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The Need for Theory Predictions
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Direct measurement of the Higgs self-coupling would be a fundamental discovery
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Higgs Boson Pair Production

L1" V(), V({)=1p2(1 1)+ 10 1)?

lJ.Z — V2
EW symmetry breaking '
mg =21 v2
HH Production channels similar to H
V(H) — }ma H2 + 1yH3 + !—H4 Important difference:
2 4 $(pp % H)

$(pp % HH) &

1000
Standard model - self-couplings determined by 11y, v

Experiment - Need measurements to test this
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1. Status Summary

11



Experimental Progress

Experimental Limits (Run 2) @ 95% CL

q) 12 1 T
O . .
ATLAS: $1.2$1.6) < %< 7.27.2) $' 2.9(2.4( Sy = ATLAS +CMS Projections ESPPU 2026
ATLAS CERN-EP-2024-160 210f VS =14TeV,3ab™ perexperiment
. = SM HH production (k) = 1)
CMS: $1.3951.09 < %< 7.047.19 $' 3.5(2.9 ( Igy o
CMS-PAS-HIG-20-011 — 8} bEDE
A+C: $0.7($1.39 < %< 6.1(6.7) ' 25(1.7)( Iy = msm bbyy
ATLAS-CONF-2025-012 = bbTT
o B Combined
I
ATLAS and CMS Preliminary *~ %> T 4f
LHC Run 2 —Cowdtt
Vs =13 TeV 1 Expected 120. 51
Gg’é\ﬂmvsp(HH) _3081b -+-- Expected (ufsimov =1)
00s. (pamos ) o= 0
A 20 U 2026
! gspPU 2028 o £SPP
CMS}| i o:r 3.5 2.6 3.6 (CEP\N‘Zolg 0
! ATL-PHYS-PUB-2025-018 / CMS-HIG-25-002
AR 11 coor Projections for HL-LHC (European Strategy 2026)
B 7 s Expected measurement of v with uncertainty < 30%
Combined— i .1:, 2.5 1.7 2.8
| TH systematics approximately halved in projections
o b b b b by b b by 10 |

1 2 3 4 5 6 7 8 9 I10I |
95% CL upper limit on HH signal strength gy
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Theory Progress

(Slide design shamelessly stolen from G. Salam)

- [1]LO [2] NLO HTL [5,6] NNLO HTL
29] NLO small-py + small-1y g ,

30] EW: leading Yukawa vs&™ \ )
31] EW: leading Yukawa
32] N°LO + NELL + NLO 11y
33] NLO small-t + small-11k
34] NNLO: 1, contrib.

35] EW: 1/my 13

36] NLO comb expansions +) (1/my) 14 [9] NNLO virt 1/m?

:37: NLO EW_(l:cl)rrectlons 3] NLO HTL + NNLL +) (1/mT)
:38: NLO + bb (?Iecays 4] NLO 1/mé 15

[39] NNLO: reducible - 1

[40] EW: Yukawal/self-coupling 7INLO 1/my
[41] EW: self-coupling 16

42] EW: Factorizable [26] N3LO HTL [13] NLO + NLL [10] NNLO HTL (Fully Diff)
43] EW: Yukawa/self-coupling small-ik [25.27] NNLO 1/m% [14,15] NLO + PS [11,12] NLO numerical

44] NNLO + PS with 111 effects ) L [16] 1/my + thres. 17 .
45] NNLO: Large-N. small-py )

[46] EW: Light quark induced
47] NLO comb expansions
48] EW: Top-Yukawa + light-quark 19

[49] EW: Quark-induced + NLO QCD 21 [23] NLO small-py + thres.
50] NSLO fully diff + NLO 11k 23 22 [24] NLO num. + small-11

. . 24
51] NLO EW corrections, small-iti 26 22

[8] Full reals FTappro))

Y

1 0000

Y

A

Y A

17,28] NLO MS m;
18] NNLO (FT 50109
19] NNLO + NNLL
20] NLO small-py
21,22] NLO small-t1i
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YRA4: Total Cross Section & Scale Uncertainty @ 14 TeV

Review of the status of HH shortly after the Yellow Report 4 (~2016-2018)

Lo (fb) Inco (FB) | Pano () | Pnsto (fb) )
Basic HTL | 17.07°0-%% | 31937%5% | 37527 2% | 38650, 5% Vs=14Tev .
B-i/proj HTL | 19.85:27-5% | 3832118 1% | 5q5g1 4% | 40 441 9% PDFALRELS nlofn 273 .
FTapprox 19.85%7-8% | 3425 7% | 36,6972 1% D T =125 GeV M =S58
Full Theory | 19.857 2% | 32882 b D HR :-:loF .
NLO-i. HTL D 32.88 20 | 3866350 | 39.567, 5" pt o2 (77 point)

Chen, Li, Shao, Wang 19, 19; Grazzini, Heinrich, SPJ, Kallweit, Kerner, Lindert, Mazzitelli 18;

de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhsfer, Mazzitelli, Rathlev 16; Maltoni, Vryonidou, Zaro 14;
Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16 Dawson, Dittmaier, Spira 98; Glover, van der Bij 88

If we trust the NLO + NmLO HTL combinations

Scale:+2.1%/ % 4.9% PDF+ . *2.2% iy scheme: +4.0%/$ 18.0%

LHC HWG HH Twiki

- approx: ¥ 2.7%
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R5: Total Cross Section & Scale Uncertainty @ 14 TeV

Efforts to update the recommendation are almost concluded

Recommendation
N3LO + N3LL HTL Lo ew
= K K = NNLO FT,,pr0x K, = & 1.03 Kew = & 0.96
3(Vs) = B(V9) ( Ka(v/9) ( KewlVs) % appro Ks = NS ) ew= g
Uncertainties

Mpp distribution, v's =14 TeV, PDF4LHC21 40, my =125 GeV

—== NNLO FTapprox (unrescaled)

— — NNLO FTapprox X K3 X Kgw
) SC&|&\/§) ) $2 scalé\/g) : ] NNLO FTapprox x K3 X Kgy (scale vars)

2 2 | RSspor$ SNiSspor 3
)eor(V/S) = 1/ ()5, Por(V/S))  + Omrou) - & 2.18% G
M08 POF P
— + +4.0% I:
)mt =t7 < @ NLO &g13 0 _ . =
Numerics & ., % O —
- 3
" s[TeV] ! .. [fb] + QCDscaleunc.[%] + THU[%] <" unc.[%] =+ PDF unc.[%)]
13 30.40 e 0.14 1.51 2.89
13.6 33.62 i 0.19 1.49 2.90 : —
. ] —— K3 =N3LON3LL/NNLO
14 35.81 e 0.21 1.47 2.89 _- =Fi;
. ; —— K3 X Kgw
e
Report 5 contribution on EW corrections in SMEFT/HEFT complete! 400 600 800 1000 1200 1400

