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TOP QUARK PHYSICS

e Heaviest known elementary particle
o  Large coupling to Higgs boson

o  Potentially large couplings to hypothetical
new particles

e ATLAS Run 2 dataset (139 fb™") provides
huge sample of top quark physics events

Introduction

o Measure rare SM processes + directly search
for new physics

IN THIS TALK

e Observation of 4 top quark production!

e Searches for FCNC couplings of the top quark: #qy, 1qg, tqH,
1qZ

e Search for charged lepton flavour violating couplings of
the top quark
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https://link.springer.com/article/10.1007/JHEP11(2021)118
https://arxiv.org/abs/2303.15061

Why look for 4¢ production? ATLAS

EXPERIMENT

Motivation EW 4t production -
vty ¢
e Veryrare SM process (6°, =12.0 + 2.4 fb) SETMY I Y,
e Many BSM models predict enhancements to g, A .
| _H _<
o E.g.SUSY, 2HDM | ‘
o Sensitivity to four-fermion EFT couplings 6000000 —+——+¥
e 0, sensitive to CP properties of y, b
Measurement channels ‘

o 1£/220S (57% BR)
o Largeirreducible tf+HF(significant theoretical uncertainties)
o 2855/3¢ (13% BR)
o Low background (dominated by ttH/Z/W + jets) tt+bb production




Evidence for 4z prOdUCtiOH (JHEP11(2021)118) ATLAS

EXPERIMENT

§ 2 arias | epaa
e Measurement performed in 12/220S channel s Bias
1L,9j,4b [@non-tt 7~ Uncertainty

Post-Fit *: normalised to tot. bkg. -

o  Events categorised by jet multiplicity and b-tagging purity

o  Resolve different flavour components of tt+HF =

o  Sequential kinematic reweighting to correct mis-modelling in each
component

o  Profile likelihood fit to BDT discriminant ] .
_ % F ® oA g T 4
o  Limited by modelling of signal and tt+HF 8 0%
-1 -08 06 -04-02 0 02 04 06 08 1
. . . BDT Score
e Signal-like excess over background: signal strength, y = 2.2 i i
. — tot. ttit
e Observed cross-section: st Tot. (Stat. Syst. ) Obs. Sig.
15 17 iy 22 SR 58 ARy
o = 26 + 8 (stat.) 713 (syst.) fb = 26 71 fb. oS =it
. . . ) aLss/3L o — 20 53 (%5, %0) 43¢
e Combination with 2255/3¢ measurement (arXiv:2007.14858): —————————————
Combined e — 20 08 (04.%5) 4To
o'tt_t{ — 24: :i: 4 (Stat.) ii (SySt.) fb — 24 tg fb. e P goi oo o o ooy o R ety oo o om0 g iy

oY s s T TR T o
Best-fit p = cm!/ o



https://arxiv.org/abs/2007.14858
https://link.springer.com/article/10.1007/JHEP11(2021)118

Observation of 47 production  am.2s0s 15061 ATLAS

EXPERIMENT

e Refined measurement in 2£55/32 channel Observation of 4 tops
: L roduction!
e Data-driven background estimations o |p|||||||
g ATLAS ¢ Data [ i
o  Dedicated CRs for non-prompt/fake leptons < 10°E Vs =13TeV, 140 b [JtiW Wiz 3
*2 SR _ W tH [JQmisID 7
o Normalisation correction to ttW based on jet multiplicity 2 oL ='|i";tv nfz""' =EE: .
[l Others [t |
e Fully connected graph neural network for S/B discrimination 10° Ay <-HEH_]
o  Reconstructed j/’&/ETmiss as nodes 10 M
o  Angular separations encoded in edges
e Limited by modelling of signal and data-driven estimate of -
WAl background -
0.37 0.62 0.73 g (1).70.“ vy L* \Fé .......
+ + + ©
=1.89 035(Stat) 037(SySt) =1.89 -0.51" O 01 02 03 04 05 06 07 08 09 1
GNN score
T = 20T Gatat) 2 lsys0 b= 1077 L b, Observed (expected)
significance: 6.10 (4.30)



https://arxiv.org/abs/2303.15061

Observation of 47 production  am.2s0s 15061 ATLAS

EXPERIMENT

e Setlimits on Vegk//l rare (unobserved) 3 Processes 95% CL cross section interval [fb]
tops process (o>, = 1.67 fb) P i = 1.9
e C(Constrain the top-Higgs Yukawa tit [4.7, 60] [0, 41]
coupling 1itW [3.1, 43] [0, 30]
o _ titq [0, 144] [0, 100]
e EFT operator coefficients affecting 4¢
roduction T | =
P B 2'5; ATLAS — 68% CL (Obs) | _lg T'E
P | ay 1 @) % b E-13Tev, 0’ —ss%ct(obs) ] N>
s _ 3 _ r 3 parametrise - - - 68% CL (Exp.) ] .
Tint = Tiini " A? Z Clo-l + 4 Z = CJO_’ »J = = il --95%CL(Exz.): 7’ _g
s iSj 1_5:__ _____ X SM _: _6 (@)
immiBEbiEs ™ + BestFit 1 -5
Operators | Expected C;/A? [TeV~2]  Observed C;/A? [TeV 2] T . 1 -4
2 [-2.4,3.0] [-3.5,4.1] 10
QQ 0.5 - 2
OIQt [-2.5,2.0] [-3.5,3.0] . 1
0, [-1.1,1.3] [-1.7,1.9] 0 ol R
a., [-4.2.4.8] [-6.2.6.9] b 05 i 15 2 2|5 )



https://arxiv.org/abs/2303.15061

Search for
flavour-changing
neutral-current

interactions of the top
quark

tqg - Eur. Phys. J. C 82 (2022) 334
tqy - Phys. Lett B (2022) 137379

tqZ - arXiv:2301.11605
tqH - arXiv:2208.11415
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https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7
https://doi.org/10.1016/j.physletb.2022.137379
https://arxiv.org/abs/2301.11605
https://doi.org/10.48550/arXiv.2208.11415

Why search for FCNCs in top interactions?

