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W*W~ production measured with
the highest precision among all
di-boson channels.

Oppsmw = (127 + 4)pb

[ATLAS Collaboration, 2025].
Expected experimental precisi-
on below 1% during the HL-LHC

phase.
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» The dominant production channel: qq - W*W~ (95%).
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» The dominant production channel: qq - W*W~ (95%).
- The gluon fusion contribution enters only at the O(ai) level.
- Significant backgroundto h - W*W~.

- The gqq background reduced in the region of collinear leptons produced in the decays
of the W bosons. The gluon fusion contribution grows from 5% to 30%.



W= (g4) W (qu) W+ (gy)

- The NLO QCD contribution to g, _,
computed for massless quarks in
[F. Caola, at al., 2016] The correction in-
creased o,gt;f.l,?,w by 0(2%) and o,
by 0(50%).
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= The NLO QCD contribution to o

gg-ww
computed for massless quarks in

[F. Caola, at aI 2016] The correction in-
creased oppﬁww by 0(2%) and o, _,
by 0(50%).

- Top quark mass effects computed in

[C. Hansen, C. Wang, 2021]. Limited
phenomenological utility due to fixing pa-
rameters at the start of the calculation.

- The goal of the project: compute two-

loop QCD contribution of the third
quark generation to Oggoww for arbi-
trary parameters.



- Diagrams generated with QGraf. Two
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1.Triangles with an intermediate h or Z.
2.Boxes with W* attached to the quarks
directly.

W+(gs) W= (g1)



- Diagrams generated with QGraf. Two
Wi W W o) classes:
1.Triangles with an intermediate h or Z.
2.Boxes with W* attached to the quarks
directly.
™. 99 diagrams contributing to the boxes at
the 2-loop level.

9(ar)
W (gs)

glar)

W+(gs) W= (g1)



- Diagrams generated with QGraf. Two
classes:
1.Triangles with an intermediate h or Z.
2.Boxes with W* attached to the quarks
directly.
= 99 diagrams contributing to the boxes at
the 2-loop level.
» The amplitude is constructed automati-
cally:
1.The Feynman rules are inserted with
TAPIR.
2.The Dirac and Lorentz algebra done
with the in-house CALC setup.
3.Each term mapped onto a scalar in-
tegral depending on s, t, W virtualities
a3, and m,.

W+(gs) W= (g1)
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The Forward Expansion
- Best for moderate s and small p,.
Breaks down for large p;.

« Taylor expansion in t, and q§4-

» These can be performed simultaneously
but require expensive tensor reductions.

- Alternatively, the expansion in g3, done
first = large intermediate expressions.
The expansion in t done at the level of
master integrals.

« Only 5 - 10 orders required for good
agreement with numerical results.

- 94 master integrals computed using a
DE in s/m? in the e-form. Boundary con-
ditions found in the m, — oo limit.

The High Energy Expansion

- Works best for large values of s and p;.

Breaks down near the top pair produc-
tion threshold.

« Asymptotic expansion in mf combined

with Taylor expansion in quu

« Asymptotic expansion of the 254 mas-

ters required the method of regions.

- Poor convergence. An expansion up to

0(m]?°) constructed using a DE in m?/s.

- Boundary conditions expressed using

Mellin-Barnes integrals. Computed using
various inverse Mellin transform techni-
ques. For the most complicated masters,
we also utilized the DE in t/s.
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me important for the HL-LHC phase precision and background subtraction in Higgs
decays.

- Analytic results for gg — W*W~ were known only in the m, — 0 limit.

- Dependence on m, requires considering expansions in different regions of the phase
space.

- We constructed Forward and High Energy expansions. The overlap region sufficient to
claim O(1%) or better accuracy over the whole phase space.

- Around 300 new master integrals computed with a heavy use of DEs and Mellin-
Barnes techniques.

« The analytic results allow for an efficient computation of the amplitude.
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