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|lop-palr production and decay

incl. off-shellfon-resonant/ @ N LO 4 PS

interferen®e effects



bb4

[lezo, IML, Nason, Oleari, Pozzorini, "1 6]
Physics features:

* exact non-resonant / off-shell / interference / spin-correlation effects at NLO

* consistent NLO+PS treatment of top resonances and off-shell top-decay chains
thanks to POWHEG-BOX-RES

* top propagators including consistent quantum corrections in well-defined
(on-shell) renormalisation scheme

* unified treatment of top-pair and VWt production with interference at NLO

*access to phase-space regions with unresolved b-quarks and/or jet vetoes

bb4l-dl/-sl
[1. Jezo, ML, S. Pozzorini, 230/.15653]

* Consistent Inverse-width expansion
e Matrix-element based resonance histories
* Semi-leptonic decays


https://arxiv.org/abs/2307.15653

Resonance-unaware NLO

» Already at NLO:

°S matching In

POWHRE

* FKS (and similar CS) subtraction does not preserve virtuality of intermediate resonances

* Real (R) and Subtraction-term (5~B) with different virtuality of intermediate resonances

* |R cancellation spoiled

— severe efficiency problem!

» More severe problems at NLO+PS: _
e in POWHEG: do = B(CI)B) d(I)B

emission probability

A(QCu’c) T z A(]<3T,c)

ceC

\

Rc((I)R,c)

B(®g)

Sudakov form-factor generated from uncontrollable R/B rw

(a)
<I>
A (Pp,pr) = €xp | —Z/k

T>PT

* also subsequent radiation by the PS itself reshuffles internal momenta and does in general not

preserve the virtuality of intermediate resonances.

(I)(O‘)

rad

\
~

d(I)rad,c

— expect uncontrollable distortion of important kinematic shapes!

do/doygy,  do/dmu, [pb/GeV]

[/ezo JML, Nason, Oleari, Pozzorini, ' 6]
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Resonance-aware NLOPS matching in POWHEG-RE

Rigorous solution to all these issues within POWHEG-BOX-RES according to [JeZo, Nason; ' 5]

, . . . . ' . —
[dea: preserve invariant mass of intermediate resonances at all stages! By(®B) = w; ' (®B) B(®B)

v NLO: / i 17~

whe(®R) = Pre(®r) | > Y pre(®r)

* S5plit phase-space integration into regions dominated by a single resonance history / heH o ec(h) _
e . . : : . M4
* within a given resonance history modify FKS mappings, such p(hlst)((I)R) _ H ,
that they always preserve intermediate resonances e reR(ho) (qﬁ,r — M2)2 +T2M?

= R and 5~B always with same virtuality of intermediate resonances

original kinematic projectors
— |R cancellation restored

v NLO+PS. do = Y By(®p)d®p |An(gews) + > Anlkr,) ghgq)f;) ) 48,4,
* R and B related via modified FKS mappings he I ceC(h) _

— R/B ratio with fixed virtuality of intermediate resonances
= Sudakov form-factor preserves intermediate resonances

v PS:

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

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



5FS

4FS

Interplay between top-pair 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]

2.00 F
150 F
1.00 |

* 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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Interference effects between top-pair and VWt production

mglémmax = min{max(my 1413 mbzt’z) max(mblt’z’ mbzfl)}

"Probing the quantum Interference between singly
and doubly resonant top-quark production in pp For tt (double-resonant) at LO: mjf,"™& < \/m - my.,

collisions at v/s = 13 TeV with the ATLAS detector’ — sensitivity to off-shell effects/ tt-Wt interference beyond endpoint
— measure top width [Herwig, Jezo, Nachman, '| 9]

Phys. Rev. Lett. 121 (2018) 152002
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Multiple-radiation scheme

» In traditional approach only hardest radiation is generated by POWHEG:

b b b

p
Y / W t W b , —_—

. or % v Oor .

p ) p
b b b

Ra(q)oz(q)Ba (I)ra,d))
B(®g)

BUT: for top-pair (or single-top) producti_on and decay, emission from production_ s almost
always the hardest.

dq)rad

=  do = B(®)dPs |Ageut) + Y  A(kS)

= emission off decays are mostly generated by the shower.
» Multiple-radiation scheme (allrad): ~ introduced in [Campbell, Ellis, Nason, Re; ' 5]

* keep hardest overall emission and additionally hardest emission from any of n decaying
resonances.

