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Probing the Higgs self-coupling
with the

ATLAS Detector at the LHC
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A very popular research topic...

Video Twice-higgs-twice-challenge
@ ATLAS Experiment & < ig

Twice the Higgs, twice the challenge! @, (o

Colaboraton Ste | Physics Results

ATLAS ABOUT DISCOVER RESOURCES UPDATES Q SEARCH

EXPERIMENT
Al News Briefings Features Portraits Press Blog

Physicists at 's ATLAS Experiment explain their
new search for pairs of Higgs bosons in the rare bbyy
decay channel. Find out more:
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[f 7~ 5 Twice the Higgs, twice the challenge

Updates > Briefing >

ATLAS searches for pairs of Higgs bosons in the rare bbyy decay channel
29th March 2021 | By ATLAS Colaboration

3:56 15.8K views

ATLAS searches for pairs of Higgs
bosons in a rare particle decay

The ATLAS search achieves the world’s best
constraints on the size of the Higgs boson’s self-
coupling, creating a portal of better understanding into
the fundamental Higgs mechanism

nore
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https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://twitter.com/ATLASexperiment/status/1377313263986298880
http://bulletinserv.cern.ch/emails/archive/552/
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coupling, creating a portal of better understanding into
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Why so exciting?
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https://atlas.cern/updates/briefing/twice-higgs-twice-challenge
https://twitter.com/ATLASexperiment/status/1377313263986298880
http://bulletinserv.cern.ch/emails/archive/552/

Outline

* The missing piece in the Higgs picture
* Higgs self-coupling

* How to tackle dense collision environments
* Primary vertexing

* A new camera for the detector
e ATLAS Inner Tracker

February 2022 V. M. M. Cairo llustrations by F. Cairo



The Theory...

F. Cairo, From Conn(ll)ecting the dots

February 2022 V. M. M. Cairo



The Post Higgs boson era

A Higgs boson-like particle

February 2022
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was found!
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Now
ATLAS-CONF-2020-027
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So far, the SM rules, but the
exploration has just begun...


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

The Higgs Potential and Self-Coupling

V(g'e) = pPoTo+ 1(s79)°
5 AVEH? + AwH? + £H4

/ / 41
, H H\\ o H
A, ) ‘

myg = V2Av?2
v ~ 246 GeV H----® :(/

Ka = Agnn/Asm J H g l g

Direct accessto Ain  Out of reach
HH pair production  even for HL-LHC

Known my (~125 GeV), SM predicts A (~0.13)
New physics can alter this number = Implications on the stability of the Universe

- Probing the Higgs-self coupling is a key goal for HL-LHC, but much can be done now!
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The Large Hadron Collider
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2 ~ ATLAS
£ 100 — Online Luminosity
5 — fs=7Tev s =8TeV fs =13 TeV
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Month in Year

Outperformed specifications during Run 2:
Two more runs to go:
* Peak Luminosity: x2 (2.14 x 103% cm2s1)

* Integrated Luminosity: 140 fb! * Run3:13.6TeV, <pu > ~60
- Avg interaction per crossing < p >:x2 (~40) | | * Rund4:147eV, <pu > ~200

February 2022 V. M. M. Cairo 10



The ATLAS Detecior

Physics benchmarks drove the design of the detector
* Excellent stand-alone reconstruction capabilities

Tile calorimeters

- - “ # LAr hadronic end-cap and
' forward calorimeters
Pixel detector
| LAr elecfromagnéﬁc calorimeters
Transifion radiation tracker l

Muon chambers Solenoid magnet
| Semiconductor fracker |
maximize H — yy sensitivity

Toroid magnets

Determines the ATLAS geometr
5 / Combined technologies

February 2022 V. M. M. Cairo 11



The ATLAS Timeline

LHC HL-LHC

(3 ToV 3/14 TeV (4 TeV A

8TV LS1 LS2 LS8

[ntegrated
luminosity

Now
(50 fb- l 200/300 b 3000 fb!

Insertable B-Layer
Wi ;//
& = ¥

.‘ R %. A/, Inner Tracker

source source source

February 2022 V. M. M. Cairo 12


https://cds.cern.ch/record/1702006
https://twitter.com/atlasexperiment/status/1202618919573426178?lang=ca
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/

February 2022

...ithe work...

V. M. M. Cairo
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Higgs Self-Coupling

Today'ﬁ

di-Higgs
Rt
9 9999999999999 ———P»————@ - -~ - - -~~~ H 9 H
Kot KX
s Rt
K N
9 009000 —————O - - - - - - - - - - H 9 H
Single-Higgs
q > > q
Se----- H
q - - q
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S

c (nb)

Agyy can be measured in two complementary ways

proton - (anti)proton cross sections

£ ——TTTTr T
I W.J. Stirling, private communication ‘ !
10° o : ; ; E

tot

10 F Tevatron  LHC: 3

events / sec for = 10* cm?s™

10' E Ow

;_cje‘(ETie' > 100 GeV)
10" |
102 |
10° |

10° |

10'5 ;_ MH=125 GeV{

10° E : : —;

[ wis2012
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HH Production at the LHC

