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“Precision”

Goal
Theory — concrete, testable predictions

Experimental observations — parameters, interactions, dynamics

10! 5

— LO
— NLO

Precise predictions require a detailed
understanding of the theory

0 J
m? 99— ZH

Vs =13.6 TeV,my = 125 GeV

Fixed order amplitudes and subtraction
schemes (QCD & EW)

Parton Distribution Functions

Jets/Flavour

2 T
° =
Parton Showers/Resummations g e—
3(I)O 4(I)O 5(I)O 6(I)O 700 800
Non-perturbative aspects Mzn [GeV
For production process & backgrounds LHCHWG: Updated gg — ZH Prediction

Aveleira, Chen, Davies, Degrassi, Giardino, Grober,
Heinrich, SPJ, Kerner, Schlenk, Steinhauser, Vitti 25

Synergy: Precision is the melting pot of our best description of nature and the interface between theory and experiment



Introduction to Precision

Fixed Order Calculations

Integral Reduction

Computing Integrals

Sampling Phase-space

Subtraction

Process Simulation & Modelling

Resummation
Parton Showers  — Silvia (Tuesday)

Negative Events

Building Predictions

Parton Distribution Functions (PDFs) — Oleksandr (Today)

Estimating Uncertainties
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Fixed Order Progress

Impressive progress made in recent years venturing into very difficult territory (beyond MPLs, internal masses, 2— 3)

Higgs

Vector Bosons

Top

process known

desired

NNLOqcp +NLOgw (w/o decays)
pp — tt NLOgqep + NLOgy (off-shell)

NNLOqcp (w/ decays)

N’LOqcp

pp = tt+7
NLOgw (w/o decays)

NLOgqcp (off-shell effects)

NNLOqep + NLOgyw (w decays)

pp — tt +2j NLOgcp (w/o decays)

NLOqcp + NLOgw (w decays)

pp = tt+ V' NLOgqcp + NLOgw (w decays)

pp — tt+ NLOgcp (off-shell)

pp —> tt+ W NLOgcp + NLOgyy (off-shell)

NNLOqcp + NLOgyw (w decays)

process known desired
N’LOqep + NV LOgepsrw
pp—V “ aepe N*LOgyw
NLOgw
NNLOQCD —I— NLOEW FUH NLOQCD
pp = VV' + Full NLOqcep (99 — Z27Z), (gg channel, w/ massive loops)
approx. NLOQCD (gg — WW) N(l’l)LOQCD®EW
pp—>V +j NNLOgep + NLOgw hadronic decays
' NLOqcp + NLOgw (QCD component)
pp— V 4+ 2j @ NNLOqcp
NLOgcp + NLOgw (EW component)
pp — V + bb NLOgch NNLOqcp + NLOgw
pp — W + bb NNLOqcp
pp — VV/ -+ 1j NLOQCD + NLOEW NNLOQCD
_ NLOqcp (QCD component)
pp— V'V +2j “ Full NLOgop + NLOgyw

p = WTWT 4+ 27
pp — WTW™ + 27

pp — W+Z+2j

NLOgcp + NLOgw (EW component)

FUH NLOQCD + NLOEW

NLOgcp + NLOgw (EW component)

NLOgcp + NLOgw (EW component)

NNLOgcp*(w decays)

pp — L7 + 27 Full NLOQCD + NLOEW
pp — VV'V" NLOqcp +NLOgw (w/ decays) NLOqcp + NLOgy (off-shell)
pp —> WWW NLOgcp + NLOgw (off-shell)

pp — WWH(V — jj)
pp — WZ(V — jj)

NLOQCD =+ NLOEW (Oﬁ—SheH)

NLOQCD + NLOEW (Off—ShGH)

process known desired
N*LOpL,
NNLOUL <)
pp — H N N*LOyry, (incl.)
NV LOQepgEw
NNLOgrr, NNLOy1, ® NLOgep + NLOgy
pp— H+j NLOgcp N°LOpry,
N"YLOGepesw NNLOqcp
- NLOSen ) (incl.) N*LOG )
pp — H + 2_] (VBF*) (VBF)
NNLOGh NNLOGch
NLOLEH NLOqcp
~ NLOyry, NLOgcp + NLOgyw
NLOGer NNLOGh
N*LOgcp (incl.)+ NLOgw ~ N°LOgep
pp— VH (Sb) (1,1) )
NLO, " 117 N*""LOqcpeEw
NNLO
pp —VH+7 Qep
NLOgcp + NLOgw
N*LOgrr, ® NLOocp
pp— HH ° NNLOqcp
NLOgw
N?’LOEQVCBDF ) (incl.)
. (VBF™)
(VBF)
NLOGw
pp— HHH NNLOgrr, NLOqcp
_ NLO cp T NLOEW
pp — H + 1t ° NNLOqcp
NNLOgcp (approx.)
pp— H+t/t  NLOqcp + NLOgw NNLOqcp

pp — VY NNLOgqcp + NLOgw N3LOQCD
pp — 7Y ‘|—.] NNLOQCD + NLOEW NgLoQCD
' NNLOgqcp + NLOgw
pp =YY+
+NLOgcp (99 channel)
pp = VY NNLOgep NLOgw

pp — t/t NNLOqcp + NLOgw (w decays)
NLOgw (w/o decays) @
pp — tZ] NLOQCD + NLOEW (Off shell) NNLOQCD + NLOEW (W/O decays)
_ NLOQCD (W decay) NLOQCD + NLOEW (off-shell)
pp — ttit
NLOgw (w/o decays) NNLOgep
Jets
process known desired
_ NNLOqep
pp — 2JetS « NBLOQCD + NLOEW
NLOgep + NLOgw

pp —+ 3jets  NNLOqcp + NLOgw

Les Houches Wishlist [2504.06689]



Fixed Order Progress

Impressive progress made in recent years venturing into very difficult territory (beyond MPLs, internal masses, 2— 3)

