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ATLAS: fty+tWy inclusive + differential xs @

EXPERIMENT

Combined measurement of fty and tWy :

Probes ty EW coupling, sensitive to the new physics through top quark 4
anomalous dipole moments § ABEH :
Y
e  Only ey channel (clean dataset, no need for MVA) Ve
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e Binned PLF to the S_ distribution (scalar sum | & 5 [ Other tiy/tWy
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[CJPrompt y bkg.
77 Uncertainty

° Result:
- Measured:

ofia = 39.6 & 0.8 (stat) 755 (syst) fb = 39.6 75X fb

b

T[T T r[rrrrr

e  Compatible with NLO prediction within
uncertainties

Signal selection:
> one electron and muon with

opposite charges
> one isolated high-p, photon
> atleast 2 jets (=1 b-tag)

- syst. uncert. dominated by signal and background
modelling and tWy parton definition

Data / Pred.
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ATLAS: tty+tWy inclusive + differential xs

Differential xs measurements:

~

e IBU with 2 iterations
e 5 observables unfolded to parton-level (absolute and normalised)

o pyV), (W), ARV, Ad(LD, 1AN(LD]

o sensitive to ty coupling, ty separation and tt spin correlations
e Binning optimised for high resolution and small migrations

o )
s D
Results:
e Compared to:
o  NLO dedicated theory predictions
o  LO parton-level tty + tWy (only for normalised)
e  Overall good agreement (better compatibility with NLO calculations)
e Dominated by statistical uncertainty
& )
Normalised xs pr(7) [n(7)] AR(Y,)min Ad(L,0) |An(¢,0)]
Predictions X2 /ndf p-value|x? /ndf p-value|x? /ndf p-value|x? /ndf p-value|x? /ndf p-value

tiy+tWry (MG5_.aMC+PYTHIA8) |6.3/10 0.79 | 7.3/7 0.40 |20.1/9 0.02 [30.8/9 <0.01| 6.5/7 0.48
tiy+tW~ (MG5.aMC+HERWIGT)|5.3/10 0.87 | 7.7/7 0.36 |18.9/9 0.03 |31.6/9 <0.01|6.8/7 0.45
Theory NLO 6.0/10 0.82 | 4.5/7 0.72 [13.5/9 0.14 [58/9 0.76] 5.6/7 0.59
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Signal selection:

>
>
>

one electron or muon

one isolated high-p, photon, |n(y)|<1.44
two SRs based on jet multiplicity

Backgrounds:
Non-prompt y (23%), missID e (19%) - from data

>

/Inclusive XS:
Simultaneous PLF in all SRs and CRs
Fitted M, distribution (invariant mass of 3-jet

combination with highest p. sum)

Measured:

o(tty) = 798 £+ 7 (stat) + 48 (syst) fb

\

° Good agreement with SM NLO prediciton
° Highly systematically dominated (Wy
normalisation, non-prompt y bckg, lumi)
(S
e  SMEFT interpretation - more sensitive than

dilepton analysis!

CMS: tty inclusive + differential (I+jets)

JHEP 12 (2021) 180

137 fb

CMS

(Differential xs:

e 3 observables unfolded to particle-level (absolute xs)
e  Matrix inversion without regularisation (TUnfold) - backgrounds
constrained in CRs via ML fit
e Observables:
o p4(Y), In(y)l; AR(l,y) - sensitive to t-y coupling
e Dominated by syst. uncertainties -JES, y ID efficiency, color reconnection
(S J
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CMS: tty inclusive + differential (dilepton)

CMS

s N
Signal selection: ﬁ)ifferential XS: \
o {tdilepton selection (e*y’, e'e’, p'y) e 12 observables unfolded to particle level
e one high-p; photon in barrel region e  Small migrations —matrix inversion without regularisation (TUnfold)
Backgrounds: ° Observables related to photon kinematics, separation of y from I, jets ,b-jets,
>  Prompt y bckg (13%) - Zy (from data), ty (from MC) and leptons p;
>  Nonprompt y bckg (13%) - from data e  Slight trends in I+y and I+l variables - hints on mismodelling of y origin in LO
~ J simulation
“Inclusive xs: )\ ° Large differences between predictions for high p.. bins, but overall good
e  PLF to reconstructed p_(y) - 9 bins (separate fit for k agreement /
e*y’, e*e’, u*u  and combined) 4
’ ’ 138 fb ' (13 TeV -1
. Dominated by syst. uncertainty (Lumi, signal = _c,'.v.ls,’l..,,I...,,,..._...,,c,)l;,l..((j,.,...,_) < O_QQ,M.S, e ,,.1‘3§fb,.(<1,3.T?V_)
A R Serve! 1S = o
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PN : Py § y2/dof=65/4 ] 0.7F 2 =7 =
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CMS

CMS: tty inclusive + differential (dilepton)

(EFT interpretation: N
LN [N E A N Y (RN N N R S A N I A OO A N T A
; _ | [
° Tw.o WCs con.S|derec.i Cs Cy (complemer.lt.ary to Cyy Cyy ) : : SO
e  Using p,(y), differential observables insensitive JHEP 03 (2020) 056
. a ang 0q 0 -1 4
e I+jets analysis more sensitive for EFT effects - larger statistics at high p, — SHEP 12 2021) 088
i B . . . P e 4 T h :
e 1D and 2D scans in dilepton channel only and also combined with I+jets indnadusly{ 1’“”9'"""'28"
. . . . . CMS 137 fb" tfy (¢+jet
e  Results in agreement with SM - most stringent limits on these WCs to date & — JHEP 12 (2021)"1(85’6 ¥
k / o CMS 138 fb" fy
" dilepton only (this result) /
combined with {+jets
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CMS: ttZ inclusive + differential xs

4 Signal selection:

> 1 OSSF lepton pair and at least 1 jet
> 3SR 3l channel and 2SR in 4l channel based on b-jet

multiplicity
Backgrounds:
>  t(t)X where X=W,Z,H - from MC
>  WZ+tjets (3l), ZZ+jets (41) - from data - WZ/ZZ CR
>  Nonprompt leptons - from data - CR
& J
g i N
Inclusive xs:
e  Simultaneous PLF to event yields in 5 SRs and 2 CRs
e  Measured:
o(pp — ttZ) = 0.95 £ 0.05 (stat) & 0.06 (syst) pb,
° Good agreement with NLO+NNLL prediction, total unc.
competitive with theory
° Leading systematics: lepton selection eff., PS, t(t)X and
WZ modelling
S )

JHEP 03 (2020) 056

CMS

A (Differential XS:

e  Only in 3l channel (NjZ 3,N,21)

e 2 observables unfolded to parton level (absolute and normalised xs)
o pTZ (t-Z coupling) and cos OZ* (anomalous dipole moments)
e Small migrations —matrix inversion without regularisation - TUnfold

° Overall good agreement

~

- J
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CMS: ttZ inclusive + differential xs

/ —— D
Search for anomalous ttZ couplings:
e  Testing SM predictions for C, ,, C, , (non-zero in SM) and
~10-3 - '
Cz,v, Cz, A(0atLO, ~10™ overall)
S l i ‘”l,pl’ :
[: = (,’l.lt ’)/I (Cl,V + ’YSCLA) + m(Z) (CZ,V += 1’)’5C2,A) U[ Zl"
e cos 8, provide high sensitivity
° Obtained results agree with SM
N\ 9 J
CcMS 775" (13 TeV) CMs 77.51b" (13 TeV
Anomalous --95%CL 4 SM Anomalous .-95% CL 4 SM
coupling model —68% CL ¢ bestfit q coupling model —68% CL ¢ bestfit q
CMS 19.5 b (8 TeV) 68% CL < DO
< SRS R R R S S e N r
- L 2 0.2
(&) - 18 e i —
0_5:_ 16 [
i 14 0.-18
L 12
or 10 Us
-0.1F
-0.5
-0.2FF
Nt L 1 1 1 1 1

JHEP 03 (2020) 056

/EFT interpretation:
4 dim-6 WCs constrained

<

° 12 SRs and CRs in 3l
° 3 SRs and CRs in 4l
° 1D and 2D likelihood scans
K e  All results in agreement with SM predictions/
CMS
T T | T T T T | T T T T T T T T |
L C, /A?
— CMS 77.5 fb"' (95% CL) —
——i CMS 35.9 fb (95% CL) = . G—
—— ATLAS 36.1 fb ' (95% CL)
SMEFiT (95% CL) 0
TopFitter (95% CL) — Gy A2
+---- Indirect (68% CL)
SM
2
1 : — C(pt /A

