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Introduction

most procs. known
(some w. public code)

QCD fixed-order as of 2022
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some procs. known

major / no public code
recent

progress some inputs known

(no full calcn)

» tremendous progress in the past ~10 years!

» 2 — 2 processes at NNLO are under control (independent
calculations)

» 2 — 3 processes at NNLO represent the current frontier

Gavin Salam e in this talk we will focus on 2 — 3 processes with external

massive legs . - ~
itH Wbb 1ttW
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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

1 [n2k-1 97 the heavy quark m,,

dO' qr M -
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

C];‘“ dr

gr and M are the transverse momentum
and the invariant mass

of the OOF system

dGNkLO — %NkLO X dULO + [dU]\R}k_lLO — ddzgkio]qquut + @((thUt)p)



The framework: g, -subtraction

> master formula at NNLO

donyro = # nnpo @ dopo + [dgzl\gw B d“z%w]qpqgut + O((g;"))

M the required matrix elements can be computed with automated tools like OpenlL.oops&
™ the remaining NLO-type singularities can be removed by applying a local subtraction method

™ 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 cut
doynpo = % Nnpo ® dopo + |doy, g — Aoy, ol > e + OWG)")
™ non trivial ingredient: two-loop soft function for an arbitrary kinematics of the heavy quarks

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

o = HP6(1 — 2)8(1 — z,) + 679z, 2,)

) 2%(% (12,/2 (//t 1R M R)‘% (O)*) UV renormalised and IR subtracted
where HY = > amplitude at scale p;p
| A ©) | (overall normalisation (47)e 7€)

Ur=Mg=M

2R(A (3,3 (K1Rr> M)A (O)*)
| O

Remark: analogous definition for the hard-collinear coefficient at NLO H =

Ur=HMg=M



The framework: g, -subtraction

> master formula at NNLO

_ R CT cut
doynpo = % Nnpo ® dopo + |doy, g — Aoy, ol > e + OWG)")
™ non trivial ingredient: two-loop soft function for an arbitrary kinematics of the heavy quarks

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

o = HP6(1 — 2)8(1 — z,) + 679z, 2,)

2) (0)* main bottleneck:
where H® — 2R R ) ) | 2 — 3 two-loop amplitudes
W/ACIE with internal and external
Hr=Hig=M massive legs are currently out
of reach!




The framework: g, -subtraction

> master formula at NNLO

_ R CT cut
doynpo = % Nnpo ® dopo + |doy, g — Aoy, ol > e + OWG)")
™ non trivial ingredient: two-loop soft function for an arbitrary kinematics of the heavy quarks

™ all ingredients are known except for the two-loop virtual amplitudes contributing to the the hard-collinear coefficient
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Soft Higgs boson a,ppromma,mon

> the main 1dea 1s to find an analogous formula to the well known factorisation in the case of soft gluons

1161_1)13 M ({py}, k) = JRWA({p;})

J(k) = g uc(JO%k) + g2 Vk) + ...)

> for a soft scalar Higgs radiated ott a heavy quark with momentum p; , we have that

lim AP ({p,}, k) =T QW) e ({p,})

soft insertion rules, only k=0
external legs matter! m. o g
J(O) ( k) — Z J J

v pj-k

> the naive factorisation formula does NOT hold at the level of renormalised amplitudes!



Soft Higgs boson approximation

» already at one-loop, diagrams that are not captured by the naive factorisation formula can give an additional leading
contribution in the soft Higgs limait

one-particle diagrams | two-particle diagrams

¢ each QP diagram contributes to the leading
behaviour of the matrix element in the soft
Higgs limit, if also the loop momentum is
soft

¢ by considering all possible insertions of the
Higgs boson on the top quark line, no
additional contributions arise wrt the naive

factorisation formula




Soft Higgs boson approximation

» already at one-loop, diagrams that are not captured by the naive factorisation formula can give an additional leading
contribution in the soft Higgs limait

one-particle diagrams | two-particle diagrams

¢ they give an additional contribution to the

the naive factorisation formula | \
lim A ({p;}, k) = Fla(ug); m/ug) JOKLA({p;})
¢ in other words, the renormalisation of the k=0

heavy-quark mass and wave function JOk) — Z m | m
induces a modification of the Higgs coupling L . ~ v p-k
to the hea uark overall nqrma,hsa,tlon, finite, J

