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lop-palr production and decay
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Motivation: top line-shape, tt — Wt interference, threshold effects (“toponium’), ...



lop-palr production and decay
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NNLO [Czakon, Fiedler; Mitov; '| 3], [Czakon, Heymes, Mitov;'| 6] [Catani, Devoto, Kallwert, Mazzitelli, Sargsyan, Grazzini; " | 9]

NNLL [Beneke et. al. '09] [Czakon et. al. 09] [Cacciari et.al. "I | ] [Czakon et. al."| /]

NLO EW [Beenakker, Denner, Hollik, Mertig, Sack, Wackeroth; '94, Bernreuther, Fuecker, Si;'06+'08, Kihn, Scharf, Uwer; ‘07,41 5,
Hollik, Pagani; '0/, Pagani, Tsinikos, Zaro,; ' | 6]

NLO QCD+PS [Frixione, Nason, Webber, '03, Frixione, Nason, Ridolfi;'07] = *hve@pP, also: MadGraph_aMC@NLO, Sherpa, Herwig? ...



lop-palr production and decay
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NLO QCD+PS [Frixione, Nason, Webber, '03, Frixione, Nason, Ridolfi;'07] = hvq X ‘tdecay/MadSpin’ X Pythia8



lop-palr production and decay
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Production X decay @ NLO in NWA

NLO [Bernreuther, Brandenburg, Si; '04] [Melnikov, Schulze;09] [Campbell, Ellis; "1 5]
NLO EW |[Bernreuther, Si;'10]

NLO QCD+PS [Campbell, Ellis, Nason, Re; '07] = ‘¢t_nlo_dec’



lop-palr production and decay
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Production X decay @ NNLO in NWA

NNLO [Czakon, Mrtov, Poncelet ;"1 9]



lop-palr production and decay
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NNLO QCD+PS [Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi; 211 = ‘MININLOps’ X ‘tdecay/MadSpin’ X Pythia8



lop-palr production and decay
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@ NLO
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NLO 5F (m, = 0) [Bevilacqua, et.al;’'I |7 [Denner etal,;’l | +'12] [Heinrich, Maier; Nisius, Schlenk, Winter; ' 4]
NLO 4F (m, > 0)  [Frederix '14, Cascioli, Kallweit, Maierhdfer; Pozzorini; ' 14]

NLO EW [Denner, Pellen "I 6] |
NLO QCD+PS [Jezo, ML, Nason, Oleari, Pozzorini, '16] [Jezo, JML, Pozzorini; 23] = ‘bb4l / ‘bb4l-slP — [k by Katharina

based on POWHEG-BOX-RES [Jezo, Nason, ’15] g



5FS

4FS

Interplay between tf and Wt

same finale state!

* NLO corrections to Wt swamped by LO tt+decay

* requires ad-hoc subtraction prescription:
(Diagram Removal = DR vs. Diagram Subtraction = DS)

* NLOAPS for Wt avallable in MC@NLO [Frixione, et. al.; '08],
POWHEG [Re; 'l 1] and Madgraph_aMC@NLO [Demartin et. al.; ‘1 6]

Wi tt same finale state!

* unified treatment of top-pair and Wt including interference

do/ dPTGb, 1) [pb/bin]
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* Wt enhanced in phase-space regions where one b becomes unresolved/vetoed

* requires off-shell WWbb calculation (with massive b’s)

E tW  at the LHC13
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do /dm [pb/GeV]

doniops/ A0 HE

donrops/d0LHE

hva vs. bb4l-sl

Jezo, M, Pozzorini, 23]

reconstructed top-quark mass in tf with semi-leptonic decays
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» Significantly smaller shower effects (and MEC) in bb4l-s| compared to hvg+ST
»bb4!| (interference at NLO) allows to resolve ambigurties between ST-DR and ST-DS



