cms

~ Karlsruhe Institute of Technology

tt+X measurements at
ATLAS and CMS

TOP2022 - 15th International
Workshop on Top-Quark Physics

Jan van der Linden
S on behalf of the ATLAS and CMS Collaborations

Supported by the Doctoral School “Karlsruhe School of Elementary and Astroparticle Physics: Science and Technology”



tt+X measurements

ATLAS+CMS Preliminary Run 2,Vs = 13 TeV, March 2022
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NLO QCD+EW

> High purities in lepton-dominated final states

ATLAS, 2LSS/3L, 139 fb”

> Most lepton channels covered by ATLAS+CMS in Runll == SR e
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A Searches for four top production
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> Low cross-section

> Often difficult background (tt+heavy flavor, ttW) LR N

> (Good coverage by ATLAS+CMS in Runll | [ apascows  ereiminary LHCTODWG - 15Tev,done 2022
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Wilson (Tuesday)

Measurement of tty in 0S2¢€ channel

Fiducial region at particle level:

> 2 leptons (ee/pp/ep), =1 b-jet, one y

Fit p,(y) distribution for inclusive cross-section

Backgrounds:

> non-prompt y — data-driven estimation

> Zy— CRonZpeak

>  Others (e.g. ty) estimated from simulation

Observed: o(tty) = 175.2 & 2.5(stat) * 6.3(syst) fb

>  Precision of 4%

> Dominated by luminosity, signal modeling,

background normalization

Agrees well with prediction (MG5aMC)

o(tty) = 155 + 27 fb (LO sim. + NLO k factor)

> Slight underprediction possibly due to importance of
v in NLO calculations xer 03 (2020) 159

CMS tty 2t: JHEP 05 (2022) 091

tt+y cross section measurement (CMS)
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| S tt+y cross section measurement (CMS)

Wilson (Tuesday)

[ Differential measurement via unfolding to particle level with TUnfold
[ Photon kinematics well-described by MG5aMC simulations
d Some trends in lepton observables and lepton+y observables

> Hints on mismodelling of y origin in MG5aMC simulation
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ATLAS %?z !:hili)p Charge asymmetry In tt+y (ATLAS) ?&An:jart)ya Rej ’
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[ Probe charge asymmetry of top quarks and antiquarks
> Symmetrical in LO tt, small asymmetries from qq—tt >1<

> Enhanced in initial-state y radiation (+interference)
> Diluted by symmetrical y from tt decay

[ Signal definition:
> only tty production; decay is background

-
160007y 45 Prehmlnary

[ Vs=13TeV, 139" ]
14000/ +Data Mty production —

Events

> Single lepton channel " proFi Ohiaer| Moy

12000— [JFake lepfon 72 Uncertainty

3 Employ DNN to identify tty production
> Used to split phase spacein SR/ CR

d Backgrounds:
> Fake y — estimated on Z peak / photonlID inversion
> Non-prompt — data-driven from loose leptonID region
> Prompt y and tty decay estimated from simulation

Data / Pred.
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ATLAS tty charge asymmetry: ATLAS-CONF-2022-049
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d  Probe charge asymmetry of top quarks and antiquarks
> Construct asymmetry from top quark/antiquark rapidity

Ap = N(ly:| > lyil) = N(ly:| < lyil) ‘512000?;}}',_14; pre'|,m,nar'y1 """"""""" ]
e ) w L Vs=13TeV, 139 fb’ i A
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= 3 e-fake v i

4 Kinematic reconstruction of top quark pair so0ol [Fake lepton 7 Uncertainty

> Fit performed in two bins of |y |-y
(Top quark or antiquark rapidity higher)

O Observed: A= -0.006 + 0.024(stat) + 0.018(syst)
> Limited by data and MC statistics

O  Agrees well with prediction (MG5amC)
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ATLAS tty charge asymmetry: ATLAS-CONF-2022-049
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tt+Z cross section measurement (ATLAS)

Measurement of t#Z in multilepton channels ¢ .

Fit in lepton / jet / b-jet bins

Backgrounds:
> Non-prompt — data-driven
> WZ/ZZ — CRs on Z peaks in 3/4%

Data / SM
oo ——

139fb™"

ATLAS
Vs=13TeV, 139 b
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Post-fit

§ Data Wtz WZ+jets
W ZZ+jets tWz M tZq

T+ W/H M Fake leptons [l Other
77 Uncertainty

DT S

3.z, /53 9. 9.
27b4/._ Aog, Zebaj_pCBT SF.1g, SF.op

TRy DRy, Mzg,  T2cg

> Remaining (e.g. t(t)+X) estimated from MC

Channel

Mtz

Trilepton

Observed: (ttZ) = 0.99 + 0.05(stat) + 0.08(syst) pb  Tetralepton

> Precision of 10%

Combination (3¢ + 4¢)

1.17 £0.07 (stat.) *3- 12 (syst.)

1.21 £0.15 (stat.) ‘_‘8%(1) (syst.)
1.19 £ 0.06 (stat.) +0.10 (syst.)

> Dominated by PS modeling, backgrounds, b-tagging
Agreement with NLO+NNLL calculation (eruc 79 (2019) 249)

o(ttZ) = 0.86 **%7/  .(scale) £ 0.03 (pdf+a,) pb

-0.08

ATLAS ttZ 3t/4¢: EPCJ 81 (2021) 737



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z

) tt+Z cross section measurement (ATLAS) 199107

[ Differential measurement via unfolding to particle and parton level with RooUnfold
A Various observables in 32 and 42 channel

> Probing tZ coupling, modeling of Z boson, top quark and additional radiation
A Compared to multiple simulations and NLO+NNLL calculation wrer 0s. 039 (2019))

> Similar trends for most simulations and calculations
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| 2= > Boosted tt+Z/H cross section measurement (CMS)

Wilson (Tuesday)

CMS simulation 13 TeV
| az/A2[TeV?] =
—0.0 06 1.0 —1.2 I

d Measurement of ttZ and ttH in boosted regime
> Single lepton channel, Xbb final state
> Sensitive to anomalous couplings in boosted regime
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il Also covered in
Bl EFT talk by Jon
Wilson (Tuesday)

Boosted tt+Z/H cross section measurement (CMS)

| EI‘ 2D measurement of ttZ and ttH — Results compatible with prediction
> Low correlation (-10%) due to good separation of signals (soft-drop mass, DNN)
> Sensitivity limited by data statistics, tt+heavy flavor modeling and b/bb-tagging
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CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)
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tt+W cross section measurement (CMS)

Dedicated Poster
by Tu Thong Tran
(Monday)
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> R(tW*/ttW") = 1.61 £ 0.15 (stat) **%7/_, _ (syst) :
c 250
) 2000 14\"30' - l5tJ)0' - 15%0' - letJ)o' - 161130' : 15
CMS ttW 2¢/3¢: CMS-TOP-21-011 (submitted to JHEP) o [l



https://link.springer.com/article/10.1140/epjc/s10052-020-7987-6
https://link.springer.com/article/10.1007/JHEP11(2021)029
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-011/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5761/
https://conference.ippp.dur.ac.uk/event/925/contributions/5845/
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Also covered in YSF talk by 139fb™
e e > tt+W charge asymmetry (ATLAS)

Keaveney (Thursday)
N (A} > 0) = N (A}, <0)
Probe charge asymmetry of top quarks and antiquarks A’C = : :
d ttW enhances qq initial state N (Ay >0)+N (Ay <0)
d Use charged leptons from top decays as proxy for top quarks

O BDT for correct lepton identification B PP toax  EEMWEoD,  EEAWEW
180 F Vs =13 TeV, 139 fb" = t?Z . -lt\it:'hprompt HF, — :;)nfpromptHFu ]
. . . 2 . :jz: i?sts_L:iTmary Wz/zZ + jets [Jl] Other 7/ Uncertainty
Fit event yields in +An* regions
120 H : :
a 3% channel 100k /////////,Q
N faceqe » /////y// o ////?//////{///

60 b s

Fiducial result unfolded to particle-level:
A.=-0.112 £ 0.170 (stat) £ 0.055 (syst)
A Limited by signal and ttZ modeling and

1 //,/f///-/-///(,/-////%1///-/4///}-/4////74/*//-////)1////-//}/y-////,/-V//
0.8

Data / Pred.

data statistics T, o, oy oy i,
Compare to generator prediction (sherpa NLO QCD+EW):
a  A_=-0.063*0%7/_  (scale)t 0.004 (MC stat)
Also confirms ttW norm. offset between simulation and data from other measurements .