ATLAS

EXPERIMENT

e Forbidden at tree level in the Standard Model
e Heavily suppressed at loop level through GIM
mechanism
e Wide variety of BSM models predict FCNCs
with rates observable at LHC
o  Describe FCNC couplings in terms of EFT framework
tqg 1qZ
g 4 w
g
t b
* {
Z
¢ t
u,c b u/c
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FCNC 18 (Eu.Phys. J.C82(2022) 334) ATLAS

EXPERIMENT

e Search for single top production via FCNC
tqg vertex (g = u/c)

o Single lepton, 1 b-tagged jetand ET g (

e Data-driven estimate for events with fake
leptons from multi-jet background t &
e Neural networks (NNs) used to discriminate " 4

between u+g—t, c+g—t and background

o Kinematic input variables including reconstructed top
kinematics

10



https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7

FCNC 18 (Eu.Phys. J.C82(2022) 334) ATLAS

EXPERIMENT

e Profile likelihood fit to NN discriminants in SR

x10°
e Dominant uncertainties: g8 Famas | eoam
% 140 {s=13TeV,139fb " Bcg — tFCNC
. . . 8 C SR Mta.k
o ugt: MC stat uncertainty and modelling of W+jets @ 120~ Post-Fit A
& -ijets
o cgt. parton shower modelling of FCNC cgr and SM ¢ wor =ﬁ+u'ﬁitji',w

processes /* Uncertainty

IIIIIIIIIIIIIIIIIIIIIIIIII]IIr

Bt — u+g) <0.61 x 1074
—4 .
Bt —c+g) <37x10 - (95% CL) Fros
cur et
uG < 0.057 TeV—z uG < 0.14TCV—2 0 01 02 03 04 05 06 07 08 09 D1
A2 A2 J '



https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7

FCNC IQY  (hys. Lett B (2022) 137379) ATLAS

EXPERIMENT

e Search for FCNC tgy in top production
and decay

o Single lepton, high p, y, ET

miss

e CRsfor main backgrounds with prompt
photons (tty, Wy+jets)

e Data-driven corrections to rate of
electron/hadron—y fakes



https://doi.org/10.1016/j.physletb.2022.137379

FCNC IqY  (hys. LettB (2022) 137379) ATLAS

e Multiclass deep neural networks to split events
into two signal modes and background

ATLAS ® Data === tuy LH (10xlimit)

Vs=13TeV, 139" [ Wy+jets [lle—y fakes

SR [ Zy+jets [ ]h—y fakes

Post-Fit Wy B other prompt
7 Uncertainty

Events /0.5

o Combined output nodes into single discriminant to bin SR

e Dominant uncertainties: limited statistics (tuy), tqy
theory cross-section, h — y estimate (¢cy)

ATLAS I8 Expected + 1o ATLAS 85 Expected * 1o
13)* 13)*
&5 =6 {513 TeV, 139 b -+ Expected + 20 tuy LH {5=13 TeV, 139 fb"! -+« Expected + 20

—— Observed Jid —— Observed
t—suy RH I

t—cy LH

(31) (31)
|Cuw +Cyg l

Data / Bkg.

%5 4 8 <2 =l 0 1 2 3 4
NN discriminant

Y

o o2

(32) (32)
|Cuw +Cp t—cy RH

a- +(1-a)-
R i 1. T % |1 Z) = ln J’prod ( ) Ydec
0.2 0.3 04 0.5 0 0.02 0.04 0.06 0.08 0.1 ybkg
Wilson coefficient 95% CL limits BR 95% CL limits 13



https://doi.org/10.1016/j.physletb.2022.137379

FCNC tqZ (arXiv:2301.11605) &I!TﬁNST

R R e o e R S R Ry
[ ATLAS

g 140; {s=13TeV, 139 fb" ;r?;iwz VVALF _
£ 120 SR, Pre-Fit WVV+HF Wtz 3
B ool ronotuns o et
. . [ -~ FONG(otZx5 _
e Search for FCNC t¢Z in top production T 1 Reconstructed
and decay d 1 top mass
¥ assuming t—qZ
o Trilepton event selection (low background 2 decay
channel) g 2
. | %%///W%/////////%
e Two SRs targeting production and

5 155 160 165 170 175 180 185 190
reco
mIEee [GeV]

decay processes

Common selections

o  Split by mass of reconstructed top(s) Exactly 3 leptons with pr(£,) > 27 GeV
> 1 OSSF pair, with |m,, — m,| < 15GeV
e Additional CRs for dominant (diboson, SR SR
e T > 2 jets 1 jet 2 jets
ttZ) and fake lepton (tt) backgrounds 1 bt iaget T

_ my(ly,v)> 40GeV  my(by, v)> 40 GeV

reco reco
[ |mja€€ — iy < 20'1FCNC = lmjat’l —my| > 20'tFCNC ]

reco reco
Imj, v = Ml < 20y, lmj, g = myl < 2074,

o



https://arxiv.org/abs/2301.11605

FCNC tqZ (arXiv:2301.11605)

