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THE STANDARD MODEL OF PARTICLE PHYSICS

The Standard Model (SM) is a quantum field theory that

describes the fundamental constituents of the universe and

their interactions

» Interactions are defined by the
SU(3) x SU(2) x U(1) local
gauge symmetry

» Strong interactions are mediated
by gluons -

» Electromagnetic and Weak
interactions are mediated by 7,
W= and Z bosons

» Gauge bosons and fermions
acquire mass through Higgs
mechanism by coupling with the R
Higgs field

[r—
suoidor 9
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SUCCESSFUL PREDICTIONS OF THE SM

The agreement
between the observed
values and their
theoretical
expectations, spanning
over 15 orders of
magnitude at 3
different energy scales,
shows the remarkable
success of the SM.
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OPEN QUESTIONS IN THE PARTICLE PHYSICS

Shortcomings of the SM

>

Matter - antimatter
asymmetry

What is Dark Matter?
What is Dark Energy?
Massive neutrinos

Gravitational
interaction?

Harish Potti

Clearly, there must be some source of
physics beyond the Standard Model
(BSM). Two main strategies for searching
new physics include:

» Look for deviations with precise
measurements of SM predictions:
Search for pp — tq7y process

» Direct search for new
particles/interactions predicted in
BSM theories: Search for flavour
changing neutral currents in t — Hg
decays
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OUTLINE

The Large Hadron Collider and the ATLAS Detector
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THE LARGE HADRON COLLIDER

The Large Hadron Collider (LHC) is a circular particle accelerator
designed to collide proton beams at /s = 14 TeV

The CERN accelerator complex
Complexe des accélérateurs du CERN

ovs » 27 km in circumference and

- ‘\ located 100 m beneath the
e e oo surface

T AWAKE
Em

» Two general purpose
detectors: ATLAS and CMS

B i) » Two specialized detectors:
— LHCb and ALICE

» Super conducting coils are
used to provide a magnetic
field of upto 83T

HiRadat -
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RUN-2 PERFORMANCE

In Run-2 data taking period, LHC delivered pp collisions at /s=13
TeV (2015-2018).

» 2544 bunches per beam
» 1.15 x 10" protons/bunch
» Bunch crossing every 25 ns = collision rate = 40 MHz
» Total event rate ~ 1.4 x 10° Hz; Higgs production < 1 Hz
- 80— T T T 3 = 600F T T T T T T T 7
S A 3 & F ATLAS Online,13TeV  [Ldi=146.9 0" ]
R —r G=stev E & 500 2015: <u>=134 ]
_é 60F :23}2;3 E:ii{i& E B L 2016: <p>=25.1 ]
E ——2017pp ¥s=13TeV 3 @a |- 2017: <p>=37.8
3 50f == 18pp f5=13Tev - 2 400: 2018: <ﬁ>=35.1 1
E 4(); é 5 300; Total: <p> = 33.7 é
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THE ATLAS DETECTOR

ATLAS is a 7000 ton general purpose detector. It is hermetic
and provides near 47 coverage in solid-angle

44m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters
Pixel defector  \

Toroid magnets LAr eleciromagnetic calorimeters

‘Muon chambers Solenoid magnet | Transition radiation fracker

Three major groups of subdetectors: Inner Detector,
Calorimeters and Muon Spectrometer
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GENERAL TERMS

» Pseudorapidity =7 = - Intan(6/2)

v

Jet = A narrow cone of hadrons and other particles produced in

the hadronization of a quark or gluon

> b-jets = jets coming from b-quarks
» Forward object = Any object with || > 2.5
» Central object = Any object with || < 2.5
» Missing Energy = Imbalance in the momentum in transverse
direction
—%  tracks b jet
=0  EmEx= b hadron \
/ n=05 e impact
E . parameter
2 4 secondary
2 vertex
1.5
o - primary vertex
=2
-2 \ 47
n=3
n=4
Harish Potti ”Top” measurements November 11, 2020

10 / 43



INNER DETECTOR

R =1082mm Inner Detector

Torod mogners w

Muon chambers  Solencidmagnet | Tanstion odiofon frocker
‘Semicondiuctor rocker

[ATLAS Collaboration.Eur. Phys. J. C 77 (2017) 332]
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INNER DETECTOR

Inner Detector (ID) consist of three subsystems: Pixel detector,
Semiconductor tracker (SCT), Transition Radiation Tracker

(TRT)

R=1082mm

TRT

il e — g Pixels
Pixels =88. - —

R=0mm

Harish Potti ”Top” measurements

Provides coverage for
In| <2.5

Immersed in2 T
magnetic field
generated by a
solenoid

Measures the
momentum of charged
particles from the
radius of curvature

Used for Electron
Identification and
Vertex Reconstruction
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CALORIMETERS

» Two types of sampling calorimeters: Electromagnetic
calorimeter & Hadronic Calorimeter

_ e ore! Tie qutended ba"el_

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

barrel

» Alternating layers of absorbers to produce showers and active
material to measure the energy
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MUON SPECTROMETER (MS)

MS is composed of four subsystems: Monitored Drift Tubes (MDT),
Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC),
Thin-Gap Chambers (TGC)

» Provides coverage

for |n| <2.7 1 a

» Large torodial
magnets are used
for generating 4 T
magnetic field

e N=2.4

End-cap - .
Y

» Used for precision
measurements of 0
muons
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RECONSTRUCTION OF PHOTONS

Reconstruction of photon candidates:

» Clusters are reconstructed in the ECAL

T
Z o ATLAS

. Simulation
» Tracks are reconstructed in the ID T o o csen

08F [ ssmm<r<isomm
) zrmm<r<smm
[ .

