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» tremendous progress in the past ~10 years!

> ... but still far from reaching the same level of automation, efficiency
and generalisation as at NLO
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55 * * massless computations (up to one massive leg) basically done!
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» tremendous progress in the past ~10 years!

» ... but still far from reaching the same level of automation, efficiency
and generalisation as at NLO
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> tremendous progress in the past ~10 years!

» ... but still far from reaching the same level of automation, efficiency
and generalisation as at NLO
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> tremendous progress in the past ~10 years!

> ... but still far from reaching the same level of automation, efficiency
and generalisation as at NLO

Nothing
avai.LabLe.A
STATUS » 2 — 2 processes are under control (independent calculations)
_ * > 2 — 3 processes represent the current frontier
Mo&u\“i&j | o,
‘\9\‘0 o P ~ > e.,;;’“’s 2 * the complexity considerably grows when wore exterwnal
\~ ~, .
w0 S;béf 5&:1 massive leqs are present
he 9 _ _ _
© ° pp — Wbb (4FS) pp — ttW pp — ttH

L.uca Buonocore

fixed order

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



> cross section for the production of a triggered @@V final state at NLO crucial to keep the mass of the
heavv quark m

1
2k—1 do do
do —In™ gy o = / dqr | / dqr ——
= qr <qert dgqr o Jsgene T dgr
dqr
all emissions are unresolved
we can e.xpioi& the QCD |
factorisation of the makrix elements 1 emission is always resolved
in the sinqular soft and/or
collinear Limiks the complexity of the calculakion is

reduced b:} 1 order

ingredients from ¢; = resummation
logarithmic IR sensitivity to the cut

q;ut dr

gr is the transverse momentum of
the @QV system

doyi o = Hpo ® dopo + [doyy .y o — Aoy o1, s g + OWGF )



> master formula at NNLO

doynio = # npo @ dopp + [dﬁzsw dGNNLO]q >gsut T O((qr OP)

™ 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

doynro = #nro ® Aoy + [doy, o — Aoy olg g + O(g7"))

™ non trivial ingredient: two-loop soft function for an arbitrary kinematics of the heavy quarks

¢ the resummation formula shows a richer structure due to the additional
~ 1/b soft singularities

l/bS qrsM ¢ the factor A (operator in colour space) 1s specific for heavy-quark

production and it encodes the soft wide-angle radiation from the Q@
pair and from 1nitial-state final-state interference

¢ the log-enhanced contributions are controlled by the transverse
momentum anomalous dimension I,

1/b S gr S M

¢ also the hard coefficient gets a non-trivial colour structure and azimuthal
correlations



> master formula at NNLO

doynro = #nro ® Aoy + [doy, o = Aoy olg,sgm + OgF"))

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

h 2) 2R(AM (izn (HiRr> Hr)- (O)*) <
where H'9 = \
b

PACl

Ur=HRr=0 Q is the invariant mass

UV renormalised and IR subtracted _
of the QQV system

amplitude at scale p;p

—
™~

t:ohtep&uat and technical challenges:

1. appearance of new mathematical functions 2 = 3 and higher mulkiplicity
Ewa-—-toop ampu&ud@.s volving heavv
2. currenk amattj&éc and numerical methods Moy not be enough Loops oand (mav\j) exkermnal vossive

legs are currently out of reach.

3, possébt& to find an ampté&ud& representation that allows us T‘hev require mo jor breakbhroughs

for a numerically stable evaluation?



N SOFT-BOSON appraximaﬁc:—m

B f : exploit the factorisation - Zﬁrﬁﬁ&bi:;: he
4 properties of QCD matkrix elements in two (Ey — 0, my — 0)

Uferent and rather complementary
kinematic regimes

MASSIFICATION
2. Mgk*eh@.rgv Limik
(ulbro-relativistic guarks)
(my << )

disclaimer:
for ttH and 1iW, none of the two approximations
is (& priori) justified in the bulk mf the events.
The quality of the approximation must be
t:o\r@fuuj assessed



> It 1s well-known that when a soft photon, with momentum g*, 1s emitted in a high-energy process, the corresponding
amplitude obeys the factorisation formula

M{pi}, @) = T*"(@en(@M{pi})  with  T"(@) = GZUiQipf?q

valid at leading power (LP) in the energy of the soft boson 2. universal, process-independent:

eitlkeonal currenk:

1. gauge—invariant

the soft boson cannot resolve the
. details of the hard process but
—1 otherwise only the charge and direction of

the exterhal charged particles

{+1 if 4+ (incoming) outgoing (anti-)fermion
O; —



> It 1s well-known that when a soft photon, with momentum g*, 1s emitted in a high-energy process, the corresponding
amplitude obeys the factorisation formula

. y pf; etieonal currenkt:
M({p:},a) = T*(@eu(@M{pi})  with  J"(a) =€) [T)Q:i— o
; Pi - q 1. gauge—invariant
valid at leading power (LP) in the energy of the soft boson 2. universal, process-independent:

the soft boson cannot resolve the
details of the hard process but

—1 otherwise only the charge and direction of
the external charged par&iates

{+1 if 4+ (incoming) outgoing (anti-)fermion
O; —

> since a W boson behaves as a photon under QCD corrections, an analogous factorisation holds in the soft limit