ATLAS ttW charge asymmetry: ATLAS-CONF-2022-062



https://conference.ippp.dur.ac.uk/event/925/contributions/5762/
https://conference.ippp.dur.ac.uk/event/925/contributions/5727/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-062

< t
>
<
‘d S,/ |
1 kb O 1t 2t(0S) 2£(SS) 3¢+ 1 10 2t (OS) 20 (SS) 30+
( N |~ ) ( )
JHEP 11 (2021) 118 |||EPJC 80 (2020) 1085 @MS PAS-TOP-21-005 EPCJ 80 (2020) 75
201 8 S _ 201 8 & K’ o 100 S8 137 o' (13 TeV)
2017 2017
§ §‘15+~'r¢+*+ ﬁ'% ++++!**!+
201 6 BOT Score %506 04 02 0 0z 04 osBDizw; 201 6
\_ \ J|I\ ) L
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082

Status of four top searches (ATLAS) 1391~

D Multi_lepton + Ssze channel g _I TT | 1T I LI | T TT I LI | T TT | T TT I-I-I T | T I:
g L ATLAS 4 Data ittt -
£ 10'g s=13Tev, 139" [JtW Wtz —=

. . . . Q F SR ttH Q mis-id 3

[ Fit of BDT output in combined region D F postrit =Mat. Conv. EHFé .

10 Mlowm. @HFp

- [Others [ttt ]

A Backgrounds: - 77Uncertainty -
. 2L _

> Non-prompt leptons — data-driven 10

. . - ]

> ttW+jets — dedicated CR -

10
> QOther ttX — estimated from simulation

A Measured signal-strength:
H(tttt) = 2.0  0.4(stat) **7/_, ,(syst) (4.30)
> Limited by data statistics, signal and ttW 15% » ////#}&///ﬁ%//%%%f?ﬁ%
modeling

> Evidence for four top from this channel alone! g T T
BDT score

10—!}!!I!|II IIII

Data / Pred.

05

ATLAS four top SS2¢/3t+: EPJC 80 (2020) 1085 18



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/

Status of four top searches (ATLAS) 1391~

d 1€ + 0S28 channel ﬂ ——
& L ATLAS ¢ Data - fitt*
@ 501 (s5=13Tev, 139" M  [Jiivlight
O Separated into jet / b-jet SRs and CRs g it 2 easinty ]
> Fit of BDT output distribution in SRs and H_ in CRs O PostFit "t normalised to tot. bkg. ]
> Also using AK10 jet features as BDT input 0S2¢
O Background mostly tt+jets e | T
> Estimation/reweighting from low b-jet CRs y
> Bad modeling at high b-jet regions
o ol
a Measured SlgnaI_Strength % 1.5;’/”""/’/”""’*’/"///"/‘///”mwﬁﬁﬁ%{/////// -
p(tttt) = 2.2 + 0.7(stat) *'-°/_, (syst) (1.90) § ost T 4
> Dominated by signal and tt+b/c modeling and jets o 0870604020 02 04 O'ZDT"SWG‘

ATLAS four top 1¢4/0S2¢+: JHEP 11 (2021) 118 19



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/

Status of four top searches (ATLAS) 1391

ATLAS
1 Combination of ATLAS four top searches ATLAS {s = 13 TeV, 139 fb"
LR LR IR I IR R RS R R LR
> SS29/38+: EPJC 80 (2020) 1085 — tot. titt
> 198/0S29: JHEP 11 (2021) 118 stat. Tot. (Stat., Syst. ) Obs. Sig.
4 )
fa) 0t 1t 20(08)2(SS) 3t 1L2L0S| b—i—e—— 22 53 (%7 .05) 190
2018 rJHEP 11 (2021) 118 ) (EPJC 80 (2020) 1085 )
oLSS/3L @it 20 08 (%3.07) 430
2017 | | e ||| e | |
2016 Combined o —i 2.0 ig:g (ig:j ; 4:8:; ) 4.7 ¢
A Measured cross-section Bestfitp = o/ o
ttt

o(tttt) = 24 *'/_, fb (4.70)

A Larger than NLO QCD+EW calculation wrer 02 (2018) 031)
o(tttt) = 12.0 *22/_ _fb
> Compatible within 2¢
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/

BSM four top search (ATLAS)

ATLAS

EXPERIMENT

3

Also covered in BSM
talk by Daniel
Scheirich
(Wednesday)

Search for ttH/A — tttt
> New heavy scalar H/A boson in H/A — tt decay
> SS2¢ final state (follows analysis strategy in EPJC 80 (2020) 1085)

Baseline: Same BDT for four top identification

139fb™"

£ Furlas Proiminary | #Data | -mH-1000GeV- ]
> SR defined based on BDT output § [t mum @wacs
. . . . . 70;gsm4tspsSSML Wi Ew Eti@/y*)(high)
4 Additional mass-parameterized BDT for BSM identification sol. Post i B co. B ]
= I e B e B s e R B e r E =gfh:rs Et'-f'tFu E
% T»IQTLAS Pl[eliminary. l ih ObseLved {imﬁtl Ii S0 772 Uncertainty ]
d Limits on BSM signal I Fooveamson g™
c r [ J+t2c
> m(H/A) range [400-1000] GeV : | meoy i
= E tanB=1.0 3
> No excesses observed g
O ter s e e s e m:wlrr:e\;l 00E 01 02 03 04 05 06 07 08 09 :1

BSM pBDT @ 1000 GeV

ATLAS ttH/A — tttt: ATLAS-CONF-2022-008
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/

il Nick Manganelli
(Thursday)

il Also covered in 138fb_1
Status of four top searches (CMS)

D 0 S 2 'e h I C CMS}P{eI/’minf'ary ‘ 101 fo! (13TeV)
c anne @1037 . EWK - tf+le5 % E‘?certain1y~:
> Fit H.(jets) distributions in lepton / jet / b-jet categories m vt e
> Low jet/b-jet categories function as CRs %
CMS _proiminary . 138" (13 TeV, E E
1 1€ channel L = ) E
> BDT for signal / background separation 3‘ s | -
> Resolved top tagger as BDT input Comune 310 Sy +
> Lepton/jet/b-jet/top candidate regions . .;=— " | 1 [ - C ' et Muliply (4 btagged)
£ oo AR CMS Preliminary 138 fb- (13 TeV)
. é e N 22
a  All-hadronic channel <l " i 1100
> First time the all-hadronic channel is used in four top searches! ‘ e
> Fit output of BDT for signal / multijet separation bedicated Poster \»> - =
. . by Melissa
> Categories of resolved / boosted top candidates and H_ | qumantwenasn & ="
> Data-driven estimation of multijet / tt+jets backgrounds S —
A Backgrounds: tt+jets / tt+bb (+ multijet in all-hadronic channel) R

 BOT discriminant

CMS four top 08/14/0S28: CMS-PAS-TOP-21-005



http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-005/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
https://conference.ippp.dur.ac.uk/event/925/contributions/5848/

il Also coveredin 138fb_1
| e Status of four top searches (CMS)

Nick Manganelli

‘ ! (Thursday)
1 Combination of CMS four top searches CMS Prefiminary 138 fb~' (13 TeV)
'? /1 ? / 0S292: CMS-PAS-TOP-21-005 77 Expected  [s] Observed Expected Observed
> SS24¢/3%+: EPCJ 80 (2020) 75 sL e 19 1288
> 0S2¢(2016): JHEP 11(2019) 082 |
4 CMS N\ -1.3 ~-13
tgj . o W e (OS? gt 98 & < All-hadronic| 7777777777772 } by 5.833
CMS-PAS-TOP-21-005 EPCJ 80 (2020) 75
2018 SSDL&ML 5
Combined 1:04 1.404
2017 el 4 g S R N S N N S N S SR B
2 1 0 3 4 5 6 7 8 9 10 11 12 13 14 15
Expected and observed cross section best fit (p = otmlots-n'}")
2016 |
\_ L — J|\C )
4 Combined signal-strength and significance: — Sipnalsienglh St
p(tttt) =1.4+204 (400’) exp obs exp obs
> Limited by data statistics and ~ OsDL Ty 16, om 127