Conversion Type # tracks matched to cluster
0.4
Unconverted Zero
SingleSi One track only, with Si hits 0.2
SingleTRT One track only, no Si hits (TRT only)
DoubleSi Two tracks, both with Si hits K 05 1 15 2 25
DoubleTRT Two tracks, none with Si hits (TRT only) n
DoubleSiTRT Two tracks, only one with Si hits

Promt Photons: Photons from the hard scattering process
Fake photons: Radiation from hadrons, mis-identified electrons
Discriminating prompt photons from fake photons:

» Identification: rectangular cuts on the variables related to
the shower shape in the EM calorimeter

» Isolation: Amount of energy around the photon must be
below a threshold
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INNER DETECTOR EFFICIENCY (€;p) MONITORING

» Goal: Investigated the pileup dependence of ID efficiency for
measuring luminosity with Z counting

» Used Tag and Probe method

» Tag: Muon reconstructed by both the ID and MS

» Probe: MS track > M(Tag Muon + MS track) € (86,96) GeV

# probes with a matching track in the ID

ID efficiency =
y Total number of probes
Efficiency vs Pileup
1 0.9995 ;
| 0.999 E
= ragwuon 00085 ; + J{ +
" 0.998 %: ‘H H» +++++ +++++PFMH++ + «\»
ot 1 +
z° 0997
u > proboMuon 0.9965 %
0.996 %
0.9955 ;
0. E | L L | | | | |
5 10 15 20 25 30 35 40
Pileup
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OUTLINE

Seeing a single top quark: Search for pp — tqy production
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ASSOCIATED PRODUCTION OF A SINGLE TOP QUARK
AND A PHOTON (tg7)

pp — tqy is one of the rare processes predicted by the SM (Happens
once in 50 billion pp collisions at the LHC.)

» Observation and precise
measurement of o(tg7y) provides an
important test for the SM

> o(tg7) is sensitive to

» top quark’s interaction with
photon and W+ bosons

» electric and magnetic dipole
moments of the top quark

» This process not been observed at 5¢ by any experiment yet

» Final state at leading order has exactly 1/, 1v, 1 forward jet, 1
b-jet, a neutrino which is manifest as a transverse momentum
imbalance (MET)
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INTERACTION BETWEEN THE TOP QUARK AND
PHOTON

The most-general fy-vertex function:

Lu(q%) = —ie{vu[Fiv(q®) + F1a(4%)ys) + ;Lm'jtq” [iF2v(q%) + F2a(4%) 5]},

In the limit 4> — 0,

2myd
Fiv(0) = Qs Fov(0) =aQy; Fon = %’
Where, a; and d; are the anomalous magnetic and electric dipole

moments of the top quark.
In the SM,

> At tree level, all form factors except F1y are equal to zero.

» When higher-order loop corrections are considered, a; ~ 0.02
andd; <10~ ecm.

Any observation of deviations would indicate the physics beyond the
SM.
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RESULTS FROM THE CMS COLLABORATION

» The CMS collaboration presented evidence for this process with
36 b~ of data (2015-16) Phys. Rev. Lett. 121, 221802 (2018)

» Only considered single ;1 events

Observed (expected) significance 4.40 (3.00)

» Measured o(pp — tvj)B(t — pvb) = 115 £17(stat)+30(syst) fb,
in the phase space pr, > 27 GeV, |n,| < 1.44 and AR(X,~) > 0.5
for X € (1,],b)

v

35910 (13 TeV)
« 1200 T T T T T T T
€ F cms 4 Data & ]
2 000l B stat. o syst. [ Zyjets I
w F [ signal (ty))  [Jvvy i

[ t/(s- and tw-) [l Misidentified photor

[ wyjets

0 1 2 3 4 5 6 7 8 9 10
BDT output

Data/Prediction
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ATLAS SEARCH FOR tgy PRODUCTION

» Peter and I started the first-ever ATLAS search for this process in
collaboration with two other people from Technische Universitét
Dortmund (Bjorn Wendland and Johannes Erdmann)

» Uses 139 fb~! of data collected during the Run-2 data taking
period

» Goal of the current analysis is the observation and the
measurement of inclusive cross-section of tgy production

» This analysis is still in progress and very close to unblinding.
Today, I will present only expected results

» After establishing this process, a subsequent analysis will be
performed featuring differential cross-section measurements
and EFT interpretation
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ANALYSIS STRATEGY

Generate simulation for signal and
background processes

) 2

Estimate fake-photon backgrounds from data

Validate prompt-photon backgrounds in

Define signal-like region ]
control regions ]

4

[ Separate signal from background

Estimate all sources of systematic
uncertainties

Fit simulation to data in signal and control
regions
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COMPOSITION OF PRE-SELECTION REGION

Selection:

v

Exactly 1 lepton

At least 1 photon
Exactly 1 b-jet
Missing pr > 30 GeV
M(ey) ¢ (70,110) GeV
Major backgrounds:

vV v.v vy

» Prompt photon
backgrounds: tty, Wr, Zv

» Events with fake photons
(tt, Z+jets etc.)

Harish Potti ”Top” measurements
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WHAT ARE e — 7 FAKES?

» Electrons and photons are reconstructed using very similar
algorithms = electrons may sometimes mis-reconstructed
as photons

» Happens mainly due to tracking inefficiency or failure to
find a match between the ID track and the EM cluster

» Simulation does not model these fakes well.