ATLAS

EXPERIMENT

e GBDTs used for S/B discrimination

o Reconstructed to P kinematics prov ide key Observable Vertex  Coupling Observed Expected
in p uts SRs+CRs
_ ) o /B — 2g) 1Zu LH  62x10° 494107
e Dominant uncertainty: limited B — Z) Zu  RH  66x107 51%}x107
s g B(t — Zq) 1Zc LH Bxig= 11t 3 A% 107
statistics B(t — Zq) tZc RH 12x107° 10_ x 107
«© EELRAT S TATSRECLETT [ F T8 [T LERT N rTrTTTyTTTyTTYyTTTTTYTTTTTT T T YT T T T TTTTT ] |C(13)*|al’ldlc(13)*| tZu LH 0.15 013+0.03
S 140F ATLAS ata 3 S 220F amas ata E Uy 4R 002
P 140: Vs =13 TeV, 139 fb”! ;gzith W+LF ] 2 Vs =13TeV, 139 fb" ;gz:th VV+LF — |C(3])| nd |C£§)| 1Zu RH 0.16 0.14 +(()) (());
. [ SR1 W VV+HF z 7 [~ SR2 W VV+HF 74 ] (23)* (23)* +0.04
i} 120: D,> -0:6 B Fake lep. =t0ther bkg. ] W D; > -Q.7 or Dg > -0.4 WFake lep. :Other bkg._E |C(32) | and |C;32) | Zc LH 0.22 0.20 1882
1001~ F‘.O.Stp-g:c (UtZ x 50 o uncerany < P.O-StF-g:\:c (U)Z x 50 o uncerany E \lC and |C,j5'| i RH el 0-19 ~g03 /)
[ — FONG ti(u2) x 50 ] — FONC fi(uz) x 50 E SRI+CRs
80~ 7 -
L _: _; B(t_) TEL =z rrx o .an=S o~ +3.6 0—5
] —: B t iy o, 0 0—5
E E B e Sensitive to same EFT 0"
] — operators as ¢ e
] E B(t — 2 P qr 0
g g B(t — Zq) 1Zu RH  9.0x107 6.6 75x107
E @
8 8
0% 04 02 0 02 04 06 08 1 051~ %682066-0402 0 02 04 06 08 1
D, D} 15



https://arxiv.org/abs/2301.11605

FCNC tqH (‘E”E’) (arXiv:2208.11415) ATLAS

EXPERIMENT

BDT discriminant in most

e Search for FCNC r¢H in top production and sensitive SR
decay g Famas' U e
i Is=13 TeV,139 fb“_ [Je Wloveve 1
o Require H-TT decay Cagtg T Wlrse

w— tcH(0.1%)x2
Post-Fit

cg—>tH(0.1%)x2

e Many SRs targeting different top and z-lepton
decays channels

= tfWbHc(0.1%)x2

e Data-driven background estimates for fake 7,
and fake/non-prompt light leptons

d

e BDTs used for S/B discrimination

- =

Data/Pred

o o

o Rely on event kinematics for training (including
kinematic reconstruction where possible)

[N TN U

17208 06 04 02 0 02 04 06 08 1
BDT Discriminant 16


https://doi.org/10.48550/arXiv.2208.11415

FCNCrgH(TT)  @nxivaz0s 11415) ATLAS

Vs =13 TeV, 139 b

e Profile likelihood fit to 7 SRs and 6 CRs

e Observe slight excess (2.30) above expected
background Loptoric

Hadronic

. Expected+ 16—

----- Expected + 26

= Observed

e Dominant uncertainties: statistics, MC statistics, o
fake estimation

95% CL limits
U SRS T W U SR SN B TR S

PRI R
1.5 2 25 3 35

B(t—> uH)10™3
i
s 2F ATIAS f1'2>-<1OATLAs ATLAS Vs = 13 TeV, 139 fb”
01.8'— ------ Expected limit S [o memEESE e Expected limit T B
E Vs=13TeV, 139 b —— Observed limit T 4 Vs=13TeV, 139 fb" - FCNC tcH H—1'z
1.6~ = L —— Observed limit Aediiric B
2 55 Expected limit + 16 S il
E. - Expected limit +
1'45 ------ Expected limit + 2 0.8~ R Ec L
12 95%CLlimits | @ R o Expected limit + 26
: o .
L s Leptonic — . Expected+ 16 —|
----- Expected * 20
—— Observed
Combined — -
|2. . .1|6. A .1 ! | ’1 )2(10—3 95% CL limits
1= 1.4 i 4 i ;i i X 1 4
Ces B(t— cH) 0 § 4 i 3 1_/3.5



https://doi.org/10.48550/arXiv.2208.11415

Search for charged
lepton flavour
violating interactions

of the top quark

— ATLAS-CONF-2023-001 —

18


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/

cLFVin top quark Interactions arias-conr-2023-001) ATLAS

e Lepton flavour conservation arises due to an b
accidental symmetry of the SM g AT g

e CLFV features in several BSM models .
(leptoquarks, SUSY, 2HDM)

e Model-independent search using EFT approach

o Sensitive to a number of four-fermion EFT operators e T
" q Sl First direct search for tutqg
coupling!
(6) LQ . .
O, Previous searches for teuyq coupling by
TN L ATLAS (arXiv:1809.09048) and
1 . CMS (JHEP 06 (2022) 082, CMS PAS
! TOP-22-005)
19



https://arxiv.org/abs/1809.09048
https://doi.org/10.1007/JHEP06(2022)082
https://cds.cern.ch/record/2851002
https://cds.cern.ch/record/2851002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/

cLFVin top quark Interactions (aras-conr-2023-001) ATLAS

EXPERIMENT

e Signal includes single top

e e e I LA o e e T B B R AN I RS IR RN
[ ATLAS Preliminary ¢ Data tt+X ]

. . g ] é N ATLAS Preliminary ¢ Data ]
production and top quark pair T s Mo 1 man T Do
decay w00 prari Soncerany ool Pred i

L 4 r W Other ]
. . . . 80} W {TeNPy ]
e Trilepton selection including —=vdil
. 7ZUncertainty ]
hadronic taus ]
e Data-driven background estimation:

for fake background processes ¥ ;.
© Scale faCtorS to CorreCt rate Of 0.05 0.1 0.15 02 0.25 250 300 350 400 450
fake z, _, background et width P
Fake 7, _, control region Non-prompt p control

o Correct normalisation of
non-prompt background in fit

region

20



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/

cLFVin top quark Interactions (aras-conr-2023-001) ATLAS

EXPERIMENT

Statistically limited!
e Profile likelihood fit across two SRs and

non-prompt muon CR Exclusion limit B(t — utq)
Stat. only ‘ All systematics
e Stringent limits on Wilson coefficients Expected | 7.57x 107 | 9.82x 10~
corresponding to 2Q2L operators Observed | 9.43x 1077 | 10.8x 1077

o Improve upon the previous results by up to a

[2]
f f 5 1 § 10*k ATLAS Preliminary ¢ Data []Signal (dec.) []Signal (prod.)
d CtO ro w Vs =13 TeV, 139 fb” WFake © VV/VVV WX
cLFV tT+X B Other W (T+NPy

Post-Fit W Other+NPu [l Fake e /7 Uncertainty

103_

95% CL upper limits on Wilson coefficients ¢/A” [TeV™?]