Mpp [GeV]
LHCHWG-2025-015
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2. QCD Corrections

}Bl > NG
A v
/66. p —e
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N LO QC D CO rre Ctl O nS : g ng Davies, Mishima, Schdnwald, Steinhauser 23

Davies,!SchSnwald,!Steinhauser,!Stremmer 25

Fast C++ library with NLO QCD results for gg % HH ;_ ¢ on-shell
10 1 — Uy = (M)
= ’ & Mt = Myy
: : 8 + It = Mpyp/ 2
Combines expansions to cover phase-space: forward S 192 b= mpp/4
limit (to Mm% and t°) + high-energy (to m and my*<%) E
Easily varyiry, iy and v for mass-scheme uncertainties/ % 10 9|
BSM scans =

=

Q
i
|

Linked to Powheg (ggxy_ggHH), around 4-5x faster than

eXiSting code (ggHH) Heinrich, SPJ, Kerner, Luisoni, Vryonidou, (Scyboz) 17, 19; 16
5 L
Validated against fully numeric calculations, yields 2 L3
excellent agreement o 107 — : _;___l_mj ’i
DC:G 0/ s w— — .
— T
04 100 200 300 400 500 600
Prun [GeV]
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Parto N S h owers: N N LO 4+ PS Alioli,1Billis,|Broggio, Gavardi, Kallweit et al 22

Alioli, Marinelli, Napoletano 25

10-1 B2 =_ FTapprox Showered _|

Several NLO+PS results available for some time R = == B-proj showered

> 1021 | == m:—>x~ showered _|

Heinrich, SPJ, Kerner, Luisoni, Vryonidou 17; SPJ, Kuttimalai 17, Q : ==

N = = ]

MadGraph & POWHEG +v4, y; variations: Heinrich, SPJ, Kerner, Luisoni, Scyboz 19; é 1073 == | _

Bagnaschi,!Degrassi, GrSber 23; T : i ——

—e

Sherpa +HEFT: Heinrich, SPJ, Kerner, Scyboz 20 T 104 =

+SMEFT: Heinrich, Lang, Scyboz 22; Heinrich, Lang 23, 24; -8

10-5— pp-HH + X, VS =13.6 TeV _

Can suffer from very large shower scale uncertainties, especially for “=mHH] PDF4LHC2|1—””'° | | |
LO accurate distributions such as pH- ] T = 0 L B B B
plllg{ =
qob o ]
NNLO+PS results including top-mass corrections (O] N R B B
- R e b B e T
8 0.0 %ﬁ*ﬂmﬂw—x—ﬂ.ﬁ:iﬁ:':!— —= E;";:E
Reproduces F 1,50, result of MATRIX, adds PYTHIA shower = e e L
= 0.5 —
o b o ol T
Uses GENEVA framework, adds resummation of -5 to NNLL . T L O I A
T 0.0 e e ———
c —— = T (|
x ~0sE | | | | N
0 200 400 600 800 I1000I

pit [GeV]
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NBI—O HTI— T NLO QCD FUIIy Dlﬁerentlal Chen, Dai, Tao Li, Li, Shao, Wang 26

Fully differential predictions at N 3LO HTL + NLO QCD, can

. . . L pp—hh+X VS =14 TeV
apply experimental fiducial cuts and produce any distribution .
1071 — Prn, > 30 GeV, prp, > 20 GeV, ly,! < 2.4
) 3 3 S 1
[ o[- - - @000000, 19000008 -----=-[.=----- Q
ol -l I DS I R
= 10 NNPDF40 an3lo as 01180
il g dmme I S 7-point scale variation
(a) (b) (c) S T S = 1S = M2
S 10-3 — NNLO®NLOm,
. . . . © ] —— N3LO®NLOm,
Consider various scheme for including NLO 11} effects | NLo
éJ1 22— J
k |
NKLO " NLOp, : di 0! NEOme o gy NOme gy N¥LO - gy NLO oS e
=~ = =
NKLOg~ " NLOp, : iy tOB it NOme = g NLOmey gy NKLO - gy NLO- Zohh 5o [
dl s o = 0.8-
K NKLO# NLO NkLod':hLomt = 60 o 8o 1ooo L
NKLO # NLO | U | ' , 400 600 800 1000 1200
mi hh hh d! rI?IhLO Mnh [GeV]
NNLO HTL enhance by 17-20% (depending on comb.) | NELOTNLOm, g1 |y N¥EOw " NEOm gy [ NLOFNLOm, g
k=1 28447 28447 284475
N3LO HTL enhance by 4% (less dependent on comb.) K=2 333078 1% 34,037.5% 334070 2%
k=3 | 3456(4) %o 35.47(4) %5y 34.68(4), % oo

Scale uncertainties strongly depend on comb. scheme

19



3. Electroweak Corrections
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Electroweak Corrections to gg % HH

pp % HH has a strong interference between the 2 possible LO topologies 02— _
' 14 TeV |
01l 7 _'
> T T _
J 0000000 -h 9 < -—---h o 2 G :
’ g E e T—mmmeeo ]
Y _— -‘ 4 A % OO ———————————————————————— -
> \ .g ----- box
9 ~h 9 0000000 —— ----h - O - triangle
T interference |
[ — SuUMm
Different 111, behaviour of triangle/box heavily ool o o '
] _ _ 300 400 500 600 700
exploited by experiments for extracting ys My [GeV]

Electroweak Corrections to gg % H* are £ 5%and very dependent on i1,

Actis, Passarino, Sturm, Uccirati 08

Interesting to explore the impact of EW corrections on HH where they can spoill
the delicate cancellations happening at LO

100 150 200 250 300 350 400 450 500
My [GeV]
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Bestiary

U / ): : 7/ d
m <} ex
\ ( N\

Difficult due to the many
masses present

[T, Ty, [Ty, 1T
TS, 1

} : .
>
A Y V,Gy
DA Tackled by several groups

using an array of techniques!

