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Introduction

well-established
pu.btic codes

Fu.bu.c code

Fm’!:i.ad.l.y
Nobhing A available
available . no public code
STATUS
> tremendous progress in the past ~10 years!
Maturity | o, » 2 — 2 processes at NNLO are under control (independent
\59\‘0 A0 P s 3 * calculations)
WY WO o, °F
W WO 5}(6& I » 2 — 3 processes at NNLO represent the current frontier
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hs 9 * massless computations (up to one massive leg) basically done!
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pp = yyvy pp = vyj pp — Jjj

pp — Wbb (5FS) pp =i
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Introduction
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The framework: g, -subtraction

> cross section for the production of a triggered final state at NXLO  (in our case the triggered final state is QOF )

crucial to keep the mass of

L In2k-1 qr the keavv quark m
do M
_ qar
dqr
all emissions are unresolved
we can exploit the QCD
factorisation of the matrix 1 emission is always resolved
elements in the singular soft and/or
collinear limits the complexity of the calculation is
reduced by 1 order
ingredients from ¢g; - resummation
logarithmic IR sensitivity to the cut
cut
qr qr
gr is the transverse momentum of
the QOF system
_ R CT cut\p

see Flavio’s kalk



The framework: g, -subtraction

> master formula at NNLO

_ R CT cut
doynro = # nnpo ® dopo + [doy o — doyy; ply s gen + OUg7 ")
M the required matrix elements can be computed with automated tools like OpenLoops&
™ the remaining NLO-type singularities can be removed by applying a local subtraction method

M automatised implementation in the MATRIX framework, which relies on the efficient multi-channel Monte Carlo
integrator MUNICH



The framework: g, -subtraction

> master formula at NNLO
_ R CT t
doynro = # nnpo @ dopo + [doy, o — dGNNLO]qT>q%‘“ + O0((gr)")

™ non trivial ingredient: two-loop soft function for heavy-quark production

™ all ingredients are known except for the two-loop virtual amplitudes contributing to the the hard-collinear coefficient

I vt o = HPS(1 — 2)6(1 — z,) + 8H P (2, 25)

2 0)*
2) 2R(AM ](v,,z (ﬂ]Ra ﬂR)% @ ) main bottleneck:
where HY = 012 » 2 — 3 two-loop amplitudes with
| MO | =1 =0 internal and external massive legs
MR=HIR™ are currently out of reach!

see Malbteos and Ren’s kalles

Q is the invariant mass 0 ' o

of the QOF system




The framework: g, -subtraction

> master formula at NNLO
_ R CT t
doyno = # Nnpo @ dopp + ldoy, ) — dGNNLO]qT>q%‘“ + O0(q7)")

™ non trivial ingredient: two-loop soft function for heavy-quark production

™ all ingredients are known except for the two-loop virtual amplitudes contributing to the the hard-collinear coefficient

T v o = HP6(1 — z2)6(1 — 2,) + 69Nz, 2,)

2 0)*
here | H® 29{(%](%3(/411{» ﬂR)%( ")
\%Y% —
MO |
| | HR=Hir=0
N
Q is the invariant mass ~ - B
of the QOF system B ] . exploit the factorisation of the
ampti&ude, U certain kinematical regimes,

N into a caleulable factor and a simpler

(available) amplitude



Masssification

Wbb

Why is Wbb an
interesting process? 0O O @

* irreducible background to WH(H — bb), single top
bt(t — Wb) production, BSM searches

* test of perturbative QCD: 4FS vs SFS, modelling of
flavoured jets

* large NLO QCD corrections
* mandatory to include NNLO QCD corrections!



State of the art

M NLO QCD corrections in pp collisions (massless bottom quarks)
M NLO QCD corrections in pp collisions and at the LHC (massive bottom quarks)
M NLO QCD corrections (4FS + 5FS)

M NLO+PS
M Wbbj at NLO with POWHEG+MiNLO

M NLO QCD corrections to Wbb + (up to 3 light jets) in 4FS
1] Analytical two-loop W+4-parton amplitudes in LCA

[ NNLO QCD corrections (massless bottom quarks)



Wbb @NNLO: 4FS vs BFS

If the bottom quarks are wvaassless:
« care must be taken to ensure IR safety: the (usual) experimental definition of a flavoured jet 1s both soft and collinear unsafe

 flavour-sensitive jet algorithms must be employed

If the bottom quarks are treated as Waa ssive.:

 the mass acts as the physical IR regulator: physical suppression in the double-soft and collinear limits
» any standard flavour-blind jet clustering algorithm can be used (in particular anti-k; )

 direct comparison with experimental data 1s possible (unfolding corrections are limited to non-perturbative modelling and
hadronisation)

* left over logarithmic IR sensitivity to the heavy-quark mass (at each perturbative order)

* calculations with massive quarks are challenging!
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\

- & Emamwop 6“!@0&“& amgti&udes wikth more than one

—

_ external massive leg have not yet been compubed

~
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Massification in a nutshell

> massification relies on the factorisation properties of massless QCD amplitudes into a product of functions that
organise the contributions of momentum regions relevant to the € poles 1n the scattering amplitude

