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mokivakions:

> the study of the Higgs boson 1s one of the priorities in the LHC experimental program, after its discovery in 2012

» the Higgs boson couplings to SM particles are proportional to their masses: special role played by the top quark!
» 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

Top Quark Production Cross Section Measurements Status: November 2022
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mokivakions:

> the study of the Higgs boson 1s one of the priorities in the LHC experimental program, after its discovery in 2012
> the Higgs boson couplings to SM particles are proportional to their masses: special role played by the top quark!

> 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

Vs =14 TeV, 3000 fb™ per experiment

| Total ATLAS and CM
—— Statistical HL-LHC Projection
—— Experimental
S Theory Uncertainty [%]
Tot Stat Exp Th the current expe.rimam&at accuracy s 020%)
c . = but, according to the HL-LHC F?rOJec&LOV\s, tk is
goH [—_. 16 0.7 08 1.2 ‘
| expec&eci to 90 down to 0(2%)
GVBF - 3.1 1.8 1.3 2.1
5 the extraction of the tTH(H — bb) signal is Limited bj
WH the theoretical uncertainties in the modelling of the
backgrounds, mainly 17bh and 1f + light-flavour jets
OZH I— 4.2 26 1.3 3.1
morecver, NLO QCD + EW theory predic:&i,m\s equipied
Oy, 43 13 18 37 with NNLL soft-gluon resummoation are affected by
IIIIIIIIIIIIIIIIIIIIIIIIIIII O(10%) uncertainty
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Expected relative uncertainty



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)

[ 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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[ 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

1 complete NNLO QCD predictions with approximated two-loop amplitudes

first NNLO calculakion!




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)

[ 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

see Ankon’s kallke
main bottlenecie
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

One loop QCD corrections to gg — ttH at O(e?) Two-loop QCD amplitudes for 1 H production from boosted limit s GMOXLMQ’S talle

Federico Buccioni, Philipp Alexander Kreer, Xiao Liu, Lorenzo Tancredi Guoxing Wang, Tianya Xia, Li Lin Yang, Xiaoping Ye

Two-Loop Master Integrals for Leading-Color pp — tfH Amplitudes with a Light-Quark Loop

HOT TOPIC !!
F. Febres Cordero, G. Figueiredo, M. Kraus, B. Page, L. Reina




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)

[ NLO QCD + EW corrections (on-shell top quarks), including NNLL soft-gluon resummation
[ NNLO QCD contributions for the off-diagonal partonic channels

M complete NNLO QCD predictions with approximated two-loop amplitudes

. development of physically
motivated, reasonable and reliable i
approximations of the double-virtual see also Vasily’s talk (ZbD)
conktribution and Paclo’s tallke (WWy)



> cross section for the production of a triggered QQF final state at NXLO

crucial to keep the mass of the
heavv quark mg

all emissions are unresolved

we can exploit the QCD
foactorisaktion of the makbrix elements
i the singular soft and/or
collinear Limitks

ingredients from g, - resunmmation

gr is the transverse momentum of
the QOF system

1 [n2k-1 qr
ﬁ qr M
dqr
q;ut

to complete an NNLO computation: crucial to
consbruct an NNLO subtraction/slicing scheme
and have all scattering amplitudes available

do

do
o :/ qu J.
<q%ut dQT

dqr ——
/>q%ut dQT

1 emission s alwaus resolved
J

the complexity of the calculation is
reduced by 1 order

logarithmic IR sensitivity to the cut

dr

L Jaram + O((G5™P)



> master formula at NNLO

donio =  wwro ® doro + [doy; o — Aoy, ol g, s + O(GF"))

™ all required tree-level and one-loop matrix elements are known and can be evaluated with automated tools like
OpenL.oopsa

™ the remaining NLO-type singularities can be removed by applying a local subtraction method

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



> master formula at NNLO

doyyro = H ynro ® dopo + [doy, o — doyy, ol g sqem + O((g7™))

™ the hard-collinear coefficient receives contributions also from the two-loop virtual amplitudes

h 2) 2R (M) pgs i) A" \
where H“ =
b

| MO |?

