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Search for tZ production

< [mportant test of Standard Model (SM).

& Improved control on background for other processes (ie 17H, tZ, titt, ...).

2 Better understanding of top-quark couplings to electroweak (EW) sector
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Theory predictions for ttZ

& NLO QCD predictiong for on-ghell top quark and  Fixed order
Z bogon [arXiv:0804.2220, arXiv:lILO610]. (on-ghell)

= NLO QCD correctiong to top-quark decay in narrow-width
approximation [arXiv:404.[005]

& NLO QCD+EW predictions for on-ghell top quark and £ bogon with
MadGraph5_aMC@NLO [arXiviI504.03446, ar Xiv:I8O4.10017].

@ NLO QCD +PS using MC@NLO [arXiv:I507.05640] and POWHEG [ar Xiv:lll.I444,
arXiv:208.2665], with narrow-width simulation of top-quark and Z-bogon decays.

= [nclugion of off-ghell effecte for Z-boson decay with POWHER [arXiv:2112.08892].

@ NLO QCD +NNLL regulte for on-ghell top quark and & bogon [arXiv:(702.00800, arXiv:I8l2.08622), algo
including EW correctiong [arXiv:|907.0434 3, arXiv:200LO303l].

& NLO QCD caleulation for fully off-ghell top quark and & bogon in HELAC-NLO
for Z = v,i, [arXiv:i907.09359] and Z — £¢ [arXiv:2203.15688].

0 NLO QCD+EW predictions for fully off-shell top quark and £ bogon in the multi-
lepton decay channel with MoCaNLO [arXiv:i2306.13535].
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Theory predictions for ttZ

& NLO QCD predictions for on-ghell top quark and
Z bogon [arXiv:0804.2220, arXiv:ll.O6IO].

= NLO QCD correctiong to top-quark decay in narrow-width
approximation [arXiv:404.[005]

& NLO QCD+EW predictions for on-ghell top quark and £ bogon with - . \<
MadGraph5_aMC@NLO [arXiviI504.03446, ar Xiv:I8O4.10017]. w '

& NLO QCD +P8 uging MC@NLO [arXiv:I507.05640] and POWHEG [arXiv:llILI4 44, All order
arXiv:208.2665], with narrow-width simulation of top-quark and Z-bogon decays. (on-ghell)

= [nclugion of off-ghell effecte for Z-boson decay with POWHER [arXiv:2112.08892].

& NLO QCD +NNLL regulte for on-ghell top quark and £ bogon [arXiv:l702.00800, arXiv:812.08622], also
including EW correctiong [arXiv:|907.0434 3, arXiv:200LO303l].

& NLO QCD caleulation for fully off-ghell top quark and & bogon in HELAC-NLO
for Z = v,i, [arXiv:i907.09359] and Z — £¢ [arXiv:2203.15688].

0 NLO QCD+EW predictions for fully off-shell top quark and £ bogon in the multi-
lepton decay channel with MoCaNLO [arXiv:i2306.13535].
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Theory predictions for ttZ

& NLO QCD predictions for on-ghell top quark and
Z bogon [arXiv:0804.2220, arXiv:ll.O6IO].

= NLO QCD correctiong to top-quark decay in narrow-width
approximation [arXiv:404.[005]

& NLO QCD+EW predictions for on-ghell top quark and £ bogon with - . \<
MadGraph5_aMC@NLO [arXiviI504.03446, ar Xiv:I8O4.10017]. w '

@ NLO QCD +PS using MC@NLO [arXiv:I507.05640] and POWHEG [ar Xiv:lll.I444,
arXiv:208.2665], with narrow-width simulation of top-quark and Z-bogon decays.

= [nclugion of off-ghell effecte for Z-boson decay with POWHER [arXiv:2112.08892].

& NLO QCD +NNLL regulte for on-ghell top quark and £ bogon [arXiv:l702.00800, arXiv:812.08622], also
including EW correctiong [arXiv:|907.0434 3, arXiv:200LO303l].

& NLO QCD calculation for fully off-shell top quark and  boson in HELAC-NLO  Fixed order (off-chell)
for Z - v,0, [arXiv:1907.09359] and Z — £¢ [arXiv:i2203.15688)]

0O NLO QCD+EW predigﬁong for fully of{-ghell top quark and Z bogon in the multi- s This Talk!
lepton decay channel with MoCaNLO [arXiv:2306.15535].
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Structure of the ealeulation
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO,

pp — e v uv,bbr't
N -

NLO,

< Calculation performed with the in-house MoCaNLO program:
» QM amplitudes computed with RECOLA (CKM matrix get to identity matrix);
> Tensor reduction and evaluation of [-loop integrale with COLLIER library.