* merge emissions Into a single radiation event with several radiated partons (up to n+/)




Consistent inverse-width expansion at NLO
[lezo, IML, Pozzorini, 230/.15653]

dI’ . -
NWA:  dOprodxdec = da? ., where I' = / dl’ This factorisation holds to all orders!
dec L, aﬂd ecnNsures. /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, NLO Iy« SPUrious
/ dJprod)(dec — dUO -1 d0'1 — d0'1
J I'nLo [Melnikov, Schulze, '09]
| | 1 1/ T
Consistent NLO expansion of NWA: donr,o = dog + doq, dI'no = dl'g +dI'y, Tnio | To \" 7 Ty
- / A0 proaraee = doo +doy
dec
] ] ' dr, T, ' dr,
Generalise to multiple resonances: dai%g;’g’ec = |dog + Z (dao dI‘,«,; doyg Fr’(l)) + doy (H T (’)O)
s T ) ) | TER )
_ 1-.NLO NLOexp LO C s HEX doi I't1 do |
daspurious — dO-prodxde(: - dUprod)(dec _ 5’{'Spurious daprodxdec =g 5K’Spurious ~ —2 dogTro +177% dog


https://arxiv.org/abs/2307.15653

Consistent inverse-width expansion at NLOPS

NLOexp drr,l

: - Fr,l dFr,O S
Start from INLO in NWA:  doqxdec = |d00 Z (dffo dr', 4 doyg Fr,O) doy (H Ty ) ,7 l;l\/\/A ||Om|t.
- - r %

T reéR

T, _ T,
L> fNLO for off-shell computation: dGONéJ_OS‘i‘é’H = (H ’NLO) dagg‘_osheu — (Z ’1) da(()?g_sheu

I I
reR 7,0 _ '\7;672 0

% usel', NLO in ME

- - T > L'y
L> POWHEG for off-shell computation:  Bx(®s)| = { ]I L nNLO By(®8)— | > L | By (®5)
exp reR(h) 7,0 i reR(h) 7,0 |
hard I's NLO hard
Ry (®r)| = ( [T+ ) Rye™(@g)
EP reR ™0
Obb4l—sl — 1074 VS Obbdl—s = 1.012
Ohvq+ST no 1/I"; expansion | 9hva+ST [with 1/T; expansion

— can also induce important shape effects!



kinematics-based

(used In 1607.04533)

do =

matrix element-based
(new In 230/.15653)

Born resonance history projectors

ngt) (Pr)

\ 7 w3 6+_ /_')1
Lo H
b
P> P,
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11 :
— 2 _ Af2)2 2 N [2
rerine TRy — Mr)? 4+ TrMy

4
my

— X
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squared LO
matrix
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in pole
approximation


https://arxiv.org/abs/2307.15653
https://arxiv.org/abs/1607.04538

Real resonance history projectors

st _~— ™ collinear weights, e.9.:
ist =

kinematics-based phe(®r) = p\*Y) () ol (P4 )

(used in 1607.04538) o B2E?
P (Prad,c) = (E; +Ej)2(1 — cos 0;;)

( Kinematic resonance weights:

74
(hist) A"Ir
reR(h,c) (@R, — M7)* + TEM;
matrix element-based (hist) (hist) /&
. P — o
(new In 230/.15653) Phe | R)|.\-'IE Pr BaC)IME

- R — B mapping

e defined in a way that preserves the virtuality of
the top quarks and the invariant mass of the

virtual b quark in IS g¢ — bb splittings
e preserve relative probabilities of tf and tW histories



https://arxiv.org/abs/2307.15653
https://arxiv.org/abs/1607.04538

Olc

vs. New

r\
inclusive 2LB 2LB + off-shell Qoff _shel]l = MAaxX { 1Q: — my|, |QF — mt|} > 60 GeV
phase space cuts cuts
LHE | OrigH 0.672(4) | 4.422(3) | 0.1908(6) | | | |
LHE MeH 9.653(3) | 4.411(2) 0.1912(4) * Kinematic-based (Ol”lgl_b and matrix element-based (MGH)
LHE | tW fraction | 4.31% | 3.86% 43.0% resonance history projectors agree at <|% level!
NLOPS | OrigH 90.672(4) | 4.4193) | 0.3515(8) ethic indi - -
S Ind mall small matic uncertainty rel
NLOPS | Mo 06533) | 44082 | 0.3502(5) this | d.catles small sma ;yste atic unce tainty related to
NLOPS | tW fraction | 431% | 3.86% 23.3% ambiguity in resonance history definition
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it vs. tW resonance histories
12307.15653]