W= (q)
no\ 1
omtj the case 0§ massless jM(Q) — jﬁL/(Q) = % (Z 0; pz ) 2% N
emitters is considered i Pird
d(p:) Pi—g

> the factorisation holds true at all orders in a, since conserved currents do not renormalise
> in the specific case of ttW production: e t

i Mo (i}, 0) = 22 (2240 LD G ) RN

10 V2 ;g pieg " |

(P) MM/\/L W= (g)

v



> Analogously to the soft W-boson limit, we want to study the soft Higgs-boson limit for the amplitude associated with

ar1(p1) + az(p2) — Qlps, m)O(pa, m)....0(pn+x1,m)Q(PNr2, m) + H(q, mp) one or more heavy-quark
o . o pairs with the same mass
> at tree-level, it 1s straightforward to show that the LP factorisation reads

H(q’mH)
lim ___omm = [ 700)(g) x 0 (pi.m)
g—0 o = o - =
Ty == —

(% p Pi - q

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




> Analogously to the soft W-boson limit, we want to study the soft Higgs-boson limit for the amplitude associated with

ar1(p1) + az(p2) — Qlps, m)O(pa, m)....0(pn+x1,m)Q(PNr2, m) + H(q, mp) one or more heavy-quark
o . o pairs with the same mass
> at tree-level, it 1s straightforward to show that the LP factorisation reads

H(q’mH)
lim ___omm = [ 700)(g) x 0 (pi.m)
g—0 o = o - =
Ty == —

(% p Pi - q

> at bare level, the naive factorisation formula holds true at all orders 1n a,, 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 quark

(71) (2 () 27\ 2
. s o 33 185 13 . 3
F (ag D (uh), 'LL—R) = 1+ 27(T'LLR) (—3CF) + ( 27(TMR)> (ZC’% — 55 ¢rCa+t ECF(W +nn) — 3CFB"™ In _MR) +O(a™)")

™m m2



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

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

by the 1nsertion of an external Higgs-boson line carrying zero momenkum
The LETs can be derived bfj observing

> 1n our specific case: thalk:
' bare __ mg bare 1. the Higgs-boson interaction with a
1Hﬂq—>0 MQ_>QH (pa Q) — 0 amo Q—)Q( ) , , massive fermion emerqges from the
pe=m mass term by substitubing:

H
_ l+— ) =my(H
Mgbif@(p) — QO {mO(_l _I_ZS(anmO)) _l_pEV(anmO)}QO mo_)mo< v> mo(H )
2. if the Higqs boson carries zero
momentum, the corresponding field
is constant

1 ~ 1 ™Mo 1 mo 1
p—mo(H) p—mo v Pp— moH H(@mop mo)

> next steps:

o renormalisation of the quark mass and wave function m,0,0, = mQQZ 7,

o MS renormalisation of the strong coupling + decoupling of the n, heavy quarks of mass m



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

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

by the 1nsertion of an external Higgs-boson line carrying zero momenkum
The LETs can be derived bfj observing

> 1n our specific case: that:
° bare __mg 0 bare 1. the Higgs-boson interaction with a
1Hﬂq—>0 MQ_>QH (pv Q) v Omo MQ—)Q (p) , , massive fermion emerqges from the
pe=m mass term by substitubing:

H
ra) l+— ) =my(H
Mi75o(p) = Qo {mo(~1 + Zs(p%, mo)) + pEv (0%, mo) } Qo o= mo(147) =tk
2. if the Higqs boson carries zero
momentum, the corresponding field
is constant

1 ~ 1 m 1 __ mgo 0 1
p—mo(H) — p—mg ’UO p—moH - UOH (8m0 p—mo)

> next steps:

o renormalisation of the quark mass and wave function m,0,0, = mQQZ 7,

o MS renormalisation of the strong coupling + decoupling of the n, heavy quarks of mass m

Fer{e«c& agreement with the soft Limit of the scalar heavy-quark form |
. factor up to three-loop order [ o ]



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

m N m all-order

renormalised ampié&udes

> 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)

10



> 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 PONQ%’“'" ;4
|cross check of future exact a\m[oi.i&ude calculations, in this
|  specific kinematic Lmit |




Mass lactorisation or massification

ulbra-relakivistic qumws

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 in the scattering amplitude

/2 Q/Z Q/Z 4 A
2 2
‘M> = J0 (—2,()48(,u ), 6) % <{pz}, 57 9 ,CVS(/L ), €> ‘H> scheme-dependent
9! U Q _ X
HARD function: short-distance
dynamics

Q/Q n—+2 0 Q/Z
Jo (Ta@s(uz),e) =11 % (_27043(:“2)76>

b 1 I

i} _ 1/2

Sudakov-defined iek [i] Q2 2 _ Ali] (Q? 2 _ [ii—F] [ Q? 2
sdatcor-defined jet 7! (% 000)¢) = I (o)) = (77 (%, autu)e)

singlet time-like form factor



Mass lactorisation or massification

ulbra-relakivistic qumws

» 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 in the scattering amplitude

