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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-004/

) Historical analysis of t+V measurements
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What did we achieve since the
first t+V measurements in Run 1?
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Historical analysis of ttZ/ttW measurements £
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First ttZ/ttW measurement by CMS
(PRL 110 (172002))

Run 1 ttZ/ttW observation by CMS
(JHEP 01 (2016) 096)

—_—

20412

Run 1 ttZ search by ATLAS
(CONF-2012-126)

Run 1 ttZ/ttW observation by ATLAS

ttW/ttZ analyses performed together

> 20fs (JHEP 11 (2015) 172)
Overlap of processes
mostly in 3L regions
ZOIZO
Run 1 ttZ/ttW measurement precision
23% / 30% ttZ
27% / 25% ttW
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://link.springer.com/article/10.1007/JHEP11(2015)172
http://cds.cern.ch/record/1474643
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First Run 2 ttZ/ttW measurement by CMS First F(%ELJQ J%tt%/ t(t;/é)/ 1r%ej(s)§1rement Dy ATLAS
(JHEP 08 (2018) 011)

Run 2 ttZ/ttW measurement by ATLAS
2obe (PRD 99 (2019) 072009)

2016 ttZ/1tW measurement precision
12% / 13% ttZ
14% / 22% ttW

Both measured cross sections tend to
higher values than NLO predictions
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http://cds.cern.ch/record/1474643
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
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200

2L.SS regions
(+3L regions)

3L+4L regions
OS-SF lepton pairs

Separate ttW Separate ttZ
measurements measurements

Focus on higher individual precision and differential measurements
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
https://link.springer.com/article/10.1007/JHEP01(2016)096
http://cds.cern.ch/record/1474643
http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
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Historical analysis of ttZ measurements £
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First differential ttZ measurements
8% CMS / 10% ATLAS

Measurements ~10% higher than predictions

ttZ differential measurement by CMS
(JHEP 03 (2020) 056) > sobo

ttZ differential measurement by ATLAS
(EPJC 81 (2021) 737)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
http://cds.cern.ch/record/1474643
http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
https://link.springer.com/article/10.1007/JHEP03(2020)056
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4
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Latest ttZ measurement precision
6% CMS (ttZ+tWZ2) / 6% ATLAS

Compared to
NLO QCD+EW (12% unc.)
+NNLL corrections (10% unc.)

EPJC 79 (2019) 3

CMS measurement ~10% higher than
predictions

ttZ differential measurement by ATLAS

ttZ/tWZ/tZg measurement by CMS @4 « (JHEP 07 (2024) 163)

(PAS-TOP-23-004)
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http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.springer.com/article/10.1007/JHEP03(2020)056
http://cds.cern.ch/record/1474643
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html
https://link.springer.com/article/10.1007/JHEP07(2024)163
https://inspirehep.net/literature/1710410

i What improved in ttZ?

Latest ATLAS measurements: ~same dataset but |mproved precision (10% — 6%)
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https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4
https://link.springer.com/article/10.1007/JHEP07(2024)163
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https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4
https://link.springer.com/article/10.1007/JHEP07(2024)163

| | PAS-TOP-23-004 What improved in ttZ?

CMS approach - simultaneous measurements:

e [n 3L:tW/Z, tZqg backgrounds large impact on results — Measure simultaneously

e DNN in 3L signal region — distinguish processes M M

o+ 4L region for more ttZ, binned in N
o + 3L0b control region for WZ, binned in jet multiplicity
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html

Difficulties of ttZ JHEP 07 (2024) 163 | &)
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Common challenges:

e Non-prompt background: fake leptons from tt and DY+jets events

o Difficult to estimate well from simulation — data-driven estimations
e 2L prompt background from tt and DY+jets — also data-driven

o Description of tt and DY at high N . bad — do not want to rely on it

o tt: ey transfer reglon DY: free- ﬂoatlng parameter for Z+b/c/light
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https://link.springer.com/article/10.1007/JHEP07(2024)163
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CMS combined results ,CMS Frsiiminan
oc(ttZ +tWZ) = 1.14 £ 0.05 (stat) £ 0.04( syst) pb, :
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Major limitations
e Data statistics, luminosity
e Background normalizations+modeling, signal modeling
e C(Calibrations of jets, b-tagging, leptons

Jan van der Linden - 23.09.2024 t+V 14



https://link.springer.com/article/10.1007/JHEP07(2024)163
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html

