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Why rare processes?

Standard Model Production Cross Section Measurements

Status: February 2022
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Why rare processes?

* Rare production modes become fully accessible with Run 2 data
* Many recent first observations!
* No signs of new physics beyond the SM brought by searches at LHC

* Further test SM by measuring more precisely rare processes which are not
yet well measured
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* Limit to Effective Field Theories can be set

Standard Model Production Cross Section Measurements
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Triboson measurements with ATLAS and CMS

* Triboson final states have small cross section

* Sensitive to Anomalous Quartic Gauge Coupling (AQGC)

* Understand those process as they are backgrounds for further analyses in run 3 (ZH(yy) WH(yy))
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Status: May 2017

- Theory

LHC pp Vs=7TeV

Bl Data 45-49017!

LHC pp Vs=8TeV

PAS Data 20307}

LHC pp \E: 13 TeV

B oata 0.08-36.1f071




WWy [CMS PAS SMP-22-006]
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e First measurement of W Wy fiducial cross section with 5.6 o
(4.7) standard deviation observed (expected) g
& 0s
* 6measured = 6.0 = 1.0 (stat) £ 1.0 (syst) £ 0.9 (theo) fb
within 1.56 of theory prediction
* OTheory = 4.16 = 0.34 (scale) = 0.05 (PDF) fb ?;
I.% 300
» Using opposite charge opposite flavor e/p channel with
138 fb- at 13 TeV -
* b-jet veto 100
- Likelihood 2D fit on M’ " and My, using SR (splitting 0 S0
jet and >=1 jet) and 2VR <
a 05

e Limit on Higgs Yukawa couplings with light quarks (u,d,s,c)
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CMS preliminary 0 jet 138 fo™' (13 TeV)
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https://cds.cern.ch/record/2853299/files/SMP-22-006-pas.pdf
https://cds.cern.ch/record/2853299/files/SMP-22-006-pas.pdf

WWy [CMS PAS SMP-22-006]

* Background treatment

* Non prompt photon/lepton

* ] = y main background; Data driven estimation in

W+jets Control Region (CR)

» ] — e significant background; Data driven fake rate

estimate in dijet CR

 Validation; Top+y VR with = 1 b-jet for both

background; Same flavor lepton final state CR for

j— e background

» WZy and top; reduced by b-jet veto
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Limit on Higgs Yukawa couplings

Process

0up Pbexp.(obs.) Yukawa couplings limits exp.(obs.)

ua - H+9 —euy
dd - H+ 9y — euy
ss >H+vy —euy
@ ¢¢ v Bty ey
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0.067 (0.085)
0.058 (0.072)
0.049 (0.068)
0.067 (0.087)

x,| <13000 (16000)
k4| <14000 (17000)
K, | <1300 (1700)
x.| <110(200)


https://cds.cern.ch/record/2853299/files/SMP-22-006-pas.pdf
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WZy [STDM-2019-17] ATLAS

» ] — y background; reduced by My, Selection; data driven fake :'- 7777

rate estimation in looser identification/ isolation selection CD
using Z+jets sample

 First measurement of W2y cross section with 6.3 (5.0) standard q v
deviation observed (expected) 7
Z
theory prediction ,
q 44
> - l ] LI I 5.0 1 l LI I [ 1 LI I LI ] I 1 LI I L L
@ ~ ATLAS Dat i
* Using llly channel one same flavor opposite charge pair with 140fb-" Q) 120_‘ /s = 13 TeV. 140 fb"! lElWe-lZ: =
at 13TeV S [ wWomzeny W zzy 3
; 100f- SR B ZZ(e-y) -
° |me(W)}, - mzl > 10 GeV "E : Post-Fit Bl Zyy :
(O} B [l Pileup y i
e 7000 Nonprompt i
° ml(Z)l(Z) > 81 GeV for FSR reduction W . .Unc[ethamFt)y :
* Profile likelihood fit of the 4 e/u final states (3 bins, 1SR and 2CR) d
* Background treatment —:

: e 1.
» j — [ background; data driven fake rate estimation in looser a =
identification/ isolation selection CD using dijet sample ; 0.7 ‘
Bosb ]
o ZZy and ZZ(e — y); normalized with dedicated CR Q > 20 40 60 80 100 120 140
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-17/

Zyy [Phys. d. C 83, 539]

e Fiducial cross section

e Omeasured = 2.45 +0.20 (stat) = 0.22 (syst) = 0.04(lumi) fb
measurement with 12% precision

* Using e/p channel with 139 fb-1 at 13 TeV
o (my + min(my, |, my;, ,)) > 2M for FSR contribution

 Differential cross-sections (6 kinematic observables:

vl py2 I llyy
ET ’ET » P> P "> My, My,

* Background treatment

 J = y main background; data driven fake rate estimate using
Zy+jet and Z+jet

m, [GeV]

* Ityy with leptonic decay from top quark (second contribution);
normalized using CD with opposite sign e/u pair

« Zy 4+ y and Z + yy from pile-up; Uncertainties computed via
signal simulation reweighed to pile-up background p, spectra

» ¢ — ¥; Modelled by ZZ and Z WYy simulation

« Z(l)H(I]); Estimated from simulation

CE/RW
\

S/

ATLAS
/-
Z/*
-

\{ €+
ANANANANNNNNN, Y

Y
q < £

Distinction between ISR and
FSR events when the Z
boson is on-shell

140 -3 o
ATLAS Simulation <

130 2
pp — Iyy+X >

120 25 %

1108

100

90 1.5

80
70F;
60
50

ISR dominated

FSR dominated

400 80 90 100 110 120 130 140 150 160 170

min(mlm, mm) [GeV]


https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8
https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8

Zyy [Phys. J. C 83, 539] FATLAS

e Limit set on aQGC operators using EFT approach

» O841,087,, 08¢, 085 reduced up to two order of magnitude at 8 TeV
(Phys. Rev. D 93, 112002)
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https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8
https://link.springer.com/article/10.1140/epjc/s10052-023-11579-8

Vyy [JHEP10(2021)174]
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https://link.springer.com/article/10.1007/JHEP10(2021)174
https://link.springer.com/article/10.1007/JHEP10(2021)174

Vyy [JHEP10(2021)174]

* Background treatment:

e ] — y, dominant for both /7y and Zyy; data-driven fakes rate estimates

* ¢ — v, important in\W/(¢)yy

CMS 137 fb' (13 TeV)

e Coming from Zy events

[ Others
200 [ Misid. jets

removed) with fit on m, ,jeaq 150

Events / bin
n
S

- Corrector factor computed in CR (|m, ,jeaq — Mz| < 5 GeV

» VH(yy) neglected

* Limit set on 10 aQGC operators using EFT approach g 1-51 E_ . . *
& O.SE B . _ .
N -y 1 < 0 50 100 150 200 250 300
Wy (TeV ) Zyy (TeV ) J " [GeVI
Parameter  Expected Observed Expected Observed

fae/A [-57.3,57.1] [—39.9, 39.5] — — . Cms = 137 o' (13 TeV)

, o —+— Data
fua/AY [-91.8,92.6] [—63.8, 65.0] — — g:ﬁgg Woem Wy

4 , } , < isid. electrons
fro/A*  [-1.86,1.86] [—1.30, 1.30] [—4.86,4.66] [—5.70, 5.46] € 5000 @) Others
fri/AY [-2.38,2.38] [—1.70, 1.66] [—4.86, 4.66] [—5.70, 5.46] 4000 @ Misid. jets
fra/A*  [=5.16,5.16] [-3.64,3.64) [—-9.72,9.32] [—11.4, 10.9] 2232
frs/AY [<0.76,0.84] [—0.52, 0.60] [—2.44,2.52] [—2.92, 2.92] 1000

fre/A*  [-0.92,1.00] [-0.60, 0.68] [—3.24,3.24] [—3.80, 3.88]
fro/A* [-1.64,1.72) [-1.16,1.16] [—6.68, 6.60] [—7.88, 7.72]
frs/A* — — (—0.90, 0.94] [—1.06, 1.10]