All-hadronic 1122 58t 042 246

i ) i New resultsonly 17070 25707 152 3.88
M| Compatlble with NLO QCD+EW calculation (JHEP 02 (2018) 031) | SSDL & multilepton 1792 110> 270 256

o(tttt) = 12.0 *2%/_, . fb AlICMS 20162018 17036 14704 321 401
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082

Summary

[ High precision inclusive/differential measurements of tt+y/Z/W
> Inclusive cross-sections established at 5-10% level
> Many differential measurements
[ Important input for modeling of processes
A Interpretations in EFT/BSM scenarios
> Also: Collaboration of CMS+ATLAS on
modeling of tt+W process (HiggsXSWG)

ahoton B}

A Searches for four top production
> Well-established evidence by ATLAS & CMS
> Analyzed full Runll in almost all top decay channels
> Observation by the individual experiments within reach

Public ATLAS TOP Results

Public CMS TOP Results
LHCTopWG Summary Plots

24


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots




Also covered in H 138fb™
I EFTiak by don tt+y cross section measurement (CMS)

Wilson (Tuesday)

[ Measurement of tty in 0S2¢€ channel

CMS Simulation 138 fb ' (13 TeV) CMS 138 fb 1 (13 TeV)
C T T T = cC T T T
o 8 Direct | & 3000 ¢ Data [ Other+y -
% ¢ From sideband % tty [ Nonprompt y -
5 7777] Syst. uncertainty § [ tZY Syst. uncertainty i
i I 2000 i -

1000 -

. i
9 e — 8 7
O 15E = 3 5= . =
; 1E @ r) ity = a 1B < ™ ¢ Z
c = = ~ = —
S 05:— ) ) . — S 05 = - I - I - ! _ | _ —
2 eu ee uw 8 1j,1b 2j,1b  =3j,1b 2j,2b  =3j,2b
2

CMS tty 2t: JHEP 05 (2022) 091 26



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/

Also covered in
EFT talk by Jon
Wilson (Tuesday)

tt+y cross section measurement (CMS)

138fb™"

Uncertainty [%]

Source Correlation " :
. Prefit range Postfit
[  Measurement of tty in 0S2#€ channel — S -
Integrated luminosity ~ 1.3-3.2 1.7
Pileup v 0.1-14 0.7
Leptons Photons Jets b jets Events _ Trigger efficiency X 0.6-1.7 0.6
pr > 25(15)GeV  pr > 20GeV pr > 30GeV pr > 30GeV Ny, =2(0C) g Electron selection efficiency ~ 1.0-1.3 1.0
7] <24 ln| < 1.44 ln] <24 ln| <24 N, =1 g Muon selection efficiency ~ 0.3-0.5 0.5
AR(7,£) > 04 AR(et,£) >04  AR(jet, £) > 0.4 Ny > 1 8 Photon selection efficiency ~ 0.4-3.6 1.1
isolated AR(jet,v) > 01 AR(et,7) > 0.1 m(£) >20GeV X Electron & photon energy v 0.0-1.1 0.1
matched tob hadron Jet energy scale ~ 0.1-1.3 0.5
o Jet energy resolution v 0.0-0.6 <0.1
Symbol Definition . .-
T PR ——— b tagging efficiency ~ 0.9-1.4 1.1
pr(7) Arsnslverse nl“"m‘;nhu B P e of the o L1 prefiring v 0.0-0.8 0.3
AR|77| ) Anso lute va ue? t s };s;:u O;Tpl ;t}; oft fi}?chowln ¢ lept Values of up and pr v 0.3-3.5 1.3
mmAR (7.€) Angular separa:on between the photon and the f ozt?s Tp i)n T PDF choice v 0345 03
ARE% 81; Angular separa;on between the photon and the e&;)llngd.ep lont "é PS modelling: ISR & FSR scale v 0.3-3.5 13
AR Z’ 2) Angulal‘ separa;on between the photon and the S'l'l eat bmgt epron éo) PS modelling: colour reconnection v 0.0-8.4 0.2
min , r ration n n an . )
/b gua se.paf a (? chveen the photona e closestbie = PS modelling: b fragmentation v 0.0-2.2 0.7
|A17(€£ )| Pseudorapidity difference between the two leptons .
. . Underlying-event tune v 0.5 0.5
Ap(£¢) Azimuthal angle difference between the two leptons ) L
. Z7 correction & normalization v 0.0-0.2 0.1
pr(¢¢) Transverse momentum of the dilepton system e .
5ty normalization v 0.0-0.9 0.8
pr(4) + pT( ) Scalar sum of the transverse momenta of the two leptons o L
. . . &0 Other+y normalization v 0.3-1.0 0.8
minAR(4,j) Smallest angular separation between any of the selected leptons and jets 4 L
. & Nonprompt v normalization v 0.0-1.8 0.7
pr(ji) Transverse momentum of the leading jet = )
Size of simulated samples X 1.5-7.6 0.9
Total systematic uncertainty 3.6
Statistical uncertainty 14
Total uncertainty 3.9

CMS tty 2¢:

JHEP 05 (2022) 091
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/

Also covered in
ML talk by Philip
Keicher (Friday)

Charge asymmetry in tt+y (ATLAS)| bmees

(Monday)

1 39fb™

EEEEEEEEEE

d  Probe charge asymmetry of top quarks and antiquarks

Total uncertainty 0.030
Statistical uncertainty 0.024
MC statistical uncertainties
: Onn < 0.6 Onn 2> 0.6 tty production 0.004
ti_;’)/ prOd (Slgnal) 6660 £+ 350 6910 £+ 340 Background processes 0.008
tty decay 14100 &= 3100 1900 £ 560 . -
Modell taint
h-fake 3400 + 1400 790 + 360 S i
e-fake 6420 + 860 1480 + 260 tty production modelling 0.003
¢ Background modelling 0.002
prompt -y 6400 4 2000 1300 =+ 400 N
P k d lisat }
loten o 410 + 110 57 + 35 rompt background normalisation 0.003
Total 37400 + 4500 [ 12400 + 1100 Bixperimental- unpertainties
Data 38527 13763 Jet and b-tagging 0.010
Fakfa lepton background estimate 0.005
Eq™ 0.009
Fake photon background estimates 0.004
Photon 0.003
Other experimental 0.004

ATLAS tty charge asymmetry: ATLAS-CONF-2022-049
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https://conference.ippp.dur.ac.uk/event/925/contributions/5843/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-049/
https://conference.ippp.dur.ac.uk/event/925/contributions/5732/

tt+Z cross section measurement (ATLAS) 13977

ATLAS
E 900 ata +jets
O Measurement of t#tZ in multilepton channels 8 w0 %Ti?;ev,1sgfb-1 B B
% 700F  3-WZ-CR [l Fake leptons [l Other
& eoof et 77 Uncertainty

400F /////
i 300f Z
Variable 3¢-WZ-CR 4¢-Z27Z-CR ol /////
N[’ (f =e, ,Ll) =3 — 100* /%WW////V/A ////// @

1 OSSF lepton pair with | 2 OSSF lepton pairs with

b’)bo_ki\:’lp

%///%///// //%%//%

lmep —mz| < 10GeV |mpp —mz| < 10 GeV 100 150 200 250 300

Leading lepton p_ [GeV]

Data/SM
oo —a-a

pr(€y, &5, €3, £1) > 27, 20, 20 GeV > 27, 20, 10, 7GeV .

g ATLAS ¢ Data [zz+jets
ZVthS 2> 3 - ‘V‘|§_Z=Z1_g:;ev,139 fo! B other 77 Uncertainty
Np.jets @85% =0 - G
Emiss

= 20GeV < EISS < 40 GeV

15F T T T T T T S

,,/3#,//#/,%//////////%/////{//////%{%///////%//////// %/z

1 2

Data/ SM
T

>6

Nje(s

ATLAS ttZ 30/4L: EPCJ 81 (2021) 737 29



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/

)

EXPERIMENT

tt+Z cross section measurement (ATLAS)

d Measurement of ttZ in multilepton channels

Variable 3(-Z-1b4j-PCBT 3¢-Z-2b3j-PCBT 3(-Z-2b3j
inclusive inclusive differential
Ne (€= e, p) =3
>1 OSSF lepton pair with [mZ, - mz| < 10GeV
for all OSSF combinations: mgpgsg > 10 GeV
pr (1, €2, €3) > 27, 20, 20 GeV
Niets >4 >3 >3
Np jets = 1@60% > 2@70% > 2@85%
veto add. b-jets@70%
Variable 4¢-SF-1b 4¢-SF-2b 4(-DF-1b 4¢-DF-2b
Ne(t=e ) =4
>1 OSSF lepton pair with [mZ, - mz| < 10GeV
for all OSSF combinations: mpgsp > 10 GeV
pr (b1, 02, 03, Ly) > 27, 20, 10, 7 GeV
ggnon-Z ete™ or utu~ ete™ or ptu~ et uF et u®
Emiss > 100 GeV, > 50 GeV, = =
if [mI"Z —mz| < 10GeV  if [mI"Z — mz| < 10 GeV
> 50 GeV, -
if [mI9Z — mz| > 10 GeV
Niets 2 >2 >2 >2
=1 >2 =1 >2