» Rate of an electron faking as photon is ~ 9% (from data)
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ESTIMATION OF ¢ — v FAKE RATE SCALE FACTOR

N(Z — ev)
2x N(Z—ete)

1)

e — v fakerate = F,_,, =

Data

Scale factor (SF) = i\ZC’Y )
FE—)'}/

Scale factors are derived in bins of following variables:

» 7,: Amount of the detector material traversed by the
photon depends on 7,

» Conversion type: Fake rates depend on different classes of
photon identification
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SFS IN BINS OF PHOTON n AND CT

» Scale factor has been calculated in bins of 7, and photon
conversion type

]

5 3r \ \ \ .
% - -
s C + ATLAS internal ]
© 2.5— . —
3 - Vs =13 TeV, 139 fb™ f
o B —e— Unconverted ]
T L —e— SingleSi |
° 21— . —e— SingleTRT —
_;45 B —0—|_+_ e— DoubleSi N
u= d s —e— DoubleTRT B
= e DoubleSiTRT i
o 15 -

—— 1+ e 35—
- s —1—32 .
| | | | |
(0.0, 0.3) (0.3, 0.6) (0.6, 1.0) (1.0,1.37) (1.52,1.81) (1.81,2.37)

nV
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ESTIMATION OF ] — 7 FAKES

» j — ~ fakes arise mainly from

7° — 7 decays and radiation % g A
from hadronic decays 3

» ABCD method is used to s _ B C
derive scale factors to correct £ =
the mis-modelling in fai pass
simulation Photon ID on narrow strip

. . variables
» Exploits weak correlation

between the photon isolation Nh-fake( 4y Nh-fake( )

and identification criteria Nh—fake( B) ~ Nh—fake(c)
- . . t,. _ )
Nhfake(jy — Ntotal(j) — NPP™P(i) — SF(e — v) x Nfake ()
Nh—fake D
SE(j ) = (B
Ny & (D)
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j — ¥ FAKE RATE SCALE FACTORS

j — ~ fake rate scale factors are derived in bins of p}, n” for
converted and unconverted photons.

= 3 T T T T ] = 28f T T T T ]
= F ATLASIemal ] 1 26f ATEASIntemal — waime E
. [ 13tev.a3sm? — systune ] & “OF wrevusen — e E|
L 2.5 election +muon channel  —— statunc - L D AF electon+muonchamel  —— statunc =
» L converted | n E unconverted E|
Eoprcacer ] 2.2F p<d0ce E

2- 3 2F 3

- ] 1.8 3

1.5 4 Leb El

£ T 1.4F E|
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[ 1 0.8 -

E L L L L - L o | E 7 L L " L 7 L |
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VALIDATION OF MAJOR BACKGROUNDS
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SEPARATION OF SIGNAL & BACKGROUND

Variable 0 > 14
. . N o s . b-jet X
Pre-selection region is divided into Nambes of s X x
two categories based number of e X
forward jets: 0 fj and > 1 fj. Top quark mass X X
. . prof(b+y) X
A neural network is used in each variant mass of (b + 0 X X
: b-jet pseudo-continuous tag weight bin X X
Eatel;gory todseparate signal & Tnvariant mass of (b + y) X X
ackground. b-jet pr X
g . pr of (top-quark + y) X
Input feature selection: Lepton ID XX
An(b, €) X X
Missing transverse momentum X
» A total of 135 (94) features are AR, 0) X
: . . . Invariant mass of (b+forward-jet) X
COHSIdered n 21 f] (0 f]) Invariant mass of (£ +y) X
Category_ cos(0) (y.leading forward-jet) X
HT X
. . . f leading forward-jet X
» Through optimization, 19 A",f(liud?:g'?;;:ﬁa% X
(15) variables are selected for Eneray of (7. leading forward-jet) X
1 . (0 .) i Is leading non b-tagged jetn >2.57? X
> category. Number of forward-jets X
- [] f] g y Energy of W-boson X
Total variables 15 19
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NN OUTPUT

NN output for > 1-fj category (left) and 0-fj category (right)

3500 —tgy . W - tgy W
-ty = schan -ty == schan
w) t-chan t-chan
- z_vy -+ jets 5000 - ;/Vv - jets
3000 - e Z+jets - W Z+jets
2500 4000
c c
5 2000 5
3 % 3000
c c
2 g
w1500 w
2000
1000
1000
500
0.4 0.6 0.8 ° 0.4 0.6 0.8
Neural network output Neural network output
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SYSTEMATIC UNCERTAINTIES

tqy modelling

IR SN 1
Hr SN 1

Systematic uncertaint T Comnononts | Parton shower and hadronisation model SN 1
ystema amnty ype PONCNS _ pDF uncertainty SN 1

Luminosity N 1 tfy modelling

Pile-up reweighting SN 1 )’iR :ﬂ :

. . -

Physics Objects Parton shower and hadronisation model SN 1
Photon SN 2 PDF uncertainty SN 1
Electron SN 4 PYTHIAS var3c SN 1
EGamma SN 2 Wy modelling

1y SN 1
Muon SN 15 i SN 1
Jet energy scale (JES) SN 29 PDF uncertainty SN 1
Jet energy resolution (JER) SN 8 Zy modelling )
Jet vertex tagger (JVT) SN 1 Z” m :
. . - S
b-tagging efficiency SN 45 PDF uncertainty SN 1
c-tagging efficiency SN 20 ¢ modelling
light-tagging efficiency SN 20 HR SN 1
pmiss nr SN 1
£y SN 3 PDF uncertainty SN 1
Total (Experimental) 152 PYTHIAS varc SN 1
— n Other modelling

Data-driven background estimates Single-top Cross section N |
¢ >y fakes N 1 N 1
h — v fakes N 1 N 1
Non-prompt leptons N 1 Diboson Cross section N 1

- - al (Signal and ba 3

Total (Data-driven reducible background) 3 Total (Signal and background modelling) 2

"Total (Exp.+Theory+Data-driven) 178
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FIT TO DATA IN BACKGROUND ENRICHED REGIONS

» Bins with S/B < 10%
are fitted to data

» Signal strength

Sl
SM”

Tigy

parameter, gy =

is fixed at 1.0
> iz, and pw- are freely
floated

Fit Results:

Ky = 0.98 1—88;

+0.13

pwy =123 7o 3

Harish Potti

T
ATLAS

{5=13Tev, 139 b” @tTy.