Up=pirg=0  Qis the invariant mass

UV renormalised and IR subtracted _
of the QQOF system

amplitude at scale p;p

—
™~

conceptual and technical challenges: :

2 = 3 and higher mulkiplicity

1. appearance of new mathematical functions two-loop amplitudes involving heavy

loops and (mamv) external massive
legs are currently out of reach.

3. possible to find an amplitude representation that allows us They require major breakthroughs
for a numerically stable evaluation?

2. current analytic and numerical mebthods may not be enough



> master formula at NNLO

doyyro = H ynro ® dopo + [doy, o — doyy, ol g sqem + O((g7™))

™ the hard-collinear coefficient receives contributions also from the two-loop virtual amplitudes

2”‘(/”1(%3 (Uyr> HR) A (0)*)

where H® =
| O |

Ur=Hir=0

1. soft Limit for the
external boson V
(Ey = 0,my — 0)

' pp ~ QO
> 2. high-energy Limit i
(ulbra-relotivistic quarks)

(my < )

- : exploit the factorisation properties of
\ QCD makrix elements in two di{f&r&h& and
rather complementary kinematic regimes




> We want to study the soft Higgs-boson limit for the amplitude associated with

o o heavy-quark pai
a(ky) + b(k) = Q(p1,m)Q(p2,m)...Qpn—1,m)Q (P, m) + H(g, mpy) one or more keovy-quark pairs

> at tree-level, 1t 1s straightforward to show that the LP factorisation reads

H(q’mH)
lim ___ o = [ 70)(g)|x 0 (py.m)
g—0 o = d e
Ty == —

(% p Pi - q

> at bare level, the naive factorisation formula holds true at all orders 1n ¢, due to the abelian nature of the Higgs boson




> We want to study the soft Higgs-boson limit for the amplitude associated with

o o heavy-quark pai
a(ky) + b(ks) = Q(p1,m)Q(p2,m)...Q(pn—1,m)Q(pn, m) + H(g, ms) one or more keovy-quark pairs

> at tree-level, it 1s straightforward to show that the LP factorisation reads

H(q’mH)
lim ___ o = [ 70)(g)|x 0 (py.m)
g—0 o = d e
Ty == —

(% p Pi - q

> at bare level, the naive factorisation formula holds true at all orders 1n ¢, due to the abelian nature of the Higgs boson

> ... but the renormalisation of the heavy-quark mass and wave function changes the overall normalisation by

soft Limit of the scalar form factor for the heavy guark

a " () )2< 33 185 13 0

()
04
s i) CrCa+—Clm +my) - 6C:A" In

27

2
4 " 12

F(as(nl)(//tR);m//’tR) = 14 (=3Cp) + ( ) + O(at;)

27 2



> To extract the explicit form of I up to three-loop order, we rely on the well-known Higgs low-energy theorems (LETS)

> LETSs provide a connection between amplitudes of two processes which differ

by the insertion of an external Higgs-boson line carrying zere momentum
The LETs can be derived bfj observing

> 1n our specific case: thak:
° bare __ mg bare 1. the Higgs-boson interaction with a
11H1q—>0 MQ_>QH (p7 Q) — 0 amo Q—)Q( ) , , massive fermion emerqges from the

pe=m mass term by substitubing:

H
my — My <1 +—> = my(H)
V

ME0 () = Qo {mo(—1+ Zs(p?,mo)) + pXv (p*, mo) } Qo

2. if the Higqs boson carries zero
momentum, the corresponding field
is constant

1 ~_ 1 mo_ 1 g5 _ moH 1
> next steps: pmaldl) T pmmo v pmo (705 )
o renormalisation of the quark mass and wave function m,Q,0, = mQQZ Z,
, , , ~E (ny) (ny) (ny) 2 (ny) (nyg)
o MS renormalisation of the strong coupling gs _ (€7 pm] ag”ﬂ(uR) s (m) By T (fas  (pm) 0 A 0(ed)
47 47 27 € 27 € 2€ i