< All light-quark- and gluon-induced partonic channels computed, together with:
> Photon-induced channelg;
> Bottom-induced contributions — complete 5-flavour scheme.

% Inclugion of regonant and non-regonant terme (Higge contribution included).

< Heavy-bogon radiation at NLO EW neglected.

" NLO QCD and NLO EW correctione to fully
off-chell 17 Z: / bW QC/ o QCD//

LO2 LO3

NLO, NLO; NLO,
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Structure of the ealeulation: LO, term
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO,

 NLO QCD and NLO EW correctione to fully A
off-ahell 17z |

pp — e+1/e,u"17ﬂb157 T~

- gg- and gg-induced channels.
* Dominance of doubly-resonant ¢7 topologies.

+ Charge-blind b-jet tagging — sub-leading b5 and
bb contributiong included.
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Structure of the caleulation: LO, term
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO,
 NLO QCD and NLO EW correctione to fully A
off-chell 177 |
pp = e v u bbbt
L y

- Light-quark interference termg vanich due to
colour algebra.

- yg channel arigeg at thie order.
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Structure of the caleulation: LO, term
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LOg

 NLO QCD and NLO EW correctione to fully A
off-chell 172 |

pp — e+1/e,u"17ﬂb157 T~

+ Fully EW contribution — a/ag-guppressed.
- vy channel enterg at thig order.

+ New enhanced topologies for bottom-
induced contributiong.
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Structure of the caleulation: NLO, correction
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO,

 NLO QCD and NLO EW correctione to fully A
off-shell 17Z: QC?/
pp — €+I/e ~U bb B
- SR ~

NLO,
gg — ety u,bbtttTg, qg— ey, puo,bbrtrg, - Dominant NLO correction.
84 — eV, Uy, bbttt™g, gq— eV, uu, bbttt™q. - Validated against resulte obtained in HELAC-NLO

framework [arXiv:220315688].

o , bb — etv, u v, bbrtr g,
- Bottom-recombination ruleg crucial to A

- bb — etv,u v, bbttt™g, bb— etv,u", bb
avoid g — bb singularity. K Yy 8 M ﬂb

gb — e+1/e,u_17ﬂl915 b, gb— eV, U,
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Structure of the caleulation: NLO, correction
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO, LO,

" NLO QCD and NLO EW correctione to fully
off-ghell 17Z: ' e\ QG D// 1
pp — etv,u v bbrtr”

NLO,

Two gourceg of correctiong, digtinguichable at the real-amplitude level, but not
for the virtual contributions.

QCD correction to LO,

QCD correction to LO, or
EW correction to LO,
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Structure of the caleulation: NLO, correction
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

LO, LO;
 NLO QCD and NLO EW correctione to fully A
off-chell 177 |
EW ¥ QCD
pp = e v u bbbt
K J (8% 048
NLO;

- EW correctione to LO, for bottom- and
yg-induced channels.

- Enhanced QCD correctiong to LO; due
to new gcattering topologies in the light-
quark + gluon channels.
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Structure of the caleulation: NLO, correction
ADenner, DL, and G.Pelliccioli [arXiv:2306.13535]

" NLO QCD and NLO EW correctiong to fully A
off-ghell 17Z:

pp — e+1/e,u"17ﬂb157 7"

LOg

EW

NLO,

+ Contribution at the gub-per-mille level to the

reqult.

+ Computationally challenging virtual terma: high

number of rank-6 1O-point [-loop functiong to be
evaluated!
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Definition of the fiducial region
pp — e+1/e,u_17ﬂb151 7"

% QCD partong with |7] < 5 are clugtered into jete with anti-k, clugtering (R = 0.4).
- Recombinationrulee:  j+j—j,  jo+ji—=j.  J,+i, = J
- At least two b-jets are required:  p;, >25GeV, |n,| <2.5, AR, >04.
- No cute on additional light- or b-jet activity.
< Leptong are dregsed with anti-k, clustering (R = 0.1):
+ Allleptong have to eatiefy the cute:  pr . >20GeV, |n,|<2.5, AR, >04.