O vy q gauge-independent and

perturbatively computable




Soft Higgs boson approximation

> master formula 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

2 2
as(UR) 33 185 13 7
X ) (Tq% —CrCa+—Cpln,+ 1) = 6Cyfy In =X

Fla(ug);m,/ug) = 1 + as;ﬂR)( 3Cp) + <

JT

) + @(af)

27 mz2

we assume that all heavy quarks involved
in the process have the same mass

> NEW: ongoing check of the soft factorisation formula at three-loop order, based on

+ three-loop on-shell renormalisation constants Z and Z,

+ decoupling relations at @((xf)

¢ three-loop massive form factors



Soft W-boson approximation

> goal: compute NNLO QCD corrections for 1t W

> the idea is to follow a similar approach used in the case of f7H : develop a soft factorisation formula also in the case of
a W boson (only coupling to massless quarks, masses break the factorisation...)

> for a soft gauge W boson radiated off a massless quark with momentum pj, we find that

Ilciné Y/ ( {pi}, k) . g oW Z ( p] (—J.* (k) jL( {pl})> ‘ valid at all perturbative orders

_ [ +1 incoming g, outgoing ¢ amplitude where the massless quark
%=\ =1 incoming ¢, outgoing g with momentum p; is LEFT-HANDED



Soft W-boson approximation

» goal: compute NNLO QCD corrections for tzW

> the 1dea is to follow a similar approach used in the case of t7H : develop a soft factorisation formula also in the case of
a W boson (only coupling to massless quarks, masses break the factorisation...)

> for a soft gauge W boson radiated oft a massless quark with momentum p;, we tind that

Ilciné Y/ ( {pi } , k) g oW Z ( p] (—J.* (k) jL( {pl- } )) ‘ valid at all perturbative orders

main differences between W boson and Higgs :
vectorial vs scalar current
ma.ssless vs massive emitters
no renormalisation effects
selection of the polarisation state of the emitter
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Ma.ssification

> idea.: exploit the recently computed leading-colour massless two-loop 5-point amplitudes for gg' > WQQ production

> and apply the massification technique to reconstruct the corresponding massive amplitudes up to power corrections in
the mass m,,

> massification relies on the factorisation properties of massless QCD amplitudes (into jet, hard and soft functions)

%) = ﬂ“’]( a)e) 59 (), 2 0 a(d), ) 1)

> when the mass is introduced, some of the collinear singularities are screened ‘ 1/€ poles are traded into log mQ‘

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

l

‘ change in the regularisation scheme ‘

> factorisation of massive QCD amplitudes ( up to @(mQ/ Q))

94) = 99 (L. o)) 5P (G as02)e ) 196

H

ASSUMPTION: being the process-dependent soft and hard functions insensitive to collinear dynamics, they are assumed not
to change, up to power corrections in the mass

10



Ma.ssification

» the master formula is

AP ({k} aie) = T (47" (’"—j,as%,e)) x R ({k} as(e).c )

ic {all legs}

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

2 2 —1
[(ZT|O) ( 5 > Os, € ) T[l] (Q 5 s Qs € ) (.T[l] (Q 0,05,¢€ ))
H ﬂ H ﬂ

> in the case of WQQ, the function Z[(CZQM) i1s related to y*gg form factor

excluded, their description
requires process-dependent
information

11



Ma.ssification

> the master formula 1s
mo) (Mo V) 2
g [pl,(m ({k} Jas(4), ) _ H (Z[l.] (—2,0(3(]4 ),e)) x M P ({k} —5,0s(p), )
ic {all legs} K
universal, perturbatively computable, ratio of massive and massless form factors

m2 2 2 y) —1
(m]0) [ QF m 1 (Q
Z[l] (ﬂz 70‘878) - T[] (ﬂz ,]42 70'378) (.‘T[] (”—2707%78))

> in the case of WQQ, the function Z[ZQM) 1s related to y*qqg form factor

take-home message:

e the massification procedure predicts the correct € poles, logarithms of the mass and
masss independent terms of the massive amplitude
e power corrections in the mass and heavy-quark loop contributions cannot be retrieved