F_ 0.2 ; :
Non-resonant a‘fl‘% = 31.05 fb at 13 TeV for my = 125.00 GeV
14 TeV
K S .
9 20— - - - - H 9 JH _. 0.4} /// e 1
Kt ka = ,// o
A Y A e ./ (2 N A
H . e ____________________________
" 1 X 1| e =SSP S~
kit éﬁ ] b
9 SR 4O oo H 9 H S Softer spectrum . 77T OX
3 _oql forlarge ky values - triangle |
R 44444444 interference
— Sum
-0.2L—— s s s
300 400 500 600 700
j.revip.2020.100045 mun [GeV]
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https://doi.org/10.1016/j.revip.2020.100045

HH Production at the LHC

Non-resonant G‘Z‘ZF= 31.05 fb at 13 TeV for my = 125.00 GeV

T T T T I
0999999099990 P @ - —--— -~~~ - H 9 ) H HH production at 14 TeV LHC at (N)LO in QCD
& fg oo M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

9 9090999999999 ——¢—@---------- H 9 H

o(nyLolfbl

-
o
=]

107 E

MadGraph5_aMC@NLO

February 2022 V. M. M. Cairo 16


https://arxiv.org/pdf/1401.7340.pdf
https://arxiv.org/pdf/1401.7340.pdf

HH Production at the LHC

Non-resonant o

9 9099999999999

ggF _

HH

»

9 909999099994

>

A

31.05 fb at 13 TeV for my = 125.00 GeV

February 2022

V. M. M. Cairo

o(nyLolfbl

T T T T I
HH production at 14 TeV LHC at (N)LO in QCD
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

PO
HH//'(VB,})‘\\

pp—ttHH

-4
1401.7340

o gy and kinematics
depend on the couplings
and presence of new
resonances

New physics can manifest

as deviation in oy

—

I—

MadGraph5_aMC@NLO
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https://arxiv.org/pdf/1401.7340.pdf
https://arxiv.org/pdf/1401.7340.pdf

HH Final States

oyy @ 13 TeV ~ 30 fb

. h'
(1000 x smaller than single H) E:::: ing b WW - 57 vy
A
Run2 [ L ~ 140 fb1 |
ob
~ 4k HH events
WW 4.6%
Scales up to about |

105in HL-LHC ™ 74% 25% | 0.39%

Zz 3.1% 1.2% 0.34%

Combination
(and complementarity)
of various final states v 0:26%
fundamental for
observation!

_—_—_—_—_—_—_—_—_1

I Most recent full Run 2 ATLAS Results covered today: |
HH — bbyy (resonant & non-resonant)
|V|OSt ﬁnal StateS rely on I (resonant & non-resonant) I
b-tagging I HH — bbbb (resonant) I
- o Em Em EE EE EE EE EE e e e e e mm o=m o= o)

February 2022 V. M. M. Cairo 18


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/

What is a b-jet in ATLAS?

High-Level ML b-taggers utilize low-level
taggers’ outputs Eur. Phys. J. C 79 (2019) 970

C T T T T I T T T T I T T T T I T T T T I T T T T
o B . . .
* Impact Parameter based 5 10° ATLAS Simulation Vo .
 Secondary Vertex finding @ Fis=13TeV - DL1 -
* Decay chain Multi-Vertex Algorithm o qpe YtPr=20GeV <2 PSD
. o = - E
(JetFitter) F B --- JetFitter .
£ 100 5
ke E o~ N 3
- - \\\‘::\\\\ ~ \\\\\ .
CERN-THESIS-2010-027 102 \:*\\ N _
- TN TN -
Pri B 10 e N =
rimary \‘ar‘tg}g ..... S ~. E
g flight X! L TON]
N 2E T T T T T T T T T T T T T T T T T T T T E
" : < 150 3
Sensitive to primary vertex = i [IUPPETEa T ;
) o s ensmes =
reconstruction 5 050 | ot
I 05-’-‘1'-‘--.-’-'73.--'-‘---."7??}-'7?‘ ST et el IR B
T . 0.6 0.7 0.8 0.9 1

b-jet tagging efficiency

70% b-tag efficiency, ~0.3% light-jet

About 1 order of magnitude lower fake rate compared to Tevatron! Ref 1, 2

February 2022 V. M. M. Cairo 19


https://link.springer.com/article/10.1140/epjc/s10052-019-7450-8
https://cds.cern.ch/record/1243771/files/CERN-THESIS-2010-027.pdf?version=1
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712.pdf

Publication: HDBS-2018-34
Physics Briefing: https://atlas.cern/updates/briefing/twice-higgs-twice-challenge

February 2022 V. M. M. Cairo

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.cern/updates/briefing/twice-higgs-twice-challenge

HH - bbyy analysis in a nutshell

Small BR, but fully reconstructable final state, clean signal extraction

Di-photon triggers with E; > 35, 25 GeV (82.9% efficiency for non-resonant signal, 69.5% for my = 300 GeV)

w 7
Tight and isolated

b
He = m—

b

B-jet energy corrections

February 2022

/ Di-Higgs

Single Higgs (from MC)

myy

YY +jets
(from data)