Np-jots @85%

Uncertainty Aoiz|oiz %]
ttZ parton shower 3:1
tWZ modelling 29
b-tagging 2:9
WZ/ZZ + jets modelling 2.8
tZq modelling 2.6
Lepton 23
Luminosity 22
Jets + EMiss 2.1
Fake leptons 2.1
ttZ ISR 1.6
ttZ pg and p, scales 0.9
Other backgrounds 0.7
Pile-up 0.7
ttZ PDF 0.2
Total systematic 8.4
Data statistics D2
Total 10

ATLAS ttZ 3t/4¢: EPCJ 81 (2021) 737

139fb™"
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)

EXPERIMENT

d Measurement of ttZ in multilepton channels

tt+Z cross section measurement (ATLAS)

139fb™"

Region 30-Z-1b4j 3¢-Z-2b3j 4(-SF-1b 4(-SFE-2b 4¢-DF-1b 4(-DF-2b 3¢-WZ-CR 4(-ZZ-CR
-PCBT -PCBT
1tz 185+ 16 247 + 20 145+1.7 269 +2.5 193 +1.8 26.7+2.3 45+ 11 0.8 +0.1
WZ +1 24+1.8 0.2+0.3 - - - - 1068 + 110 -
WZ+b 20+ 11 10.8 £6.1 - - - - 11.2+6.3 -
WZ+c 10.8 +4.8 1.8 +£0.8 - - - - 207 + 87 -
ZZ +1 03+0.2 0.02 +£0.02 1.7+£0.7 09+0.5 0.5+0.1 0.02 +0.01 121 £ 15 496 + 26
ZZ +b 3.0+1.6 20+1.0 09+0.6 25+1.5 0.2+0.1 0.07 +£0.07 1.8+0.9 129 +7.1
ZZ+c 0.7+0.2 0.1 +0.1 0.9+0.5 1.1 £0.6 0.2+0.1 0.02 +0.01 13.0+4.1 19.8 +7.1
tWZ 23.8+4.0 20.5+7.0 2.7+0.4 22+0.8 3.8+1.1 23+0.9 13.2.£1.2 0.2+0.1
tZq 10.8 +4.5 29.7+9.0 - - - - 8.6 +3.2 -
tt+W/H 58+09 10.1+2.2 0.5+0.1 09+0.1 0.6 £0.1 0.8 +0.1 1.8+0.4 0.01 +£0.01
Fake leptons 2311 11.0£53 0.7+0.3 09+04 0.9+0.5 0.3+0.1 65 +31 7.9+3.1
Other 0.7+04 1.5+0.7 0.7+0.3 0.2+0.1 0.7+0.4 0.2+0.1 12.4 +6.3 1.0+£0.5
SM total 286 + 13 334+ 15 225+ 1.8 356 +2.7 26.1+1.9 30.3+2.2 1569 + 43 539 £23
Data 272 343 19 33 33 32 1569 539

ATLAS ttZ 3t/4¢: EPCJ 81 (2021) 737
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tt+Z cross section measurement (ATLAS)

139fb™"

d Measurement of ttZ in multilepton channels

Variable Definition
E pa Transverse momentum of the Z boson
& | 14 Absolute value of the rapidity of the Z boson
Niets Number of selected jets with pp > 25 GeV and || < 2.5
< ,fr’non'z Transverse momentum of the lepton which is not associated with the Z boson
- [AG(Z, t1ep)| Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W — {v decay
|AY(Z, tiep) | Absolute rapidity difference between the Z boson and the top quark (antiquark) featuring the W — {v decay
Niets Number of selected jets with py > 25 GeV and || < 2.5
S |Ap (L], é’f“)l Azimuthal separation between the two leptons from the 77 system
|Ap(tt, Z)| Azimuthal separation between the Z boson and the ¢ system
pfrf Transverse momentum of the #f system

ATLAS ttZ 3t/4¢: EPCJ 81 (2021) 737
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Also covered in
EFT talk by Jon
Wilson (Tuesday)

A Measurement of ttZ and ttH in boosted regime

Boosted tt+Z/H cross section measurement (CMS)

Missing transverse momentum pre > 20GeV
pr(e) > 30 (35GeV) in 2016 (2017 and 2018)
pr(p) > 30GeV
n(e)] <2.5,[n(u)| <24
Imim(e)/pT (e) <0.2, Imini(ﬂ) /pT(]/l) < 0.1
pr > 200GeV, || < 2.4
50 < msp < 200 GeV
=1 Z or Higgs boson candidate AK8jet Highest bb tagger score (>0.8)
>5 AK4 jets (may overlap AKS jets) pr > 30GeV, || < 2.4
. Satisfy medium DEEPCSV b tag requirements
22 b-tagged AKd jets AR(chagged AK4 jet, Z or Higggs bgson candidate) > 0.8

=1 electron or muon

>1 AK8 jet

Source of uncertainty Mgy  Apgy
tt + cc cross section B
tt + bb cross section o8 Ao
tt + 2b cross section 003 40.09
pr and pig scales B ol
Parton shower fgﬁg fg:gg
b tagging efficiency a £0.10
bb tagging efficiency roas o

Jet energy scale and resolution 40.11 fg:g

Jet mass scale and resolution +0.10 +0.08

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)

Name Description

tt system

bpr pr of the leading (subleading) b jet

b score DEEPCSV score of the leading (subleading) b jet

qpr pr of the leading (subleading) non-b jet

q score DEEPCSV score of the leading (subleading) non-b jet

AR(b,q) minimum AR between the leading (subleading) b jet and any non-b jet

AR(q,q) AR between the non-b jets closest and next-to-closest to the leading (sub-
leading) b jet

m(q+q) invariant mass of the non-b jets closest and next-to-closest to the leading
(subleading) b jet

AR(b,q+q) AR between the leading (subleading) b jet and the sum of the nearest and
next-to-nearest non-b jets

m(b+q+q) invariant mass of the leading (subleading) b jet and the nearest and next-to-

AR(Z/H,b+q+q)

AR(Z/H,b+b+q+q+¥)

mr(b+ £, )
m(Z/H+b)
m(b+b)
AR(b,b)
AR(Z/H,q)
AR(Z/H,b)
AR(Z/H, ()
m(Z/H+()
AR(b,0)
m(b+¢)

N (bou)

N(qout)

Event topology
N(AKS jets)
N(AK4 jets)
N(Z/H)

AKS rmsp
Hr(bout)

Hrt (boul/ Jout, é)

sphericity
aplanarity

nearest non-b jets

AR between the Z or Higgs boson candidate and the sum of the leading (sub-
leading) b jet and the non-b jets nearest and next-to-nearest to the leading
(subleading) b jet

AR between the Z or Higgs boson candidate and the sum of the leading and
subleading b jets, the non-b jets nearest and next-to-nearest to the leading
(subleading) b jet, and the lepton

transverse mass of the subleading b jet and the lepton

invariant mass of the Z or Higgs boson candidate and the nearest b jet
invariant mass of the leading and subleading b jets

AR between the leading and subleading b jets

AR between the Z or Higgs boson candidate and the leading non-b jet

AR between the Z or Higgs boson candidate and the leading b jet

AR between the Z or Higgs boson candidate and the lepton

invariant mass of the Z or Higgs boson candidate and the lepton

AR between the leading (subleading) b jet and the lepton

invariant mass of the leading (subleading) b jet and the lepton

number of b jets outside the Z or Higgs boson candidate cone (AR > 0.8)
number of non-b jets outside the Z or Higgs boson candidate cone (AR > 0.8)

number of AK8 jets, including the Z or Higgs boson candidate

number of AK4 jets

number of AKS8 jets with a minimum AKS bb tagger score of 0.8

maximum mgp of AK8 jets, excluding the Z or Higgs boson candidate

Hr of the b jets outside the Z or Higgs boson candidate cone (AR > 0.8)