) fro/A* — — (—1.54, 1.54] [—1.82, 1.82]

NS

0 50 100 150 200 250 300
\i4
pr [GeV]

|Data / Pred.
o
(&)



https://link.springer.com/article/10.1007/JHEP10(2021)174
https://link.springer.com/article/10.1007/JHEP10(2021)174

Wyy [STDM-2018-33] $ATLAS

EXPERIMENT

 First measurement of Wyy at 5.6 (5.6) standard deviation observed (expected)

* Omeasured = 12.2 = 1.0 (stat™ (-2 (syst) £ 0.01(lumi) fb in agreement with the SM prediction
* Using e/p channel with 140 fb-1 at 13 TeV

* b-jet veto and E;miss > 40 GeV selection w
* 4 bin likelihood fit (using topCR, topVR, and SR)

* Background treatment:

» ] — y main background; 2D (leading/sub-leading) template fit of photon isolation energy in data

e ¢ — y; Data driven fake rate estimate in Z—ee/ey CR

b-jet) for validation

TopCR TopVR SR
8 T : - ¢ Data
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08 ' ; 7| — ProFaPostFe
06 = — Ratio 0
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CE/RW 20 40 70 /20 =/ 20 A Number of b-jets »
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-33/

Measurement of Higgs boson production in association with top quarks

* Two ways to measure top-higgs coupling
* Dominant production mode of the Higgs boson at the LHC

* Proceeds primarily through a top quark loop

gluon-gluon Fusion

—meme=

NS



Measurement of Higgs boson production in association with top quarks

gluon-gluon Fusion




Measurement of Higgs boson production in association with top quarks

ttH+tH :
probe of top-Higgs coupling

b

Only 1% of Higgs at LHC Only 0.1%!!



ttH(H — bb)

tt decay mode

Higgs decay mode

€c

_“Iepton + jets

Large background
from tt+jets
Challenging to model!
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ttH(H — bb) [JHEP06(2022)97] ATLAS

* Single lepton and dilepton regions

* Signal and control regions depending on number of jets and b-jets
* Single lepton boosted for Higgs pr> 300 GeV

* Classification BDT for signal regions and yields for control regions in fit
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https://link.springer.com/article/10.1007/JHEP06(2022)097
https://link.springer.com/article/10.1007/JHEP06(2022)097

ttH(H — bb) [JHEP06(2022)97]

Pre-fit impact on p.:

ATLAS

EXPERIMENT

Ap

T 10=0+A0 @ 0=0-A0 -0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4
|||||||||||||||||||||||||||||||||||||||||
. Post-fit impact on u: ATLAS
Inclusive measurement _ _
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| | | T | , :
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https://link.springer.com/article/10.1007/JHEP06(2022)097
https://link.springer.com/article/10.1007/JHEP06(2022)097

ttH(H — bb) [JHEP06(2022)97]
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Higgs boson candidate P, [GeV]

ATLAS

EXPERIMENT

Differential measurement

ATLAS  (s=13TeV, 139 b, m =125 GeV
SM compatibility: 45%

=—Total — Stat. Tot. ( Stat. Syst.)
. Pre[0,120) [GeV] I-HI-H 0.86 *5o9 (T04r ‘057
L lel120200) (Gev]| ke 0.18 *o, (“0ds 079)
. 81<1200,300) [GeV] et 1.05 020 (038 93
B [300,450) [GeV] |-|-o-|| -0.19 *973 (102 Toad)
b P[50 [GeV] | —e—h 010 147 (%487 182
nclusive Lo 035 TR(5E 0)

-2 0 2 4 6 8 10 12

» Statistical and systematic
uncertainties of similar size in
most bins

* Results compatible with the
SM predictions within 1-2 o
(but several negative fit values)
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https://link.springer.com/article/10.1007/JHEP06(2022)097
https://link.springer.com/article/10.1007/JHEP06(2022)097

ttH(H — bb) [CMS-PAS-HIG-19-011]

e Full hadronic, single lepton and dilepton regions Inclusive measurement
CMS Preliminary 138 fb" (13 TeV)
i . ] ] | | | | I I | | | | | |
» Signal and control regions depending on number of jets and | Lo tor starsyst
b-jets FH HiH 0.84 Jis 055 ‘oso
SL HIH 0.46 Toc?%s I?.'rff jroc?'zzv:-?