Towards off-shell tt @ NNLO

g% /b

«— e—l—
~ Upg
off-shell/non-resonant/
interference effects U 0"
@ NNLO
\ -_—
L

g/666\ \B

work Iin collaboration with L. Buonocore, M. Grazzini, S. Kallwert, C. Savoini, 250/.1 1410



https://arxiv.org/abs/2507.11410

Towards off-shell tt @ NNLO
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— structure of the process: QOF with Q = b

— gr-subtraction machinery |

N principle 1c

entical -

colourless

do do
o = dq | / dqr —
/<Q%Ut T dQT >Q%Ut T dQT

gr is the transverse momentum of the @Q@QF system

o tt, ttH, ttW, bbW

'Buonocore, Devoto, Grazzini, M

azzitelll, Kallwert, Rottoli, Savoini; 22,23]



Challenges & bottlenecks

Numerical
o high multiplicity and proliferation of topologies

+ double real: tree-level 2 — 8 amplitudes subtracted with

Catani-Seymour dipoles integrated in the deep IR
V¢ = q;Ut/le_Qél-l & [001,1] %

cut

(all-gluon case: 23729 channels,
4397 from double-real topologies and
537/ for each of the 36 dipoles)

+ real-virtual: one-loop 2 — 7 amplitudes evaluated with
OpenlLoops?

(stability optimisation: on-the-fly reduction and hybrid-precision system:

O(10s) near the IR singular limits)
o |ogarithmic sensitivity to the small bottom mass m,,

o large cancellations between non-local counterterms and
contributions above the slicing cut

(pre-optimisation of the weights for the multi-channel generation, phase-
space generation in quadruple precision)

Analytical

o two-loop virtual amplitudes for a 2 — 4 process
involving external and internal masses

= Currently far out of reach for loop technology



Double pole approximation
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— apply DPA only at the level of the two-loop virtual, 1.e. two-loop hard-virtual coefficient:
2Re (MG Gu) L)

DPA | /%g)% N 2

HO(u) ~ H? (ugg) ‘

— H(Z)(//tIR) multiplies exact doj  tree-level off-shell and non-resonant effects, not captured by the DPA, are partially included

_ ) > qcut CT

— above cut (double-real and real-virtual) contribution exact



Factorisable vs. non-factorisable corrections

— DPA provides a gauge invariant systematic expansion around the double-resonance structure

— dominant finite-width terms, i.e. log(I',/m,), are captured

— at one-loop level two classes of contributions: factorisable and non-factorisable corrections: AL = 4V + 4

DPA fact

production decay Ve production decay production decay
. t t

\O &
) ~ 7 .
W XQ ~ ~ Qx W
~ L
v,

— separation not possible at diagrammatic level: power counting via region analysis / partial fractioning of
intermediate propagators necessary

— studied in detail at LEP for ete™ — 4f [Denner, Dittmaier, Roth '98]

(1)

non—fact



NLO: non-factorisable corrections

! b

manifestly non-factorisable

b soft wide-angle origin
By 33 ) b) Ayli.aib) " — (extended) soft integrals
non-manifestly z- : :
non-factorisable
) ¢
A, @) A, (i, a) AN YD) A;(i; b)

+ Tb . Tg (Amm/ (t; E) + Aff/(t, b; f, B) + Amf/ (t; t_, B) + Amf/ (I?, t, b))

/ N\ .
} standard one-loop scalar integrals

+ Z T Ty (A zf (£,b;5) + Aip(t; 7)) + T, - T; (Az’f(t_, B,]) T A@m(f,]))} (from bubbles up to a pentagon)

a. , , . 0 I' I
2% o He {<M](31)3A Mflo)n—fact>} = (MBAl Bnon—tact M) —> | 0non—fact = Cl(ig)(l“t) log (Q:) Co” +0 (sz)

»Notation as in [Dittmaier, Schwan (2016)]
» Alternative approach: EFT's for unstable particles [Chapovsky et al. (2002)], [Beneke et al. (2004)]

»Known for ¢t since a long time [Beenakker, Berends, Chapovsky; '99]



