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Overview of top quark measurements S1 A

Flavor Changing Neutral

' ' ' Searches for BSM physics

+ Top quark is most massive SM particle Currents (FCNC) | phy
* Large coupling to Higgs boson ulc z {ofaus o mamemm
Syep Dol =

e Can couple strongly to new physics

+ Run 2 ATLAS dataset of 140 tb-! gives

maximal sensitivity to rare processes o
e Testing forbidden SM phenomena with Observations of SM
_ , £ Measurements of rare Top+X processes
tf production __ Tnalstates
3 [ ATLAS ¢ Data Wit - @100F 1T 1
— <~ 10*E Vs=13TeV, 140 fb" [JttW Mtz = § | ATLAS PreIiminary1 ¢Data* Cttw EltfH
* Measure rare SM 11 + X processes § e Euecw mre Dl T Een B Bore
: : : . o 10 Blowm.  EHFu 80??,22;(}{) CowsD  WAT o
inclusively and differentially ey et o
+ Presenting latest results from the |
ATLAS experiment o -
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Reconstruction and systematics SLAC

+ Top quark signatures rely on qua\ity Event display for dileptonic tt candidate recorded by ATLAS

Missing Et

reconstruction multiple objects

ATLAS

e Jets and flavor tagging ¥ EXPERIMENT

e Muons, electrons (trigger, isolation)
e Leptonic and hadronic taus
e Missing energy (from neutrinos)

* Sometimes photons

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST

+ Main systematic uncertainties
e Luminosity, object reconstruction

e Theory uncertainties of fixed order
calculation (uz/ur variations)

e Showering/hadronization modeling

(variation of parton shower algorithm,
MC parameters)
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/EventDisplayRun2Physics#Candidate_event_for_a_t_channel

Tests of SM
with top quarks




Overview of FCNC

+ Flavor changing neutral currents (FCNC)
forbidden at tree level and suppressed at
oop level by GIM mechanism in SM

+ Can be probed in many different decays of
the top quark!

e Top decays via FCNC ~10-14,
can be 10-7- 104 in BSM (SUSY, 2ZHDM)

+ Rates of FCNC top decays can be used to
constrain Wilson coetfticients in the SMEFT

interpretation framework

t—Hc
t—>Hu
t—yc
t—yu
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t—Zc

t—=Zu
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All ATLAS measurements are improved since 2018!

ATLAS+CMS Preliminary 95%CL upper limits €@ ATLAS <—@ CMS
LHCIopWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
Each limit assumes that [91 JHEP 07 (2017) 003 =
all other processes are zero Theory predictions = SM 2HDM(FV) 2HDM(FC)
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Eur. Phys. J. C 82 (2022) 334 g & o~

Search foru/c+ g — ¢ SLAC

u(c) e"() 1 lepton, =1 jet, E;niss > 30 GeV

SR: 1 b-jet @ 30 %, (exactly 1 central jet)
Ve(Vy) W+jets VR: 1 b-jet @ 60% (veto 30%)