2 \ 2
) = 4P (f—z,asoﬂ),e s ({k,-}, f—z,asoﬂ),e) )

TN

HARD function: short-distance
dynamics



Massification in a nutshell

> massification relies on the factorisation properties of massless QCD amplitudes into a product of functions that
organise the contributions of momentum regions relevant to the € poles 1n the scattering amplitude

) = g (f—j,am,e) (k) f—f,asw),e) 74)

> when the mass m 1s introduced, some of the collinear singularities are screened (quasi-collinear singularities)

> 1n the limit m << Q, the massive amplitude *“shares” essential properties with the corresponding massless amplitude



Massification in a nutshell

> massification relies on the factorisation properties of massless QCD amplitudes into a product of functions that
organise the contributions of momentum regions relevant to the € poles 1n the scattering amplitude

) = P (f—j,asoﬂ),e) (1,2 0 ad), ) 12

> when the mass m 1s introduced, some of the collinear singularities are screened (quasi-collinear singularities)

> 1n the limit m << Q, the massive amplitude *“shares” essential properties with the corresponding massless amplitude

1

om0 G- (7 () = om0 (G 2).

ic {all legs}

universal, perturbatively computable, ratio of massive and masssless form factors

2 | 2 2 —1
Z[(ZTIO) (nlzaasag> — T[l] (QZ 7m2 y O, € ) (T[l] (Q 0 y Olg,y € ))
)2 WM ﬂ

see \ionsi,i,v’s talk: analogous
Frmaedwre used i Zbb (4FS)




Results: comparison with SFS

setup: NNLO NNPDF31 4F, \/E =8TeV, up=ur=~E(lv)+ pr (b)) + pr(by)

pr;>30GeV |n| <21, pr;>25GeV |n| <24
=2 with pp, >25GeV |n,| < 2.4 (standard anti-k; with R = 0.5)

|| ] I ] l I 1 1 ] l L I L || l || 1 || 1 l 1 1 I 1 l 1 ] 1 || l || ] || 1 Order 0-4FS [fb] C5LF% 05 [fb] ZF% 1 [fb] ZF% 2 [fb]
500 f L NNLO (4FS) | -k LO 210.42(2) F21 4% 262.52(10)T214%  962.47(10)12L4%  261.71(10)F2L4%
NNLO (SFS) flav. anti-kr (a=0.1) 3 o 468.01(5)+17:8% 500.9(8)1161%  497.8(8)1160%  486.3(8)T15:5%
— 400 ' NNLO (5FS) flav. anti-k7 (a = 0.2) —13.8% —12.8% —12.7% —12.5%
S\ 1 NNLO 652.8(1.6) 717 bor 690(T) oy 6TT(NI%"  647(NIg0x
< 300 i ! -
< LSS NS :
= 200 | ST = :
o) SN ] . . .
S : » comparison against the SF massless computation
100 |- | -
: L - general agreement within scale uncertainties (with the massive
| . .
/U? O l- 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 Calculatlon SyStematlcally lower)
% 1.50 . T I I 1 I I -
o 1.25 [ — e s00d agreement for the largest value a = 0.2
- N N N\
Z A W\ ° ° ° .
2 1.00 SOSNSNSEE_— — TN e the uncertainties due to variation of m, € [4.2?4.92] GeV are at
2 o075 E E 2% level (smaller than the ones due to the variation of a, ~7%)
'% 0.50 5 ! ! ! I | ! 1
~ 05 1.0 15 20 25 3.0 35 4.0



Results: comparison with SFS

setup: NNLO NNPDF31 4F, \/E =8TeV, up=ur=~E(lv)+ pr (b)) + pr(by)

pr;>30GeV |n| <21, pr;>25GeV |n| <24
=2 with pp, >25GeV |n,| < 2.4 (standard anti-k; with R = 0.5)

do/dARy [fb]
b o N
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S S S
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order o' [fb] Tazd.05 (D) 032 1 [fb] 032 2 [fb]
LO 210.42(2) t2.-0% 262.52(10)T2.1%  262.47(10)"21  261.71(10) 1215
NLO 468.01(5) 71757 500.9(8) 1550 497.8(8)T150%  486.3(8)115 2%
NNLO 652.8(1.6)*13 05 690(7) o0 6TI(MFIE  6aT(T) Ty

» large positive NNLO corrections: +40%
> still large (but reduced) perturbative uncertainties
» other theoretical uncertainties are subdominant:
« impact of the massification estimated at NLO [1 - AcTF™/AciiS | ~ 3 %

e the genuine part of the two-loop amplitudes in LCA amounts to
2 % of the total NNLO cross section



Soft approximation

itH

Why is 1 tH an
interesting process? 0O O 0
* direct probe of the top Yukawa coupling

* the current experimental accuracy is ©(20%) but it is
expected to go down to O(2%) at the end of HL-LHC

* the extraction of the f7H signal is limited by the
theoretical uncertainties 1n the modelling of the

backgrounds, mainly #7bb and W + jets

* current theoretical predictions: O(10%)

* mandatory to include NNLO QCD corrections!