~|| PAS-TOP-23-004 Differential ttZ results JHEP 07 (2024) 163 | £°)
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e Both ATLAS and CMS - profile LLH unfolding
o CMS uses DNN-binning for additional sensitivity and ttZ / tZq / bkg. separation
o Only 3L region for diff. XS in CMS (tZq and tWZ negligible in 4L)
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https://link.springer.com/article/10.1007/JHEP07(2024)163
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html
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e Both ATLAS and CMS - profile LLH unfolding
o CMS uses DNN-binning for additional sensitivity and ttZ / tZq / bkg. separation
o Only 3L region for diff. XS in CMS (tZq and tWZ negligible in 4L)
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https://link.springer.com/article/10.1007/JHEP07(2024)163
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html
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e Both ATLAS and CMS - profile LLH unfolding
o CMS uses DNN-binning for additional sensitivity and ttZ / tZq / bkg. separation
m Simultaneous ttZ and tZq differential cross section extraction
— fewer ttZ bins limited by tZg binning, larger uncertainties
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https://link.springer.com/article/10.1007/JHEP07(2024)163
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-004/index.html
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e First measurement of tt system in ttZ — also observing trends in p.. of top quarks?
o Uses ~550 signal events in ATLAS measurement
o Compare to first indication of tt differential p.. trends (~3500 tt events)
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Indirect access to p.(top) via p,(lep,) EPJC 76 (2016) 128
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Historical analysis of ttZ/ttW measurements £

EEEEEEEEEE

20412
20816
First Run 2 ttZ/ttW measurement by CMS First F(%ELJQ J%tt%/ t(t;/é)/ 1r?)e j(s)sjrement Dy ATLAS
(JHEP 08 (2018) 011) PUR 2 HZ/HW f by ATLAS
=Rl S eyt ] un measurement by
) S * A < (PRD 99 (2019)072009)
g 2016 ttZ/ttW measurement precision | T e s e
1 12% / 13% ttZ 3 ——

14% / 22% ttw O

Both measured cross sections tend to F g = n

0.6 | 1 | | | - N
TS T N T R i isusivyy Lol T 1
14 1

N higher values than NLO predictions I
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.172002
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.aps.org/doi/10.1103/PhysRevD.99.072009

sy Historical analysis of ttWW measurements £)

EEEEEEEEEE

20412
ttW measurement precision
8% CMS / 9% ATLAS

PRL 131 (2023) 23

138 o' (13 TeV) Comparedto _— B
L L B L L L LN L
;CMS = Measurement '/VEPJCSO(2020)428 E NNLO QCD (7% unC.) ATLAS . ATLAS- this result
N —— Stat. unc. | JHEP 11 (2021) 29 1 7
] _ -1 <2~ CMS (HEP 07 (2023) 219)
L Total unc. . NNI—O QCD + NI—O EVV (7% unC.) ‘lg - 13 TeV, 140 fb1 Stat. + Syst Stat only

Nominal +stat +syst |

- ee 845 +117 =111 ] oML
- ZZS iz;if}i = ATI—AS / CMS -®- Sherpa —e—
uu +63 + 1 one
e sz measurements ~17/18% i n——
[ Trilepton 649 +104 +96 ] . . :
Lo, 7 e higher than predictions
E | | | 400 500 600 700 800 900 1000

. . P IR . . . . .
200 400 600 800 1000 1200 1400 1600

Oy [P] o(ttW) [fb]
ttW measurement by CMS
(JHEP 07 (2023) 219)

204 ttW differential measurement by ATLAS
& (JHEP 05 (2024) 131)
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http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.springer.com/article/10.1007/JHEP11(2015)172
https://link.springer.com/article/10.1007/JHEP01(2016)096
https://link.springer.com/article/10.1140/epjc/s10052-016-4574-y
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
https://link.springer.com/article/10.1007/JHEP07(2023)219
https://link.springer.com/article/10.1007/JHEP05(2024)131
https://inspirehep.net/literature/2672565

JHEP 05 (2024) 131 Difficulties of ttWW? JHEP 07 (2023) 219

Complicated backgrounds
e it/ /ttH / diboson
— N,/ NJ.et bins in CRs

N, binning in ttZ/ZZ CRs . .
- | — b : g 138 fb™' (13 TeV) 138 fb" (13 TeV)
E - ATLAS ¢ Data 6w 1 ® T T T 0 s T T T T T T T T T ]
@ 450 {5 =13 TeV, 140 fo"  [tiH Wiz 4 & 10— CMS ¢ Data [ENZZ — § 107 CMS ¢ ga;a m 5sz
E W ML OintConv MDiboson 3 1) . W mwz m 10 ; - - ) —
400 3.7 EMat Conv  [JHFu 14 — Prefit B Other | Nonprompt | Pt [ Other [ Conversions
© Post-Fit @HFel CJamisiD ] tH ~ Total unc. ttH [ Nonprompt
_—s 3 5 tt . Total unc .
E Wi [JOther ] 10° — iz — 10° m ttzry Total unc.
300; 72 Uncertainty --- Pre-Fit Pred. é 5y 17 B >1b
250 =
= =
e ‘O_J L N
< O ® 14r 1 o 12r
© 125 o t2r R \ 1= 5
D\“‘S . 51 Eersseccigrssaensent yrer % 5 . ;i\\\\\\\&\‘?&\\\\ \\<§\\>\\\x\>\\<\\\\\\\\\\\\\\}\\\\&§\\{\\\\§\\\\§\\\\§§ S ek
T VPP T 081 — o . L . L . T
8 ost : 0 gl E 1 2 3 >3 2 3 4 >4 2 3 4 >4
1 2 > : _ s : : .
= N >0 0j 1b >1b Number of jets
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Difficulties of ttW? JHEP 07 (2023) 219 | &)