tt VR: 2 central jets, 2 b-jet @30%

+ Search tor FCNC ugt and cgt with
single-top production instead of decay

e Distinct single top decay features help

discriminate against W+jets and multi-jet ; P tg VR: exactly 1 forward jet and 1 central jet
backgrounds (#5000 T Ty 25000 [
P C ATLAS - Data 1 2 _ ATLAS - Data i
40000 s = 13 TeV, 139 b ™ Wcg >tFCNC o 5 - {s=13TeV, 1391fb Mug — tFCNC 7
. . o -~ SR I ta, 1 & _ SRplu Mt _
+ Trigger on lepton, use BDT-based b-tagging G300 posy i =t?,tqu,ts,fb 3 8 postri =t?,t\7v,t5,fb :
£ Wijets E I Wi+iets _
algorithm with 30% efficiency P AL Qo o Bzioe W -
. . _I_- | d . b I( d 22000 E_ 77 Uncertainty —E - 72 Uncertainty :
e Significantly reduces mis-tag backgrounds 20000 E :
= 10000 —
15000 e i
+ Neural net discriminants trained to target sea 10006 E _:
(D) and valence (D) quarks 5000 = :
s OF s OF _
+ Expected limits improved, but less than <"k %1'0251E}/;;,;;;a;ﬁ;%;;;;;;;;aiézaz;;;;g{;;;;/{g{%;///////é
. . . S0.985E S0.975F 7 ////////—i
expected by scaling 8 TeV result by luminosity o7 A TS
and cross section . o - °,
. . N YN NN N
e Faster increase in top quark background cross o(ugt) x Bt > Wb) x B(W — {v) < 3.0 pb
: . : | |
section with 4/ than for FCNC signal \[ o(cgt) x B(t — Wb) x B(W — £v) < 4.7 pb |
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https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7

Search fort » Zu/Zc and u/c — tZ

+ Search for FCNC uZt and cZt with

single-top production and decay

e Biggest improvement over 36 tb-! analysis

+ Dominant backgrounds from VV+heavy

tlavor, ttZ and tZ

+ Neural networks for S/B discrimination

e Consider uZt and cZt together in decays,

separately for production (u/c from
valence/sea quarks)

+ Observed limits on t = Zu/Zc better by £ .. f Y :
2 e /’-/4/////////// AW

0.75E

factor 3/2 over 36 tb-1 result

e Most stringent limits to date!

140
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Events /0.18
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_ L | Y g \ Y
FCNC 1t decay _ FCNC tZ production
W(ll/l)
ulc Z(l’l_’)
b
_ b
Z(l/l/)
W (ID,)
ulc
Select exactly 3 leptons, 1 b-tagged jet with DL1r NN tagger
S A AL L O BN BN B
_ ATLAS Preliminary ¢ Dat —
" (s=13TeV, I13|9 fb¥1 .tf;jwz VV+LF Results
~ SRi VV+HF  litZ ]
- D,>-0.6 [l Fake lep. [ Other bkg. 7]
- Post-Fit 7/ Bkg. uncertainty 1 Observable Vertex Coupling Observed Expected
| --- FCNC (u)tZ x 50 —
[ — FONC t{(u2) x 50 FCNC {1 ____ SRCRS R
1 B(t > Zg) 6.2x107 491 x107 |

02 04 06 038

1

B(t - Zg) tZu RH  6.6x107° 5171 x107
| B(t > Zg) tZc LH 13107 117x 107
Wl and |C tZu LH 0.15 0.13 1003
ooy ) tZu RH 0.16 0.14 1003
+0.04
¢ | and |c<%l§> | Zﬁ ;E 85? 8 ?(9) 10,04
uW uB : -0.03
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https://arxiv.org/abs/2301.11605

Search for tu cLFV with top quarks

+ Charged lepton flavor violation (cLFV) is
extremely suppressea

e Possible in the SM via neutrino mixing at

oop level, BFq\(u — ey) < 107>°1

* Any observation indicates new physics

Production (SR2) b

+ Main backgrounds from tf + non-prompt p v
(tt+NPu), trV/ttH, jets mis-ID'd as 1 : , .

e Data-driven fake 7 estimation in dedicated L%& we -
control region (u™u~ + 1y, i.e. Z+jets) . ~

+ Single bin in SRs, CR binned in Hr (scalar

Decay (SR1) i, ¢

— ——
o b N\
SR1 | SR2 | CRittu
Lepton flavour 20l Taavis  2ple (U3 = )
Njets > 2 1 > 2
Nb—tags 1 1 < 2
Muon pp cut > 15 GeV | > 15 GeV > 10 GeV
Lowest pr muon selection Tight Tight Loose
Muon charges SO SO -
mGe — My| - - >10 GeV
EJ 104t ATLAS Preliminary ¢ Data [ ]Signal (dec.) [ ]Signal (prod.)
L E Vs =13TeV, 139 fb” BiFake 1 VV/VVV B+ X
[ cLFV tT+X I Other B i+NPu
- Post-Fit B Other+NPu [l Fake e 77 Uncertainty

10°F

10 B (LLLLLLLLL

—

Data / Pred.