State of the art

[ NLO QCD corrections (on-shell top quarks)

M NLO EW corrections (on-shell top quarks)

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

[ current predictions based on: NLO QCD + EW corrections (on-shell top quarks), including NNLL soft-gluon
resummation

[ NNLO QCD contributions for the off-diagonal partonic channels
[ complete NNLO QCD predictions with approximated two-loop amplitudes

g - use a SOFT-BOSON APPROXIMATION to estimate the order
N of magnitude of the double-virtual contribution

10



State of the art

[ NLO QCD corrections (on-shell top quarks)

M NLO EW corrections (on-shell top quarks)

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

[ current predictions based on: NLO QCD + EW corrections (on-shell top quarks), including NNLL soft-gluon
resummation

[ NNLO QCD contributions for the off-diagonal partonic channels
[ complete NNLO QCD predictions with approximated two-loop amplitudes

1. Two-loop amplitudes for ttH production: the quark-initiated Nf-part see \;E,EQL':)'S Ealle

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

2. Two-loop QCD amplitudes for 1 H production from boosted limit
Guoxing Wang, Tianya Xia, Li Lin Yang, Xiaoping Ye

6. One loop QCD corrections to gg — 1tH at O(¢?)

Federico Buccioni, Philipp Alexander Kreer, Xiao Liu, Lorenzo Tancredi

HOT TOPIC !! see Ben's kalle

5. Two-Loop Master Integrals for Leading-Color pp — tftH Amplitudes with a Light-Quark Loop

F. Febres Cordero, G. Figueiredo, M. Kraus, B. Page, L. Reina 10




Soft approximation in a nutshell

> master formula (at leading power) in the soft Higgs limit (k — 0, my; < m,)

llcin(l) M tfH( {pi}, k) =F (as(/’tR); mt/ //tR:" J (O)(k)% tf( {pi 1)

soft limit of the scalar form factor for the heavy quark

o, () o, () )2< 33 185 13 HR

Flaug);m/ug) =1+ 5 ( 3CF)+<

Tq% - C.C, + ?CF(nL +1) — 6CrB,y1n

T 27

) + O(a;)

m;

we assume bFhab all heav
quarks tvolved n the
process have the same mwass

JO) = 2 Y "
V

A




Soft approximation in a nutshell

> master formula (at leading power) in the soft Higgs limit (k — 0, my; << m,)

llcin(l) M tfH( {pi}, k) =F (as(/’tR); mt/ //tR:" J (O)(k)% tf( {pi 1)

soft limit of the scalar form factor for the heavy quark

a 185 13 I
Fla,(up):mup) = 1 + s(He) (=3Cp) + % g) C2 CrCy+ —Cp(n, + 1) — 6Cpf In = ) + O(a?)
25 2r 4 12 6 m?

we assume that all heav
quarks tvolved i the

process have the same mass m
m m
JO(k) = — E why soft Higgs approximation
\ %

09o
7Ptk

a careful assessment of the quality of
the approximation is required

1



Results: systematic uncertainties

Vs =13TeV Vs =100 TeV
o |fb] 99 qq 99 qq
OLO 201.58 129.47 23055 2323.7
AoNion 88.62 7.826 8205 217.0
AONLO H|soft 61.98 7.413 5612 206.0

Ao NNLO.H |soft

—2.980(3)  2.622(0) |

—239.4(4)  65.45(1)

> at NLO, difference of 5% (30%) 1n gg (gg) channel

> at NNLO, the hard-virtual contribution 1s about 1% of the

LO cross section 1n gg and 2-3% 1n gg

> our prescription to provide a conservative uncertainty 1s:

4 apply the approximation at a different subtraction
scale (vary u;p by a factor 2 around Q); add the two-loop

shift based on the exact tree-level and one-loop ttH
amplitudes

[ take into account the NLO discrepancy and multiply it
by a tolerance factor 3

M combine linearly the gg and gg channels

12



Results: systematic uncertainties

+0.6 % on oy o, £15 % on Aoy o

Vs =13TeV Vs =100 TeV
o [fb) 99 qq 99 qq
OLO 201.58 129.47 23055 2323.7
AoNion 88.62 7.826 8205 217.0
AONLO H|soft 61.98 7.413 5612 206.0
Aoxniomlon | —2:980(3)  2.622(0) | —239.4(4)  65.45(1)
FINAL UNCERTAINTY:
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> at NNLO, the hard-virtual contribution 1s about 1% of the

LO cross section 1n gg and 2-3% 1n gg

> our prescription to provide a conservative uncertainty 1s:
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shift based on the exact tree-level and one-loop ttH
amplitudes

[ take into account the NLO discrepancy and multiply it
by a tolerance factor 3

M combine linearly the gg and gg channels

12



Results: total XS

pp — ttH fR = fp = My + My /2

o [pb] | +/s=13TeV | /s =100TeV

oo | 0.3910 +313% 25.38 T2L-17%
onLo | 0.4875 1567 36.43 T2

onnro | 0.5070 (31)199% | 37.20(25) 1935

> at NLO: +25 (+44)% at4/s = 13 (100) TeV

> at NNLO: +4 (+2)% at\/g = 13 (100) TeV

» nice perturbative convergence with significant
reduction of the theory uncertainties ©(3%)

— 10
X,

| ::::::::::::::::: -------------------------------- i ] )