+ decoupling of the n;, heavy quarks of mass m



> LP master formula in the soft Higgs limit (¢ — 0, my,; < m):

m by tne all-order
./\/l(pl,pg...pN,q) ~ F((XS(ILLR);m/IuR) g (Zizl m) M(pl,pz--.pz\r) Ll-order UV

renormalised ampié&udes

» observations:

o Fla(up); m/ug) 1s per&urba&ivei.v calculable, finite and gauge-independent

o 1t can be derived by applying the so-called Higgs Low Energy theorems (LETS)

we proved the relation with the soft Limit of the
scalar FF up to three-loop order




> LP master formula in the soft Higgs limit (g — 0, my; < m):

M(p1,p2..pN,q) = Flas(pr)im/pr) o (ZN ﬂ) M (p1,pa...pN) all-order UV

1=1 p;-q renormalised amplitudes

> observations:

o Fla(up); m/ug) 1s pev&urba&vetv calculable, finite and gauge-independent

o 1t can be derived by applying the so-called Higgs Low Energy theorems (LETS)

o the IR singularity structure of the scattering amplitude 1s left changed

o the non-radiative amplitude must be evaluated on a set of projected momenta (to preserve momentum conservation)

o for the specific case of ttH production, the non-radiative amplitude is known up to two-loop order

the soft factorisation formulae could provide a [ocawewfui, ié
" cross check of fubture exact ampii&ud& calculations, in this
| specific kinematic Limik 4




> LP master formula 1n the soft Higgs limit (g — 0, my; < m):

M(p1,p2---PN,q) = F(as(pr);m/ur) % (ZN i) M(p1,p2...PN) obl-order UV

=1 p;-q renormalised amplitudes

> observations:

o Fla(up); m/ug) 1s pe.r&urba&i,vebj calculable, finite and gauge-independent

o 1t can be derived by applying the so-called Higgs Low Energy theorems (LETS)

o the IR singularity structure of the scattering amplitude 1s left changed

o the non-radiative amplitude must be evaluated on a set of projected momenta (to preserve momentum conservation)

o for the specific case of ttH production, the non-radiative amplitude is known up to two-loop order

Dl

090
a careful assessment of the quality of
Fhe appromma&mn LS r@.qmred

why soft Higgs approximation



Vs =13TeV Vs =100 TeV
o [tb] g9 qq 99 qq
oLO 261.58 129.47 23055 2323.7
AoNLO H 88.62 7.826 8205 217.0
AoNLO H|soft 61.98 7.413 5612 206.0
Aoxnpomlsor | —2.980(3)  2.622(0) | —239.4(4)  65.45(1)

> at NLO, difference of 5% (30%) in 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

10



Vs =13TeV Vs =100 TeV
o [tb] g9 qq 99 qq
oLO 261.58 129.47 23055 2323.7
AoNLO H 88.62 7.826 8205 217.0
AoNLO H|soft 61.98 7.413 5612 206.0
Aoxnronlsor | —2.980(3)  2.622(0) | —239.4(4)  65.45(1)
FINAL UNCERTAINTY:

+0.6 % on oy o, 15 % on Aoy o

it is clear that the quality of the final resulk
d@.p@mds on the size of the contribution we
are appraxim&f‘:im}

» 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

10



pp — ttH

LR = fp = My + My /2

————

- —

- ———
- ————
———
- _---—_

- ——
Ll
———— - —
—————

onnLo/onvo — 1[%]
o

_10F

13

50

100

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

oLo | 0.3910+313% | o5 3g +2L.1%
onro | 0.4875F56% 36.43 192

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

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

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

symmetrised 7-point
scale variation

systematic +
soft-approximation

11



First differential results: “soflt-based” Higqs Eransverse

nmomentum

pp — ttH @ 13.6 TeV pr=pr=(Ert+Eri+ Erm)/2 . . . . o

| - » significant reduction of the perturbative uncertainties

i NLO ] . . . . . o
=¥ NNLO - » soft-approximation uncertainty computed on a bin-by-bin basis
O | (NLO discrepancy multiplied by a constant tolerance factor 3)
ol
= |
s |
=B the systematic uncertainties seem to be under control, but are

they trustable?

