead channel mapping

PDFs of the energy depositions

Trigger map

Detector geometry

Hit times

Alberto Martini

Proton-proton @ 0.9-13 TeV, Predictions

● So far: everything at ?s = 7 TeV + the ONLY energy,  where 
the models were trained
● Good agreement for all observable quantities as 

predictions for other LHC energies
● Multiplicity scaling?

Gabor Biro

Simon Badger

Felix Hekhorn



Anke Biekötter for Track 3

How to search for symmetries?
No direct optimisation available: embedding in deep layer

Krippendorf, Syvaeri 2020

Paris
London

Deep Layer

France
EnglandWord2Vec does it: 

             (England - London = Paris - France) 
 
      [1301.3781, used for re-discovering periodic table 1807.05617,  
        classifying scents of molecules 1910.10685]

We need: group input with the same meaning together

Yes!

Can we search for 
symmetries in this way?

Input

O
ut

pu
t C

la
ss

es

Dimensional Reduction of Embedding

In
pu

t

C
la

ss
ifi

ca
tio

n

Em
be

dd
in

g 
D

ee
p 

La
ye

r

Feed-forward network

Examples: SO(2), SU(2), 
discrete symmetries (CICY)

9
14

Beyond Standard Model

The LHC g.o.f. challenge

By analysing the LHC data, we would like to find evidence 
of failure of the SM theory, suggesting need of BSM. 

This is a tremendously hard gof problem!

BSM is tiny departure from SM, or large in tiny prob. region

Affecting few (unknown) observables over ∞ many we can measure

7
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RModel-dependent 
BSM searches

Model-independent 
searches

• Optimise sensitivity to one 
specific BSM model 

• Fail to discover other models. 
What if the right theoretical 
model is not yet formulated?

• Could reveal truly unexpected 
new physical laws. 

• No hopes to find Optimal strategy. 
For a Good strategy, we need a 
good choice of Hw.
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Hw

Andrea Wulzer• Looking for new physics 

• LHC and beyond 

• Model independence  

• Recasting 

• Symmetries Sven Krippendorf
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Beyond Standard Model

4Matrix Element Method

• Process with theory parameter α, hard-scattering momenta xhard
• Likelihood at hard-scattering level given by differential cross section

p(xhard|α) =
1

σ(α)

dσ(α)
dxhard

• Neyman-Pearson lemma =⇒ optimal use of information
• Differential cross section only known analytically at hard-scattering level

Theory
α

Hard
process Decay ISR

FSR Shower Hadroni-
zation Detector Recon-

struction
Events
xreco

likelihood
known

likelihood intractable
⇓

use neural network

The Normalised AutoEncoder

No complexity bias!

QCD

top

Visualisation of the latent space 
 
Looks like a mess, but very useful for  
interpreting the results and diagnosing 
problems with the training!

0.0 0.2 0.4 0.6 0.8 1.0
≤S

100

101

102

103

≤°
1

B

QCD vs top tagging

top NAE

top AE

QCD NAE

QCD AE

Dz = 3

[ ‘A normalised autoencoder for LHC triggers’  - Dillon, Favaro, Plehn, Sorrenson, Krämer ]

Barry Dillon — Universität Heidelberg — Anomaly searches for new physics at the LHC

  
 
More rubust and reliable anomaly detection

Theo Heimel

Barry Dillon

Anomaly detection
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Beyond Standard Model

4Matrix Element Method

• Process with theory parameter α, hard-scattering momenta xhard
• Likelihood at hard-scattering level given by differential cross section

p(xhard|α) =
1

σ(α)

dσ(α)
dxhard

• Neyman-Pearson lemma =⇒ optimal use of information
• Differential cross section only known analytically at hard-scattering level

Theory
α

Hard
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FSR Shower Hadroni-
zation Detector Recon-
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Events
xreco

likelihood
known

likelihood intractable
⇓

use neural network

The Normalised AutoEncoder

No complexity bias!

QCD

top

Visualisation of the latent space 
 
Looks like a mess, but very useful for  
interpreting the results and diagnosing 
problems with the training!
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QCD vs top tagging

top NAE

top AE

QCD NAE
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Dz = 3

[ ‘A normalised autoencoder for LHC triggers’  - Dillon, Favaro, Plehn, Sorrenson, Krämer ]

Barry Dillon — Universität Heidelberg — Anomaly searches for new physics at the LHC

  
 
More rubust and reliable anomaly detection

Theo Heimel

Barry Dillon

Uranium dataset [Pasquale et al., 2022 in preparation]

Figure 3: rRTBMs modelling the concentrations of Uranium and Cesium (first row), Cobalt and Titanium (second row)

and, Cesium and Scandium (third row) for Nh = 2, 4, 6 (left,center,right). The rRTBM contours and histograms of the

original data are shown.