Complicated backgrounds

e Non-prompt: fake leptons, photon conversions, etc
> Many control regions, data-driven corrections

> Most normalizations determined in situ

Non-prompt lepton p..

f%) 10° T T T T T T T T
= - -
& ATLAS . ¢ Dota  [HOW EttH " (1 | e B e AR
i 10k Vs=13TeV, 140 fb Wtz [int Conv [ Diboson | § 100, ATLAS # Data Otiw 1 5 - ATLAS ¢ Data Ctw e
W ML W Mat Conv [OJHFu [ HFel i I {s=13TeV, 140" [tiH Wtz 1 @ F Vs=13TeV, 140" [EItiH Wtz b
Post-Fit JQMisiD [ttt [JOther [ WML [OintConv M Diboson ] M tw ML [OintConv  [MDiboson )
10t “/Uncertainty - -- Pre-Fit Bkg. i 100 2/UH) TMe EMat Conv - @HFL - 80" 2¢1t(e) M WMat Conv [HFU ]
- Post-Fit [ HFel [JQmisID B | Post-Fit [ HFel [CJQMisID |
. Ittt [JOther 7 i Wttt [C]Other i
10%E 4 7~ Uncertainty --- Pre-Fit Bkg. 7 60— Uncertainty --- Pre-Fit Bkg. _|
10% ] - , K o
4 — LY /;//'/ //////7/// Y,
10 B E
1
B1.25 g 5 0
o a & B T —
< 0.7 5 ~ i iz V0, 3
5 05 < ef,, < < < <y ey OFL, 9 37, g E g 075 3
= i) 1 (e)/w '(e) T ’C‘/)M ‘U)M +4 1y f’? Vo " Mage T 0305040 50 e0 70 80 90 100 O O 0 4 & 8 0 80 o
0 30 40 50 60 70 80 90 100
‘1
pr' [GeV] p%l [GeV]
T
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Y
A I

C - .
JHEP 05 (2024) 131 Inclusive XS strategies JHEP 07 (2023) 219 | £7)

CMS:
e Neural network in 2L SR, split by lepton charges
e m(3L)in 3L, split by lepton charges an N

ATLAS: First individual ttW measurements
° N N Iepton charge bins in 2L and 3L | — Newly established measurement strategies
° Addltlonal Lepton flavor bins in 2L

138 fo” (13 TeV) 138 fo (13 TeV)
o 160 » 100

o) N RS e R I c F T T T T T T T J 2 [ T T T 1 20— T T T T T T T T T T T T T T T T 1T
@D goo el Data Diboson 5 L ATLAS ¢ Data w ] 3 ATLAS ¢ Data otw mtH
g CMS- ‘ t[i)Va\;a = g::):vseorrs‘lons e | CMS- . ; fiw = Conversions | U taof- 15=13TeV, 140" EeiH mizy ] @ Vs =13TeV, 140 fo' Wtiziy* @intConv M Diboson
= Postfit € | Postfit, 2j2b p i [ twML intConv  MDiboson | [ tw ML EMatConv  [HFu mHFel
P s I Other [ Charge misID > PPy I Other W Charge misID [ ae) EMatConv  [HFu ] 80 2085() CJQMisio mi CJOther
< ttH I Nonprompt o 40— ttH B Nonprompt — 1201 post-Fit WHFel [Jamisip Post-Fit -7, Uncertainty
o m iz Total unc. m tizy Total unc. E Wit [JOther
i} b 100~ Uncertainty - 6oL

40t

20}

. 0 0
o 1.2 -1 © 14 . ;0
[} 1 © = 40 3 H i
y W X 1.2F 2 1.525 4 5 16 : ; +
o o F =
- L e B A S st & SRRT . b 2hy b i idndgng i . t . L
S 091 t ¢ ot B gog" J Zo775 M ¢ b osf¥ ’ff+§‘?" *”"7"*‘*4¢¢ *#f‘?; ¢
8 ost 1 8 osf q3 ey 3 EN 5. 0 eeagRReccRRRE R 8RR R

0 01 02 03 04 05 06 0.7 08 09 1 0 50 100 150 200 250 300 350 400 76 %1b =2b 122p & FE o % ol ol %- & T o % ®FE s L %

NN discriminant m(3¢) [GeV] ee juns eu ue
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CMS, .

|| JHEP 05 (2024) 131 | Inclusive ttW XS results JHEP 07 (2023) 219 | £)

- 13807 (13TeV)

CMS reSU|t i éMS | ]- Meaerement | % EP{IC 80 (202|0)4za | ;

r —— Stat. unc. | JHEP 11 (2021) 29 ]