Higgs Vector Bosons Top
process known desired process known desired process known desired
N*LOgrr, v N3LOQCD + N(l’l)LOQCD@)EW Lo NNLOqcp +NLOgw (w/o decays)
pp — EW _
H NNLOGES . el NLOpw pp — tt NLOqcp + NLOgy (off-shell) N*LOgep
pp — N LOHTL incl.
NOYLOG O w NNLOqcp + NLOgy Full NLOqcp NNLOqcp (w/ decays)
NLO pp—VV' + Full NLOgcp (99 — Z22), (gg channel, w/ massive loops) _ NLOqcp (off-shell effects)
QcD < - op — tE+j @ NNLOgep + NLOpy (w decays)
pp— H+j NLOgcp N*LOgr, pp—V+7g NNLOgep + NLOgw hadronic decays pp — tt + 25 NLOqcp (w/o decays) NLOqcp + NLOgw (w decays)
N(l’l)LOQCD(X)EW NNLOQCD op — v n 2J NLOQCD + NLOEW (QCD COHlpOIleDt) NNLO pp — tt__|_ V/ NLOQCD + NLOEW (W decays) NNLOQCD + NLOEW (W decays)
QCD _
NLOHTL ® LOQCD NNLOHTL @ NLOQCD + NLOEW NLOQCD + NLOEW (EW component) pp — tt 4y NLOQCD (OH—SheH)
3+ ~(VBF™) /. 31 A(VBF) - _
a9 NLOqep ° (incl) N"LOgcp pp =V +bb NLOqcp NNLOgcp + NLOgw pp =t +Z  NLOgep + NLOgy (off-shell)
PEETE NLolE) NNLOYEE) b .
( QC])D QCp pp = W+ NNLOqcp pp = tt+W  NLOqcp + NLOgy (off-shell)
VBF
NLOgw NLOqep pp = VV' +1j NLOqcp +NLOgw NNLOqcp _ NNLOqep*(w decays)
) NLOHTL NLOQCD + NLOEW NLO (QCD com onent) pp — t/t NNLOQCD + NLOEW (W decays)
pp — H + 35 . VY 492 QCD p Full NLO NLO NLOgw (w/o decays)
NLOGcp NNLOGcp o ! NLOqcp + NLOgy (EW 1 e A e -
. (‘)QCD = —— qcp +NLOgw  (EW component) pp — tZ] NLOqcp + NLOgy (off shell) NNLOqcp + NLOgy (w/o decays)
N°L incl.)+ NL N°LO +17+ ~
oy VH ( th()?D (incl.) EW o QCD pp— WIWT 425 Full NLOggp + NLOgw T NLOqcp (w decay) NLOqcp + NLOgw (off-shell)
: : o pp —
NLO,, ~pz N LOqopgEwW p— WIW™ +2; NLOgcp + NLOgw (EW component) NLOgw (w/o decays) NNLOqcp
pp— VH+j NNLOqep pp— W' Z+2§ NLOgcp + NLOgw (EW component)
NLO NLO .
- qep F YEDBw pp — 27 + 25 Full NLOgcp + NLOgw
N°LO ® NLO
pp— HH L QCD NNLOgcn pp— VV'V" NLOqep +NLOgy (w/ decays) NLOqcp + NLOgy (off-shell) Jets
NLOgw
VBEF" pp — WWW NLOQCD + NLOEW (Off—ShGH) .
N?’LOE‘:2CD ) (incl.) R process known desired
. - pp = W WT(V = jj)  NLOgep + NLOgyw (off-shell
pp— HH+2j NNLOG) NLOgcp = aull ) op - 2jets T OacD N*LOoep + NLO
pp = WZ(V = jj NLOgcp + NLO off-shell QCD EW
NLOGEH ( ) ey Ew ) NLOqcp + NLOgw
3
— .
pp—~ HHH NNLOy, NLOqcp Nt NNEOqep + NLOpw N"LOqcp pp — 3jets  NNLOgqcp + NLOgw
e 3
pp — H + 1t NNLOgqcp , NNLOqcp + NLOgw
— + channe
pp— H+t/l  NLOgep +NLOgw NNLOqen Qcp 199
N pp =YYy NNLOqcp NLOgw
- completed since 2021
- progress since 2021 Les Houches Wishlist [2504.06689]



Fixed Order Progress

Update

LH2025 wishlist will also include systematic summaries of status of resummation & PS

Also needed

1. Get processes/precision for Electron-lon Collider @ Brookhaven under control

2. Get a serious handle on Electroweak precision (for HL-LHC but esp. for FCC-ee, FCC-hh)




Highlight: Higgs + Jet @ N°LOyrL

Work in the Heavy Top Limit (HTL)

CY y
Leff :£SM,5 — ZHG'Z Ga,,,uz/ Y, - - q \}—a—

HTL valid for 4 /sy, <K 2my

Virtual amplitudes for Higgs + Jet @ 3 Loop Chen, Guan, Mistloerger 25
Generalised leading colour {N?, NCSnf, N?nz,an]?}

Reduction Improved seeding Block-

Very challenging calculation involving difficult IBP reduction Fi”iteFielf 1000%Eilc/pt *+ Spanning 20382§E/pt triangular form Secé/Bpt

>  ————

Non-planar, Rank 6, 305 master integrals per family

. . . . T Guan (QCD@LHC 2025
Blade (+improved seeding — seed with different ranks in ditferent sectors) ( )

Guan, Liu, Ma, Wu 24; Liu, Ma 18; Guan, Liu, Ma 20; Driesse, Jakobsen, Mogull, Pletka, Sauer, Usovitsch 24

Master Integrals
3-loop massless + one off-shell leg
Vita, Mastrolia, Schubert, Yundin 14

Planar + non-planar result expressed in terms of GPLs Canko, Syrrakos 21, 23
Many sectors in literature, remaining 2 computead Henn, Lim, Torres Bobadilla 23

. . ] . Gehrmann, Henn, Jakubcik, Lim, Mella, Syrrakos, Tancredi, Torres Bobadilla 24
Further topologies required to obtain sub-leading colour



Highlight: Higgs + Jet @ NLOgyy,

Two independent calculations of EW corrections to HJ g g g R TS ¢
A A ’y
Kira + Fire + Blade — 3600 Master Integrals 7 700000 N ! 700000 -
Klappert, Lange, Maierhofer, Usovitsch 08; Smirnov 15; Guan, Liu, Ma, Wu 24; T R —— g o) . T ¢
H
Find basis with d and invariants factorising & at most linear in d 17y I
7 OO — -- 7000 : --- #
Boundary conditions for master integrals using AMFlow v Ma, Wang 18; | |
Liu, Ma 23; Bi, Ma, Mu 25; Chen, Li, Sang 25;
Solve differential equations numerically
Chen Li Sang 25 o | gig—Hig @13TeV | - gtg — Hig @ 13TeV |
! ! g — LO --- NLOEW ] 10—1:_ — LO --- NLOEW =
= 0ol = E
é 1073 é’ 10-2§_ =
. . . 2 N E
Blade + FiniteFlow fixing € numerically Peraro 19 R s —
= - = = E
o = g 1
. . Y ~ = N 1
Compute master integrals using AMFlow 3ol g 10eL -
Bi, Ma, Mu 25 ool N 0k -
1.1 = 1.1 =
51.05F —~ §1.06~_ —
. . . g 1 = E 1 .
Both groups find that the EW corrections enhance the cross-section 20 ol ER I E
by around 4-5%, K-factor depends on p; 0% ~s00 1000 1500 %% 500 1000 _ 1500 2000
p, [GeV] m,; [GeV]

Chen, Li, Sang 25;

10



Highlight: Leading-Colour itW @ NNLOgp

N . - P2
Complete set of master integrals for NLO W production T
k‘l—!—k‘g P3
2 — 3 process with internal + external top mass, external W mass
5 N
P1 p3
p kg /g' P2 ks k;'
T ky + ko P9 T k1 + ko P4
p3 P5