—(ijk3) (ijk3) (ijk3) (ijk3) 1(ijk3) 1(ij3k) 3(ijk3) 3(ij3k)
, (5 (el Caii c c C c

lequ lequ lequ lequ 102 F
Previous (u) 12 12 12 12 26 26 3.4 3.4
ATLAS expected (u) 0.47 0.44 0.43 0.46 0.49 0.49 0.11 0.11
ATLAS observed (u) 0.49 0.47 0.46 0.48 0.51 0.51 0.11 0.11 05
Previous (c) 14 14 14 14 29 29 3.7 37
ATLAS expected (c) 1.6 1.6 1.5 1.6 1.8 1.8 0.35 0.35 5 1
ATLAS observed (c) 1.7 1.6 1.6 1.6 1.9 1.9 0.37 0.37 & 125} 7
N ;%///////W/// ///// //%/f////%///ﬂ////%////
8o
Previous limits from |[HEPO4 (2019) 014 (reinterpretation of JHEPQ7 (2018) 176) 08 o1 .

CRtfu

21



https://link.springer.com/content/pdf/10.1007/JHEP04(2019)014.pdf
https://link.springer.com/article/10.1007/JHEP07(2018)176
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/

Conclusions

Many exciting Run 2 rare top results!

o First observation of 4¢ production!

o Several measurements, particularly multilepton, are
statistical limited — expect further improvements
from Run 3 and HL-LHC

Diverse FCNC top couplings programme

o tqy, tqg, tqH, tqZ

o Most stringent limits on these branching ratios
observed by ATLAS to date

First search for cLFV tutg coupling

o Complements existing teyq searches

Full programme of ATLAS top physics results

22
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4¢ production measurements at the LHC ATLAS

EXPERIMENT

( )
+ relimina ung, ¥s = eV, November
ATLAS+CMS Preliminary Run2, {s =13 TeV,N ber 2022
LHCtopWG
;= 12.0 22 (scale) fb t:O t S:tat : |
JHEP 02 (2018) 031 . '
NLO QCD+EW
O 1ot (stat. Zsyst) Obs. (Exp.) Sig.
ATLAS, 2LSS/3L, 139 fb! .
EPJC 80 (2020) 1085 H—8—H 24%g (5f4 ) fo 43240
ATLAS, 1L/2LOS, 139 fb'! | 15
JHEP 11 (2021) 118 ——e=——  267(87°)fo  19(1.0)0
ATLAS, comb., 139 fb™ S
JHEP 11 (2021) 118 H——H 24°7(4"%)fb  47(26)c
CMS, 2LSS/3L, 137 fo™! &8
EPJC 80 (2020) 75 H=— 126 7., 26(27) 0
CMS, 1L/2L0S, 35.8 fo”!
JHEP 11 (2019) 082 —5— 0" o 0.0 (0.4) o
CMS, 1L/2LOS/all-had, 138 fb 13
CMS-PAS-TOP-21-005 * —e—— 387t 37(1.5 0
CMS, comb., 138 b N
CMS-PAS-TOP-21-005 * —— 175t 39(38.2)0c
*Preliminary | | | | | |
1 1 1 1 1 i | 1 1 1 L 1 1 L 1 1 L 1 1
0 20 40 60 80 100 120
O L]
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HL-LHC 4¢ prOSPECtS (ATL-PHYS-PUB-2022-004) ATLAS

EXPERIMENT

g\f,eo_ATLAISI"lI'_
:’g B (s =14 TeV, Projection from Run 2 data 5
° [

c 50 —
5 E

> [

&= L —— Run?2

g e —— Run 2 Improved

e I SM Uncertainty g
S 30k JHEP 02 (2018) 031 ]
© C ]
: -

o) E

£ 201 -
° B

Q_ -

%3 L.

w 1o} ]
5 E

o B

o ]
@ olivualeia i i loa il l,
X5 0 500 1000 1500 2000 2500 3000

Integrated Luminosity (fb")

Study into HL-LHC sensitivity - ATL-PHYS-PUB-2022-004

Consider conservative/optimistic systematic reductions with 3000 ifb at 14 TeV in 2£55/32 channel