NLO: validation of DPA

/s =13TeV p;,;>20GeV,|7,| < 2.4
my > 20GeV pr,_i. > 30GeV

|yb—jct| <24 ARLb—jct > 04

CKMP CMP
o [fb] g9 qq 99 qq
Aonron@Q 1973.2(1.8)  401.2(3) 5004.5(6.0) 570.8(4)
AoNLO 1| fact @ Q 1992.1(1.9)  398.2(3) 4479.2(2.6) 510.8(3) °
AONLO H |nonfact @ Q ~16.20(8) 3.53(2)  522.8(3) 60.81(3) 3 10%
Aoxro i|ppa @Q 1975.9(1.9)  401.7(3) 5002.0(2.6) 571.6(3)

» Inclusive hard-virtual contribution very well approximated in DPA
(consistent with expectation)
[Melnikov, Yakovlev 93] [Fadin, Khoze, Martin 93]

» hierarchy between factorisable and non-factorisable corrections
(formally of the same order)

» non-factorisable corrections cannot be neglected
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» Even beyond resonance region <~5% agreement between

DPA and full NLO

do/ ADT by Bjer [fb/GeV]
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NNLQO: factorisable corrections

two-loop production, tree-level decay

e

c\ / ~ o two-loop polarised tf amplitudes
4:’_,.4 o MIssing massive bottom-quark insertions restored via massification

RN

one-loop production, one-loop decay

i
e I 2
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tree-level production, two-loop decay

\ o two-loop polarised amplitudes for #/¢ decay from heavy-to-light FFs
/ + massification

e
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S
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NINLO: non-factorisable corrections

» explicit computation requires 2 — 4 soft integrals with several mass scales: not available / beyond current reach?

» pragmatic approach / proof-of-concept for off-shell £ @ NNLO: determine numerically via fitin I', = 0

Key observation |: I r
’ 4 AO-NLO H|non fact — Br(lf) lOg ( t ) CI(I}) + O ( : )

Qn Qh

I' I I'
AONNLO,H|non—fact = A(Q) log” (QZ) + B(z) log (Q;) O+ 0 (Q;) ‘\
formally beyond DPA

— these logs need to cancel in physical predictions

l .
! t! et !eb + @ M bug | |
-« on" shell

» Key observation |I: Iim —dlor e shet =l prod# dec = ! e

| |
0 _HE op v #E 0

BR(t! e*!e¢b) BR(® u' g, 8)

» Strategy: determine coefficients of non-factorisable corrections via fit of factorisable corrections in I', — 0O limit
matched to on-shell cross section

» Challenge: simultaneous extrapolation in r,,, = 0and I, = 0

» adopt replica method for fit including consistent error propagation



NLO

pp" € b BB @13TeV Pr = Ur = My

12:‘ NLOg; Result obtained Z
1ok ! NLOgr opa o by fitting the non- :
[ I NLOg; pea: factorisable corrections
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—xtrapolation in the I', — O limit: NLO
\I LO pp" € "by BB @13TeV pr = g = m;

NLOg,

|1 P =1 3365 GeV|

[all channels]

[} ] ‘t/m‘t

» Numerical extrapolation nicely agrees with on-shell result

» DPA’ (fitted non-factorisable corrections) in good agreement with full NLO (and with DPA)
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N N LO pp" €'"by BB @13TeV Ug = pr = my

1000} I

| 1000} |

| | f
©* NNLOfet o
=

| 2000} |

| 3000kt L T 72 S N s i 11

| 100}

| 200} ]

|
* O NNLOfat o,

| 300} ]

5 1P =1.30913GeV|
! 400.‘ L 1 ) N B ] !
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11 t/m't
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—xtrapolation in the I', = O limit: NNLO

»two fitting models:

ficwPC | pont shell oy « = AP Jog? + B@ Jog —
NNLO NNLO fact o, 9 m, 9 m,
k} fit range 1/100 < T,/TP™* < 5
fittwoPC | | on! shell | fac =A@ 102 L +BDlog L +Cc®
NNLO NNLO fact o, 9 m, 9 m,
k} fit range 1/100 < Ft/lﬂl;’hyS <1

|
-+ NNLO ,Hlnon! fact

» consistent results between these two fit models:

(bt!\NPC)I

|
pt! wPC
I 1T uNLO ,Hlnon! fact | = 976 + 103 fb, I 1 NuNLO ’ngotn!v;lact) : =131+ 6°1b
199 el
I I
pt ! PC pt ! PC
I 1 uNLO ’ngotn!V;l:Ct ) } =880+ 491b, I 1 NuNLO ,ngotn!v;lgct ) : =129+ 41b
g9 q9

»manifest logarithmic singular behaviour in the small-width limit

+C® 4 p@ _t



Numerical results for the bb4l cross section
o [fb] all 99 qq 99 q9+qq+q'q
oLO 6482.21(6) +29-327% 5783.84(6) 698.36(2) —_ —_—
TNLOcs 9584(2) F118%. 8631(2) 901.7(4) 50.4(1) ——
ONLO,, 9589(6) F120%, 8637(6) 901.8(1.3) 50.5(1)  — —
ONLO,, pea 9498(6) *7-50% 8543(5) 903.9(1.3) 50.5(1) ——
ONLO,, ppa 9614(2) =+ 2 8664(2) =+ 2 899.1(2) £0.3  50.5(1) ——
O( ) effect on the 3.2% n 1
Nl<\I)LO ecton the ONNLO,, ponr 10623(55) + 152 F32%  9599(54) + 152 979(5) + 6 67(10)  7.46(7)
ONNLOfet 9546(55) 8623(54) 849(5) 67(10)  7.46(7)
QT
AO’NNLQ,HlfaCt@mt 53234(7) 47267(7) 59674(8) — = —
AaNNLO,Hlnon—fact@mt 1107 £ 152 976 £ 152 131 =6 — = —

20%

numerical hierarchy

comparison off-shell/on-shell K-factors

Koo =1.479
Ko =1.1084

K 0 shell =1.470
K 2n el =1.108(

» “Best prediction” for off-shell #f production and decay at NNLO
(spurious width corrections subtracted):

Atrunc:

UNNLO

T ,DPA’

= 10278(55)

+ 152

+4.5%
—5.7%

fb

» Final result for inclusive off-shell cross section has about |.5%
systematic uncertainty (still smaller than perturbative uncertainties)
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Conclusions

» An accurate description of #f production at hadron colliders requires
non-resonant, off-shell, and tW effects

» Unified description of tf + Wt via 4F scheme off-shell computations

» bar the two-loop virtual corrections fully off-shell bb4#Z NNLO com

the inclusion of

butations feasible

» two-loop virtuals can be approximated via DPA (factorisable + non-
Shown: validation at NLO.

actorisable contributions).

» Fully consistent construction of factorisable two-loop corrections completed within Matrix,
together with exact double-real and real-virtual NNLO contributions

» Non-factorisable corrections cannot be neglected.

Here: extracted through an on-shell matching procedure for the inclusive cross section

» Resulting systematic uncertainty of around 1.5% on inclusive bb4¢ cross section

» For differential predictions / fiducial cross sections:
explicit determination of the non-factorisable corrections required

» Looking forward to ever more precision top results!
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Resonance-aware NLOPS matching in POWHEG-RE

Rigorous solution to resonanance-aware matching within POWHEG-BOX-RES according to [Jezo, Nason; [ 5]

| . . . . Ry (g
dea: preserve invariant mass of intermediate resonances at all | Z By (®p) d®p | Ap(qon) + Z An(kr.) li;, E(I)R,) ) 4o, ;.
v NLO! f he H ceC(h) S
* Split phase-space integration into regions dominated by a single resonance history
_ (hist) >
* within a given resonance history modify FKS mappings, such = wy, ' (PB) B(®B)
that they always preserve intermediate resonances /
' Rand $5~B always with same virtuality of intermediate resonances _ »
| . 118 118 118
l IR cancellation restored w}(} ) () = Ph} t)((I)B) p;} ) (@)
v NLO+PS:; EH
* R and B related via modified FKS mappings resonance history projectors
I R/B ratio with fixed virtuality of intermediate resonances e ensure correct POWHEG radiation