Q e symmetmsegi '7.-p01nt
z T [ | *. scale variation
~— ) 3

3 "

° 10t ' s temati

' ' - — - P d systematic +
8 13 27 o0 100 soft-approximation



Soft approximation & massification

itw

| | I I | | I I 1 I I I l I I I I I I I I | I I I 1 I I 1 1 1 1

ATLAS Preliminary —®— ATLAS- this result

/s =13 TeV 140! —™ CMS (2208.06485)

Stat. + Syst. Stat. only

NLO+NNLL oo @ ]
FxFx

Sherpa
- ——t]

1 1 I 1 1 | 1 l 1 | | | l | 1 | l I} {1 I — I | I — | I | I |

400 500 600 700 800 900 1000
o(ttW) [fb]

Whv ts tW an
Unteresting pro&ess? o O @

relevant background for SM processes (ttH, tttt )
multi-lepton signature relevant for BSM sources

“special”: large NLO QCD and EW corrections

well known tension between theory and experiments
(excess at 1-20 level)

current NLO QCD + EW predictions, supplemented with
multi-jet merging arc affected by relatively large
uncertainties

mandatory to include NNLO QCD corrections!



State of the art

[ NLO QCD corrections (on-shell top quarks)

[ NLO QCD + EW corrections (on-shell top quarks and W)

4 inclusion of soft gluon resummation at NNLL

[ NLO QCD corrections (full off-shell process, three charged lepton signature)

M combined NLO QCD + EW corrections (full off-shell process, three charged lepton signature)

M current experimental measurements are compared with NLO QCD + EW (on-shell) predictions supplemented with
multi-jet merging

11 complete NNLO QCD + NLO EW (on-shell) with approximated two-loop amplitudes

g -~ use bolth MASSIFICATION & SOFT-BOSON
\ APPROXIMATION

14



Soft approximation & massification

> good starting point: two rather different and complementary approximations of the exact two-loop virtual amplitudes
> soft approximation:
« it works nicely in the case of t#H, mainly due to the smallness of the approximated H*® contribution

o formally it 1s valid in the limit Ey, — 0, my, << m, (which 1s not the case for a physical W boson ...) A

ﬂwﬁ({l?i},l?wma €) ~ ——
P2 Pw P1 " Pw

V2

8w <P2 - €*(pw)  Dr- 6*(PW)) WE(p;}; s €) + O(my,/my, Ey ! Q)

15



Soft approximation & massification

> good starting point: two rather different and complementary approximations of the exact two-loop virtual amplitudes
> soft approximation:
« it works nicely in the case of t#H, mainly due to the smallness of the approximated H*® contribution

o formally it 1s valid in the limit Ey, — 0, my, << m, (which 1s not the case for a physical W boson ...) A

8
M {D;Y, Pws s €) ~ —= <

V2

Dy - €*(py) B Py €*(py)
P2 Pw P1 - Pw

) M ({p;}; ps €) + Olmy I my, Eyy Q)

> massification:
« it is fully justified in the case of Whb, due to the smallness of the bottom mass

e formally 1t 1s valid 1n the limit m, << Q7 (which 1s not the case ...)

My i (1D}, P s €) ~ Z0 (), myd s €) M= (U pY, pys s €) + O0mF Q)

DISCLAIMER:
none of the two approximations is (a
priori) reasonable for the bulk of the
evenks

15



Results: “best” prediction

1051 e _ > at NLO both approaches show a remarkable good agreement
= | massification with the exact virtual coefficient (discrepancy within 15%)
S i 1
z 1.00]
J
é mﬁ [ ] [ ]
-5 095 > at NNLO we define our best prediction as the average of the
3 | two approximated results
0.90¢ :
s TV > the conservative systematic uncertainty on the approximated
_ j two-loop contribution is defined by linearly combining the
1.4+ average - uncertainties on the two approximations
&0 soft '
S - massification -
2o L.2)
J 1.0
=
50
a@
22 (.8
©
e
0.6 |
S \I \] \]
xﬂc’\\ﬁ * ‘ZQQG — ?)QQGQ > yie

16



Results: “best” prediction

o5l e > at NLO both approaches show a remarkable good agreement
= massification - with the exact virtual coefficient (discrepancy within 15%)
® i 1
Z 1.00]
<
=3 099 > at NNLO we define our best prediction as the average of the
5 | two approximated results
0.901 ) :
s TV > the conservative systematic uncertainty on the approximated
_ j two-loop contribution 1s defined by linearly combining the
1.4+ average - uncertainties on the two approximations
50 - soft '
%m massification
gg 12 _ -
2 o > the two-loop contribution turns out to be 6-7% of the NNLO
ﬂm Cross section
:S
2208
e
0.6 FINAL UNCERTAINTY:

-7 4 ﬁ;
| x| pr
Pt Pt 16



Results: comparison with data,

| | - | | | | ogw+ D] orgw - D] 0w [b] Oew+/ T w -
4501 : LOqcp 283.4775 3% 136.87 15 5% 42027733 2071135
NLOgqcp 416.97725% 205.1113-2% 622.01127% 2.033139%
! NNLOgqcp 475.2148% £ 1.9% 23551300 £1.9%  710.7750% +£1.9%  2.01871 8%
4007 NNLOqcp+NLOgw — 497.5185% +1.8%  247.9770% +1.8% | 7453757 +1.8% | 2.007721%
ATLAS [11] 5851 5 50 7 5% 3015 0% 10:5% 8901560 7o 1.9525%% 6.1
= 350F : CMS [10] 55375 450 5 4% 34377 5% T % 868 16m o L6105 Ny
=
S
300 ] | : - 0
- > NNLO corrections lead to moderately higher rates (+15%)
250l i > comparison against ATLAS and CMS data:
 the agreement stays at the 1o and 2o level respectively
2000 o our result is compatible with FXFX: GEXWFX=722.4f?b7gO(7fb
450 500 550 600 650 700 750 o7
- » reduction of the perturbative scale uncertainties

17



Beyond 2 — 3: off-shell /7 production

> within the g; -subtraction framework we can (in principle) deal with

any process mvolving the production of a heavy-quark pair 1n
association with a colourless system

> ambikious 900& provide NNLO QCD predlctlons for off-shell 17  same QCD skructure as QOV Irmtesses,

production, in the fully-leptonic decay pp — bbe™ ViU, (4FS) with a much more thvolve phase-
o . space (2 —> 6 at Born)
> this process represents a cornerstone of the physics programme at LHC
> NNLO QCD predictions in NWA are available (5FS) N > _ I _ ]
> off-shell contributions as well as single-top and non-resonant ‘- sk ool
topologies could play a relevant role in the measurement of exclusive g 65 5 e S .

observables and 1n the extraction of m,

18



Beyond 2 — 3: off-shell /7 production

> within the g; -subtraction framework we can (in principle) deal with

any process mvolving the production of a heavy-quark pair 1n
association with a colourless system

> ambitious qoal: provide NNLO QCD predictions for off-shell ##  same QCD structure as QQV Iro&asses,
production, in the fully-leptonic decay pp — bbe+1/e,u_17ﬂ (4FS) with a much more thvolve phase-
space (2 —> 6 at Born)

b g b q b
C+ E s Du E -~ l_/l‘
Ve g W u_ g W 'u,_
17“ W et W et
“— v Ve ¢ Ve
b g b q b
b q b 2 b
+ et

> this process represents a cornerstone of the physics programme at LHC
> NNLO QCD predictions in NWA are available (5FS)

> off-shell contributions as well as single-top and non-resonant
topologies could play a relevant role 1n the measurement of exclusive
observables and 1n the extraction of m,

q

g b W g b W I(j w
W W~ D, t
main botktlenecie: two-loop QCD ampti&ud&s : b q b - b
for 2 - 4 with internal and external masses L : o y
idea: appi.v Fhe doubteﬂpoi.e agprmximoﬁav\ ; p u d ;
(DPA), only at the level of the virtual 7 wies et il 3
first approach to 6-point contribution - b g b w ve

massless Feynman integrals in

18



Beyond 2 — 3: off-shell /7 production

fully inclusive setup

pp — e vbuv,b @13 TeV

> all ingredients are available S IR (i =1.3365Gev] :
23001 —- on-shell x BR x BR
2> non-trivial proof of: 7 2250 | TN ;
Q ¥ NLO,, DPA (fixed I',) -
» the validity of our subtraction method = 22001 .
2150 1 ¥
. oq» s Y
* the numerical stability of MATRIX framework N e e S A S S S S
34 1

> full validation of our results against the on-shell o~
1t cross section, in the limit I', = O g } l

2 results 1n !@ are 1n very good agreement with %Hl |
the exact ones\(0(4%) difference on doyy; ) for

physical I',) — - T T
both factorisable and non- “. .
factorisable corrections included! B
=
S 70
> ready to produce differential distributions (alsoin <
the case of fiducial setups) 01
50 7
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Beyond 2 — 3: off-shell /7 production

off-diagonal channels:
e all ingredients are available

e full validation solved numerical issues relaked bo the
integration of the double-real
conkribuktion over a ¥-particle phase spo&:e!

» non-trivial double extrapolation (g7 — 0 and

I, — 0)

> diagonal channels:

» cancellation of log(gs™"

e missing two-loop amplitudes = non-factorisable
corrections not available

e not ready to present results...

slow bubk cownskank progress

80 1

60-0"

donnro [fb]

—20 1

7.65 -
7.60 -
7.55 1

£ 75047

& 7.45

3
7.40 11
7.35

7.30 1

fully inclusive setup

pp — e vbu~ b @13 TeV

401114

_ I'y/my — 0
(T, =1.30913 GeV B NtNZL("‘)qT S

-- on-shell x BR x BR
¢ NNLO,, (fixed I';)

20 1

| Eb==b——-- e T T T e

lag+ a3+ 47)

0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
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> the expected precision of LHC data requires NNLO QCD predictions (crucial for precise phenomenology)
> the current frontier 1s represented by 2 — 3 processes with several massive external legs
> thanks to the progress in the g -subtraction scheme and QCD 5-point scattering amplitudes,

we were able to complete the first NNLO QCD calculation for Wbb (in 4FS), t#H and ttW