* Multiclass artificial neural networks (ANNSs) separately for
each year

: +0.41  +0.31 +0.26
DL [wm4 023 42 031 -0

+0.42  +0.25 +0.33

2016 H'l'H 0.49 G40 025 032
_ _ _ _ _ 0017 m 030 +0.38 4024 4029
* ANN output and likelihood ratio of outputs used in fit 087 0zd 028
2018 | vm | 0.23 5 a5
» Different treatment of tt+=1b background wrt ATLAS Combined | i 033 5% Dis o
| | | l | | | l |
o 0 5 10
CMS Preliminary 59.7 b (13 TeV) ~ oA
[ ' ' ' | ' ; ' T ' ' ' T ' ' ' T ' : ' | ' T I = 6/og,
S 40° FH SL WQCD W8 mic milF m DL Postfit
= ttv Vijets Wty WYV EHW
10° k- >4 b-tags >4 b-tags tHq —ttH <Data [ |Syst >3 b-tags
7 jets 8 jets >9jets |5 jets >6 jets 3 jets >4 jets
10* ttLF, ttC, tt2b cats. ttLF, ttC, tt2b cats. tHLF, ttC cats
' tHQ  tHW ttH+tB |1 tHg AHW  ttH+ttB L ttH+1tB
10° cat. ,cat.cat. cat. ,cat. cat. cat.
10
18
2 14F
S 12
€2 1.0 ]
g 08 X
ﬁ 0_6 L L L L.l Ll L L.l L L L Ll 1 1 L L I
0 20 40 60 80 100
Fitted distributions 2018 discriminant bins

CININ
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ttH(H — bb) [CMS-PAS-HIG-19-011]

CMS Preliminary 138 b (13 TeV)

—— Fit constraint (obs.) —— +1oImpact (obs.) —— -1o Impact (obs.) I
_ _ M tot  stat syst
Fit constraint (exp.) +1o Impact (exp.) -1o Impact (exp.) :
.. E 190  +1.24 +1.44
CMS Preliminary (=033%2 [0,60[ | ——=—— 023 575 D5 Lz
Collinear gluon splitting ' ' —— ' N '
_ L 4043 | : z s i 1.35 1.00 +0.91
ttB normalisation 1.1954).12 [60, 120[ H——H 0.06 jr1.39 jr1.00 jr0.96
PS scale ISR (tiB) I : : E
QCD normalisation (= 9 jets, 2018) L 0.964 0815 E
L . : : : 120, 200] : 114 +095 +0.69 +0.65
QCD normalisation (= 9 jets, 2017) 1 0.968 98 : g : [120, = 1. -0.86  -0.69 -0.52
QCD normalisation (= 9 jets, 2016) L 0.98240%F |
QCD normalisation (8 jets, 2018) L 0.9820Q5 | —_— i 089 +0.65 +0.60
Rt 5 [200, 300] H—— 0.19 D90 065 -062
Jet energy scale (1) —— —_— ;
ME-PS matching (ttLF) '—°—' '_' I
MCstat. (1)| i ——e— — [300, oof | H—m— 120 O 0 on
QCD normalisation (8 jets, 2017) o.97s§_590%122§ -——- T T T R
Jet energy scale (2) .__, 0 ) 10
QCD lisation (7 jets, 2017 L 0.0019%% | - B ~ A
normalisation (7 jets ) éoooa § u= G/GSM
QCD normalisation (8 jets, 2016) 1 0.9910¢17 ——
Underlying event (t) N s nl * Results compatible with SM
O, (renorm./fact. scales) —_— ._._. ] .
wosat | (<2.40) and similar to ATLAS
MC stat. 3)| =——e—— -—-
QCD normalisation (7 jets, 2018) L 0.98700% | —_— : :
3 * Uncertainty dominated by
Jet energy scale (3) e i o T- . ] . . .
1 0 1 01 0 0.1 systematics for the inclusive
(®-6,) /A6 Afi measurement, mostly similar

size for differential
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tH(H — bb) [CMS-PAS-HIG-19-011]