Expected significance (wrt B-only hypothesis): 4.2-6.40

Expected uncertainty on cross section: 14%-20%

25


https://cds.cern.ch/record/2801400
https://cds.cern.ch/record/2801400

HL-LHC 4¢ prOSPECtS (ATL-PHYS-PUB-2022-004) ATLAS

EXPERIMENT

Uncertainty source Treatment in the “Run 2 Improved” model

:o\ L A l TrrT l T l LU I L ! L I LI
< g0l ATLAS _ Signal modelling
:’g - Vs =14 TeV, Projection from Run 2 data 5 117 cross section Half of Run 2
= E a tirr modelling Half of Run 2
© 50 [ ] Background modelling
g E i 1iW+jets modelling
> N ] Renormalisation and factorisation scales Half of Run 2
k= = —— Run2 g Generator Half of Run 2
g 40 — Run 2 Improved ] Jets multiplicity modelling Scaled by Run 2 pulls
[ L ; - Additional heavy flavour jets Scaled by luminosity
8 E SM Uncertainty 3 17t modelling
D 30+ JHEP 02 (2018) 031 — Cross section Half of Run 2
© K 7 Additional heavy flavour jets Scaled by luminosity
c - - Non-prompt leptons modelling Scaled by luminosity
g 20 - ] tiH+jets and 11Z+jets modelling
= - E Cross section Half of Run 2
8_ B ] Renormalisation and factorisation scales Half of Run 2
= B e Generator Half of Run 2
W 1ol =] PDF Half of Run 2
8 - B Additional heavy flavour jets Scaled by luminosity
© B 7 Other background modelling
8- G g —4 ' 11 1 1 I 11 1 1 I { o [ | I I I B S | I J 50 | Cross scction Half of Run 2
L>lj 0 500 1000 1500 2000 2500 3000 1 Additional heavy flavour jets Scaled by luminosity
Integrated Luminosity (fb- ) Charge misassignment Same as Run 2
Template fit shape uncertainties
Mat. Conv., y*, and HF non-prompt leptons Scaled by luminosity
= = = Other fake leptons Half of Run 2
Integrated luminosity (fb~') | “Run2” “Run 2 Improved” Additional heavy flavour jets Half of Run 2
Instrumental
500 3 .5 4. 1 Jet uncertainties Same as Run 2
1 OOO 3 9 4 9 Jet flavour tagging (light-flavour jets) Half of Run 2
. . Luminosity Same as Run 2
2000 4 0 5 9 Jet flavour tagging (b-jets) Half of Run 2
o % Jet flavour tagging (c-jets) Half of Run 2
3000 4 2 6 4 Other experimental uncertainties Same as Run 2
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Evidence for 4¢ prﬂdUCtion (JHEP11(2021)118) ATLAS

EXPERIMENT

1L
Name N e N iy
Pseudo-continuous b-tagging o - - - lnciiegioner o
used to separate the 3bL <2 =3 : 4b
different flavour components 3bH =3 =3 =i 36V Vet regions
. . . = — >
of the associated jets in the v ’ ° =
) >4b (2LOS) - >4 - 3bH
ﬁ+J ets baCkgrOU nd. 4b (].L) _ =4 _ Control regions
>5b (1L) - >5 = 3bL
2b -tf+je\'1skinema'ﬁe.n‘aWeighting regions
ATLAS Simulation mid  Oifsight Otfe1c ATLAS Simulation mid  Oifslight Otietc 5 & § o
Vs =13 TeV, 139 fb’ Oti+b  @t+B  Wti+bb Vs =13 TeV, 139 fo! Ott+b  Mt+B  Wt+bb J ) ) =10
1L Wti+>3b [@non-tt 2L0S Wti+>3b [@non-tt 2LOS
e 1 c
9, 1= T
e E !
208 £ 24b Signal Fegions
8 S |
2056 2 3bV Validation regions
2 N e
0.4 3bH
Control regions
0.2 3bL
g 3 2b ctﬂa!ts kinematic ‘I?We’ighting_, r‘e?iéns
. S o e Fr 8 & e = s P i i >8i
= = = A = 5j 6j 7 28) 27



https://link.springer.com/article/10.1007/JHEP11(2021)118

Evidence for 4¢ production

(JHEP11(2021)118)

ATLAS

EXPERIMENT

3 R R E s e e s e s e ey 3 R B i e e L e e 2 T T T T T 3 2 F T T T T T
5] | ATLAS ¢ Data [ [ o [ ATLAS ¢ Data [ i g ATLAS ¢ Data mitt ] e sl ATLAS ¢ Data it ]
210000~ Vs =13 TeV, 139 b [ii+light Ottsxtc S10000F {5 =13TeV, 139 " [Jtislight Ottex1c - i Vs=13TeV, 13917 [ti+light Ottex1e 3 w E Vs=13TeV, 139" [Jti+light Ottextc 3
o [ ti+jets uncorrected  [ti+>1b [@nont ] o [ th+jets corrected Wit+>1b [non-tt ] ti+jets uncorrected  [ltt+>1b [Enon-tt [ thets corrected Wtt>1b Mnon-tt
£ [ 1L>8j>3b 7/ Uncertainty % [ 1L8j>30b ~ Uncertainty 1L,28>3b 7 Uncertainty = 10° 1L.28j>3b 7 Uncertainty ~
5 r b E E E
£ 8000 B 2 8000

6000 % B

L -

4000~ ]

2000 .
v 3. 8 3
£ 15f —— 0 & 15 E o o
3 VR z ¥ A3 =
& o3 & osp E = ]

200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000 8 9 10 11 12 213 8 9 10 11 12 213

Number of jets Number of jets

HY' [GeV] H' [GeV]

Effect of data-driven corrections to #+HF background:

e Separate scaling for each flavour component

e Sequential kinematic reweighting to correct modelling (incl. jet multiplicity, total event

energy) 28
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Observation of 47 production  am.2s0s 15061 ATLAS

EXPERIMENT

: Other Fitted
Region Chanoel b; Nb selection variable
£y or {1 is from virtual photon (y*) deca: :
KR Eoweimys SSjieniors | @ sl =6 | =4 t’(()) andlfl are not from ll:hoton cznversioz e
CR Mat. Conv. | SS,eeoreu | 4<Nj<6 | =21 {y or ¢ is from photon conversion counting
100 < Ht < 300 GeV
N EMSS > 50 GeV b
R S BBER =l =4 tot.[;ﬂ charge is +1 Py
100 < Ht < 275 GeV
CR HF e eee or eey >1 =:1 E'?“ss e .Gev p[)2
total charge is +1 T
[n(e)| < 1.5
when Nj, =2: Hp <500 GeV or Nj < 6
CR ttWt+jets | SS, ey or up >4 >2 when Ny, > 3: Ht < 500 GeV N;
total charge > 0
[n(e) < 1.5
when Nj, =2: Hp <500 GeV or Nj < 6
CR 11W ™ +jets | SS, eu or ppu >4 >2 when N, > 3: Ht < 500 GeV N;j
total charge < 0
£y and £ are not from photon conversion
CR 1b(+) 2LSS+3L >4 =t Ht > 500 GeV N;j
total charge > 0
£y and £ are not from photon conversion
CR 1b(-) 2LSS+3L >4 =4 Ht > 500 GeV N;
total charge < 0
SR | 2LSS+3L | >6 ] 212 I Ht > 500 | GNN score