0.5

;Z ////W///W//%/////////ﬁ///%////%//yf///ﬁ////

SR1 CRtiu

sum of jet pr)

95% CL upper limits on BR(t — p71q)

] o ] Stat. onl All systematics
+ Stringent limits on BR(t — utq) obtained Expocted N 10_7y -
and interpreted in SMEFT Observed 9% 107

Brendon Bullard Summary of top quark physics from the ATLAS experiment 8


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

Top+X production




: : : : : ATLAS-CONF-2023-019 g & o=
ttW inclusive and ditterential Cross Section SLAL
1 bt g ¢
+ o(ttW) measured 20-50% larger than prediction \mﬁmm< \Qi:
. +
(consistently by both ATLAS and CMS) Y ; At
e Large background for ttH and tftt! /"-\_\ M“‘C t
: : q W g F
+ Use di-lepton triggers, select 2£55/3¢ channels + 22—
: ATLAS Preliminary —®— ATLAS- this result o) 9 T T 1
JetS, > b_tagged [s=13Tev, 140 fp —=— OMS (2208.06485) | — ¢ '143”{':\7 T;%';E'.?ary
. o . Stat. + Syst. Stat. only %-9 . fW* Particle Level
e Bkgs from t1Z/H, VV, non-prompt leptons, #ftt at high Nie . R T
FxFx S :
e Semi data-driven template fit method using CRs defined srrpa o = :
with lepton isolation BDT D 700 850 9oc 7000 2 . i E -
S(fEW) [fb] £ —
+ Inclusive cross section remains larger than theory 4 ——
predictions (1.5¢ tension with FxFx) i AERERE -
3501 — 1.5F | j
. . . — . g 300(— _ 0'; :X-_—;X;;g; ------ ;V;: it s
+ Perform first differential measurement of ttWin 9 ° g, s —
observables using profile likelihood unfolding (PLU) R\ X - B oo e ey
200 - o0l - 2 3 4 5 6 7 2 3 4 5
 Shapes consistent between various MC and data 400"'450"'556"'55'6'(;;53?[;]%6'"756"'756"500 258 oricloLove -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/

arXivi2301.04245 g & o~

ttW leptonic charge asymmetry SLAC

"\ arso /0
+ 1t forward-central asymmetry can probe Cg
NLO QCD eftects, test of SM
* Symmetry of pp beams reduces sensitivity! )
q t 9

e Emission of W removes symmetric gg - y
Leptonic Charge e N(Ay > 0) = N(Aj < 0)

contribution, polarizes quark line AL =yl = |y,

‘ Asymmetry . N(A? > 0) + N(AZ < 0)
+ Similar strategy as for ttW incl.+diff. £ a0 ! ! ! T
L%’ L ATLAS ¢ Data ttw (Qcp) [ w (Ew) ]
. . . 180 5= 13Tev, 139 b Wiz HF. HF, E
e Target only 3l channel, train BDT to identity i60f SR summary Moo WO W@
. . _ Post-fit WZ/ZZ +jets ther 7/, Uncertainty _
which same-sign lepton came from top o . . . ;
120:— E E E _:
o le- 00 A i i, :
Use PLU for particle-level measurement Tty E FV/AV///////}/////)///////V%
o I ’ '

+ Dominant systematics from uncorrelated “

20

: 4+ .
background NFs in An~ bins g 14
‘i(; o sf-ﬁy7/7/-////4////—/—//‘/-/4////-/é‘///-///ﬁ/y‘////%)///yé///#-/4///7/-/4/(/7/-
5 06 | |
K Af. (t t L [‘ ) — _O . 1 23 i O . 1 3 6 (Stat.) i O . ()5 1 (SYSt.) S/?“7b~/oW ” SR‘7b~/OW ” SR"VDJHQ/,/V SR"V?J?/Q/,/V SRQ&/OW ” S'q?@/ow/v SRQ"’*/)/Q/, " SRQ‘I"/HQ/,/V
- lets: dyy- Tets: s Gets: 4y- Getss lets: 47- Vets: dyys Vo, - Vot e
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https://arxiv.org/abs/2301.04245