HtH < 14.6 @ 95%CL With C}OUPIing _measurement .
piiH fixed to 1 and treated Assuming SM Higgs boson coupling
as background structure

Oty = (263K + 3.58k% — 5.21Kk, ot
G = (2.91K% + 2.40k2 — 4,22k k)0 M.

Simultaneous fit

». s CMS Preiiminary 13811 (13 TeV) _ 10 0CMS| Preliminary _ I1l3|8|fpl‘1l (13Tev)

TO9°F T~ 1 T T T 1 [ —~ 't = )
':*1‘3_ - ¢ expected i —19-2—'5 x - ¢ expected 19'25
3.0 observed . % 75 observed é—’
i L MtH = -3.83 1 _168(\] - L ] Kt=0'59 _ 168(\|
o5l Miin =0.35 E . : ky = 1.40 |

' | - 68% CL ] 5.0_—_ 68% CL 144

[ ——. 95%CL 1 {744 | —— 95%CL '

-12.0 7 -12.0

_96 : _96

; ] 7.2

1 [ 48

: 2.4

1095, 0 -0 . . . 5 20 00

MtH Ky
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Production of four-top-quarks

* Heaviest particle final state

* four-top-quark has a very tiny cross section in the SM

o Ogy(TTt) ~12 b

Top Quark Production Cross Section Measurements

Status: November 2022

Q i —
s ATLAS Preliminar
Q y | Theory
h’(ﬁ O Run 1,2 /s =5,7,8,13 TeV
; LHC pp V5=5TeV
—_— -1 BBl Data 02571
e s=Oms p
LHC pp vs=7 TeV
102 -
g— i '“'.n.l BEl Data 45-46fb!
.E A LHC pp vs=8TeV
(@] L i Data 20.2 - 20.3fb™*
g o L]
(&) ‘I' LHC pp V5 =13 TeV
3 BEl  Daia 32- 1301
1
7, L L
]
? | 11 e
2 s —
o 1 ' I
-1
1071 3 I ~Eom-
qod -
tt t tW t ttW ttZ ttH tty ty
t-chan s-chan fid. £+jets fid. €

Different processes

minimum energy
required is ~700
GeV!l!
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Predictions for four tops

* Rare process predicted by the SM and has never been observed

Dominant production of 77¢f

[

< t
gg
>

4
¢ BOOO000 L —+—— ¢

8’2525?5?56276‘+ > t

NS



Predictions for four tops

* Four top quarks can be produced via an offshell SM Higgs boson

* Sensitive to the magnitude and CP properties of the Yukawa coupling of
the top quark to the Higgs boson

[arXiv:1611.05032 [hep-phl]
D) 25
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Four top quarks can be sensitive to BSM scenarios

& 700000%

New Particles

g QQ0QQ,

New physics beyond our
energy reach

|

“Four-fermion contact
interaction”

20



* We have four tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons

i<
¢ 0000 ———— ¢ t \V’zf

A
< F b
8
> t Branching ratio tttt:
A 0t (32%) 12 (42%)
g70000000" < t
>38 (5%)
2855 (7%) 20 05 (14%)
&N
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* \We have four tops in our final state
* Each top decays to Wb and the detector signature is defined by:
* The presence of four b-quarks

* The decays of the W bosons

1t /q
wt ,
gm > t t v/q
A
< i \
g b
> t

§70000000" <

|

Branching ratio tttt:
08 (32%)

12 (42%)

Smallest branching ratio .33 (5%) Q
but very clean (low backgrounds)  ..25ss (7%)

. 26 0S (14%)
) Most sensitive channel
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2£SS/32 Channel

Example from the 3|l channel




2£SS/32 Channel

Example from the 3|l channel




Signal region selection

* Selection requirements in the 28SS/3%2 (signal region):
e 2 same-sign leptons or 3 leptons (£=e,l)
e >0 jets

*» > 2 b-tagged jets

leptons jets

» Hr>500GeV ; Hy = 2 Pr + ZPT



Backgrounds

What else can produce many leptons & jets ?

