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The Standard Model (SM) of particle physics

Standard Model of Elementary Particles

@ Quantum field theory, based on the U e
a a o a I I} n
prInCIpal gauge Invarlance mass ~ =2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c2 0 — ) =124.97 GeV/c?
SU(3) x SU(2) x U(1 charge |3 i @ C g
(3) (2) (1) @ @ @ | @ |- H
o Unify Strong and Electro-weak up charm J top J gluon | higgs
interactions o) (=s6 mevie Cmee ) [ )
% -% -% 0
o Fermions: matter particles @ |9 O || @
° Quarks down J strangeJ bottom J photon )
L4 Leptons ~0.511 Mev/cz ~105.66 Mevicz ~1.7768 Gevicz “orwocovier ) n
-1 -1 -1 0
. . . z
e Gauge bosons: mediators of interactions - @ @O |r® ||| @ |3
electron | muon l tau | Z boson 8 %
° : responSIble for mass 2 <1.0 eVic2 <0.17 MeV/c2 <18.2 MeV/c2 =ED.39GE’,V/CZ--N E§
generation through EWSB mechanism O we |t v | (v b @ |8
X > > / o
electron muon tau <O
"l_|J neutrino neutrino neutrino W boson oY
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Electroweak Symmetry Breaking and Higgs boson

Gauge boson mass terms break gauge symmetry of SM

@ Brout-Englert-Higgs (1964) include complex scalar
field

V(¢T9) = u2¢To + A(619)?

u? < 0 — Mexican hat
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Electroweak Symmetry Breaking and Higgs boson

Gauge boson mass terms break gauge symmetry of SM

@ Brout-Englert-Higgs (1964) include complex scalar
field

V(6'0) = 129’ + A(¢'¢)?
u? < 0 — Mexican hat

@ Choice of the vacuum state v spontaneously
breaks the symmetry
® Gauge bosons become massive
® Higgs boson: my = —2;?
® Fermion masses: generated through Yukawa

couplings .
P
‘ l\ﬁ

@ Observed in 2012 at LHC, my ~ 125 GeV
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Measurements of Higgs parameters

coupling
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Measurements of Higgs parameters
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@ Not all, Higgs boson self-coupling still resists to physicists

coupling
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ATLAS Preliminary
Vs=13TeV, 24.5-139fb
m,, = 125.09 GeV

M or i
e OF Vg
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Higgs boson self-coupling

@ Self-coupling: Higgs boson trilinear coupling
@ Controls the shape of the Higgs potential
® |t is important to measure both my and A

@ Beyond SM (BSM) physics would impact this
coupling, impact quantified as

VDm—i’H2

2

A
+ AH? + ZHA
v
h
—H 0.13
2v?2
H H
\‘ ’/'
X
H,'/ \\\.H

not accessible
at LHC
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Higgs boson self-coupling

2
A
Vo %/—/2 +AVH + S H

o Self-coupling: Higgs boson trilinear coupling \SM _ m_,2_, 0.13
=5 .

@ Controls the shape of the Higgs potential v2
® |t is important to measure both my and A

@ Beyond SM (BSM) physics would impact this VIH)

coupling, impact quantified as i - é
A A=-1

R\ = 7/\5M
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Higgs boson self-coupling

2
A
Vo M2 3 Lt
v

2
@ Self-coupling: Higgs boson trilinear coupling \SM _ m7,24 0.13
@ Controls the shape of the Higgs potential 2v2 .
® |t is important to measure both my and A
@ Beyond SM (BSM) physics would impact this S & M
coupling, impact quantified as L NS
HooS ey x”
KX W NHO H, SH

@ Measured directly with Higgs boson pair (HH)
production
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Higgs boson pair production at the LHC

@ Produced mainly via non-resonant gluon-gluon Fusion (ggF) and Vector Boson
Fusion (VBF)
Destructive interference

4

o At 13 TeV, my = 125.09 GeV and k) = 1

® 5% = 31.02 fb, 3 order of magnitude smaller than oy
VBF __

® g4y = 1.72 fb, one order of magnitude more smaller than ggF o



Di-Higgs boson as a probe of BSM physics

HH production at 14 TeV LHC at (N)LO in QCD
S, My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

@ Low cross-section, BSM anomaly may enhance it

@ BSM physics could manifest as deviations

® Total production rate
® Kinematic of HH event

10!

oyLolfbl

N3 : W 4
@ Measurement of Kx — R 7é 1’ presence of new 10 oozt =
physics A

MadGraphS_aMCGNLO
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Di-Higgs boson as a probe of BSM physics

@ Low cross-section, BSM anomaly may enhance it
@ BSM physics could manifest as deviations
® Total production rate
® Kinematic of HH event
@ Measurement of k) — k) # 1, presence of new
physics

——
5ot - 3
~lo gg—>HH 1,=0
L — k=1
0.1-ATLAS Simulation Preliminary 7”_ -
- —K,=2
[ofs=1aTev —K;=3 ]
0.08— ]
0.06- .
0.04F- ]
0.02- ]

300

il
400

P
500

00008
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0
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Di-Higgs boson decay modes
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Di-Higgs boson decay modes

77

Yy

4.6%

2.5% 0.39%

e Focusing on H(— bb)H(— 77)
@ Despite low decay rate, competitive channel
® High H— bb branching ratio

® Excellent m,, mass resolution — Good signal extraction
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The Large Hadron Collider (LHC)

@ pp collisions, up-to /s = 13 TeV
o Four large experiments
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The ATLAS detector

25m

LAr hadronic end-cap and
\ forward calorimeters

Toroid magnets LAr electromagnetic calorimeters
‘Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

o Different sub-detectors

o Cylindrical coordinate
system

Detector

Collision

i —
(197'7 957 77)

6
7 = —In[tan E]
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Run-2 data taking

@ Run-2 period: 2015-2018

@ Integrated luminosity used for presented

analysis: 139 fb—!

E ATLAS
- Preliminary

[
2]
S o

[ LHC Delivered
[JATLAS Recorded

[EN
N
o

Total Integrated Luminosity [fb]

OO? DGood for Physics 4 i
80— ‘20| -

C o ]
60— a1
40— 2015-2016 3| -

r 1 ]
20 (36 b1 2l 3
ob—1 TN T I AT I |

T T
Vs =13 Tev
Delivered: 156 fb™*

Recorded: 147 fo™*
Physics: 139 fb*

33“‘/&63\)\"&6 a(\"‘b}\) "9 Y\"ﬂ

3 R

3\“-1;132“\\3553\A‘3j5

Month in Year

uopeiqIed 6172
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Where are we with HH— bbyy?

@ Previous analysis: 2015-2016 data (36 fb~');iep 11 (2018) 040
* Z&L(HH) limit: 22 (Exp. 28) at 95% CL
® k) constrain: [-8.2, 13.2] (Exp. [-8.3, 13.2])
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https://link.springer.com/article/10.1007%2FJHEP11%282018%29040

Where are we with HH— bby~?

@ Previous analysis: 2015-2016 data (36 fb~');iep 11 (2018) 040
* Z&L(HH) limit: 22 (Exp. 28) at 95% CL
® k) constrain: [-8.2, 13.2] (Exp. [-8.3, 13.2])

@ My thesis: Full run-2 data (139 fb—1!)

® Improve the analysis sensitivity with different tools

HH HH— bbyy ~10% eff.
Events 4.3k 11 0(1)
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https://link.springer.com/article/10.1007%2FJHEP11%282018%29040
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Measurement of Higgs self-coupling
Analysis strategy
Higgs self-coupling constrain
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ATLAS B

EXPERIMENT -

\ Two displaced vertices — b-jets



ATLAS

EXPERIMENT

Backgrounds P
© Peaking in m,,: single H— ~v (ttH, ZH)

® Not peaking: continuum ~vy + jets

Two displaced vertices — b-jets



Events selection

o Di-photon trigger (83% efficiency for HH signal)
® EJ > 35 (25) GeV for leading (sub-leading)
@ > 2 Tight and isolated photons (H— ~7)
© 0] < 2.37 & 25 > 35% (25%) for leading
(sub-leading)
® my, built with the two leading photons
o Exactly 2 b-jet (H— bb)
® pr>25GeV & |n| <25
® b-tagging at 77% efficiency
@ < 6 jets, reject hadronic ttH
@ Zero leptons, reject semi-leptonic ttH

Events /2.5 GeV

180
160
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100
80
60
40
20

R e
ATLAS Preliminary ¢ Data
Vs =13 TeV, 139 fb™* W HH (SM)

HH- bbyy

iiﬂ

Common Preselection Wiy

* M DataDriven yj
T :*: + + DataDriven jj

Single Higgs

yybb
I yy+other jets

Tl b b b b b

__TT“Lﬂ?_LT +_+

140

150 160
m,, [GeV]
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b-jet energy calibration my own work

! e m,; highly discriminating for H— bb

@ Om,; ~ 16 GeV, 0y ~ 2 GeV

@ Jets energy calibration not enough for b-jets,
due to

® Semi-leptonic decay
® Large b-quark mass
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b-jet energy calibration

B Jet

my own work

e m,; highly discriminating for H— bb
@ Om,; ~ 16 GeV, 0y ~ 2 GeV
@ Jets energy calibration not enough for b-jets,
due to
® Semi-leptonic decay
® Large b-quark mass
@ Specific b-jet energy calibration method

® ,-in-jet correction: presence of muon
® prReco correction: missing neutrino &
out-of-cone radiation
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b-jet energy calibration

@ u-in-jet correction
® Adding back muons
® Variable AR(b-jet, muon)
® Semi-leptonic or hadronic
@ prReco correction

® pr-dependent scale factor
® Computed on tt sample

s F
g =
S 14—
5 f —
8 ANKUEMPFlowdets el
g[8, eTemmgT o Somapnic
[ % PowhegSMpp— it
12
=
E Teag,, ° o
C tey .
C ] t .
09 L | | | | . .
3 35 4 45 5 55

6 6.5
Ln(p" [GeV])

my own work
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b-jet energy calibration my own work

O e ceeaiian @ Applied to HH— bbvy~y b-jets

® Adding back muons

3 02T T Ty
® Variable AR(b-jet, muon) 2 o1k E
® Semi-leptonic or hadronic £ o16 o o Wé
e . orcton,  pesk. w, i
@ prReco correction e o1 ) o o1z
§ 012f SMHH-bovy “*BletCalibration 122.1 12.7 216 —
® pr-dependent scale factor £ E
- .1— |
® Computed on tt sample woe E
0.06; é
- 0.04; é
é 14— - 0.02— —
8 ; ——— S 60 i B R T R R 7R _- T =
1 et s [GeV]
12
|,|i . .
; @ ~22% imp. on myg resolution
T Treay v @ 7% + 2% imp. on expected significance
C 1 1 L 1 Il L I= - - -
B I o Baseline b-jet correction for full Run-2
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Categorization strategy

@ Sensitivity to
® SM HH signal
® 1) deviations

do
dmpg

8 7566666 s H

N
8 G666 M H

200 300 400 500 600 700 800
Wl}{}{[(;elf]
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Categorization strategy

bbyy
® High mass my; > 350 GeV

® Low mass mZEw < 350 GeV r

0.05

> 025
O [ ATLAS Simulation Preliminary

Q& o02F Vs=13 TeV .