/2 Q/Z Q/Z 4 A
2 2
‘M> = J0 (—2,()48(,u ), 6) % <{pz}, 57 9 ,CVS(/L ), €> ‘H> scheme-dependent
9! U Q _ X
HARD function: short-distance
dynamics

Q/Q n—+2 0 Q/2
Jo (Ta@s(uz),e) =11 % (_27043(:“2)76>

b 1 I

i} _ 1/2

Sudakov-defined iek [i] Q2 2 _ Ali] (Q? 2 _ [ii—F] [ Q? 2
sdatcor-defined jet 7! (% 000)¢) = I (o)) = (77 (%, autu)e)

singlet time-like form factor

> 1f one or more external partons acquire a non-vanishing mass, in the limit m << u, ~ Q, a LP factorisation holds

~\

Q2 m2

p2 e p?

M) =J<

Q2 2 é
0y (112), ) P ({pi}, i), e)k\m |

gsame as in the massless case

11



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 keavquuarw* Lwops are neqglected, the master formula 1s

quarks with a mass m "m2’ i MS scheme with 7, running quarks

r 5 N\ 1O /2
we are “dressing” 1, external |./\/lm> — ( 7 [(57]40) ( Oé(nl) H 6) ) | ./\/l> all-order UV renormalised amplitudes
S

. J

universal, perturbatively computable, ratic between massive and massless FFs

b '\

_ Q2 m?2 . _ QQ N -1
Q—F] ( T al™ (p?), e F(E‘WF] ﬁv&g (1), € ifj

poama e s o — s ST e Mg B L b e g le o yiae o ) S [P VI S T e e SR o A SRS g 2. oo e S ) S T TR B

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

Predi«t&ed

the mass “screens” —m—pp 2. ik caln be viewed as a change in
collinear sihgui&rﬁ&ies 'P@.SMLOLT'LSO&E,OV\ scheme



Mass lactorisation or massification

generalised formulation

» If contributions from k@.o\\/jmquaww Loops are included, a non-trivial soft function emerges starting from 0552

» the master formula gets modified as

1/2
M) =TT (2019 (ol p s (o) £ |y
‘ m>— [Z] (s 7m27€ s ’ ”7m27€ | >

1

_all-order UV renormalised amplitudes
i MS scheme with 1, = n; + 1, runining quarks

13



generalised formulation MaSS fa@t@wisatﬁ@n or m@SSﬁﬁCa@@n

> If contributions from kaa\\/jmquaww Lootps are included, a non-trivial soft function emerges starting from a;

> the master formula gets modified as

1/2
Moy =TT (700 [ mr) B s (om0 1\ g
‘ m>_H ] S LE Gs = H T 9 € M)

1

all-order UV renormalised amplitudes
in MS scheme with ne =1+ ny, runiing quarks

(ng) /2y \ 2
S < ! Sw )2 6) =1+ < e ) np Z(_TZ ) T]) S(Z) ( R m27€) -+ O(CM?)
2 2 2\ 2€
4 20 112 4 — S
o g(2) M | H =T I | 1 J
it (sij m? ‘ o\ m2 3?2 9¢ 27 3 t m?

{or &k@. spem{w cases c:::»f QQW ow\ci QQH Fradm:&wv\ we can reﬁovxs&rm‘:&
the wassive ampiu&ud@.s, up ko power corrections in the keaquuark mass,
b e.xi.m&ms Ehe aorresm\dma (Mmowv\) masstess amp L;Eu,cl.e.s ]

l

kl
T, T,
k2



» idea. exploit the recently computed leading-colour massless two-loop S-point amplitudes for W+4 partons

u/d(p1) + d/tu(p2) = W*(p3) + Q(pa) + Q(ps)

evaluation of the LC massless one-

loop bare amplitudes and two-loop restore all UV and IR poles
finite remainders at u = 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—
. * loop UV renormalisation

: one-loop and two-loop massive finite
remainders in minimal subtraction scheme

remove IR poles of the
massified amplitudes

evaluation time of @O(4s) per phase space point
[double precision for rational coefficients and Mls]

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

14



» idea. exploit the recently computed leading-colour massless two-loop S-point amplitudes for W+4 partons

2).fin _ a 4(2),€° (1),1/€ (1),1/€? (1),€ (1),1/€ (1),1/€ (1),€
Mfgn) _ M(m—()) [Z[ Q] Zm<<,uh }LC M(m—O) {Z[Q] Zm<</$hi| LC M(m:())
(1,0 (1, | S(De x (Dil)e | (1), 4 (1),1/€
t 210 M=oy T 21g) Mim=0) T 410] Mm=0)

free from log(m?) terms,

€ (Z[%%’e Z(l) €Z(l) 1/e Z(l) c Z(l) 1/€” ) M(O) higher € orders of the one-loop

Q] m< h Q] m< h (m=0)

massless ampti&ud& require_d

MASSIFICATION

: one-loop and two-loop massive finite
remainders in minimal subtraction scheme

remove IR poles of the
massified amplitudes

N.B. application of the massification at the level of UV renormalised amplitudes



> idea.: similarly to WQQAmMp, implement the one-loop and two-loop massless amplitudes of in a C++
library for the efficient numerical evaluation of the massive amplitudes