— > 2
Cch /A

T N Y N N TN NN AN S N R T N N
-20 -10 0 10
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ATLAS-CONF-2023-065

5‘”’ ATLAS: Refined ttZ inclusive + differential xs @

EXPERIMENT

Improving previous ttZ measurement (£2/C 51 (2021) 737): Signal selection:
e  Addition of 2l channel in inclusive xs > 3 SRs in 2l —jet and b-jet multiplicity
e MVA for SR definitions and PLF > 3 SRsin 3l — output nodes of multiclass NN Also covered in
e Improved unfolding technique > 2 SRsin 4l — SF, DF + cut on NN output in SF Harriet's talk

-~
e - .
Back ds: ) Differential xs measurement:
ackgrounds. _ _ e  Profile Likelihood Unfolding in 3| and 4l
> 2l dominated by Z+jets and tt - from data o  Regularisation for observables featuring hadronic top
> 3l dominated by WZ+jets - from CR
> 4l dominated by ZZ+jets - from CR o 17 observabilt.as unfolded to pgﬂmle and payton level
. o sensitive to MC modelling, tZ coupling, BSM effects
> 3 CRs for fakes in 3l and 4l o .
L ) o Good agreement - lower p values (2%) for H.(l) —bad modelling
(Inclusive xs: NLO: 7 e | g o\ g
—————— = - o(pp — ttZ) = 0.8475 1, pb i L M AL - I~ e e
S 0.8 & L':i_?f/"?_!‘;g_l e Data q 3 0016 arLas Prellmmary ® Data =
. 2 C = : hi . x r & ]
° Simultaneous PLF to NN outputs g o8k s e e I\Sﬂr(‘?;sr;:l\;.(;?lzliﬁgspyt ia s{ 2 o001 Vs =13 TeV, 140 fb* ::.z}isr;:,\g@;ztg;pymlasi
Channel y 0.14F = il T o012 [ --Shepazall(mulileg)
anne Ti7 F - = C — Stat. uncertainty al
i 0.12 & [l Total uncertainty -3 0.01— @ I Total uncertainty A
Dilepton 0.84 £ 0.11 pb=0.84 + 0.06 (stat.) + 0.09 (syst.) pb E ane ] o . 3
’ 0| E 0.008F n 3
Trilepton 0.84 % 0.07 pb= 0.84 = 0.05 (stat.) + 0.05 (syst.) pb o8l 4 3 . ]
ep p s syst) p oosis] 4 p;(Z) comb d soes H H.(1) 4l E
Tetralepton 0.97 “[; ll" pb =0.97 £ 0.11 (stat.) £ 0.05 (syst.) pb 0.061— ‘:" = - I ! :
E ol = 0.004{— ! i =
Combination (2¢,36&4()  0.86 + 0.06 pb= 0.86 + 0.04 (stat.) + 0.04 (syst.) pb | 004 - = bty ]
0.02f kg ] 0.002/= | 3
F .“'1 ] 1 il i | i L E :n |||||||| ;llllTAllA.lxllrllll_
e  Compatible with SM prediction g paprr 5 LSE — :
e 6% relative precision (10% in previous ATLAS {tZ) o [ QR s & ZE = S 2
° Leading systematics: background normalisations, jets+E miss | §o oof e L 2° osk Lose :
o = 0 100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800
an aggin
d b-tagging
~ J Parton-level pﬁ [GeV] Particle-level H! [GeV]
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NEW! AT|AS: Refined fiZ inclusive + differential xs @

EXPERIMENT
Spin correlations interpretation:

(Result: A
° First evidence of top-quark spin correlations in ttZ obs. _ i e N
e 6 independent observables (in ft rest frame): sm = 1.20 £ 0.63 (stat.) + 0.25 (syst.) = 1.20 + 0.68 (tot.).
cosf, cosf, cosb,, cos6,, cosby, cosO;, e  Measurement stat. dominated,
e  Observables defined using leptons from ft (or lepton + down-type e Spin-off hypothesis rejected with 1.8c
quark from W decay) N )
/Strategy: ) , .
[ opening angle between charged leptons (or lepton and s-jet) J
e Template fit of detector-level distributions
® Eagh ol_)ser;/faﬁle Ot;:tted to lin. combination of spin-on Distribution Channel  Expected values  Observed values
and spin-o otheses:
8 o cos ¢ “ 30+4L Itllzz —().09t|]'%'§
cos 6} - cos 65 3c+4c 1418 LagHe
0= fSM ' Ospin-on % (1 - fSM) ’ Ospin-oi’f~ cos 8 - cos by 3C+4¢ lfll'_% 1.39*_"]'_77%
/ \ \ cos @, - cos 6, 30 +4L ltlliig —1.05*_'2]:22
POI (=1 for SM-like lempéacfﬁ with SM 'Sl'eirnptl';%t:ar without cosOf - cos Oy +cosOy -cosOf  3C+4L 1103 0:36+1-%
correlations and =0 in i R cos 9} 3csdr 1H181 1.56+186
absence of spin. corr.) 1.80 1.98
_ ) cos Oy 3e+4¢ 14182 18IS
cos0F 3c+4c 14169 2.0071.63
cos 6, 3c+4c 14 231708

13
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ATLAS: Refined ttZ inclusive + differential xs @

= - . EXPERIMENT
/ EFT interpretation: N\
ATLAS Preliminary Quadratic (marg) @ Sabb%mme
e 20 dim-6 EFT operators GERNTT T onasciate) - swd
° Particle-level diff. distributions taken as input
° Linear and quadratic fits (other WCs profiled, and fixed to 0) ool |
° Fisher information matrix =
o inverse covariance matrix rotated into the space of the WCs ok 4
o measure of sensitivity achieved along directions in WC space o
k ° Results compatible with SM predictions within uncertainties j col- _— 4
imi = =1 ATLAS Preliminar Quadratic (marg.) ® Global mode e - 1
# A SIASPrelimnay Vs =19 Tev. 1400 1 e 1 .
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CMS: Boosted ftZ + ftH

CMS

e —

CMS 59.71b" (13 TeV)

e Probest - Z/H couplings

= ok 5 300450 GeV 450 GeV
e Z/H—bb and tt—l+jets 3104 ° 1 2018 Data W Single top T
° one e or u, one AK8 high'pT jet (H/Z L% . # Stat.+syst.  tttt, tty, ttW, tHW, tHq

Mtt+LF/cc MW +jets, DY +jets
W ttH ! i

candidate), 25 AK4 jets (=2 b-tagged)

( a: . )
Signal strength extraction:
e  Simultaneous profile likelihood fit to event yields in
. . ZIH
198 analysis bins (p;“"', mg, and DNN output) é
° POIs: i, Uy L =
o A - - =0 i I i 1
Norma"satlo_n oftttbbifree floating © o 3 6 9 12 15 18 22 26 30 34 38 42 46 50 54 58 62 66
° Low correlation between p, and g, (-10%) 2018 analysis bins
*  Results stat. dominated CMS 1381b" (13 TeV) CMs 13810 (13 TeV)
\ / o) T T ire T T E
“—;' SM ttz 95% CL upper limits "—;- SM ttH 95% CL upper limits
; S 1n3l = Obs. E68%exp. | O 1n3 = Obs. 68% exp. |
Signal strength  Observed Stat. MC stat. Exp. syst. Theo. syst. Expected 5 10% cModan exp: MG5% exp, = 10 Ee—— - Median exp. B 95% exp.
s 0.65 +1.04 +0.80 +0.36 +0.38 +0.43 1.00 +0.91 8 F qth
Mz 09 098 | -075 038 ~031 —038 U o84 @ e 0
086 | +072 4031 0.19 0.28 079 8 10°F 4 2 10°F E
HieH —0.27 1553 | Togs -033 oo To3s 1.00 557, 8 —_— 8 |

( Upper limits on differential xs: 1 .

e  Profile likelihood unfolding to obtain 95% CL upper 10" : ' 101 -
limits for pTZ and p.r"I

Same fiducial volume as for p extraction

_ 0 0
Higher sensitivity on H than Z due to larger H—bb 10 . ! 18 ! ! E
branching fraction 200 300 450 00 200 300 450 00

_ J Simulated pf [GeV] Simulated pY [GeV] 18

~ 10! pT(Z) 101 pT(H) —_

Limit / SM
Limit / SM
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CMS: Boosted ttZ + ttH