N\
N\
N\
N\
N\
\

Figure adapted from Marco Bonetti (LHCHWG R5) + Philip Rendler (LHCHWG 25)
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Small i limit, 1y vo -, full 1y via numerical integration

Davies,!Mishima,!Schsnwald,!Steinhauser,!Zhang 22; MYhlleitner, Schlenk, Spira 22;
Bhattacharya, Campanario, Carlotti, Chang, Mazzitelli, MYhlleitner, Ronca, Spira 25

Full iy by numerically solving DEQs, boundary AMFlow
Bi, Huang, Huang, Ma, Yu 23

Large-iiy expansion

Davies,!Schsnwald,!Steinhauser,!Zhang 23

Analytic (factorisable contribution)

MYhlleitner, Schlenk, Spira 22; Davies,!Schsnwald,!Steinhauser,!Zhang 24

Full i1 via sector decomposition, Small-1r expansion

Heinrich, SPJ, Kerner, Stone, Vestner 24; Davies,!Schsnwald,!Steinhauser,!Zhang 25;

Analytic + series expansion of DEQs, numerical integration

, , , Bonetti, Rendler, Bobadilla 25; Bhattacharya, Campanario, Carlotti, Chang, Mazzitell,
MYhlleitner, Ronca, Spira 25;

Analytic + series expansion of DEQs

Bonetti, Heinrich, Rendler, Bobadilla 26

Figure adapted from Marco Bonetti (LHCHWG R5) + Philip Rendler (LHCHWG 25)
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Gluon-Induced Corrections

Complete NLO EW corrections to gg % HH

0.100 ¢
: : § _ 0100 & [ —
Extremely Challenging Calculation > —LO | — — Lo
o 010 - — NLO - — NLO
. O i = I
Fully analytic result beyond reach 2 g >
2 2 2 £ 001 s
mg 12 nm; 23 My 14 R 1 c : £0001
— | — — oy, S— — oy — ———— e L i
2 ’ 2 : 2 ’ — -4| | 5 i
mg 23" mg 83 ng 65 1000 5 10 Ei .
. ? L
Renormalise all masses on-shell 10°°
_ _ . Guan, Liu, Ma, Wu 25; 4 110 - T
Reduce Iintegrals with Blade + FiniteFlow Peraro 19; S 105 . 105
2 Son O 1.00 *’-'——|__|__l__
iti i | I . Z o095
Compute boundary conditions with AMFlow % M (Wang) S —  “ow
(17), 22, 22 ' 400 600 800 1000 1200 1400 1600 1800 0-850 o500 400 600 800
Evolve using series solutions of DEQs Mhn [GeV] pr [GeV]
Results Significant (¥ 10%) distortions to 11y, and py
K-factor ~ 0.96, very stable with respect to ! g, ! ¢ variations Corrections reduce dependence on EW input scheme
M M/ 2 | p% + mﬁ my, schemes G, g ' m,
LO  19.96(6) 21.11(7) 25.09(8) LO 1996 18.84 21.28
NLO  19.12(6) 20.21(6) 23.94(8) NLO  19.12 19.19 19.03
K-factor 0.958(1) 0.957(1) 0.954(1) K-factor 0.958 1.019 0.894
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YUKawa' and Self-Coupllng CorreCtlonS Heinrich,!SPJ,!Kerner,!Stone,!Vestner 24

L R
é ‘ o« Calculation neglects diagrams containing vector bosons
A ' _________ and/or Goldstone bosons (fixed to unitary gauge)
(@) 93040k (b) oo . o .
Retain complete control and generality in all couplings
~STTTTe CTTTTO > - - - | SRREEEREE and diagram types (1PI/1PR)
A ~.' A :
Y -l Y 2 2
S S Do : " Mro . 3 o 3 o
< ~0000600 ¥ @ 0o — 30 - , 0- .
(©) i (@) G -V W o
R T Bl I S R Couplings can be varied for experimental limit setting
1 I 1 Can adapt calculation for EFTs/BSM scenarios
OO «—------ ®---- OO < S SR ——
(e) G0 (" o

Result

~ully symbolic (S, T, my, my) reduction to basis of 494 finite d-factorising* master integrals

Up to 11 coupled master integrals within a single sector

Keep exact 1y, 11y dependence, evaluate master integrals numerically using pySecDec  Heinrich, SPJ, Kemer, Magerya, Olsson, Schlenk 23
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I n te rp reta’tl O n Heinrich,!SPJ,!Kerner,!Stone,!Vestner 24

Can fix vev counterterm using any vertexkg

A 1
N (% % Ga) 'y = 32 Zg3n]‘_‘|+[g3g4rrﬁ + 8Y,GMAMEN. $ 8g50mN; + 2007y (M + 12m7) N $ 489tsnﬁmTNc]

\

- ~
- ~ |
~

\

-

GG + 20¢my (M $ 4mg) N,

V(% 9,90y = 8

32, smgmy+
] . 200N(G( + 6mim) S 204m) + gim  24g/miN,
Y A V(% % Ga) iy = 3 32, 2gmi+
Get different 1/+ in renormalisation constants depending on the vertex!
SM limit 3mé 3m3 3m3 3m3 m: 3m5 3m3
ﬁ \?t mT1 m_ls n;_l - )\93 mT1 m_|1 2 - )\94 J J 2 :I )V!UV AII OK
(v Vv v&) (v Vv v&) (v Vv v&)
WAV UV Uv

Ok to talk about v, 75 when considering QCD corrections, EW corrections make this much more delicate
Bizo",!Ulrich Haisch,!Luca Rottoli 18; Bizo",!Haisch,!Rottoli,!Gillis,!Moser,'Windischhofer 24; Tao Li, Si, Wang,!Zhang, Zhao 24
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NLO Electroweak Corrections to gg % HH

10 14 — LO
] [T/ —— NLOEW =
5
- S
3 =,
2 :
F =
£ L Yukawa/ S Full
© _—L—'—'—l_'_ Self-coupling N Electroweak
gs] s=136Tev .| Corrections 1.15 Corrections
PDF4LHC21 o 110
i < 1.05
S 141 O 1.00 :
2 12° Z 0.95
o 1 0.90 ——
Z 1.0 — ogp e ’
. . . . . . . 400 600 800 1000 1200 1400 1600 1800
300 400 500 600 700 800 900 1000
Mun [GeV] Mun [GeV]
+1% on total cross section -4% on total cross section
+30% near production threshold* +15% near production threshold*
Can be adapted for EFT analyses -10% at high energy (Sudakov-like)
Heinrich,!SPJ,!Kerner,!Stone,!Vestner 24 Bi, Huang, Huang, Ma, Yu 23

Computing all gg % HH diagrams (retaining control of all couplings) + combine with q0 % HH + QCD corrections
Reduction to 1291 master integrals complete, extensive cross-checks & renormalisation (in progressE)

Bonetti, Heinrich,!SPJ,!Kerner,!Rendler, Stone,!'Vestner (WIP)
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L I g ht- Q u ark M ed I ated Bonetti, Rendler, Torres Bobadilla 25

Bonetti, Heinrich, SPJ, Kerner, Rendler, Stone, Vestner 25

AMV,!V,CV A Y YARY Light-Quark mediated corrections to gg % HH

4 A A Canonical differential equations obtained (boundary values @
s, t,u/ rr\z,) evolve boundary values using series-solution via