: is kinematic resonance weights:
Naive: p9@g)| = Wilp)Wilp) °

naive Mt4
ey = tuneable Wi (p) =
(hist) X m? )\ (p2 . Mt2)2 + I‘?Mf

N d = Wy (ps
P+ (PB) naive | B2, £ (D7) <
ME-based: Al = Ay + A+ + Ayjw- + Arem
ME ME ME"
is his (hist) _ 12
pip (@) |y = [Aul®, ) (@8)| g = [l — [ Aaw+ |2 — [Agw+ |2 P (B) Iy = Ml
_ . (hist) 2
1S hist o @ ) — A_ 3
pg:vi)(q)B)‘ME — |~AEW:1:|2 pi(?Wi)((I)B) ME! — |~AfW:t|27 ptWt( B) ME tWi|
P (@) |\ = [Asan]? — [Aeg]® — [Agw+? — [Aw-|?
naive matrix-element—based extrapolation
x=1 x=01]| ME ME’ ME" r, >0 N\
L O tt | 90.6% 953% | 942% 93.7%  95.3% 96.0% O = éiglo (f? Obbdl I‘t—>§t1“t)
tW | 9.4% 4.7% 58%  6.3% 6.2%
4.0%
rem — 1.5%



https://arxiv.org/abs/2307.15653

Semi-leptonic tt

pp —> £ vpjjbb
aga’™ dominant subprocesses type order
aga’ W=bb +2 jets V+HF NNLO
a%a3 tiny interference
tt + tWb tt +tW 4FNSLO
gq — tg'b+1jet t-chanel single-top | 4FNS NLO \
aa* qq — th+2 jets s-chanel single-top NNLO
W*Z +2 jets with Z — bb VvV NNLO \
W*jj+2 b-jets VBF NNLO |
aéoﬁ tiny interference
. W*Zjj with Z — bb VBS LO
: W*ZV with Z — bb, V — jj VVV LO

do/dm(jijs) [pb/GeV]

Ratio
bt

O | |- I I

LJ I

|

|

Full NLO QCD computation for

100

pp — £

200

300

1000

m(j1j2) [GeV]

“10qq bb : [Denner, Pellen; ' | 7]



Semi-leptonic tt

1/lvqq’bb

1.3
1.2

1.1

0.9

0.7
0.6

pp — (5 5bb O

— lvqq’bb
Ny 22  —— ppylsl
— tqq’b (t-chan)
— tqq’b (s-chan)
lvqq’+bb (VBF)

J

AL

— bbgl-sl + tqq’b (s-chan + t-chan) + VBF

| IRTTI ST I T JTﬂlmluulu T Y

100 200 300 1000



Semi-leptonic tt: bb4l-s|

pp — (5 5bb

LO

_ % B | \ | [ . N |__
- lvqq’bb =
(j\: —1 Ny =2 bb%:ll-sl ]
3; = — tqq’b (t-chan) =
éE o — tqq’b (s-chan) —
= lvqq’+bb (VBF) 3
5 1073
pp — E:I:Vfg’qzl/@bg —_— PP — ezzygqq,bg 0
UF v, — qq 10 °
. . . . B | |
*|In this approximation we drop some off-shell/interference effects ; _
«But: tf, Wt and tt-Wt interference is retained! S L _
* POWHEG emission based on “allrad” approach: L rljfl 1 -
i 7 1 |-
Rppa(®Pr.c) a | J T e
dUbb4l—sl — dabb41—d1 KWhad AWhad(qCU-t) -+ Z AWhad(kT,C) BDPA((I)B) d(I)rad,c — bbgl-sl + tqq’b (s-chan + t-chan) + VBF
i c € C(Whaq) / ] ij : _E
BRIV J7) WE(—= £Fr)WT 7 )bb N {wa; 2
KWhad — pp — (_> V) (_> qq ) Z 09 =
BRbb41(W — ll/) . N y <
pp = W (= £v)WT(— qq’'g)bb 08 £ =
0.7 — —
; 0.6 — | —
*Note: can also be used for full hadronic decays! 200 300
mj,j, [GeV



do /P miss [pb/GeV]