/EFT interpretation:

EFT effects more pronounced in high p;

regions
8 dim-6 WCs
Varying ttz, ttH and ft+bb samples

Likelihood scan for each WC while others:

o fixedtoO
o  profiled (floating)

2D scans for 3 pairs (remaining 6 fixed to 0)

95% CL limits in agreement with SM
Comparable sensitivity to other results

~

\_

CMS 138fb" (13 TeV)
¢ Bestfit —68% CL - 99.7% CL
--95% CL

10 20 30
o/ A2 [Tev™?]

cow /A2 [TeV 2]

CMS Simulation 13 TeV
= —2
2 | ez /A2 [Tev =
= 2007 g = s =150 ==1.2
€475{ g t o
ﬁ‘ Z ////
1.50 -
g B o™ e
1.25 - Ce
| e A2
1.00 &
T T T T T 2 % LQ
100 200 300 400 500 600 A2
P% [GeV] C3Q
Cot
4 CMS 138fb™' (13 TeV) A2
I I I I I
gl ¢ Best fit —68% CL 99.7% CL 2y Cetb
*SM  --95%CL A?
I . b s eamimmgeses DEREET v SN A Ctw
- ; : s 10 x NE
.| I - A =" S N - o
| EGs ’ 2 Sx —
ol ol ] @
Afde v/ ----- s e 10 x %2
L0 )| DRV PP, - St BN S RRREEE e
-3 i I | | |
4 -2 0

2 4
cz /A2 [TeV™?)
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138 fb
CMS 13 TeV
== This work, boosted ttZ/H, 1381b™
— JHEP 03 (2020) 056, ttZ, 77.5fb
— JHEP 03 (2021) 095, ttZ/W/H, 41.5fb™
JHEP 12 (2021) 083, t(t)Z, 138fb™
— JHEP 05 (2022) 091, tty, 138fb™
e R —"
1 L 1 1 + 1 1 1 1 1 1 L 1 L
20 -10 0 10 20 30 40 50
95% CL interval [TeV 2]
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summary

Analysis Inclusive xs Differential xs EFT Extra
y

tTY'l'tWY £ 39.6 fb + 6.3% 5 observables no —
tty (I+jets) . A 798 fb £ 6.1% 3 observables —

tty (dilepton)

CMS, |

ttZ

ttZ refined new!

ATLAS

ttZ + ttH boosted

CMS?

175.2 fb + 3.9%

0.95 pb + 8.2%

0.86 pb + 6.5%

12 observables

2 observables

15 observables

2 observables (upper limits)

Limits on anomalous couplings
{tZ spin correlations

Signal strengths for ttZ and ttH

e Latest ftZ and fty inclusive results now beating precision of NLO calculations
e Inclusive measurements become systematically limited, differential remain statistically limited

17
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ATLAS: tty+tWy inclusive + differential xs @

EXPERIMENT

Signal selection: ; : Pre-fit impact on p:

= oct g " ° _ST prowdes.good S/B separgtlon and (10840 C16=040 oo 002 ¥ o002 006
I B AT e e ] is less sensitive to systematics than st ibanton i N e e o IR
p;>25GeV and opposite jets N or D, -oz= ngA%ac or(; i'g.Ag e

> fnha:%?)zev e Measured in fiducial phase space —e— Nuis. Param. Pull | V§=13TeV, 139 fo”

ey i H i ]

>  one reconstructed photon with emulating event selection from ffy PS model (rate)
AR(l,y)>0.4 dedicated theory calculation (parton Ay 1R rate)

> atleast 2 jets (21 b-tag) level) luminosity

prompt ¥ normalisation
photon efficiency isolation

- Predicted NLO (JHEP 01 (2019) 188): s '“'p;p
BaCkgrounds: : +0.56 +1.04 photon identification
> Al estimated from MC: ofia = 38.50 Ty 75 (scale) 7y 15 (PDF) fb electron identifcation
> other tTY/tWY (9%) JES pile-up correction (1)
> prompt y beckg. (3%) Wy PS model
>y from hadron decays m’—yy (3%) = h-fake b-tagging: ight-flavour (1)
>  electron mimicking y (0.8%) = e-fake Jetverexiaoging
JES in-situ calibration (1)
ffy PDF H
Category Uncertainty Leptons 1.1% L "'5' “_] "'_" '5' 3 '(I)" '6.'5“ ! '#' "1'f5'" '2
tty/tW~y modelling 3.8% Flavour-tagging 1.1% (8-9,)/A0
Background modelling 2.1% MC statistics 0.4%
Photons 1.9% - miss
Luminosity 1.8% f;ft t(fn: ETlxﬁ = S'ZZ) - tWy parton def. - sample_produced with orlly
Jets 1.6% ) pATORgRTon. o one b, second b produced in PS, but sometimes
Piiesis L3% Total syst. 6.3% missing (30% in Herwig, 50% in Pythia) 90



https://link.springer.com/article/10.1007/JHEP09(2020)049
https://link.springer.com/article/10.1007/JHEP01(2019)188

ATLAS: tty+tWy inclusive + differential xs

D
o

[fo]

= ATLAS
LE 50-Vs=13TeV, 139 fb
©° Absolute cross-section

e

In(y)l

® Unfolded data

+ Theory NLO

M stat

Stat @ Syst.

Pred./Data

0862040608 T 12141618 2 22

M)l

- = 3007
] & 180l ATLAS
- = yg| TE=13TeV
: = el
- > 85I tty+tWy
’ 3 70+
& S 55
a S
] 47
- o 7
- 40
a 7
a 35~
fin 6 10
30 -
7 9
25
9I | | | | | | | |

20 3 7 7o O
DD B DB D %Y

Reconstruction-level pT(y) [GeV]

Table 3: y2/ndf and p-values between the measured absolute cross-sections and the NLO calculation.

priy)

Predictions

[y

AR(Y, Omin

AL, )

|An(E. )]

hdf  povalue | y*ndf pvalue | y*ndf  povalue | y*imdf  p-value | y3ndf  p-value

Theory NLO | 6.1/11

0.87

| 458

0.81

| 11.710

0.31

| 5.8110

0.83

| 6218

0.62

JHEP 09 (2020) 049

= | Lo U T T T
8 1E ATLAS ® Unfolded data =
- E Vs=13TeV, 1391 —— tiy+tWy (MG5_aMC+Pythia8) 7
EA - Normalised cross-section . _. {fy.twy (MG5_aMC+Hemwig7)
oS 108" A Theory NLO =
'c_g. o I stat. g
‘_ib Stat @ Syst. -
1% E
10°e E
10.4 | | Il | s |
i
E 1.2
§ 1
g 0.8
o 1.05——— AR M-
= | Eimbiase IR EHI N
> I By B i K
8095..1...‘| | P TR
= 50 100 150 200 250 300
p.(v) [GeV]
Binning:
o bin widths larger than twice the resolution
o stat. uncert. less than 10% in each bin
0 high resolution—small migrations (on

diagonal >80%)
21
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CMS: tty inclusive + differential (I+jets)

CMS

e —

Backgrounds: CMS ALEUELLL RPN 137 b (13 Tev
. ‘LL) E I- T T T T T T T T T T E e
> Non-prompt Y (23%): . ) § P —tty E= Misid. e B Nonprompt y = Other EWy | e Nuisance parameter pull ( )
o dominant, estimated from data in @ [ EEMultijet mZy ~-Observed [ Uncertainty 1  [Ee=0+A8 Ar
sideband CR sl i3 i3 193 i3 3193 i3 313 i3;i3| [C6=6-A8 -0.02 0 0.02
o signal and other bckgs. subtracted from WEs 8. 81¢8 8 8188 3,18 & &7 Wy nommeization (i 207050 |
T : Z% % % ! % % : % ! % % % : % §v % ] Nonprompt photon background
.. e :s‘ = = : = = = ; = = = : = = g: Integrated luminosity (correlated)
> Misidentified e (19%): . 0 I AR 0 Dl B e JESCFIAIaACD
o from data, dedicated CRs (N, = 0) | N & [ o Wy modeling
o high mass (Wy), low mass (Wy, Zy) and Z i : FSR
Integrated luminosity (2016)

mass (Jm(l,y)-m,| < 10 GeV, Z—ee)

. . I
o Wy normalisation — free parameter of egizted luminacky (E212)