Master Integrals
Becchetti, Canko, Chestnov, Peraro, Pozzoli, Zoia 25

Very challenging, nested square-roots and elliptic curves

Detailed study of structure of Mls and appearance of elliptic curves

Obtain e-tactorised form for sectors without nested sg-roots, elliptic curves . . » nested | non-dlog
amily basis size elliptic curves entries letters
square roots one-forms
dA matrix free of spurious denominator factors* 7 141 2 (figs. 3aand 3b) 1 (g 2) 2339 101 119
. . . . . . . 28 122 1 (fig. 3¢) 0 2027 122 84
Numerical evaluation via generalised series expansions DiffExp F; 131 1 (fig. 3c) 0 2333 137 96

Moriello 20; Hidding 21

11



Challenges

12



Overview Challenges

Fixed Order Calculations

Integral Reduction Decompose Process

Computing Integrals

Sampling Phase-space Generate Diagrams

Subtraction

Process Simulation & Modelling

Compute Amplitude

Resummation
Parton Showers

Negative Events

Building Predictions
Compute Integrals

Parton Distribution Functions (PDFs)

Estimating Uncertainties

13



Example 1: Higgs Production in ggF

LHCHWG ggF (Yellow Report 5 Preparation)

Theoretical uncertainties dominate experimental sys/stat even for 6., it is critically important that we improve theory precision
ATLAS-CONF-2025-006; CMS-PAS-HIG-21-018

Calculations References
Approximate N*LO HTL QCD 1]
N3L.O HTL QCD 2 3.4] -
NNLO HTL QCD 5,6,7] "
NLO HTL QCD 8,9] TTTTTON, 4
NNLO QCD 10,11,12,13]
NLO QCD 14,15
EW & Mixed QCD-EW Corrections | [16,17,18,19]
N3LL Threshold Resummation 20,21]
PDFs References %,
Approximate N3LO PDFs 22,23,24,25] §
QED Evolution PDF's 26,27,28,29,30,31,32] Ao Y e
NNLO PDFs 33,34,35,36,37]
Codes References &
N3LO QCD [38]

[1] Das, Moch, Vogt 20; [2,3] Anastasiou, Duhr, Dulat, (Furlan, Gehrmann), Herzog, (Lazopoulos), Mistlberger 15, (16); [4] Mistlberger 18; [5] Anastasiou, Melnikov 02; [6] Harlander, Kilgore 02; [7] Ravindran,
Smith, van Neerven 03; [8] Dawson 91; [9] Djouadi, Spira, Zerwas 91; [10] Czakon, Niggetiedt 20; [11] Czakon, Harlander, Klappert, Niggetiedt 21; [12,13] Czakon Eschment, Niggetiedt (Poncelet,
Schellenberger) 24 (24);[14] Graudenz, Spira, Zerwas 93; [15] Spira Djouadi, Graudenz, Zerwas 95; [16,17] Actis, Passarino, Sturm, Uccirati 08, 09; [18] Aglietti, Bonciani, Degrassi, Vicini 04; [19] Becchetti,
Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 21; [20] Bonvini, Marzani 14; [21] Catani, Cieri, de Florian, Ferrera, Grazzini 14; [22] MSHT 22; [23] NNPDF 24; [24] Benchmarking 24; [25] MSHT+NNPDF 25;
[26,27] Manohar, Nason, Salam Zanderighi 16, 17; [28,29] NNPDF 18, 24; [30,31] MSHT 19, 22, 24, [32] CTEQ 22; [33] PDF4LHC21; [34] CTEQ 21; [35] MSHT 21; [36] ABM 17; [37] NNPDF 17; [38] iHixs 2 18

14



Example 1: NNLO Mass Corrections

Top-Mass Corrections b
Requires H @ 3-loop & H+j @ 2-loop t
Computed using numerical solution of differential equations -- b >

Czakon, Niggetiedt 20;
Czakon, Harlander, Klappert, Niggetiedt 21

Decreases o, by —0.26 % @ 13 TeV compared to heavy top limit (HTL)

Top-Bottom Interferences o | o
Niggetiedt, Usovitsch 23; Czakon, Eschment, Niggetiedt,

H @ 3-loop with two different quark masses (m,, m,) in the on-shell and MS quark mass scheme Poncelet, Schellenberger 23, 24
290 Mls computed by combining asymptotic expansion m? < mj; << mf + AMFlIow  Liu, Ma, Wang 17; Liu, Ma 22, 22

Order (oM> — o9%) [pb] Order Otxp [PD]
Vs =13 TeV /s = 13 TeV

O(a?) —0.04 5FS 5FS 5FS AFS

O(Oég) +0.02 mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

NLO —0.02+0:14 O(a3) —1.11 —1.98 —1.12 —1.15

O™ 1001 LO 1111948 ~1.9819:28 —1.121945 ~1.15194

J 10,12 O’ —0.65 —0.44 —0.64 —0.66

NNLO —0.01 2575 (a5 +0.27 +0.19 +0.27 +0.28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2) %063 —-1.99(2)"0 2 —1.78(1) * 003 —1.83(2) 70 03

15



Example 1: Approximate N°LO PDFs

gg luminosity
Vs =13.60 TeV

1.25
. . . [ 41 NNPDF4.0 aN3LO MHOU
Would like to match the N°LO matrix elements with N°LO Parton g 1201 ~— MSHT20 3,33LO
Distribution Functions 5 1.15
% 1.10 A I
o
E—_' 1.05 A
Fitting higher-order PDFs relies on many fixed-order/multi-loop 2 1.00- |
ingredients: S 0.95- |
* DIS Coefficient Functions Massless (KNOWN) / Massive (APPROX) 5 0.90 |
. , 0.85 —
* 4-loop Splitting Functions (APPROX) 10 102 10
o . . Mx (GEV)
(Mellin moments + large/small-x limits)
1.25
» Transition matrix elements (KNOWN) Fits enhance their uncertainties | —~ PDFALACZI NNLO
. t for thi o 120 ] MSHT20xXNNPDF40 aN3LO
. . O account T1or IS —
« N’LO hadronic matrix elements (UNKNOWN) - 2 1.15- == M5HT20xNNPDF40 aN3LO QED
NNPDF use scale variations - i
MSHT use extra nuisance terms < 1107 |
F 1.051
Approximate N°LO PDFs have been produced and combined by = 1004 |
MSHT & NNPDF using the partial theory input available at the time of 2 0.95- | N
the fits * 0.901 N
MSHT 22; NNPDF 24; Benchmarking 24; MSHT+NNPDF 25; 0.85 — I —_ v
101 102 10°
My (GEV)