in the tail of the p;y distribution, far from
the region of vatidi?:v of the soft-
apprax&ma&iam the svs&emaﬁéc errors are
“ar&i{iciattj" too small

DO
-nlan)

dO/dONLQ-—l[%ﬂ

0.0 i
- H® | e/ AonnLo — H()99| ¢ /AonNLO H®)99| e /AonNLO 1
_O 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2F H(l),99|soft/H(1),gg u
i HW»adq) o /g(1),9a A
1P .
1 1 1 1 l 1 ; : 1 ;7777777177777777‘v ; ; l ; ; i i l 1 1 1 1 i
0 100 200 300 400 500




First differential results: “soflt-based” Higqs Eransverse

nmomentum

pp — ttH @ 13.6 TeV pr=pr=(Ert+Eri+ Erm)/2 . . . . o
| - » significant reduction of the perturbative uncertainties
i NLO | . . . . . .
=3 NNLO » soft-approximation uncertainty computed on a bin-by-bin basis
(D) i 1 . . .
O (NLO discrepancy multiplied by a constant tolerance factor 3)
I
an) 2 i
=]
= . .
=B > the systematic uncertainties seem to be under control, but are
| they trustable?
<0 | in the tail of the p;y distribution, far from
= 207 the region of vatidi?:v of the soft-
T i i —— approximation, the systematic errors are
S “ar&i{iciai.i.j" too small
z 0
S
b | | | |
]
0.0 —— .
! * ; | \ /
09 - | Hfz)lsloft/lAJl\lINL(I) T . {{(Q)I’gg|lsoft/lA0INNLlo T IH(ZI)’qq]softl/AOI'NNIIJO . - L - can we Peﬁne our a,ppPOlea,thIl?
2 H<1>’9~‘j|soft/H<1>’gﬁ‘: -~ - our idea cownsists in exploiting also the
: R e N procedure and relying on the LC
S - ) Ema-—-ioop massless ampti&uc{es for pp — Hbb
o 10 20 30 a0 50



il formutation Mass lactorisation or massilication

> tdea: reconstruct the massive amplitudes, in the ultra-relativistic quark limit m << Q, up to power corrections @(mz/ Q2)

» If contributions from he&vquuarw Lwops are neqglected, the master formula 1s

2
we are “dressing” ng external | M%m)> — ([Z [(57]’|O) ( m_; Ol ( :u2)7 Gj )nQ/ | MP> all-order UV renormalised ampti&ud&s

quarks with a mass m [ i MS scheme with 7, running quarks

universal, perturbatively computable, ratic between massive and massless FFs

m m? Q 2 m?2 q— F 2
2 (F,as(ﬁﬂ)ﬁ) _ 7lQQ—F] (52) . ,%(Mz)je) (quw | (%’%(”2)’6))

Gocma g e ece T iy g S e o e Rep B L o2 ¢Z Jo e o b R AN Ach B Lo e g g Tt ) SN Neis Be. Lo by e e SRR S e g 2. T e TS A A T TR B

1. all € poles, n-independent
Llogarithms of the mass and finite
terms of the massive amplitude are

Predw&ed

the mass “screens” —m—pp 2. ik caln be viewed as a change in
collinear SE,V\SML&?&EQQS T’QSMLO\\”LSO\&E,OM scheme

13



reratised formutation Mass lactorisation or massilication

» If contributions from keo\\/jmqua\rw Loo[ps are included, a non-trivial soft function emerges starting from 0552

» the master formula gets modified as

" " 9 (g 1/2 8 3 (n
ME) =1L (277 (25, a8 (12),€) ) s (22, 22,0l (42), €) M)

“all-order UV renormalised ampti&ud@:s
i MS scheme with 1, = n; + n;, runining quarks

k J 2 2 n (ng) 2 5
1\ S (7}2 , r;n ,Oég f)(MQ)’E) — 1 (QZTF ) np, Zz>](_T7J T])S(Q) <m2 ] Z::j ,6) —I—O(ai)
77, 2
2 2 € s,
/ with - S (ZLQ ’ Z:j ’6) =1k (%) ( 3212 | 32 12172 4§2) log ( 23)

see Gruoxing’s talk

14



reratised formutation Mass lactorisation or massification

» If contributions from hea\qumm Loops are included, a non-trivial soft function emerges starting from 0552