> different workflow and possibility of choosing the precision for the MIs and relative coefficients

q/9(p1) +q/g(p2) — H(ps) + Q(ps) + Q(ps)

: massless PS point
X = {P1, P> P3» Pas Ps ) : one-loop and two-loop massless

scale y, heavy-quark mass m,), finite remainders in LCA

partonic channel

(Catani’s scheme)

: Pentagonkunctions-cpp
evaluation of the pentagon functions

: one-loop and two-loop massive

finite remainders in LC-FC
(minimal subtraction scheme)

: OpenLoops 2
evaluation of the exact Born

. evaluation time per phase space point:
and one-loop massless amplitudes perp pacep

O(2 — 3s) for both partonic channels
[quadruple (double) precision for the coefficients (Mls)]

cross-checked against an independent implementation by C.Biello

16



> idea.: similarly to WQQAmMp, implement the one-loop and two-loop massless amplitudes of in a C++
library for the efficient numerical evaluation of the massive amplitudes

> different workflow and possibility of choosing the precision for the MIs and relative coefficients

2 2 2 2
finy, _ rp—1 (ng) K H (m|0) (ng) M (m|0) (ng) K
5 5 5 \ : one-loop and two-loop massless
n n T | : . .
< S <ag f), H | M276> Z(m:()) <&g f>7 ,u_7€> ’M?f,?z:())> + 0O <_> ~ finite rema%l’nders in LCA
Sij m Si;j LA (Catani’s scheme)
2 2 o
=7 (a5 ) )+ 0 ()
1] Hh 1
MASSIFICATION
................... n | I
m (m=0) [c] (m=0) : finite remainders in LC-FC
M(Z),ﬁn> _ M(2),ﬁn > 4 j:(l) M(l),ﬁn> 4 ,7:(2) |M(O) > . | (minimal subtraction scheme)
m = M (m=0) e 1"Vt (m=0) o M (m=0)/ :

Yukawa renormalised ON-SHELL

N.B. application of the massificakion directly on the finike remainders 17



tt production with an KW or Higgs boson

Top Quark Production Cross Section Measurements

o [pb]

10°

10% £

10! 3

107" E

102 E

Status: April 2024

ATLAS Preliminary

Run 1,2,3 /s =5,7,8,13,13.6 TeV

Theory

v

LHC pp Vs =7 TeV

B Data 45-461b!

LHC pp Vs =8 TeV
& Data 20.2-20.3fb™

LHC pp Vs =13 TeV

B Data 3.2- 1401t

LHC pp Vs = 13.6 TeV

I Data 291!

t

t-chan

twW

t

s-chan

ttW ttZ ttH

tty ty tZj

fid. t+jets  fid. £

4t

» the cross section 1s at least two orders of magnitude
smaller than in the case of #f production but ...

> they have been measured experimentally with 10-20%
uncertainties

» these processes are crucial for characterising the
interactions of top quarks with gauge and Higgs bosons

18



mokivakions:

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

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

Top Quark Production Cross Section Measurements Status: April 2024
= only about 1% of the Hiqqs bosowns are
o ATLAS Preliminary Theory A " { -39 .
= [am-ciuc:ed i association with a Eop--qua\rw pair
o 10" frora [Run 123 ¥s=578,13136 Tev . (first observation in 201%) but... the
production mode pp — 1TH allows for a direct
A ' LHC pp Vs =7 TeV 1
-0 B 0w 05 S measurement of the top-quark Yukawa
102 3 = _ .
v ‘o Z LHC pp Vg Tev ) coupling
A a 20.2 - 20.3fb! }

i LH ’/p Vs =13 TeV

10! b ‘ I Data 3.2 — 140fb~! _
A // LHC pp V5 = 13.6 TeV

' / B Data 291b!

1 F o e E
(a] mOm
a o
| A
A ] X
1071 3 [ = | E
: o] :
-
102 E i
tt t tW  t ttW ttZ ttH tty ty tZj 4t

t-chan s-chan fid. ¢+jets fid. €



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!

Vs = 14 TeV, 3000 fb™ per experiment

’_-;f;:'sﬁcal ATLAS and CM the current experimental accuracy is 6(20%)
— Experimental - HHC Projection but, according to the HL-LHC projections, it is
—— Theory Uncertainty [%] | exped:edx to 90 dowin to O(2%)
Tot Stat Exp Th
GggH :‘_ 1.6 0.7 08 1.2
Over — the extraction of the tTH(H — bb) signal is Limited bv
the theoretical uncertainties in the modelling of the
OWH —— 5.7 3.3 24 40 backgrounds, mainly 17bh and 1f + light-flavour jets
Oy — 42 26 13 34 moreover, NLO QCD + EW theory predictions equipped
with NNLL soft-gluon resummation are affected by
5. — O(10%) umcev&ain&v
ttH S 43 13 1.8 37

0 002 004 006 008 0.1 012 0.14
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)