~ o : HH - bb F 1

£ lLow mass Yy 99 =6 ]

. ) F H AT T B

@ Sensitivity to 3 0151 — K, =0 -
® SM HH signal ° F High mass = 1

® k., deviations -% 0.1— —

2 * o L ]

@ Two mass regions on m iy ]

250 300 350 400 450 500 550 600 650 700 750

o Signal-background separation: MVA mE [GeV]
bbyy

M5y = Mpyy = Mps — Moy + 250 GeV
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MVA categorization

@ Two MVA are trained to discriminate signal from
the backgrounds
® High mass: SM HH (k) = 1)
® Low mass: BSM HH (x, = 10)
@ Same inputs: objects and event kinematic
@ MVA techniques
® Boosted Decision Trees: signal vs (ttH + ZH +
continuum vy + jets)
® Deep Neural Network: signal vs ttH vs ZH vs
continuum vy + jets

* not used in DNN
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Deep Neural Network selection

@ dyy discriminate from 4
probabilities:
O HH-PHH

dHH = Iog( 3
O bkg -Pbkg

@ 4 categories maximize
combined expected significance

® tight and loose DNN for each
mass region

Event

0000000

QO0O0O0O0O0O00D

my own work

OHH signal

gttH

OZH ) )
continuum ~yy-+jets
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. m n
Deep Neural Network selection y ow

High Mass duy

@ dyy discriminate from 4 025 { 5 o soeans
probabilities: 030 g tQj:HHK,\:w
—
PR = Z:ntmuum Yy+iets
dun = | O HH-PHH
HH — Og( 3 gozo
O bkg -Pbkg Sos

@ 4 categories maximize
combined expected significance

® tight and loose DNN for each o
mass region ot

work
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Deep Neural Network selection

@ dyy discriminate from 4
probabilities:
O HH-PHH

dHH = |Og( 3
O bkg -Pbkg

@ 4 categories maximize
combined expected significance
® tight and loose DNN for each
mass region

@ Similar performance to the
BDT

my own work

High Mass dyy

0.35{ 3 Data Sideband
1 SM ggF HH

1 ggF HH Kk = 10
It

zH

1 continuum yy+jets

Fraction of events

MVA SM HH HH &k, =10
BDT 0.490 3.590
DNN 0.540 3.470

significance = /2[(s + b) x log (1 + s/b) — s]
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. m n work
Deep Neural Network selection y owh wo

High Mass duy

@ dyy discriminate from 4 0351 3 o saebana
probabilities: 030 g tQj:HHK,\:w

zd

[ continuum yy+jets

- OHH-PHH
HH = log( 3

Fraction of events

O bkg -Pbkg

@ 4 categories maximize
combined expected significance
® tight and loose DNN for each
mass region ot

@ Similar performance to the

BDT MVA SM HH HH ), = 10
@ Baseline: BDT BDT 0.490 3.59¢0
DNN 0.540 3.470

@ DNN reserved and documented
for next analysis round

significance = /2[(s + b) x log (1 + s/b) — s]
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Signal extraction and results

o Simultaneous fit of m,, in the 4 analysis categories
® HH signal (ggF + VBF) + Single Higgs
> from Monte Carlo using Double-sided Crystal-Ball
® Continuum 7~ + jets
> fully data driven

@ No significant signal is observed

@ 95% CL upper limits on ogerver of diHiggs as a
function of k)

Events / 2.5 GeV

T T T T T =

BL ¢  Data ATLAS Preliminary _|

F i Vs=13TeV, 139 fb™' -

r Continuum Background HH—bbyy ]

6 Total High mass BDT tight |
4

1 L L L L |
110 120 130 140 150 160
m,, [GeV]

most sensitive category
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Limits and ), constrain

ATLAS-CONF-2021-016 o 2 limit: 4.1 (Exp. 5.5) at 95% CL
HH

oz 105 .

£ | ATLAS Preliminary  —— Observed Imi (95% CL) @ Ky constrain: [-1.5, 6.7] (Exp. [-2.4, 7.7])
T V/s=13TeV, 139 fo~! Expected limit (95% CL)

z HH—sbb ! =1 Expected limit +1c

i 104 i 0 Expected limit +26 4

3 B8 Theory prediction

5 Y%  SM prediction

o

© 108

102
Observed: x; € [-1.5,6.7]

Expected: ) € [-2.4,7.7]

10!
10 8 6 -4 2 0 2 4 6 8 10

25/46


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016

Limits and ), constrain

UL AL AT A o 2 limit: 4.1 (Exp. 5.5) at 95% CL
T — HH .
CEZA%Z:\ET?;%-1 T Comenedtmi 6 o) @ Ky constrain: [-1.5, 6.7] (Exp. [-2.4, 7.7])

3 Expected limit +16
L HH-bbyy [ Expected limit +26
B8 Theory prediction
7ﬁr SM prediction

Oggr+ver (HH) [fb]
=
2

The world’s best ~) limit

-
o
w

fmmmmm e N %

-
o
)

Observed: x; € [-1.5,6.7]
Expected: ) € [-2.4,7.7]

10!
10 8 6 -4 2 0 2 4 6 8 10
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Limits and ), constrain

-
o
>

-
(=
S

Sggr+ver (HH) [fb]

102

10!

ATLAS-CONF-2021-016

-
o
w

ATLAS Preliminary
V5=13TeV, 139 fo~"
| HH—bbyy

Observed: x; € [-1.5,6.7]
Expected: k) € [-2.4,7.7]

==

=

=
*

. /
S

Observed limit (95% CL)
Expected limit (95% CL)
Expected limit +1c
Expected limit +2¢
Theory prediction

SM prediction

10 -8 6 -4 -2

° %’gﬁ limit: 4.1 (Exp. 5.5) at 95% CL

@ Ky constrain: [-1.5, 6.7] (Exp. [-2.4, 7.7])
o Statistically limited

® Systematic effect ~ 4%
® Background modelling & photon energy scale
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Limits and ), constrain

- -
(= o
> >

Sggr+ver (HH) [fb]

-
o
w

102

ATLAS-CONF-2021-016

ATLAS Preliminary —— Observed limit (95% CL)
_ —1 =---- Expected limit (95% CL)
H\/I_i;:)?) Tev, 139 07" Expected limit +1c
3 i [ Expected limit 20

B8 Theory prediction
iﬁr SM prediction

Observed: x; € [-1.5,6.7]
Expected: k) € [-2.4,7.7]

10!

-10 8 -6 4 -2 0 2 4 6 8 10

° %’gﬁ limit: 4.1 (Exp. 5.5) at 95% CL

@ Ky constrain: [-1.5, 6.7] (Exp. [-2.4, 7.7])
o Statistically limited

® Systematic effect ~ 4%

® Background modelling & photon energy scale
@ 5x improvement w.r.t 36 fb™!

® Increased luminosity: 2X
® Analysis improvement: almost 3 x
> mpyy categorization and MVA strategy (80%)

> b-jet energy calibration (7%)
> .
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CMS HH— bbvyy results

JHEPO3 (2021) 257

o Different analysis strategies
® 14 categories

> MVAs output and mbE oy

> 2 dedicated VBF categories

® 2D fit myy X myg

Expected  Observed

CMS 24 limit 5.2 7.7
CMS /@\ "interval [-2.5, 8.2] [-3.3, 8.5]
ATLAS 2 limit 5.5 4.1

ATLAS H,\ “interval [-2.4, 7.7] [-1.5, 6.7]
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(work in progress)

Di-Higgs and Effective Field Theory

EFT coefficients constrains
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Effective Field Theory (EFT)

@ Search for new physics at large energy scale (A) in a model independent way
o At large scale (A >> v), BSM decouples from SM

nyg d
L=Lsm+Lo+L04 L+, £9= 07 ford>4

i=1

A

o Cross-section (and decay width) can be split

o= + Tint + 0BsM

AAEIA* S 4— jg:: a;j - Cj %— :E:: l)U o (g © (&
i ij

osm

o Standard Model Effective Field Theory (SMEFT) in Warsaw basis with d = 6 and
A=1 TeV
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Di-Higgs and EFT

@ 5 operators are relevant for di-Higgs
® ¢y and ¢y modify the Higgs
self-coupling K
4

v
Ii)\:1—2m7,2-l'CH+3(CHD—T)

® ¢,y and c.c modify the top quark
interaction to the Higgs and gluons.