15

Andrea Pasquale
Anomaly detection
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Beyond Standard Model

||Institute for Particle Physics and Astrophysics (IPA)

§ Given an experimental set-up and selection cuts, DMG4 enables a realistic study of the sensitivity of an experiment with 
a full set of simulations

§ To cope with the extremely low DM production rate, biasing of the cross-section can be introduced to generate a 
reasonable fraction of DM events in the set-up (BiasSigmaFactor parameter) → observe DM propagation in the set-up 
and optimize event selection (signal to background)

§ Final sensitivity is normalised w.r.t the biasing factor to retrieve the expected number of DM events

10/25/22Henri Sieber on behalf of the DMG4 team 12

Beam-dump experiments sensitivity
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Vector
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Electrons Positrons Muons

Henri Sieber

42

Jamie Yellen

Recasting Dark Matter MC event generation



July 2022

Useful Near-Term Quantum Algorithms
● Quantum Machine Learning (QML): Quantum advantages proven for

Learning complex patterns w/ quantum feature maps (arXiv:2010.02174)

Exponential gain in predicting certain worst-case error (arXiv:2101.02464)

Quantum correlations used in generative modeling (arXiv:2101.08354)

● Quantum Chemistry and Materials Studies

Variational quantum eigensolvers (VQE) for energy estimation

Quantum simulation of dynamics of excitation

Study of quantum many-body phenomena

● Optimization Problems: Quantum Approximate Optimization Algorithm

Jungsang Kim



Top Tagging through MPS

Jack Y. Araz - Classical vs Quantum17

100 pixels,  390500 
trainable parameters

54 pixels,  43410 
trainable parameters

54 pixels,  34160 
trainable parameters

91%
 Reduction

Almost half of the data did 
not contribute to the 
network’s decision!

Bett
er

Jack  

Araz

A hard decision making process

ACAT 2022 Quantum-inspired Machine Learning October 24, 2022 12 / 15

Our best classical (not quantum!) classifier with diameter, grading, histologic
type, multifocality, in situ component, PgR:

AUC (%) Accuracy (%) Specificity (%) Sensitivity (%)

70.8 (70.3-71.1) 69.8 (69.3-70.2) 74.8 (72.9-75.1) 61.0 (60.3-61.7)

reporting the 1
st-3rd interquartile range after 10 ten-fold cross-validations.

A feature selection is implemented for any variables
pair in our quantum classifier:

ψ1

Ry(θ1)

ψ2

Ry(θ2)

Ry(θ3)

0.30 0.35 0.40 0.45 0.50 0.55 0.60
0

2

4

6

8

AUC

# AUC:
63.3%

diameter feature is mapped in  1 for shaded bars.

Domenico  

Pomarico

Quantum Circuit Born machine (QCBM)
1. Sample from a variational pure state | ⟩#(%) by projective measurement with 

probability given by the Born rule: '! ( = |*(|+(, ⟩) |" .

2. Training (Hybrid loop):

3. Why the Maximum Mean Discrepancy MMD ?  

6

n dimensional binary strings
map to 2n bins of the discretized dataset.

• KL divergence               Delgado and Hamilton, arXiv:2203.03578 (2022).
• Adversarial (QGAN)      Zoufal, et al., npj Quantum Inf 5, 103 (2019).
• In the phase space.       Kyriienko, et al., arXiv: 2202.08253 (2022).
• Maximum Mean Discrepancy 

MMD(P,Q) =  !!~#
$~#

" #, % + !!~%
$~%

" #, % − 2!!~#
$~%

" #, %

• Resource efficient for NISQ devices.
• Stable.
• However, empirically less performant than adversarial.

M.Grossi - CERN QTI - ACAT22

Michele  

Grossi

6

Application to Force Fields (Chemistry) 

Li-H

bond length  r
QNN with 10 layers (50 parameters)

Comparison with a neural 
network of equal complexity Molecular DynamicsԦ𝐹 = −∇𝑟𝐸(𝑟)

Kiss, Tacchino, et al., Mach. Learn.: 
Sci. Technol. 3 035004 (2022)

Oriel  

Kiss

Quantum Machine Learning



Quantum chemistry and fluids

Hardware results (IBMQ) 

24.10.
2022

O. Kiss - QTI CERN 7

Error mitigation

• Start from the classical solution 
(warm start).

• Qubit Based Excitation 
descending UCC Ansatz.

• 10 runs on the 27 qubits IBMQ 
mumbai chip.

• Build Quantum Circuit for the Collision and Streaming of qLBM

• Implement the Quantum Circuit in the Intel Quantum SDK

• Finally, Solve a simple Fluid Dynamics problem using this Circuit.

• Validate the results.

NEXT STEPS

Oriel Kiss Tejas Shinde

Variational quantum eigensolver



Optimisation QFitter: EFT Wilson coefficient fits 2207.10088

Qibo

Qibo is an open-source full stack API for quantum simulation and quantum hardware

control and calibration.

https://github.com/qiboteam/qibo

3

Frameworks

Juan Carlos Criado

Andrea  

Pasquale

Quantum annealers



There are a lot of exciting ideas for us. Happy coding!

Anke Biekötter - Leonardo Cosmai -  
Joshua Davies - Latifa Elouadrhiri 

The future

• Faster, more precise calculations and event generation 

• New physics: model independent searches 

• Towards Quantum Computing