M current predictions based on NLO QCD + EW corrections (on-shell top quarks), including NNLL sott-gluon
resummartion

[ NNLO QCD contributions for the off-diagonal partonic channels

1 complete NNLO QCD predictions with approximated two-loop amplitudes

4 + full tower of EW corrections

firsk NNLO calculakion!
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Theoretical predictions lor t#H

state of the art:

M complete NNLO QCD predictions with approximated two-loop amplitudes

main bobblenecie
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 (9(62) Two-loop QCD amplitudes for tf H production from boosted limit

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
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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
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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
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onnLo/onto — 1 [%]

_10E .
g 13

b o——
——
————
- e e
-

———
—————
————— —
T —————————————————————
——————— —

o [pb] | +/s=13TeV | /s =100TeV
oo | 0.3910735% | 25.38 77 0%
onLo | 0.487555% 36.43 197%
onnro | 0.5070 (31)F5:9% | 37.20(25) T91%
> at NLO: +25 (+44)% at+/s = 13 (100) TeV

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

nice perturbative convergence with theory
uncertainties akt 0(3%) |

Vs [TeV]

50

100

|
—

| scale variation

symmetrised 7-point

systematic +

. soft-approximation
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First differential results: “soflt-based” Higqs Eransverse

nmomentum

pp — ttH @ 13.6 TeV prp = pr = (Er¢ + Erg+ Evn)/2

- > significant reduction of the perturbative uncertainties

i NLO . . . . . .
=3 » soft-approximation uncertainty computed on a bin-by-bin basis
) - . . .
O | (NLO discrepancy multiplied by a constant tolerance factor 3)
é I
an) 2 i
=]
<= |
~— - . . .
=B > the systematic uncertainties seem to be under control, but are
| they trustable?
< 90 F
— in the tail of the pry distribution, far from
I o - Ml i the region of validity of the soft-
; 0 approximation, the systematic errors are
S “artificially” too small
E | | | |
=
0.0 —— .
- H® | e /AonNLo —H2)99 e [ ATNNLO H®99| ¢ /AoNNLO 1
—0.2 — . . . 1 . . . . 1 . . . . 1 . . . . 1 . .
2 i H(l),99|soft/H(1),gg-_
i H(l)’qqlsoft/H(1)7qq ]
) :
o 10 20 30 a0 50
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First differential results: “soflt-based” Higqs Eransverse

nmomentum

pp — ttH @ 13.6 TeV prp = pr = (Er¢ + Erg+ Evn)/2

> significant reduction of the perturbative uncertainties

| LO

= 3 o » soft-approximation uncertainty computed on a bin-by-bin basis
O (NLO discrepancy multiplied by a constant tolerance factor 3)
ol

= |

<= |

=B > the systematic uncertainties seem to be under control, but are

they trustable?

DO
la»)
T I T T Y

XX
— ; in the tail of the pry distribution, far from
N o - M the region of validity of the soft-
; 0 approximation, the systematic errors are
§ “artificially” too small
b 1 1 1 1
<
0.0 i
- s AN NLO w200 Ao H 299 f Acnro NI
s -aai it tiiiiitdtc - @
2F HO 99, 1 /HO) 99 ) ko malkee our predic&wms more robust at the
[ HD Moot /H2T ] " differential level we “combine” the
ik ] N APPROXIMATION with a expansion
. e —
0 100 200 300 400 500

pru |GeV] 23



different setup!

pp — ttH (qq) @ 13.6 TeV pr=pr=(Er¢+ Erz+ Ern)/2
i | :
— 0.04 : HW H&A,Fc :
L [ A (1) 1 ]
O 0.03F Hsx — Hy) 1 -
él = .
T 0.02 ‘ ]
= i
13‘ -
o 0.01F _
B o
0.00 F !
0.15
around the Feo\h:: 0.10:—

1. FC-FC massification and soft
approxima&iw\ are meartj
equ.évai.eh&

2. LC-FC massificakion
overestimates the exact result
by almost a factor of 2

do /do gy — 1[%]

i the high-p; tail:

1. missing subleading colour contributions are less relevant _
2. soft approximation underestimates the exact result: O(2%) 2000 100 &0 80 1000
difference of the NLO cross section pr. [GeV]




0.100
0.075
20
X
= 0
|
o= —20
S
~
<
—40

0.6

Quality of both approximations at INLO

pr.u |GeV]

pp — ttH (gg) @Q 13.6 TeV pr=pr=(Ers+Eri+ Ern)/2

| HO — e

i () 1 1
Ar Hgx — HlS/I?A,LC )

0 200 400 600 800 1000

massified results are in
good agreement with
the exact one-loop,
with negligible effects
own the NLO cross
section in the tail

soft-approximated resulk is
systematically below the
exact one-loop, with

effects of O(8%) of the NLO
cross section n the tail

do /do gy — 1[%]

pp — ttH (qq) @ 13.6 TeV

different setup!

pr=pr=(Er¢+ Erz+ Ern)/2

HY = Hy) pe
— (1) 1
Hgy — HIS/IA,LC ’

50:

400 600 800 1000

pT,H [GGV]