I Sudakov form-factor preserves intermediate resonances » ensure NLO resonance shapes

v PS:

* pass Information about resonance histories to the shower (via extension of LHE)

* tell PS to respect intermediate resonances (available in Pythia8/Herwig/)




Multiple-radiation scheme

introduced in [L. Barze', G. Montagna, et. al,; '| 2

In traditional POWHEG only hardest radiation is generated [Campbell, Ellis, Nason, Re; "1 5]

Multiple-radiation scheme:

by matrix element:

! H

d = B#e)dis ()t S (k!T)R! (#!B(f#BB,)#rad)) d# g

11

,&):jﬁ
® = %U
O
R
,&:;_p
® = %U
O
IR
999( ,&)::(H
™ £ £ ©

BUT: for top-pair (or single-top) production and decay:
emission from production is almost always the hardest.

= emission off decays are mostly generated by the shower

keep hardest overall emission and additionally hardest emission
from any of n decaying resonances (including hadronic W decays).

merge emissions Into a single radiation event with several

radiated partons (up to nt+/)

| H

’ o R Ce ! g))
S !(qCUt)+ !(kT) B('BB) d d! rad

= bs g ISR

dl = @(' B)d' B

© ©
999( ,&:jﬁ
® £ £ ©
L
|
© ©
,&):jﬁ
® £ £ ©
o o
l& —+



NLO: factorisable corrections

o~ o
- R .
~ NS
~ ~

1 ' 1) c " 0
|M ]Saz:t (p n l'1.2)(p T uZ) M ( ) (h t1 ?) M IE )(h ) M (hjo ?)
T TR T e ) T
off-shell resonance (O) . # 1) 0) 0) ) $%
propagators + Mg (h,"t."9 M (e, "OMg (hr,. "9+ M (hg,,"OM g’ (hr,,"9)  |G!

> same Ingredients as iIn NWA
» spin correlations among production and decay are taken into account

> all subamplitudes must be evaluated on on-shell momenta of top and anti-top quarks, to preserve gauge invariance

o
N
~.

S~
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a/ag‘&tl.()q,l. DPA 1 [%]

Dependence on at NNLO
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Teus = Cltgyq (%] Teur = Cutgq/q (%)

/I =1 I,/IP™ =1/5

» expected cancellation of log r,, terms

> steeper behaviour of the PCs for r,

Teur = Cltgy s (%)

I,/TP™ =1/10

Peat = Cltp g (%]

I/ TP™ = 1/50

Teut = Culgy @ [%]

I,/TP™ =1/100

— 0, consistent with a linear scaling enhanced by logarithmic terms

> smooth evolution in the shape of the PCs: for I', = 0, the behaviour qualitatively aligns with that seen in on-shell #¢



Consistent inverse-width expansion at NLO

dI’ |
NWA:  doprodxdec = do'?’ where I = dI’ This hold to all orders!
dec L, this ensures: /da-prodxdec = do
dec
Naive NLO expansion of N\WA: donrLo = dog + doy, dI'nt,o = dI'g +dI'y, I'nto = T+ 1
L’ /daNLg dec = dog+do; —doy S Spurious
roaxdaec
3 P PNLO [Melnikov, Schulze, '09]
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Consistent NLO expansion of NWA:  donr,o = dog + doq, dI'npo = dl'g +dI'y, TNig ’ T, 1 - T,
NLOex —
L» /daprodxé’ec = dog + dog
dec
. . ’ dr, T, ' dr,
Generalise to multiple resonances: dai%gffé’ec = |dog + ; (ddo dFr:(l) doyg Fr:(1)> + do (716_7[2 I‘r,(,)o)
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Consistent Inverse-width expansion in off-shell (N)NLO computations

L> For off-shell computation:
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