» the master formula gets modified as

" " 9 (g 1/2 8 3 (n
ME) =1L (277 (25, a8 (12),€) ) s (22, 22,0l (42), €) M)

“all-order UV renormalised ampti&ud@:s
i MS scheme with 1, = n; + n;, runining quarks

| for the speci{ic case of QQH Produ&:&mu we can reconskruct the massive |
| amyii&udes, up to power corrections in the heavy-quark mass, bv
exploiting the corresponding (nown) massless amplitudes i

14



» We implemented the one-loop and two-loop massless amplitudes of in a C++ library for the efficient
numerical evaluation of the massified amplitudes

» possibility of choosing the precision (double, quadruple or octuple) for the MIs and relative coefficients

: massless PS point

X = {ﬁ13ﬁ29p3ap49ﬁ5}’
scale y, heavy-quark mass m,
partonic channel

: one-loop and two-loop
massless finite reminders in LCA
(Catani’s subtraction scheme)

MASSIFICATION

: Pentagonkunctions-cpp
evaluation of the pentagon functions

: one-loop and two-loop massive finite

reminders in LC-FC
(minimal subtraction scheme)

: OpenLoops 2
evaluation of the exact Born
and one-loop massless amplitudes

evaluation time per phase space point:

cross—checked against an O(2 — 3s) for both partonic channels

independent implementation by [quadruple (double) precision for the coefficients (MIs)]
C.Bilello




> We implemented the one-loop and two-loop massless amplitudes of in a C++ library for the efficient
numerical evaluation of the massified amplitudes

> possibility of choosing the precision (double, quadruple or octuple) for the MlIs and relative coefficients

q/9(p1) + /9(p2) = H(ps) + t(ps) + t(ps)

y . preserve the 4-momentum of the heavy-quark

. l PS .tX:~,~9~9~9~’ 1 D D
massless PS poin 1P1> D2 P35 P> P} pair sqQ = (P4 +ps5)* = (Pa + Ps)°

scale y, heavy-quark mass m,,
: ~ po_ [
partonic channel Py = Bypy — B-D5 1+ \/ 4m?

~ with S =—F,0=/1— —
Dy = B+ps — B—pl

25 SQQ
prevents potential collinear divergences due to g — bb

y . preserve the energy and longitudinal .

: the 3- ta of the h k
component of the 4-momenta of the heavy quarks PTESEIVE 11e S=INOMENLd O1 The hedVy quaries

and the 4-momentum of the Higgs boson

~M N 2 2
Py = (E47p4,T\/p +m 7p4,z)7 ~ ~
: o PP = B1(1,0,0,1), pY = Ex(1,0,0,—1),

Py = (Es, Ps, 1 \/png +m?,ps.) ps =Y,

prevents potential éS iotuhiog; .c{.Lverge;\ces i g2 channel ij — (\/ piT + pi s DATP42)
-channel diagrams

ﬁ’g — (\/p;T +p§,z7ﬁ5,Tap5,z)
16



> We implemented the one-loop and two-loop massless amplitudes of in a C++ library for the efficient
numerical evaluation of the massified amplitudes

» possibility of choosing the precision (double, quadruple or octuple) for the MIs and relative coefficients

2 2

n — n m|0 n n fin, SCET m
MESOED) — 2k (0,5 92 (a0, 1 €) By (05 M) +0 ()
h

: one-loop and two-loop massless
finite reminders in LCA
(Catani’s subtraction scheme)

: one-loop and two-loop massive
finite reminders in LC-FC
(minimal subtraction scheme)

7
(2 _ Z[(;ﬁ,eo o Z[(Clﬁal/ez[(clﬁﬁ B Z[(Clﬁal/e2 Z[(Clﬁﬁ Yulkawa renormalised ON-SHELL