Signal region composition

I titt o tit 4

tH W o tiH —QmisID

i Others g Mat. Conv. Bl Lowm.,
mm HF e mm HF u !
(-
Fake and
) non-prompt | = | Template method
itw leptons
1t/
Control regions are designed to evaluate ¢t W and fake/
& non-prompt background 2



Fake/non-prompt leptons
 electrons from y conversion in detector
* a virtual photon y* leading to an e+e— pair (Low Mee)

e electrons (muons) from heavy-flavour (HF) decay

Non-prompt Leptons

Material Semi-leptonic
conversion b decay (HF)
| -
o
njd
(&)
Q
njd
Q
o
(/p)
<
-
< B i
eam Pipe
£ +: lepton from
tt instrumental effect

£+: prompt lepton
from W

CE/RW
\

N vér4
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Fake/non-prompt leptons

* Charge mis-assignment (relevant for the 2£SS channel)

* Charge of electron is mis-measured, caused by:

* Bremsstrahlung photon emission followed by its conversion

* Mis-measured track curvature

cﬁw
\

N

Bremsstrahlung Mis-measured
curvature

ATLAS Detector

Beam Pipe

£ +: lepton from
instrumental effect
f+: prompt lepton
from W

34



Template method to estimate fake/non-prompt leptons

* Template Method is used to determine the major backgrounds

* Background shapes are estimated from MC
* Normalisation is obtained from the fit

* 4 free parameters included in the signal extraction fit to determine
normalization (HF electron, HF muon, material conversions, virtual photon
conversions)

T T T7 IlllllllllIllllllllll[lllI lllllllll llllllllllllllllllllllllllllll
—

> C ttt ] % i ata ttt
8 60:_ %TﬁgTeV, 140 fb’ ég\z\;a E?&gt c E 8 1008 ?ErﬁgTev, 140 fb" ég\l{l\; E%gt c B
-— - CRHFe at. Conv. . -— L CRHF at. Conv. |
5 S posr B Bomw’ 1 B s "R @ Bowew -
L% “ :?/% /// Egtre-Fit 7z Uncertainty _. L% E/ . l-;]-gtre-Fit 7z Uncertainty ;
NFyF ¢ NFHF 4 Are 3 HF.
20 - 1
O .664_-%.-156 1 ’ 27 t%.-i% 10 . _ 20 W
5 O 5 O
® 115 R e .
N KW /////Z/W»W
S 0'715 26 25 36 35 40 |4'5 50 8 '715 2b 25 36 3'5 40 I4‘5 50
p; [GeV] p: [GeV]
) [Eur. Phys. J. C 83 (2023) 496] 35
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Template method to estimate fake/non-prompt leptons

cﬁw
\

N vér4

Data / Pred.

400

350

300

250

200

150

- ATLAS ¢ Data Btk -
— (s =13 TeV, 140 fb" [Jttw i -
- CR Mat. Conv. Wt [JQmisiD -
- Post-Fit BMat. Conv. [[HFe A
3 WLowm, WHF 1

- ] Others [ttt .
- 7ZUncertainty  ---Pre-Fit ]

A

material conversions

Events

d.

()]
S
o
~
]
-—
©
()

30

20

10

0
1.15

80 ATLAS

¢ Data P titt -

[ Vs =13 TeV, 140 o' [Jttw Mtz §
70 CR Low m,. BttH [JQmisID —
- Post-Fit @Mat. Conv. [HFe A
60— B Low m,. BHF .
- [ Others [ttt .
S0 7ZUncertainty  ---Pre-Fit —
40F” 7 7
L/ A

0.7

virtual photon conversions

1\IFMat. Conv.