< Migging trangverge momentum cut:  py .. > 40 GeV.

% Renormalieation and factorieation gcaleg get to:

1/2
1 12 1
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[ntegrated Cross sections

perturbative Tnob [ab] P oy, [ab] P o [ab] —
order | |
LO; 107.246(5)132-0%  1.0000 | 0.31378(9) +0.0029 | 107.560(5)329%  1.0000
LO, 0.7522(2)F1h0”  +0.0070 | —0.6305(2) —0.0059 0.1217(3) 4+0.0011
LO; 0.2862(1)F34%  40.0027 | 0.7879(2) +0.0073 | 1.0742(3)F124%  +0.0100
NLO; —~11.4(1) —~0.1072 | 0.518(3)  +0.0048 —~10.9(1) —0.1016
NLO, —0.89(1) —0.0083 | 0.051(3)  +0.0005 —0.84(1) —0.0078
NLO3 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096
NLO, —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 —0.052(1) —0.0005
LO:+NLO; | 95.8(1)19% ~ +0.8933 | 0.832(3)  +0.0078 | 96.6(1)*0%  +0.8984
LO 108.285(5)T347%  +1.0097 | 0.4713(3)  +0.0044 | 108.756(5)*33-5%  +1.0111
LO+NLO | 97.0(1)*%°%  +0.9052 | 0.932(6) +0.0087 | 98.0(1)™%4%  +0.9114
Theoretical
uncertaintieg from
7-point gcale
. . ,
. variafion!
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Integrated Cross sections:
NLO, correction

pertugbative Onob [ab] %(‘)’;‘—0501 op, [ab] anog,bLm o [ab] o
oraer
LO; ;107.246(5)33;3;‘; 1.0000; 0.31378(9) +0.0029 | 107.560(5)329%  1.0000
LO, 0.7522(2)F1h0”  +0.0070 | —0.6305(2) —0.0059 0.1217(3) 4+0.0011
LO; 0.2862(1)F34%  40.0027 | 0.7879(2) +0.0073 | 1.0742(3)F124%  +0.0100
NLO; | —11.4(1) ~0.1072) 0.518(3)  +0.0048 ~10.9(1) ~0.1016
NLO, —0.89(1) —0.0083 | 0.051(3)  +0.0005 —0.84(1) —0.0078
NLO; 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096
NLO,4 —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 —0.052(1) —0.0005
LO;+NLO, ;95.8(1)i(1’-1‘%§>% +0.8933 ) 0.832(3)  +0.0078 | 96.6(1)F%4%  10.8984
LO 108.285(5)T347%  +1.0097 | 0.4713(3)  +0.0044 | 108.756(5)*33-5%  +1.0111
LO+NLO | 97.0(1)*%°%  +0.9052 | 0.932(6) +0.0087 | 98.0(1)™%4%  +0.9114

—_=

Dominance of NLO, contribution: Thgoreﬁc‘a[

* Roughly -lO% correction of LO; ; uncertaintieg from
- Large reduction of gcale uncertaintieg.  7-point gcale

- . ,
___ variagtion!
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Integrated Cross sections:
Sub-leading contributions

pertu;bative Onob [ab] %(‘)’;‘—0501 op, [ab] anog,bLm o [ab] o
oraer
LO; 107.246(5)132-0%  1.0000 | 0.31378(9) +0.0029 | 107.560(5)329%  1.0000
LO, Q . +0.0070 —0.6305(2) —0.0059 0.1217(3) +0.0011
LOs | +0.0027)| 0.7879(2)  +0.0073 1.0742(3)*121% 10,0100
NLO; —11.4(1) ~ —0.1072 | 0.518(3)  +0.0048 —~10.9(1) —0.1016
NLO, {__ —0.89(1) —0.0083 ) 0.051(3)  +0.0005 —0.84(1) —0.0078
NLO3 1.126(4) +0.0105 ) —0.089(4) —0.0008 1.037(6) +0.0096
NLO, —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 —0.052(1) —0.0005
LO:+NLO; | 95.8(1)19% ~ +0.8933 | 0.832(3)  +0.0078 | 96.6(1)*0%  +0.8984
LO 108.285(5)T347%  +1.0097 | 0.4713(3)  +0.0044 | 108.756(5)*33-5%  +1.0111
LO+NLO | 97.0(1)1%5%  +0.9052) 0.932(6) +0.0087 | 98.0(1)T%'%  +0.9114

