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Setting the stage £

What we do

Use Machine-Learning to accelerate event generation at Full-Color (FC) accuracy in QCD

The result

Average x1.5 speed-up across different processes and multiplicities

How we do it

We build on Leading-Color (LC) based, two-step unweighting approach [2409.12128]
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The Leading-Color approximation £

1. Introduce the helicity-dependent squared matrix elements at FC accuracy and LC accuracy

[ M(x,h) > = ) A x) Cj Ay (x) My h) [P =) Cyl Ay |
l,] l
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The Leading-Color approximation o

1. Introduce the helicity-dependent squared matrix elements at FC accuracy and LC accuracy

| M(x.h) > = ) A (x) Cy A (%) | My (e, h)|* = Z Cii| Aip()17
,J

2. We also define the color-dependent (--summed) LC matrix element and its relative i-contributions

Cii ‘ Ai h(x) ‘
(x| AL @] pih|x) = ——
ic 2 " | Mi (x) |
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The Leading-Color approximation o

1. Introduce the helicity-dependent squared matrix elements at FC accuracy and LC accuracy

| M(x.h) > = ) A (x) Cy A (%) My h) [P =) Cyl Ay

2. We also define the color-dependent (--summed) LC matrix element and its relative i-contributions

Cii ‘ Ai h(x) ‘
(x| 1AL @] pih|x) = ——
ic Z " | Mi (x) |

3. The FC cross section can thus be approximated by:

i Z J 40 | M (o) 2 | M(x, h)|?
a e | My (x, 1) |2
thi(hlx)
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The Leading-Color approximation o

1. Introduce the helicity-dependent squared matrix elements at FC accuracy and LC accuracy

| M(x.h) > = ) A (x) Cy A (%) My h) [P =) Cyl Ay

2. We also define the color-dependent (--summed) LC matrix element and its relative i-contributions

Cii ‘ Ai h(x) ‘
(x| 1AL @] pih|x) = ——
ic Z " | Mi (x) |

3. The FC cross section can thus be approximated by:

2
GFC ~ Z qu) ‘ ()C)‘ : 2 > VLC%Fc(x, h)
’ h~pj(h|x)
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LC-based unweighting

generate PS point x
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Read the paper!

LC-based unweighting

generate PS point x

calculate LC event
weight

| | ,
Wie = [ M[ ()]
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generate PS point x
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weight
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Read the paper!

LC-based unweighting

_ sample helicity
generate PS point x

h ~ p,(h|x)

calculate LC event
weight

| | ,
Wie = [ M[ ()]

no Ves
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LC-based unweighting

sample helicity

generate PS point x

h ~ p,(h|x)

calculate LC event
weight

| | ,
Wie = [ M[ ()]

calculate single-/1

FC event weight
| M(x, h) |

no Ves
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LC-based unweighting

te PS point sample helicity
enerate oint x
J P h ~ pih|x)

calculate LC event
calculate single-/1

weight
FC event weight

Read the paper!

wieo=|M ()| e

No yes construct
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LC-based unweighting

Read the paper!

_ sample helicity
generate PS point x

h ~ p,(h|x)

calculate LC event
weight calculate single-/

FC event weight
| M(x, h) |

| | ,
Wie = [ M[ ()]

construct

Javier Marino Villadamigo —mmmmemmemrmrmrororninikii-—-—---—-—————  1¢6/09/2026 —mm—m—m—m—m———————————  FASTColor [2509.07068] 4



LC-based unweighting

te PS point sample helicity
enerate oint x
J P h ~ pih|x)

calculate LC event
calculate single-/ 3. unweight to FC
FC event weight

| M(x, h)|*

1 e
[=] i

Read the paper!

1. generate LC events for a single color flow 1
with weight w;

2. assign a helicity i with probability p.(% | x)

weight
. . )
Wﬁc — ‘M]ic(x) ‘

construct

r(x, h) =

Only a single helicity sampled per event

| M, (x, h) | " but averaging for many PS points gives correct o ,

= s Cavoon )
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Surrogate-based unweighting £

Introduce additional unweighting step against ML surrogate

(x,h) ~ r(x, h)

rSU.I’ I
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Surrogate-based unweighting £

Introduce additional unweighting step against ML surrogate

(x,h) ~ r(x, h)

rSU.I’ I

> Faster to evaluate than true r{ -_ gc(x, h): e.9. Og(1) vs O (107) s/event

SUIT

» Much better scaling with particle multiplicity than | M(x, &) \2 (@and | M; ~(x, h) \2)
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Surrogate-based unweighting £

[v] %
te PS point sample helicity
enerate oint x
J P h ~ p{h|x)