Tiw 868 + 40 (stat) &= 51 (syst) fb - s

? ce 7 —_— 845 ¢117_¢111_ g

ATLAS result = R

o (tTW) =(880 + 50 (stat.) + 70 (syst.) = 880 £ 80 fb, = = s w e

oia(tFW) = 20.9 + 1.1 (stat.) + 1.9 (syst.) = 20.9 £2.2fb. [, = T g

-
(s =13 TeV, 140 b 7~ CMS (HEP 07 (2023) 219)

Stat. + Syst. Stat. only

Major limitations

e tt\WW modeling, background normalization+modeling P
e Calibrations of leptons, (b-tagging, jets) o -

N R R R AU AR
400 500 600 700 800 900 1000

o(ttW) [fb]
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CMS, .
|| JHEP 05 (2024) 131 ttiW charge ratio JHEP 07 (2023) 219 | fx5)
e Process has strong charge asymmetry — probes different valence quarks in pdf
e SM prediction: R = ttW*/ ttW™ ~ 2 gt ¢ at t
g g
> Reparameterization of inclusive fit strategies 5 :
> CMS: R ~ 1.6 (rather low) ¢
> ATLAS: R ~1.96 (good agreement) _ . X
CMS 138 fo' (13 TeV) é W w
E 85"""// T omeea 3 [T T
2 7; Zl/// JHEP 11 (2021) 029 _; ATLAS /- ATEAS= TS TesUL
(Tl 6; - 68% CL _; ‘/g -13 TeV, 140 fb.1 /’ CMS (UHEP 07 (2023) 219)
5¢ B o5% cL = Stat. + Syst. | Stat. only
4 E
3; _f =@~ Sherpa
23 - =@ FxFx
1% _; NNLO
0 15 Y e VI I I R i S ¥ R S
ogw* / Opw” S (W) G (W)
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Differential cross section results (ATLAS)

ATLAS

EEEEEEEEEE

Simultaneous differential measurement in 2LSS and 3L regions
o Distributions binned in observable, lepton charges, number OS-SF pairs in 3L

£ I O O
3 ATLAS ¢ Data [Jtiw Mt
H Vs =13 TeV, 140 o W|tiz/y*) lDiboson  []Int Conv
ttW Differential W Mat Conv COHFu B HFel
10°F 2/55/3¢ [JQMisID []Other 2/ Uncertainty E
Post-Fit ]

102

10

-

pe)

245t ‘ ' ' i i : :+ ]

o 1 — ] 1 1 1 1

F 1-000»./-.‘+++/P-Q¢4x#,‘¢,+*m,.owt,¢¢++.+§§,¢./¢c,¢,$/,,</,+/*),

0% b e
234567234523452345234567234523452345
2/8S++ 3¢+[0] 3¢+[1] 3¢+[2] 2¢SS-- 3¢-[0] 3¢-[1]

w-wly, | JHEP 05 (2024) 131
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Differential cross section results (ATLAS) £

EEEEEEEEEE

e Simultaneous differential measurement in 2LSS and 3L regions JHEP 05 (2024) 131
o Provides diff. XS, normalized diff. XS and diff. charge asymmetry W) — o (W)
e (Comparison to a range of simulation approaches c = o (tTW*) + o (tTW™)
o Mostly the inclusive XS is off — differential distributions still limited in precision
o NJ.et largest discrepancies at low NJ.et — independent of add. partons and merging schemes

a 10 T T @ 0.7F To T T T T T T T T
= ATLAS Joy < e Data, stat. unc. Total unc.
-1 =z [ —e— Sherpa —A— aMC@NLO+Py8 (FxFx) ]
3 13 TeV, 1.40 fo T 0.6f 1 L —— aMC@NLO+Py8 (Incl.) —&=— Powheg+Py8
= 8 ftW" Particle Level ~ —o— Powheg+Hw?
© Lo} 0.5F 3
- ‘g ; —— £
©
s f | 1 = o4 = 1 *
1 - 1 0.5F ® |
_— | 03 [ Lﬂ—_&_ s P s
4 o EEE O I 1 3 == = I - - |
I - I o I
i ? | 1 2r e = I 1
o4 I e e . ! ;5;—8— 0.5 1
b —  — 0 0.1F 1 | = 1
L ___ . ==C =3 .
! } | l*# ! | | 1 I | |
15 ¢ i 1.5F ° " g s 0.5F g =o— E
fommooomiegm oo -- Teem i ame T o S f--=Pm o . B . . oo o0 ] ob=EE= s SoEE e O 3
O, — 0.5F © 3 3
Il " 1 1
T T T
1.5F & E == 4
15 | : e X 0.5 X ]
— —t— — o
fosmsacmeann e R et 1-----=z==z==-----—y-—----fzz.zﬂ==T§-:---— o EEs P oI SR SR, =
0.5F-5— T e 055 — =V -0.5F — =
! - ] |
c T c E T ol T
g s . =P SRR —— g oo -
3|3 - - e I |8 f------= e S - o= B S ; Of e —0—B— -~ -f-------------
I e gl oo —— =4 3 05 i A
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Summary £

