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Can we compute two-loop EW corrections analytically?

Yes, e.g. Higgs pair production

Large-mass expansion High-energy expansion

Davies, Schonwald, Steinhauser, Zhang
JHEP 08 (2022) 259
JHEP 04 (2025) 193
_ 2603.08789

&
Zhang, JHEP 09 (2024) 069

Davies, Schonwald, Steinhauser, Zhang
JHEP 10 (2023) 033

Applicable to low-energy experiments
and BSM physics @ FCC-ee For SM @ LHC


https://link.springer.com/article/10.1007/JHEP08(2022)259
https://link.springer.com/article/10.1007/JHEP04(2025)193
https://arxiv.org/abs/2603.08789
https://link.springer.com/article/10.1007/JHEP09(2024)069
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Large-m, expansion and EW renormalisation

[Davies, Schonwald, Steinhauser, Zhang, JHEP 10 (2023) 033]

« EXpansion hierarchy: mt2 > S, 1, mé, m‘%,, m%

« Expand and calculate in general R(f gauge with large gauge fixing parameters &, &y, > 1
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« On-Shell renormalise input parameters{ e, my,, m,, m,, Mg} in GM scheme

« &y, &, cancel after external Higgs fields OS renormalisation


https://link.springer.com/article/10.1007/JHEP10(2023)033

Large-m, expansion to gg — HH and gg — Hg

" [Davies, Schonwald, Steinhauser, Zhang, JHEP 10 (2023) 033]
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https://link.springer.com/article/10.1007/JHEP10(2023)033

Large-mass expansion prospects @ FCC-ee

Large-m, expansion works perfectly for NNLO mixed QCD-EW corrections for ete™ — ZH for \/E < 300GeV

[Gong, Li, Xu, Yang, Zhao, Phys.Rev.D 95 (2017) 9, 093003]
[Wang, Xu, Yang, Phys.Rev.D 100 (2019) 7, 071502]

For BSM scale A > \/E

Large-A expansion for FCC-ee processes at NNLO (two loops)

BSM at NLO EW for FCC-ee processes is important and necessary
[Bredt, Banno, Ho6fer, Iguro, Kilian, Ma, Reuter, Zhang, Phys.Rev.Lett. 136 (2026) 8, 081801]
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https://journals.aps.org/prl/abstract/10.1103/mnqp-l2h9

Roadmap for analytic EW at high energies

Asylint toolbox for

master integrals (Mls) in high-energy limit Download at: https://gitlab.com/asyint/asyint-public

[Zhang, JHEP 09 (2024) 069 ]

[Davies, Mishima Schdénwald, Steinhauser, Zhang,
JHEP 08 (2022) 259]

First attempt on leading
Yukawa corrections
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* Two-loop logarithmic (Sudakov) EW corrections in
OpenLoops for V+jets [Lindert, Mai, 2604.14320]

* Mixed QCD-EW corrections to Drell-Yan, e.g. [Bonciani et al.
2106.11953, Buccioni et al., 2203.11237]


https://link.springer.com/article/10.1007/JHEP08(2022)259
https://gitlab.com/asyint/asyint-public
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Roadmap for analytic EW at high energies

Asylint toolbox for
master integrals (Mls) in high-energy limit

[Zhang, JHEP 09 (2024) 069 ]

Download at: https://gitlab.com/asyint/asyint-public

Full set of Mls in deep high-energy expansion
&

[Davies, Mishima Schonwald, Steinhauser, Zhang, . . _
Yukawa and Higgs self-coupling corrections

JHEP 08 (2022) 259]

[Davies, Schonwald, Steinhauser, Zhang,
First attempt on leading JHEP 04 (2025) 193]

Yukawa corrections
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Roadmap for analytic EW at high energies

Asylint toolbox for
master integrals (Mls) in high-energy limit

[Zhang, JHEP 09 (2024) 069 ]

Download at: https://gitlab.com/asyint/asyint-public

e —cannal e Full set of Mis in deep high-energy expansion

[Davies, Mishima Schonwald, Steinhauser, Zhang, oy e &

JHEP 08 (2022) 259] g Yukawa and Higgs self-coupling corrections

.

N, [Davies, Schonwald, Steinhauser, Zhang,
First attempt on leading N JHEP 04 (2025) 193]

Yukawa corrections
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[Davies, Schonwald, Steinhauser, Zhang,
2603.08789]

Full top-quark contribution at NLO EW
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Expansion strategies at high energies

- - - et 2 2D
» At high energies, SM masses are of a similar order: m;” ~ my,, m,, mz < s, |t

 [wo Taylor expansions: equal-internal-mass and small-external-mass expansions

5,1 >> m?
High-energy expansion




High energy expansion of master integrals

1. Asymptotic expansion: s, > mt2

2. System of differential equations for Master Integrals from IBP reduction [Kira, FIRE]

3) I=M(s,t,m7e)1 with I=(5,....7y)"

3. Plug in power-log ansatz for each master integral
_ Tk ] 217 AN s
I, =), Cls,n€ [m?] [log(m)]

4. Solve boundary master integrals in mtz/ s — 0 to higher orders in mt2 and € using Asyint
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Asyint toolkit I: generate MB-integral representations

» Two-loop Feynman integral with n propagators and k numerators
NN
7= [T
D;
0;: additional regulators and shifts for dotted propagators (e.g. 5l- — 0, + 1)

!