11
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(e Results

*

direct probe of the top Yukawa coupling
HL-LHC projection: O(2%)

current theoretical predictions: O(10%)

mandatory to include NNLO QCD corrections!
missing ingredient: 2loop 2 — 3 (2 masses) amplitudes

prescription: soft Higgs boson approximation

all ingredients are computed exactly
except the two-loop contribution

12



(e Results

direct probe of the top Yukawa coupling
HL-LHC projection: O(2%)

> we construct a mapping to project a t7H event onto a tf one

current theoretical predictions: O(10%) > we test the quality of the approximation at Born and one-

loop level: the observed deviation at NLO 1s used to estimate

| | the uncertainty at NNLO

mandatory to include NNLO QCD corrections!
missing ingredient: 2loop 2 — 3 (2 masses) amplftudes Vs =13TeV Vs =100 TeV
- . . . o |tb q 7
prescription: soft Higgs boson approximation ) 9 1 99 1
oLO 261.58  129.47 23055 2323.7
Aonton | | 88.62F  i7.826% | 8205 217.0
all ingredients are computed exactly AoNLOH|sore | § 61.98F  i7.413: 5612 206.0

except the two-loop contribution T I

13



*

direct probe of the top Yukawa coupling
HL-LHC projection: O(2%)

current theoretical predictions: O(10%)

mandatory to include NNLO QCD corrections!
missing ingredient: 2loop 2 — 3 (2 masses) amplftudes

prescription: soft Higgs boson approximation

all ingredients are computed exactly
except the two-loop contribution

Results

> we construct a mapping to project a ttH event onto a ff one

> we test the quality of the approximation at Born and one-

loop level: the observed deviation at NLO 1s used to estimate
the uncertainty at NNLO

> at NNLO, the hard contribution 1s about 1% of the LO cross

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

> 1t 1s clear that the quality of the final result depends on the

size of the contribution we are approximating

FINAL UNCERTAINTY:

13



Results

pp — ttH

KR = pp = My + my/2

— 10
X
D ]
A R
z 0 '
2

Q

Z

bz L

—10t . T

Vs [TeV]

o [pb] | 4/s=13TeV | /s =100TeV

oLo | 0.3910313% | 95 38 +2L1%
onro | 0.4875T56% 36.43 T2

onnro | 0.5070 (31)99% | 37.20(25) 1935

@NLO: +25 (+44)% at+/s = 13 (100) TeV
> @NNLO: +4 (+2)% aty/s = 13 (100) TeV

» significant reduction of the perturbative uncertainties

symmetrised 7-point
scale variation

Note that a sensible comparison with data should
eventually be done by including NLO EW

s systematic + corrections

soft-approximation
14



Wbb Results

setup: NNLO NNPDF31 4F, \/s =8TeV, up= pr = E () + pp(b)) + pr(b,)

*

pr;>30GeV |n| <21, pr,>25GeV |n| <24, pr;>25GeV || <24

irreducible background to VH, single top production,
BSM searches

test of perturbative QCD: 4FS vs 5FS, modelling of
flavoured jets

large NLO QCD corrections
mandatory to include NNLO QCD corrections!
missing ingredient: 2loop 2 — 3 (2 masses) amplitudes

prescription: massification technique

all ingredients are computed exactly
except the two-loop contribution

15



Results

setup: NNLO NNPDF31 4F, \/s =8TeV, up= pr = E () + pp(b)) + pr(b,)

*

pr;>30GeV |n| <21, pr,>25GeV |n| <24, pr;>25GeV || <24

irreducible background to VH, single top production,
BSM searches

test of perturbative QCD: 4FS vs 5FS, modelling of
flavoured jets

large NLO QCD corrections
mandatory to include NNLO QCD correcti
missing ingredient: 2loop 2 — 3 (2 masgés) amplitudes

prescription: massification technique

all ingredients are computed exactly
except the two-loop contribution

> we construct a mapping to project the massive bottom

momenta to the massless ones (preserve the four momentum
of the bb pair)

> we rely on the leading-colour two-loop massless amplitudes

for W + 4 partons

> reliability of the procedure:

o the discrepancy between the exact and massified virtual
contribution at NLO 1s only 3% of the NLO correction

e the part of the two-loop virtual amplitude computed in LCA
contributes at the 2% level of the full NNLO correction