Read the paper!
calculate LC event
calculate single-/1

FC event weight
| M(x, h) |

weight
. . )
Wie = M ()|

construct
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Surrogate-based unweighting

sample helicity evaluate surrogate

h ~ pi(h|x) (x, 1)

generate PS point x
rSU.I'I'

calculate LC event
weight calculate single-/1 | «——

FC event weight yes gle
| M(x, )|’

. . )
Wic — ‘Mﬁc(x) ‘

construct
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Surrogate-based unweighting

sample helicity evaluate surrogate

h ~ p(h|x) (x, )

generate PS point x
rSU.I'I'

calculate LC event
weight

FC event weight yes no
| M(x, )|’

. . )
Wﬁc — ‘Mﬁc(x) ‘

| M(x, h) |’ r
construct r(x, h) = ~AND = —
| My c(x, h) | r

yes
(o 1) = (Cacoopts )

Javier Marino Viladamigo ——————— 16/09/2026

[=] Fgr [m]

1 e
[mlmderr

FASTColor [2509.07068]

Read the paper!

3



[=] Fgr [m]

Surrogate-based unweighting £

[m] mdir

Read the paper!

sample helicity evaluate surrogate

h ~ p(h|x) (x, )

generate PS point x
rSU.I'I'

calculate LC event
weight

FC event weight yes no
| M(x, )|’

. . )
Wic — ‘Mﬁc(x) ‘

M X,h 2 v . '
construct r(x, h) = | M(x, h)| AND 7 — Also unbiased!

| My (x, h) |

Generated events follow FC density

¢ 1

yes ~"f ~ O
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Effective gain factor:

SUI'T

» 1 takes into account evaluation time, efficiency, and statistical power of the generated sample

- (1)

M
=1 11;_;€;

T(M—step) — N
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Datasets L

[=] i
We consider processes of the form ab — 12...n for varying multiplicities n € {4,5,6,7}
All-gluons processes:
g8 — N§
One-quark-line processes:
gg > dd+ (n—2)g dd — ng
Two-quark-lines processes:
dd — uii + (n — 2)g gg — dduii + (n — 4)g [CO1, CO2]

> We regress r and compute feﬁ for different NNs
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Results: gg — {4,7}¢
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Results: gg — {4,7}¢

Read the paper!
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Results: gain factors 2
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Gains across all processes, from x1.1 to x2 in the
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Results: gain factors eliminating FC unw. 533

Read the paper!

sample helicity evaluate surrogate

(x, 1)

enerate PS point x
9 P h ~ pl-(h | X)

SU.I'I'

calculate LC event
weight calculate single-/1 | «——

FC event weight yes NO
| M(x, ) |

2
WLC | M, C(x) |

no Ves

M X, h 2 r '- : '
construct r(x, h) = M, )| AND t = — [ Also unbiased!

| My (x, h) |

Generated events follow FC density

ZJdCI)\ T (e, h) - t>thl(h|x

no Ves : e}




Results: gain factors eliminating FC unw. 533

Read the paper!

sample helicity evaluate surrogate

generate PS point x

h ~ p(h|x) surr(x h)

calculate LC event
weight

| M (x) |

accept x +-—

WLC

nNo Ves
Also unbiased!

Generated events follow FC density

ZJdcb\ [0 P (e ) f>h~p,<h|x

~ OpC
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Results: gain factors eliminating FC unw. 533

Read the paper!

sample helicity evaluate surrogate

(x, 1)

generate PS point x

h ~ p,(h|x)

rSU.I'I'

accept x +-—

calculate LC event
weight

. . )
Wic — ‘Mﬁc(x) ‘

gle yes
| Also unbias
| Generated e FC density
2 J P I )
l
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Read the paper!

sample helicity evaluate surrogate

generate PS point x

h ~ p(h|x) (x, )

rSU.I'I'

calculate LC event
weight

| | ,
Wie = M ()|

accept x +-—

l l Generated events now follow density

. 2 E
| Z qu) ‘Mﬁc(x) ‘ <rsurr(x’ h)>h~p-(h|x) ~ Ogurr,FC
no yes | i
- » Requires control over surrogate uncertainties

> But very feasible!
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Results: gain factors eliminating FC unw. 53

Read the paper!

sample helicity evaluate surrogate

h ~ pz(h ‘.X) surr('x h)

accept x +—
yes no

Generated events now follow density

generate PS point x

!

calculate LC event
weight

wio=|M (x)|

!

; ;
Wic 2 21" WICmax

Z qu) ‘ C(x) ‘ < Surf >h~p,-(h|x) ; Usurr,FC

yes | i
> Requires control over surrogate uncertainties

Nno

> But very feasible!