29
s


https://arxiv.org/abs/2303.15061

Observation of 47 production  am.2s0s 15061 ATLAS

EXPERIMENT

Fake/non-prompt background | NFnar conv.  NFLow m NFyE ¢ NFHF 4

0.47 0.37 0.75 0.53
Value LEGO  LewlEl meelll Lgyis

=7 — al i'=j—1 al
NF,iw () = NFsiwsaieny X%, 71 g + +NFsw- aiety XTI, 7 | ag +
tiw(j) ttW+(4jet) j’=4 0 1+ (J' _4) ttW~ (4jet) j'=4 0 e (J' _4)
ttw background ap ai NFtiW+(4jet) NFtt’W‘(4jet)
0.25 0.25 0.31
Value 0.51 +0.10 0.22’:0.22 1.27’:0.22 1.11’:0_28
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Observation of 47 production  am.2s0s 15061 ATLAS

EXPERIMENT

e Signal+background model in high GNN score region shows good
agreement with observed data

100¢

E T T T T T T T T r T T T T LA A B B B B B S
E ATLAS ¢ Data Wit F ATLAS ¢ Data Wttt [ ATLAS ¢ Data |1 30~ ATLAS # Data L =

2 L 2 1 >
= = e ) T
I_%J 405 {5 =13 TeV, 140 fb" [ttW Wiz L% 9OF Vs=13Tev, 140" [JW miz :>j 50/ V5= 13 TeV, 140 fb™ [JtiW miz g 2 F Vs =13 TeV, 140 b (W miz
350 GNN >0.6 WtH []QmisID A 80 GNN > 0.6 WiH []QmisID E [ GNN Zl0.6 WtH [JQmisID ] ‘O_ o5E GNN =06 WtH []QmisID B
[ Post-Fit W Mat. Conv. [@HFe ] F Post-Fit [Mat. Conv. [@HFe 3 [ Post-Fit [@Mat. Conv. [@HFe 1 ~ I Post-Fit [ Mat. Conv. [[@HFe
s0b Wlowm, WHF 70F Wlowm, WHFp 40 WLowm,. WHFe ] %’ : Wlowm, WHF u
F [l Others [t 7 F [ Others Ot E L . Others . [ttt ] g 20 [l Others ) [ttt 1
25F- 72 Uncertainty E 60 77 Uncertainty = r 7 Uncertainty 1 w [ 77 Uncertainty ]
E E 501 : B r
40 ] Ll
30 ] +

o 5 -g '8
o o a0 r
a o S WM/}FWW 7= g
© ) £ 0 g
o Y & <
B 3 = . T 19 > 21 0 600 800 1000 1200 1400 1600 1800
2 3 >4 4 >
Number of b-tagged jets Sum of leading four b-tag scores H; [GeV]
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FCNC 18 (Eu.Phys. J.C82(2022) 334)

ATLAS

EXPERIMENT

Observable

Common requirements

nTight(€) + MMedium (1)

nLoose(e) + Nioose (ll)

=1
=1

s > 30 GeV
mt (W) > 50 GeV
n(j) >1
pr(0) > 50Gev - (1 - 2-1a20101)
Analysis regions
SR W+jets VR 1t VR tq VR
n(In(j)l <2.5) =1 = =2 =1
n(b) =1 =1 =2 =1
e 30%  60% (veto 30%)  30% 30%
n(Iln(j)l > 2.5) >0 >0 >0 =1
D) - 0.3< Dy <06 - 02< Dy <04

ATLAS (s=13 TeV, 139 fb
SR

W +jets 36.8%

Z+jets,VV 4.8%
Multijet 7.6%

tq,tq 22.2% {t,Wt,th,tb 28.7%
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https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7

FCNC 18 (Eu.Phys. J.C82(2022) 334) ATLAS

EXPERIMENT

e Two NNSs to discriminate S/B
o D, trained only on c+g— (incl. c+g—1) - optimised for sea quark production
o D, trained only on u+g—t (excl. u+g—1) - optimised for valence quark production

o Multijet background excluded from NN training
e Use D, in cgranalysis and ¢ channel of ugr analysis

e Use D, in £* channel of ugr analysis

& 0.3[ arLAS Simulation " fs=13TeV 3 - ATLAS Simulation © {5=13TeV -

o - SR b o - I+ SR -

= — cg — tFCNC ~ - — ug — tFCNC -

»n 1 —tqiq -g 0.2 —tq.lq =
NN output = — Wi Bb ] 9] i — Wi tBb y NN output
. . . g i — W+jets a r | — W+jets 1 . . .

discriminant ® — Multiet i [ — Multiet 1 discriminant
. S 2 i .
distribution for cgr ¢ il S o {distribution for ugt
. i) : = | .
analysis 5 ; S - analysis
o ! o e
L u I
% 02 04 o6 08 1 % 02 04 o6 08 1


https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7

FCNC 18 (Eu.Phys. J.C82(2022) 334) ATLAS

EXPERIMENT

in SRs

T T T T T T T T - T T T e - T e
ATLAS +-Data ] 5900001 ATLAS +-Data e ATLAS +-Data ]

s =13TeV, 13910 Mug > tFCNC 1 a F fs=13Tev, 1391 " Mug - tFCNC s {s=13TeV, 1391 "' Moy >tFCNC

SR minus Wi b 580000 SR plus Htafq 5 SR Bt ]

N N Post-Fit W W tb o 3 90000 F- PostFit Wt i Post-Fit WwW, (b —

W W-iets 1 F [ W+jets W W+iets ]

[ Z+ets, W = 60000 [ Z+jets, WV [ Z+ets, W By

d |S C I’I m | na nt M Muttjet i E I Multijet I Multijet ]
 Uncertainty i 7 Uncertainty 7/ Uncertainty =

distributions ] E

o

9
I~
o

1o
0.975F

Data / Pred.