> /// > ///
A tt\}"\\ 4 {:\—} ) _\\ DIffEXp Moriello 19; Hidding 20:;
< \ < \

Grids produced and implemented in Powheg _ ;
Small effect at total cross-section level £ §
Suppressesiiyy and py significantly close to |
production threshold (depends on binning) EJJF 5 |
. 3(I)0 4(IJO 5(I)0 mZ(I;O [Gevi(l)O 8(I)0 9(IJO 1000 1(I)0 2(I)0 pT, ;(I)E)Gev] 4(IJO 5(IJO 600
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Yu kawa an d L I g ht— Q u ar k M e d | ate d Bhattacharya, Campanario, Carlotti, Chang,

Mazzitelli, MYhlleitner, Ronca, Spira 25

0.35 [

0.3

0.25

0.2

0.15

0.1

0.05

-0.05 L—

I
f * top-Yukawa

H g T - - H
TN e :Hé
A GO, : --=< t/b A I G ,
C;i h ~ - : Gi
h ~ H g | el — — — _ _ H
Wiz H ) " Cooh
L q4 Y W/zZ
“H g - ----H
Relative Top-Yukawa Corrections
r ' - 1 1 1 " & 1 1

L 1 L 1 1 L L l L
400 600 800
M., [GeV]

PR I T T TR R T T
1000 1200

Light-quark Mediated Corrections
Computed generally using numerical integration

Yukawa Corrections
Calculated in gaugeless limit i.e. neglecting vector bosons but
Including massless Goldstone bosons

Includes corrections to 1PR ““triangleOO diagrams and 1P1 ““boxO(
diagrams, neglects new yt28 topologies arising at NLO EW

Calculation
Numerical integration in Feynman parameter space

Regularise the virtual thresholds by introducing small
Imaginary parts

M, % M, (1$0), Mg % m5(Ls$ i)

Extrapolate ) % 0 using Richardson extrapolation
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G I u O n - I n d u Ce d CO rre Ctl O n S Davies, Schsnwald, Steinhauser, Zhang 25, 26

Complete NLO EW corrections to gg % HH in the high-energy limit 004 =
_ B up to 62
Expansion procedure S 002 =
Taylor expand in mS¥and ) = 1$ my/my (my = m,, m,, m™) £ -
—~ 0.00 —
Asymptotic expansion m / ST < '
. . . . . L 002
Provides analytic expressions for studying structure of EW corrections = |
. . N N . . _0'04_
Can perform detailed comparison/validation of existing results N SR
500 1000 1500 2000 2500 3000
V's(GeV)
oosl NG - /c|>T=I30(I) Gév_-
| v 400 Gev | Covers pr 0 350 GeV with small expansion uncertainty
pr =500 GeV _
—0.08 pr=600 GeV -

pr=700 GeV 1

_ oo Reproduce -10%(+) corrections observed at high-energy
" o seen In first calculation of the NLO EW corrections to
0
s Igg Yo HH
—0.16 |

Results will be made available in ggxy

2000 4000 6000 8000 10000
Vs(GeV)
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L I g ht- Q u ark I n d u Ced CO rre Ctl O n S Bonetti, Heinrich, Rendler, Torres Bobadilla 26

GP Ejj@ }5{\ m >“C§ Quark-induced contribution from EW topologies + NLO QCD
\ \ corrections

}“{{é{ Canonical differential equations obtained (boundary values @
| s, t,u/ m\z,) evolve boundary values using series-solution via

\ ’ DIffEXP Moriello 19: Hidding 20;
LGP \ = -«

107 - -
] - —— 9910
Total cross-section effects are quite small (<1%) 1 T —— 9910 + qTio
> T ™ g9io + gagnio
Very large NLO corrections (mainly due to opening gg channel) § R R
Can significantly modify distributions +10% in first i1y, bin, pr at 1-2% E . g
Initial state bottom quarks can lead to further modifications at 1-2% level S E 136 Tey B
— Lot PDF;ILH.C_Zle T
S[h2d ddgH 7 dALcH 7 99cH 7 qOLcAd0cp AL cA9dGP 1.105 Mi/% < K, Hr < M —
13.0 0.039 Q061 1645 +59% +0.37% S .
13.6 0.041 Q066 1826 +60% +0.36% <
14.0 0.043 Q069 1952 +60% +0.35% 1.00 === —

400 600 800 1000 1200 1400
Mun [GeV]
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4. Mass Scheme Uncertainties
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Mass Scheme Uncertainty

Converting the top-quark mass from OS to MS scheme | 99— HHat NLOQOD | ys =14 TeV | PDFALHCLS
f —— MS scheme with m,(m;) :
! O 1y | t -
m(!) B Zx (s( ) M) + Z110g() - MS scheme with m,(mgy/4) -
M T oMS ( 2 ) (Zm( )+ z (! )) 10" £ | |— —— MS scheme with m,(myy) -
Zm nl : — OS scheme, m; = 172.5 GeV ]
10_2 3 —] E
() 3 | 2 5
f!) = 1+ 59— $2G:$ =Gl +) () = _ |
2 2) |
4-loop: Marquard, Smirnov, Smirnov, Steinhauser, Wellmann 16 | da/deH [fb/GeV] - :
ot I PR = fp = Mgp/2 _
. Full NLO results for different top-quark masses ) j
Top quark mass scheme uncertainty t
d! (99' HH)i 0031Z5) + 9% tb/ GeV o 1461 Il | | | | | | | | | | | | i
dQ Q=300 Gev 23% ’ Why do we Q12 = :
d! (gg! HH)I : 8 10 pF = S
(g% 5 )| o= 0.16094)! b/ Gev have a large Sosfh | g
e R uncertainty S 06T e S
d' (99! HH)| = 0.032049) %% fb/ GeV. - o 04 i -_
dQ Q=600 Gev ’ " 2% ’ comparing O 02k, . o
d! | HH) | : = 400 600 800 1000 1200 1400
dQ Q=1200 GeV 0

Baglio, Campanario, Glaus, MYhlleitner, Ronca, Spira, Streicher 18, 20, 20
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Amplitude Structure

Structure of QCD corrections in the amplitude

— AB I, I 9 - h J " 0000000) = - =-==h
2 =172, )7 (AP T AR Vs -
N — _< A
N
N
5 g S h g > - ---h
_ GF (s 3mI—I
A= Te—=578 s iet Ay
V22 [ $$ny ]
Ge ( 0.2—
_ F \s | VAN
AZ _ TF 2 S [AZ,ytZ] I /,' \\\\ 14 TeV
o I
> I e N N
. . . . . b -,/ S~
Triangle type amplitudes studied In literature 9 e S T
Liu, Penin 17, 18; Anastasiou, Penin 20; Liu, Modi, Penin 22, — 0.0} S epvmpepre=r=
Liu, Neubert, Schnubel, Wang 22 e e box '
O
ST - triangle
We will study the box type amplitudes in the el interference -
high-energy or small quark mass limit L HCHXSWG.2019-005 —— sum _
2 2 7 S S
s!thlul3 mF3 my 300 400 500 600 700