SR: Atleast 1 f categTe-chan
tchan
B +fets

PostFit

[EFakeLeptor

T T T T
Intemal +-DATA  [tay

Owy +jets
Zy +jets EE

AR AASRARRAA AR
ATLAS  intemal #DATA @ty
=13 Tev, 130 10" [Ty Owy +jets
[N 2y +jors W

SR:Zero fcategory [s-chan W
PostFit DOt-chan W

BW +jets +jets

- [EFakeLgptons Uncertainty |

;
3 3
g & 125
£ £
£ os) 5 o)
01 0z 03 04 05 06 01 02 03 04 05 06 07 08
NN Score NN Score
10!
£ LDARALAMALANAA RS A A pal 5 LA AAMARAA AN AN AAMANSS AR R
S16000F ATLAS  Intemal 4DATA Wy ] = TLAS  Intemal 4DATA  @tay
2 f5=13TeV, 139 b @tTy Owy +jets £ 100 V5 =13TeV, 139 o [ltTy Owy +jets —|
$14000C Nane Wzy+jers W I None Wzy+jers WO
tty CR schan  EW WycR Eschan  @W
120000 post it Orchan ~ @W B 8ol PostFit Otchan  @W
W +jets [Z +jets
Loo0og [EFakeLeptons’ Uncertainty |

1256 3

Data / Pred.

Data / Pred.

07 |

o1 02 03

”Top” measurements

05

07 08
NN Score

0402 0 02 04 06 08 1 12 14
Nevts

November 11, 2020

33/43



EXPECTED RESULTS

Signal and background regions are fitted to Asimov dataset (MC

expectation)

» NN score is used as discriminant in 0 fj, >
1-fj, tty CR regions.

» In Wy CR, a single bin fit is performed.

> [itgy, My and gy, are freely floated.

Expected | /1, = 1.0 1} |= 1.0 7002 (stat.) T913

—0.14 ~0.05 ~0.13
(syst.)

Expected significance w.r.t no-signal hypothesis:

6.5 o (stat. + syst.)

T
I
—— 1005, MU_XS_ty
1
-+ 1.00 5%, MU_XS_tty
J
1
—— 1005 MU_XS_Wy
02040608 1 12141618 2
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SUMMARY

» A brief summary of the first ATLAS search for pp — tgy
process is presented.

» This analysis is currently entering the ATLAS review
process.

» A few optimizations related to NN hyperparameters and
the signal region binning are currently in progress.

» Aim is to publish an observation letter with this analysis

» A subsequent analysis will feature differential
cross-section measurements to probe anomalous
top-photon form factors
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OUTLINE

The combination of ATLAS searches for FCNC in t — Hg
decays
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FLAVOUR CHANGING NEUTRAL CURRENTS:
INTRODUCTION

» Flavour changing neutral current decays like t — gH(q = u,c)
are forbidden at tree level and highly suppressed at higher
orders in the SM

» B(t — qH)sm ~ 3x 10715 = Any observation will be a clear
sign of physics beyond the SM

» Many BSM models feature larger tHg couplings compared to the
SM
Leene = —AgefrgrH — Mg rertrH + hec.

» e.g. models where SM quarks mix with extra singlets,
non-flavor-violating 2HDM

» Largest branching ratio Z ~ 1.5x1072 appears in the
ansatz of Cheng and Sher in which the tree level coupling
scales with top quark masses as Ay = +/2m,m; /v
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ATLAS SEARCHES FOR tqgH FCNC

» In Run-2, ATLAS collaboration has performed 4

independent searches with 36.1 fb~! of data collected in
2015-16
» All analyses look for FCNC decays in {f events exploiting
the large x-section of this process
» Probed decay mode: tt — Wb + gH
» Each analysis targets different decay mode of the Higgs
boson
» The Higgs boson produced in the FCNC decay is assumed
to decay like the SM Higgs boson

tqH analysis Results
H — ~y JHEP 10 (2017) 129
H — WW*, 77,ZZ* (2¢5S,3() | Phys.Rev.D98,032002
H—bb
H— 11 (ThadTlep7 ThadThad) ]HEP05(2019)123
‘ Combination ‘
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COMBINATION OF ATLAS tqH SEARCHES

—

» A binned likelihood function £(%,,p, 0) is constructed by
combining the distributions of discriminants from each
individual analysis

» Correlations of systematic uncertainties across individual

analyses found to have no significant impact. This is
because,

» All searches expect tqH (bb) are dominated by statistics
» Dominant systematic uncertainties in each search are
different
» Systematic uncertainties related to luminosity, tf x-section,
signal modelling and jet-related uncertainties are
correlated
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t — cH RESULTS