25



First differential results: “best” H* prediction

Q,
oo 0.06 g
55;1) = 2 X Hoa _ 1| X max (‘J @ |, |0, |) <
O (1) Hex 7 Hypa 0.04 «
(1) Tu}) T H) ; S'_-'«QJ
6\ = 2 x max ( MATE 1' MALC 1D X max (|0H(2) [ o |) Z 0.02 N
O ) O () a0 Tua < P
= 0.00 e
Uip—variakion error 5 ' >
—0.02 _
= -
B 0.0 tisa B oye) Fobes =
O = max <|(7 ~ 2—-Q)— , o ~ 200 — Q) — ) Hg's et -
SA @@ TQR2 7 Q) oy | oy eg) T (20 = @) oy ~0.04 W o+ s :
M -
ll’ — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
OpfA = Max (‘JHﬁi(@//Q) +(Q/2— Q) — Ou® | %12 (2G) +2Q = Q) — Ou(2) ) 0.04
=
the final systematic error on each approximation and for each partonic 2 0.02}
channel is obtained by taking the maximum between §® and 5 2
= 0.00
S |
“best” £ h partonic channel: ! S
best WSA + WMA SA MA

| 1/2
0 est —
the errors on each channel are best (wg A+ WM A)
finally combined quadratically

1. the “best” prediction nicely interpolates between the two Limits S S O O s s T OO S T O I SO S
2. the associated error does not vary strongly over the p;y range 0 200 400 600 800 1000

3. the individual soft and massified predictions have overlapping error bands pru (GeV]
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[
<

dO’/de.H [fb/GOV]

—1[%]

do
doNLOGep

- 20F

pp — ttH @ 13.6 TeV

pr =pr=(Ert+ Evr;+ Etn)/2

&= LOqcp

&= NLOqcp
&= NNLOgqcp :
@ NNLOgcp + NLOgw |

400 600 800 | 1000

pru [GeV]

svsfzema&m error associakted
with the “best” prediction for
the double-virtual
conbribution

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

Vs =13.6TeV o [fb]

LOqcp 423.9 fgg:gg;(scale)

NLOgqcp 528.9 fg:g%(scale)

NNLOgcp 550.3(5) fg:%‘;(scale) +0.8%(approx)
NNLO?S%D 548.7(5) fg:g;’;(scale) +0.6% (approx)

> NNLO QCD predictions based on the soft-approximated
and “best” double virtual are fully compatible:

difference of 0.3%

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

27



pp — ttH @ 13.6 TeV

pr=pr = (Ert + Erz+ Ern)/2

B t00ch
= NLOqcp
&= NNLOqcp :
B NNLOqcp + NLOgw

o 200 400
pT,H [GeV]

600 800 1000

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

Vs = 13.6TeV o [fb]

LOqcp 423.9 Jjg?:ggg (scale)

NLOgcp 528.9 fg:g% (scale)

NNLOgcDp 550.3(5) fg:%ﬁ (scale) +0.8%(approx)
NNLOqcp + NLOgw  561.9(5) T2 1% (scale) +0.8%(approx)

» 1nclusion of all subdominant LO (@(asaz), O(a?))
and NLO (@(aszaz), @((xsa3), O(a®)) contributions:
+2 % at the cross section level

non-neqgligible E,m[m«t':E tom[;w\reci ko NNLO
scale~variakion bands

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

(large) pry region



more diskribubtions ...

NNLO QCD + EW corrections

pp — ttH @ 13.6 TeV

pr=pr = (Er¢+ Ers+ Ern)/2

107 |
=]
=
S
g
= = IK)QCD
= PHJ)QCD
= NNLOgcp
101 |

-' NNLOQCD + NLOEW

MATRIX + HQQAmMpD

extreme reduction of
the scale uncertainties

no overlapping bands

constant shift

10_1;

—10

pp — ttH @ 13.6 TeV

,LLF - /’LR — (ETat + ETaf _|_ ET’H)/2

100

1 o
= LOQCD ] E
3 = PHJ)QCD E é;
B NNLOqcp ] @
1 4
1 —
| &
| <
1 =
= =
o 200 400 600 800 71000
P tt (GeV] 28



Why is ##W production interesting ?

mokivakions:

» 1t 1s among the most massive SM signatures at hadron colliders

> relevant background for SM processes (¢1tH, tttf ) and for BSM searches (in the multi-lepton signature)

Top Quark Production Cross Section Measurements Status: April 2024

Q] ATLAS Prelimi Theor

O - reliminary y

5 10° oo | Run1,2,3 v5=57,8,13,13.6 TeV LHC bp G < 5 TeV E well-lknown tension between theory and
BEE Data 025502571 : experimehb: slight excess at 1-20 level

| ,
= o LHC pp V5 =7 TeV (confirmed also by indirect measurements)
B Data 45-461b! -
10° £ N u
v Lo} LHC pp Vs =8 TeV

n Data 2

Vs =13 TeV
Data 3.2 - 140fb™! -

0.3fb~!