EEEEEEEEEE

e Inclusive measurements at 6% level — surpass precision of predictions
e First combined ttZ, tW/Z, tZq measurement by CMS

e Improvements in ZZ and WZ background estimations Frorlnl |
23% / 30% precision in Run 1

To
6% precision at end of Run 2

ttwW
e Inclusive measurements at 10% level — remain 1-2 sigma higher than predictions
e Differential XS by ATLAS start showing some (not yet very significant) differences to simulation
e (Charge ratio of ATLAS agrees with PDF predictions, CMS ratio significantly lower

From
27% / 25% precision in Run 1
To
8% / 9% precision at end of Run 2
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ttZ uncertaintes )

Source c(ttZ +tWZ) o(tZq) Uncertainty Category Aoz o7z (%)
Trigger 2% 2% Background normalisations 2.0
Trigger prefiring <1% 2% Jets and Eiss 1.9
1Igetp’tor'l identification efficiencies }Z;o gz;o begmging 17
agging o o _ o

Jet energy scale 1% 3% HZ pig and pr scales 16
Jet energy resolution <1% 1% eptong L0
Missing transverse momentum <1% 3% Z+jets modelling 1.5
Nonprompt background 2% 3% tWZ modelling L1
Pileup <1% 1% ttZ showering 1.0
Luminosity 2% 2% (FZ Al4 tune 1.0
Statistical 3.7% 10% Luminosity 1.0
Background modeling 2% 4% Dibosonmodelling 08
Factorization scale 1% 1% ,

Renormalization scale 1% 2% e umcelu &
Parton shower <1% 20, PDF (signal & backgrounds) 0.6
PDF and ag <1% <1% MC statistical 0.5
Underlying event and color reconnection 1% 2% Other backgrounds 0.5
tWZ modeling <1% <1% Fake leptons 0.4
MC statistical <1% 1% Pile-up 0.3
Total 6% 13% Data-driven t7 0.1
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ttZ diff XSs )

Variable Regularisation ~ rParticle  parton  Definjtion
p% No - - Transverse momentum of the Z boson
IyZ| No - - Absolute rapidity of the Z boson
cos 6, No - - Angle between the direction of the Z boson in the detector
3 reference frame and the direction of the negatively charged lepton
& in the rest frame of the Z boson
“ p’T Yes 1:5 1.4 Transverse momentum of the top quark
p,’r’_ Yes 1.6 1.5 Transverse momentum of the 77 system
|AD(t1, Z)| /7 Yes 24 2.1 Absolute azimuthal separation between the Z boson and the 7
system
mttZ Yes 1.5 1.6 Invariant mass of the 17Z system
mtt Yes 1.5 1.4 Invariant mass of the 77 system
T2 Yes 1.5 1.5 Absolute rapidity of the 17Z system
H{ No - - Sum of the transverse momenta of all the signal leptons
[AD(Z, thep)| /7 No - - Absolute azimuthal separation between the Z boson and the top
b (anti-top) quark featuring the W — £v decay
[AY(Z, tiep)| No - - Absolute rapidity difference between the Z boson and the top
(anti-top) quark featuring the W — {v decay
pf}’“on'z No - - Transverse momentum of the lepton that is not associated with
the Z boson
Niets No - - Number of selected jets with pt > 25GeV and || < 2.5
H% No - - Sum of the transverse momenta of all the signal leptons
3 |AD(£H, é’;‘)| /n No - - Absolute azimuthal separation between the two leptons from the
tf system
Niets No - - Number of selected jets with pp > 25GeV and || < 2.5
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What improved in ttZ? £

EEEEEEEEEE

,/,//
_—

ATLAS measurements: ~same dataset, improved precision (10% — 6%)

o tW//tZq, ttZ, WZ/ZZ modeling impacts all decrease with new analysis
— Improved simulations, more bins in fits, more detailed background estimation?

e [ake lepton impact decreased Uncertainty Adiiziiz [%) Uncertainty Category 8012/ [%)
1tz parton shower 3.1 Background normalisations 2.0
tWZ modelling 29 Jets and Emiss 1.9
b ‘lagging 29 b-tagging 1.7
WZ/ZZ + jets modelling 2.8 17Z pg and pr scales 1.6
tZq modelling 2.6 Leptons 1.6
ch(on 23 Z+jets modelling 15
Luminosity 2.2 tWZ modelling il
Jets + Emiss 2.1 ttZ showering 1.0
Fake lep{ons 2.1 - 112 Al4 tune 1o
- Luminosit 1.0
”_Z MR 1.9 Diboson rrilodelling 0.8
t1Z py and y, scales 0.9 i 0.5
Other baCkgrounds 0.7 PDF (signal & backgrounds) 0.6
Pile-up 0.7 MC statistical 05
tiZ PDF 0.2 Other backgrounds 0.5
Total systematic 8.4 Fake leptons 0.4
Data statistics 52 Pile-up 0.3
EPJC 81 (2021) 737, JHEP 07 (2024) 163 | = Datadsiven 7 o
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What improved in ttZ? £