Hr of all AK4 jets outside the Z or Higgs boson candidate cone (AR > 0.8)
and the lepton

sphericity calculated from the AK4 jets and the lepton [? ]

aplanarity calculated from the AK4 jets and the lepton [? |

Z or Higgs boson candidate substructure

bin score
AR(bin, bout)

N(bin)
N(qin)

Z/H bb score

maximum (minimum) DEEPCSV score of AK4 jets within the Z or Higgs
boson candidate cone (AR < 0.8)

AR between one b jet within the Z or Higgs boson candidate cone (AR < 0.8)
and the leading b jet outside of the Z or Higgs boson candidate cone
number of b jets within the Z or Higgs boson candidate cone (AR < 0.8)
number of non-b jets within the Z or Higgs boson candidate cone (AR < 0.8)
AKS bb tagger score of the Z or Higgs boson candidate

138fb™"
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Wilson (Tuesday)

Boosted tt+Z/H cross section measurement (CMS)

d Measurement of ttZ and ttH in boosted regime

CMS 138fb™" (13 TeV) CMS 138fb™" (13 TeV)
3 T T '3 T T E
= SM ttZ 95% CL upper limits = SM ttH 95% CL upper limits
5 108 — Obs. mes%exp. | | & 10° — Obs. E68% exp. |
© ---- Median exp. [195% exp. © ----Median exp. [195% exp. 3
% ] :
2 e 2
g 102 i3 102 E
) I S —aaa
B
10! 10! —_—
s f } s }
» 10 4{ % 10 C— E
. o
— 100t — 100 ]
L 1 1 L 1 1 1
200 300 450 00 200 300 450 )
Simulated p? [GeV] Simulated p!! [GeV]

Signal p%/ Hinterval [GeV] 95% CL upper limit [fb] 95% CL upper limit / SM
Observed  Expected  Observed Expected

ttZ 200-300 360 490 210 3.4 4.7 129
300-450 209 135138 4.9 3208
450 49 5142 4.0 41473
ttH 200-300 420 740 3% 8.0 14.1 157
300-450 60 472 3.2 PAG

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)~4s50 958 16.5+73 20 33+19
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-t tt+W cross section measurement (CMS) | biowica:
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138fb™"

| EI‘ Measurement of ttW in SS2£/3€ regions

138 fo'' (13 TeV) 138 fb' (13 TeV)
(2] g T T T T T T T T T [7)] T T
c 10 -1
CMS ¢ Data ENZZ S 10+ ¢ Data WEZZ —
L% 10"~ prefit mtw  mmwz ) — ,_%’ CM.S  ttw Wz
e I Other [ Conversions L Prefit B Other [ Nonprompt
ttH N t 1 N
e mizy | Tomuwe | 0L — :%;/v* S Totalunc.
1b >1b — 27 12 _]
10°
10
107
B ot4E T T T T ' o5
1.2 ¢ ' 8 1.4F ' ‘ -
S NN e | ¢
g o8 315 AT g
1 2 353 2 3 4542 3 4354 8 oo | | E
Number of jets >0j 0j 1b >1b

CMS ttW 2£/3¢: CMS-TOP-21-011 (submitted to JHEP) %
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tt+W cross section measurement (CMS)
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Dedicated Poster

CMS ttW 2t/3¢: CMS-TOP-21-011 (submitted to JHEP)

= 1 by Tu Thong Tran
k‘\ i '(I:P::sgd Z;z;n (I\y/l;l)-ndTay) ot
[ Measurement of ttW in SS2£/3¢ regions
o e B8O e BT (18TEY) o€ 138 o' (13 TeV)
8 CMS ¢+ Data [ Diboson ] 8 800— CMS + Data [ Diboson c - I ! cl)blse;,veldl o 3
S | postit W mComesis S [ pogy  mi Soomesins ]2 70 P -
2 . SufiH g Nomprompt | 2 et e Nonmome NI ¥/, JHEP 11 (2021) 029 ]
L%J T Rivdoad - Total unc. |_?>j -ttZ/y . Total unc. 6 E_ = 68% CL _E
5F 95% CL —
4f -
3
0 0 2F E
B 14 8 120 i R E
E 1'21:.0,. SNV PRI SR ) + +\,..\,\..\T: & 11}++‘+\\é§'+\++<+*\+; E .
2 o SR I e
00102 03 04 05 06 07 0809 1- 0 0102 03 04 05 06 07 08 09 1 1 2.9 G 3+/0 35
NN disgriminant | givforechiiigiminan W™~ W
Observable Measurement NLO + NNLL NLO + FxFx
Taw 868 & 40 (stat) = 51 (syst) fb 592 78>’ (theo) fb 722 T7% (theo) fb
Taw+ 553 430 (stat) &= 30 (syst) fb 384 733 (theo) fb 475 25 (theo) fb
T~ 343 £ 26 (stat) = 25 (syst) fb 198 735 (theo) fb 247 727 (theo) fb
Oaw: /Ogw- 1.61 £0.15(stat) 007 (syst)  1.94 7037 (theo)  1.92 7037 (theo)
. . : 36
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| isulyTy tt+W cross section measurement (CMS) | bimmess

i| Thong Tran

, (Tuesday) (Monday)

[ Measurement of ttW in SS2£/3¢ regions Eupermen uncertainties E—

Process G 0 AT AN o0 Y e ¥

(W 677+21  355+12 1194492 653+54 P

Nonprompt 2490 £ 600 2360570 325+75  298+71 o jggz‘;uﬁm gfj

Charge misID 5204110 5204111 — — Ty

ttH 167 £34 169+ 34 56 + 12 57 +£12 Crorsemiaensction e

tZ/ 7" 335426 333426 145413 147413 W remacaion

Diboson 382488 285465 468491 380475 Comriors o7

Other 178 +34 126427 434+82 335474 Zznormalization o6

Conversions 177 +54 192459 229471 240+74 A 1

Total background 4250 +620 4000+590 639 £ 80 600 =76 tHq normalization 02

Modeling uncertainties

Total prediction 4920 =620 4350 £590 758 £81 663 =76 Dol 15

ttW color reconnection 1.0
ISR & FSR scale for ttW 0.8
Data 5143 4486 834 744 e
VVV scale 0.3
ttH scale 0.2
Conversions 0.2

Simulation statistical uncertainty 1.8 37

CMS ttW 28/3[ CMS' TOP'Z 1 '0 1 7 (SU bm |tted tO J H EP) Total systematic uncertainty 5.8
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< Status of four top searches (ATLAS) 1990

EXPERIMENT

| Region ’ Channel | N; ‘ Np | Other requirements ‘ Fitted variable |
1 Multi-lepton + SS2€ channel
| SsR | otssaL | 26 [ >22] Hr > 500 | BDT |
CR Conv. | efef|lexu* | 4<N;, <6 | >1 mS& €10,0.1 GeV] mbY
* l’l = J = ee Ve ee
200 < Ht < 500 GeV
CR HF e eee || eeu - =1 100 < Ht < 250 GeV counting
CRHF u | eppl| puu - =1 100 < Ht < 250 GeV counting
CRUW | e*p*||u*u* >4 >2 mSY ¢ [0,0.1 GeV], [(e)| < 1.5 Zpt,
Parameter | NF;w NFMat. conv.  NFiLow mye NFyF ¢ NFuF 4 for Nb =i, HT < 500 GeV or ]V] <6
Value 1.6+0.3 1.6 +0.5 09+04 08+04 1.0x04 for Np > 3, Hp < 500 GeV
£ 90 - 2 - > AR LR AR RN RRARE RS RN RARR > 200~ T T T T
S ATLAS +Data Wit S 140F ATLAS +Data it 8 ATLAS -+ Data miit ] & I amas -+ Data mtitt ]
@ 80F (s=13Tev, 139" [JW M@tz frr s=13TeV,1391b" [JW [tz - s=13TeV,139b" [JEW mtiz 1 g "8F fs=13Tev, 139" [OtiW mtiz E
CRHFe WtH  @EMat. Conv. 120/ CRHF 1 WtH  @EMat. Conv. N GR Conv. m|tH 0JQ mis-id ] % 160D CRUW mtH 0JQ mis-id ]
70f Post-Fit [@HFe mLowm,. Post-Fit [@HFe mLowm,. 2 Post-Fit @ Mat. Conv. @HF e — € [ Post-Fit @ Mat. Conv. @HF e ]
WHF p @Others WHF p @Others g Elowm,. @WHFu ] 2 40k mlowm,. @HFp
60 Ottt 7~ Uncertainty 100 Ottt 77 Uncertainty o WOthers [ttt 1 “E WOthers [ttt ]
] 77 Uncertainty ] 77 Uncertainty -
g / 7 v DI A . E
A EZZZZZ——"—""% " """ B ]