1.80

+0.47
-0.41

[Eur. Phys. J. C 83 (2023) 4906]
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ttW background

* Estimate ttW background
normalization per jet bin from data

based on the evolution Plot N. - N- to suppress all

charge symmetric backgrounds

180 I i I | I I
- ATLAS ¢ Data [C]ttw

NG+ 1)

R( ) — 160~ s = eV, T Pttt ers
] N ( ] ) B CRSJSFI i thtJtr:certainty Hon

140:_ Post-Fit __
¢ R(J) = ao for |>j threshold 120?/ E
100 —
e R(n) = a1/(n+1) for n<j threshold sof 1| E
where n=number of additional jets oF //% 7Z 3
to the hard process . % .
& 40 /////// ]
L Y :
e Shape from MC simulation 20 7777 =
s 0 :
(O] ]
E 2 j ) =
s WW/WM%

0

4 5 6 7 8 9 21

N

En) [Eur. Phys. J. C 83 (2023) 496] 37
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ttW background

* Four ttW control regions to determine

¢ do, df
o tfW™ and tf W normalization for j=4 [Eur. Phys. J. C 83 (2023) 496]
{7 - | | | 1 @ m | | | ]
S 300 ATLAS ¢ Data Wttt 5§ 200 ATLAS ¢ Data Wttt -
> L Vs =13 TeV, 140 fb" []Jttw Mtz > - {s=13TeV, 140 fb" [Jttw Mtz .
L - CR W' : 1 W 180 oRrfw : =
050l CR ttV\( +jets BttH [:IQmisID_- - CR ttVY +jets BttH [JQmisID -
- Post-Fit .rat. Conv. .:Ee ; 160 Post-Fit =l£/|at. Conv. =:Ee .-
- wm.. i - ow . .
200k =0(:hersY Etft " & 140 .0the2Y [t " =
- 7 Uncertainty === Pre-Fit ] 120:_ 7 Uncertainty  ---Pre-Fit
150 —ﬁf . . i i = 5—?%;%%"
1005
50
g 1.12 s PPN SRS ‘é .
N e R s
& 0.85 fo
8 07 : : : S
4 5 >6
N
ttW background ao ai NF:iw+@jety  NFriw- (4er)
+0.25 +0.25 +0.31
=) Value 0.51£0.10 02292 12792 1.11*03] -
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Disentangling Signal from Background

Background

* Look for variables showing kinematic differences between signal and background
* Many jets, b-jets, leptons
* A multivariate discriminant built with a Graph Neural Network (GNN) is used

* Example: use b-jet “tagging” variable continuously and across all jets

W) 39
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Four-top cross section result

e Signal extraction

e simultaneous fit to GNN in SR and
distributions in 8 CRs

e Extract the signal strength

/’t — O-tttt / Gmt

o u=19=+0.4 (stat) fg:Z (syst) ;
6.10 (4.30 expected)

* Measured four-top cross-section:
o(tttt) = 22.512C fb

* Observation of the 4-top quark production!

* Consistent with the SM prediction at 1.8/1.7 o

e Largest systematic uncertainty from 4-top
modelling, ttW DD parameters

cﬁw
\

N vér4

Events / 0.05

Data / Pred.
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= {s=13TeV, 140 b [JttwW @tz 3
- SR JttH []JQmisID -
- Post-Fit BMat. Conv. [[JHFe
3 [l Low m. B HF n

. [ Others [ttt

7~ Uncertainty  ---Pre-Fit

1 llllllll 1 llllllll
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[Eur. Phys. J. C 83 (2023) 496] ®NN score

\
SM predictions

JHEP 02 (2018) 031 NLO (QCD+EW)
o(tttt) = 12.0x2.4 fb

arXiv: 221203259 including NLU

o(titt) = 13.471 9 fb
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Summary of ATLAS and CMS measurements

C

E/RW

NS

ATLAS+CMS Preliminary

Vs = 13 TeV, June 2023

arXiv:2305.13439

LHCtopWG
{ Oy =12.0 2% (scale) b thtf= 13.4 17 (scale+PDF) fb t: : | —

JHEP 02 (2018) 031 arXiv:2212.03259 ot. stat.