17



> We implemented the one-loop and two-loop massless amplitudes of in a C++ library for the efficient
numerical evaluation of the massified amplitudes

» possibility of choosing the precision (double, quadruple or octuple) for the MIs and relative coefficients

2 2
n n m|0 n ﬁn,SCET m
MERSCET)y _ 71 (q(m) 2 2 ) (IO ( ), 1 > Zimeoy (0", %5 €) MBS >>+O( 2)
m : one-loop and two-loop massless
finite reminders in LCA
(Catani’s subtraction scheme)

fin,SCET)\ __ n M2 (fin,SCET)
MESCED)) — F ((g(m) E) | g (- SO8D))

(m=

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

n, 1),(fin,SCET 0
]/\/l(l) (fi SCET)> |MEW)L=(0) )> 4 (1) |MEW)L:O)>

n, 2),(fin,SCET 1),(fin,SCET 0
| M@ EnSCET)) _ | (2 (BnSCBT)) | (1) | \q(DEnSOET)y | () g0)

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

: one-loop and two-loop massive
finite reminders in LC-FC
(minimal subtraction scheme)

Yukawa renormalised ON-SHELL

17



> We implemented the one-loop and two-loop massless amplitudes of in a C++ library for the efficient
numerical evaluation of the massified amplitudes

» possibility of choosing the precision (double, quadruple or octuple) for the MIs and relative coefficients

m< Q]

: one-loop and two-loop massless
finite reminders in LCA
(Catani’s subtraction scheme)

MORSOBT)) _ 71 () 2o €)Z<m|o>( (n) 1 6) 7 (ml0) (agnﬂ,/ﬁ.e)

n n fin,SCE
XS(O(FS f)mu m2 » S35 )Z(m O)( ( f)7:u2;€) ‘M( 0) T)>+O<

(m=

iM(ﬁn SCET)> f[ | (a(nf) ,UQ. ,LL2 ) ‘Mgﬁn S()JET)
¢ 5 7 m=0 .
S -

....................................... T2 80 eeeraiimeeena
with F Ei]) = FM 4 F [(Cl]) \ : one-loop and two-loop massive
(2) 5 O (2) finite reminders in LC-FC
F ] = = F® 1 8@ 1+ F (] | (minimal subtraction scheme)
2 2
7T 2 (1),1/¢ _ 2, T 1.3 (1),1/¢
T+ <18 3l“m> Lm&pun, T T ( ST 18 i 9l“m> L, Yulkawa renormalised ON-SHELL

18



Quality of both approximations at INLO

pp — ttH (gg) @ 13.6 TeV prp=pr= (Ery+ Ev;+ Ern)/2 pp — ttH (qq) @ 13.6 TeV pr = pr = (Bt + Epg + Evn)/2
0.6 AONLO.H . 0.035 Ir—"_l—-: AoNLo H ]
=5 — A0ONLO,H soft : |—‘I __: — AoNLOHsoft
0.5'_ =1 L= — AJNLQ,H\MA,fcfc . 0'030; : __: - AUNLO’H‘MA’MC —
— A i : l - =+ AONLOH|MA lcfc 1
= oul [ - AL btk 002 : i T :L_I | ]
8 . - I_ 8 I :__ I_

= = £ 0.020f | i ]
= 0.3F i = - o :
= I == Y I -
§ § 0.015 _IL — ]
< 0.2 i 7 T < _L :1:.
- — ] 0.010 | | —— -

. ] around the peak: :

i -l-|_|_‘_\_“ : 1. FC-FC massi{iaa&iom and 50& 0.005E |

; _|_|_‘—|_ j approxima&iom are Meari.j

eop T equiv&t@.h& 0.000 E— ]

2. LC-FC massification

0.175 i HY /onLo = HW|\a fotc/oNLO ] 0.06 _ H®Y /oxvo — HW|ma fete/onLO

. = — HD | /onro = HY|ma tete/oNLO | OVQT‘QS&E’MQ&QS H"\E EXQCE T'ESM& L — HW e /onLo = HW|ma jete/oNLO