Data / Pred
¢ — ’8 o
Data / Pred

(AL

7

7! 7!
0.5 0.5

Data / Pred.

o
a
o
a

=]

oS N
3

Data / Pred.
(2]

1 1 1 1 1
035 04 100 150 200 250 300
mEy [GeV] L) [GeV]

ATLAS four top SS2¢/3t+: EPJC 80 (2020) 1085 %8
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Status of four top searches (ATLAS)

1 Multi-lepton + SS2¢€ channel

Uncertainty source Au
Signal modelling

titt cross section +0.56 -0.31
titt modelling +0.15 -0.09
Background modelling

ttW+jets modelling +0.26 -0.27
tit modelling +0.10 -0.07
Non-prompt leptons modelling +0.05 -0.04
ttH+jets modelling +0.04 -0.01
ttZ+jets modelling +0.02 -0.04
Other background modelling +0.03 -0.02
Charge misassignment +0.01 -0.02
Instrumental

Jet uncertainties +0.12  -0.08
Jet flavour tagging (light-flavour jets) +0.11 -0.06
Simulation sample size +0.06 -0.06
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 -0.02
Jet flavour tagging (c-jets) +0.03 -0.01
Other experimental uncertainties +0.03 -0.01
Total systematic uncertainty +0.70 -0.44
Statistical +0.42 -0.39
Non-prompt leptons normalisation (HF, Mat. Conv., Low m,«) +0.05 -0.04
ttW normalisation +0.04 -0.04
Total uncertainty +0.83 -0.60

ATLAS four top SS24/3{+: EPJC 80 (2020) 1085

SR SR and BDT >0

ttW+jets 102 + 26 23+ 10
ttWW 7+4 2+1
ttZ+jets 48+ 9 9+2
ttH+jets 38+9 8+2
Q mis-id 16 +1 2.7 +0.2
Mat. Conv. 19+ 6 3+1
Low m, 9+4 09+0.5
HF e 3+3 1+1
HF u 12+6 3k 2
LF 4+5 1+1
Other fake 6+2 2+1
VV,VVV,VH 3+2 02+0.2
tZq,tWZ S+2 1.0+ 04
Other 11X 3+2 1+1
tit 3+3 2+2
Total bkg 278 £ 22 59+ 10
titt 60 £ 17 44 + 12
Total 337+ 18 103 + 10
Data 330 105

139fb™"
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Also covered in BSM
talk by Daniel
Scheirich
(Wednesday)

)

TL

EXPERIMENT

BSM four top search (ATLAS)

d  Search for ttH/A — tttt

139fb™"

Process ‘ Pre-fit | Post-fit Region | Channel | N; | Ny | Other selection cuts Fitted variable
titt 223+54 [259+5.4 T . mSY €[0,0.1] GeV PV
1fW QCD 94293 |71z6s | REW |elley |asN<o =l 200 < Hr < 500 GeV Mee
ttW EW 1.3+£0.5 | 1.4+0.6 CRHF e eee || eeu = 100 < Ht < 250 GeV Yield
nww 1.8+1.0 | L.9+1.0 CR HF u epp || ppp =1 100 < Ht < 250 GeV Yield
tt_(Z/y*) (high mass) 8.5+£22 |92+23 mSX ¢ [0,0.1] GeV, |n(e)| < 1.5

1tH 7217 | 78+1.7 CRW | e*pu* || p*p* >4 >2 | for Ny = 2, Hr < 500 GeV or N, < 6; 282
QmisID 2.1+£0.1 2.1+0.1 for Ny > 3, Hr < 500 GeV

Mat. Conv. 1.8+£0.6 | 3.0£1.2 ' "CRIowBDT | SS+3L >6 | >2| Hr>500GeV, SMBDT <0.55 SM BDT
Low m,+ 1.2+0.6 | 0.8+0.8

HE ¢ 06508 | 06405 BSMSR | SS+3L | >6 |>2]| Hr>500GeV,SMBDT>055 | BSMpBDT
HF u 27+1.0 | 29+12

LF 1.1+12 |04+10  Parameter | A;/wQcp  AMat. Conv.  ALow m - AHF e AHF 4
Other fake 1.1+0.7 1.3+0.7

iz AWZ 0903 | 09+03 Value 1.3+03 1.5+05 06+05 09+04 1.0x+0.2
VV,VH,VVV 0.3+0.1 0.3+0.1

1t 1.9+1.9 | 23=+2.1

HtWZ, ttZZ, ttWH, ttHH 1.3£03 | 14+0.3

Total background | 65.6+13.2 [79.5+6.8

ttH(— tf), myg = 400 GeV | 38.6 +2.4 -

ttH(— tf), mg = 1000 GeV | 4.4+0.2 —

Data ‘ 91

ATLAS ttH/A — tttt: ATLAS-CONF-2022-008
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() | thsomsgness BSM four top search (ATLAS)

Scheirich

ATLAS (Wednesday)

EXPERIMENT

d  Search for ttH/A — tttt

*: normalised to total background

Q T T 1T I TTTT I TTTT | TTTT I TTTT I TTTT | TTTT I TTTT I T 1T
§ _ ATLAS Preliminary ¢ Data ---mH=400 GeV * |
W el Vs=13TeV, 139"  ---mH=1000 GeV * Mttt _
= BSM 4tops SSML [Jttw QcD WiwEW 3
C Baseline SR Wtttz (high)  IBtH 3
I Pre-Fit [C]QmisID [ Mat. Conv. 7
3 —
10 = WlLowm,. EHF e E
= BHF p @ Others ]
B Ot 7 Uncertainty i
102 & =
10
1
. 1071 J .| } | } | | i = } ;i e i | } | | } =5 = S| ! | | ! | S5 i |
2 g T E
D15 4 ) % }//} }—:
o] E
£ 1W/ / W/// W iz
0.5F E
%- 1 1 1 1 _1

02 03 04 05 06 07 08 09
SM BDT

139fb™"

ATLAS ttH/A — tttt: ATLAS-CONF-2022-008

=3 3
8 ATLAS Preliminary —e— Observed
251 Vs=13TeV,139fo"  ---- Observed 1o, 3
. BSM 4tops SSML — — Expected
p [ ] Expected £ 15, oot [
:\ Scalar+pseudo-scalar
0 T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1
m, =m, [TeV]
=8 3
S ATLAS Preliminary —e— Observed
251 Vs =13 TeV, 139 fo’' ---- Observed £ 1o, a
. BSM 4tops SSML — — Expected
o [ ] Expected 10 gy periment i
Scalar
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) Status of four top searches (ATLAS) 1391

d 1€+ 0S2¢€ channel

Uncertainty source Description Components (number)

tt+>1b normalisation +50% ti+b, ti+bb, ti+B, ti+>3b (4)

tt+>1c¢ normalisation +50% tt+>1c (1)

Generator choice PowHEG v§s MADGRrAPHS AMC@NLO (tt+light, t1+>1c, tt+b, ti+bb, ti+B, ti+>3b)
® (shape, migration) (12)

PS choice PyTHiA 8 vs HERWIG 7 (ti+light, t7+>1c, ti+b, ti+bb, ti+B, ti+>3b)
® (shape, migration) (12)

Renormalisation scale Varying p, in POWHEG tt+light, t1+>1c, tt+>1b (3)

Factorisation scale Varying u; in POWHEG tt+light, tt+>1c, tt+>1b (3)

ISR Varying ag(PS) in PyTHIA 8 tT+light, t7+>1c, ti+>1b (3)

FSR Varying u; (PS) in PyTHiA 8 tt+light, t1+>1c, tt+>1b (3)

SES vs 4FS PowHEGBOxREs (4FS) vs PownecBox (5FS) ti+b, ti+bb, ti+B, ti+>3b (4)

ATLAS four top 1¢4/0S2¢+: JHEP 11 (2021) 118 42
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PERIMENT

Status of four top searches (ATLAS)

139fb™"