MSHT + NNPDF 25

16



Example 1: Approximate N°LO PDFs

(aN3LO PDF ® N3LO HTL) vs (NNLO PDF ® N3LO HTL)
alN3LO vs NNLO alN3LO vs PDF4LHC21 NNLO
7 —42%  —6.0% —2.0% —52%  —6.8% —3.2% . .
13.6 ~3.8%  —52%  —2.1% ~4.2%  —59%  —2.2% total cross-section around LHC energies
100 —0.7% +0.6% —1.6% —1.0% —0.7% —1.0%
(aN3LO PDF ® N3LO HTL) vs (NNLO PDF ® NNLO HTL)
alN3LO vs NNLO alN3LO vs PDF4LHC21 NNLO
Vs [TeV] | MSHT20xNNPDF40 MSHT20 NNPDF40 | MSHT20xNNPDF40 MSHT20 NNPDF40 Using matChed Order fOr PDF and matriX element
7 —0.8% —2.6% +1.5% —1.8% —3.5% +0.3% . . . . .
13.6 —0.5%  —1.9%  +1.3% -0.9%  —26%  +1.2% gives smaller shifts except at higher collider energies
100 +3.1% +4.4% +2.1% +2.8% +3.1% +2.8%
gg lumi, ¥ < ¥4 max, NNLO gg lumi, ¥ < yH max, N3LO
300 Mag S G —— 300 e = 125 Gev l
— 200 F Vs =13.6TeV - 200 | VS = 13'6Te\/// PDF4ALHC21 - 3
- PDF4LHC21 —— SR : o)
5 weoraonmio — | 100l NNPDFA0.ANAL0 —— | Differences between sets larger at aN-LO (3-4%)
L2 L | MSHRONND — Ll s s L than at NNLO (1-2%), adding rapidity cuts
1.04—— T 11 P B further increases the size of the differences (~6%)
1.02 [ o ] 1.02} ;
N 1.00f — e 1.00f ]
L [ H S S ] [ ]
F 0.98F o n 0.98 ]
a 3 ! - ] . . .
5 0.96¢ 1 9% ; What is the right thing to do?
o 0.94} ] 0.94 ]
% 0.02} 1 oo2f : How should we assign a PDF-TH uncertainty to this?
0.90F 0.90 F -

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
YH, max YH, max

Salam (Higgs Hunting 2025)
17



Example 1: ggF Summary

Final result receives contributions from many sources
Uncertainties related to finite masses greatly reduced, QED evolution effects should now be included in central recommendation

o(theory) = o(scale) + 6(EWK) + 6(¢, b, ¢)

— 2 2
5(t, b, c) = 55eme(p) + sMHOU(7) 4 gscheme(y x by + sMHOU(s x b) + SMHOY (B, ¢, 1 x ¢, b X ¢) o(PDF + ay) = \/ o(PDF)” + o(a)

Negligible +0.17% +0.26 % +0.17 % Negligible

Estimated using NLO vs NNLO PDFs

Use NNLO vs aN3LO? (will be ~1.5x larger)
Vs = 13.6 TeV NNLO PDF aN3LO PDF

My [GeV] o pb] | d(theory) d(scale) OG(EWK) d(t,b,c) | 6(PDF 4+ as) o(PDF) d(as) O)(PDF-TH) | A(QED) || Alpb] d(PDF+ as) | A(QED)

120.00  55.89 | Tugs%  Uos%  £1.00%  +0.60% 205 % TN % % +2.42% ~1.09% || —2.13 T % ~1.45%
122.00 5431 | fTyoi% 0% £1.00%  4+0.60% 5% T8 % TR % +2.40% ~1.10% || —2.08 H207% —1.45%
124.00 5279 | Tyoi% 0 U %  £1.00%  +0.60% 0% He% % £2.37% ~1.10% || —2.03 20T % ~1.45%
124.60 5234 | Tuoi% 0 U0 %  £1.00%  +0.60% 20l % TI0% . TR £2.36% ~1.11% || —2.01 T207% ~1.45%
124.80  52.20 | Tygi% U0 %  £1.00%  +0.60% 20 % Lo \ % +2.36% ~1.11% || —2.01 T207% ~1.45%
125.00  52.05 | fyoi% oo %  £1.00%  4+0.60% 208 % L% Y% +2.36% ~1.11% || —2.00 207 % —1.45%
125.09  51.98 | Tugi% U0 % £1.00%  +0.60% 20T % Na% % +2.36% ~1.11% || —2.00 20T % —1.45%
125.20  51.90 | Tuoi%  ooi%  £1.00%  +£0.60% T TIE% TR % +2.35% ~1.11% || —2.00 H207% —1.46%
125.30  51.83 | Tuge%  ouc%  £1.00%  heho% TSt % % T % +2.35% ~1.11% || —1.99 0% —1.46%
125.38 5177 | Tuge%  ouc%  +1.00%  +0.60% 28T % He% T % +2.35% ~1.11% || —1.99 T205% —1.46%
125.60  51.62 | Tyoc%  ou0%  £1.00%  40.60% 2 0a% % TTa% +2.35% ~1.11% || —1.99 o8 % —1.46%
126.00  51.33 | Tuge%  oac%  £1.00%  +0.60% 2.0 TIE% TR % +2.34% ~1.11% || —1.98 T20%% —1.46%
128.00  49.93 | Tp90%  TU00%  +1.00%  +0.60% 20 % % TR % +2.32% ~1.12% || —1.93 0% —1.46%
130.00 4859 | Tpge%  00%  £1.00%  +0.60% 20T % % TTN% +2.30% ~1.13% || —1.88 2089 —1.46%

18




Example 2: Higgs Boson Selt-Coupling

EWSB 1 A
LD -V(p), V(D) = —p2(®TP) + \(PTD)? V(H) = —myuH* + \vH"> + ZH4
Higgs boson pair production provides us with a direct experimental handle on this coupling
g -h g 0000000 —= -=-=--h
ljs  ~
- = X R A
g “sn)olg —L
Structure of QCD corrections to the amplitude 02— . _
" ) ) S 14 TeV
% — 81# 82,1/5 (Alpf +A2P5 ) 0.1

da/dmpy [fo/GeV]
o
o

Gr o, 3m3
21 s —mal /
2 a |
----- - triangle
~0.1 | ]
GF CZS mterference:
A2 — TF S Az,yt2 [ — SuUm
2 2m ] e
300 400 500 600 /700
LHCHXSWG-2019-005 myy [GeV]
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Example 2: Higgs Boson Selt-Coupling

q) 12 1 T
c ATLAS + CMS Projections ESPPU 2026
IS Lol VS =14 TeV, 3 ab™! per experiment
'"é SM HH production (k) = 1)
Latest HL-LHC projections: & o
T Or mam bbbb
.. (S -
Anticipate 76 measurement of HH 3 W= bbyy
= 6f mmm bbtt
Precision on k3 < 30 % o " Combined
T 4|
Potential for further analysis improvements
2 =
— Steven (Tuesday)
0

ATL-PHYS-PUB-2025-018; CMS-HIG-25-002
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Example 2: HH Production Overview

[1] LO [2] NLO HTL 5.6] NNLO HTL (Slide design shamelessly
e stolen from G. Salam)