3]

Ke =14 (c = —) S
t — HO 4 2mt uH
o , modify the Higgs coupling to gluons

(not considered).
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Di-Higgs and EFT

0.0

@

@ 5 operators are relevant for di-Higgs

s =13Tev
0.025

® ¢y and ¢y modify the Higgs

MadGraph, gg — HH

self-coupling x
piing 002 Interference
4 SM
v 0.015 =
KA:1—272'CH+3(CHD_7) ot
mH 4 =1
=1

® ¢,y and c.c modify the top quark

interaction to the Higgs and gluons. 0.008

V3 0300 ~Ta0 500 600

Kt:1+(CHD_T)—72m * CuH
t

hy g =
700 800

® ¢, modify the Higgs coupling to gluons
(not considered).
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Cross-section parameterization in HH — bby~

@ bbyy measurements in two phase space
regions
® High mass (myy > 350 GeV)
® Low mass (myy < 350 GeV)

@ ggF HH cross-section parameterized as
function of the Wilson coefficients

my own

i
iy

o
©

MadGraph, gg - HH

gMass-bin/g Total

i
o
0

Cy

Chbox

Ce

o
3

o

OO

05
High mass

N I A WA I A ! I e N N N



Results

my own work

o Not sensitive to all coefficients (two mass regions)
— Need sensitivity estimate to find relevant ones
® Look at the eigenvectors of the inverse covariance matrix of Wilson coefficients

Eigenvalue Eigenvector
vecy 0.0523 -0.582 - cy + 0.363 - cyg - 0.456 - ¢,y + 0.567 - ¢
vecy 0.0001 -0.696 - cy + 0.182 - cyg + 0.206 - ¢,y - 0.663 - ci6
vecs -0.0000 -1.025 - cy-1.947 - cyg + 0.702 - ¢,y + 0.759 - ¢
vecy -0.0000 -0.235 - ¢y - 0.006 - cyg + 0.977 - cyy + 0.549 - ¢

@ Measurement of most sensitive eigenvectors

vec
expected error 0

vecy ;i'g

+60.8

vea —102.1
@ Additional measurement regions, combination with vec;

other measurements (Higgs, Top) needed

@ Work in progress

correlation [%]
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Prospects at the end of Run-3 my own work

e Run-2+Run-3: £;,; ~ 300 fb~1, /s = 13.6 TeV
® Detector upgrades: no significant impact on
HH— bbyy
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Prospects at the end of Run-3 my own work

e Run-2+Run-3: £;,; ~ 300 fb~1, /s = 13.6 TeV

® Detector upgrades: no significant impact on

HH— bbyy

o 244 limit: 3.3 (1.6 imp. w.rt 139 fb=1)
Scenario 1o ClI 20 Cl
Run-2 [13,64] [29, 9

Run-24+Run-3  [-0.7, 5.6] [-1.9, 7]
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Prospects at the end of Run-3

e Run-2+Run-3: £;,; ~ 300 fb~1, /s = 13.6 TeV
® Detector upgrades: no significant impact on
HH— bby~y

248 I|m|t 3.3 (1.6x imp. w.r.t 139 fb~1)

Scenario 1o Cl 20 Cl
Run-2 [13,64] [209, 9]
Run-24+Run-3  [-0.7, 5.6] [-1.9, 7]

Potential improvements:
o DNN categorization: ~10%
@ my; imp. with kinematic fit: 2-5%
o Photon identification: 7% (next part)

my own work

- log L(k,)/L(x,=1)

A IR A IR I
9% 86 4 -2

0
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Prospects at HL-LHC my own work

@ HL-LHC: ~3000 fb—! at 14 TeV
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Prospects at HL-LHC my own work

K, scan
T F R AR LR H
345* . @ HL-LHC: ~3000 fb~! at 14 TeV
§3:§HHAEW : @ Detector upgrades: mitigate higher pileup effects
L derod. E o European strategy: extrapolation from 36 fb~!

2_5;7 HL-LHC (30p0 fb™) @ /s = 14 TeV é

N U IR AN N+ Scenario 1o Cl 20 Cl

reb E European strategy [-0.1,2.4] [-1.1,8.1]

E E My Extra. to HL-LHC [0.4, 1.8] [-0.1, 4.4]

0.5; 7777777777777 —ih’

—01:[‘)”—‘8”‘—‘6‘”—‘4‘H—‘ZH‘O 2 4 “Gl”‘é”;o
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Prospects at HL-LHC

Significance [o]

10|

Vs = 14 TeV, 3000 fb™

HH- bbyy

Stat. Only

——

Extrapolation to HL-LHC

* European Strategy

Ky

my own work

@ HL-LHC: ~3000 fb~! at 14 TeV
@ Detector upgrades: mitigate higher pileup effects
@ European strategy: extrapolation from 36 fb~!

Scenario Significance [o]
European strategy 2.1
My Extra. to HL-LHC 2.5

Similar performances for SM
Large gain at high x)
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Content

Photon identification using Convolutional
Neural Network
Photon identification with Neural Network
Photon identification efficiency
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EM calorimeter and  object

@ 3 layers with different cell size (+ Presampler)
@ N, x Ny cluster contains most v energy

Cells in Layer 3
Bxan = 0.0245%0.05

n=0
£ NAIND L
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EM calorimeter and  object

@ 3 layers with different cell size (+ Presampler)

@ N, x Ny cluster contains most v energy

@ Shower shapes (SS) quantities (~ 11) evaluated
s ~Boseseaos from 7x11 cluster

® Lateral & longitudinal EM shower
® Discriminate between prompt photons and
background photons (QCD jets)

e (xEm)?
IE TE

X5 (A1 x A9)
cells in 5

mm i A
) :=4_3 =0,
0031,
L)
Strip cellsin Layer 1
~~—Celisin PS
Anxad = 0.025%0.1
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EM calorimeter and  object

@ 3 layers with different cell size (+ Presampler)

@ N, x Ny cluster contains most v energy

@ Shower shapes (SS) quantities (~ 11) evaluated
s ~Boseseaos from 7x11 cluster

® Lateral & longitudinal EM shower
® Discriminate between prompt photons and
background photons (QCD jets)

g
23

81
=147.3mp, Y A
i :
RS
@ Current identification relies on SS: cut-based
algorithm

@ Propose improvement using Neural Network 38/46



Photon identification with Neural Network

@ Global shower shapes (High level)
Cut-based — DNN

® Limited performance (small features space)
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Photon identification with Neural Network

@ Global shower shapes (High level)
Cut-based — DNN

® Limited performance (small features space)
@ Solution: breakdown to cell level (Low level)

® Scale up features space dimensionality

> Generate more variables
> Correlation between cells
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Photon identification with Neural Network

7x11 cluster from 2" layer

@ Global shower shapes (High level)
Cut-based — DNN

® Limited performance (small features space)

5 EceII
Ec\uster
@ Solution: breakdown to cell level (Low level)
® Scale up features space dimensionality

> Generate more variables
> Correlation between cells

o Convolutional Neural Network (CNN)
® Photon cluster represented as an image

¢ direction

@ Photon identification (ID) using images from the 3
layers

o 2 4 6
7 direction
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. . . m n rk
Convolutional Neural Network strategy and training y own wo

Cotsintayer 3.
Bontn = 002484005

o Prompt photons: inclusive y+jets events
@ Background photons: QCD di-jet events
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Convolutional Neural Network strategy and training

o Prompt photons: inclusive y+jets events
o Background photons: QCD di-jet events

@ Images from 7x11 windows

® Energy independent algorithm
® |mage pixel = cell energy fraction

my own work

Lr2 L3
Extractor | | Extractor

NN classifier
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. . ..m n work
Convolutional Neural Network strategy and training y own wo

Prompt photons: inclusive v+jets events

Background photons: QCD di-jet events

@ Images from 7x11 windows
® Energy independent algorithm
® |Image pixel = cell energy fraction
@ Inclusive training (ET, || < 2.4, conversion type)

Trained on Monte Carlo

prompt or background
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. . ..m n work
Convolutional Neural Network strategy and training y own wo

NN ROC UnConverted

Prompt photons: inclusive v+ jets events 10

Background photons: QCD di-jet events

@ Images from 7x11 windows
® Energy independent algorithm %m’
® Image pixel = cell energy fraction 2.,
@ Inclusive training (ET, |n| < 2.4, conversion type)
e Trained on Monte Carlo i [E—

® ATLAS Tigh WP

0.0 0.2 0.4 0.6 0.8 10

@ CNN over-performs the cut-based algorithm * sonaret
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Photon identification efficiency my own work

o Identification efficiency with Radiative Z method

® Z— lly (I=e,u), as a signal
® Z— ll+jet (I=e,u), as a background
® 2017 data (43.6 fb™!)

o Efficiency as

Nafter 1D % Pafter 1D

€D = Nbefore ID »« Pbefore 1D
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Photon identification efficiency

o Identification efficiency with Radiative Z method

® Z— lly (I=e,u), as a signal
® Z— ll+jet (I=e,u), as a background
® 2017 data (43.6 fb™!)

o Efficiency as

Nafter 1D % Pafter 1D

€D = Nbefore ID »« Pbefore 1D

@ Purity estimated with template fit of my,
@ Over-performs the cut-based algorithm

® Qut-of-sample validation: different event
topology
® Good data-MC agreement

my own work

Tight E-inclusive ATLAS WP

1= — =]
Foe— g e ——
F —-—
08¢ ===
o
06—
-]
==
04—
L 15=13 Tev, 436 fb"
= Z-» Iy ; Isolation : tight ; 0<in|<0.6 ; UnConverted
02—  ——e— Data ATLAS Tight E-inc.
’ ——&——-=- MC ATLAS Tight E-inc.
C — - -+ — DataTight CNN
. | — = — MCTightCNN
1o 20 30 40 50 60 70 80

90 100
E, (GeV]