Photon reconstruction and identification

the fit g

> Multijet (< 0.5%): b tagging
o from data in sideband region ISR

JES-Absolute

o CRs with loosened isol. criteria (pass

ttt normalization

oo, ] .tight)’ Nb:o 3 Misidentified e (2018)
© template flt Of mT(W) n\‘: - Integ ity (correlated, 2016-17)
8 09 E { _E Multijet normalization
e ik © © ® 2 o o © ® © - 5 = Muon reconstruction and identification
] ] ] ) ] ) g g& & ¢ g g Integrated luminosity (2018)
G 65 6 & 6 b F F E 2 E F Misidenified e (2016) | |
Misidentified e (2017) |
R - = i
Photon e (u) Jet b jet (6-6,)/A6
pr > 20 GeV pr > 35(30)GeV pr > 30GeV pr > 30GeV
7] < 1.4442 In| <24 [y <24 ly] <24 I
no hadronicorigin  no hadronicorigin ~ AR(jet, /) > 0.4 AR(bjet, f) > 0.4 * Prodicied NLO:
AR(L,v) > 04 AR (jet,y) > 0.1 AR(b jet,v) > 0.1 UNLO (tf"/) — 773 + 135 fb.
isolated matched to b hadrons
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CMS: tty inclusive + differential (I+jets)

CMS 137 b (13 TeV)
- S o o oML, L
£ 300 MG5_aMC Uncertainty ]
= [ —Pythia8 Stat. ]
S [ --- Herwig7 I Total .
B o5 e Herwig++ [JTheory ]
r  —«— Observed ]
200F _
R :
150 a
100~ y
50
@
5 L O
& 0.8 .
0 12 14
()l
¢z = Re ( sin BWC B '+ cos O Cuw )
c:Z:Im< smBWC( )+C059WC(33))
3
Ciy = Re (cos OwC'>) 4 sin 6y C2 ))
c:,'. Im (cosGwC( ) 4+ sin BWC( W)

P, (1) [GeV]

CMS

50

CMS

1371b ' (13 TeV)

100

%
m)l

5 12
709 1
0.8
0.6
0.4
0.2

0

100 150 200 250 300 350 0 02 04 06 08

p, (1) [GeV]

CMS 137 fb (13 TeV)
& IR s T A R e
> 0.6~ standard model ~——68%CL
E * B
_N0.4
o

0.2

(=]
L o [ 1 11— L L . )

—0.6E i (R,
-06 -04 -0.2 0 02 04 2
¢, [(ATeV)?]

137 b ' (13 TeV)

1
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100

c
2

80.S
=
702

12 14
M)l

CMS
i

903

P(Y) [n(y)l

AR(ly)

12.0 52

6.3

NDF

2
Cy IA

CMS 137 fb™ tFy
(this result)

cMS 77.5fb” iz
JHEP 03 (2020) 056

CMS 36 fb” ti2
JHEP 08 (2018) 011

CMS 41.5fb™ ft+leptons
JHEP 03 (2021) 095

ATLAS 36 fb™ tiZ
Phys. Rev. D 99, 072009

Global fit
JHEP 04 (2021) 279

CMS 137 b tiy
(this result)

CMS 775 fb tiz
JHEP 03 (2020) 056

23
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CMS: tty inclusive + differential (dilepton)

Signal selection: :
CMS 138 fb ' (13 TeV)
{ ouf = T T T T T =]
Leptons Photons Jets b jets Events é Ly ¢ [zata [l Other+y B
= 95 (15) GV = 920 GeV = 30GaV = 30GeV N — . » = tty I Nonprompt y -
pr > 25 (15) GeV pr > 20 GeV pr > 30 GeV pr = 30GeV Ne =2 (0C) £ 2000 . Zy Syst. uncertainty ]
Inl <24 [n| < 1.44 In| < 2.4 [n] < 2.4 N, =1 o L oty |
AR(y,£) > 04  AR(jet,£) > 04  AR(jet,£) > 0.4 N, > 1 w - E
isolated AR(jet,y) > 0.1 AR(jet,y) > 0.1 m(£) > 20 GeV i ok ]
L e II»:F
matched to b hadron 1000 o~ —
+ [m,-m,[>15GeV and |m"v-mZ|>1 5GeV for SF leptons i Y ]
2 i
kﬁp G —
5 152 ppey } e, 4 . 0 . | i
Backgrounds: ) “E ¢ =
> Prompt y bckg (13%): E 15 E
o dominated by Zy, ty o 09 . . . s —
o Zy from data, others from MC 8 50 100 150 200 250 300
: GeV]
o Zy CR: pT(Y) [
[ |m"v-mz|<1 5GeV; only SF leptons
>  Nonprompt y bckg (13%): e  Predicted (NLO MG5_aMC@NLO):
o estimated from data in sideband region (99.5% purity) _ =
o  “tight-to-loose ratio” method applied to ft osm(pp — tty) = 155 £ 27fb

o corr. factor as ratio of events passing and failing ID
criteria for y

¢ ¢ ¢
v v v
b b b

v
&t £ ¢*
v v v
b b b
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1/0 do/dAR(Y,&)

Pred. / Obs.

JHEP 05 (2022) 091

CMS: tty inclusive + differential (dilepton)

138 fb " (13 TeV . —— - . : : .

QMS e o T st .(. — _) ; — NWAqgy NWA, prod. — NWAfn  ---- NWA, prod.
0 5-_ i Observed &z A N\VA“y'dccay B R ’ N\VA')'decay 7]
il —— MG5+PYTHIA8 N

= [ZZ7] Theory unc. il s .
04 y2/dof=14/6 = £ 3 - Z 3+ i
N MGS5+HERWIG7 N o ~

: ......... : s :(.;

B T]_{-—-. - ; |—iﬁ ! = > 2+ - [ 2k i
0.3 ¥ s 4 4

= z ~

- i % %
02 - 1r . 1+ ]
0.1 ] 5 10 _ 0

8 ] s:: I— e T T T ——— fi‘: I— ) T T T -

C ] ; 0.75 D CE e e s — = 0.75F e e e = i
12E" l I B = g "080 el 1 | 2 osnf=ea it ST o

1: ........ . . A S 025} g 3 R SO S, S ; 0.5 - ! ST o B b

E. 3 = 1 1 1 L = ! ! | 1
o8 05 i 15 2 25 3 = i 2 3 4 5 & % 1 2 3 4 5

AR(y,£,) AR(yl2) AR(yly)

JHEP 03 (2020) 154

e AR<1-80% y from top decay
e AR>1-only 20-40% y from top decay, majority from production
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JHEP 03 (2020) 056

CMS: ttZ inclusive + differential xs RIS

Signal selection:

° Based on the previous CMS {tZ analysis (JHEP 08 (2018) 011) at 36 fb™
> 3| channel: ° Improved trigger and lepton (MVA) selection
o 3 leptons with p_ > 40, 20, 10 GeV ° Fiducial phase space defined by 70 < m, < 110 GeV
o 1 OSSF lepton pair with [m -m,| < 10 GeV ) Predicted (NLO+NNLL):
o N.21 y +0.09
o  35RbasedonN,=0,1,22 o(pp = ttZ) = 0.8475 7, pb
> 4| channel:
© ‘1‘ 'c‘;gts?F“IS Wtith P> 40"t:10|’ 10, 1|0<G268/ eV _CMs 77.5 b (13 TeV)
o epton pair with |m -m e 10 N
o N.21 " ‘2 |+ Da{a I ttz ! |t(f)X l ! iWﬁ I l -|Xy IE:
2 S =
o 25R based on N, =0,21 & i Bzz [T Rare [I Nonprompt [7]Uncertainty _;I
> For differential xs only 31 channel with Nj 23,N, 21 "é : 3 leptons : 14 leptons 3
émﬁ N,=0 ! N =4 N,>1 szzg;
Backgrounds: 2 3
107 e o cee o e —=
> Main contribution from t(§)X wherex=w,zH E === Wl @44 .. o=
o estimated from MC 5 B
> WZ+jets (31), ZZ+jets (4l)
o from data - WZ/ZZ CR
> Nonprompt leptons - subdominant 1
o from data - CR (3l events without Z candidate) .15 i . : : : : : : : : :
> Minor contribution from VVV (“Rare”) and Zy', fty (Xy) B F Stat ] ! *. o . .
o  from MC N (Gl Mt \Eeeeareacccy o5 IR bt s5555% Cccccat 4 &
Lepton requirement Measured cross section % 0712 3§ >3.2 3 4 4.2 3 4 4.0 >0
o N N N; : N,
3¢ 0.97 £ 0.06 (stat) = 0.06 (syst) pb
4/ 0.91 =4 0.14 (stat) 4 0.08 (syst) pb
Total 0.95 £ 0.05 (stat) & 0.06 (syst) pb 26
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CMS: ttZ inclusive + differential xs