> the approximation of the missing two-loop amplitudes 1s essentially based on two factorisation approaches:

SOFT-BOSON APPROXIMATION MASSIFICATION

> we have achieved a good control of the systematic uncertainties and a reduction of the perturbative uncertainties

> we produced phenomenological results for the LHC:

o Wbb : large NNLO corrections (+40 % ), more direct comparison with data (fewer ambiguities related to flavour
tagging)

 ttH : moderate NNLO corrections (+4 % ), small quantitative impact of the genuine double-virtual contribution

 1tW : the inclusion of NNLO QCD + NLO EW corrections cannot “solve” the tension with the data ( ~ 1o - 20)
> beyond 2 — 3 processes: off-shell 77 production

o full validation at NLO and for the off-diagonal channels at NNLO
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Outlook

> ttH :

* include NLO EW corrections as well as effects from soft-gluon resummation (matching between fixed-order and
threshold resummation in progress within HWG)

* explore other approximations (e.g. massification) for the double-virtual contribution

* provide reliable predictions for differential distributions from low to high energies

> Wbb :
* possible matching with parton showers 1n order to reach NNLO+PS accuracy

* combination of the 4FS and SFS results a la FONLL (?)

> bb4l :
* complete the construction of DPA at NNLO for the diagonal channels

s%av Funed!!

22



BACKUP SLIDES




IR safety and flavour tagging

Jet clustering algorithms consist 1n a sequence of two-to-one recombination steps. They are completely defined once
the binary distance ¢;; and the beam distance d;p are given. For the family of & algorithms:

d; = min(k;5, k7D R;  wih R = ;= 3)* + (¢ — ¢’

_ 1.2
diB — kT,i

A crucial requirement (for the parton-level calculations) 1s infrared (IR) safety.
For observables sensitive to the flavour assignment, IR safety can be an 1ssue:

% an obvious approach to defining the jet flavour would be to start from an existing jet algorithm and then define the
net flavour content of each jet as the total number of quarks minus anti-quarks per each flavour

% this procedure leads to problems starting from relative order (xsz. The problematic configurations are those in which a
soft gluon splits into a widely separated gg pair.
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Flavour aware jet algorithm: flavour k;

first solution: modify the k~distance by taking into account that the matrix element is not divergent in the soft g limit
Remark: a distance measure should satisfy two main characteristics:

1. two particles should be considered close (d;; — 0) when there 1s a corresponding divergence in the matrix element

2. the measure should not introduce “spurious™ extra closeness for a variation of the momenta that does not lead to
any extra divergence 1n the matrix element

max(kj;, kj;),  softer of i, j is flavoured,

{1?

min(k? kQ) softer of 7, j is flavourless,

4F) = (An2 + Ag2) x {
t1)

also the beam distance can be problematic, so 1t 1s modified as well:

tr?
B

JF) _ max(kZ, k?z), 1 is flavoured,
min (k3. ka) i is flavourless.

with ki(n Z ktz )+ O(n —n;)e™ "’) and k,g(n) = Z ky; (@(77 — ;) +O(n; — n)e”"’“)

this algorithm prevents the unwanted soft-hard recombination if the softer
pseudo-jet is flavoured while it still leads to soft-soft recombination




Flavour aware jet algorithm: flavour anti-k;

second solution: modify the anti k-distance (with a damping function) without touching the particle-beam distance

Remark: in the wide-angle double-soft limit (£;, E; — 0) with 7 and j of opposite-sign tlavour :
1. d; — 0 for arbitrary R;;

2. d;; — 0 faster than the distance of either i or j to the remaining pseudo-jets

Sij, 1f both 7 and j have non-zero flavour of opposite sign,

(F) — 4.
d, i = dij X |
1, otherwise.
' m . 1 k#; + k7
Wlth 'Sz'j =1 — 9 (1 — Ii',z'j) COS (5’%]’) with Hz’j — a 2]{:% maX]
no need to modify the beam distance S~ E* (E — 0) where Eis the

energy of the harder quark in the
soft wide-angle pair

this algorithm is not IR-safe (from the point of view of flavour tagging)
beyond NNLO




Flavour aware jet algorithm: new ideas

new recent solutions:
> flavour dressing
* the mputs to the flavour-dressing algorithm are a set of flavour-agnostic jets and a set of flavoured particles (clusters)
* necessary to specify an association criterion and an accumulation one
* IR safety guaranteed at any perturbative order
> fragmentation approach
* the 1dea 1s to use a jet clustering algorithm based on Winner-Take-All (WTA) recombination scheme

» and define the flavour of a jet as the net flavour along the WTA axis (soft-safe but collinear-unsafe)

 collinear divergences are reabsorbed 1nto a perturbative WTA fragmentation function

> interleaved flavour neutralisation
« similar to “flavour dressing”, the exact anti-k; kinematics is preserved
 but flavour information is integrated at each step of the clustering procedure (using IFN)

» IR safety guaranteed at any perturbative order and useful to study jet substructures



WQQAmMp: a massive C++ implementation

evaluation of the LC massless one-

loop bare amplitudes and two-loop restore all UV and IR poles
finite remindersat y = 1

add dependence on the
dimensional scale u

- mapping of the massive kinematics
- crossing of the partonic channel
- evaluation of the Mls