MyH [GeV]
See also: Hu, Liu 25



High-energy limit

2
Expanding amplitude perturbatively A" = (s AOPN (s Al(l)’p”+ ) ((3) and around m & O

2, | (2)
gg % HH R N gg % ZH R NN
Davies, Mishima, Davies, Mishima,
Steinhauser, Wellmann 18; Y § A Steinhauser 20; Y g 1
Baglio, Campanario, Glaus, Chen,!Davies,!Heinrich,SPJ,
MYhlleitner, Ronca, Spira, R IKerner,'Mishima, > N
Streich;r 20 i RN Schlenk,!Steinhauser 22 @666\ S
P
AL & yZfi(s,1) + ¥P) (M) A9 &y m f(s 1) log? —
) | [ s ]
P
(1) (0) _t 2 2
A& 3CeAPlog == +y) (D) A g Gy o0 T
| 12 | [ s ]
Leading log(my?) from mass counter term, converting Leading log(my?) not coming from mass counter term
to MS gives log! tZ/S] vo scale choice of ! t2 & S (Ca$ C: structure)

How does this simple structure arise? Does it generalise to all orders?
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Expansion of gg % HH @ 1-loop

Limit: 5, !t!,'u!'3 mF3 m5, m35% 0and && m/Q

Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Kinematics: s+ t+u=0, m;=0

Automatically find remaining regions in parameter space

Tha order interpretation routing
(-2,-2,0,0) 4! 2('+" + #) | ¢ $
0,-2,-2,0)| 4! 2('+#+ 9% | ¢ $!' o
(-2,0,0,-2) [ 4! 2(0+" + & | Cc3 $+ O
(0,0,-2,-2)| 4! 2(1 + %+ & | ¢4 $!' a! o
(0,0,0,0) | O h n/a

Using a set of possible loop momenta modes can systematically
search for momentum routing to give a momentum space

Interpretation

Implemented in pySecDec by Y. Ulrich (TBA)
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Amplitude Level Results @ 1-loop

Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Can compute amplitude level results for each region, at the 1-loop level.

Hard region

Collinear y, region

0 t q3
Ny

f‘FQll

S Y Tf—%
—

o>
/ SN
o t+a+a q4

dy; 2 1 (s"+2¢ e Ly
A%, =2 {5 om e .
. :

Leading Power (LP)

S stu u t

Ll Ll (E—w)?ld,

| S ot u stu
2 1 1 tl [, 60+ 1372
(S-S = Om)
s t wu Su st 6s
Next-to-Leading Power (NLP)
Generates

. _4 20012 ,,2€ ’YEGI‘ 2 21" 2 1 2n+-€
A( 1) _ Yy L€ ( 7]) (€+ 77) (_) k IOg(mz) at NLP

Lvi — s(stu)(1 —2n — €)T'(4n)T(1 + n)2 \'m?
X {(—t)"(—u)'7 [32 (14 2€¢* — (24 n)e) — 27 tu]

+(=8)1(=t)" [su (1+ 262 — (24 n)e) — tu(l —3n — (2 — 57;)6):

(=)t (1+26 = 2+ m)e) = tul = 30— (2= 50)9)] }
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Lead I n g P Owe r An aIyS I S Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Soft Collinear Effective Theory (SCET) an approximation of QCD based on #(X) % #,(X)+E +#,(X) +0q(X)
soft/collinear eXpanSiOn Bauer, Fleming, Pirjol, Stewart, Beneke, Chapovsky, Diehl, Feldmann, E

N colllnearfermlonbelds

Leading power matching [I](tb ttaty) = ¥ Pi 4o ()4 o5, (o) e (3N, ) N (t4ng, )

() o
(h) y A (h) + ... —
DO00000——> - - - T~
(h)
Collinear Regions ¢, &, Collinear Regions ¢;, ¢,
-~
-~
Mixing with the external Mixing with the external
gluon is forbidden at LP Higgs Is forbidden at LP
= ~
~
~

Result holds to all orders in ( . due to helicity conservation for m % O
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Overview of Structure

Jaskiewicz, SPJ,!Szafron,!Ulrich 25

The gg % HH amplitude in the MS scheme has the following leading power structure | = log(! &/s)

LO : (yf(cot mny),

NLO @ ($yf(all + ¢+ mny),

NNLO : (y?(a,l? +
NSLO = (Syf(asl’ +
N'LO : (i +

LP LL
Known from RG running
of top-quark mass

Integrals are known

/ Henn, Mistlberger, Smirnov, Wasser 20
Caola, von Manteuffel, Tancredi 20:

+ CZ+ rn( n2)1 Bargiela, Caola, von Manteuffel, Tancredi 22,;

+ G5l + Gyt mmy),

+ 4l HE +g+mn).

LP Constant

-P NLL Hard region =0
RG running + ard regio (m = 9)
contribution only,

massification
known to NLO

Penin 06; Moch, Mitov 07; Becher,
Melnikov 07; Engel et al 19; Wang,
Xia, Yang, Ye 23;

39

= log(! #/s), log(my/s)

Leading log structure generated
to all orders by RG running

mt(1) = Mexppatt (1) z,(M)

Wy 3Ce (1) 2
a (1) = In > ]

2/ o

19

/OIn( W)




M aSS SC h e m e U n Ce rta’l nty Jaskiewicz, SPJ,!Szafron,!Ulrich 25

For finite virtual correction at very high energy

O,LL O,LL s 1,LL
- \ A|( ) ) (m?s) ...... A|( , ) (mPS) + # éHR)AI( ; ) (mtOS)
Compare mP># mM> 10 1 S O (i) 4 Balin) AO) (TS
1 X A g(m{vls) - Ai,ytz(m{vls)"' Szﬁp\i,yg(mi\ﬂs)

Very large uncertainty obtained
LO: ~60-70% (blue band)
NLO: ~30-40% (red band)

+ known LP LL green tower of logs)

LO: ~13-16% 1.25

1.00
NLO: ~7-8%
0.75 -
0-50 | 1 1 1 | |
1000 2000 3000 4000 5000 6000 7000 8000

Uncertainty significantly reduced My [GeV]

Not yet studied for physical cross-section!
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3'IOOp MaSSIeSS lelt ((‘Q) Ajjath, SPJ, Magerya (WIP)

Hard region (M, = O,m;y = 0) Box (yt2) Amplitudes

//’ %} > .,/, //
3728 Feynman diagrams Y
. I . Y Y
3 integral families + crossings . %
- (66‘ < < &\
Integrals Iin terms of GPLs

7/

7/
Y Y

N\

\0

— - ~
N
Several pieces known

Reducible contributions with exact 1y o (Higgs production with off-shell gluon leg) :