[8] Full reals (FTapme)
‘\ - - A

[29] small-py + small-m; 88 = « .-
[30] EW: leading Yukawa vs /13eff 13
31] EW: leading Yuk 14
S1/EW: leading Yukawa +0O0(1/my) [9] NNLO virt 1/m?
[32] N°LO + N°LL + NLO m,
[33] small-t SINLOHTL + NNLL +0O(1/my)

- 8 15 r
[34] NNLO: n, contrib. A4INLO 1/m€2
[35] EW: 1/m; 7INLO 1y
[36] NLO comb expansions 16 _
137] NLO EW corrections [26] N3LO HTL [13] NLO + NLL [10] NNLO HTL (Fully Diff)
[38] NLO + bbyy decays 125,27] NNLO 1/m2 [14,15] NLO + PS5 [11,12] NLO numerical

[39] NNLO: reducible
[40] EW: Yukawa/self-coupling
[41] EW: self-coupling

16] 1/m, + thres. .
: el Uy - o

Y A .. A

[17,28] NLO MS m

[42] EW: Factorizable \ IR S 18 18] NNLO (FT ) S
[43] EW: Yukawa/self-coupling small-m, 19 191 NNLO 1 Na[E]pEEX
[44] NNLO: Large-N, small-py [23] NLO small-ps + thres.
. ‘. 21 20] NLO small-
[45] EW: Light quark induced 23 22 [24] NLO num. + small-m; [20] Pr

[46] NLO comb expansions 25 24 [21,22] NLO small-my

[1] Glover, van der Bij 88; [2] Dawson, Dittmaier, Spira 98; [3] Shao, Li, Li, Wang 13; [4] Grigo, Hoff, Melnikov, Steinhauser 13; [5] de Florian, Mazzitelli 13; [6] Grigo, Melnikov, Steinhauser 14; [7] Grigo, Hoff 14; [8] Maltoni, Vryonidou, Zaro 14; [9] Grigo, Hoff,
Steinhauser 15; [10] de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhofer, Mazzitelli, Rathlev 16; [11] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16; [12] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Zirke 16; [13] Ferrera, Pires
16; [14] Heinrich, SPJ, Kerner, Luisoni, Vryonidou 17; [15] SPJ, Kuttimalai 17; [16] Grober, Maier, Rauh 17; [17] Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher 18; [18] Grazzini, Heinrich, SPJ, Kallweit, Kerner, Lindert, Mazzitelli 18; [19] de Florian,
Mazzitelli 18; [20] Bonciani, Degrassi, Giardino, Grober 18; [21] Davies, Mishima, Steinhauser, Wellmann 18, 18; [22] Mishima 18; [23] Grober, Maier, Rauh 19; [24] Davies, Heinrich, SPJ, Kerner, Mishima, Steinhauser, David Wellmann 19; [25] Davies,
Steinhauser 19; [26] Chen, Li, Shao, Wang 19, 19; [27] Davies, Herren, Mishima, Steinhauser 19, 21; [28] Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 21; [29] Bellafronte, Degrassi, Giardino, Grober, Vitti 22; [30] Muhlleitner, Schlenk, Spira 22; [31]
Davies, Mishima, Schonwald, Steinhauser, Zhang 22; [32] Ajjath, Shao 22; [33] Davies, Mishima, Schonwald, Steinhauser 23; [34] Davies, Schonwald, Steinhauser 23; [35] Davies, Schonwald, Steinhauser, Zhang 23; [36] Bagnaschi, Degrassi, Grober 23; [37] Bi,
Huang, Huang, Ma Yu 23 [38] Li, Si, Wang, Zhang, Zhao 24; [39] Davies, Schonwald, Steinhauser, Vitti 24; [40] Heinrich, SPJ, Kerner, Stone, Vestner 24 [41] Li, Si, Wang, Zhang, Zhao 24; [42] Davies, Schonwald, Steinhauser, Zhang 24; [43] Davies, Schonwald,
Steinhauser, Zhang 25; [44] Davies, Schonwald, Steinhauser 25; [45] Bonetti, Rendler, Bobadilla 25; [46] Davies, Schonwald, Stremmer 25;
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Known to (NLOcp + NNLOgp, 00 + N°LOyp + N°LL) + NLOgy

Scale uncertainty ~ 3 % (reweighted N3LOHTL)

Example 2: State-of-the Art

PDF+a, uncertainty ~ 2.5 %

Can consider top quark mass in OS or MS scheme

( a,(p) )” (zZ(M) 1 7log( /4)>

mp)  Z,>
M ZMS T = 2,

27

4-loop: Marquard, Smirnov, Smirnov, Steinhauser, Wellmann 16

Top quark mass scheme/scale is the dominant theoretical uncertainty

donrLo
dC) 1Q=300 GeV

donro
d() 1Q=400 GeV

donro
d() 1Q=600 GeV

donro
d() 1Q=1200 GeV

= 0.02978(7)15%, fb/GeV,

= 0.1609(4)"%% fb/GeV,

— 0.03204(9)T%% fb/GeV,

30%

= 0.000435(4)72% th/GeV

35%

Large
uncertainty
comparing
OS with MS

Mass

22

Ratio to OS

10

1.6

1.4 |

1.2

1.0

0.8
0.6
0.4
0.2

gg — HH at NLO QCD | f = 14 TeV | PDF4LHC15

—— MS scheme with mt( )
MS scheme with m,(m g/ 4)
___ —— MS scheme with m,(mygy)

[r—
— —

: —— OS scheme, m; = 172.5 GeV
do/dm,,,; [fb/GeV]
BR = g = Mpgp/2 1
Full NLO results for different top-quark masses ) :

400 600 800 1000 1200 1400
My (GeV]

Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira, Streicher 18, 20, 20



Example 2: Leading Power Expansion

Consider the LO and NLO finite virtual corrections

a a, \’ . — Agp(mP®) = AT () 4 AL (m)
Afin = 2 AO 4 (=2} AD 4 6(a?d) IO 0) (WS ) ( WS\ . aslun) 4(1) (NS
L,J 2 l,] oy l,] s & S Ai,yg(mt ) Ai,yg(mt )"‘TAi,yg(mt )
o
“ I . — 107 3
Use "SCET" IR scheme for virtuals Becher, Neubert 09, 13; )
ER
Neglecting real contributions > .
Solid Lines: Full TH result = il

Davies, Mishima, Steinhauser, Wellmann 18;

Dashed Lines: Leading power expansion

_eading power is a good approximation
fory/s 2 1 TeV, let us focus on the very
high energy behaviour of the amplitude

DN
1.5 \\\\
10 _| .................. .T-----'T'—--'"""'":""""""'"':_—'———'-——I'—'-——-———-!
1000 2000 3000 4000 5000 6000 7000 8000
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Example 2: Structure of Box Amplitude @ High Energy

The gg — HH amplitude in the MS scheme has the following leading power structure L, = log(u?/s)

= log(u?/s),log(m?/s)
LO: oy t2 (CO+mt nO)a

Davies, Mishima, Steinhauser, Wellmann 18;
Baglio, Campanario, Glaus, Muhlleitner, Ronca,