NLO(QCD+EW) NLO(QCD+EW)+NLL'

0. T tot. (+ stat. £syst.) Obs. Sig.
ATLAS, 1L/2LOS, 139 b H 715
JHEP 11 (2021) 118 T 26715 (845 b 190
ATLAS, comb., 139 fb™ 7 s
JHEP 11 (2021) 118 § H—— 24 (4, 1o 4.7 0
CMS, 1L/2LOS/all-had, 138 fo! & 5o
arXiv:2303.03864 g 36 S (7 ) o 39¢
CMS, comb., 138 fb"
arXiv:2303.03864 = 1715 (+4 £3) fb 4.0 o
ATLAS, 2LSS/3L, 140 b 66 i sas
arXiv:2303.15061 i = 22.5 55 (43 440 6.10
CMS, 2LSS/3L, 138 fb!
e 177583725 560

-3.5-1.9

20

40 60 80 100

Oy L]

[ATL-PHYS-PUB-2023-013]

120

41


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-013/

Three-top-quark production

* Final state signature is similar to four top signal

Cttw [tz =
mttH [JQmisiD 3 . : _
EMat Conv. [EHFe - Populates regions of high GNN score
MLlowm, WHF 3
[l Others [ttt .

 In SM ¢t produces always in association with other

7ZUncertainty ~ ---Pre-Fit :
= particles

¢

» 30% uncertainty on ¢t cross section

* Big thanks to Gauthier Durieux for these predictions!

T L™ W b t
Ty Hﬁiw,:;;;;,f ¢ N
l.5 0.6 0.7 éﬁNO:CO'.; t t

g t u d

o(tttW) = 1.02 fb o(tttg) = 0.65 fb

cto) [Eur. Phys. J. C 83 (2023) 496] 42
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Three-top-quark production

-
o
o

o ] ] )
= S ATLAS 1 1o F
= o {s=13TeV, 140 fb"’ i z
© 80 Obs: Exp: — 18
r —58% CL ---68% CL .
i —95%cCL ---95%cL 1 |” 4
= .60k 1 16 ©
=2 =, -
I: |‘§ + ® SM -
S35 L +BestFit 1 I° [Eur. Phys. J. C 83 (2023) 496]
= % 40 — —4
S i
7 4 —3
20 1 2
‘ 4 =1
0 L, .|...\...\.‘.~|....|....|. ..1.-
0O 5 10 15 20 25 30 35 40

If both cross sections are free ¢ __ [fb]
parameters of the fit anti- tt )
correlation is 93% Limits on 777 production

Cross section [fb] | 95% CL interval 95% CL interval
with 77 = 1 with ys7:7 = 1.9

tit (4.7, 60] [0, 41]
titW [3.1, 43] [0, 30]
N titqg [0, 144] [0, 100] 43
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Interpretations

* Limits on heavy flavour fermion operators in EFT (one parameter variation)

Operators | Expected C; /A% [TeV~=2] Observed C;/A? [TeV~2]
0}2Q [-2.4,3.0] [-3.5,4.1]
Op, [-2.5,2.0] [-3.5,3.0]
0., [-1.1,1.3] [-1.7,1.9]
0, [-4.2,4.8] [-6.2,6.9]




Conclusions

* Run 2 brought us to an unprecedented centre-of-mass energy of 13 TeV!
* Opened up measurements to new rare SM processes

* SM, Top, & Higgs groups working to produce precise & lasting
measurements

* Teaches us about the SM

* Improves our theoretical calculations, MC modelling, and understanding of
CP calibrations and uncertainties

* Can uncover unexpected deviations from the SM

* ATLAS & CMS published many interesting measurements using full Run 2
data-set at 13 TeV

Thank you.’
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