1L 2LOS
ad 1€+ 0S22 channel +5b | | ! R
o 24b ! : Signal regions
Name NEO% NZO% NES% Signal regions ——— | : : :
— 4b i ! |
2o - =2 . 3bV i Validation regions
3bL £2 =3 - | | 1
3bH =3 =3 =3 3bV Validation regions | = [T i | |
3bV =3 =3 >4 3bH i | i
>4b (2L >4 - | i ' i
" (l(L) o8 - ) ) 3H| b b B +----- Control regions ----
>5b (1L) - >5 O el 2 3bL ! ! !
- - 3bL , : :
""""""" i [ i
2b tt+jets kinematic reweighting regions 2b ttﬂeits kinematic r?awelghtlng reiglons
; i :
7j 8j 9j 210j 5 6j 7j 28j
ATLAS Simulation ltftf [ltf+|ight |:|t§+21c ATLAS Simulation ltitf th+light Dt§+z1c
Vs=13TeV, 139 fb” Oti+b  Wtt+B  Wtt+bb Vs=13TeV, 139 fo'' mtt+b  @tt+B  Wtt+bb
1L Wit+>3b [@non-tt 2L0OS Wit+>3b [@non-tt
IS I —
3 3
= £
8 8
[0 [0
= =
k] k]
[ [
o o

7},3bH

>8j,30H

6j,3bV

>8j,3bV
6j>4b
7i24b
>8j,>4b

ATLAS four top 14/0S2t+: JHEP 11 (2021) 118
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) Status of four top searches (ATLAS) 1990
d 1€+ 0S2¢ channel
ﬂ T T T T T T T T & T T T T T
5 ATLAS ¢ Data  -- fitt* S ATLAS ¢ Data  --fitt*
@ 5L Vs=13TeV, 139 fb™ [ Jiii Ott+light ] o Vs=13TeV, 139 fb” W i Ott+light
1L Ott+>1c  @tt+=1b . 2LOS Ott+>1c  @ti+=>1b
Post-Fit mnon-tt  “/ Uncertainty 10" F Post-Fit @non-tt  /~ Uncertainty 3
10° *: normalised to tot. bkg. *: normalised to tot. bkg.
10°
10°
10? 10?
10 10
1-3 1.25 8 1.25
o 1—0—0*0%%&4&%% o 1
s 075 s 075
© ©
[s] — | .| T T T o] o] Q Q Q o} [s] — . - T T T Qo el o
s 8 8 8 8§ 8 2 5 & & A R 8 8 8 8 8§ &8 i1 1 X
) <) § ) > <) = © o § %) i< o/g‘ [} i< ‘ﬁ © i< oﬁ
Al A Al
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ATLAS
a 1€+ 0828 channel

ﬂ T T T T | T T T T
5 10 = ATLAS ¢ Data E
w = {s=13TeV, 139 fb! signal (u=1.0) m
C 1L/2LOS : _ :

Post-Fit Wl signal (u=2.2)
10* = [ ]Background =
= 7/, Bkg. Unc. 7
10°= =
10°E E
. - | | | ! | Il | Il ! | | | |
2 1.6F ... signal (u=1.0) + Bkg.
@ 1-;;‘ — signal (u_=2.2) + Bkg. =
© 2F i .=
8 T P z
25 2 15 - 05

log, (S/B)

ATLAS four top 14/0S2t+: JHEP 11 (2021) 118

Status of four top searches (ATLAS)

Uncertainty source Ao ;7 [Tb]
Signal Modelling

tttt modelling +8 -3
Background Modelling

tt+>1b modelling +8 =7
tt+>1c modelling +5 -4
tt+jets reweighting +4 -3
Other background modelling +4 -3
tt+light modelling +2 =2
Experimental

Jet energy scale and resolution +6 4
b-tagging efficiency and mis-tag rates +4 -3
MC statistical uncertainties +2 =2
Luminosity <1
Other uncertainties <1
Total systematic uncertainty +15 =12
Statistical uncertainty +8 -8
Total uncertainty +17 =15

139fb™"
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Il Also covered in i 101fb_1
| ey Status of four top searches (CMS) | bz,

il Nick Manganelli

(Thursday)

| ‘I:I‘ 0S22 channel

> only analyze 2017 and 2018 _CmMs 0 1017 (18TeV)
> 2016 measurement in JHEP 11 (2019) 082 "g“’ P it R
§ R tt+ bb t data
3 Fit H (jets) distributions in lepton / jet / b-jet categories Ho - E
I
> Low jet/b-jet categories function as CRs ‘
10'f
A Backgrounds mostly ttbb/ttjj/ttX
> estimated from simulation 10°%
31'55' l l l i simlAunc.
A Measured signal-strength: (i f =
- 1.4 |
H(tttt) = 1.6 *'%/ . . (1.30) R B T

CMS four top 0/18/0S2¢: CMS-PAS-TOP-21-005

Jet Multiplicity (4+ B-tagged)



http://dx.doi.org/10.1007/JHEP11(2019)082
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
https://conference.ippp.dur.ac.uk/event/925/contributions/5849/

| S Status of four top searches (CMS)

il Nick Manganelli
(Thursday)

d 1€ channel

1 38fb™

137.4 o' (13 TeV)

A BDT for signal / background separation CMS Preliminary
> Resolved top tagger as input 10°
> Fit BDT distributions < 10
> Lepton/jet / b-jet / top candidate regions E 10
A Background dominated by ttbb 159
> estimated from simulation
%’ 15
A Measured signal-strength: E O.;

p(tttt) = 1.2 + 0.9 (1.40)

CMS four top 0/14/0S2t: CMS-PAS-TOP-21-005
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Il Also covered in i 138fb_1
| oy Status of four top searches (CMS) | b=

§l  Nick Manganelli h
(Thursday) Quinnan (Monday)

| 1 All-hadronic channel
> First time the all-hadronic channel is used in four top searches!

CMS 138fb~' (13 TeV)
A Fit output of BDT for signal / multijet separation R O -
> Categories of resolved / boosted top candidates Canl g | L1106
> Further divided into H-(jets) bins =

n
=1
o

EiE

-
o
o

A Backgrounds:
> Multijet / tt+jets — data-driven estimation
> Minor contributions estimated from simulation

o

=]
o
OIIIEIIIHT[TIIIIIIII{I

. . . . : 5 e o i 2
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BDT discriminant

o
w
(ol
o

A Measured signal-strength:

() 25,025/ (250 i =—
> High fluctuation relative to expected 0.40 e e
48
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tt+y cross section measurement (ATLAS)

Combined measurement of tty+tWy in OS e+ channel

Fiducial region at parton level

139fb™"

g 700000y —<— )

> Resonant tty and non-resonant tWy from pp—bWbWy process e .
iduci i : g WQ@
: S

> ep from W decays, two b-jets from top decay, one y
Fit S_ distribution for inclusive cross-section

Backgrounds mostly t-decays and non-prompt
> Estimated from simulation

Observed: o(tty) = 39.6 * 0.8(stat) *>%/_, (syst) fb

> Precision of 6%

> Dominated by S&B modeling + photon identification
Agrees well with calculations wHep 10 (2018) 158, JHEP 01 (2019) 188)

o(tty) = 38.5 %036/ (scale) *%4/ ___(pdf) fb

-2.18 -1.18

ATLAS tty+tWy eu: JHEP 09 (2020) 049

= AL LR LALANLAAL) LAALI LLLL IR R R R
0} - ATLAS ¢ Data ]
o 14 (s=13TeV, 13910 Wtty eu -
5 - eu WtWy en .
w42 [ Other tty/tWy |
| Post-Fit [ h-fake ]

10~ [Mle-fake _'

[ JPrompt y bkg. ]
77 Uncertainty

o

4. WW%A/%%/ )

0.7
200 300 400 500 600 700 800 900 100011001200
S, [GeV]

o i
o) -y
~ N
g . g

Data / Pred.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
https://link.springer.com/article/10.1007/JHEP10(2018)158
https://link.springer.com/article/10.1007/JHEP01(2019)188

tt+y cross section measurement (ATLAS)

Differential measurement via unfolding to parton level with RooUnfold
Photon kinematics well-described by NLO calculation and MG5aMC simulations

(sensitive to ty coupling)

NLO calculation describes observables related to leptons better

(sensitive to tt spin correlations)

139fb™"