» Assumed A(t — uH) =0
> Best fit Z(t — cH) =3.0139 x 107

95% CL Limits | Observed Limit | Expected Limit
A(t — cH) 1.1x10°° 8.3 x 107*

.
ATLAS B(t— Hu) =0

H—bb [~ -
(s=13TeV,36.1fb"  —Total —Stat.
tot (statsyst)
HesbB | ———t—— 0272 (07722) 4 107 HoTT (s Trastid [~ -
N - ¢
FYRRON ATLA:;
Ho 7T Gt ot beiH 4455 (75755 <10 HoWW*t1,2Z" 2 ss.3 ) fs= 1§Tev, 36117 7]
H—WW*rt,ZZ* @ ss.3 ) e 0855 (52 750)x10* B(t— Hu) = 0
= 74 (168429 H—)}'}’ B
D@ 6.9 "5y (4o 5q)x10% — Observed
H=vy ! ! e s Expected + 1o
Combined - 3078 (2028 10 Combined ---Expected + 20
| | | | x10°° I T N T 10°
-2 0 2 4 6 0 12 3 4 5 6 7 8 9 10
B(t - Hc) 95% CL limit on %(t — Hc)
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SIMULTANEOUS SEARCH FOR t — ¢cH AND t — uH
SIGNALS

» 95% CL upper limits obtained while simultaneously searching
fort — cH and t — uH decays are shown here

» Translating upper limits on 4 into upper limits on the Yukawa
coupling A\yn

% = (0.27£0.010)x )\

x10°°

5 2 T T T T T = 0 T T T (AR
T g ATLAS 3 < 009 ATLAS E
U 5=13Tev, 36.1 10" : 5=13Tev, 361" 3
5 19 E —— Observed limit |
" —— Observed fimit 3 5 Expected limit + 10 3
R Expected fimit+16 4 B eeee Expected limit £ 20 3
12 e Expected limit + 20 Al limits at 95% CL
Alllimits at 95% CL | =
08 E E
0.6 - =3
0.4 - =
02 El E
| | | I I Lo Tx107 | | | | | | .3

% 0204 06 08 1 12 14 16 18 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
B(t - Ho) Pl
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FCNC SUMMARY

» We obtained the most restrictive direct bounds on the tqH

interactions so far

LHCtopwG

September 2020

Each limit assumes that
all other processes are zero

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

[1] JHEP 05 (2019) 123
[3] JHEP 06 (2018) 102
[5] JHEP 04 (2016) 035
[7] JHEP 02 (2017) 028
[9] CMS-PAS-TOP-17-017

Theory predictions. —sm
IMSSMZIRPV BRs

from arXiv:1311.2028

[2] JHEP 02 (2017) 079
[4] PLB 800 (2019) 135082 (LH only)
[6] EPJC 76 (2016) 55

[8] JHEP 07 (2018) 176

[10] JHEP 07 (2017) 003
2HDM(FV) [[J2HDM(FC)
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FCNC SUMMARY

» 95% CL upper limits on #(t — qH) obtained from
combination of ATLAS tqH searches:

95% CL Limits | Observed Limit | Expected Limit
B(t — cH) 1.1x1073 83 x 10~%
B(t — uH) 1.2 x 1073 8.3 x 1074

» Corresponding limits on the |\p| are:

95% CL Limits | Observed Limit | Expected Limit
| AteH| 0.064 0.055
[ Atur | 0.066 0.055

» These are the most restrictive direct bounds on tgH
interactions so far

Harish Potti
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t — uH RESULTS

» Assumed A(t - cH) =0
> Best fit Z(t — uH) =4.2731 x 1074

95% CL Limits | Observed Limit | Expected Limit
At — uH) 1.2 x107° 83 x107*

. . . . .
e e Hoh - ]
fs=13TeV,36.11b"  —Total -Stat.

fot (statsyst)

Hob oy 025 (3Ex0” H 77 s i [~ 7
HoTT (o Fragfod Foeid 537 (Leih X0t HoWW*22.22% o 554 ) %ng_rev it
HoWW*rt,ZZ* @ 5.3 ) [ 42775 (55755 <10 B(t— Ho) =0
H— |
= 481 469443 4 44
H-yy D4 7.5 55 (57 15)x10 ;g:;§3§g+1
+io
Combined ol a2 %5 (302 x 10 Combined +++Expected + 20
. | \ | x107% Lt X107
2 0 2 4 6 45 6 7 8 9 10
Bt~ Hu) 95% CL limiton S (t — Hu)
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CKM MEASUREMENTS
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tqy MC PRODUCTION

v

tgy MC sample has been produced with
MADGRAPH5+PYTHIA8 at NLO

4-flavour scheme is used (i.e., parton distribution functions
for b-quarks is set to zero)

HT:Z\/mzZJFP%,i
i

Generator level selection cuts:
» AR(y,X) > 02V X € (¢, b, )
» Photon pr > 10 GeV
> |77(€, 'y)| <5.0

v

v

v

Cross-section obtained from the generator = 1.14 pb
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CONTROL AND VALIDATION REGIONS e — 7y FAKES

Two control regions and one validation region enriched with
Z+jets events are used for estimating e — - scale factors

Object Z—ete” CR Z —eyCR Z — ey VR
Photons =0w/ pr >15GeV =1w/ pr >15GeV =1w/ pr >15GeV
Electrons =2 (0OS) w/ pr >27 GeV =1w/ pr >27GeV =l1w/ pr >27GeV

b-jets - =0w/ pr > 25GeV >1w/ pr >25GeV

Missing pr <30 GeV <30 GeV <30 GeV
M(ete™) [70,110] GeV - -
M(ev) - [70,110] GeV [70,110] GeV
Data — Data
Purpose Measure % Measure w Validate SFs