Sub-leading contribution: Theoretical

*LO, + ~ 1% of LO; uncertaintieg from

* NLO, + ~ 0.2% correction to LO,.  7-point gcale
- variation!
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Integrated Cross sections:
Bottom channels (at LO)

perturbative Tnob [ab] P oy, [ab] P o [ab] —
order | |
LO; 107.246(5)T35-0%  1.0000 LO.31378(9) +0.0029Y) 107.560(5)*349%  1.0000
LO, 0.7522(2)F1%0”  +0.0070 Co.6305(2) —0.00@ 0.1217(3) +0.0011
LO, 0.2862(1)*34%  +0.0027 \\ 9.78"79(2) +0.0073) 1.0742(3)T134%  +0.0100
NLO; —11.4(1) ~0.1072 | 0.518(3)  40.0048 ~10.9(1) ~0.1016
NLO ~0.89(1) —0.0083 | 0.051(3)  +0.0005 —0.84(1) —0.0078
NLO3 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096
NLO, —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 |  —0.052(1)  —0.0005
LO:+NLO; | 95.8(1)19%  +0.8933 | 0.832(3)  +0.0078 | 96.6(1)*07%  +0.8984
LO 108.285(5)F347%  411.0097) 0.4713(3)  +0.0044 608.756(5)3;1:%; +1.0111)
LO+NLO | 97.0(1)*%°%  +0.9052 | 0.932(6) +0.0087 | 98.0(1)™%4%  +0.9114
Role of the bottom-induced channelg: Theoretical
* [mpact of LO bottom contributiong at the sub-percent level on full LO; uncertaintieg from
7-point gcale
. . ’
_____Variation:
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Integrated Cross sections:
Bottom channels (at NLO)

pertugbative Onob [ab] %(‘)’;‘—0501 op, [ab] anog,bLm o [ab] o
oraer
LO; 107.246(5)132-0%  1.0000 | 0.31378(9) +0.0029 | 107.560(5)329%  1.0000
LO, 0.7522(2)F1h0”  +0.0070 | —0.6305(2) —0.0059 0.1217(3) 4+0.0011
LO; 0.2862(1)F34%  40.0027 | 0.7879(2) +0.0073 | 1.0742(3)F124%  +0.0100
NLO; —~11.4(1) ~0.1072 [ 0. 518(3) +0.0048 —~10.9(1) —0.1016
NLO, —0.89(1) ~0.0083 [ 0. 051(3) +0.0005)  —0.84(1) —0.0078
NLO; 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096
NLO,4 —0.0340(9)  —0.0003 | —0.0180(9) —0.0002 —0.052(1) —0.0005
LO:+NLO; | 95.8(1)19% ~ +0.8933 | 0.832(3)  +0.0078 | 96.6(1)*0%  +0.8984
LO 108.285(5) 734 7% 1+1.0097 | 0.4713(3) _ +0.0044 108 756(5)T335%  4+1.0111
LO+NLO | o7 0( )“{f’;@ +0.9052) 0.932(6)  +0.0087 &980 “1)5% +0.9114 )

Role of the bottom-induced channelg:

* Impact of LO bottom contributiong at the sub-percent level on full LO;

- Roughly +1% correction to the full regult after including bottom-channels
at LO and NLO.

\_

Theoretical
uncertaintieg from
7-point gcale

- variation!

Daniele Lombardi

Complete NLO corrections to off-shell t7Z at the LHG

September 25th, 2024 [ 19



Integrated Cross sections:

NLO, corrections

perturbative Tnob [ab] P oy, [ab] P o [ab] —

order | |

LO; 107.246(5)132-0%  1.0000 | 0.31378(9) +0.0029 | 107.560(5)329%  1.0000

LO, 0.7522(2)F1h0”  +0.0070 | —0.6305(2) —0.0059 0.1217(3) 4+0.0011

LO; 0.2862(1)F34%  40.0027 | 0.7879(2) +0.0073 | 1.0742(3)F124%  +0.0100

NLO; —11.4(1) —0.1072 | 0.518(3)  +0.0048 ~10.9(1) ~0.1016

NLO, ~0.89(1) —0.0083 | 0.051(3)  +0.0005 —0.84(1) ~0.0078

NLO3 - 1.126(4) +0.0105 | —0.089(4) —0.0008 1.037(6) +0.0096

NLO; | —0.0340(9)  —0.0003){ —0.0180(9) —0.00@; —0.052(1) ~ —0.0005
LO:+NLO; | 95.8(1)19% ~ +0.8933 | 0.832(3)  +0.0078 | 96.6(1)*0%  +0.8984