Check out e.g. Suprio’s / Lorenz’s talks on Monday
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Symmetry learning 2

[=] i
10°
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Symmetry learning
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Symmetry learning 2

Consider a transformation g of the input
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Symmetry learning

Consider a transformation g of the input

Read the paper!

During validation instances @ training time

(x, 1)

Evaluate 7.
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[=] Fgr [m]

Symmetry learning o

Read the paper!

Consider a transformation g of the input
During validation instances @ training time

(x, 1)

Evaluate 7.

Evaluate r,, . (g(x), h)
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Symmetry learning

Consider a transformation g of the input
During validation instances @ training time

Evaluate 7.

(x, 1)

Evaluate r,, . (g(x), h)

g € {SO(2), Boost, SL.(4), Shear}
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Symmetry learning

Consider a transformation g of the input
During validation instances @ training time

(x, 1)

Evaluate 7.

Evaluate r,, . (g(x), h)

g €

SO(2), Boost,|SL(4), Shear)
Lorentz tfms S

(symmetry present in data)
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Symmetry learning

Consider a transformation g of the input
During validation instances @ training time

(x, 1)

Evaluate 7.

Evaluate r,, . (g(x), h)

g €

500, Boost|SL(), Shear)

Lorentz tfms '}

(symmetry present in data)
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Symmetry learning

Consider a transformation g of the input

Read the paper!

During validation instances @ training time

(x, 1)

Evaluate 7.

Evaluate r, .

® Train an ensemble of 120 networks
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Symmetry learning

100: — No tfm. —= Boost Shear 10(): — No tfm. —= Boost Shear 100: — No tfm. —= Boost Shear
EL E -
1 - S0@) - SL{ﬁ) A 5‘\‘ - S0(2) -- SL@ , I\ -~ S0(2) -~ SL(4)
| \, ",‘ I ’\'\' A, /l \'\ | “ '\‘l"l,,” \ ] |,,\
101 U . b 1019 ' 10714
] "ﬂ'\’ i Ny \

A
: r,
Yy \\’l‘\" \J"y\, \/\“t \ "\/"I\,-ﬂ\ ,\\qul‘ I\ \ [}
X ! A ‘ \

"\

‘\A N\ v/ ,/"‘"‘\’\'AI\

1073 1073
104 1074 104
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Training Iterations Training Iterations Training Iterations
_ :_," :
100' — No tfm. -= Boost Shear 100' W, — No tfm. -=- Boost Shear 100' — No tfm. -=- Boost Shear
E E \ E
! -~ S0(2) -~ SL4) I W -- S0  -- SL4 " -~ 502 - SL@&
ik : s '
\
10_1 _El\\' 10_1 : ‘V\\
22 ] "\\ 'V‘ ] ] " ,| \
A \"'\ 'y ! \l ! N 1, \ '
S 102 v iRy r“”“ﬂ("‘* fudd A O =TI E e "‘"\w' N
8 , 8 ] dih |Y W\ N W v
= =
1073 1073
A ’ '
104 1074
0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
Training Iterations Training Iterations Training Iterations

Javier Marifio Villadamigo = 16/09/2026 = FASTCol0or [2509.07068] 20



Symmetry learning

. Road the paper
Covit, ) , X =Med(MSE"), Y = Med(MSE®)
v/ varX)var(Y)

Loss plateau

RX,Y(g ) =
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Symmetry learning

cov(X,Y)
VvarXvar(Y)

RX,Y(g ) =

Read the paper!

X = Med(MSE"), Y = Med(MSE?)

Loss plateau

— S0O(2) (MSE" > 0.002)

- SO(2) (MSE® < 0.002) 204 -
30 - 5

Runs

10 1

_J 1
0 i O T e i e i B
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Loss collapse

i Lorentz symmetries remain |

|correlated with optimized loss|
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lare discarded as training evolves}
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Summary £

» Achieved x2 speed-ups and always > 1

> Potentially x9 speed-ups are possible by controlling NN uncertainties
> Integration with MC generators can have large impact at HL-LHC

> Networks can learn symmetries from underlying data, enhancing generalization

Javier Marino Villadamigo —mmmmemmemrmrmrororninikii-—-—---—-—————  1¢6/09/2026 —mm—m—m—m—m———————————  FASTColor [2509.07068]

23



Summary £

» Achieved x2 speed-ups and always > 1

> Potentially x9 speed-ups are possible by controlling NN uncertainties
> Integration with MC generators can have large impact at HL-LHC

> Networks can learn symmetries from underlying data, enhancing generalization

Thank you for your attention!
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