7% 01 02 03 04 05 06 07 08 09 1 7% 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 08
D, D, D.

Data / Pred.
e b

Data / Pred.

°
&
°
©
&

Scenario Description B;gp (t—=u+g) BS’;P t—>c+g)

(1) Data statistical only 1151072 2.4 x 1073
2) Experimental uncertainties also 3.1 x 1073 12 x 107
(3) All uncertainties except MC statistical 3.9 x 107 18 x 1072
4) All uncertainties 49 x 1073 20 x 107
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FCNC 1qY  (Phys.Lett B (2022) 137379) ATLAS

ATLAS @ Data === tuy LH (10xlimit) =
Vs=13TeV,1391b" [ Wy+jets [e—y fakes ]
SR [ Zy+jets [Jh—y fakes —
Post-Fit | [i34 [ other prompt ¥ E
~ Uncertainty ]

Object ] SR | CR tty | CR Wy+jets

Photon (pT > 20 GeV) =il
Lepton (pt > 27 GeV) =1
B > 30GeV

Jets (pT > 25 GeV) =1 >4 ol |
b-tagged jets (60% WP) | =1 - =0
b-tagged jets (70% WP) | =1 &1 =0
b-tagged jets (77% WP) | =1 =2 =]

m(e,y) - —~ ¢ [80,100] GeV P

5 4 3 =2

Events /0.5

Data / Bkg.

.w.‘&“”."“""‘“-‘v‘/.v&’/r;//*w*}}/ 7

3 4 5

NN discriminant

2

%106 ...... T %10e ,,,,,, L A I S SR B e
i . - 6] W wy+iets o] ATLAS # Data W wy+iets
ATLAS Simulation - other prompt y - tty 3] \5=13TeV, 13916 ey fakes  [DZyjets Q& [ G-1Tevron’ Wesyfaes MZyots
2 CRfTy [Ch—yfakes WMty 2 10°E CRWyiets [Jhyfakes Wity
E =13 TeV I:I h—)'y fakes - ey fakes g Post-Fit [ other prompt 7~ Uncertainty g Post-Fit [ other prompt 7~ Uncertainty
[ Zy+jets B Wy+jets 10°
CR Wy+jets CR tty
% E 5
RS @ 1.15F
s ..ww;.(y«&w‘vwﬁsiuﬁz/-;;?//Wé%; ] _.w..M,.m,yy&,/w“i.v,*/,%.,/?u/,;%z%///
8 ok 8 ossp
©T 50 100 150 200 250 300 075 700 150 200 250 300

Photon 8 [GeV] Photon Pr [GeV]
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FCNC IQY  (hys. Lett B (2022) 137379) ATLAS

EXPERIMENT

ATLAS 859 Expected + 1o ATLAS S5 Expected + 1o A:I'L A S' o ' .' Prozjuction r'node tu‘y LH
¥ j Simulation ,
|e +cie {5=13 TeV, 139 fb! -+ Expected + 26 2ty {5=13 TeV, 139 fb -+ Expected + 20 e ORI EIRITRY e Decay mode, tuy LH
—— Observed —— Observed (s=13TeV — Background e

16™ = I
(31) (31) . S o
|CuW +Cpg t—uy RH e SR TP
L 102 i iy
@3 | A3
|Cuw ) CUB . t_)cy i - 1 0~3

Yo s
|2 4 e t—cy RH = E:’;‘f::;" d:jﬁ‘;' i LH
. ., . _. I 2 o —— Background
01 0.2 03 04 05 0 002 004 006 008 a0 £ 10 . i
Wilson coefficient 95% CL limits BR 95% CL limits % IIIIIII " L 5
P 00 eem S
S
(&)
i ) Coefficient limits , BR limits [1073 g 100
Effective coupling Coupling [ ] e
Expected  Observed Expected Observed 1  aE———
T T— T T D - " o i
* * +0.020 +0.37 —— Backgroun
ICow +Cyg | 0.10475 ¢ 0.103 t—>uyLH 0.887) 0.85 107
IcSY +cBY | 0122¢002 0123 |r—uyRH 120930 122 e
; 5 -2 e B s o on W o LTI R
ICE* + | 0205097 0227 |r—cyLH 3401135 416 10 e
(32) (32) 0.039 1.47 -3 ’
[Cowd ¥Cp'| 0214520 0.235 t—cyRH 3.70%:0 4.46 10 Badigroud css

0 01 02 03 04 05 06 07 08 09 1
NN output 36
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(arXiv:2301.11605) ATLAS

EXPERIMENT

Common selections

Exactly 3 leptons with pp(¢;) > 27 GeV
> 1 OSSEF pair, with |m,, — m,| < 15GeV

SR1 SR2
> 2 jets 1jet 2 jets
1 b-jet 1 b-jet 1 b-jet
- my(y, v)> 40 GeV mr(ly, v)> 40 GeV
m;ic;f —my| < 20-tFCNC - |m;ic;f —m| > 20-tFCNC
- Imy ey —ml <20, Impp , —my| <20y
Common selections
Exactly 3 leptons with p(¢;) > 27 GeV
it CR 1tZ CR Side-band CR1 Side-band CR2
> 1 OS pair, no OSSF > 1 OSSF pair > 1 OSSF pair > 1 OSSF pair

with |m,, —m,| < 15GeV ~ with |m,, —m,| < 15GeV  with |m,, — m,| < 15GeV
- - - mr(Ly, v)> 40 GeV