EEEEEEEEEE

ATLAS measurements: ~same dataset, improved precision (10% — 6%)

e 3L (11% — 8%) and 4L (15% — 12%) channels improved individually
o + inclusion of 2L channel for incl. measurement (13% precision)
m Adds to the precision, but difficult tt and DY +hf- Jets backgrounds

e Higher signal efficiency / background reduction : GZZ” : : :
o 3L SR: 370 events (62% signal fraction) oo =g%§§;;7;¢;s mon -

— 440 events (75% signal fraction) e

o 4L SR: 100 events (70% signal fraction) - ]

— 75 events (70% signal fraction) — .
o |mproved calibrations (leptons + b-tagging) iﬁ.-
5 0 BERRSRSAS FR——
EPJC 81 (2021) 737, JHEP 07 (2024) 163 T TR e e T r 07
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What improved in ttZ?

EEEEEEEEEE

e More involved treatment of diboson backgrounds (ZZ, W2)

©)

JHEP 07 (2024) 163

Especially VV+b/c/light backgrounds difficult (relatively bad predictions from sim.)

e Beyond TOP measurements — dedicated ZZ+b and WZ+b measurements?
o |mprove our knowledge of these backgrounds + potential for improved sim.?

o 500 ]
5] ATLAS #-Data Wtz E g L + ATLAS -|Q- Data Wiz p
Norm. factor Value G 450° (5_13Tev, 140 b7 [UfE+W  EtE+H E g C Vs-13Tev, 140! MIZZ4 Wzzic ]
400 ttZ-3L BWWZ+b  WWZ+c = 100/~ tiz-4L Wzz+b twz |
SR-3L-WZ Wz+l  EZZ+b E " CR4L-ZZ fiH WoOther |
NZZ+b i +0.4 350 Post-Fit W zz+c ZZ+jets [ Post-Fit WF-eother  FeHF |
. -04 Wtzq twz B 80— F-u-HF [ F-other —|
N 0.9 +0.4 300 W Others F-e-HF E Uncertainty ]
i [ F-e-Other  F-u-HF =
WZ+b . 0.4 250 [MF-Other 7 Uncertainty ] ]
+0.11 20 :
=x)s 150
+0.23 100
NZ+C‘ 0-61 _0.20
50
N, 0.89 +)%% *
3 . oF 1
e, HE -0.09 E 115 | 4 8
5 o ] £
12 +0.4 ~ B = =
Ne,O[heI’ _0.4 § 0 g7 T é §
+0.08 08"
Ny HE 10275 08
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CMS

,@ Additional content in ATLAS measurement

Spin correlation measurements JHEP 07 (2024) 163
e ttZ has different tt spin correlation w.r.t. tt (different qg/qg fractions)
— good cross check
e + small longitudinal polarization induced by Z emission
— probe additional parameters which are O in tt

Definition of observables (down-type t—W decay product carries top spin information)
e 4L.: all observables defined via leptons (but low yield)
3L: requires down type quark ID

— S jet candidates in W decay: ¢ jets more likely to be tagged than s jets
— 42% ID eff

e Results mostly stat dominated
e Combination favors spin correlation hypothesis

O = fsm * Ospin-on + (1 = fsm) * Ospin-oft- Solt’,f =1.20 + 0.63 (stat.) + 0.25 (syst.) = 1.20 + 0.68 (tot.).
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Why is ttW a difficult process?

EEEEEEEEEE

A theorist’s view...

qg-induced at LO (~a ")

qg-induced at NLO (~a °a)

gg-induced LO EW contributions (~a®)
qg-induced NLO EW contributions (~a®ay)
virtual 2-loop contributions at NNLO difficult

NNLO QCD + NLO EWK

o(ttW) = 745 fb = 50 fb (scale)
+ 13 fb (2-loop approx.)
+ 19 fb (PDF, ag)

ttW is absolutely disgusting.
This process has so many
external particles and internal
masses, it’s a shitshow. The
Cross section starts to converge
with the inclusion of NNLO
corrections, but we still don’t
have the NNLO 2-loop
amplitudes...

NLO QCD only: 711 fb, real NLO EW +5%, virtual EW -2.4%, remaining EW +7%

t g t q
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CMS,

2 Why is ttW a difficult process? £

] ... EXPERIMENT
T

A theorist’s view...