16



Wbb Results

setup: NNLO NNPDF31 4F, \/s =8TeV, up= pr = E () + pp(b)) + pr(b,)

pr;>30GeV |n| <21, pr,>25GeV |n| <24, pr;>25GeV || <24

B rr 1T 1| rr1rr1rr1rjfrrrr [ rrrr 1 rr 1t rr 11 [T 111 ] Ol‘der 0,4FS [fb] ZFSO 05 [fb] SF% ) [fb] ZF% o [fb]
500 | s AL Rl . LO 210.42(2)+2L-47% 262.52(10)T2L47%  262.47(10)T2L4%  261.71(10) 2147
@ &85 NNLO (5FS) flav. anti-kr (a = 0.1) 3 ' —16.2% 52( )—16.1% AT( )—16.1% T )—16.1%
=400 NNLO (5FS) flav. anti-kr (a = 0.2) - NLO 468.01(5)F17-8% 500.9(8)F15-1%  497.8(8)T159%  486.3(8)F155%
- ; NNLO 649.9(1.6) 17 0ot 690(7) %5 677(7) 0" 647(7) 15 30x
= 300 -
J :
?200 _:
E 5 » comparison against the SF massless computation
100 |- ] -
| : e  overall good agreement within the scale uncertainties
/CE -I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 Ii . . . .
= 1.50 | . . | | | : » the uncertainties due to variation of my, € [4.2,4.92] GeV are at
Q 125 \ : 2% level (smaller than the ones due to the variation of a, ~7%)
2 100 [N SUER RN ) |
“ AN NN S IS » large positive NNLO corrections: +40%
S 0.75 | .
©) [ - . . o o
S (.50 & | | | | | L3 > still large perturbative uncertainties
o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

ARy,

17



(tw Results

* relevant background for SM processes (1tH, tttt)
* multi-lepton signature relevant for BSM sources
* “special”: large NLO QCD and EW corrections

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

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

* mandatory to include NNLO QCD corrections!

* missing ingredient: 2loop 2 — 3 (2 masses) amplitudes

ATLAS Preliminary —*— ATLAS- this result

Stat. + Syst. Stat. only

NLO+NNLL oo @ oo
FxFx

Sherpa
- b——it--]

1 | I 1 1 | 1 I 1 1 1 1 l 1 1 1 1 l |} 1 1 1 l 1 1 1 | l 1 1 1 1
400 500 600 700 800 900 1000
G(tEW) [fb]

18



(W Results

* relevant background for SM processes (1tH, tttt)
* multi-lepton signature relevant for BSM sources
* “special”: large NLO QCD and EW corrections

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

* current NLO QCD + EW predictionsssupplemented
with multi-jet merging are affected by relatively large
uncertainties

* mandatory to include NNLG@ QCD corrections!

* missing ingredient: 2loop 2 — 3 (2 masses) amplitudes

> good news! we have two rather different and complementary

approximations of the exact two-loop virtual amplitudes

> soft approximation:

« it works nicely in the case of 1#H, mainly due to the smallness of the
approximated H'® contribution

o formally it 1s valid in the limit £y, — 0, my, << m, (which 1is not true
for a physical W boson ...)

» massification:

» it works nicely in the case of Wbb, mainly due to the smallness of
the bottom mass (negligible power corrections)

e formally 1t 1s valid in the limit m, < Q,;, (which 1s not true ...)

how do these approximations perform for Wtt?

18



(W Results

; ) > validation at NLO:
_ 100y AT » both approaches provide a good quantitative approximation of
S ool | the exact virtual coefficient (discrepancy of 5-15%)
& UV
3 » the soft approximation tends to undershoot the exact result

while the massification overshoots it

approx

NLO,H
-
Nej
ot

© !
A 0.90} ] e clear asymptotic behaviour towards the exact result for high p,
| pp - W] where both approximations are expected to perform better (faster
| | convergence of the massification
W - opilf