> 1 jet > 4 jets > 2 jets 1 jet
1 b-jet 2 b-jets 1 b-jet 1 b-jet
- - |m.ll.ic;[ - mtl = 2O-IFCNC -
reco reco
- B | Tnlwvy ~ my| > 20—’51«1 |mjb€WV —my| > 2o-tSM 37
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FCNC zgH(77)

(arXiv:2208.11415)

ATLAS

EXPERIMENT

; Leptonic channels Hadronic channel
Requirement
Th TlepThad ¢ Thad Thad 1¢Thad 1 Thad Thad
Trigger single-lepton trigger di-7 trigger
Leptons =1 isolated e or =0 isolated e or
Thad =1 Thaq =2 Thaq =1 Thaq =2 Thad
Electric charge (Q) | Q¢ X Qrpes =1 Qrioss X Qe = —1 Qe X @y = 1 | Qs X Qrpar = —1
Jets >3 jets >1 jets >2 jets >3 jets
b-tagging =1 b-jets =1 b-jets
Regions b-jets | Light-flavour jets | Leptons | Hadronic 7 decays Charge
T¢ Thad Thad 1 >0 1 2 ThadThad OS
¢ Thad-1]j 1 1 1 1 t¢Thad SS
tThad-2j 1 2 1 1 t¢Thad SS
SR h Tiep Thad-2] 1 2 1 1 TiepThad OS
) TlepThad-3] 1 >3 1 1 TiepThad OS
1/ Thad Thad-2] 1 2 0 2 Thad Thad OS
11 Thad Thad~3] 1 >3 0 2 Thad Thad OS
VR t(’ThadThad'Ss 1 >0 1 2 Thad Thad SS
thThadThad'3j SS 1 >3 0 2 Thad Thad SS
tete 1 bThag 1 >0 2 1 tete OS
tete2bhad 2 >0 2 1 tete OS
CRut teth2bThad-2jSS 2 2 1 1 t¢Thad SS
tetp2bThaa-2jOS 2 2 1 1 t¢Thad OS
tetp2bT,ag-3jSS 2 >3 1 1 t¢Thad SS
tetp2bTh,g-3j0S 2 >3 1 1 ¢ Thag OS 38
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FCNC zgH(77)

(arXiv:2208.11415)

ATLAS

EXPERIMENT

t > cH t > uH
Signal Region 95% CL upper limit[10]  Significance B [107}]  95% CL upper limit[107®] ~ Significance B [1077]

Observed (Expected) Observed (Expected)
th Thad Thad 2] 1.80 (2.72%:&2) -0.96(0.78) -1.03*}0 1.07 (1.605;%) -0.90(1.31) —0.55;?};@%
thThad Thad-3] 1.14(1.02*)3) 0.34(1.87)  0.16*0%7 0.97 (0.86*53%) 0.36(2.25)  0.14*G:%
. o 0.42 0.43 +0.33 +0.34
Hadronic combination 1.00(0.95%37) 0.26(1.99) o172 0.76 (0.76%57) 0.12(2.52) 0.0473,
1¢Thad-2} 4.77 (4.231}-_1%) 0.41(0.47) 0.85‘:%-_3% 3.84 (3.48‘:%:‘;3) 0.36(0.58) 0.61’:‘,-_%
t¢Thad-1] 3.80 (3.56*:;_):22) 0.22(0.58) 0.36%-%) 2.98 (2.78‘j?:%§) 0.22(0.73)  0.29*) 3
th Tiep Thad-2j 4.71(5.71% @ -0.52(0.38) -1.36*7 p 250097 55) —0.47(0.70) —0.66*:(';; 3
thTiep Thad-3] 7 ¥ (2.7115}-_;9) —-0.03(0.77) —0.03131 % 2.02 (2.03%:%2) —-0.05(0.99) —0.0328-_12)§
!¢ Thad Thad 1.35(0.61*57]) 2.64(3.31)  0.74*03 0.97(0.44* %) 2.64(4.38)  0.53%)7)
Leptonic combination 1.25(0.58*0.23) 2.61(3.46)  0.69*03! 0.88(0.41*0-18) 2.60(4.62)  0.49*0-22
oot 0.20 0.24 +0.15 +0.18
Combination 0.94(0.48*1%) 2.34(4.02)  0.517)3 0.69(0.35*)12) 231 (518) 037
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cLFVin top quark Interactions (aras-conr-2023-001) ATLAS

EXPERIMENT

Preselection:
Number of leptons

Leading muon / electron pt

Ne =3, pt > 10GeV, |n| < 2.5
PT > 27GeV

Trigger matching > 1 trigger-matched muon / electron
Sum of lepton charges >.q; = %1
SR1 SR2 CRt CRttu
Lepton flavour 21l Faa v 2ule ({3 = p)
Niets >2 | =2 =2
Np_tags 1 1 1 £2
Muon pr cut >15GeV | > 15GeV | > 15 GeV > 10 GeV
Lowest pr muon selection Tight Tight Tight Loose
Muon charges SS SS oS -
ImQ3 — Mz| - - <10 GeV >10 GeV
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cLFVin top quark Interactions (aras-conr-2023-001) ATLAS

EXPERIMENT

Operator | Lorentz Structure
Ozlq(ijkl) (Tiy" 1) (Grypar) Vector
013; VKD (Tiymoll )(Gryuo'q) Vector
O™ | (@vtep)(@ryuq)  Vector
Oz(ijkl) (Liy"1;) Gy g Vector
oL/ | (eiyte RIS, Vector
iolle((;{tkl) (liej)e(Gruy) Scalar
iO?e(;{tkl) (l-io-ﬂvej)g(q_ko'pvul) Tensor
T(t— 6t qr) = 61’:114:7r3 (nj\’)4 {4|cl—q(ijk3)|2 + 4T 4 41D 2 | 41 61k 2
He JIDP 4102 1 481} 0 2 4 481y 02}
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