. . arXivi2303.15067T g & o~
Observation of four top quark production SLAC
0000000 > t 70000000" > t
A
_ . ) A )
+ tttt is one of the most massive SM N— ___H__<t
signatures that can be probed at the LHC —¢ I\ t
A
e Cross section of ~12 fb @NLO in SM, can be '0000000" ) t 70000000 < £
| Data Driven iejo1 a = a
enhanced in BSM that couples to top quark o T NEaw ) = NEaw i <2 a0+ S [N <1 a0 3 (j,_4)]
e High multiplicities in the final state o e ey 180
(26 jets, >2 |eptons, TZSOO GeV in SR) g 104;—?§T:¢§Tev,140fb'1 ét?\?\;a Eﬁtzt —; =4 160; ?ET:?P?Tev,140fb'1 ;tl:f)t?ta Etct_)\tl\rl\ers—:
"UE) E SR I ttH []QmisID 3 [ CRs+SR ”Z Uncertainty B
g) 103‘_ Post-Fit =:YIO€:; r(;onv_ =E:ze _— 140E Post-Fit
+ Most sensitive channels 2£55/multi-lepton Tk T -
102 72 Uncertainty  --- Pre-Fit | 100?/ B
. . . . 80F -
+ Perform data-driven estimation of dominant 10 o E
ttW background w/ =7 jets 1 105 { -
i ool i ":Emj -
107'E E
+ Observed (expected) sig. of 6.16 (4.30) B or i 13
. +h dfermion EET S SR *5;;};*"#"/'/@’ 5 21%/#//////%///////////%//)//////// i
" merpretations with f-termion operator, S oo oo e e 8 o R Ry
Higgs oblique parameter, CP-structure of top GNN score TN

Yukawa coupling, fft cross section
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https://arxiv.org/abs/2303.15061

. . arXiv:2302.01283
1 A~
Observation of ty production ; q, SLAC
+ Rare t+X measurements probe EW couplings
1% ~ e,
e tt+ H, W,Z, yall observed, butonlyt+ W, Z /
b
. . . 4
e Target t-channel tgy, distinct signature of forward 0 0000000 WS,
b-jet that is not tagged (outside tracker coverage)! ,
b
"’2400:'-"'|""|""|'"'I""I""I""I""I """" -] 82 rrrrprrrrprtrtprtrtprtrprrrprtrtp ettt p e
+ Backgrounds from try, Wy (define CR), take y &, anss eowa  Mw 1 & [ amas ¢oma  Hu;
- Vs=13TeV, 139" [ Jt(—Ivby)q [ tty m - Vs=13TeV, 139" [ Jt(—Ivby)q ity y
. . 2000 = 1fj SR B wy +jets IZy +jets — 2000~ tty CR B wy +jets IZy +jets N
o Veto on m(fy) N mZ W|ndOW to reduce e — y 18003— Post-Fit We -y -Otherprompty_f | Post-Fit We -y [l Other prompt y _
1600: Clh—vy [ ]Fake leptons - 4000— Clh—vy [ ]Fake leptons
. . = 7/ Uncertaint = - 7/ Uncertaint
e ABCD method for h — y estimation 1400/ y e : i :
12000 ®ig_ @ . 3000 It 4 CR ]
. 1000 -
+ Observed (expected) sig. of 9.30 (6.80) 800 2000
600
400 1000