Ny, Ny Ny Nz pr(Z)(GeV) —1<cosf, <06 —0.6<cosf, <06 0.6<cosb, CMS 77510 (13 TeV) _ CMS N 775fb1$13TeV)
0-100 SR1 SR2 SR3 = i e o e e o e e e A S ]
3 > >3 1  100-200 SR4 SR5 SR6 sl ; 5 # Data .
=ns 5 200-400 SR7 SR8 SR9 DT 8 ~ aMC@NLO
>400 SR10 SR11 SR12 2 | I jf 7 { - = “ NLO+NNLL |
0-100 SR13 T 200p 4 7 e |
4 >1 >1 1 100-200 SR14 S I e i
>200 SR15 [ B o Eg ]
0-100 CR1 CR2 CR3 b i Data © ;
100-200 CR4 CR5 CR6 [ = I T ]
3 0 EZF 1 200-400 CR7 CR8 CR9 © 0' : =.aMC=@NL(.) mc:.:::::::::::::::::
>400 CR10 CR11 CRI12 i« AL *51.3—
s 1.3f + = - L0908 G009 \\\
0-100 CR13 o 43 } b + = pg&w 1
4 >0 >1 2 100-200 CR14 ; o7p 7> BOTE T
2200 CRI15 L T T T o 0 100 200 300 400 500
2 2
CSM _ I3, —2Q¢sin" by 0.2448 (52) cMs 77.516" (13 Tev) cMs 77.51" (13 Tev
LV : SRS ¥ SMEFT ---95% CL SM SMEFT ---95% CL SM
2sin By cos by Z6e%GL '+ bestft Zeen oL+ bestf q
If N>'— [T T T T T (\; 2 T T T
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e —= = —0.6012 (14), [} H [}
LA = 2sinfy cos by (14) = 10p = : 16
v < B 14
NS o} NS [ 12
(33) (33) o | = of 10
¢z = Re | —sinfy C,p" +cos by Cw r I 5
-10F i
1 33 L i
c{z] =Im ( sin BWC( - cosBWC( )) i 1 6
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Wl il | — o | O B | A 0
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—C C1(33) c363) 020 30
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Nf//m ATLAS: Refined ttZ inclusive + differential

Process Generator Parton Shower PDF Reference Cross Section (fb)
tizZ MADGRAPHS_AMC@NLO 2.8.1 PyTHIA 8.244 NNPDF3.0ONLO 876.4 [19, 54]
ttH MADGRAPHS5_AMC@NLO 2.6.0  PyTHIA 8.230 NNPDF3.0NLO 507.4 [19]
tIWtiW j SHERPA 2.2.10 SHERPA 2.2.10  NNPDF3.ONNLO 722.4 [68]
tZq MADGRAPH5_AMC@NLO2.9.5 PyTHIA 8.245 NNPDF3.0ONLO 38.72
tWZ MADGRAPHS_AMC@NLO2.2.2 PyTHIA 8.212 NNPDF2.3LO 16.08
tr PowHEG Box 2 PyTHIA 8.230 NNPDF3.0NLO 87,710 [69]
WZ+jetVZZ+jets SHERPA2.2.2 SHERPA 2.2.2  NNPDF3.0ONNLO 7,334
V+jets SHERPA 2.2.1 SHERPA 2.2.1 NNPDF3.ONNLO 6,255x103 [67]
it MADGRAPH5_AMC@NLO2.3.3 PyTHiA 8.230  NNPDF3.1NLO 11.97 [70]
1t MADGRAPH 2.2.2 PyTHIA 8.186 NNPDF2.3LO 1.64
VH PyTHIA 8.186 PyTHIA 8.186 NNPDF2.3LO 2,250 [71-77]
474 SHERPA 2.2.2 SHERPA 2.2.2 NNPDF3.0NLO 13.74

Variable Preselection

N¢ (E=e,pn) =2

= | OSSF lepton pair with | mgp — mz| < 10 GeV
pr ({1, 6) > 30, 15 GeV
SR-2(-5j2b  SR-2(-6j1b SR-2£-6j2b
Niets (pT > 25 GeV) =5 >6 >6
Nb-tagged jets@77% B2 =1 >2

ATLAS-CONF-2023-065

XS

-1
140107  ATLAS
EXPERIMENT
Variable Preselection
Ne (E=e,p) =3
> 1 OSSF lepton pair with | mgp — mz| < 10 GeV
for all OSSF combinations: mqossg > 10 GeV

pr (61, 60,6) >27, 20, 15 GeV

Niets (pT > 25 GeV) 23
Nbp—tagged jets > 1@85%
SR-3¢-ttZ  SR-3(-tZq SR-3(-WZ
DNN-tZq output <0.40 > 0.40 —
DNN-WZ output <0.22 <0.22 >0.22
Np—tagged jets — — > 1@60%
Variable Preselection
Ne (E=e,p) =4

rr (61, 6,6, 4y)

> 1 OSSEF lepton pair with | mgp —mz| < 20 GeV
for all OSSF combinations: mossp > 10 GeV
>27,7,7,7GeV

The sum of lepton charges =0
Niets (pT > 25 GeV) >2
Np—tagged jets > 1@85%
SR-4¢(-SF SR-4¢-DF
enon-Z * o BRI o S
ete” or T e 98
DNN output > 04 _
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ATLAS: Refined ttZ inclusive + differential xs

£ 3000 . —
g [ ATLAS Preliminary - Data | |74 1
o [ (s=13TeV, 140fb” 1= i MC Z+b ]
1 4:0 fb_ 2500 ttZ-2L WZc mz+
. . [ 2L-eu-6j2b mwWz W]
Backgrounds: DD tt selection E NoFi BFako eptons. WOther ]
> 2| channel: 2000 7/ Uncertainty 3
o Dominated by Z+jets and ft Vartabl Presclecti g ]
o Z+l from MC, Z+b/c from data anable Peselection 15000 E
o ft from data - 3 regions (OSSF — OSDF ) r ]
9 ( ) Ne (E=e, 1) =2 1000 ]
> 3l channel: 1 OSDF lept ir with | | < 10 GeV g ]
A . = epton pair wi m - m < (& r T
o Dominated by WZ+jets and tZq i ez S0 E
o WZz+b from data, all other from MC pr (1. 6) > 30, 15 GeV g A ]
> 41 channel: Lt . X . . .
. . . . 2(-eu-5j2b  2f-eu-6j1b 20-e u-6j2b 3 E #
o Main bckg. is ZZ+jets - dedicated CR £=3 a5 #4 £ 12 W //////‘ 7/%/77// 7
. 5 2 - T 44042
> 3 CRs for fakes (F-e-HF, F-e-other, F-u-HF) in 3| and 4l Niets (p1 > 25 GeV) =5 26 26 s %////%/////////////////7
. o e v
(in 21 from MC) Np-tagged jets@77% 22 =1 22
2 3 4 =25
Number of b-jets (at 77% WP)
. \ B .. 500
2 F T S R % o . | . : r
ZZ+JetS CRin 4l g T e e Wiz q 5 [ ATLAS Preimnay eDaa Wiz 1§ O amas Preliminary #Data  HZ
oo e " 1 0F Fo1sTev, 140" mW  EHH ER  E=13Tev, 140107 MIZZ+l W2z
e Wz:c Wz E nz-aL Wb EWZee 3 [ fiz4aL Wzz+b wz
[ SR-2L-6j2b Wz w4 400
[ SR-2L-6j ] ] E SR-aLtz Wzil  EZZ+b 3 40 sR-aL-SF STH W Other
1200~ Post-Fit MiFake leptons [ Other 350F- Post-Fit WZzic  WZZeets [ Post-Fit WF-eother  F-eHF
Variable Preselection r 77 Uncertainty ] F WtZq twz E - F-u-HF M F-other
1000 3 300 E L .
[t 1 F W Others F-e-HF k. L 7 Uncertain
Ne (E=ep) =4 gt 2 3 WF-e-Other | FmHF 3 s "
> 1 OSSF lepton pair with [mgp —mz| < 20 GeV 800:_ < _: g F-Other 77 Uncertainty E C
for all OSSF combinations: mpgsg > 10 GeV 600~ =] - 2005_ % 20_—
1 (0. 6. 3. 0y) >27,7,7,7GeV r = ] 150E L
The sum of lepton charges =0 400:_ e B 100 C
Niess (pr > 25 GeV) >2 200 i . 50 10
Np-tagged jets > 1@85% P [)_ 3 9 ’
B E ? :
-4(- £ 1iE ' y 11
CR 4‘ ZZ E E il 2 2k —&— ? 9 ), 007 . E 1 g
£enon-Z ete” or utu Pl L Siadien a o (e Ecccry cec i/l g e
DNN-SF output 0.4 s 0% a0 g
fa < X E. 2
ot 0% 01 02 03 04 05 06 07 08 09 1 %% 07702 0304 05 06 07 08 09 1 e
NN output P(tiz)

