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> the study of the Higgs boson 1s one of the priorities in the LHC experimental program, after its discovery in 2012
> only about 1 % of the Higgs bosons are produced in association with a top-quark pair (first observation in 2018) but...

> the production mode pp — ttH allows for a direct measurement of the top-quark Yukawa coupling

indirect model-dependent probes are for example the
Higgs gluon-fusion production (via a top-quark Loop)
. : and pp — titf (at tree-level via diagrams featuring an
> ttH 1s also part of an extremely rich research programme at the off-shell Higgs propagator)

core of the scientific strategy for future colliders
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Why is #tH production interesting ?

» the experimental measurements are well established at the inclusive level, and the first differential results became available
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according to the HL-LHC projections, many Higgs measurements will enter the few-percent regime

> theory uncertainties will become dominant in the error budget

Higgs production modes ttH cross-section in the different decay modes
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crucial to provide more precise TH predictions: higher-order 3

corrections, realistic modelling of the decay ete.



at fixed order:

Hard process

7 _ High precision

NLO QCD corrections (on-shell top quarks)

NLO EW corrections (on-shell top quarks)

NLO QCD corrections (leptonically decaying top quarks)

NLO QCD + EW corrections (off-shell top quarks)

NLO QCD + EW corrections (on-shell top quarks), including NNLL soft-gluon resummation

NNLO QCD contributions for the off-diagonal partonic channels
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complete NNLO QCD predictions with approximated two-loop amplitudes
+ complete set of EW corrections

+ matched with NNLL resummation
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Parton shower & hadronisation N

& Realistic, exclusive events ° E‘
& Resummation of large logs o ’ A )
\ e ‘.V '0 MatChlng
e NNLO 4+ PS

& High precision

why NNLO+PS? + 2l

& Realistic simulation
of LHC events

.. ® '/ & Resummation ° 0
O‘ 1 d
Hardprocess = ——=% .

& High precision

NNLO+PS is the current state of the art for precision LHC phenomenology

two main approaches: GENEVA [1311.0286] and MiNNLOps [1908.06987] 4



accuracy:

> 1t builds on POWHEG
[ NNLO for observables inclusive over

[ for a given process X, NLO accuracy for the process XJ QCD emissions
[4 natural matching with the first additional shower radiation o NL(I) f(()ir .OEservables sensitive to one
resoived je

» mtermediate MiNLO’ step

4 leading logarithmic structure of traditional

. : ton sh ' d
M NLO accuracy for the targeted process X via a factorised Sudakov form factor and PATtOn ShOWELS 15 Preserve

prescription for scale setting

» spreading of additional contributions to reach NNLO accuracy for X I efficient and flexible framework
master formula: POWHEG Sucakov
MiNNLO SMiNNLO [ / Rxj
AoNINIOs — gy BYINNLORS s LA L) + Araa A (7 ) |
\ XJ )

spreading function

2
_ e = Qg Qg ~ s corr
odified BNNLORS S<w>{ 1) 4o (1: o) s<1><pT>)+( W) Ao+ DE (pr) < F }
POWHEG function



method
QCCUracy:
M NNLO for observables inclusive over
% QCD emissions
Zy [2010.10478, 2108.11315] ] NLO for observables sensitive to one
gg — H,W/Z [1908.06987, WW [2103.12077] resolved jet

2006.04133, 2402.00596, 2407.01354] ZZ7 [2108.05337]

qq — H [2402.04025, WH/ZH(H — bb) [2112.04168] [ leading logarithmic structure of traditional
2510.18815, to appear] ' parton showers 1s preserved
yy [2204.12602]

WZ [2208.12660]
SMEFT studies [2204.00663, 2311.06107]

HH [2606.05300] see ¥. Grarosis balle

M efficient and flexible framework

applications in hadronic collisions:

%AUY‘QUARK _ Q
: : TRDUCTION bbZ [2404.08598
several processes with different Q LI 15415 09510 —
features and Creasing aompiexi&v ot ' : Q
Ehis kalie! ftH [2603.06143] N
F
6 possibi& thanlkes ko the Ewo-toc:p soft-

function in arbi&rarv kinemakics [250917509]

tf [2012.14267,2112.12135]
bb [2302.01645]



setup: NNPDF31_nnlo_as_0118, my = 125GeV, m, = 173.2GeV, up = ur =mz; | same setup as ref. 241115340 except for the scale choice

;\ “ | / 2) _ 2) _
extensive comparisons against MATRIX MINLO MINNLOpg (H'* = 0) | MATRIX (H'¥ = 0)