R S

;
I
T
T

=+
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Impact on HH— bbyy analysis my own work

> Ll .
g £ B
_ _% 1.05 E
@ CNN applied to photons from HH— bb~y~ signal e 1—+ SIREERETERT Y } E
* Efficiency close to 100% 0.95- RRETRRI RN
® 15% improvement in signal acceptance 0.90 pt * E
@ CNN applied to photons from continuum ~yy-+jets 0-85§+ t + E
® high ~~ purity 0.8 7
® 15% increase in statistics 0.75 E
® Reduce background modelling systematics 0.7 o . o n <257 ot T E
@ ~ 7.3% improvement in analysis significance 0.65- T g E
0.65 | | ]
10? 10°
Photon E [GeV]
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Conclusion

@ Search for non-resonant HH production and measurement of Higgs self-coupling

® HH— bbyy golden channel — The world’s best s, limit
® Re-interpretation within EFT context
¢ Extrapolation to Run-3 and to HL-LHC

@ New Photon identification using Convolutional Neural Network

® Significance improvement in different events topologies
® Relevant for HH— bb~y~ in future

o Work not presented

® Kinematic Fit for HH— bbyy
® Shower shape mis-modelling correction

o Parallel work
® 96 hours of lab work at the Savoie Mont Blanc University
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Higgs production modes

g q
q
g q
(a) ggF (b) VBF
g L H 9 O —— ¢
v
) o= H
T
“1,
q Vg iiTNt——— 1

(c) VH (d) 1tH
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Higgs cross-section

—y

Is=13TeV

102030

Lol ) .
100 200

771000 2000

H

[GeV]

LHC HIGGS XS WG 2016

o(pp — H+X) [pb]

o
N

-
o

3 M(H)= 125 GeV =¢
_ <
: EW) -
L CD+NLO x
Hnaog E
—/_g
E OEW) E
- qgH (L0 QCD + N ;
i PP ; :
—WH (NNLO QCD + N\;)OEEW))

3 = QCD + ML — .
E - Z: ‘:‘:\\:2 Qcbin 5FS, NLO Qcbin E
[~ o — boH 7
L P + = ]
L =0 7
Izllll\‘\\\Illlll‘\\\\|||II|I\\\‘\III||||\|IH‘|E‘
6 7 8 9 10 11 12 13 14 15
/s [TeV]
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Higgs decay modes

—_

Higgs BR + Total Uncert
e

10

10°

I
LHC HIGGS XS WG 2011

L L PR B SN
100 120 140 160 180 200
M, [GeV]
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Higgs self-coupling

1.4

1.2

1

0.8

0.6

04

0.2

0

—0.2

100

102

10*

106 108 1010 1012
renormalization scale / GeV

0% 10 108
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Di-Higgs pheomonology

first order second order
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Di-Higgs cross-section

A, M) = X2 -0+ At - Appn

k K\ 2
o~ k |D2+k’t\(DA+AD)+<k’:) A|21

@ minimum cross-section at k) = 2.4k;

@ minimum myy at myy = 2m; for k) = 2
NNLO _ +2.2%

® Ogrnn = 31.0575 0y b

NNLO +0.03%
® oygrpn = 1.7237 5040 b

pert 1Hperls 3HHperlh 1HH(bbyy) per5d
perpp 2510°H 210" HH  6.25 1016 2H
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Di-Higgs production modes

g TOOOO—>—— - - - - -

(a) t.b

(b)
q
q
@]
q
g
T7 T
g TosEEL—=—L - ----
g voooo—— 1
w "
—————— H
g TrrEE———o

——Ll-«-y
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Di-Higgs cross-section as function of /s

10
HH production at pp colliders at NLO in QCD

M,=125 GeV, MSTW2008 NLO pdf (68%c)

10°

102

10!

oyLolfb]

10°

MadGraphS5_aMC@NLO

8 1314 25 33 50 75 100
Vs[TeV]
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LHC accelerator chain

CERN's Accelerator Complex

CMS

North Area

S

HiRadMat

BOOSTER
ISOLDE
(s ]

n-ToF
Em

LINAC 2

LINAC 3
lons

» pproton)  Bion b neutrons b antiproton) b electron  H=H- proton/antiproton conversion

LHC Large Hadron Collider SPS  Super Proton Synchrotron  PS Proton Synchrotron

AD Antiproton Decelerator  CTF3 Clic Test Facility

AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator OnLine DEvice

LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight  HiRadMat High-Radiation to Materials caman
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LHC planning

HiLumi ’

LARGE HADRON COLLIDER

LHC HL-LHC
Run 1 Run 2
LS1 EYETS] LS2 LS3
13TeV iz m Lt
e - 110 insttation .
8Tev Button calimators o & HL-LHC
Trev 2 o Givil Eng. P1-P5. Tagaton it installation

2020

AEnzCue e,
e ey P
e

beam pipes. 2 nominal Lumi 2 nominal Lumi

minal Lymi 2 nominal Lumi ALICE - LHCh 2ol Luwil
nomed upgrade

(] Exd integrated [EIULM
— iuminosity [EONRE

PROTOTYPES — CONSTRUCTION ||NsrALLAT|oNa.coMM.||” PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS
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Pile-Up

Recorded Luminosity [pb™¥0.1]

600

500

400

300

200

100

LI L L B L L L B IR |

L B B B B I LR L
ATLAS Online, 13 TeV J'Ldt=146.9 fb!

2015: <p> = 13.4
2016: <p>=25.1
2017: <p>=37.8
2018: <p>=36.1
Total: <p>=33.7

BEEn

o b b b bovaa Lo 8

uonelques 6T/

10 20 30 40 50 60 70 80
Mean Number of Interactions per Crossing
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Object reconstruction

Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition
N Radiation
Tracking Tracker

Pixel /SCT detector
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HH— bbyy 36 fb!

4.0

T I T T I T 17T T 17T T 17T I T T I T 1T I T T
ATLAS — Observed limit

VS =13TeV.36.1 fo-1 ———- Expected limit
T m  Expected limit 10

Expected limit +20
Theory

3.5

3.0

o(gg — HH) [pb]

2.5

2.0

1.5

1.0

0.5

\\\\I\\\\I\\\\I\\\\ it \\\\I\\\\I\\\\
005545 90 5 0 5 10 15 20

K
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Simulation

Process Generator PDF set Showering Tune
ggF NNLOPS PDFLHC PyTHIA 8.2 AZNLO
VBF PowHEG Box v2 PDFLHC PyTHIA 8.2 AZNLO
WH PowHEG Box v2 PDFLHC PyTHiA 8.2 AZNLO
qq —» ZH PowHEG Box v2 PDFLHC PyTHIA 8.2 AZNLO
g8 - ZH PowHEGBoxVv2 PDFLHC PyTHIA 8.2 AZNLO
ttH PowHEG Box v2 NNPDF3.0nlo  PyTHIA8.2 Al4
bbH PowHeG Box v2 NNPDF3.0nlo  PyTHIA8.2 Al4
tHqj MaADGRAPHS_AMC@NLO NNPDF3.0nlo  PyTHIA8.2 Al4
tHW MabpGrAaPHS_AMC@NLO NNPDF3.0nlo PyTHIA 8.2 Al4
yy+jets SHERPA v2.2.4 NNPDF3.0nnlo SHErRPA V224 -

ttyy MabpGrarH5_AMC@NLO NNPDF2.3lo PyTHIA 8.2 -
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Di-photon trigger efficiency

Trigger Efficiency

Data/MC

1.17\ T T T T T T |
I ATLAS pp data 2015-2018, Vs = 13 TeV
1= 5
= Q@Eﬁ;—a— —— R
C o & ]
0.9F 8% ) : =
F 5 Diphoton triggers E
0.8 o 2015 —
£d 0 2016 1
0.7 A 2017 =
F 0 2018 3]
0.6k -
1.05 [, —
1 A0 = — & o
0.95 7# 288 —
09k -
25 30 35 40 45 50 55 60 65 70

E; [GeV]

Data/MC

ERREERSE R
104 ATLAS pp data 2015-2018, Vs = 13 TeV J
1.02 3
1= 0. o 3
O.ggﬁ %R%i'@'%% ﬁﬁ
0.965 g =
0.94 3
0.92F =
0.95 ) _ 3
0.885 Diphoton triggers E
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0.95 ﬁ Bina
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n
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b-jet calibration chain

et area-based pile- Residual pile-u
EM-scale jets Origin correction J s ety
up correction correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
fopological clusters at to point to the hard-scatter event pile-up pr density dependence, as a

the EM scale. vertex. Does not affect E. and jet area. function of u and Nev
=

Absolute MC-based

Residual in situ
calibration

Global sequential b-jet energy

calibration calibration calibration

to the particle-level energy  and energy leakage effects is derived using in situ
scale. Bolh the energy and  using calorimeler, track, and ~ measurements and is
direction are calibrated. muon-segment variables. applied only to data.

b-jet to the particle
level energy scale.