SF NN output
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ATLAS: Refined ttZ inclusive + differential xs

ATLAS

EXPERIMENT

Variable Preselection

Ne (E=e,p) = 3 (of which = 1 loose non-tight)
pr(6,6,6) > 27, 20, 15 GeV

Sum of lepton charges +1

Njets (p1T > 25 GeV) >3

Nh—mggcd jets > 1@85%

CR-ti-e CR-tf-u CR-Z-e
Lepton flavours no OSSF pair no OSSF pair OSSF pair
(loose lepton is an electron)  (loose lepton is amuon)  (exactly 3 electrons)
E’lil:li&ﬁ — - < 80 GeV
o 2200 = ) O s I B0 (0 R B R B L R N R R
§ 2000:_ ATLAS Preliminary #-Data  [ltZ E E) 1800~ ATLAS Preliminary -#-Data [tiZ - § ATLAS Preliminary 4-Data  [ltZ 3
w E s=13TeVv, 140f"  ZZ+ [MZZ+c 1 @© [ (s=13Tev,140fb"  ZZ+| [WZZ+c ] W gg0f (s=13Tev, 140fb"  ZZ+ [WZZ+c 3
1800 Non-prompt selection EMZZ+b WZ+l 4 1600:_ Non-prompt selection EZZ+b  WZ+l E Non-prompt selection ElZZ+b EWZ+ ]
E CR-ff-e BWWZ+c WZ+b 7 1400 CR-ti-u BWZ+c WZ+b e CR-Z-e BWZ+c WZ+b 1
1600 post.Fit HZz  EwWz E © PostFit Nz Ewz 1 Post-Fit HZ EWwZ 3
1400 NG B Other A 1200~ WttH M Other - W tH M Other j
E [tt+W W F-e-other 7 r [ti+W @ F-e-other ] Jti+W [ F-e-other
1200~ F-e-HF [ Fu-HF 1000 Fe-HF [ FuHF F-e-HF | F-u-HF 3
1000 W F-other 77 Uncertainty o [ F-other 77 Uncertainty - [l F-other 77 Uncertainty
MM DS 77 TSN 800k ; SR ;
g ] 600F 5 - A .
6001 E E ] g D
400 3 005 E g

2005 E 200~ = o =
. of 3 . o . 0:|||||||;:
E 1.25F 3 E 1.25F 3 E 1.25F 3
= E - ~ = K>, P o G .

s E s - I 2 22 o S
§ o7 T & ot 4 § o7t —+- :

) 0'50 0'50 20 40 60 80 100 120 140 160 180 200 30

. Event count Event count MY [GeV] p—
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ATLAS

EXPERIMENT

NFW* ATLAS: Refined ftZ inclusive + differential x

Observables:
Aoyiz |05z (%] o

Uncertainty Category ATLAS  Preliminary (s =13 TeV, 140 fo™

3l channel: N, """, |AG(Z ool 1BY(Z 4 )N, H,/

1

nti s
Background normalisations 2.0 9 41 channel: N‘ets' IA¢(|t+'lt__)|’ HTI 3 L
Jets and Efl.“iss 1.9 : sz 0‘8 s
- 17 o  combination: p.%, |y?, cos8,’, p,, p;¥, |A¢(fE.Z)], m™Z, m, |y B 0'7
. . . o -
t1Z up and ug scales 1.6 Binning: o ] £ 0.6
Leptons . o optimised with IBU (stat. only) & -
R _ : o  low stat. uncertainty (<35%) p
Z +jets modelling L5 o  low migrations between reco. and truth bins ‘
tWZ modelling 1.1 o2
Bz hwETg 1.0 e  Uncertainties between 15-40% (dominated by stat. uncert.) e
- i ° Parton level more precise (more diagonal mig. matrices) 0.1
o ’ 400 600 800 1000 °
Luminosity 1.0 5 { QT T T T T T T T Detector-level p7 [GeV]
Diboson modelling 0.8 _»gu B ?_TLAS Preliminary _ @ Data ]
; 3 F—Vs=13TeV, 140 fb™" -~ MG5_aMC@NLO+Pythia 8 g F
tZq modelling 0.7 3% 10— o Sherpa 22.1 (incl) 2 5 _F ATLAS Preliminary SRALAZ
PDF (signal & backgrounds) 0.6 o i --Sherpa 22.11 (multi-leg) ] § OBE 5 =13TeV, 140 fo”
L. 8l— Stat. uncertainty — < gl
MC statistical 0.5 F— I Total uncertainty ] e
Other backgrounds 0.5 6 j"’.___u__l . 0.94 ;— oy
Fake leptons 0.4 0 _L_:m ] oz = T t
Pile-up 0.3 Sl L.-.| - 0.9;—
Data-driven t7 0.1 E g =
2 ® — 2
E R 2 0.8
Dovin o bonn e borea b boveabeon b bon 084:
c C - oA
gz i : 3
=] o e = > -
D e - -
Sl Qe e e e il il it Y P PR I
0 05 1 185 2 25 3 35 4 45 5 0 100 200 300 400 500 600 700 &0 900 1000

Particle-level |A y(Z, t|e Wr
p

Deteclor-level pI [GeV]
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EXPERIMENT

3 icsati particle parton Aniti . .
Variable Regularisation = = Definition AMC@NLO +PyYTHIA 8 SHERPA 2.2.1 (incl.) SHERPA 2.2.11 (multi-leg)
i No i i Transverse momentum of the Z boson Variable parton particle parton particle parton particle
vZ| No - - Absolute rapidity of the Z boson
cos 67, No - - Ar}gle bet‘ween the diregtior} of the Z bos-on in the detector |A(Z, )‘1) |/ 0.07 0.05 0.04 0.02 0.07 0.06
= | reference frame and the direction of the negatively charged lepton i
& in the rest frame of the Z boson [Ay(Z, )] 0.03 0.03 0.03 0.02 0.03 0.02
“ P Yes 1.5 1.4 Transverse momentum of the top quark - H{r 0.02 0.02 0.02 0.04 0.05 0.07
pfl.’_ Yes 1.6 1.5 Transverse momentum of the 7 system ],17:'"’"'2 0.63 0.63 0.29 05 0.29 0.41
|Ap(11,Z)| Yes 24 2.1 Absolute azimuthal separation between the Z boson and the 17 Njets _ 0.42 _ 0.81 _ 0.75
system s
mttZ Yes 1.5 1.6 Invariant mass of the 17Z system Niets " 0.40 o 0.65 o 0.61
1t ¥ s i J
m Yes 15 1.4 Invariant mass of the 17 system = AL 1)/ n 075 0.76 0.73 075 0.74 0.80
[y*Z] Yes L5 1.5 Absolute rapidity of the 17Z system | ”
HT 0.03 0.02 0.03 0.02 0.03 0.02
H,f. No = = Sum of the transverse momenta of all the signal leptons 7
|1Ad(Z, tiep) No - - Absolute azimuthal separation between the Z boson and the top [y“I 0.71 0.72 0.71 0.71 0.70 0.69
& (anti-top) quark featuring the W — £v decay ])% 0.04 0.03 0.06 0.06 0.13 0.14
[AY(Z, tiep)| No - - Abs-olule rapidity diﬁgmnce between the Z boson and the top cos 0+Z 0.11 0.11 0.12 0.12 0.15 0.15
(anti-top) quark featuring the W — {v decay .
pg.'"“""z No = - Transverse momentum of the lepton which is not associated with 3 IA?(”’ 2)|/x 074 0.71 0.02 036 0.02 039
the Z boson > om" 0.79 0.88 0.87 0.73 0.27 0.43
Niets No - - Number of selected jets with p > 25 GeV and || < 2.5 « mttZ 0.84 0.93 0.8 0.91 0.81 0.89
H,f. No - - Sum of the transverse momenta of all the signal leptons ]);?p 0.03 0.23 0.01 0.29 0.01 0.1
B |Ag (€], [,T)] No - - A_bsolute azimuthal separation between the two leptons from the [7;{_ 0.02 0.01 0.01 0.01 0.02 0.03
1t system tiZ
Niets No - - Number of selected jets with p > 25 GeV and || < 2.5 ™1 0.87 052 0.85 0.64 0.59 0.28
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EXPERIMENT