NLO:a22a1+C+mn 0 Ira, Streicher .
sV @by + €xtmny), - spre, steicher 2 Leading log structure generated

AN i to all orders by RG running
NNLO : asytz(azlﬁ T + ¢ Fm 1), Master integrals known

Caola, von Manteuffel, Tancredi 20:
Bargiela, Caola, von Manteuffel, Tancredi 22; mLL(,u) — Mexp [aZL(IM)] Zm(M)

N°LO : o)y (@l + byl + dil, + c3+m, ny),

(1) u
. . . . al() = —In|1-—=28,In [ —
N'LO : a! 'y (a;l], + +dl 7+ 4eAmn,). 2 [ 2 0\ M?
LP Constant
LP LL LP NLL Hard region (m. = 0)
Known from RG running RG running + ar I’?gIO.ﬂ e =
i contribution only,
of top-quark mass massitication
known to NLO
Jaskiewicz, SPJ, Szafron, Ulrich 25 Penin 06;: Moch, Mitov 07; Becher,

Melnikov 07; Engel et al 19; Wang,
Xia, Yang, Ye 23;
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Example 2: Mass Scheme Uncertainty

At high-energy the differences between OS and MS
in the box amplitudes is driven by the known LP LL

. —_ A(0)2 m,OS R A(0)2 mOS) + ozs(uR)A(l)2 m,0S
terms, let’s include them also for the OS 10~ TN i t_) i t_) or A ’5_)
: \ AL, (mMS) A (mMSy 4 —O‘SS’J’R)AQ)Q (mM>)
~ N LYy LYt n tYq
§
= 1072
=
+ 1077 5
<
1074 5

\
\
15108
. \\\\N\\
10 _| .................. ..I.----!-T------:—-—-_-.-:____-_.-I._-____-I
1000 2000 3000 4000 5000 6000 7000 8000
Jaskiewicz, SPJ, Szafron, Ulrich 25 MuH [GeV]
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Example 2: Mass Scheme Uncertainty

At high-energy the differences between OS and MS

in the box amplitudes is driven by the known LP LL
ferms N A(?)Q(mgs) S A(O)Q(mgs) 4 2alur) (1) (m®8)

2T i,y2

t

Uncertainty
LO: ~70% (blue band) S
NLO: ~25% (red band)

1.25

1.00

0.75

0.50
1000 2000 3000 4000 5000 6000 7000 8000

Jaskiewicz, SPJ, Szafron, Ulrich 25 mun [GeV]
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Example 2: Mass Scheme Uncertainty

At high-energy the differences between OS and MS
in the box amplitudes is driven by the known LP LL

;o N e AL 08y L AOLL) 08y 4 aslur) 4(LLL) () Os
terms, let’s include them also for the OS 10~ %, i () g M) T Ay )
1 % 0 MS 0 MS s 1 MS
. Ay (™) AL), (mS) + 22 4(1), ()
T
1 [
Uncertainty E
LO: ~70% — 15% (blue band) <a
+ 1073 <
NLO: ~25% — 7% (red band) "
O
=
1074 -
1.25
1.00
0.75 -
0.50 . . . . . .
1000 2000 3000 4000 5000 6000 7000 8000
Jaskiewicz, SPJ, Szafron, Ulrich 25 mun |GeV]
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Example 2: Mass Scheme Uncertainty

At high-energy the differences between OS and MS

in the box amplitudes is driven by the known LP LL
, . N e A(.O’gL)(m?S) ...... A(OaQLL)(m?S) 4 as(MR)A(_l,gL)(mg)S)
terms, let’s include them also for the OS 1071 & it O ik
IR T AL —— AT () ¢ Al (m))
: i
Uncertainty E Y
LO: ~70% — 15% (blue band) <a
+ 1073 <
NLO: ~25% — 7% (red band) e
<
1074 -
This uncertainty can be further reduced by _
computing the LP amplitude at NNLO 125
1.00 P
0.75 -
Nevertheless, all only valid for very high energies, 0,50 | | | | | |
so far only considered the virtual amplitude... 1000 2000 3000 4000 2000 6000 7000 8000
Jaskiewicz, SPJ, Szafron, Ulrich 25 mun |GeV]

Need an NNLO calculation
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Example 2: Higgs Boson Pair Production @ NNLO

> — o < ----
Figure: Davies, C oo soTTT— < — = -
Schonwald, >
Steinhauser,
Vitti (LHCHWG I 1 | 1 <
HH Report)
> -=--- BOOOOE——=——N000000—>— — - — - BOOCT—> > >—o - - - - > -- -

Very challenging computation
Reducible contribution computed recently ~(Higgs production with oft-shell gluon leg

General calculation requires 3-loop IBPs with (s, ¢, my, my) including internal and external masses

Large number of very complicated (=beyond MPLs) massive master integrals

2
) Davies, Schéonwald, Steinhauser, Vitti 24

Real'Virtual alSO very Cha”engiﬂg (2 —> 3 @ 2‘|OOpS) Davies, Steinhauser 19: Davies, Herren, Mishima, Steinhauser 19, 21;

One promising approach (captures bulk of total cross-section at NLO) is to expand in the forward limit

Bonciani, Degrassi, Giardino, Grober 18; Grober, Maier, Rauh 19; Bellafronte, Degrassi, Giardino, Grober, Vitti 22,
Bagnaschi, Degrassi, Grober 23; Davies, Mishima, Schonwald, Steinhauser 23; Davies, Schonwald, Stremmer 25;

First significant steps: Large-N. in the forward limit (t = 0, my = 0) bavies, schénwald, Steinhauser 23, 25

Important to now develop robust methods for massive calculations beyond 2-loop
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Synergies
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Interpretation & EFTs

Precision theory is the meeting point of ideas from amplitudes, phenomenology, EFTs

“Precision” can signitficantly feed into our interpretation at colliders

Example

Consider (partial) EW corrections to gg — HH with arbitrary 3-Higgs (g3), 4-Higgs (g,) and Yukawa vertices (g,)
Encounter 1/e UV divergences which require renormalisation

*- 000000 .
’ 7 \\ /’
s ’ ~ - 1
== -, P 1 ~ -
P ~ , ~ - 1
V4 A ;’ ,, 1 SO P
\ -’ . 1 s e !
1 -, ’, A \x A 1
--——— & -—— 1 v - ~ v I
S ~ 1 P s
1 ~ ~ P ~ ]
\ Vs ~ ~ 1 - S
. S ~ - ~ 1
~ -7 s ~ 1 - ~
-~ ~ ~ ” ~ ]
~ 1 ~
. N OO . OO R

Heinrich, SPJ, Kerner, Stone, Vestner 24

Y
Y
1
1
1
1
1
1
1
1
-'