+ Parton-level fiducial cross section of 200

— —+ —+ E - _ : :qé ' _ z
0,y X B(t = £vb) = 688 + 23 (stat) £ 73 (syst) T : miWWWW%/% . 1051?//%/%%///%*%//%%%&/%%/
: : - | 8 0.95F 1 B o095t :
* Compatible with SM predictions! 090"'0'1"0'2"0'3"0'4"o's“o'e"o'f"o's“o'g"'1 090'"'0'1"'0'2"'0'3"0'4"0'5"'b'é"c')'?"b'é"c')'g”'1
NN,, NN,,
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https://arxiv.org/abs/2302.01283

BSM searches




arXiv:2211.01136 o~

Search for ttH/A — titt

+ Search for associated production of heavy

(pseudo-)scalar Higgs decay to t (2HDM)

* Most dominant decay for mp/a>2miep
e Search for masses between 400 and 1000 GeV

+ Target 2ISS/3l channels, similar challenges as
SM rttt (ttV/ttH, non-prompt backgrounds)

* Template tit background estimation

+ Signal ID using 2 BDT classitiers:
e SM BDT: separates SM fttt from other bkgs
e BSM mass-parameterized. BDT: BSM tftt vs. all

+ 4x better exclusion limits over previous result
with 36 fb-1!

Events / bin

Data / Bkg.

80

70

60

50

—_

g

*: normalised to total background
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

- ATLAS ¢ Data ---mH=1000 GeV * 7]

- {s=13TeV, 139 fb™ I it [Jttw QCD

~ BSM 4tops SSML B ttw EwW [ tt(Z/y*)(high)

- BSM SR ttH [ 1QmisID 7]

— Post-Fit B Mat. Conv. [lLowm,. ]
[OHF e B HF u

[ Others [ttt
77 Uncertainty

0 o1 02 03 04 05 06 07 08 09 1

BSM pBDT @ 1000 GeV

o(pp—> tTH/A) x B(H/A— tf) [pb]

107!

1072

A 7

ATLAS

B —eo— Observed limit B
- (s=13TeV, 139 fb7  =reren Expected limit =
- BSM 4tops SSML RS ]
3 [ J=20 i
Theory:
— tanp=0.5 —]
— tanp=1.0 -
] | ] ] | ] ] | ] ] | ] ] | ] ] | ] |
0.4 0.5 0.6 0.7 0.8 0.9 1
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https://arxiv.org/abs/2211.01136

arXiv:2301.03902

1. 1 A
t — gX(bb) scalar resonance search ——— Sl AC
) Reweight 7 bkg *"1)= =3z
g oS4 Y I O S B s B S DS
+ Froggatt-Nielson mechanism: broken ’f o ERTEE T T
. ]_jg % ----- Variation C i
U(1) tlavor symmetry w/ BSM Higgs X : 2 -
t X___< T . -
e M, < 200 GeV, X — bb leads decay y&f\’\\ b 15 6j, 2b+1b70 -
g q=ujc : _— .
. _ Trigger on lepton, select events with / ia R(HM) = A+—B_y 474 =
+ Main background tt+jets, use data- 4,5, or 6 jets + 3 byo-tagged jets S -
) ) ] . L 0'50 200 400 600 800 1 OO(IJI 1200
driven correction in control regions Train on three M, signals + all backgrounds ... i M 1GeVl
- . separately for 4j,5j,6j and uX/cX S e o CLamsoncd it
* Use pseudo-continuous b-tagging! Y D
x 10° [ ] Expected = 20 E
. 5 . . . x
- bso-jet (60% tag efficiency working point) i 1o t—>uX -
and byo-jet (looser: pass 70%, tail 60%) EE : ¢ Run some
- SR = 3beo; CR = 2beo+1b7g =t o Zj? - fitsin ° E
) Z o.zsE - o.zsE ‘ v;ié 0.35 ‘ the SRSI 20 40 60 80 100 120 ‘::0[66\1/]60
+ 3x better than previous analyses! Z 4 = ' g 10
: : : : 3 . . L[ ATLAS L e cLopeeimt ]
(adjusted for different luminosity) = 5 S POV e
| | - R g S e o 2 L t—>cX
e Better b-tagging, using neural net g T s e e S =10°F
training vs. likelihood discriminant, SOEUER %
tt+jets modeling improvement NI e N 5
L N s e 0200 e B0 00 120 I1AOI[GI| I\1/]6O
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https://arxiv.org/abs/2301.03902