flicient E ssi . k, n, r - axes in orthonormal basis, +/- is charge of lepton/quark
Coeflicien Apression ° In 41 observables defined using leptons from tt
—_— ~9(cos g% - cos 07) . In 31 necessary to use lepton + down-type quark from W decay (c or s) - ¢
L ; '+ ol tagged jets if pass at least 85% but fail 60% (its companion is s-quark)
Chk =9(cos 0 - cos ;)
Civs ~9{cos 6} - cos 0;,)
Cik —~9(cos 8} - cos H; + cos @, - cos 9;\') e  Template fit of detector-level distributions (unfolded distribution cannot be
) w ot . rne O 0= . e QF used due to highly non-diagonal mig. matrices in 4l - would require
Cln 9{cos Hli cos Hf + cos 05 cos Hil s
Crn —~9(cos 0, -cos@,, +cosl, -cost, ° Only 9 coefficient are non-0 within theoretical uncert. —improve stability of
y -9{cos 8} - cos @, —cos 8, -cosf the fit
ar ( 1,; n k f:> e  Coefficients fitted individually and then combined using profiled [1? fit
Ck -9(cos 6}, - cos 8, —cos 6, - cos 0))
in —9(cos 0} - cos 6, —cosb; - cos b))
b;f 3{cos 9:7) ) main systs. from MC modelling, ETmiSS and flavour tagging
bi 3<C0§ 9’;> ° negative (or >1) f,, caused by large variability of the fit results under local
bk 3(cos 9,\. ) excesses not compatible with either the spin-on or spin-off templates
by, 3(cos 0, ) , . , - . .
b 3 o+ ° fit enhances the impact of systematic uncertainties with an important shape
7n (cos 6y, component (alternative parton showers for ttZ, electron isolation and ZZ+b
b, 3(cos 4,,) scale uncertainties in 4l)
° future spin density measurements will be able to probe possible
CP-violation effects and 4-fermion operators
1 do Crr ¥ Ckk + Cpn

1
= :5(1—Dcos<p), D=- D = —3({cos ).

odcosg 3 ’
33
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Nf//m ATLAS: Refined ttZ inclusive + differential xs

ATLAS

EXPERIMENT

Operator  Definition
o= OSM + Z CiA; + Z C,'CjB,'j. . P "
: b . Qs Qo+ 1) By, )
2 Qg Qo TanAGY, *)
° Observables used as an input to EFT fits - particle level normalised distributions: 2 W A
e p.Z(top-Z operators), |y?|, cos8.’, p-t (4-quark operators), |Ad(TE,Z)], [y™| § Qo WIDMDENO)
T b z'Fr : U Qg HIDLH) oy 0)
Quy (H'iD ,H) Tyt
Wilson coefficient 68% CI (exp.) 95% CI (exp.) 68% CI(obs.)  95% CI(obs.) Best-fit Qh (v t) Gy ™)
Fi O(A2) (marg) [-0.15,0.16] [-030,0.31] [-0.080,0.24] [-0.23,0.39] 008 Z:T: E”’)”(:(”:)Y")
td fyut)(dy
2 O(A™2) (marg) [-0.36,0.36] [-0.72,0.70]  [0.18,0.90] [-0.18,1.3] 0.5 Qy  @@yundriyta)
QY (@wa vy
3 O(A72) (marg) [-1.4,1.3] [-2.7,2.7] [0.35,3.1] [-0.95,45] 2 Q¥ @)y
Q) (QyuQ) ity )
. . . . (255 (OTy. Q) (AT “y*u)
e  For some operators the results of the linear fits are not quoted since the corresponding - i -
interference term is vanishing at LO in QCD 8 % Onolerd
e For some operators by introducing pure EFT contributions in quadratic fits, the E % @rnOUryd
linearised limits are drastically reduced by factor 6 to 30, i.e. CQq(3’1), CQq(3'8) Q" (@no)are
Qg (0.0 (@oiyig)
QyY  (OT*u@)(aT ¥y q)
QoY (@0 T Q)0 T q)

Qq
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CMS: Boosted ttZ + ttH

Signal selection:

>

YV VY Y

Events / 5 GeV

1 e or p with p.>30 GeV

At least 1 AK8 jet (one H/Z candidate with bb tagger score >0.8,

R=0.8) with p;>200 GeV, 50<m <200 GeV

25 AK4 jets (R=0.4) - (3 or 4 jets not overlapping with AK8)
22 b-tagged AK4 jets from tt (separated from H/Z by AR>0.8)
p,Ms=>20 GeV

m,,, >12 GeV (to eliminate J/¥ and Y decays)

13 TeV

CMS Simulation
e e L

PRD 108 032008 (2023)

138 b
Strateqgy:
e 3 discriminating variables for S and B separation (pTZ”"
mg, and DNN output)
° DNN:
o 3 output nodes (signal ttZ/itH, ft+bb, ft+LF/cc)
o  Only S/B discrimination
e 198 analysis bins for signal strength extraction:
o 3 data-taking periods
o 3binsin p "
o 3 (for Iowest pTZ’H bin) or 4 bins in my
o 6 binsin DNN
[ ]

Upper limits for diff. xs evaluated for p,# and pTH
(4bins, first one constrained to SM prediction)

L CMS Simulation 13 TeV
20 5 Wi+ LF, tT+cE W+jets, DY+jetS § > [ BN B B B e e e e s ] CMS Slmulatlon ' N 13 TeV
[ W tt+bb -~ ttZx10 ] 8 e tE+ LEttyc W+ o5, DY+ jots - ‘g —ttZ =¥ bb matched "~ ttH unmatched
151 M Single top --ttHx10 1 v 60 [ Wtt+bb =tZxif 5 S 100k —+ttH — bb matched —tt + bb .
F w43 ] ~ - M Single to -=ttHx10 3 - =, = 7
- WTE, ty, tTW, tHW, tHq 28 Stat. unc. ] % .tmgm F:_W T e g 7 unmatched —tt+ LF, tT+ c€ ]
F Z/H cand. 1 =
_ pZ > 450 GeV ] o SHiSaa 3 ZHcand. - 300 GeV
10 L 15 . > 40 200 <p < 300 GeV- ] = | PT
: i DNN score > 0.8 ] w DNNEc6i6.S 08 1 < 10
20 n
10~
0 - O = PN S OV N | ] :
50 75 100 125 150 175 200 50 75 150 175 200 T R I A T S S T
msp [GeV] msp [GeV] 0.0 0.2 0.4 0.6 0.8 1.0

DNN score 3¢
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CMS: Boosted ttZ + ttH

Source of uncertainty Mgz Dy — b CMS Simulation 13 TeV _

tt + cC cross section 5 o E 0.15 E’l

tt + bb cross section fg:;ﬁ fgég 1:11— E

tt + 2b cross section 008 0,09 % 450 0.10 .c‘g

i and g scles i E E

Parton shower tae i @ 300 0.05 ulcé

b tagging efficiency 8 4010

bb tagging efficiency e o 200 0.00
200 300 00

Jet energy scale and resolution +0.11 fgﬂ Resbnahrustod p%/H cand. [GeV]

Jet mass scale and resolution +0.10 +0.08

) 138fb™" (13 TeV)
T T 1 T T
23| eBestfit —68%CL i
* SM
2""""""""""".' """"""""""""""" =
1_ ............. 7 FI |
of:
Y O R . S,
B, . PR AL WO SN S . S
_3 l Il 1 | 1
4 ) 0 2 4

Signal p%/" interval [GeV] 95% CL upper limit [fb]

PRD 108 032008 (2023)

CMS Simulation
00

Simulated p! [GeV]

300

200
200

300

450

13 TeV

Reconstructed p#H cad- [GeV]

95% CL upper limit / SM

o0

Observed  Expected Observed  Expected
ttZ  200-300 360 490 220 34 4;g+4%
300-450 209 135 +2¢ 49 g25%
>450 49 518 4.0 A
ttH  200-300 420 740128 8.0 51 51 By
300450 60 g7 ¥z 32 2:5114
>450 9.8 16513 2.0 3342