(W Results

| exact f > based on the validation at NLO, we define our best
1.05T soft 7 prediction at NNLO as the average of the two approximated
— massification -
= | | results
Z 1.00]
4 > systematic uncertainties (on each approximation) are
aé 0.95 estimated as the maximum between what we obtain by
SR varying the subtraction scale 1/2 < p;/Q < 2 and twice the
0.90} NLO deviation
pp — ttW ™ ) ) . . .
_ _ > to be conservative, we linearly combine the uncertainties on
1.4¢ average the two approximations
@ ' soft -
g massification -
2o L.2) |
22 > the two-loop contribution turns out to be 6-7% of the NNLO
<10 cross section (both for tfW+ and ttW™)
:g
2? 0.8 FINAL UNCERTAINTY:
\06\“6 * CZQQG A Ve 56066\] L7 Xr\:g\]



itW Results

> we estimate the perturbative uncertainties (due to missing 800 F | | | ]
higher orders) on the basis of - : :
. . . - o —
 7-point scale variation 700 i 1
« behaviour of the perturbative series 2 600[ ;
4 _' : o po=M/2 -
» choice of different scales: M/2, M/4, H/2, H/4 % 500 F [ 3 :
: b I ® #O —M/4 ]
« breakdown of the corrections into partonic channels 3 3
> b 4001 o po=H7p/2 -
| =H /4
: Y 300+ Ho T/ -
LO NLO NNLO
' first signs of convergence | )
: starting from NNLO. : |
' Lower scales are preferred S
, no new large contributions from channels opening up at NNLO. :
. NNLO corrections are dominated by gg channel (which is NLO accurate) |



it Results

0w+ [fb] oviw - |fb] 0w [fb] Ouiw+/ Tiw -
LOqcp 283.41%5-3% 136.8125-2% 420.2125-3% 2.071132%
NLOqcp 416.91125% 205.1113-2% 622.01 377 2.03313 9%
NNLOqcp 475.2128% 4 1.9% 235.512-1% 4+ 1.9% 710.7159% £1.9%  2.018115%
NNLOqcp+NLOgw 497.515-6% + 1.8% 247.917-0% +1.8% 745.3107% +1.8%  2.007+21%
ATLAS (1] ssSPEORSOE soUGEIOSE slIORUTOX 1estgn
CME [10 55315 1% 5 4% 34377 6% 7 3% 868 16 son 16115 ln

@NLO QCD: large corrections (+50%)
> @NNLO QCD: moderate corrections (+15%)

» 1nclusion of all subdominant LO and NLO contributions
(O(a?), O(a?a?), O(a.a’), O(at)) labelled as NLO EW (+5%)
our result is fully compatible with FxFx

> the ratio c(ttW1)/o(ttW™) is slightly reduced (very stable with smaller perturbative
perturbative behaviour) uncertainties !!




it Results

T | T T T T | T T T T | T T T T | T T | T T T T | T T T T |

150 + IATLAS + CMS * NNIIJ(I)QCD+NLOEW » comparison against the most recent ATLAS and CMS data:
‘ ‘  the agreement is at the 10 and 20 level respectively
400F !  reduction of the perturbative scale uncertainties
e systematic uncertainties due the two-loop approximation are
2 argl ) under control and much smaller than the scale uncertainties
3 _
5]
300 -
take-home message:
250 ) two completely different approximations lead to
: compatible results for the missing two-loop virtual
contribution!!
200 —_1 AR NN SN A TN TN NN NN NN SN SN SN T NN SN SR SN SR AN T TR SN SN NN SR SR S S NN SN N S l——




Ssummary & Outlook

Summary:

> the current and expected precision of LHC data requires NNLO QCD predictions
> the actual frontier 1s represented by NNLO corrections for 2 — 3 processes with several massive external legs
> the IR divergencies are regularised within the g, -subtraction framework: two-loop soft function for arbitrary kinematics
> the only missing ingredient 1s represented by the two-loop amplitudes:
o first approximation based on a soft boson factorisation formula
« second approximation based on the massification procedure of the corresponding massless amplitudes

> for all three processes considered ( tfH, Wbb, ttW ), we have a good control of the systematic uncertainties associated
to the approximation (much smaller than the perturbative uncertainties)

OMT[OO é.’

> test the performance of the soft approximation in a fiducial setup and at the differential level

> match the Wbb fixed order calculation to parton shower

> explore other processes of the same class!

24
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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