Summary and Conclusions SLAC

+ ATLAS is pursuing rich program of top quark physics using the full Run 2 dataset

+ Many improved searches for FCNC, limits improved by up to 5x over previous measurements

+ Nearly all measurements and searches interpreted in SMEFT framework
+ ATLAS has observed two new top-associated processes: ty and ¢t

+ First and only differential cross section and charge asymmetry measurements of #tW

+ Searches for BSM signals giving unique detector signatures

Thank you for your attention!
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arXiv:i2205.02537 omg & o~

Search for t = yu/yc and u/c — ty SLAC

FCNC ty production

+ Search for FCNC uyt and cyt with single-top

Object SR | CR tty ‘ CR Wy+jets

Photon (p1 > 20 GeV) =
Lepton (pr > 27 GeV) =
EZ™ > 30 GeV

b Jets (pt > 25 GeV) > 1 >4 > 1
v b-tagged jets (60% WP) | =1 — =

¢ b-tagged jets (70% WP) | =1 > 1 =
b

poroduction and decay

+ Backgrounds from tty, Wy+jets, and
misidentified electrons or hadrons

b-tagged jets (77% WP) | =1 > 2 =1
e CR for prompt photon backgrounds . m(e, ) = | = | ¢180,100] GeV
e ¥ — ¢ fake rate estimated with ey near mz; »
* V- h estimated With ABCD method ' ATLAS = [=== Expected = 10 * * I ATLAs 0 == Expected + 1o
tuy LR Vs=13 TeV, 139 fo! === Expected = 20 Cov +Cus || T} Vs=13Tev, 139 fo = Expected = 20
] . . 1 — Observed o — Observed
+ Train a multi-class neural net to classity:
t—uy RH ij"\’/:,) + Cf’;) i
e Production mode vs. decay mode vs. bkg B B |
t—cy LH . Cfv?/)* N Cﬁzs)* .
+ Most stringent limits to date! i ' i :
e Improved by 3.3-5.4x over previous = AH o * Ci |
. : : : dL 0. 1 x107
imit from mc:ludmg >1 jet events and 0 002 004 006 008 0. 0.1 0.2 0.3 0.4 05
BR 95% CL limits Wilson coefficient 95% CL limits

increased luminosity
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https://arxiv.org/abs/2205.02537

Search for u/cHt, H — t7 1~

+ Target FCNC through production ¥ = (s

)2 . (E,I?,igf_Eylcniss )2 . (E)rfl,igi_E)r}liss
(oA

miss
Ex

O _miss
Ey

and decays of top quarks

-g EI IAI7-|LASI | T | T | I -|‘- data| I i|tu|H | E

- L . ]

* Target several channels depending on @ [#=I3Tevi38h" 7, goww
FCNC tuH H—t*t

3|
10° == 1/ThadThad

decay of taus (7,7},,4TH,qg MOSt sensitive) i

+ Perform kinematic fit to reconstruct 10°
invisible tau decay products

10

+ Dominant background is tf+jets and
fake 7 - train BDT to discriminate S/B 1

1.4F

U I N . E—

m— tUH(0.1%)X2

ug—tH(0.1%)x2

= T —>WbHu(0.1%)x2

+ Exclusion limits improve by factor 2.5 %“f;/// D //%
from analysis improvements Sl T %

e Lepton channels, tH production, etc.

BDT Discriminant

2
) Hadronic

Leptonic

Combined

Hadronic

Leptonic

Combined

ATLAS

. Expected+ 16  —

----- Expected *+ 2¢
- QObserved

95% CL limits

. Expected+ 16  —

----- Expected + 26

— QObserved

95% CL limits

B(t — cH)/107°

Brendon Bullard Summary of top quark physics from the ATLAS experiment


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-17/