 MASSIFICATION perform one-loop a.nd Fwo—
L * loop UV renormalisation

: one-loop and two-loop massive finite
reminders in Neubert’s scheme

remove IR poles of the
massified amplitudes

evaluation time of O(4s) per phase space point VALIDATION and CHECKS:

- stability of the two-loop massless amplitudes
. one-loop amplitudes in LCA tested against MCFM
- cancellation of the massified poles in LCA



Wbb: boosted setup

. to take into account the :
. multi-scale nature of the :
: problem :

prw > 150 GeV

setup: NNLO NNPDF31 4F, /s = 13.6TeV, up= = Hy-my,
pr;>30GeV |n| <25, pr;>20GeV [n| <2.5 or pr;>30GeV 2.5 <|n| <45

n, =2 with pp, >45GeV 0.5 < ARy, <2 (standard anti-k; with R = 0.4)

> similar pattern of NNLO corrections for both considered py y, bins

2 NNLO corrections are not uniform all over the m,, spectrum (larger for smaller m,, values)

2z unreliable L.O scale uncertainties

? reduction of the perturbative
uncertainties at NNLO and partial
overlap with the NLO bands

> broader peak 1n bin 11
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Soft Higgs approximation: more details

> the effective coupling can also be derived by exploiting Higgs low-energy theorems (LETs)

k—0

bare 1
hm% QH(p, k) =

v dlogmy

%bar Q(p)

p2=m?

In the soft limit, the Higgs boson is not a
dynamical d.o.f.

Its effect is to shift the mass of the heavy
quark:

H
m0—>m0<1+—>
»

%bar Q(P) Qo {mo[—l + 2o(p)] +1¢ZV(P)} o

+00 2 n +00 2 n
. 90 27,2\ 2/ 2 _ 90 2/, 2
ZS(p) T ; |:(47-‘-)D/2(p2)6:| (An(mO/p ) Bn(mO/p )) ZV(p) T ; _(47-‘-)D/2(p2)6_ Bn(mO/p )
> renormalisation of the quark mass and wave function moQoQo mQQZ Lo

> MS renormalisation of the strong coupling + decoupling of the heavy quark
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ttH: subtraction scale variation

> 1n order to test our prescription, we vary the subtraction
scale u at which we apply the soft factorisation formula

> the renormalisation scale yip 1s kept fixed at (), 1n the
ttH amplitudes and at Q; in the 77 ones

> the running terms are added exactly

5
88 - _o59,

at 100TeV)

at 13TeV (similar pattern 1427

e ———

(as(:R))n (H(”) |“:“R:Q) MO (as(:R))"(

1
where n =1,2 and é = {5,1,2}

‘ gg channel @13TeV ‘
approximation al\\;gggégl [fb]
p=Q/2 p=aQ p=2Q
exact 123.12 £+ 0.04 88.61 + 0.02 4.568 + 0.013
H = Qproj/2 U= Qproj U= 2Qproj
Q7 100.73 + 0.03 61.98 + 0.02 + 0.015
p=Qproj/2+(Q/2 = Q) | 1= Qproj +(Q = Q) | 1= 2Qproj +(2Q = Q)
Qi 66.24 £+ 0.04 61.98 + 0.02 57.76 + 0.03
approximation ag’ﬁig“gclg M2MO- 1)
H = Qproj/2 K= Qp'roj K= ZQp’r'Oj
Q:+r 13.114 £ 0.007 -2.977 4+ 0.002 -29.03 £ 0.02
H = Qproj/2 + (Q/2 — Q) M= Qp'roj + (Q — Q) M= 2Qp'roj + (2Q — Q)
Q:+r 1.882 + 0.005 -2.977 4+ 0.002 -3.715 £ 0.005
FZ(Q) H = C)p'roj/2 + (Q/2 — Q) K= Qproj + (Q — Q) H = 2Qp'roj + (2Q — Q)
Qir 0.378 £ 0.005 -4.487 4+ 0.003 -5.222 + 0.005
Qproj — Qtf

80ft|ﬂ':§Qproj;ﬂ'R:Qproj + (,LL : gQ — Q)) |M(O)|2

exact running terms
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ttH: subtraction scale variation

> 1n order to test our prescription, we vary the subtraction
scale u at which we apply the soft factorisation formula

> the renormalisation scale yip 1s kept fixed at (), 1n the
ttH amplitudes and at Q; in the 77 ones