All regions are orthogonal to SR (inverted MET cut) and to each

other
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NPATA(Z — ete™) | NMC(Z — ete™) CALCULATION

» Fit MC templates of M(ete™) distribution, to datain Z — eTe™
CR

» Normalization for the template of Z — eTe™ process is
determined from the fit

» Normalization for all other backgrounds are fixed to their MC
expectations

Observed value of
NData(Z N e-l-e—) /NMC(Z - e+e_) = 1.03 £ 0.00026

T T T T T T T
ATLAS  Intemal 4-DATA  [Z+jets
Vs=13TeV, 139 fo” [Jwy +jets  [Zy + jets
none 7/ Uncertainty
Z- eyzee
Pre-Fit

T T T T T T T
ATLAS  Intenal 4-DATA  [HZ+jets
(s=13TeV, 139 o [Jwy +jets  [Zy + jets
none 77 Uncertainty
Z- eyzee
Post-Fit

Events
Events

Data / Pred.
Data/ Pred.

05675 80 85 90 95 100 105 110 0% 75 80 85 90 95 100 105 110
Mey) [GeV] M(ey) [GeV]
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CALCULATION OF NPATA(Z — ey) / NME(Z — ev)

NPata(7 — ey) / NME(Z — ev) is measured by fitting templates
of M(ev) distribution to data in the Z — ey CR.

» Template shape of M(ev) distribution for Z — ey process is
obtained from MC. Normalization is determined from the
fit.

» For major bkgs, Wy and Z~, both normalization and shape
are obtained from MC.

» Third order Bernstein polynomials are used as M(ey)
templates for missing rare backgrounds like VV, W+jets
and y+jets, etc.
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CALCULATION OF NPATA(Z — ey) / NME(Z — ev)

> M(ey) distribution for Z — e region is shown here before (left)
and after(right) fitting to data

» Bin: Unconverted Photon and 7., € (0.3, 0.6)
> NP (7 ey) /NMC(Z - ey) =1.02 4 0.018 (stat.)

0 R R N o e o e o o ErT T T T T T T T T T T
§ ATLAS Internal +DATA  [Z + jets § F ATLAS Internal +DATA  [Z + jets
o Vs =13 TeV, 139 fbo™ [JWy + jets [l Zy + jets o 100 s =13 TeV, 139 fo™ [JWy + jets [l Zy + jets

none [l Bernstein/Z Uncertainty E none [l Bernstein”Z Uncertainty

Z- ey [0.3, 0.6]Unconverted F Z- ey[0.3, 0.6]Unconverted

| Post-Fit
3 1 + 3 E
& 1255+ + FRst Nt Ny R £ 3 N +4
I e AN i
8 o075F 8 o7sp T+
0'70 75 80 85 90 95 100 105 110 0 K( 75 80 85 90 95 100 105 110
M(ey) [GeV] M(ey) [GeV]
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ESTIMATION OF ¢ — v FAKE RATE

» ¢ — v fake rate (F._,): Ratio of probability that an electron
is mis-reconstructed as an photon to the probability that an
electron is correctly reconstructed.

» F,_,, can be estimated from Z+jets events that are
reconstructed as ete™ and ey pairs,

E_ N(Z — ev)
7T 2x N(Z — eter)

)

(A factor of 2 is included in the denominator as either of the two
electrons can be mis-reconstructed as photon.)

» ¢ — ~ fake rates are calculated both in MC (FMS) and data

e—y
Data
(FPa
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(e — v FAKE RATE) SCALE FACTOR

Scale factor to be applied to MC is given by

Data
Scale factor (SF) = egg (4)
F e—y

Simplifying,

g NPUZ = ey) | NMYZ — ey) )
NData(7 _ gte—) /| NMC(Z — ete)
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NN SETUP

NN Architecture:
» 2 hidden layers with 24 and 15 nodes
» Activation = LeakyReLU
» Loss = Binary cross-entropy
» Metrics: Binary accuracy and AUC
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NEURAL NETWORK SUMMARY

0.105

0.100

loss

0.095

0.090

0.090

0.085

0.080

loss

0.075
0.070

0.065

Harish Potti

Zero forward jets

Zero forward jets

Zero forward jets

07
o7 06
05
0.6 g
g Co4
s 3
05 803
02
T — i — o
" Vaaaton | 04  Vadaen | 01 — valgaton
0 1000 2000 3000 4000 500 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 500(
Atleast 1 forward jet At least 1 forward jet At least 1 forward jet
0.8 R
0.7 06
g
406 8
H 304
0.5 ©
0.4 — Training 02 — Trainng
Vaidaton aation
0 1000 2000 3000 4000 500 0 1000 2000 3000 4000 500 0 1000 2000 3000 4000 500(
Epochs Epochs Epochs.

”Top” measurements

November 11, 2020

12 /27



ASIMOV WITH BKG-FIT PARAMETERS

Fit setup:
» 4 regions: 0 fj, > 1-fj, tty CR, Wy CR.
» NN score is used as discriminant in 0 fj, > 1-fj, t#y CR
regions.
» In Wy CR, a single bin fit is performed.
> fitgy, [z and py, are freely floated.
» Pruning threshold: 1% for shape & normalization
uncertainties.
» Asimov data is generated with NPs obtained from fit to
data in background enriched regions
Expected significance: 6.41 o

I

—— 1.00 %%, mu_XS_ty

- 0.98 %%, mu_XS_tty
I

| —— 12355 mu_XS_Wy

05 1 15 2 25
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ASIMOV WITH BKG-FIT PARAMETERS