(without ncluding the two-loop contribution) otE ve(v/s =13TeV) | 0.3864(2)1192% pb | 0.4734(2)F24% pb 0.4742(9) T2 7% pb
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KEY VALIDATION STEP: first time o QQF process is aompared against a fixed-
order predm&mn to assess the NNLO accuracy of the matched calculakion



The two-loop bottleneck and its approximation

Two-Loop Master Integrals for Leading-Color pp — tfH Amplitudes with a Light-Quark Loop
F. Febres Cordero, G. Figueiredo, M. Kraus, B. Page, L. Reina OO

Two-loop amplitudes for ttH production: the quark-initiated Nf-part

Bakul Agarwal, Gudrun Heinrich, Stephen P. Jones, Matthias Kerner, Sven Yannick Klein, Jannis Lang, Vitaly Magerya, Anton Olsson

double-virtual
Two-loop QCD amplitudes for 1t H production from boosted limit One loop QCD corrections to gg — tH at O(e?) _ . . .
Guoxing Wang, Tianya Xia, Li Lin Yang, Xiaoping Ye Federico Buccioni, Philipp Alexander Kreer, Xiao Liu, Lorenzo Tancredi ® O\LSQbT‘OxLC tC}mF‘LEXLEvL’ F»’T‘OLUFET‘O&LOM Of
m— scales

® ahatvﬁic ammptexi& : hew mabkhematical
structures (elliptic and beyond)

o difficulty in finding amplitude
representations that lead to a numerically
stable evaluation for pheno applications
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A VIABLE SOLUTION j@? double-virtual

® cievewp controlled, physically motivaked

o algebraic complexity: proliferation of
and reliable approximations

scales

© assigh a conservative and transparent
Sjsf:ema&c un&er&am&j, via a thorough
validakion

® amai.jﬁi,c: campi&xi& : new mabhematical
structures (elliptic and beyond)

o difficulty in finding amplitude
¢ ensure consistency with khown constraints representations that lead to a numerically
stable evaluation for pheno applications

PHENOMENOLOG ICAL PREDICTIONS for XS
and related observables, ready to use!

Approximation methods bridge the gap between formal complexity and desired phenomenological precision.
However, exact results are crucial for “final” checks and should be incorporated as soon as they become available



Soft Higgs-boson approximation (SA) High-energy limit for the top quarks (MA)
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via the massification procedure:

I1 .

The approximations depend on kinematical mappings:
we have used the MATRIX choices [241115340] based on
detailed studies for ttH ab next-to-leading order




Pointwise combination (CA) “calibration” observable: Hiqgqs transverse momentum

> NEW wrt a posteriori combinations adopted in fixed-order calculations

4 kinematic-dependent weight function, defined for each phase-space point
» advantages of this procedure for an event generator:

4] computational efficiency [it avoids the generation of two independent sets of events,
one for each approximation]

[4 better control over the validity regions of the approximate double virtual [this info is
“lost™ at the level of unweighed events]

[ reliable and practical uncertainty estimate covering all kinematic regions

\ 4

conservative error estimate

+variation of the scale p = nmzy, with n € {1/2,1,2}, at
which CA is applied

+variation of the parameter 7 (entering the def of @) by a
foctor of 2 around the default value 7 =1

+ propagation of the one-loop discrepancy § = |HE) (my) /HY (myzp) — 1]
as relative umc:er&aim&v ab two Loo-ps

= final uncertainty band given by the envelope of these 11 predictions

W (T7pT,H/mt) = €Xp (_TpT,H/mt)

1 4

soft-regime
CA - SA

w(Tv pT, H/mt)

e ———————————————

high-energy regime
CA -» MA

p1, H/M¢

Hgg(ﬂm) = W H(STX (ﬁ[NIR]) + (1 —w) H&LA (IF[:UIR])

/

smooth weight function first time MA
entirely in FC



Validation at NLO-+]

25

setup: NNPDF31_nnlo_as_0118, my = 125GeV, m, = 173.2GeV, up = pr = mzy

doy/dpTH [fb/GeV]

ttH@QLHC 13 TeV
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> ~2% differences at NLO+PS accuracy

> conservative systematic uncertainty

SA severely underestimates the exact
one-loop result (in the whole range)
with unreliable uncertainty bands

MA overestimates in the low-p; 4

region, but asymptotically tends to
the exact result (as expected) and the
corresponding uncertainty shrinks

by construction, CA 1s driven by SA
(MA) 1n the low (high) p; 4 region

HIgQgs transverse momentum

> overall good agreement of CA at the one-loop level

ttH@LHC 13 TeV
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Validation at NLO+PS

setup: NNPDF31_nnlo_as_0118, my = 125GeV, m, = 173.2GeV, up = pr = mzy

azimuthal-angle separation
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e R R e S “worst” observables: angular distributions y