0.150 F a= bj almost a factor of 2

0.125 F ]
: —

0.100f ;H__‘—'—.___ —' :

0075 o« o o _
0 100 200 300 400 500 200 300 400 500

pru [GeV] in the high-p; kail: P [GeV]
1. missing su,bi.e.ac\i,hg colour conbributions are less relevank

o 2. soft approximation underestimates the exact resulk: 6(2%)
S. Devoto, M. Grazzini, S. Kallweit, J. Mazzitell1 and CS, in preparation difference of the NLO cross section



0.6 |

<
N

dO’/de,H [fb/GeV]
<
W

<
O

0.0

0.175

0.150

0.125

0.100

0.075

pp — ttH (gg) @Q 13.6 TeV

Quality of both approximations at INLO

MF = ILLR = (ET’t _|_ ET’E _'_ ET,H)/2

AoNLO.H
| I — AO-NLO,H‘soft
=1 L= — A0ONLO,H|MA fefe
| = AoNLoH|MA lcfe ]
—

=

H® /onpo

— HW|ya fefe/oNLO ]

— HW e /onLo = HW | pA 1ete/oNLO |

- L 1 L L L L 1 L L L L 1 L L L 1 L L q
0 100 200 300 400
pT,H [GGV]

massified resulls are in qood
agreement with the exact one-
loop, with effects of O(1%) of the
NLO cross section in the kail

soft-approximated resulk is
systematically below the exact
one-loop, with effects of O(8%) of
the NLO cross section in the tail
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)
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,LLF = ILLR = (ET’t + ET,E + ET,H)/2

§ {""—1 AoNLo,H ]
N I p
[ ! I — AONLO, H|soft ]
N 1= I i
I | == — AONLOH|MA fefc |
[ | ]
- —— = AoNLOH|MA lcfe
o[l ]
I I =1 ]
L] | i
L I e .
[ ! ]
|| ~ ]
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= A -
I L \ ]
[ | -] ]
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First differential results: "best” H'® prediction

" b 4 pp — ttH @ 13.6 TeV pr = pr = (Ery + Erz + Erm)/2
A Se error :
0.04 for each partonic channel:
HM o 2 2
Esoft = 2 X H(ls)o — 1| X max (IH( |soft| |H( )lMAD 002l HOon — Wsott H |sots + wnia H 2 |na
ol | best —
Wsoft + WMA
H® |\ fof H® |pa 1cf 1
_ fofc Jcfc (2) (2) 0.00
EMA 2><max( 0 AT 1 xmaX(|H |soft ,‘H |MAD Wsoft = —5—
soft
—0.02 HP | o5 /oNNLO
: — H@ |\ /onNLO W 1
- B H®|pest /oNNLO MA — 2
Up—variaktion error T T T T T MA

[ — H®) 99 o /onnLo W H(2)’gg|best/‘7}${__1}_{_150

P

) 02k H(2)’gg|MA/?NNL’U"“'-;..

H(Z) |soft(zé) + (ZQ — Q) - H(Z) |soft

4

Gsoft — Max ( H(z)lsoft(é/z) + (Q/?- — Q) - H(2)|soft

the errors on each channel are
finally combined gquadratically

’

. ( H®|\a(8/2) + (Q/2 — Q) — H®ya |, [H® |ya (20) + (2Q — Q) — H(2)|MA|) 00

the final systematic error & on each

: . : : 0.00k ]
approximation and for each partonic channel is | R O 1. Fhe “best" pre diction nic ely

obtained by taking the maximum between & and ¢ - interpolates between the koo

H(2)’qq|soft/UNNLo LE.MLES
H®99 |5 JonnLO ] 3
0.02 m e o1 2. the assoclated error does not
S vary strongly over the pry

o 100 200 300 400 500

PTH [Ge\/] range
3. the individual soft and

massified predictions have 20
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pp — tHH @ 13.6 TeV pr =pr = (Brs+ Erg + ET,H)/Q- total XS at ﬂfi,xe.ci scale pp = ppr=m +my/2

difference of 0.3 %

> the systematic uncertainty based on the refined
prescription is slightly larger: ©0(0.8%) instead of
0(0.6%) of the NNLO cross section