1
1
1
1
1
1
1
1

A

A

Fix vev counterterm using a vertex, but obtain different 1/€ in renormalisation constants depending on the vertex

g:8miy + 2g7m, (mg — 4m?) N, SM limit all ok

2 2,2 2 2,2 2 2,2
327°mgm,e saf M 3my 3my _ s M 3my 3my _ s M 3my 3my Ls
ﬁ \ S T2 =0\ T, e = 0, by 2 = VlUV

UV UV UV

5\3%(8# 83 g4) |UV — =

2gtg4Nc(gt(m£, + 6m13mt2) — 2g3mt3) + gfm;; — 24gfm£,Nc

584 ’ ’ —
1% (gt 83 g4)|UV 327t2g4m1‘§€

Ok to talk about «;, x, when considering QCD corrections, EW corrections need something more e.g. EFTs
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Outlook

Current Status
Theory uncertainties have already started to limit our ability to explore the Higgs sector

It is critically important to have a robust fixed-order programme alongside precision developments in parton
showers and analysis techniques

Future Community Goals
Lift standard candle processes and interesting final states to N°LO making this the new standard

Refine tools/techniques for multi-loop electroweak corrections, with two-loop electroweak becoming a new
standard (also in prep for FCC-ee) — Matthias (Today)

Continue to develop our understanding of formal limits of amplitudes, higher-point amplitudes, impact ot masses,

Thank you for listening!
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Backup



High-energy limit

2
Expandi litud i fin — %5 4 (0).fin s (1),fin 3
panding amplitude perturbatively A; A + > A + O(a;) and around m, ~ ()
T

gg > HH % - e gg —> ZH % < « M
Davies, Mishima, Davies, Mishima,
Steinhauser, Wellmann 18; Y A Steinhauser 20; Y 0
Baglio, Campanario, Glaus, Chen, Davies, Heinrich,SPJ,
Muhlleitner, Ronca, Spira, > N - Kerner, Mishima, > > ~
Streicher 20 N Schlenk, Steinhauser 22 /6666\ S
_m2_
0) _ .2 2 /B 192 0 o |
ALD ~ Y2, D) + 7 O(my) A~y m, f(s,1) log —
_m2_ i - )
AD ~3C.AV1og [ L | + y2O@m? C,—C m?
o~ ICPATTI0R | | A OWm) A0 A7 P 0 o0 | 1
L : 12 ’ )
Leading lOg(mtz) frOm Mmass counter term, Converting Leading lOg(mtz) Not COming frOm Mmass counter term
to MS gives log [,uf/s] — scale choice of i ~ s (C4 — Cp structure)

Goal: How does the simple structure in gg — HH arise? Does it generalise to all orders in o,?
Can we resum these logarithms?
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Application to gg — HH:
Scalar Integral Level



High-Energy Expansion of gg = HH @ 1-loop

Limit: s, [ 7], |u| >>mt2>>m13, mé—>()and/1~mt/Q

J d%f 1 1 1 1
Rnr)d %2 —m? (€ + q))? —m? (€ + q; + qp)* — m? (€ — qz)> — m?

!

Hard region u® = (0,0,0,0)

!

Every propagator scales as A°
Achieved by hard scaling of the loop momenta £# = Q(1,1,1)

'

J di¢ 1 1 1 1
Qo 2 € +q)> (€+q+q) (€—qz)?

0

ny/
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High-Energy Expansion of gg = HH @ 1-loop

Limit: s, [ 7], |u| >>mt2>>m13, mé—>()and/1~mt/Q

Automatically find remaining regions in parameter space

u’ order interpretation | routing
(-2,-2,0,0) | 4—2(e+a+0) | ¢ %
(0,-2,-2,0) | 4—2(e+B4+7) | & {— qi
(-2,0,0,-2) | 4—2(e+a+9) | c3 {+ g3
(0,0,-2,-2) | 4—2(e+7v+9) | & {— q1 — qo
(0,0,0,0) |0 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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High-Energy Expansion of gg = HH @ 1-loop

Collinear Regions

q1 513 | q3

\ -, ¢ 513 | qs ¢ 513 | q3
{+q | / / /
1 -+ 914‘@]3l
S£> ATK_QB Si’ ‘15—93—611 Si’
( - N\
2 R U Q2 t+a q4 0 4 0 q> - Q4
u) = (-2, -2,0,0) u® = (0, - 2, - 2,0) u® = (0,0, -2, —2) u® = (-2,0,0, — 2)
Collinear g, region £# = Q(1,1%, 1)
A% 1 1 1 1 Collinear regions are also leading
J Qmyd €2 —mg (€ +q)> —mi 2(C+q)) - qp =20 - g3 power at the level of scalar integrals!
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High-Energy Expansion of gg = HH @ 2-loops

Topologies

q2 R R qa /42 R R qs . g2 R R qq4 g2 R R g3
LS ¢ LS ¢ LS ¢ LS ¢
LS . LS . S e - ’ ~ - -
1 1 z Z 1
1 Y/ 1 Y/ 1
¢" ~~~ ¢" ~~~ ¢" ~~~ ¢" N ~~~
g1 - ~ (3 g1 - 62 S~ 44 g1 - ~ (3 g1 - 22 ~ g4

P1 NP1 P2 NP2

Regions (Parameter Space)

q2 .. . g3 q2 .. . q3 q2 .. . q3 g2 .. L» 43 q2 .. .* g3
~§ ” ~§ ” ~§ ” ~§ f' ~§ f’
7 7 7
' { ' Yj
» Vs »
’ ’ ’ P P
P P P P P
"‘--- ~~ "‘--- ~~ f“-- ~~ f“-- ~~ f"--- ~§
qr #~ s qu qr »~ S qu qr »~ Ssqa qr -~ Ssqa q1 »° Ss qu
(—2, —2,—2,0,0,0, —2) (—2, —2,0,0, -2, -2, O) (—2, —1,0,—1, -2, -2, —1) (—2, 0,0, -2, -2, -2, 0) (()7 0,0,0,0, -2, —2)
q2 ~~~ "¢ q3 q2 ~~~ "¢ q3 q2 ~~~ "¢ g3 q2 ~~~ "¢ q3
N L 4 ~ L 4 ~ L 4 N L 4
I’ .
X 2 X .
P P P P
f“-- ~~ f"--- ~~ f"--- ~~ f"--- ~~
(—2,0,0,0,-2,-2,-2) (=1,-2,-2,-1,0,—1,-2)  (0,-2,-2,-2.0,0,—2)  (0,-2,-2,0,0, -2, —2)
q2 ~~~ "¢ g3 q2 ~~~ "¢ g3 q2 ~~~ ”¢ g3 q2 ~~~ ”¢ q3
~ " ~ " N L ~ ‘f
< . ; ’ " ‘
’ » ’ »
P P P P
P P P P
q1 »° s g4 q1 »° s g4 q1 »° s qa q1 »” S qa