Davies,!SchSnwald,!Steinhauser,!Vitti 24

Large-1x and large-N. in the forward limit (t = O, m, = 0)

Davies,!SchSnwald,!Steinhauser 23, 25

ldeally want gg % HH at NNLO QCD with the full mass dependence
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Conclusion

Importance
Theory work needed to match experimental precision

EW corrections can change our interpretation of limits/deviations

Results
Have NLO QCD + N3LO HTL + NLO EW andNNLO FTapprox + PS
Significant work undertaken to pick apart, understand and validate EW corrections

Largest uncertainty remains the NLO QCD top-gquark mass scheme uncertainty

Outlook
Important to have control of complete EW calculation also in EFT context (SMEFT/HEFT)

Full NNLO QCD calculation desperately needed

Thank you for listening!
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Precision Progress

Higgs is just one example, in reality the success of the HL-LHC programme+ requires many accurate predictions

Vector Bosons

Higgs
process known desired
N*LOym
NNLO &t P
QCD .
pp! H (LD (HTL) N*LOyr. (incl.)
N I‘OQCD" EW
NLOocp
NNLO 7, NNLO 1. " NLOgcp +NLO gy
pp! H +]j NLO ocp N3LOr,
NEVLO6co- ew NNLO ocp
VBF ') /. VBF '
ol H 2 N*Lo8Es ) (incl.) N*LoSep
' NNLO (VR ) NNLO VBP)
QCD QCD
NLO &P NLOqcp
. NLO 7. NLOocp +NLO gw
P ' N NNLOYER )
QCD QCD
o1 VH N°LOgqcp (incl)+NLO gy N°LOgcp
NLOSQZ) Hz N“Y1LOgep ew
NNLO
pp! VH + ] 0P
NLO gcp +NLO gy
N°LOwr. " NLOgep
pp! HH NNLO ocp
NLO gy
N*LOSSS ) (incl.)
pp! HH +2j NNLOGZS ’ NLO ocp
(VBF)
NLO S,
pp! HHH NNLO 7. NLO gcp
NLO ocp +NLO gy
pp! H + t@ ° NNLO ocp
NNLO gcp (approx.)
pp! H+t®  NLOqcp +NLO gy NNLO ocp

process known desired
o1 v N3LOqcp +NPL0gen: ew N?LOwy
NLO gy
NNLO gep +NLO gy Full NLO ocp
pp! VV + FUll NLO ocp (99! Z2Z), (gg channel, w/ massive loops)
approx. NLOgcp (99! WW) NEVLO6co: ew
pp! V + ] NNLO gcp +NLO gy hadronic decays
_ NLOgcp + NLO gy (QCD component)
pp! V +2] NNLO ocp
NLOgcp +NLO gy (EW component)
pp! V + B NLO ocp NNLO ocp +NLO gy
pp! W + b8 NNLO gcp
pp! VV +1] NLOgep +NLO gy NNLO ocp
op! VV +2] NLOqep (QED component) Full NLO ocp +NLO g
NLOgcp +NLO gy  (EW component)
pp! W W™ +2j Full NLO ocp +NLO gy
pp! W W* +2] NLOcp +NLO gy (EW component)
pp! W'Z +2j NLOocp +NLO gy (EW component)
pp! ZZ +2j Full NLO gcp +NLO gy
pp! VVV" NLOqcp +NLO gy (W/ decays) NLO gcp +NLO gy (0! -shell)
pp! WWW NLOgcp + NLO gy (0! -shell)
pp! W'W (V! ji) NLOgep + NLO gy (0! -shell)
pp! WZ(V! jj) NLOgcp + NLO gy (0! -shell)
pp! ! NNLO gcp +NLO g N°LOgep
pp! ! + ] NNLO ocp +NLO gy N3LOgep
ool 1+ NNLO gep +NLO gy
+NLO ocp (99 channel)
pp! ! NNLO gcp

NLO g

44

Top
process known desired
NNLO gcp +NLO gy (W/o decays)
pp! t® NLOocp +NLO gy (0! -shell) N°LOoep
NNLO gcp (W/ decays)
_ NLOgcp (0! -shell € ects)
pp! t@+ | NNLO gcp +NLO gy (W decays)
NLOgyw (W/o decays)
pp! t8+2]  NLOgcp (W/o decays) NLOqcp +NLO gy (W decays)
pp' to+ V! NLOQCD +NLO EW (W decayS) NNLO QCD +NLO EW (W decayS)
pp! t@+ ! NLOqgcp (0! -shell)
pp! t#+Z  NLOgcp +NLO gy (0! -shell)
pp! tP+ W  NLOqgcp +NLO gy (0! -shell)
NNLO *(w decays)
pp! U@ oeb NNLO gcp +NLO gy (W decays)
NLOgyw (w/o decays)
pp! tZj NLOgcp +NLO gy (0! shell) NNLOqcp +NLO gy (w/o decays)
NLO w deca NLO +NLO o! -shell
op! @@ acp ( y) QCD Ew ( )
NLOgyw (w/o decays) NNLO ocp
Jets
process known desired
NNLO
pp! 2jets oep N3LOocp +NLO g
pp! 3jets  NNLOqcp +NLO gy

- completed since 2021
- progress since 2021

Huss, Huston, SPJ, Pellen, RSntsch 25 (Les Houches Wishlist)



2-loop Massless Limit () et 5P, agerye (1)

Hard region (M, = O,my = 0) + Box (ytz) Amplitudes

138 Feynman diagrams IS -
2 Integral families + crossings A v v Y
Integrals in terms of GPLs IR o
: : ren Qg (0),ren 2 A g ) (1),ren 2 3
Renormalised amplitudes At = (%) A7 (my) + (%) A7 (mg) + O(ay),
2 \ 2€ 2 \ € 4 )
AW (m2) —g-2 (‘ﬂ) AD (m2) |+ 571 (“—R) 070, AL (m3) +62, 204 (m?) |
Z o) | o\ o ot amE
V v
$ 24C: ¥ log (s) 24C;y log ( Yy

Match small-ry result at leading power: explicit check that only hard region contributes at LP @ 2-loop /

Davies, Mishima, Steinhauser, Wellmann 18;
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Delicate Limits

So far we set m, = O from the start (+  Taylor exp.) then expanded around my = O (+ asymptotic exp)

The commutativity of these limits Is not trivial

Expansion around my, % O can develop In(m3) behaviour
(even for y¢¥ component!)