. _ = LOqcp ]
o & NlOgop o [fb] Vs =13.6 TeV
= 3.0} & NNLOgep 1 30.7%
e 0 NNLO ] +30.
% 2.5 :-_ 7777777777777777 — Aol ] ULOQCD 423438 _21.8?’2
= 20F : +5.7%
g“ : UNLOQCD 528.605 _9.0%
o | i i O'SA 0.8%
<= 10k | : sjs&emahc error associaked NNLOgcD 3.0%
ﬁ ] with the “best” predic&iov\ for
0.5F = : best 0.9%
| —— ] the double-virtual UNNLOQCD —3.0%
0.0 s
o 20 NNLOQCD+EW ) —3.0%
o)
s | - > NNLO QCD predictions based on the soft-approximated
S : and “best” double virtual are fully compatible:
\—|1 4
Z
g
g
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pp — tTH @ 13.6 TeV pr = pr = (Erg+ Erg + Bru)/2
3.5 =St
, /= NLOqcp
= 3.0F B NNLOgeo 4
§ . _ i NNLOqeop+eEw _
= :
= 2.0 -
a [
= 15 N
= ;
< 1.0E
0.5

dO’/dO‘NNLOQCD -1 [%] dO‘/dO’NLQQCD —1 [%}

S. Devoto, M. Grazzini, S. Kallweit, J. Mazzitelli and CS, in preparation

total XS ot fixed scale pp = pup=m, + my/2

o [fb] /s =13.6 TeV
TLOGoD 423.438 130.7%
ONLOGon 528.665 57
et o ot Mhow, | M550 0
e derablosirbual Rt oqer | 550.5 (4.6) 5%
conbribution Jll\)]?\?i Oucmron £69.3 (Z6 ; i—;(l)g;

» 1nclusion of all subdominant LO (@(asaz), O(a?))
and NLO (@(aszaz), @(asa3), O(a®)) contributions:
+2 % at the cross section level

positive (negative) subdominant LO
and NLO corrections in the small

(large) pry region

21



more diskribubtions ...

NNLO QCD + EW corrections

pp — ttH @ 13.6 TeV

pr = pr = (Ery+ Ers+ Erm)/2

200 F
150

100

do / dys [fb]

= LOqcp
= NLOqgcp
= NNLOQCD

B NNLOQCD+EW

dO‘/dO‘NNLQQCD —1 [%] dO‘/dO‘NLQQCD —1 [%]

Yt
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MATRIX + HQQAMpP

do /dpr [fb/GeV]

dO’/dO’NNLQQCD —1 [%] dO’/dO’NLOQCD —1 [%]

constant shift

prt |GeV]

: ] o
= LOqep : g
2.5 = NLOQCD 7 ég,
[ = NNLOgqcp ] &
2.0 @ NNLOqcpieEW 1 T
' | X
1
|
1<
=
20 | ]
!_'_,_,_'_-
0}
_20 -_ l -
10 §
O =
—10}
101 II102 | | — II103

semsi&ivif:j to Sudakov logarithms
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> As the LHC has entered 1ts ““precision” phase, more accurate theoretical predictions are of paramount importance

> the current frontier 1s represented by NNLO corrections for 2 — 3 processes with several massive external legs

main bolblenecie: Ewo-—-tm:;u[a ampd&ud&s

> the associated production of a Higgs boson with a top-quark pair (tH) belongs to this category and it is crucial for the
measurement of the top-Yukawa coupling

> s&ro&egvz develop physically motivated, reasonable and reliable approximations for the double-virtual contribution

SOFT-BOSON APPROXIMATION MASSIFICATION

> the quantitative impact of the genuine two-loop contribution, in our computation, 1s relatively small (~1% on oy o )

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

> we have “updated” our previous prediction for the total cross section by designing a wmore solid estimate of the
double-virtual contribution based on both approximations

> we have shown preliminary differential results for the Higgs transverse momentum (and few other distributions)

> we have included the full tower of EW corrections
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