(0,0,—2,-2,0, —2, —2) (0,0,—2,-2,0,0,0) (0,0,0, -2, —2, —2, —2) (0,0,0,—2,—2,0,0)
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High-Energy Expansion of gg = HH @ 2-loops

u’t order interpretation | routing
(-2, -2,-2,0,0,0,-2) — e c1Cq 0y, {9
(-2, -2, 0,0, -2, -2, 0) —4e c1Cq b1, 09 —q3 — qu
(-2,-1,0,-1,-2,-2,-1) | =1 —4e | 55 b1, by — q3 — qu
(-2, 0, 0, -2, -2, -2, 0) — e c3C3 b1, Uy — qq
(-2, 0,0, 0, -2, -2, -2) —4e CoCo b1, {3 — q3 — qa
(-1,-2,-2,-1,0,-1,-2) | =1 —4e | sS (1 — qq, {9
(0, -2, -2, -2, 0, 0, -2) —4e C4CY 1 —qq1, U9
(0, -2, -2, 0, 0, -2, -2) —4e CoCo 1 — q1, V9
New features: (0, 0, -2, -2, 0, -2, -2) — e C4Co {1 — ¥y +q3 + qa, V1
(0, 0, -2, -2, 0, 0, 0) —2¢ cah {1 — ¥y +q3 + qa, V1
1. Soft modes appear lg = 04, 4, 4) (0,0,0,-2,-2, -2, -2) | —4e C48s 01 — 0y + 3. 01 — 4
2. Soft regions are power enhanced at (0,0, 0,-2,-2,0,0) e 3 b—ftas b —a
level of scalar integral (0,0,0,0,0, -2, -2) e hez b, fut bz —as —as
(0,0, 0, 0, 0, 0, 0) 0 hh n/a

Can again find momentum space interpretation
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High-Energy Expansion of gg = HH @ 3-loops

.* d4 q2 ~ o .* d4
43 Pg “ua s
— s’ RS DS
1
01 3 I 0
’ N
1
1
e’ — iFS e’ DS
- /¢ ~ - ~
'¢ 1 §~ '¢ ~~
qgi = ~ (3 g1 = ~ (3

Indeed find new modes entering
Expect new modes entering at

Hard-colli 4= Q1,47
ard-collinear l C (1,4, 47) each loop order, consistent with

Soft-collinear l” — Q(1,12,17) results in the literature

Ma 23
Ultra-soft ZZS = 0(1%, 1%, 2%
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Application to gg — HH:
Amplitude Level



Amplitude Level Results @ 1-loop

Can compute amplitude level results tfor each region, at the 1-loop level:

a1 t 03 Leading Power (LP)
— dy; 2 1 (s*+2t e Ly
\ < ! / Aih)z :ﬂ {2 — 2mt2 2 - (8 L ¢ ls t )
€+qll it S | €°s € stu u i
Hard region s Y i o 2224212 Ll Ll (E—u)?ld,
- _> | S ot u stu
> 2 1 1 tl [, 60+ 137%
== (et l)y ot vl QDR oy
o {tatae o s t u su st 6s
Next-to-Leading Power (NLP)
Generates

() —4yimi p*e’=T(2n)*T (e + 2n) (L)zw & 2
Al’yf  s(stu)(1 —2n — )T (4n)T(1 + n)2 \'m? log(mf ) at NLP

Collinear ¢, region X {(—t)"(—u)’7 [32 (14 2€¢* — (24 n)e) — 27 tu]

+(=8)"(—1)" [ su (1+2€ — (2+ n)e) — tu(1 — 3n — (2 - 5n)e)

(=)t (1+26 = 2+ m)e) = tul = 30— (2= 50)9)] }
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Amplitude Level Results @ 2-loop

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

Region c¢,¢

£~ O(1,A%, 1) Inserting into amplitude, projecting form
s n S . factors and computing traces

i ~ 4707, Ly ~ 4707, byl ~ 407, Numerator gives a A suppression for
[ - g, ~ A*Q", L - g ~ A*Q7, all soft/collinear regions

[y x g, b q.

Region ss Consistent with the result of Steinhauser

et al. for the m, — 0 limit

O~ 8~ QA A A)

Davies, Mishima, Steinhauser, Wellmann 18;

2 122 2 122 2?2

lf ~ A7Q, Ly ~ A7Q°, by~ b~ A0, Suggests that regions other than the hard
L, - g, ~ 0%, [, - g5 ~ A°Q7%, [, - q, ~ A*0°, region are helicity suppressed by at least
hegy~22Q%  Legy~ 0% Legu~ 4202 A
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Effective field theory Analysis

Study amplitude using Soft Collinear Effective Theory (SCET)

[C. Bauer, S. Fleming, D. Pirjol and I. Stewart, hep-ph/0011336] [C. Bauer, D. Pirjol, I. Stewart, hep-ph/0109045]
[M. Beneke, A. Chapovsky, M. Diehl, T. Feldmann, hep-ph/0206152] [M. Beneke, T. Feldmann, hep-ph//0211358]
N
w(x) = y(x0)+...+y(x) +g(x) %% — P 4 P
N collinear fermion fields i=1 A
Lagrangians belong to a specific collinear direction .c h -~
. () v
Can be expanded in powers of the small parameter NN _ 7 Ty
1— 0
\ O _ -
Y. =LY+ PV 4+ FP 4
A e P >
. . . _ > ,
LP 6" O(2?) | _ < C ‘ Ny
7 h %
Keep collinear, anti-collinear, and soft degrees of freedom ._
. —
Hard modes are integrated out B

M. Beneke, M. Garny, R. Szafron, J. Wang,

Generic N-jet operator has the form: 717 18 79

r.

i T N
J — Hdtlk C({tlk}) HJCi(til’ tlz .« . )
- 1k . =1
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Leading Power Analysis

Leading power matChing J]El[])(tl’ tz, t3, t4) — ytz Pl'uy QQ{CIJ-l M(tlnl_l_) Q[Czlz y(t2n2+) hC3(t3n3+) hc4(t4n4+)

& .
(h) Y A () +
TOO0000 ——> - - - TS
(h)
. . CD _ _ U _ — % . v
Collinear Regions ¢, ¢, M%P X (vcl (rql)%ucl (rq1)ns—,e, (q2) +0c, (rql)%%ucl (rql)n‘?f_zelfjsh(qgg
Relevant operator structures
Js;({tiy, tin }) = Xes (¢ ni+)¢i+ Xe; (i Mit ), -~ = -
PR LA 2 Mixing with the external
Vi gluon is forbidden at LP
—_— ) ~
‘]Pz'({tiu tiz}) = Xc; (ti2ni+) ;_ V5 Xe; (tilni-l-)? TS -
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Leading Power Analysis

Collinear Regions c;, ¢, MSP ~ igPTE T4 IW It Ve, (q') = 1
2 7(n3+93)
1
| N34y —7—
r(n31qs)
Situation reversed, structures Mixing with the external
appearing at LP are vector-like Higgs is forbidden at LP

Result holds to all orders in a, due to helicity conservation for m, — 0

Next-to-Leading Power

-~
Structure of the amplitude allows mixing with _ -
external gluon/Higgs g
~
Expect contributions from collinear/soft regions RN
~
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