Carrects jet 4-momentum  Reduces flavor dependence A residual calibration : A specific correction for
1
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(-in-jet correction selection

>
o
\

- ~88%

o
@
[

e
3J

Criteria  Selection
pPT > 4 GeV
ID Medium
AR < min(0.4,0.004 + 10/p7)

o
@

©c o o 9
N ow s oo

LTI [T T[T I T T

o

o

o
o
o
o
o
o
o
o
©
@
o
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prReco correction

o Target — TruthWZ jets, contains
reconstructed jets with all stable hadrons
and non-isolated muons and neutrinos.
AR(jettrUth,jetreco)

truth
@ Correction = mean of the % distribution
T

Correction

Correction

14
F —e— Inclusive
r AntIKUEMPFIowdets 23 Fadtonic
e, A o Semiepons
13, )
F o, oo
12 ~"‘-.
11
L e
1= Teeee,,
C Hlu".';. .
L 1]
. H .
0.9 I | I | I | I
3 35 4 45 5 55 6 65
Ln(p" [GeV])
14
E S
Fe AntKUEMTopodets 2o Fadone
£, o Somiaponic
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Fo e, pouncq supp - it
Co
[ o,
vy
C o
11 e
L .
iF nnu,,;;. . .
0.9 £ L L L L L L L 3
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Ln(p" [GeV])
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prReco gain

g 50 E g 50 E
o 45 o 45
T E —a— Inclusive v E —#— Inclusive
g 40— AntiKt4EMPFlowJets —a#— Hadronic 4 40 & AntiKt4EMTopoJets. —— Hadronic
£ E ETagging 70% —e— Semileptonic £ E BTagging 7% —— Semileptonic
E 3= Powheg SM pp— ff E 351 Pdwheg SM pp— it
30 £ 30 &
25 25
20 £ 20 £
15 | 15 |
10 & 10 &
51— 51—
ob b 1 e L e e L L o b 1 L L e L L
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my, correction in each step

Pdf

0.035
2
X ] )
S EMTopo mc16d HH ssed & 2 Btag. Corr., Peak, Width, Imp[%]
i3]
S 0025 S, 122.30, 17.02, 0.0
o

0.02 OkeMu, 123.09, 14.72, 13.5

0.015 co, 122.67, 13.41, 21.3

0.0

0.005
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topological vs particle flow my,

30.22 = 50.22 =
w 02— w 02—
;0 18 C AntiKi4EMPFlowJels Calibration, Peak, Width, Imp[%)] ;0 18 £ AntiKidEMTopodJets Calibration, Peak, Width, Imp[%]
§ "TE  Bragging70% Nominal 121.90 16.04 0 § "TE  Bragging70% Nominal 12134 1656 0
20'16 E~  MadGraphs_aMC@NLO SM HH— bbyy  +BJelCalibration 122.04 12.43 22.5 ;0'16 E~ MadGraph5_aMC@NLO SM HH— bbyy  +BJeiCalibration 122.15 12.73 23.1
014 = 014 =
So.12 = 8012 =
@ E w c
01 01
0.08 - 0.08 |-
0.08 = 0.06 =
004 0.04 =
0.02 002 —
= . \ L 0 L : .
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180 180
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Impact on ZH background

g onf
s? S EMTopo mc16d ZH
3 00—
§ E
g oo
g E IsPassed & 2 Btag. Corr., Peak, Width, Imp[%]
0.025 — JES, 86.00, 14.34, 0.0
002l OneMu, 87.07, 12.55, 12.4
0015 PtReco, 90.84, 11.79, 17.7
001
0,005
E 1L
%o 30 700 120 40 160
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Impact on ttH background
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013

; ‘+*-+—4+7ji:;j:2$55$5 {ESeMu
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Neural Network vs j-in-jet+prReco
@ u-in-jet+prReco compared to simple NN version.
@ NN trained on tt sample
e Comparison performed on HH— bbbb

Bukin fit
3500 Mp =116.12 GeV
0, =18.51 GeV
3000 Bukin fit
Mp =121.91 GeV
2 2500 0p = 15.58 GeV
5 Bukin fit
C 5000 Mp =121.54 GeV
3 o, =15.08 GeV
_% 1500| C—1 Reco
T Muon in Jet + Pt Reco

1000| 1 Regression

500

0 25 50 75 100 125 150 175

200
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Motivation for mZB
vy

@ Improve resolution mainly for resonance analysis

> 0.3 > T T T

8 o ATLAS Simulation Preliminary - & 10°E .‘{4;Tl-1/;§ l:r?ggkl)qary ;3:'3(\8»/‘) -
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P E m my, ] < F - iy 3]

,2 o __l_JF‘_/v ~ bbyy m, =300 GeV ] g C Common Preselection = 7ybbm o

[0} C I _ n yy+other jets

2 02 m, =500 GeV — @ > DetaDi .

L S | — HHgF k=t ] g O ™ DatsDrven)

o C HH VBF, ;=1 ] ---m, =300GeV

§ 0150 | e —  Yy+ets = - my=500GeV
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m

*

bby~y

Fraction of events / 20 GeV

distribution
0-25_""| """" LI AL L L IR I
F ATLAS Simulation Preliminary
0.2 Vs=1 3TeV A
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MVA inputs

Variable Definition

Photon-related kinematic variables

Transverse momentum of the two photons scaled by their
invariant mass my,
Pseudo-rapidity and azimuthal angle of the leading and
sub-leading photon

primy,

7 and ¢

Jet-related kinematic variables

b-tag status Highest fixed b-tag working point that the jet passes

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudo-rapidity and azimuthal
angle of b-tagged jets system

Invariant mass built with the two jets with the highest

pr.n and ¢

PEP, 15 and ¢y

"bb b-taggi

gging score
Hr Scalar sum of the pr of the jets in the event
Single topness For the definition, see Eq. (2?)

Missing transverse momentum-related variables

Ess and ¢™iss Missing transverse momentum and its azimuthal angle

Xw: = min

My j, — Mw + Mjyjpjs — My

mw mt

2

27/106



Variables distributions

Normalized events
o o o
W S (%2}
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Variables distributions

Normalized events
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Variables distributions
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Variables distributions
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Variables distributions
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Variables distributions
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DNN

loss function
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DNN confusion matrix

Normalized confusion matrix
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dyp distribution
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DNN significance breakdwon

Categories SM ggF HH BSM k,=10 ggF HH
High mass, High dyy 0.53 2.45
High mass, Low dyy 0.11 0.94
Low mass, High dyy 0.03 2.21
Low mass, Low dyy 0.01 0.54

Combined 0.540 3.470
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BDT categories

0.7 ATLAS Preliminary
/s=13TeV, 139 fb™
0.6~ High mass region

0.5

0.4

Fraction of events / 0.04

TTTT[TTTT[TTTT [ TTTT] T

o
w

o
S -

o

L L B L B L O L BB B I

OprrTTT

0.1 0.2

03 04 05

L L L L O L BB BB B B

HH ggF, x,=1
——— HH ggF, ;=10
Single H
Yy+jets
t Data

il

P A i T |

< =
g F
HH ggF, =1 = € 0350 ATLAS Preliminary
HH ggF, «,=10 2 ¢ {s=13TeV, 139 10"
Single H 9 o3F Low mass region
- [ £
Yy+jets = 5 =
t Data ] & 0'25:
= © £
= T 0.2
] w F
= 0.15
= n . T ALY
06 07 08 09 1
BDT Score
Category Selection criteria

High mass BDT tight My

> 350 GeV, BDT score € [0.967, 1]

High mass BDT loose m;}; > 350 GeV, BDT score € [0.857,0.967]

Low mass BDT tight m;};
Low mass BDT loose

Yy < 350 GeV, BDT score € [0.966, 1]
m;Ew < 350 GeV, BDT score € [0.881,0.966]

s
07 08 09 1
BDT Score

38/106



Analysis categories
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Statistical model

Ne
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Modelling and Spurious Signal

@ Biases related to the choice quantified
through the Spurious Signal (SS) method:

® Measure residual fitted Nss in continuum
MC: Nsig X PDFS;g + Nprg X PDFbkg

® Nss = max|nsig(mp)| : my vary from
121 to 129 with step of 1 GeV

® Relaxed SS criteria (allowing 20 local
statistical fluctuation) is used because of
lack of statistics.

Nss + 2Amc, Nss +2Amc <0
Css = Nss —2Amc, Nss —2Apc >0
0, otherwise

@ Functional form chosen: Exponential

@ The fitted Nss are used as systematic
uncertainties on the signal yield

Category Nss
High mass BDT tight 0.688
High mass BDT loose 0.990
Low mass BDT tight 0.594
Low mass BDT loose  1.088
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b-jet energy calibration systematic

@ u-in-jet systematic negligible from Run-1 in ZH
@ Impact of b-tagging WP on prReco, as systematic

® three variations of the prReco correction, using 60%, 70% and 85% b-tagging WP.
® relative impact on the yield — systematic uncertainty
® |argest systematic, same order as the flavour tagging uncertainty

pr-Reco variation % relative effect to nominal
60% WP + 0.094
70% WP + 0.065
85% WP +0.12
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Correction
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background-only fit
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Observed events

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 49=+1.1 9.5+£15 3.7+1.0 249+25
Single Higgs boson background 0.670 £ 0.032 1.57 £ 0.04 0.220+£0.016 1.39+0.04
ggF 0.261 +0.028 0.44 + 0.04 0.063 +0.014 0.274 + 0.030
ttH 0.1929 + 0.0045 0.491 + 0.007 0.1074 £ 0.0033 0.742 + 0.009
ZH 0.142 +0.005 0.486 + 0.010 0.04019 + 0.0027 0.269 + 0.007
Rest 0.074 +0.012 0.155 + 0.020 0.008 + 0.006 0.109 + 0.016
SM HH signal 0.8753 +0.0032 0.3680 + 0.0020 (49.4+0.7) - 1073 (78.7+0.9) - 1073
ggF 0.8626 + 0.0032 0.3518 + 0.0020 (46.1+£0.7)- 1073 (71.8£0.9) - 1073
VBF 0.01266 +0.00016 ~ 0.01618 +0.00018  (3.22+0.08)- 107> (6.923+0.011) - 1073
Alternative HH (k4 = 10) signal 6.36 +0.05 3.691 +0.038 4.65 £ 0.04 8.64 +0.06
Data 2 17 5 14
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Systematic impact

Relative impact of the systematic uncertainties in %

Source Type Non-resonant analysis Resonant analysis
HH my = 300 GeV
Experimental
Photon energy scale Norm. + Shape 52 2.7
Photon energy resolution  Norm. + Shape 1.8 1.6
Flavor tagging Normalization 0.5 < 0.5
Theoretical
Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 <0.5
PDF+as Normalization 0.7 < 0.5
Spurious signal Normalization 5.5 54
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Expected limit: Stat. Only vs Stat.+Syst.