L I T 1T T I T T T T I L I L I L I L T I T T T I T T T I T T T I T T T ] T T T I T T

ATLAS B ATLAS- this result ATLAS B ATLAS- this result

LHC pp Vs = 13.6 TeV /s =13 TeV. 140 fb" ~~_ CMS (JHEP 07 (2023) 219) (s =13 TeV. 140 fb” Z~_ CMS (JHEP 07 (2023) 219)

H ‘ Il Data 200t 1
. Stat. + Syst. Stat. only Stat. + Syst. Stat. only

10! £ I

1 F - :
il o =] o ] NLO+NNLL 7/
A - : -®- Sherpa I ® { ~®- Sherpa /
| I : -®- FxFx I o -0~ FxFx /
I N NNLO
101 E o , NNLO /
E n E e b b e b by PR I SR B L A
] 400 500 600 700 800 900 1000 1.2 1.4 1.6 1.8 2 2.2
- o(ttW) [fb] o(ttW*H)/o(ttW)
10 & c
tt t tW  t ttW ttZ ttH tty ty tZj 4t

t-chan s-chan fid. ¢+jets fid. €



mokivakions:

> among the other 17V (V = {H, Z,y}) processes, tf W is rather peculiar since the W boson can only be emitted off an
initial-state light quark (i.e. no gluon fusion at LO)

> different pattern of radiative corrections: both QCD and EW corrections are relevant

: /
\ t 04 S2 04 % Q 3
m<t LOQCD LOEW

MW\/\/\M W C¥S3a aszaz aSCI3 a4

NLO QCD NLO EW subleading NLO EW

large NLO QCD corrections dominated by

configurations where the tf pair recoils
against a hard jet, accompanied by a

relatively soft W boson




mokivakions:

» among the other 11V (V = {H, Z, y}) processes, tt W is rather peculiar since the W boson can only be emitted off an
initial-state light quark (i.e. no gluon fusion at LO)

» different pattern of radiative corrections: both QCD and EW corrections are relevant

a;o

NLO QCD

large positive subleading EW corrections O(10%) at
the LHC, which partially cancel against negative

NLO EW O(—=5%).

Dominated by the opening of tW — tW scattering
diagrams
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state of the art:
[ NLO QCD corrections (on-shell top quarks)

M 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)

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

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

firsk NNLO calculakion!
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| exact } » at NLO both approaches show a remarkable good agreement
1.05} oft with the exact virtual coefficient (discrepancy within 15%)
am massification
o} - ' aqreement improved by the LO reweiqhting!
Z 1.00] ’ ¥ ’ o
4
52 0 05l _ > at NNLO we define our best prediction as the arithmetic
s :
A averaqe Of the two approximated results
4 |
090 B 7] \ ° ° ° .
| > the conservative systematic uncertainty on the approximated
pp — ttW ™ . . . . o
two-loop contribution is defined by linearly combining the
L al werage - uncertainties on the two approximations
%" : soft ] the mmmﬁr%&m%aj on each apprcx&ma&om is compubted as bhe maxinum
=z 1 9l massification | between the NLO discrepancy and effects due to iy scale variation
il
=7
S
Z
g 1.0
z |
2} Z (.8 i .
0.6¢ | | _
pCOV® a QQQGQ\I 50066\1 . X(Ye\]
’ e t pr il
PT Y pT
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t—\
-
Ot

L —

JAoNLO 1

approx

NLO.,H
-
O
O

Ao
-
O
S

approx average
/Ao NNLO,H
= = .
- I
— T T T T T T T T T T T T T T

NNLO,H

=
00

Ao_approx
&
@)

~

O
e
el

—
-
S

exact
soft

massification -

pp — ttW ™~

—_
DO
T I T T

average
soft

massification -

.
2
o

> at NLO both approaches show a remarkable good agreement
with the exact virtual coefficient (discrepancy within 15%)

> at NNLO we define our best precii,f:&mm as the arithmetic

averaqe Of the two approximated results

> the conservative systematic uncertainty on the approximated

two-loop contribution is defined by linearly combining the
uncertainties on the two approximations

> the two-loop contribution turns out to be 6-7% of the NNLO

Cross section

FINAL UNCERTAINTY:

+1.8% onoyyrp, £25% on Aoyyion »



“best”: refined procedure adopted also for ttH

pp — ttW— @ 13 TeV, pUp = fip = my + mw/2
1 2 2) .
H(Z) ~ (w H( ) + w H( ) [ —— matching-1
WSA T WMA ATTSA MATMA 1.4} -- matching-2 -
| best
average
$ soft
“MO&&C“\E«MS“J.” ¢  massification |
' 1.2¢ -
H(2) AU (2) _l_ H(2) . H(Q) %‘0
MA SA SA—MA different breatment :
of top-quark Loops ggg“
%5 1.0F -
“matching-2” S
=
2 (2),ntl (2) (2) (2) (2),ntl 50
H® ~ Hy™ + (Hgy — Hga a) + (Hga — Hgavia) £
4 08f] :
0.6F l
1. the “best” and “average” predictions are almost identical (few % effects in
the inclusive case)
2. larger effects from the “matching” — | < | J N
3. the various ways of combining SA and MA are however compatible within the -X@c,\\ﬁ‘“T 200(36 6306‘6 - yie
quoted systematic uncertainties DT ¢y£7 DT K pr il
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800+
700 F