> the running terms are added exactly

—_— o — - - — e ===

lw qq : 4% at 13TeV (s1m11ar pattern +3% at lOOTeV) |

_0% —O%

—_— e e —— = — — — —— — — —_ = = __

‘ gq channel @13TeV ‘
approximation 1\\1111;815}61;1 [fb]
p=Q/2 p=Q p=2Q
exact 18.048 + 0.006 7.825 £ 0.005 -13.32 4+ 0.01
H= QPTOj/z M= QpTOj H = 2Qp'roj
Q:ir 18.380 + 0.006 7.413 £+ 0.005 -14.47 = 0.01
p=Qproj/2+(Q/2 2 Q) | b= Qproj + (R = Q) | 1 =2Qpro; +(2Q = Q)
Qi 8.156 £ 0.007 7.413 £+ 0.005 6.671 £+ 0.008
approximation Xgigngclg M2MO- rgpy]
/«L — Qp'ro]/2 /’L — QpT‘Oj lu' — zQpT‘Oj
Q:ir 2.7703 £ 0.0014 2.607 + 0.001 4.193 £ 0.002
/‘L:QPTOJ/2+(Q/2_)Q) M:QPTOj_I_(Q_)Q) M:2Qproj+(2Q_>QL
Q:r 2.6956 + 0.0014 2.607 £ 0.001 2.7099 £+ 0.0015
F2(Q) b= Qproj/2 +(Q/2 > Q) | p=Qproj +(Q = Q) | 1 =2Qp; +(2Q — Q)
Q:ir 1.8432 £ 0.0008 1.7550 £ 0.0007 1.8565 £ 0.0006
Qproj — Qtf

H =€ Qprogitn=Qproy + (11 €Q —>Q)) M2

exact running terms
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dU/dO'NLQ — 1 [%]

~10
0 100

pp — ttH @ 13.6 TeV,

ttH: Higgs transverse momentum

L

‘setup: NNLO NNPDF31, my = 125GeV, m, = 173.3Ge

prp=pur = (Ert+ Eri+ Erm)/2

[inclusive]

LO-— ]+
NLO 1
NNLO

200 30
pT,H [GGV]

100

500

> first results for differential distributions (inclusive setup)

> significant reduction of the perturbative uncertainties

GNNLO — 56511_3(3)% fb

On O = 524.8f§b??% fb

> soft approximation uncertainty computed on a bin-by-bin basis

> and of the same order over all the p; ; spectrum

oy, (soft-approx bands) |

affg (soft-approx bands) -

200j

do/doy, — 1 [%)]

_900}
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Wtt: “matching”

1.05} pp > LW~ - » 1nstead of defining our “best” prediction as the arithmetic
| : average of the soft-approximated and massified two-loop finite
5 1.00} — = reminders
o e —— -
g 1'00: .-/____: ____________ :
§: 0953_ ' * matching-1: H™ ~ H](\"}i1 + Hg';) — &)_)MA
g‘.g ' i exact
W : ¥ sof : o ‘ . n n),ntl n n n n),ntl
9 0 g0l - massification matching-R:  H™ ~ Hyi™ + (HS) — HS),ypa) + (HEL — HE )
090 - matching-1
- -+ matching-2 .
- e - > at NLO:
1.4F - matching-1 -
o ' -- matching- . .
5 | avetrageg i o the two matching procedures are almost equivalent
::: 12 B I soft -
8O i ! .
S N S i — § massification | « the matched result differs by less than 2% from the exact H(V
2 B I sttt | e R i -3
S 1.0 - r[ -
= | | Il j » at NNLO:
50 _ .
5y 081  the matched result 1s within the uncertainties of our “best”
06l prediction
oA o0G N @QGG\T . yyeN o larger differences between the two matching procedures 1n the
pralt” oralt” pralt high p;, region
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Wtt: other sources of uncertainties

700

4001

[ o Uy=M/2
o po=M/4 -
‘ ° Mo=Hr/2 -
po=Hr/4 -
LO NLO NNLO

> perturbative scale uncertainties:

« 7-point scale variation around the central scale py = M/2
 choice of other possible central scales

e better convergence for smaller scales (exclude yy, = Hy/2)

« symmetrisation of the M/2 scale uncertainty

we rely on our perturbative scale uncertainties also

because NNLO corrections are not dominated by
new opening channels

> PDF and a, uncertainties: ~ 2 %

(computed with the new MATRIX+PineAPPL implementation)

> statistical uncertainties: negligible

Xl



Wtt: updated ATLAS measurement

W) [fb]

o

updated ATLAS T ' ' T ' IR ' l |
measurements ATLAS B ATLAS- this result ATLAS B ATLAS- this result
/s =13 TeV. 140 fb"’ 2 CMS (JHEP 07 (2023) 219) /s =13 TeV. 140 fb" 2 CMS (JHEP 07 (2023) 219)
Stat. + Syst. Stat. only Stat. + Syst. Stat. only
NLO+NNLL
-®- Sherpa | ® -@- Sherpa
- FxFXx b o ] & FxFx
NNLO
NNLO
e b oo b e e b e by R T T S N !
L 400 500 600 700 800 900 1000 12 14 16 1.8 2 2.2
ATLAS

o(ttW) [fb] o(ttW")/o(ttW)

\s=13 TeV, 140 fb

400|— -

- : » the updated measurement 1s compatible with our prediction at the
0 B level of 1.40
soof- - Gt as = 880 + 50 (stat.) £ 70 (syst.) = 880 = 80 b

i - Otheory = 745 = 50 (scale) = 13 (2loop approx.) £ 19 (PDF, a,) tb
250 — -~ —

— REER A -|- Best fit ]
200?— k S []_f » good agreement also for the ratio

400450 500 550 600 650 700 750 600 c(tTWH)6(tFW™) = 1.96 £ 0.21 (stat.) £ 0.09 (syst.) = 1.96 = 0.22

(W) [fb] XI|