1/lvqq’bb 1/lvqq’bb 1/lvqq’bb

1/lvqq’bb

)

0.8
0.6

1.3
1.2
1.1

0.9
0.8
0.7
1.3
1.2
1.1

0.9

0.7
1.3
1.2
1.1

0.9
0.8
0.7

IE
E

-+ —/ . '
pp — L= 14qq bb; 1)
I ! 1 I I T T 1T1 l ]

— lvqq'bb
bbyl-sl (w/o V — g7'g)
bbgl-sl (tf + tW)
tqq’b (t-chan)
tqq’b (s-chan)

Np >2
PT,]' > 20 GeV

T

|

| | L |Il=ll |

TIIII1I[T

lllllllll lllllllll

I[T1IITI

IHHIHHIIH TlTI]ITHIIHTl

lllllllllllllll lllllllllllllll

1 1
I I B | | I

— =~ bbgl-sl (pr; > 1 GeV)

—
—
e

THI]H”IITHI

e e ————— e ol Sl ch P e T T P - s - - o - - V] - -
—— i — —

IIHT[IHT'HU

L1 11 | |
300
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do/ dm]-1 i [pb/GeV]
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Semi-leptonic tt: bb4l-s|

pp — £ vpqq bbj

| ! l T T 11 l I I [ [ I | 3
lvqq'bb — ~
Ny > 2 —— bbyl-sl (w/o V — g§'g) 7 ¥
_ — bbg4l-sl (tf + tW) = <
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— S
= o
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= e 2
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do /dn [pb]

donrLops/doLHE

donLops/ d01HE

bb4l-sl vs. on-shell top-pair plus single-top

pp — et v,.jjbb @ 13 TeV Ng =2
I [ I ] [ | | | 1 | 1 [ I | I | [ 1 | [ 1 |
ot ] | | | ]
- —+— bb4l-sl1 LHE ]
1 —
T POWHEG BOX RES+0penLoops/bb41-s1 m
i | | | | | | | | | | | | | | | | | | I | | | | | | | | |
1.4 | | | | | | | | I | | | | I | | | | | | | | | | | | |
1.3 _'|_ bb4l-sl
1.2 = hvq+STytcnh-DS
1.1
1
0.9 ==
08 L R=05
-7 L1 1 | I B R B R I RN R
1.4 ;_I | I | | | | | ] | 1 | 1 [ | I | I l | | | | I | 1 l_;‘
13 R=02 —+— bb4l-sl =
1.2 ;— l hvq+STytcn—DS —z
1.1 £ ]
1 E =
0.9 £- —
;—1 | 1 I 1 | 1 | l | 1 | 1 l | | | 1 I 1 | 1 | I | 1 l—;
-2 -1 0 1 2

He+

* Percent-level agreement between bb4l and hvg+5T!

do /doppal do/dn [pb]

Ao et / AOMEC off

1.1

1.05

0.95
0.9

1.15

1.1
1.05

0.95
0.9
0.85

pp — et v,jjbb @ 13 TeV Ng =2
L I L ] L I T T 1 I L ] T T _]
B —— bb41-s1 NLOPS -
-  POWHEGBOXRES+0OpenLoops/bb4l-sl i
I | I N I I I I L1 1 | | I S I I
— | I [ I ] | I I B I | I I | I [ I ] | ]
;_ —+— hvq —;
- —+— hvq+STytcn-DR =
[ I th""Sthch'DS ]
:='=ﬁ== ———l_gqj
i e
E I I D I l I I I ‘ N S I I I I l I E
g L I T I L | L I T | I g
= —— bb4l-sl E
é_ _+_ th+Sthch-DS _i
E‘_l L1 l I N — l I I l N S l I N — l I | %

-2

* Accidentally small shower effects in bb4l

-1 O 1 2
He+

*O(1%) difference: tt-Wt interference + genuine off-shell

20



do/dpr [pb/GeV]

donrors/A0LHE

donLops/ A0LHE
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bb4l-sl vs. on-shell top-pair plus single-top
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* Control of reconstructed top-mass crucial for top-mass measurements