NNLO+PS inclusive setup

setup: NNPDF31_nnlo_as_0118, my = 125GeV, m, = 173.2GeV, up = pr = mzy

do/d PTH [fb/GeV]

ttH@LHC 13 TeV
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two examples of observables: the p; 5 distribution shows shape distortions induced by the NNLO
corrections; on the contrary, their impact 1s almost flat 1n rapidity and invariant mass distributions

NLO+PS (exact)

MINNLOpg (H®? = 0)

MINNLOpg (CA)

ttH
inclusive

o
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0.4734(2)5-3% pb

0

+6.1%[+1.04%]
.4778(5)_6.3%[_0,57%]

pb

do/dyy [fb]

> +15% corrections wrt NLO+PS

» reduction of the scale uncertainties

> below 1% impact of the two-loop hard-virtual contribution

tH@LHC 13 TeV
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B>
4

on-shell top quarks, H — yy

DTy = My g /37

pTafYZ > melfYZ /4

’7771,2‘ < 2°5

experimentally inspired fiducial selections

tree-level Higgs decay included in NWA via
PYTHIAS (QCD accuracy of the shower preserved)

the invariant mass m, , of the leading photon and the

Y

top quark 1s a representative example of observables

used to discriminate between tfH and ¢ty

do/dpT.yy [fo/GeV] ttH(yy)@LHC 13 TeV
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NINLO+PS fiducial setup: top-quark decays

do/dAde , [fo] (euvev bb)H@LHC 13 TeV do/dAde , [fo] tienveVvy bb)H@LHC 13 TeV
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tree-level spin-correlated effects from top decays

are included in the generator T T T T T
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NINLO+PS fiducial setup: top-quark decays

tt(lvqq'bb)H@LHC 13 TeV dO/de,hep [fo/GeV] tt(lvaq'bb)H@LHC 13 TeV
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semi-leptonic signature
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pre > GV, || <24 o R A -

pr,; > 25GeV, |n;| < 2.5 e S S o 0.02 = fiducial cuts (semileptonic) Lo 7 S _ .

b-jet tagging if at least one bottom quark is
among the constituents of the jet

do/donLo+ps
1.1} '
1 ; : : : : : : : -

(exact)

ambiguities 1n the reconstruction of the intermediate
top quarks: mimic exp. procedure via a distance-to-
the-resonance algorithm

57“ — ((pmiss +p€ +pb1)2 — m?)Q

C L] 7 L] L] L] L] l L] L] L] L] l L] L] L] L] l L] I: :I 1 1 1 I I I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 I:

T o e NLO+PS (CA) E I S R B - NLO+PS (CA) ;

2 2 \2 2 212 : | | ] : | | | .

+ ((pj, +pjy)" —myy )" + ((pj, +Djs + Dby)° — M) 12 e S # NLO+PS (CA, 1l-unc) - 12 o e - ik NLO+PS (CA, 1l-unc) -

overall behaviour of tOp'qual’k independent 1 __--__________ ____________ — 1 e — o S ——

observables similar to that seen in the dilepton case  ,oE . O e 1 o0eb e e e o o
P o s s B e e S S L L B e B S S M RN I I B R

( X 6 larger cross section due to the hadronic BR) ; o0 200 a0 200 7 o 0 100 200 800 400 500 600 700 800 e

prH [GeV] PT.tep, [GEV]




> We have presented a new publicly available MiNNLOp¢ generator for 1#H production

» NNLO accuracy 1s achieved everywhere (and confirmed by the comparison against fixed-order predictions) except for
the double-virtual contribution

» The latter 1s estimated via a new pointwise combination of two approximations valid in the soft-boson and high-
energy limits, respectively. A careful estimate of the corresponding systematic uncertainty 1s provided

» Our generator can rewelght events (a posteriori) to efficiently include the exact two-loop contribution, once available

» The approach developed in this project can be extended to other processes of the same class (e.g. tty, t1Z, tt W)

public release of the POWHEG-BOX-RES/ttHdJ code, referred to as
the ttH-MiNNLO event generator: https://qitlab.com/POWHEG-BOX/RES

user manual documenting all dependencies provided at
ttHJ/Docs/manual_ttH-MiNNLO.pdf

framework ready to be used by other theorists and experimentalists! 16



https://gitlab.com/POWHEG-BOX/RES
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