LO 108.285(5)T347%  +1.0097 | 0.4713(3)  +0.0044 | 108.756(5)*33-5%  +1.0111
LO+NLO | 97.0(1)*%°%  +0.9052 | 0.932(6) +0.0087 | 98.0(1)™%4%  +0.9114
Fully off-ghell NLO, correctiong confirm Theoretical
to be negligible, 2o that omitting them ig uncertaintieg from
under good theoretical control. 7-point scale

_ variation!

Daniele Lombardi Complete NLO corrections to off-shell t7Z at the LHG September 25th, 2024' 20



Differential Cross sections: p; ,;

pp-etveu~ v, tH T bb, Vs =13TeV, o = (M1, Mr,§)1?/2

10-3 —
---- LO;
--—- LO5(x10)
---- LO3(x10)
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Differential Cross sections: p; ,;

pp-etveu~ v, tH T bb, Vs =13TeV, o = (M1, Mr,§)1?/2
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Differential Cross sections: p; ,;

pp-etveu~ v, tH T bb, Vs =13TeV, o = (M1, Mr,§)1?/2
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Differential Cross sections: M.. -
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Differential Cross sections: M.. -

ratio [/LO4]
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far off-ghell region.

+ LO, ie the largest eub-leading

contribution in the off-ghell region,
due to the yg channel.
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- NLO, correctiong are the
dominant oneg around the
Z-magg pole (radiative
return due to real photon
radiation).

Differential Cross sections: M.. -
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Summary:

* Fully oft-ghell caleulationg for #7Z are important for a reliable degcription of the process both at the inclugive
and at the differential level.

+ NLO QCD corrections are the dominant NLO contribution:
> At the inclugive level, sub-leading LO and NLO terme amount to less than a percent correction;

> At the differential level, sub-leading termg are crucial for a correct degeription of the normaligation and
the shape of many obgervableg — non-trivial interplay among different corrections.
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Summary:

* Fully oft-ghell caleulationg for #7Z are important for a reliable degcription of the process both at the inclugive
and at the differential level.

+ NLO QCD corrections are the dominant NLO contribution:
> At the inclugive level, sub-leading LO and NLO terme amount to less than a percent correction;

> At the differential level, sub-leading termg are crucial for a correct degeription of the normaligation and
the ghape of many obgervables — non-trivial interplay among different corrections.

Thank you for your attention
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Backup
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Fiducial Cross sections at LO:
a channel-by-channel analysis

Channel LO, LOs LO3
gg 74.760(4)
qq 32.486(3) - 0.2848(1)
bb 0.29208(9) —0.6330(2) 0.7821(2)
bb/bb 0.02171(2) 0.002516(9) 0.005817(9)
Vg - 0.7522(2)
0%} - - 0.001431(6)
sum 107.560(5) 0.1217(3) 1.0742(3)
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Fiducial Cross sections at NLO:
a channel-by-channel analysis

Channel NLO; NLO, NLOs3 NLO4
gg —14.9(1) —0.107(9)
qq —12.35(7) —1.177(6) 0.013(4) —0.0380(9)
bb —0.106(2) 0.195(2) —0.324(4) —0.0194(9)
bb/bb 0.00031(7) —0.0016(1) —0.0022(2) —0.00059(2)
Vg —0.136(2) 0.0101(8)
vy —0.00020(3) —0.00010(2)
2q/8q 15.77(3) 0.0570(5) 1.102(1)
gb/gb 0.624(2) —0.146(2) 0.237(2)
Yq/vq 0.4774(8) 0.00403(2)
vb /b 0.00347(9) —0.00026(1) 0.00194(1)
sum —10.9(1) —0.83(1) 1.037(6) —0.052(1)
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Differential Cross sections: M-
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Differential Cross sections: H)*
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Differential Cross sections: Angular Observables
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Differential Cross sections: Rapidity Distributions
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Differential Crogs gectionse: Trangverce Momenta
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