*Significantly smaller shower effects (and MEC) in bb4l-s| compared to hvg+ST
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Ongoing Efforts

» Detailed uncertainty model for bb4l-dl (later bb4l-sl) based — Talk by Katharina

on Intrinsic bb4l+PY8 uncertainties

» Tunable ME histories / NNLO rewelighting

»1t @ NNLO+tW @ aNNLO,
e [Czakon, et Al “I 5] [Catani etal. *| 9] [Kidonakis,Yamanaka; "2 | |

S har @ NNLO'

[Buonocore, Grazzini, Kallweit, IML, Savoini; 250/.1 14 10]

» bb4l-th (full hadronic): same methodology as bb4l-sl

pp — 0Tupl'Fuubb

UFv, — qq x2

— pp — q3q'g'bb

—fully inclusive tf production and off-shell decays

» [ hreshold/resummation effects: [Nason, Re, Rottoli; '25]
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https://arxiv.org/abs/2507.11410

Conclusions

» Precision NLOPS predictions for off-shell tt+VWWt crucial for
top-mass measurements and backgrounds in searches.
» Resonance-aware matching mandatory
» Inverse-width expansion in off-shell INLO and NLOPS computations ensures
narrow-width limit. Numerical impact can be significant.
» Matrix-element based projectors indicate small
remaining systematics in RES method.
» Semi-leptonic tt x decay avalilable in bb4l-s| approximation (valid for |m;,;, — mw| < 30GeV )
» percent-level agreement of bb4l-sl with hvg+ST In inclusive phase-space

» Crucial shape-effects and reduced shower dependency with bb4l-s|



luneable ME based projectors

ME-based: Atal = Az + Agw+ + Ay~ + Arem
his eff (Cff) 2 —_ 2
pit t) (I)B)|ME’//(£inta'rk) — "A( )l ‘A ‘ A +€1nt‘¢4|rcma
(eff);12 __ . 2 2 s 2
D0 (o) ) = JACDR Al Ay’ = AP+ a7+ (1= Gne) ke »
W ME | A+ |2 + [ A - ‘2 | = | Apu|* — |Agl?,

2 2 2 2
| |‘A|rcm = [Apn|” — 'Atf - “At_W*‘l - |~AtW_‘
Tuneable nuisance parameters:

£ € [0,1] :interference nuisance parameter corresponds to fraction of “interference” assigned to £ history.

default: &

e = 0 yields correct LO ratio o/ow.w_pp

* 1. MIMIcs missing higher-order corrections to IA(eml /|A§f{ﬂ

default . = 1

/dea: tune such (a) total cross section of the 7 history agrees with inclusive tf @ NNLO. -
—WOrk In progress

(b) I', = O limit agrees with the #f @ NNLO cross section.



The resonance-aware bb4l generator
[lezo, IML, Nason, Oleari, Pozzorini, "1 6]

» Full process pp — b66+V€,u_ﬂlu with massive b's (4FS scheme)

> _
. 5 bbAl
» Implemented in the POWHEG-BOX-RES framework = res-default
= —o— res-off :
_ § B O Tes-guess
gfb\ _ Ve g’a\ b q VM E - |
ﬁ\ﬁ\g\&\ﬁ\m‘g B} 9o Y. \ . \\Y% . :§ .
E ) '
t B c W~ . I§ 15 ;— . o i
b i b £ 10 . —
~ - i
999/% Vi 999 Vi ﬁ&@&&‘ﬁ< % 0.5 ‘ Q% ‘ ‘
5V WS oY K . d b 150 160 170 180 190 200
My, (GeV]
Physicg features: Standard POWHEG matching:
* exact non-resonant / off-shell / interference / * Standard FKS/C5 subtraction does not preserve
spin-correlation effects at NLO virtuality of intermediate resonances — R and B

* unified treatment of top-pair and Wt production (~>) with different virtualities.

with interference at NLO * R/B enters POWHEG matching via generation of
radiation and via Sudakov form-factor

* access to phase-space regions with unresolved b- - uncontrollable distortions —

quarks and/or jet vetoes

+ consistent NLO+PS treatment of top Resonance-aware POWHEG matching: [Jezo, Nason, "I 5]

resonances, Including quantum corrections to top * Separate process in resonances histories
propagators and off-shell top-decay chains

* Modified FKS mappings that retain virtualities
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