< L B T T T T T T ’\j1.2_""\""|""|"“|""|"" T _E1.8_I""I““‘"'I""I""\""I""\"""'_
8 1 E ATLAS ® Unfolded data E _8% C ATLAS ® Unfolded data ] < 1 6:_ATLAS ® Unfolded data =
= F \s=13TeV, 1391b" thy+tWy (MG5_aMC+Pythia8) _g 1-\s =13 TeVv, 139 fo” tiy-+tWy (MG5_aMC+Pythia8) —| 8 a.? "E vs=13TeV, 139 fo! tiy+tWy (MG5_aMC+Pythiag)
:’\ I Normalised cross-section - _ _. {fy.twy (MG5_aMC+Herwig?) | . [ Normalised cross-section - - - fiy+tWy (MG5_aMC+Herwig7) | < 1.4 —Normalised cross-section  ___. tiy+tWy (MG5_aMC+Herwig?)
oS 10" e A Theory NLO — 1o 0.8 C eu 4 Theory NLO = L0 19 Feu A Theory NLO =
© _g' ® [ stat. 3 Tk I stat . —lo C N stat. 3
: - Stat @ Syst. - - Stat @ Syst. — 1 Stat @ Syst. -
Tie 2 — 0.6 = ]
107 E C 0.8 =
i . 0.4 - 0.65 3
10° = 02 C ] 0.4 —
- ] === ] 0.2F E
0_ | I ] I N 0:| ] I ] =
i g 1.5 g 1.5
© T T
o Sy o
B B B
a & 05 g 05
(&) J T 012 T T T 0113g| T LA IS I T T
= = 7 = - e =
o o .- o
0)095 I P P T T S S N N T S o} P P R S SR TR T S S B = 00.6 Lol c e b v b v b by v v v Laa
£ 50 100 150 200 250 300 @& 15 2 25 3 206515 2 25 3 35 4 45 5
p.(v) [GeV] A1) AR(Y)
o0

ATLAS tty+tWy eu: JHEP 09 (2020) 049

Theory NLO: JHEP 10 (2018) 158, JHEP 01 (2019) 188
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https://link.springer.com/article/10.1007/JHEP10(2018)158
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tt+Z cross section measurement (CMS) 17517

‘ 10° CI\?S hoda Tz’ x| mwe | 7|7'5fb|1 —
3 . ¢ Data ttz ()X W Xy
d Measurement of ttZ in multilepton channels . Bz Bros BNeromot  PlUncerany

3 leptons

4 Fitinlepton/ jet / b-jet bins

Number of events

102

A Backgrounds:
> Non-prompt — data-driven off-Z peak
> WZ/ZZ — CRs on Z peaks in 3/4%
> Remaining (e.g. t(t)+X) estimated from MC

T
Stat.

: :
- . b ! : } ]
(555555555 //ffr,‘-j-.{-,'-,'-,'-;-:-;r;-:-:44,4,%‘,%-%4-;9:-;-;—,;/—5—;‘,‘/‘44/%

—_
g a4 o =

Data / Pred.
o

T2 3 3.2 38 4 5472 3§ 4 5470 50
N - :
- - ]

O Observed: o(ttZ) = 0.95 + 0.05(stat) * 0.06(syst) pb

> Precision of 8%

> Dominated by lep. ID, PS modeling and background yields
A Agreement with NLO+NNLL calculation (eruc 79 (2019) 249)

o(ttZ) = 0.86 +0.07 /_0 os(scale) + 0.03 (pdf +as) pb Lepton requirement Measured cross section
' 3¢ 0.97 £ 0.06 (stat) £ 0.06 (syst) pb
4/ 0.91 £+ 0.14 (stat) £ 0.08 (syst) pb
Total 0.95 £ 0.05 (stat) &= 0.06 (syst) pb

CMS ttZ 30/48: JHEP 03 (2020) 056 o1



https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/index.html

tt+Z cross section measurement (CMS) 17517

[ Differential measurement via unfolding to parton level with TUnfold
> Only uses the 3 lepton channel
> OSSEF lepton pair for Z reconstruction

O Probe p; of Zboson and angle between Z and 2~ in Z rest frame

> Good agreement for simulation (amC@NLO) and NLO+NNLL calculation (eruc 79 (2019) 249)
CMS 77.5 b (13 TeV) CMS 77.5f01 (13 TeV)

< I | *Ql?j I | ]
& 0.008 ¢ Data 1 Qo3 ]
= | ~aMC@NLO | § | { } , { -
—r S :
N 5 e 1 5 I { 1
N 0.004F { NHOIRNEL 3 o2 0.2f ]
5 | e | -
[S L3 ] ]
S 0.0021 | . 0.1F
o | : i ¢ Data 1
- L . — aMC@NLO
© 0 } | | —— c O +—+++t++—
© 13 S . © 1.3r 7
(= T G S ol 1 0 3% 3 3 pi—
= LSS 1 - B 1 b4 b 1
o 0.7 7 - 0.7¢ 7
@ nonflnnonflaonnlananflans o) innanlloannllnnnolnonas
a 0 100 200 300 400 500 A~ -1 -0.5 0 0.5 1

CMS ttZ 30/48: JHEP 03 (2020) 056 pT(Z) [GeV] cos 67 52
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so covered in c 138fb_1
| ey > Boosted tt+Z/H cross section measurement (CMS

|| (Tuesday)

O Setting differential limits on p. of Z and H boson
> Higher sensitivity on H than Z due to large H—bb branching fraction

CMS 138fb™! (13 TeV) CMS 138fb™ (13 TeV)
3 E 1 1 'B‘ 1 1
“—;- [~ SM ttH 95% CL upper limits E- = SM ttZ 95% CL upper limits
S 10° i — Obs. m68%exp. | S 403 — Obs. [ 68% exp.
g _ ---- Median exp. [195% exp. g ---- Median exp. [195% exp.
n [ n
n wn
2L 5
093 10 | g 10
) . I S
10" L 10
; 1
= ' =
= o ]2
E m——TT €
— 100 T E —
E . . 3
200 300 450 00

Simulated p [GeV] Simulated p% [GeV]

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD) >
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tt+W cross section measurement (ATLAS)

36fb™

ATLAS
. . Fit configuration Witz LeF W
A Measurement of ttW and ttZ in multilepton channels
Combined 1.08 £ 0.14 1.44 £ 0.32
> ttZ measurement superseded by EPCJ 81 (2021) 737 = 5505 073 £ 0.98 B
3¢ tiZ 1.08 £ 0.18 -
d SS2¢ and 34 regions targeting ttW: 2E55 R 8L BN - 141 e 0153
a¢ 1.21 £ 0.29 ~

> SS2¢? split per charge and lepton flavors, b-jets

> 3% splitin on- and off-Z peak for ttW and ttZ and jet and b-jet regions

% 10° = I?_'l"LAS , E_);ta :/tvvg
- Ao tt
O Backgrounds: @ oty mOher i
> WW/WZ/ZZ CRS 102 5 =é,; » = F?I?ergfe_plt’;is Vi lYJ;certainty

> Non-prompt leptons — data-driven

> Others estimated from simulation
A Observed ttW cross section in 2D fit of ttW and ttZ: 1

o(ttW) = 0.87 + 0.13(stat) * 0.14(syst) pb

> Precision of 22%

> Limited by signal modeling and data statistics

Data / Pred.

ATLAS ttW/ttZ 2¢/3t/48: PRD 99 (2019) 072009
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Status of four top searches (CMS) 13807

CMS 137 fb™' (13 TeV)

" 5 ) | »
. T 108 Cut-based (post-fit)
D MUltI-leptOn + SSZ‘E Channel l% { Data Nonprompt lep. EE Charge misid.
- m ttt mmm ttH - Xy
102 = ttthW [ Rare . ttvv

[ Two analysis strategies
> Cut-based: Separate lepton / jet / b-jet bins 10"
> BDT-based: BDT for signal identification in full region o

—_
o

Q Backgrounds: i
. . Q0 2+
> 1tW/ttZ — CRs with less jets / on Z peak 3
> Non-prompt — data-driven estimation 8
CMS 137 fb~! (13 TeV)
‘% 10° BDT (post-fit
. . > t Data Nonprompt lep. arge misid.
O Measured signal-strength for BDT analysis: Dol mm T g

p(tttt) = 1.1 "%, (2.50) |
> Higher sensitivity than cut-based analysis (1.70)

> Statistically limited

N
2

oO-=NDw =
hY
N
.
4
-
-
._
¥§

Data / Pred.

CMS four top SS2¢/3¢+: EPCJ 80 (2020) 75
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