GenerateInput / GenerateInputNum

- |

Hard region Asymptotic regions —_— AlphaRepForTempInt
AsyExp2MB / AsyExpNum2MB <—— Template integrals

Massless integrals

l

Mellin-Barnes integrals to higher orders in 1, and ¢
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Asylint toolkit ll: solve MB integrals

l MB dimensions
reduction

Irreducible MB integrals

Numerical Reconstruction Analytic Expand&Fit Analytic Summation
l AIExpandI2 AISumlDMB
AIExpandIl g "
AIRecNumlDMB — & AIEucl?2 Phys AISum2DMB
FitAnsatz <
FitAnsatz

!

Analytic results in Euclidean or physical region

Expand&Fit for complicated irreducible MB integrals
(type-1): 2-dim 1-scale MB integrals with non-vanishing arc contributions
(type-2): 2-dim 2-scale MB integrals
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Comparison of Yukawa and Higgs self-coupling corrections

[Davies, Schonwald, Steinhauser, Zhang, JHEP 04 (2025) 193]

Comparison to numerical results from SecDec group - yt2 yE (bare) form factor
[Heinrich, Jones, Kerne, Stone, Vestner, JHEP 11 (2024) 040]

Note the expansion is only up to &> order (6§ = 1 — my;/m,) for this comparison
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https://link.springer.com/article/10.1007/JHEP04(2025)193

Analytic EW results - form factors

[Davies, Schdénwald, Steinhauser, Zhang, 2603.08789]
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Analytic EW results - convergence

a %OD

[Davies, Schdénwald, Steinhauser, Zhang, 2603.08789]
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https://arxiv.org/abs/2603.08789

Analytic EW results - partonic K factor

[Davies, Schdénwald, Steinhauser, Zhang, 2603.08789]
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https://arxiv.org/abs/2603.08789

Summary

~ Analytic two-loop EW machinery for 2 — 2 processes at high & low energies

e A technical roadmap developed for Mls and amplitudes calculations at high energies [JHEP 08 (2022) 259,
JHEP 04 (2025) 193]

* Asyint toolbox for Mis at high energies public available [JHEP 09 (2024) 069]

e Large-mass expansion demonstrated for gg — HH and gg — Hg [JHEP 10 (2023) 033]

e Applicable to precision NNLO BSM physics @ FCC-ee

e |mportance of BSM effects at NLO EW demonstrated @ FCC-ee [Phys.Rev.Lett. 136 (2026) 8, 081801]

o NLO EW corrections to Higgs pair production at high energies [2603.08789]
e Rich structures of logarithmic / power corrections, given multiple EW coupling structures

e (Good convergence observed for multiple expansions in a vast phase space, from high-energy limit

down to p, = 350 GeV

e Show top-quark induced EW corrections are of the order of — 10 %
17
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Analytic Expand&Fit method

Mellin-Barnes (MB) integrals with non-vanishing arc
[Davies, Mishima, Schénwald, Steinhauser, Zhang, JHEP 08 (2022) 259]

* Close the contour to left or right semi-circle, and sum up residues, e.qg.

{1 ( Zl) (21)
—f(z) = Res, _[f(z)) with  f(z)) =
J— 2mi” Ié) ” k[ 1 ] 1 (z1 + 1)3(zy + 2)°
/ arc mtegral non-zero
—184(3) 3;2 2;54 +240 \ solve arc Contrlbutlon by addlng auxmary scale \.
P o0

—clef(zl) =Y — & _eklog(©)

(1 + k)32 +k)3 i
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https://link.springer.com/article/10.1007/JHEP08(2022)259

Analytic Expand&Fit method

Mellin-Barnes (MB) integrals with non-vanishing arc
[Davies, Mishima, Schénwald, Steinhauser, Zhang, JHEP 08 (2022) 259]

* Close the contour to left or right semi-circle, and sum up residues, e.qg.

T dz, R & dz, | (=2 T(z))
J - Z_JZ'Zf(Zl) — — IE) R@Slek [f(&)] o ch Z_JZ'Zf(Zl) with f(Zl) — (Zl N 1)3(21 N 2)3

Expand&Fit method Zhang, JHEP 09 (2024) 069)]

e for 2-dim 1-scale MB integral with nested non-vanishing arc contributions

dz, d —1 .
J L2 () f(y%;2,5,) = HPLs
27l 27 \ —§

e for 2-dim 2-scale MB integral in non-planar diagrams

dz, dz, ; —t — .
J <1 ZZ( >Z1< u>z2f(r,l//(l);Z1,Z2) = HPLs

27l 2wl \ —§ —S

(1). Expand in Regge limit (r < s) for more than a hundred terms

(2). Solve Regge limit analytically in Euclidean region

(3). Reconstruct full analytic results with ansatz in Euclidean region (for planar integrals)
or in physical region (with analytic continuation for non-planar integrals) 20
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https://link.springer.com/article/10.1007/JHEP09(2024)069

Non-planar fully massive (EW) integrals

Analytic solution in terms of Harmonic PolyLogarithms (HPLSs) [Davies, Schonwald, Steinhauser, Zhang, JHEP 04 (2025) 193]
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