600

oww [Ib]

500

400F l

300+

|

. ;. » perturbative scale uncertainties:

iT : e 7-point scale variation around the central scale yy = M/2

* _  choice of other possible central scales

o y=M/2 e better convergence for smaller scales (exclude yy, = Hy/2)
° po=M/4 « symmetrisation of the M/2 scale uncertainty

o po=Hr/2

: we rely on our perturbative scale uncertainties also
_ “ because NNLO corrections are not dominated by new
po=Hr/4 - :
- opening channels

LO

M =2m, + my,

Hp = mp(W) + mp(t) + my(t)

NLO

> PDF and a, uncertainties: ~ 2 %

(computed with the new MATRIX+PineAPPL implementation)

» statistical uncertainties: negligible
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Results: comparison with data

400

oew- [1b]

3001
2501

2000, .

3501

-+ ATLAS + CMS
450

NLOQCD +NLOEW

P

P

NNLO QCD corrections lead to
e moderately higher rates (+15%)

 reduction of the perturbative scale uncertainties

inclusion of all subdominant LO and NLO contributions
(O(a), @(aszaz), @(asa3), O(a™)) labelled as NLOgw (+5%)

the tension stays at the 10 (ATLAS) and 26 (CMS) level respectively

our result 1s compatible with FxXFx: G};XWF *

9.7%
722.4:008%

ogw+ D] orgw - [fD] 0w [b] Oew+/ T w -
LOqcp 283.4125-3% 136.812%-2% 420.2125-3% 2.07113:2%
NLOqcp 416.9112-5% 205.1713-2% 622.01712 7% 2.033139%
NNLOqcp 475.2728% +1.9% 235.5170 1% +1.9% 710.7759% £1.9%  2.01871 8%
—NNLOQCD—I—NLOEW 497.516-6% 4 1.8% 247.977-0% + 1.8% 745.3187% £ 1.8%  2.007121% -
OATLAS[] sTRRRUE soURSE se0IORUISE Lostinges
CMS [10] 55312400 5 a0 34317 6 s 86836 15 0% 161553 T50%
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W) [fb]

o

Results: comparison with data

orgw+ [b] orgw - [fb] ostw [fb] Oigw+/Osiw -
uyd&&m& ATLAS measurement LOqcp 283.4125-3% 136.8125.2% 420.212%-3% 2.071132%
Gatias = 880 £ 50 (stat.) = 70 (syst.) = 880 = 80 fb NLOqcp 416971705 205.1513 7% 622.0% 13 5% 2.03375 05
NNLOqcp a75.275 5% £1.9% 2355700 £1.9% 71077530 £1.9%  2.01871 5%
NNLOqcp+NLOgw ~ 497.5750% +1.8%  247.9770% +1.8%  745.3%87% +1.8% 2.00712 %

I I R I I B I » the updated measurement 1s compatible with our prediction at the
| ATLAS | level of 1.40
—  \s=13TeV, 140 fb™ =
400 — ] .
- - » good agreement also for the ratio
350 - c(tTWH/o(ttW™) = 1.96 £ 0.21 (stat.) £ 0.09 (syst.) = 1.96 £ 0.22
B _ N L L B B L LI L BN N I L L L L B B
300 — _ ATLAS B ATLAS- this result ATLAS Bl ATLAS- this result
- ] /s = 13 TeV, 140 fb-! 2 CMS (JHEP 07 (2023) 219) /s =13 TeV, 140 ! 2 CMS (JHEP 07 (2023) 219)
— 7 Stat. + Syst. Stat. only Stat. + Syst. Stat. only
250 [— ‘ -_— —
n - o Bestiit m NLO+NNLL
- k = FxFx [JHEP 11 (2021) 029] 1 -O-Sherpa } ® -O-Sherpa
[ NNLO QCD [arXiv:2306.16311] | o FxFx 2 ®
B - = = 68%CL 7 ' &~ FxFx
200 __ s 95% CL __ NNLO NNLO
| I | I L1 1 1 I 1 1 1 I | I I | I 1 1 1 I 1 1 1 | L1 1 1 I L1 1 1
400 450 500 550 _600 650 700 750 800 400 500 600 700 800 900 1000 12 14 16 18 2 22
o(ttW") [fb] o(ttW) [fb o(ttW*)/o(ttW)



> 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-—-i.c:-c)[a ampti&ud&s

> the associated production of a Higgs or W boson with a top-quark pair (¢7H, tt W) belongs to this category

> s&ro&egj: 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 ) for
ttH and moderate (~6-7% on oy o ) for 1t W

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

> we produced results for the total cross section:

 ttH : moderate NNLO (+4 % ) and EW (42 % ) corrections
o ttW : the inclusion of NNLO QCD + NLO EW corrections cannot “solve” the tension with the data ( ~ 1o - 20)

> we have shown first differential results for 17H
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the Jou,rhej towards a complete NNLO
prediction (based on exack two-loop
ampti&udes) is still long ...but interesting times
are ahead!
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