Oggr +ver (HH) [fb]

Expected Stat. Only limit (95% CL)
t4Syst limit (95% CL)

Stat. Only  Stat.+Syst.

onH/oRy limit 5.3 55
Ky interval [-2.3,76] [24,7.7]
Category ouH/oR) limit
High mass, High BDT 5.8

High mass, Low BDT 21.0

Low mass, High BDT 102.9

Low mass, Low BDT 125.6

Combined 55
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Ky likelihood scan

-2AIn L

10 = N W N Ul o N
e SN A N -

F {s=13Tev, 13910
E HH - bByy

— Observed

Expected

o best-fit ry is 2.7733
o upyy =1+ 2.37 for SM

1o Cl 20 Cl
Expected [1.4, 6.4] [3.1, 8.2]
Observed  [0.5, 4.7] [-1.4, 6.5]
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Combination with CMS

==+ Expected Stat. Only ATLAS (95% CL)
----- Expected Stat. Only ATLAS+CMS limit (95% CL)
®  SM prediction
— Theory prediction
Expected limit +20
= Expected limit +10

o ATLAS+CMS ~ x2 139 fb~? z
o Expected 95% CL limit on oy of 3.4 §
l)%107

ATLAS: k; €[-2.3,7.6]
ATLAS+CMS: k) €[-1.2,6.6]
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full Run-2 HH— bbr 7~

ATLAS-CONF-2021-030

@ Relies on:
® ThadThad: Single and Double tau trigger Observed 20 1o Expected +lo 120
o TlepThad - Single Iepton an |epton—|—tau o EA— 145 705 946 131 183 245
tricger had Thad P+ VBF/Conr VB 4.95 238 3.19 4.43 6.17 827
g8 E— 265 124 167 231 322 432
° backgrounds: TepThad Cugriver /oy 9.16 122 5.66 7.86 109 147
_ Combined yervor (] 135 613 823 114 159 213
® true 7: tt and Z+HF, from Monte Carlo Ourivor/Tapivoe 465 208 279 38T 539 722
and normalization from data
® fake 7: tt and multi-jet, data driven o x4 improvement w.r.t early Run-2
@ 3 MVA categories: (12.7xSM)
[ ] .
Thad Thad @ large systematic from background
© TiepThad modelling

® 7-+HF background control
o fit of MVA outputs
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/

full Run-2 HH— bbrt7
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fir Signal Region Z s (bbbece) fir] Signal Region Z - e (bbbece) I fir] Signal Region Z - 1t + (bbbe,cc)
et > 1, fakes (t) 10° [ Other - . [ Other
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++e+ Pre-fit background 10 ey 1
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Early Run-2 combination

ATLAS —e— Observed
_ ~ 1 - Expected —
Ys=13TeV, 27.5-36.1 fb B Expected * 1o
- cgg"F (pp — HH) =335 Expected + 26

L Obs. Exp. Exp.stat. |

HH-s bbrt 125 15 12
HH-=s bbbb I 129 21 18 1
HH-=s bbyy I 203 26 26 1
HH- WWWW I 160 120 77 1
HH- W'Wyy i 230 170 160 1
HH-s bBW'W I 305 305 a0 |

Combined J 6.9 10 8.8
1 1

1
10 10° 10° 10* o
95% GL upper limit on 6,4 (pp — HH) normalised to O
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First full Run-2 comb

Combined
27.5-36.1 b1

bbetve-v|

139 fb~1

bbyy
139 fb~1
bbttt-
139 b1

ination

T
ATLAS Preliminary —— Observed
Vs=13TeV,27.5-139f°t Expected
Expected + 2 0
I Expected £ 10

Obs.  Exp.

6.9 10
~ Normalised to Ogqr —
Phys. Lett. B 800 (2020) 135103

4.1 55

Normalised to Ogqr + ver
ATLAS-CONF-2021-016

4.7 3.9

ATLAS-CONF-2021-030
1l 1 L T | 1

40 29
Normalised to Ogqr —
Phys. Lett. B 801 (2020) 135145

Normalised to Oggr +ver =

2 5 10 20 50 100 200
95% CL upper limit on o (pp - HH) normalised to osy
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Single Higgs vs «)
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H+HH

TTTT TTTT TT 1T TTTT TTTT TTTT TTTT TTT \ LU TT 1T TTTT TTTT TTTT TTTT TTTT TTTT
< 8T I \ I T T | < 8 | | T \ T ERRRN
c t ATLAS Preliminary —— double Higgs c [ ATLAS Preliminary — = double Higgs |
. 7F (s-13Tev,275-7981f" — single Higgs — 75 (s=13TeV,275-79.8fp" — = single Higgs —
oy p sEie e ens - 7o — H+HH 1 o f — = H+HH 1
1 FoKw=Kz=K=K=xK=1 ] 1 [ Expected (x;, = 1) ]
6 - 6 Kw=Kz=K=K=1,=1 —
5 . 5 ]
4= A 4= =
195% CL ] F95% CL ]
3 = 3 -
2r . 2 =
. ool AT —— 1= ol A —
168% CL ] F68% CL /s ]
oL T *..H\H.‘luHlu.“u._‘dé‘.mm\..m
20 -15-10 -5 0 5 10 15 20 —20 -15-10 -5 0 5 10 15 20
Model | kw*le [ K ke k| Kt | K [95% CL] K?x
o : . . . . 4632 | [-2.3,103] | obs.
oy 10473 | [-5.1.11.2] | exp.
Generic | 03+008 | 1.10%0.09 | 1.00%0:12 | 1.03%020 | 1.06*016 | 5.5:33 | [-3.7.11.5] | obs.
1.00'098 | 1.00°08 | 1.000:12 | 1.00°02) | 1.00°21¢ | 10478 | [-6.2,11.6] | exp. 55/106




Cross-section as function of ¢;
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Linear vs quadratic : myy distribution
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Linear vs quadratic :

Interference
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Cross-section parameterization

(]

ggF HH events simulated using MadGraph events generator + SMEFTatNLO feynrules
model (using NLO card).

@ Each term (linear and quadratic) is generated separately:
Command term
generate p p > h h QED=2 QCD=2 NP=2 [QCD] SM only

generate p p > h h NP=2 QCD=2 QED=2 NP?==2 [QCD] Interference
generate p p > h h NP=2 QCD=2 QED=2 NP?==4 [QCD] BSM only

(4]

4 EFT variations are generated for each operator, ¢; = £1,+2

(]

ﬁ fitted in each mass region (High mass and Low mass) using

(]

Cross-term effect considered by generating an additional ¢; ; = 1 BSM sample and
subtract individual quadratic contribution.
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CH

parameterization
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Parametrization

Region o/osm

High mass - 0.19 - ¢y + 0.02 - ci5 + 031 - ¢y
+0.03-ck +0.24- ¢y +0.03- 2,
-0.30 - ¢t +0.05 - c% - 0.04 - cy - cyy
+ 0.04 - CH * CyH - 0.06 - CH * CtG
-0.05: - cyg - cuy +0.04 - cyo - G
- 0.06 - CuH * CtG

Low mass - 0.38 - cyg + 0.05 - c2 + 0.79 - ¢
+0.22 - ¢4 +0.28 - cyy + 0.02 - 2,
-0.16 - ¢t +0.02 - c% - 021 - cy - ey
+0.14 - cy - cyy +0.09 - cy - ¢
-0.07 - cyo - cun - 0.03 - ey - ci6
+ 0.03 - cuy - Cig
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likelihood scans
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Sensitivity estimate

@ Looking at the eigenvectors of the inverse covariance matrix of Wilson coefficients

Cerr=PT Cp - P

@ P is the parameterization matrix considering only linear terms.

Eigenvalue Eigenvector

0.0523 -0.582 - cy + 0.363 - cyg - 0.456 - cyy + 0.567 - ¢
0.0001 -0.696 - cy + 0.182 - cyg + 0.206 - ¢y - 0.663 - cig
-0.0000 -1.025 - ¢y - 1947 - cyg + 0.702 - ¢y + 0.759 - ¢
-0.0000 -0.235 - ¢y - 0.006 - cyg + 0.977 - cyy + 0.549 - ¢
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cy only

10°
—=+ Expected
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1 Expected limit £20
e Expected limit £10
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cH
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CH VS R)

K, scan cH scan

fl;lr 5:”” T T T T T T T T T %\ 5 T T T T T T T T T T T
< ] T 1
\}4,5? — %4.5 -
’} F(s=13Tev E = His=haTev E
< 4 _ - = _ -
o [ HH- bbyy 3 - E HH-bbyy 3
2 r i S 350 i
'3'5:StaL0nIy | —?3‘5: tat. Qnly |
3 E Expected E 3 E t‘ Expected B
2.5:7 Observed j Z.Si bserved j
e B S B e D P
15F 3 1.5 3
1= = 1 =
05— ——————\\—f/———— — 05— —N\—\ —°
) T T B W T N ofriii i Lefi i bl
-20 -15 -10 -5 0 5 10 15 20 =20 -15 -10 -5 0 5 10 15 20

Ky cH

65/106



Linear vs Quadratic

cH scan
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Extrapolation to Run-3

== Expected Stat. Only Run-2 (95% CL)
Expected Stat. Only Run-3 limit (95% CL)

®  SM prediction

o Scale Run-2 with 300/139 ~ 2.16
o Expected 95% CL limit on oy of 3.3

@ uyy =1+ 1.52 for SM

@ SM HH significance: 0.71c

Oggr +ver (HH) [fb]

Run-2: k; €[-2.3,7.6]
Run-3: k; €[-1.1,6.5]
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European strategy

o Monte Carlo based bby~y analysis

@ One BDT category, 40% efficiency and
99% of background rejection

o Signal extracted using myj,. . variable.