Also, experimentalists, please
provide some full phase space
parton level differential cross
sections for me, so | can
compare them to my
calculations.
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Differential cross section results (ATLAS) )

e (Comparison to range of simulation approaches
o Slight improvement at high H.. for FxFx merged simulation

rel _ 0'(th+) - O-(IEW_)
C 7 o ttWh) + o (tTtW ")

T T T T T T T T = T T
Total unc. 3

n
T

rel
C

T T T T
< 2.5F e Data,stat unc.

=i — —_
% 1.8 ATLAS % Sh MC@NLO+Py8 (FxFx)
8F -1 ] —o— Sherpa —A— 3 +Py8 (FxFX;
g 13 TeV, 1'40 fb g o1 4 of ¥ aMC@NLO+PYB (Incl) - PowhegsPyd ]
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S sk = T il 1 B = e ] R W R =
: = o ) === == of | £
04f o = 3 ~ i f
0.2 1 L — 0.02r, IS ] =05F 1 ] 1
2= - .g 3 - I ’ I
Il ! ! Il Il : 1 ] Il Il Il Il ! Il Il { Il It Il Il ! ! Il Il Il { Il Il It Il
1.5F E =
1.5F | 5 . | 0.5F | E
| I e gt B i e e Bl e —O— 5 O - - - - -~ — V) oo Sy S O =]
05k 60— © —0——0——07 R ——— 05_+ ; | ° E _0.5F Lo E
| 3 l l
T 150 = E T =
1.5 | 3 s I o 0.5¢ I 3
L] e it T S f----z---- B == e — 0] S e ]
0.5 E——t— e 0 5?-:2==E= ! E -0.5F o E
| * | ]
c ! c E T E ol =
Slo 15 | s "%} e | 5 os , 3
| S e o e E =S - gy - e 3 O P =g b - - - - - T
& 0.5 p—p——=tt— e | B T r—— B 05k | E T -05F L 3
I N 1 et 1
50 135 185 245 305 375 50 119 165 225 30p 50 135 185 245 305 375 50 119 165 225 300 o 50 135 185 245 305 375 50 119 165 225 300
2SS 3l 2I1SS 3l 2SS 3l
g jet . jet : jet
Particle-Level HY [GeV] Particle-Level HY [GeV] Particle-Level H; [GeV]

Jan van der Linden - 23.09.2024 t+V 39




CMS,

sy Historical analysis of ttZ/ttWW measurements £

1T

EEEEEEEEEE

First ttZ/ttW measurement by CMS

(PRL 110 (172002))

Run 1 ttZ/ttW observation by CMS

(JHEP 01 (2016) 096)

First Run 2 ttZ/ttW measurement by CMS
(JHEP 08 (2018) 011)

Separate ttW
measurements
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Run 1 ttZ/ttW observation by ATLAS
(JHEP 11 (2015) 172)

First Run 2 ttZ/ttW measurement by ATLAS
(ERPJC 77 (2017) 40)

Run 2 ttZ/ttW measurement by ATLAS
(PRD 99 (2019) 072009)

Separate ttZ
measurements
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First ttZ/ttW measurement by CMS

(PRL 110 (172002))

Run 1 ttZ/ttW observation by CMS

(JHEP 01 (2016) 096)

CMS

First Run 2 ttZ/ttW measurement by

(JHEP 08 (2018) 011)

ttZ differential measurement by CMS
(JHEP 03 (2020) 056)

ttZ/tWZ/tZg measurement by CMS
(PAS-TOP-23-004)
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Run 1 ttZ/ttW observation by ATLAS
(JHEP 11 (2015) 172)

First Run 2 ttZ/ttW measurement by ATLAS
(ERPJC 77 (2017) 40)
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Run 2 ttZ/ttW measurement by ATLAS
(PRD 99 (2019) 072009)

ttZ differential measurement by ATLAS
(EPJC 81 (2021) 737)

ttZ differential measurement by ATLAS
(JHEP 07 (2024) 163)
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First ttZ/ttW measurement by CMS
(PRL 110 (172002))

Run 1 ttZ/ttW observation by CMS
(JHEP 01 (2016) 096)

First Run 2 ttZ/ttW measurement by
(JHEP 08 (2018) 011)

ttW measurement by CMS
(JHEP Q7 (2023) 219)
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Run 1 ttZ/ttW observation by ATLAS
(JHEP 11 (2015) 172)

First Run 2 ttZ/ttW measurement by ATLAS
(ERPJC 77 (2017) 40)

Run 2 ttZ/ttW measurement by ATLAS
(PRD 99 (2019) 072009)

ttW differential measurement by ATLAS
(JHEP 05 (2024) 131)
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Run 1 tZqg search by CMS 2ofs
(JHEP Q7 (2017) 003)

Run 2 tZqg search by CMS
(PLB 779 (2018) 358)

First tZq observation by CMS >

(PRL 122 (2019) 132003) 20po First tZg observation by ATLAS
(JHEP Q7 (2020) 124)

tZq search by ATLAS
> (PLB 780 (2018) 557)

tZq differential measurement by CMS
(JHEP 02 (2022) 107) —_—

First tWZ evidence by CMS

(PLB 855 (2024) 138815) ok
ttZ/tWZ/tZq measurement by CMS —> &
(PAS-TOP-23-004)
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Run 1 tW evidence by CMS
(PRL 110 (2013) 022003)