Pre-fitimpact on p:
[16=8+A8 | 8=

Post-fit impact on ji:
mo=0+A0 me=0a0

—e— Nuis. Param. Pull

Y]

tay PS model
mu_Xs_wy

CatRed eta ntrcal. modeling
Ty varge

(SR Atleast 1 category bin 4)
uminosity

(SR: Atleast 1 category bin 3)
MRty

pile-up SF

photon identication S
GatRed flavor comp. ty

muF g

Yty CRbin4)

muXs_ty

b-tag eigenvar. 500

¥ (SR: Zero  category bin 4)
singletop XS

mUR_tthar

CatRed pile-up p topology

NPV

01 -005 M 005

01

ARRSARRNARER SR ERaARCRL:
ATLAS
s=13TeV, 139 fbo*

Internal

tibar XS
muR_2y

Ty PS model
muR_Wy.
varse_tthar

o
-

sF
betag eigenvar. LOO
bretenergy

ely scale
ely resolution

m
-2
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FCNC SIGNAL MONTE CARLO GENERATION

» Signal events pp — tt,t — Hg are generated at NLO using
MADGRAPH5_ aMC@NLO

» MadSpin is used for top quark decay

» To make the search model independent, Higgs boson
produced in the decay is assumed to decay like the SM
Higgs boson

» PYTHIAS is used for Higgs boson decay, parton showering,
hadronization and underlying-event generation

- b
i
) ~
i
<_> -
.
H
.
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(1) tqH, H — 7y ANALYSIS

» Small branching ratio (0.23%), but clean diphoton

signature
» Major backgrounds: ~vj, tty, Wy and Zyy
» Based on the decay mode of W boson, events are classified

into two categories (hadronic/leptonic)

Harish Potti

Entries / 5 GeV

200
180 ATLAS (s=13Tev,36.1fb™"
160 ; : *} Hadronic selection =
= p o Data E
140~ ﬂ h{ — - CH(y)B=5%
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40 —
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SIGNAL REGION OPTIMIZATION

» Two top quarks in the ff event are reconstructed with
corresponding masses (M, M) by forming three-body

objects from photons, leptons, jets and MET

» By applying selection cuts on M; and My, signal is
separated from the background

» An unbinned maximum likelihood fit is performed as a
function of m., to determine the best-fit value of

PB(t — qH)