@ u =1+ 0.6 with significance of 2.10

= L I L R B IR

J: 7: ATLAS Simulation Preliminary A

?_;"k 6E %H:bf g’vlf;ot:o s ]

! 5 i No systematic uncertainties 5
4 E
S — - E
0:. ..... ‘ .......... S e o e ]

26

1o

§ N T Sarh o i

% /)] Background (test sample) B

= 18F -

p4 = |

= 16 ATLAS Simulation Preliminary —

14 V5= 14TeV, 3000 b 3

12; é

10 —

81— —

61— —

4= =

2 =

th 04 042 044 046 048 05 052 054 056 0.58 -

BDT response

Scenario lo CI 20 CI
Stat. —01<kry<24 —-11<ky<81
Syst. —02<kKkyr<25 -—-14d4<ky<82
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Extrapolation to HL-LHC

Process ggF HH VBFHH ggf H VBFH ttH WH ZH tHjb tWH 9

Scale 1.19 1.2 1.13 1.13 121 11 111 121 122 +18%
Scenario Run-2 Stat. Only HL-LHC Stat. Only
High mass, High BDT 0.47 2.38
High mass, Low BDT 0.13 0.64
Low mass, High BDT 0.03 0.15
Low mass, Low BDT 0.02 0.10
Combined 0.480 2470

© pumy =140.44
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Prospect in FCC-hh
2004.03505

@ pp collider at /s = 100 TeV.

@ L =30ab7?!

@ From 14 TeV to 100 TeV, x 30 increase in

cross-section

@68% CL scenario I scenario I scenario III
stat only 2.5 3.6 5.6
" stat + syst 2.8 4.4 7.5
stat only 34 4.8 7.4
%53 stat + syst 38 5.9 10.0

@ Sensitivity driven by bbyy

@ Systematics limited (control of

systematic needed)

FCC-hh Simulation (Delphes)
T T

>

T
Combined (stat only
Combined :
bbyy }
- bbb, 4bb7, 7,
A bbZZ(4)

S bbbb

L

Vs = 100 TeV

-2AInL

L=30ab"

® 3
T

=

IS

TR T

< N
\‘V |

\‘l\\?‘\ cl o T

@ Scenario |: optimistic, detector
performance similar to Run-2

@ Scenario |l: realistic, intermediate

@ Scenario lll: conservative (pessimistic),
extrapolated from HL-LHC performances
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https://arxiv.org/abs/2004.03505

Systematics scenarios

parameterisation scenario I scenario II  scenario III
b-jet ID eff. 82-65% 80-63% 78-60%
b-jet ¢ mistag 15-3% 15-3% 15-3%
b-jet 1 mistag 1-0.1% 1-0.1% 1-0.1%
7-jet 1D eff 80-70% 78-67% 75-65%
T-jet mistag (jet) 2-1% 2-1% 2-1%
7-jet mistag (ele) 0.1-0.04% 0.1-0.04%  0.1-0.04%
~ 1D eff. 90 90 90

jet — v eff. 0.1 0.2 0.4
M+~ resolution [GeV| 1.2 1.8 2.9

myy resolution |GeV] 10 15 20
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Prospect in e"e™ collider

;E [ 6" +e-ZHH @ 500 GeV. ...

3 . _\ e*+e >VVHH @ 1 TeV ]

o directly accessible via ZHH and vvHH - s S\ =

o §C(1 TeV) = 10% , 6°H°(3 TeV) = 9% [ \ y&ﬁ
10

05 1 15 2

72/106



Knowledge from &«

Higgs@FC WG November 2019

o 50% sensitivity — reject k), = 0 at 95% . o G diviggs _single Higgs
@ 20% sensitivity — 50 discovery of SM e i
HE-LHC .:ic—ee/ewnn F‘%@u—ﬁﬂmn
HH W Oe
o 5% sensitivity — sensitive to quantum ) S
corrections to Higgs potential FCC-ee [moer HHtresnol
@ Precise measurement of k) at FCC-hh e
requires precise knowledge of x .
o 1% k; leads to 5% k) Lo
@ precise measurement of x; needs FCC-ee 010 20 a0 40 50 .
68% CL bounds 0n K5 [%]  artuure coliders combined wih HL-LHC
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CNN architecture

Sampling1: InputLayer

input: | [(2, 2, 56, 1)]
output: | (2, 2, 56, D

input: [ 1, 11,7, 1]
output: | ((2, 11, 7, 1]

input: | [(2, 11,4, 1)]
output: | (2, 11, 4, 1)

Sampling2: InputLayer Sampling3: InputLayer

input: | (2, 2,56, 1)
output: | (2, 1, 55, 256)

input: | 2,11, 4, 1
Cov11: Conv2D = - :

output: | (7, 10, 3, 256)

Cov21: Conv2D

| Cov31: Conv2D

(2,10, 6, 256)

input: | (2, 10, 6, 256)
output: | (7,5, 6, 256)

input: [ (2, 10, 3, 256)

I MaxP11: MaxPooling2D output: | (2, 5,3, 256)

MaxP21: MaxPooling2D

input: | (2,1, 55, 256)
output: | (2, 1, 27, 256)

l MaxP31: MaxPooling2D

: 2,1, 27, 256)
Covi2: Convap [2PU

output: | (2, 1, 26, 256)

input: | (2, 5, 6, 256)
output: | (2, 4, 6, 256)

input: [ (2,5, 3, 256)
output: | (2,4, 3, 256)

Cov22: Conv2D

| Cov32: Conv2D

input: | (2, 1, 26, 256)
output: | 2, 1, 13, 256)

input: | (2,4, 6, 256)
output: | (2,2, 6, 256)

input: [ (2, 4, 3, 256)

| MaxP12: MaxPooling2D output: | (2, 2, 3, 256)

[ MaxP22: MaxPooling2D MaxP32: MaxPooling2D

input: | (2, 1, 13, 256) input: | (2, 2, 6, 256)
output: | (2, 3328) output: | (2, 3072)

- [Cinput: [ 12, 3328), (2, 3072), (2, 1536)]

[output: | (2, 7936) |

input: | (2, 2, 3, 256)
output: | (7, 1536)

Flat1: Flatten Flat2: Flatten Flat3: Flatten

b .75
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CNN images size

|n| range Otol4 14tol8 18to20 20to25

Sampling 1 112 112 84 56
Sampling 2 7 7 7 77
Sampling 3 44 44 44 44

Table 1: Number of cells in 7x11 EM calorimeter windows.

Sampling Shape
Sampling 1 (56, 2)
Sampling 2 (7, 11)
Sampling 3 (4, 11)

Table 2: Image shape of 7x11 windows in each sampling in (7, ¢).
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Example of training images

Photon_1997_Signal Photon_1997_Signal
035 ° 035 0 s
030 030 , 4
025 025 3
Photon_1997_Signal N * 2
. oton_1997_Signal 020 020
o 1 2 % o % 1
o1s 015 3
o
o0 010
s
a
005 005
=
000 000 0
o 2 4 s o 2
Photon 2_Bkg Photon_2_Bkg

o o 020
014 025
012
2
020 015
010
4 4
Photon_2_Bkg 008 015 010
?
o 10 20 0 o EY
006 6
010
004 008
8
005
002
000
000 000 10
13 2 a 6 o 2
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CNN vs DNN for photon identification

@ SS-DNN trained on shower shapes variables

@ CNN trained using images

CNN vs DNN : Inc

1.0 4
0.8 1
°
‘T
T 0.6
=]
=
=2
e
2
2 0.4
2]
0.2 1
—— 55-DNN
e CNIN
0.04 ® ATLAS Tight WP

T T T T T T T
0.800 0.825 0.850 0.875 0900 0925 0950 0975 1000
Signal Eff
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CNN performance compared to cut-based

AUC versu BKG rejectuion AUC versus BKG rejection
ATLAS Tight WP ‘CNN Trained on Mixture
@ Healthy @ UnHealthy @ Healty @ UnHealthy
100 100
e | \
75 75
g g
E o i,
g ]
I s
H g
25 25
0 0
50 60 70 80 90 100 75 80 85 920 95 100
AUC [%] AUC [%]
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CNN signal improvement

Sig_Imp_Converted

67.51 60.44

0 1 2 3
|ETA| bin

80

r 60

20

Sig_Imp_UnConverted 100

5941 61.53 43.57 46.91

80

60

40

20

1] 1 2 3
|ETA| bin

pr = [10, 20, 30, 40, 60, 80, oc], |n| = [0, 0.6, 1.37, 1.52, 1.8, 2.4]
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CNN background rejection

Photon n Photon 1
= 1
i
0.9
{s=13 TeV {s=13 TeV
Z-» llsjet; Isolation : tight ; | <2.37 ; UnConverted 08 Z» Il+jet; Isolation : tight ; n| <2.37 ; Converted
—&— Tight E-inclusive ATLAS WP 07 —&— Tight E-inclusive ATLAS WP
—&— Tight CNN WP —&— Tight CNN WP
06— 0.6
05— 0.5
04— (==
03 03
H
\l\\l\\|\\|\\1\\1\\\\\\|\\|\\|\\|\\|\\|\\|\£\\ Aww\lwwlwwl\\l\\l\\|\\|\\|\\|\\|\\|\\|\\|\\\\\\
22
Photon fn| Pholon nl
Proonn Praonn
1 E -
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CNN efficiency, |n| < 0.6

Tight E-inclusive ATLAS WP

i} L
11— e = = —

P e i
L ]

0.8—— *
e
o=

06—
Fo—
=

04—
L {s=13 TeV, 43.6 fb™
= Z-> Iy ; Isolation : tight ; 0<[n|<0.6 ; UnConverted

02— ——m=——-  DataATLAS Tight E-inc.
r ——e——-  MCATLAS Tight E-inc.
C — . -+ — DataTightCNN
[L...1 — = — MCTightCNN

0 20 30 40 50 60

70 80

Tight Einclusive ATLAS WP

E %:i:s:b{-:'i:"—nf—_-: _

90 100
E, [GeV]

Eff.