Configurations we identified all involve a single Higgs boson coupled to
a closed fermion loop

- - - - Suppressed by at least one power of i1y (helicity flip)
Davies,!Schsnwald,!Steinhauser,!Vitti 24 Do not affect the ytzrn(o term but may appear bey()nd LP

A complete explicit cross-check of this behaviour at fixed order (3-loop/4-loop/...) is desired
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High-Energy Expansion of gg % HH @ 2-loops

Topologies

~ .°* . .°*
P T
et ie] XK
| P - J
¢' Yo '¢' T; ~~~
! ~(M m_¢ ~ 03 (h - - 2 ~ 41
Regions (Parameter Space)
Oz .. .°* a3 02 L .°* (0] 02 L .°* a3 02 L PR 03 Oz o ,* 03
L 3 4' ~§ > 4' ~§ - 4' ~§ > ﬁ' ~§ ﬁ’
’ ’ ’
4 4 4
P P ’ ’ ’
¢"'--- ~ ¢"'--- ~ "'-- ~ ¢"'-- ~ “""' ~
o -* .~ o -* .~ 0 on -* “sw o -* ~ qu - The w
(12,01212000'!2 (2!200!2!20 (2!10!112!1211) (200!2!2!20)  (0,0000€! 21! 2)
R~ L B R ~, e B R ~, e B R ~. e B
L 3 > Aﬁ' ~§ 4' ~§ 'f' ~§ 4'
P ’
o, ’
P P P P
ale - PR PR S PR
ql "f §~~ q4 ql "f §~~ q4 ql "f §~~ q4 ql "f §~~ q4
(! 2,0,0,0,! 2,1 2,1 2) (11,1 212110112 (0'2!21200!2) (02200, 2! 2)
Q2 . L B B~ L B Q2 . e B R~ PR <
~ 'ﬁ' ~§ 'ﬁ' ~§ - l’ ~§ ‘l’
’ ’ ’ ’
’ ¢ ’ ¢
’ P ’ P
‘-'--— ‘-'--— ‘-'--— ‘-'--—
ql "f §~~ q4 ql "f §~~ q4 ql "f §~~ q4 ql "f §~~ q4

(0,0,! 2,1 2,0,! 2,1 2) (0,0,! 2,1 2,0,0,0) (0,0,0,! 2,1 2,1 2,1 2) (0,0,0,! 2,1 2,0,0)
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AmplltUde Level ReSUItS @ 2_|00p Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Could compute each region at 2-loops (tedious), can instead examine numerator prior to reduction

Region ¢4

Oi & Oé & Q(1,&, & Inserting into amplitude, projecting form

. 55 , ” 5 o factors and computing traces

] & &Q*, 15 & &Q7, 8l & &Q7, Numerator gives a & suppression for

l, 80, & &Q?, , 80, & &Q?, all soft/collinear regions

16 0y, 1,6 0.

Region st Consistent with the result of Steinhauser

et al. for the m % O limit

Davies, Mishima, Steinhauser, Wellmann 18;

0; &0} & Q(&& &

I12 & &ZQZ’ I22 & &ZQZ’ 18l & &ZQZ’ Suggests that regions other than the hard
l, 80, & &Q?, |, 80, & &Q?, l, 8q, & &Q?, region are helicity suppressed by at least
,80, & 8Q2,  1,8q, & &Q% 1,8y, & &Q? Sl

48



ExpanSIOn Of gg (yo HH @ 1-|00p Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Limit: 5, !t!,'u!'3 mF3 m5, m35% 0and && m/Q Kinematics: s+ t+u=0, m,;=0

ddo 1 1 1 1
1 (2,)4028 M2 (0+ )23 MR 0O+ g+ )2 M (0% )2 mp?

!

Hard region u®© = (0,0,0,0

!

Every propagator scales as&
Achieved by hard scaling of the loop momenta 0* = Q(1,1,))

!

dio 1 1 1 1 .
1(2,)4 02 (0+0gp? O+ g+ gp)? (09 gz)2
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ExpanSIOn Of gg (yo HH @ 2-|00p Jaskiewicz, SPJ,!Szafron,!Ulrich 25

uR order Interpretation routing
(-2,-2,-2,0,0,0,-2) |! 4 C1C1 "M
(-2, -2,0,0,-2,-2,0) |! 4 C1C1 "1, ! m
(-2,-1,0,-1,-2,-2,-1)| 1 1! 4 |'ss "Ll ! o
(-2,0,0,-2,-2,-2,0) |! 4 C3C3 "Ll
(-2,0,0,0,-2,-2,-2) |! 4 CoCo "1, B! o4
(-1, -2,-2,-1,0, -1, -2)| ! 1! 4! |'ss oo, "o
0, -2,-2,-2,0,0,-2) |! 4 C4Cs o, "o
0, -2,-2,0,0,-2,-2) |! 4 CoCo oo, "o
New features: 0,0, -2,-2,0,-2,-2) |! 4 12 S gt o, g
(0,0, -2,-2,0,0,0) |! 2 csh Yl St gt O,
1. Soft modes appear Ié = Q(& & & (0,0,0,-2,-2,-2,-2) |14 Ca Mt " o
2. Soft regions are power enhanced at 0,0,0,-2,-2,0,0) | * 2 Cah R TR
level of scalar integral 0,0,6,0,0,-2,-2) 12 he; BRI A
(0, 0,0, 0, 0, 0, 0) 0 hh nla

Can again find momentum space interpretation
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ExpanSIOn Of gg (yo HH @ 3-|00p Jaskiewicz, SPJ,!Szafron,!Ulrich 25

,¢CI4 Q2 .. ‘,CI4
I 5 - ~
N s’ Yo .,
1
! '3 |
1 i 2
N N |
1
1
- | ~ - ~
01 - ~ O3 Jr » ~ O3

Indeed find new modes entering

Hard-collinear ||!4c:- = Q(L& &%) Expect new modes entering at

each loop order, consistent with
. ! _ 2 3 . .
Soft-collinear |SCi = Q(& &, &) results in the literature

Ma 23
Ultra-soft o= Q& &, &) ’
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ExpanSIOn Of gg (yo HH @ 1-|00p Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Collinear Regions

Ch S13 | s

N\ — "G
|+ o s 4 . /
1 +q1+q31
S_>12 :T!l % S12 T'! B! G >12

/ -

@ lrare G o e h b | M o la o
u® = ($2,$ 2,0,0 u=(0,%$2,% 2,0 u¥ = (0,0,$ 2,% 2) u® = ($2,0,0,$ 2)
Collinear y, region Q' = Q(l,&z, &
d?0 1 1 1 1 Collinear regions are also leading
| (2,)4 028 m2 (0 + g,)2$ n2 2(0 + q,) 8, $ 20 8, power at the level of scalar integrals!
| ‘ . . J

4 1 1
& Z Z
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Effective field theory Analysis

Soft Collinear Effective Theory (SCET) an approximation of QCD based on soft/collinear expansion