Harish Potti

Events / 2 GeV

e Data

[ Hadronic category 1

T T T |
Vs=13TeV,36.1fb" -

~~~~~ Continuum bkg. ]
+ SM Higgs ]
— +t—>cH(yy)

L I
?00 110 120 130 140
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tqH(~yy) RESULTS

Observed yields:

» Leading systematic uncertainties: tf production x-section,

Selection Hadronic Leptonic
Category 1 2 1 2
Signal t — cH 24 37082 0.23
SM Higgs boson resonant background | 1.1 3.1 | 024 0.22
Other background 16 63 | 0.14 0.29
Total background 17 66 | 0.38 0.51
Data 14 69 2 1

HB(H — v7), integrated luminosity and photon energy
scale & resolution

> observed(t — CH) = 691?2 x 1074

> <%observed(t — uH)Z 751_2; x 1074

Harish Potti

95% CL Limits

Observed Limit

Expected Limit

PB(t — cH)
PB(t — uH)

22x 1073
2.4 x 103

1.6 x 103
1.7 x 1073
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(2) tgH(ML) ANALYSIS

» This analysis targets multilepton signatures resulting from
Higgs decay to WW*, 77, ZZ*
» Final states considered: same-sign 2/ and 3/
» Events with 7,4 are vetoed to avoid overlap with tgH(77)
analysis
» Major backgrounds: ¢tV and Fake leptons from #t decays
» Two special lepton BDTs are trained to reject backgrounds
» A BDT to remove charge mis-assigned leptons using track
and calorimeter cluster information
» Another, to remove non-prompt leptons using properties of
low-pr jets formed around lepton tracks and other
information

» Fake lepton backgrounds are estimated using Matrix
Method
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SIGNAL REGION OPTIMIZATION

» Two different BDT discriminants are used in each channel
for each signal
» one for optimizing against tf and another for V
» Both are combined in the end into a single discriminant via
a linear combination
» Inputs to the BDT: flavor and kinematic properties of
leptons, jets & angular separations between them etc.

T LASSAARAS RARS RARS SRS

< J§AMBARR AN AN I3 T
5 ® Data W Hu 5 ®Data W H
s ATLAS L ke Dw 2 ATLAS et Hut W
2 15 = 13TeV, 36.1 o™ [ EiH 2 V5 = 18TeV, 361 10" 1 7 miH
§ 4| 3¢ (t= Hu) [ 0iboson  [ENon-prompt _| § 4| 2SS (t— Hu) [H0iboson  [ENon-prompt _|
& 10°F postiit [C10ther Uncertainy 3§ @ 10°F Postit [COter Uncertanty
--Pre-ftbkg, —-Pre-ft bk
*: normalised to obs.lmit on 5 - normalised to obs.lmit on 5
102
LS e e (V]
3 H
© 125 ) © 125
[ i kA & ) + +
< < oA =~
gors t /f e gors ¢ +
o . o .
08 587060402 0 02 04 06 08 1 0858060402 0 02 04 06 08 1
FCNC discriminant FCNC discriminant
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tqH(ML) RESULTS

2¢SSt— Hu
3¢t— Hu
Combined t - Hu
2¢SSt— He
3¢t— He

Combinedt— Hc

Harish Potti

95% CL Limits | Observed Limit | Expected Limit
B(t — cH) 1.6 x 1079 1.5 x 1073
B(t — uH) 1.9 x 10~3 1.5 x 10~3
T T T T T
ATLAS Vs =13 TeV,36.1fb"
— total ~— stat. (tot.) (stat.)
Fem 008 S 4% 2rest=tu
o4 0.01 ‘g.‘v}g *g.g 3¢t— Hu
[ 0.04 9% 00k Combinedt - Hu
F e + 005 91 0% 2/SSt— He
Foe 009 Oh 0w 3/t He
e — 001 0% 0k Combined t — He
| | . ) h !
-0.2 0 0.2 0.4 0.6 0.8 0

Observed best-fit B(t — Hq) [%]

”Top” measurements
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(3) tqH (bb) ANALYSIS

» Targets t — Wb + Hq events, with H — bband W — v

» At truth level, signal events have at least 4 jets, with 3 of
them originating from b-quarks

» Signal events are required to have exactly one lepton
» Major backgrounds: tf+jets, multi-jet events

» Matrix Method is used to estimate the fake lepton
background from multi-jet events

» Based on the #jets (4, 5, >6) and # b-tagged jets (2, 3, >4),
phase space is split into 9 different regions
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TREATMENT OF #+]JETS BACKGROUND

T

ATLAS —+-Data oo )
= a == -t~ WhHc (8 =1%)

¥s=13Tev,36.1 16 L Whu (8219

° E (GH(0b) search [ t+light-jets

Pre-Fit Etelc

I ti+21b

» Major bkg in (nj, 2b): tt+light jets

» Major bkg in (nj, 4b): tt+>1b

» Major bkg in (nj, 3b): both tt
light+jets and tt+>1b contribute
significantly

3 Non-tt
7/, Total Bkg unc.

» Most sensitive regions of this analysis: (4j, 3b) and (5j, 3b).
» S/B of other regions is very low. They are used to improve
tt+jets prediction and its systematic uncertainties
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BACKGROUND REJECTION

» Likelihood discriminant is used to separate signal from the
background

» Inputs: invariant masses of leptons, jets and MET, and
those corresponding to W, t, and H resonances and etc.

Er T T T T T T T T
0.22[~ ATLAS Simulation Internal — tt>WbWb
[ (s=13Tev - 3
02 1gH(bB) search --=- tSWbHe

o8- 420 tt—>WbHu é

raction of events / 0.1

E
o
S

ol en b ben e becn b L e d
0 01 02 03 04 05 06 07 08 09 1
LH discriminant
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tqH(bb) RESULTS

» Maximum likelihood fit is performed to get the best fit
value of A(t — qH)

» tt + 1b normalization is floated during the fit
» tf+ 1c normalization is fixed with 50% uncertainty

Leading systematic uncertainties:

2.3 3
> Bipservea(t — cH) = —0.2135 x 10

Pre-fit impact on p:
168+

6=80 03 -02 01 o 01 02 03
Post-fit impact on . T T T T T T T
» - —+2.7 -3 o 6=B+AD 0=B-00 ATLAS
B obseroed (t — uH) 02,340 x 10 —e— Nuis. Param. Pull 5=13Tev,36.1 b
b-tagging: mis-tag (c) NP | ——— ‘_
@lghtets: PS & hadrorisaton [ ——
k(tT+21b) = 1.17 £ 0.15
95% CL Limits Observed Limit | Expected Limit Jetenergy scale flavour compositon A-‘*-}
— . [ — ==
PB(t — cH) 4.2 x 10 4.0 x 10 Fra1c: nomaisaton ¢
-3 -3 betagging: mis-tag (igh) NP |
AB(t — uH) 5.2 x 10 4.9 x 10 {Evightiets: SexsaSF vs. nominal R — .
setenergy scale:pleu NP 1 S S
Fr2tb: g radLow e
e 75
(0-6,)/08
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(4) tqH,H — 77 ANALYSIS

» Sensitive to tt —» Wb + Hq events with H — 77 & W — jj

» Based on # jets (3j or > 4j) and decay modes of 7 leptons
(ThadThad O TiepThad), €vents are classified into four
categories

» Major backgrounds: Fake 7-lepton bkgs from tf & multijet
production

» Fake 7-lepton backgrounds in SR are modelled using
templates derived from CRs orthogonal to SR

5l T T
ATI

Cala ATLAS'
V’ 13 TeV, 36.1 fo* -ua WbHe (5= 1%)7

¢ bata
fVs=13Tev,36.1 1" -n WbHc (B=1%) 3

Events /5 GeV
Events/5 GeV

FtaH(ry) search =i ,e;f,‘ 0 tqH(T) search :,Tcp el
Tieplhag: 31 TionThag 24i
TepTnac 3 Deplrac:
1000(-pep b Bon 2000[-Pro-Fi Son
7 Total g unc ) Total Big unc

Data / Bkg
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SIGNAL REGION OPTIMIZATION

o T T T T T T T T T
. . . . 3 06l ATLAS Simuaion temal — Total background]
» BDT discriminant is used for £ LG e
R
separating signal from the g
background. g
» Kinematic variables like od
M., My, etc are used for the o
training. o ey S
g BDT discriminant
Results:

9.9 —4
> Bopserved (t — cH) = —4A4f8.5 x 10

9.1 —4
Y Bopservea(t — uH)=—5.3174 x 10

» Leading systematic uncertainties: Fake 7-lepton estimation, Jet
energy resolution

95% CL Limits Observed Limit Expected Limit
B(t — cH) 1.9 x 1073 2.1 %1073
B(t — uH) 1.7 x 1073 2.0 x 1073
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