Run 1 tW observation by CMS
(PRL 112 (2014) 231802)

Run 2 tW observation by CMS
(JHEP 10 (2018) 117)

Run 2 tW observation in 1L by CMS
(JHEP 11 (2021) 111)

tW differential measurement by CMS

(JHEP 07 (2023) 046)

Run 3 tW observation by CMS
(PAS-TOP-23-008)
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Run 1 tW evidence by ATLAS
(PLB 716 (2012) 142)

Run 1 tW observation by ATLAS
(JHEP 01 (2016) 064)
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2024

First Run 2 tW measurement by ATLAS
(JHEP 01 (2018) 063)

Run 2 tW differential measurement by ATLAS

(EPJC 78 (2018) 186)

Run 1 tW observation in 1L by ATLAS
(EPJC 81 (2021) 720)

Run 2 tW measurement by ATLAS
(arXiv:2407.15594)
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Run 1 tW evidence by CMS

(PRL 110 (2013) 022003)

20412

>

Run 1 tW observation by CMS 3

(PRL 112 (2014) 231802)

ATLAS+CMS Preliminary
LHClopWG

November 2023

Vs=7TeV, m = 172.5 GeV total stat
: aNNLO+aN’LL (JHEP 05 (2021) 278),

PDF4LHC21

scale uncertainty
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Run 1 tW evidence by ATLAS
(PLB 716 (2012) 142)

Run 1 tW observation by ATLAS
(JHEP 01 (2016) 064)

ATLAS+CMS Preliminary
LHCtopWG

November 2023

Vs=8TeV, m =172.5 GeV total stat
: aNNLO+aN’LL (JHEP 05 (2021) 278),
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scale uncertainty
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Run 1 tW measurement precision at 8 TeV
23% CMS / 17% ATLAS
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First Run 2 tW measurement by ATLAS
(JHEP 01 (2018) 063)

Run 2 tW observation by CMS - 5 Run 2 tW differential measurement by ATLAS
(JHEP 10 (2018) 117) (EPJC 78 (2018) 186)

200

First Run 2 tW measurements
(2016 dataset) 11% CMS / 26% ATLAS (2015 dataset)
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Run 1 tW observation in 1L by ATLAS

Run 2 tW observation in 1L by CMS (EPJC 81 (2021) 720)

(JHEP 11 (2021) 111) —

204

Explorations of the 1L channel
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Full Run 2 tW measurement precision
10% CMS / 19% ATLAS

ATLAS+CMS Preliminary November 2023
LHClopWG

Compared to .
s=13TeV, m =31 72.5 GeV total stat
aN N I_O+aN3 LL (4 % unc ) : ir:)’\;f;ac’;u (JHEP 05 (2021) 278),

scale uncertainty
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ATLAS, L, =320
JHEP 01 (2018) 063
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20fp0
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i ; CMS I+jets, Lim=36fb" o 6k E125 ol
tW differential measurement by CMS e 1 i | e
(JHEP 07 (2023) 046) —> i e

2¢4 Run 2 tW measurement by ATLAS
(arXiv:2407.15594)
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f: MS | Historical analysis of tWW measurements @
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How to tW?
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The challenges arXiv:2407.15594

e Overlap with tt at NLO — requires diagram removal / subtraction (DR/DS) schemes
o More appropriate / the future: combined measurement of tt+tW — bb4l| simulations

e W cross section 1 order of magnitude smaller and similar to tt — difficult to isolate

. . . . . g t
o Exploit small kinematic differences in some MVA
2l arins Ty o R .
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| Comparison of CMS and ATLAS approaches e
%10° 138 fb (13 TeV) @ e 38T (13 TeY)
: 10|CMS > ‘R,l‘}‘ta — Common features 5 :ji CMS ¢ Data V4tV E
. =§$ N Analysis in ey channel (no Z background) e —l -~ E
;’d‘n’ﬁ:ﬁvﬁnty . Separate jet / b-tag categories 10" mov et
BDT for tW / tt separation Ble o e ueatasaee E
6
. . . . 4
Cross section agrees with predictions ]
. 0
gl Limited by tt modeling and g ;ZEMMMWV%WWM
g jet energy corrections ks 2or s sl e e 2
CMS ATLAS
e Full range of BDT used in fit e Restrict BDT range to not constrain DR/DS
uncertainties and tt PS uncertainties
e Only tW cross section extraction e Simultaneous tW and tt cross section

JHEP 07 (2023) 046
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Removing constraints on modeling parameters

ATLAS
ATLAS measurement strategy
e [ull range of BDT distributions — fit constrains DR/DS and tt PS modeling parameters
— Reduce fit range to relax constraints o
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Comparison of tW leading impacts
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