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Data analysis in HEP
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Theory predictions in HEP
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Quantum numbers: Kinematics:
spin, colour charge etc. Momenta in Minkowski space, masses, etc.

) / daddzy f(za) f(20) / 40, (| An(par polps - 1))
ab *

l e I

Cross section: PDFs: Phase-space Squared

more generally, convolution over integral: amplitude:

differential all possible initial over final state summed over final

observables* state configurations kinematics states, averaged over
initial states



Theory predictions in HEP

Outline for today

— Focus on calculation of amplitudes
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Squared
amplitude:
summed over final
states, averaged over
initial states



Theory predictions in HEP

Outline for today

— Focus on calculation of amplitudes

Towards high precision

Fixed-order perturbative expansion

-

An = AD + AD + AP + ..
e ———

loop amplitudes



Theory predictions in HEP

Outline for today

— Focus on calculation of amplitudes

Towards high precision
Calculation of L litud Fixed-order perturbative expansion
alculation of loop amplitudes
—

f . — 20 (1) (2)
For complicated integrals An = A7+ A+ AT+
———
analytic solution impractical loop amplitudes

— numerical evaluation in
Feynman parameter space



Multi-loop integral

/ Feynman parametrization \
(=1)* T'(v — LD/2) / Al vicl ( al ) yv—(L+1)D/2
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U: polynomial in z; only

\]-': depends on z; and kinematic invariants Si]’,m? /




Multi-loop integral

/ Feynman parametrization

U: polynomial in z; only

G (=1)¥?|l(v — LD/2)
H;V:l I'(v;
with U = det(M)
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Careful treatment of singularities in the

integral!



Singularity structure

/UV and IR singularities

show up as poles 1/
(1a) Overall UV poles: T'(v — LD/2) o T'(ne)
(1b) UV subdivergencies: arise from ¢/(%) = 0 for some z; = 0.

(2) IR divergencies (soft and collinear):

\ arise from F(z, s;;, m?) = 0 for some z; = 0.




Singularity structure

/ UV and IR singularities

show up as poles 1/

(1a) Overall UV poles: T'(v — LD/2) o T'(ne)

(2) IR divergencies (soft and collinear):

\ arise from F(z, s;;, m?) = 0 for some z; = 0.

(1b) UV subdivergencies: arise from ¢/(%) = 0 for some z; = 0.

\_

Threshold-type singularities

(3) F(z,s;;,m?) = 0 inside integration region




Singularity structure

Sector decomposition

algorithm to isolate and subtract poles
— pUbl.IC tool PYSECDEC [Heinrich et al, 10,1719, '21]
and expand integral

G= i Cjé

j=—2L

Threshold-type singularities

(3) F(z,s:;,m?) = 0 inside integration region
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Singularity structure

Sector decomposition

algorithm to isolate and subtract poles
— pUbl.IC tool PYSECDEC [Heinrich et al, 10,1719, '21]
and expand integral

G= i Cjé

j=—2L

Threshold-type singularities

(3) F(z,s:;,m?) = 0 inside integration region

Parameter integrals

numerical integration of finite C;

— needs procedure to avoid poles!



Contour Deformation



Neural Contour Deformation



Standard contour deformation

Cauchy theorem:
N

%ﬁdzj I(Z):/lﬁdwj I(f)+/ Hde Z(2)
€j=1 j el

0 J=1 i=

1 Re(z)
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Standard contour deformation

Tm(z) Cauchy theorem:

%ﬁﬁdeI(f):/lﬁdz]’I(f)-ﬁ-/wﬁdzjz(g)

o J=1 J=1

T Re(z)
0 1

Transformation:  x; — 2; (&) = x; — it (&) Deformation parameter: A;
OF(T)
01‘]‘

Tj = )\jﬂ?j(l —Ij)




Standard contour deformation

Tm(z) Cauchy theorem:

fHdz, (%) = /Hd% (%) +

0 J=

N\
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Transformation: Z; — z; (7)) = xj — Ty (@)

Deformation parameter: \;
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Standard contour deformation

Tm(z) Cauchy theorem:

?{Hdz] (%) = /de] z)+/ Hdz] (%)

0 J=

oY

T Re(z)
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Transformation: Zj; — 2; (Z) = xj — i7j (%)

Deformation parameter: \;

J
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Standard contour deformation

Tm(x) Cauchy theorem:
I3 Hdz] 7(7) = / I a7 + /] Hdzj )
o J=1
D\ Re(z)

Transformation:  x; — z; (%) = x; — it;(&) Deformation parameter: A;
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w Does not spoil sign
for small enough 1




Standard contour deformation
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A-Glob algorithm

/ Complex shift

z; = 2(T) = z; —ir;(2),




A-Glob algorithm

/ Complex shift

z; = 2(T) = z; —ir;(2),

/ Loss function

_ (Z/0)?)e — (T/0)2
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A-Glob algorithm

/ Complex shift

z; = 2(T) = z; —ir;(2),

/ Loss function

Lo = (Z/p)*)z = (Z/p)3

N —1 + Lsign

N

AN




A-Glob algorithm

/ Complex shift

z; = 2(T) = z; —ir;(2),

/ Loss function

I = U% _ ((Z/p)

N

2)96 - <I/p>3:

N — 1 + Lsign

AN

Note: Making X\; — X; (&) local has negligible effects! — A-Glob



Normalizing flow

( Neural importance Sampling Gao et al. [2001.05486, 2001.10028], Bothmann et al. [2001.05478]
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Results - Two-loop integrals

/Example diagrams

b1 P1 D3

m m

m P3 m m

m m m
P2 p2 D4
» NLO correctionto gg — h * gg — hj at two loops
« 5feynman parameters « 5feynman parameters
« 2 kinematic invariants: + 4 kinematic invariants:
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Results - Two-loop integrals

Relative integration error

Ratio

Example diagrams
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Conclusion and Outlook

/Summary

» Improved precision of numerical loop integrals!

» Two-step procedure:
(a) A-Glob: complex shift
K (b) Normalizing Flow: importance sampling reals

/ Outlook

 Further investigation of

K + Possibly check integrals for which standard pySecDEc fails.
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