Tight E-inclusive ATLAS WP

08— =2
£ &=
06— g
o
0.4

0.2

L {s=13TeV, 436 fb™

r Z-» Ity ; Isolation : tight ; 0<[n|<0.6 ; Converted

4

3 *C*'—”L‘##ti:_{c%ﬁ—:k—:'__'

— — —m=——- Data ATLAS Tight E-inc.
- ——5——-  MCATLAS Tight E-inc.
- — -+ — DataTightCNN
[L,..l_— - — MCTightCNN
0 20 30 40 50 60 70 80 90 100
E, [GeV]
Tigh Einckave ATLAS WP
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CNN efficiency, 0.6 < |n| < 1.37

Eff.

02— — —=——- DataATLAS Tight E-inc.
S ——&——-  MCATLAS Tight E-inc.
— . - — DataTightCNN

Tight E-inclusive ATLAS WP

L {s=13 TeV, 43.6 fb™

= Z-» lly; Isolation : tight ; 0.6<fn<1.37 ; UnConverted

(L., — -= — MCTightCNN
q(] 20 30 40 50

60 70 80

Tight Einclusive ATLAS WP

- [

g = TUUUUPES SPEe cob o sy gy

90 100
E, [GeV]

Eff.

Tight E-inclusive ATLAS WP

[ R aRaRgeel 25 Seot Sr

|- = —— ——
L =
08 —— '
o
= )
06—
]
04

]
—— {s=13 TeV, 43.6 fb"

= Z-> liy; Isolation : tight ; 0.6<In|<1.37 ; Converted

02— ——=——- Data ATLAS Tight E-inc.
S ——&——- MCATLAS Tight E-inc.
— = — DataTightCNN
[, ..l — = — MCTightCNN

q 0 20 30 40 50 60 70 80

Tigh Einclusive ATLAS WP

90 100
E, [GeV]
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CNN efficiency, 1.81 < |n| < 2.01

Eff.

Tight E-inclusive ATLAS WP

1=
L :Sd"“i

[ ==
08— ':@:4:

e

o 1

o=
06—

==
04—

L {s=13 TeV, 43.6 fb™

= Z-» lly; Isolation : tight ; 1.81<n|<2.01 ; UnConverted
02— ——m=——-  DataATLAS Tight E-inc.

r ——e——-  MCATLAS Tight E-inc.

C — . -+ — DataTightCNN

[L...1 — = — MCTightCNN
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pg=es SHS

Eff.

Tight E-inclusive ATLAS WP

08—

06—

it
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- {s=13TeV, 436 fb™
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r ——=——-  MCATLAS Tight E-inc.

r — -+ — DataTightCNN

—  -= - — MC Tight CNN

1t |
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CNN efficiency, 2.01 < |n| < 2.37

Tight E-inclusive ATLAS WP

Eff.

T
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r L
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photon purity before CNN cut

Unconverted Converted
eey Uy Iy eey oy Iy
10 < ET < 15 98.1+4.7 96.2+19 96.6+1.8 97.847.7 957434  96.2+3.1
15 < Er <20 99.44+12.7 99.145.1 90.7+£1.9 99.3+20.2 98.7£7.5 98.84+6.9
20 < ET < 25 99.54+24.2 99.6+10.3 99.6+9.5 99.24+29.4 09.4+13.3 99.2+11.2
25 < Er <30 99.4433.8 99.74+15.2 99.74+14.5 99.3+51.4 99.5+19.1 99.5+18.2
30 < Er <100 99.1433 99.7£17.8 99.7£16.5 99.1+£50.8 99.6+23.4 99.5+21.4

Table 3: Fitted photon purity in % of all probes, before tight CNN WP. The uncertainties are only

statistical.
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photon purity after CNN cut

Unconverted Converted
eey Uy Iy eey oy Iy
10 < ETr <15 99.6+11.2 98.94+4.1 99.14+3.8 99.3+16.1 98.5+6.4 98.746.02
15 < ET <20 99.8+23.1 99.74£8.9  99.748.1 99.74+34.1 99.64+13.2 99.64+12.0
20 < ET < 25 99.84+38.1 99.84+15.2 99.8+14.1 99.7+46.6 99.6+17.9 09.7+18.1
25 < Er <30 99.7449.1 99.8+18.8 99.8+£18.5 99.6+66.1 99.7+25.6  99.7425.
30 < Er <100 99.54+45.6 99.84+21.2 99.84+20.7 98.9+49.4 99.7£28.5 99.7+25.8

Table 4: Fitted photon purity in % of all probes, after tight CNN WP. The uncertainties are only

statistical.
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scale factors for unconverted

0<n <06 06<]|y <137 18I <]y <201 20L< ]y <237
10 < Ef <15 0065 + 0.0046 0.984 & 0.0051  1.045 + 0.0155 1.04 + 0.011
15< Er <20 101400032 1.03+00036  1.01 =+ 0.0114 0.982 + 0.008
20 < Er <25  1.002 +0.0026  1.003 + 0.003  0.980 + 0.0099  0.992 + 0.0093
25 < Er <30  0.999 + 0.0025 0.998 + 0.003  0.997 + 0.0114  1.001 = 0.091
30 < Er <35  0.999 + 0.0032  0.999 =+ 0.0032 1+ 0.0746
35 < Er <40  0.996 + 0.0051  1.002 + 0.0043
40 < Er <45  0.999 + 0.0067  0.995 + 0.0077
45 < Er < 50 1400086  1.001 = 0.0093
50 < Er <60  1.004 & 0.0114 1 4 0.0097
60 < Er <80  1.006 + 0.0179 1.012 + 0.0326
80 < Er < 100 14 0.07

Table 5: Scale factors for tight CNN WP efficiency measured with unconverted photons from Z — /Iy
decays, in various bins of pseudorapidity and transverse energy. The uncertainty includes only
statistical components.
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scale factors for converted

0<n <06 06<]|y <137 18I <]y <201 20L< ]y <237
10< Er <15 0096 + 0012  0.944 + 0.0085  0.978 + 0.013 0.973 + 0.013
15 < Er <20  1.024+0008  0.99 = 0.006 1.008 + 0.01 0.963 + 0.011
20 < Er <25  0.999 + 0.0067  0.99 & 0.0044  1.001 + 0.008 1.003 + 0.012
25 < Er <30  0.999 + 0.0063 0.995 + 0.0044  0.994 + 0.014 0.95 + 0.137
30 < Er <35  1.007 + 0.0079  0.995 + 0.0054 1 + 0.089
35 < Er <40  0.997 + 0.0114  1.004 + 0.0066
40 < Er < 45  0.987 4 0.0277  0.998 + 0.012
45 < Er <50  0.983 4+ 0.0508 1. 4+ 0.018
50 < Er < 60  0.976 £ 0.0455  0.99 & 0.0279
60 < Er <80 0.983 +0.0654 1.+ 0.078
80 < Er < 100 14037

Table 6: Scale factors for tight CNN WP efficiency measured with converted photons from Z — /Iy
decays, in various bins of pseudorapidity and transverse energy. The uncertainty includes only
statistical components.
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Pile-up effect on CNN

Tight E-inclusive ATLAS WP

Eff.
T
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02— — —=——- DataATLAS Tight E-inc.
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Primary verticies effect on CNN

Eff.

Tight E-inclusive ATLAS WP

{s=13 TeV, 43.6 fb™

Z- Iy ; Isolation : tight ; n|<2.37 ; UnConverted
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CNN output distribution,

n| < 0.4
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CNN output distribution, 0.4 < |n| < 0.6
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CNN output distribution, 0.6 < |n| < 0.8

nl [0.60,0.80] nl [0.60,0.80]
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CNN output distribution, 0.6 < |n| < 1.37
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CNN output distribution, 1.52 < || < 1.81
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Inl [1.81

Inl [1.81

CNN output distribution, 1.81 < || < 2.01
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CNN output distribution, 2.01 < |n| < 2.37
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Low efficiency at High |7|

0<n|<0.6

E 7\ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT | TTT \7

T et
: ‘*‘:_+_;4_;_F_ _t :
@ CNN performances degrades at osl N
low pr and high n: T+ i
. . _|_ ]
® low energy photons deposit L —~— ]

. ; —

more energy in the first layer. 06 —
® first layer granularity at high i ]
|- = 1
. . o.43|— —
o Take into account 7 during L ]
the training i 0<MI<0.6 1
[ —— 0.6<[n|<0.8 ]
02— — 08<Mn|<1.37 1
r 1.52<n|<1.81 §
r 1.81<|<2.01 .
r —— 2.01<p[<2.37 ‘ .
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Multi-Task Cascade Convolutional Network (MTCNN)

@ Alternative solution for

considering photons direction.

@ Used in face detection.

@ Can be used with topological
clusters.
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Pile-Up Auto-Encoder Denoising

o Efficiency degradation for
increasing the Pile-Up (crucial at
HL-LHC).

@ Medicine (image denoising) —
ATLAS (pile-up denoising).

@ Learn the laten representation of
the image using an
Auto-Encoder.

PAED Lrl

PAED Lr2

PAED Lr3

ey —
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Cell energy vs Cell energy fraction
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Kinematic Fit

db

@ Consist of calibration of the HH system g
balance in the transverse plan. i

@ Profit from m,, resolution to improve mpy )
resolution. ®

@ Constrain the Pg;’“ers, using a likelihood,
since additional jets are an important part
of HH system.

X

D log(L) = Z <QI*Q')2 —2log (L(p7)) + <W>2 + (ZP;O>2

i 0Q; O-G'bb'Y"/ O-‘TbE'y'y
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Oppy, determination
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HH system balance
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myp, improvement
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