Bauer, Fleming, Pirjol, Stewart, Beneke, Chapovsky, Diehl, Feldmann, E

N
O - ] | — 11 11
#( % #,09+ E +#() +d(9 scer= | et
N collinearfermionbelds =1 A
Lagrangians belong to a specific collinear direction u ".‘ P - N
Can be expanded in powers of the small parameter YN '0,‘ -
1 B | (O) I (1) 1 (2) ~
| | | n4, -~ o
P )@ )@ ~— 7 h 9\ _
—
Generic N-jet operator has the form: 5
N
J — ' [.. dtik] C({ t'k}) " Jci(til’ ti2 . . )
ik i=1

Beneke, Garny, Szafron, Wang, 17, 17, 18, 19
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Lead I n g P Owe r An aIyS I S Jaskiewicz, SPJ,!Szafron,!Ulrich 25

Leading power matching ['](tr ttaty) = W Pi 4o () 4 o5, (o) e (3N, ) N (t4ng, )

@ .
(h)y A (h) + ... = ]
TOBOTO0——=——"— = = = ~
. . CD 7 Pt
Collinear Regions ¢;, ¢, Q 0 (vcl (rql)%ucl (rq1)ns—,e,(q2) +0c, (rql)%%ucl (rq1)ns_ zei}sh(qg)>
Relevant operator structures are scalar/pseudoscalar
Toi (s t}) = Xeu(banen) 55 e, (i) -7
PALTT AR, 9 SR Mixing with the external
Vi gluon is forbidden at LP
‘]Pz'({tiutiz}) — Xcz'(t%éni-l-) ;_ '(tilni+)7 T~ -

24



Lead I n g P Owe r An aIyS I S Jaskiewicz, SPJ,!Szafron,!Ulrich 25

: : ' ' 1

Collinear Regions ¢, ¢, MSP ~ igPTE T4 TWIt 5. () -

2 7(n3+4s3)
1

| N34y —7—

r(n34+qs) "

Situation reversed, structures Mixing with the external

appearing at LP are vector-like Higgs Is forbidden at LP

Result holds to all orders in ( . due to helicity conservation for m % O

Next-to-Leading Power

-~
Structure of the amplitude allows mixing with _ -
external gluon/Higgs g
. . \
Expect contributions from collinear/soft regions TS
~
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Leading Power Expansion

Consider the LO and NLO finite virtual corrections

( ( . 1 - A(O)z(m S) - A(O)z(m S)_|_ #séuR)A(l)z(m )
Pn— \S A(O 1s  a@ 3 ERRONN -
N ()+ (2) I(J) +) () . Al (M) ALy (MPS) + Bfrmd ALD, (mifS)
“ ~ : :‘ 10 2 -
Use SCETOO IR scheme for virtualgier, Neubert 09, 13; <
Neglecting real contributions = .
Solid Lines: Full TH result Ed g 4-
Davies, Mishima, Steinhauser, Wellmann 18;
Dashed Lines: Leading power expansion
2.0 -t\\
Leading power is a good approximation e \‘\\\\
for \/5 0 1 TeV, let us focus on the very S
. . . 1.0 g ST T TSROt | !_‘T'—-"""""'"‘:""""""""'—:_—'—-—'-——I'—'——-———-!
high energy behaviour of the amplitude 1000 2000 3000 4000 5000 6000 7000 8000

mpy [GeV]
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3-loop Massless Limit (C,)

Ao XX

(PL) (NPL1) (NPL2)
PL NPL1 NPL2
2 2 2 .\
2 2 2 Integral Families
3 3 3 15 propagators
(k! p1)? (ke ! p1)? (ke ! p1)? p Pag . .
(Ko! pp)? (Ko ! pp)? (Ko ! pp)? 6 Independent crossings per family
(ks py)® (ks py)® (ka! py)® 486 master integrals vo expressible in HPLs (or GPLS)
(k! pi! p2)? (k1! p1! p2)? (k1! p1! po)? | |
(kp! pyp! p2)2 (ko ! pyp! p2)2 (k3! pp! p2)2 Henn, Mistlberger, Smirnov, Wasser 20
(k3! p1! p2)? (k3! p1! p2)° (k1! k2)?
(ke! p1! p2! p3)? | (ka! p1i! p2! pg)? (k2! ks3)? .
(k2! pi! p2! p3)? | (k2! po! p2! ps) (k1! ka! p3)? Amplitude gg % HH
(ka! p1! p2! p3)? | (ka! po! p2! pa)? | (k2! Ks+ pr+ p2+ ps)? ) (1L0°) integrals
(k1! k2)? (k1! k2)? (k2 + p3)? _
(ki! ks)? (k! ks)? (ki! ks)? Up to 5 inverse propagators (s’ 5)
(ko ! kg3)? (ka! ko + k3)? (ka! p1! p2)?

Bargiela, Caola, von Manteuffel, Tancredi 22;
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3'IOOp MaSSIeSS lelt (L‘Q) Ajjath, SPJ, Magerya (WIP)

Reduce entire amplitude as a single job - impossibly slow and exhausts memory (>1 TB RAM)

Many symmetry/crossing/family relations clutter up system
Workflow

1) Separate amplitude into family, crossing, top-level sector

2) Kira
Generate |IBPs for each top-level sector, crossing, family separately
Ensure IBPs never mix crossings/families

Maierhofer, Usovitsch, Uwer 17; Klappert, Lange, Maierhofer, Usovitsch 20; Lange,!Usovitsch, Wu 23; 25

3) Ratracer PL[1,1,1,0,0,1,1,1,1,0,1,0,1, 1, 0] *(-1)
. : .. : masterCan@1*(2240/(9*(-4 + d)"6*s12”4*(-1 - s13/s12)))
Record solution of system in a finite field (trace) masterCan@2 *(-320/(3*(-4 + d)"6*s12/4*(-1 - s13/s12)))

masterCan@3 *(-3584/(3*(-4 + d)"6*s12"4*(-1 - s13/s12)))
masterCan@4 *(1024/(3*(-4 + d)*6*s12"4*(-1 - s13/s12)))
masterCan@5 *(160/(3*(-4 + d)"6*s12/4*(-1 - s13/512)))

Rapidly replay solution for different probes (reconstruction)

Allows complete control of expressions in system and masterCan@7 *(1280/(9*(-4 + d)"6*s12"4*(-1 - s13/s12)))
o _ masterCan@8 *(-1280/(9*(-4 + d)"6*s12”4*(-1 - s13/s12)))
Specn’ylng prec:lsely what to solve for masterCan@9 *(640/(9*(-4 + d)"6*s12"4*(-1 - s13/s12)))

| masterCan@10 *(-1120/(3*(-4 + d)"6*s12”*4*(-1 - s13/s12)))
Firefly: Klappert, Lange 19; Klappert, Klein, Lange 20

Ratracer: Magerya 22
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