0.60

0.40

0.20

0.00

Folding matrix M;; [%)]

3¢
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C _ _ PRD 108 032008 (2023) CMS,/|
MS: Boosted ttZ + ttH 1381
CMS 138fb" (13 TeV) 138 b
Crp |
A2
— 15 CMS 138fb" (13 TeV)
o | | I I | | | -
S ¢ Bestfit —68% CL ~99.7% CL Coq - -
@10} *#SM  --95%CL i A2
N< ; : ; : : ; ; C3 .
5 —Qr I —
5 i
O 0 m I
2
-5 A
: : : : : Cotb
-10 | | | | | | | o
45 0 5 0 5 19 15 A®
Coq/ A% [TeV™7] ol 4 68% CL interval
A2 -+ = Others fixed to SM
== Qthers profiled
Sbw | =1
A2 T 95% CL interval
— Others fixed to SM
Gz b T — Others profiled
A2 T
-10 0 10 20 30
Confidence interval [TeV 2] 37
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ATLAS: tty Charge Asymmetry

Central-forward asymmetry predicted at the LHC

N(lyel > lyzl) = N(y:| < |yzl)

Ac =

N(lyel > lys)) + N(lyel < lyzl)’

Phys.Lett. B 843 (2023) 137848

q

Gl

e A =0atLO in QCD but is non-zero at NLO thanks to the interference
between initial-state and final-state gluon emission and between box

and Born diagrams
o A.infty-

largest contribution from interference between ISR and FSR

in qq annihilation
e  Predicted A <0 for fty

o

/s

>
>
>
>
A

ig ion:

nal selection

one electron or muon ©
one reconstructed photon with
AR(lLy)>0.4
events with |m_-m,|<5GeV rejected >
at least 4 jets (>1 b-tag)

o

o

\__°

6ackgrounds:
> ity decay (30%)

O
\ >  prompt y bckg. (15%)

> electron mimicking y (16%) = e-fake

y from hadron decay m’—vyy (7%) = h-fake

~

only tty before the decay considered signal
estimated from MC

estimated from MC
two VRs - Zy and Wy

from data using tag-and-probe to Z—ee events

from data using ABCD method

/

~

|

™~
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2]
c
5}
>
i}

Data/Pred.

ATLAS: tty Charge Asymmetry

('Signal discrimination:

e DNN to discriminate signal tty from backgrounds

e NN discriminant used to design signal-enriched (O,,20.6) and
background-enriched (O, <0.6) regions

(&

ﬁnalvsis strategy:
e A, extracted from |y |-y distribution in a fiducial region defined at particle level
e  Simultaneous maximum likelihood unfolding in two regions (2 bins in each -
ly,|-lyf>0 and |y,-ly{<0)

e  Free parameters of the fit:

o M, -signal strength in bin [y [-]y{>0

o A=E(M,T,-pT)/(uT+pT) instead of p_

(T, = number of tty events at particle level in bin |y,-|y{>0)

" /

Data / Pred.

ATLAS

Pre-Fit

T T T T T T T T T

Vs =13 TeV, 139 fb*

+Data [@tty production
[Jtty decay ~ [@Prompt y
[Jh-fake y We-fake y

[JFake lepton

T[T TITI 7T

72 Uncertainty

Lo by by by by byw o by w19

03 04

05 06 07

=
© 2
=
= SN

Total uncertainty 0.029
“W”:"q'T':q'S""“"""" """" Gr e e %12000'I'A'T;_iq's""""""" """" TRt B Statistical uncertainty 0.024
E Vs=13Tev, 130 fb! & {5 = 13 TeV, 139 fi? Results: MC statistical uncertainties
30000/~ -+ Data mitty production -+ Data mtty production 5
E Ow <06 E:*/fdfcay =Prfor:<1pt7 10000 O >06 Etgvfdkecay =Prf0r:ptv (] Measured: [ Background processes 0.008 |
[ Post-Fi -fake e-fake Ost-Fi -fake e-fake - ~t1
25000:_ [CFake IeLton V4 Uncen;{inty [DFake Ieﬂinmn %Uncen;’inty AC= -0_00320_029 - iy pmdu"“on 0.004
o 8000)
E Modelli inti
-0.003£0.024(stat.)£0.017(syst.) | Moddling uncertaintics
C 6000 tty production modelling 0.003
150008 . Background modelling 0.002
660 Predicted (MGS_aMC@N LO) Prompt background normalisation 0.002
10000
AC= -0.014+0.001 (scale) Experimental uncertainties
2000
= [Jet 0.009 |
o 5 o Result compatible with the SM | *;a;;zjepmn background estimate gggg |
E 3 & e . ss ]
liI % " within Uncertalnty! Fake-photon background estimates 0.003
osf 1 7 o Measurement statistically dominated! / Photwn 0.001
0.8t 0.8 b-tagging 0.001
toRo2 e ! 2 Other experimental 0.004
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ATLAS: ttZ inclusive + differential xs

ATLAS

EXPERIMENT

e  Provides check of internal consistency of SM + hints of
new physics
e Probes coupling between t and Z

e Differential xs useful for MC modelling improvements
e ttZ irreducible bckg. for several BSM searches and SM
analyses (ttH, tZ,...)

q

_ _ N (] . . N
Signal selection: w . ,
> 3 signal regions in 3l channel; e  Simultaneous PLF of event yields in 3l, 4] and 3I+4l
o 1bdj and 2b3j PCBT - inclusive xs regions ” e et
o 2b3jfixed 85% btag WP - differential xs O [AER FEEMERRE SF 0 i Mes Ny s o e 5
© Cchareleciene i Alcheme e  Combined fit dominated by 3| channel bagging 29
o 1b2j SF 2b2jSF—1ij.DF 2b2j DF ° Results stat. limited in 4l, syst. limited in 3| and comb. “;Z/sz +I{§ts modelling ;2
H ’ ’ tZq modelling 2.
o  separate for inclusive, combined for diff. ; . Lepton 23
o E™ss cuts to reduce ZZ+jets in SF -Measured: o (pp — 17Z) = 0.99 + 0.05 (stat.) = 0.08 (syst) pb. | Luminosiy 22
regions . . _ ) x 0, Fake leptons 2.1
>  Atleast 1 OSSF lepton pair with |m -m_| < 10 GeV | \_ ~ Predicted NLO: o (pp — t1Z) = 0.8470:9 pb / 17Z ISR 1.6
] . VA - t1Z py and y, scales 0.9
g ATLAS $ Data 174 WZsjets gl]her backgrounds gz
N fs=13TeV, 139 fb" -Ef\;ﬁf .:y:fe leptons =gtqher II"I;;][I))F ():2
K \ 3l + 41 SR combination 7 Uncertainty Total systematic 8.4
BaCkg rou nds 0 Post-fit o Data sl'aiistics 5.2
>  WZ/ZZ+ | jets from data - 2 dedicated CRs o =
(WZ/ZZ + b and c jets from MC)
> tWZ - important bckg., from MC
>  fake leptons - from data using matrix method _ :
> others (tt+W/H, ftWWw, ...) - from MC | ST, RO IOV W TNy N N . ST DR,
- o ‘ L : 40

3, 3. 91, 9. 91, 91, 31 4.
Z\Ib"/»/: 3253/;/:087 SE. SF.2 1-OF. i OF 5, /WZ~C.9 ’chﬁ

N Cr Ay T —
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ATLAS: {tZ inclusive + differential xs

LEPJC 81 (2021) 737

/Differential XS measurement:
° Iterative Bayesian Unfolding

9 observables unfolded to particle and parton level

[
° Absolute and normalised distributions
[

Reconstruction of leptonic top in 3l and tt system

in transverse plane in 4l

Binning:
o  as many bins as possible
o low stat. uncertainty

o low migrations between reco. and truth

bins (>50% on diagonal)
° Number of iterations between 2 and 5

N

Observables:

ATLAS

EXPERIMENT

° Sensitive to MC modelling, tZ coupling, BSM effects,

spin correlations
O

3l channel: N, p, oz, IAG(Z b I, 1AY(Z.t )]

o d4lchannel: N, p.% |AQ(E2)], |A¢(," 1)

o  combination: pZ, |y?|
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/Results: )
° Diff. distributions compared to:
o MG5_aMC@NLO + Pythia 8
o MG5_aMC@NLO + Herwig 7
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