Myy

~

MVA approach

Modeling of

4 categories for
non-resonant
analysis

1 category per my
for resonant
analysis

/

V. M. M. Cairo

v

SM o limits and
ovsk;

for non resonant
analysis

o VS mX
for resonant
analysis

21



Non-Resonant HH — bbyy (1)

*

0.05

% O25j""‘lT bbyy = Mppyy = Mpp = Myy +250 GCV_'_'_l_'_'_'_'_l_'_'_'_'t
o - ATLAS Simulation )
& o02f /s =13 TeV E
P - HH—bbyy ggF -
GC) - — K= -6 ]
3 0.15 — = 0 -
E E — K, =1 E
% 0.1~ — K, =2 —
L% - B g:: —x, =10 E

/

0 55 600 650 700 750
m;}.’w [GiV]

250 300 350 400 450 50

* Low and High ngw (very important!)
* <350 GeV for BSM, > 350 GeV for SM

February 2022 V. M. M. Cairo



Non-Resonant HH — bbyy (2)

g :I LI I LI I LI LI L YD V.U T TTT I L I LI I LB I LI I: g :l T TT I LI I 7T TT L LI I LI I LI I T TTT | LI I L I:
S ossf- ATLAS —— HHggF, =t 3§ 2 07t ATLAS —— HHggF, k=1
2 F Vs=13TeV, 139 fb" HH ggF, ,=10 [ £ [ (s=13TeV, 139 b’ HH ggF, ,=10 [
2 oaf- [Low mass region | Single H |—_ ¢ 061 [High mass region | Single H E
S - T yy+jets ] © - oo Yy+jets :
r — 0.5 3 ] i =

s 0'25: 10° t Data ] IS el ; s t Data -
(é 0.2 ; — g 0-4:_ _:
A ! I S S RN T :
0.15- 3 L. i 03 1 5 P

SR s o : = 4| 1005084 088 002 086 ]

o1E TR, , = 0.2 : =

+ | [ o § :l: .

0.05- ., o A= ; =

: J'\.L_'_L._ ) H 5 : =

-l I | == | (| | T e o | I 1111 I 111 i I L1 I: I_ = 1 '—'—R-M_F‘-.wﬁ

0 01 02 03 04 05 06 07 08 09 1 0 . - ; 05 06 07 08 0.9 1

BDT Score BDT Score

* BDT to discriminate signal (k; = 1, 10) from backgrounds
* my, with b-jet energy corrections (improves resolution by ~ 20%)
* Topness (rejects up to 35% ttH)

and Tight BDT
* Boundaries chosen to maximize combined expected significance

February 2022 V. M. M. Cairo 23



Non-Resonant HH — bbyy (3)

% L IA TLIAS I T I T l T | n > _I T | T T T T I T T T T T T T T | T T T T I T T T T _
8 10 Vs-13Tev, 13910 ; ﬁisw - 8 8 B t Data ATLAS 1 _
o B Ztl_ﬁzbggo Gev Single Higgs | 2 [ Continuum Background Vs = 13_TeV, 1391 4
~ bbyy — t L |
2 8 | BoT Tign - yng - = I Total Background EH:bbW BDT tight _|
q>) ~ B yy+otherjets 7| 1) 6 1gh mass tight _
L 6 N \ M DataDriven yj _| GCJ i ]
- Most sensitive DataDriven j - o F -
- category (ouf of 4) s 41 ]
4 | - :0 [ ] :
—‘ — - —
2FF N 2r B

g 110 120 130 140 150 160

m,, [GeV]

Maximum likelihood fit of myy
performed simultaneously over all
categories

February 2022 V. M. M. Cairo 24



Non-Resonant HH — bbyy results

31055 L L S R N BN

=, ATLAS —— Observed limit (95% CL) :

T V/s=13 TeV, 139 fo~! -=-- Expected limit (95% CL) | Earlier ATLAS results

L 1 HH—sbbyy — Expectedlfm!tiks

IE-IS 10 3 1 Expected limit +2¢ ; : E 3 |-~ - Exp. 95% CLlimits
?}_ - E== Theory prediction E 5 __:E —— Obs. 95% GL limits
) % SM prediction 1 S — bbob

bc» 2 § — bbt*t

T~
1 |~ bbyy

—_
o
w

| Allowed x, interval
| at95% CL

Obe. Exp. ] . Comb. +1c (exp.)
r (Exp. stat.) ATLAS b
" -50-12.0 | -58-12.0 VS =13 TeV b Comb. +26 (exp.)

(5.3 -11.5) : 27.5-36.11b"
b b b b by bvwwn bywnn b s
=20 -15-10 -5 0 5 10 15 20

— Comb.

———————————

——
-
=~
~
~
~

102}
F| Observed: k) € [-1.5,6.7]

: Expected: k) € [-2.4,7.7]

~ Theory prediction

K

1|||||||l|||||||||||||||||||||||
104086 4 2 0 2 4 &6

4.1 (5.5) x SM oy
5x improvement wrt previous result (~ 26 x SM), ~3x due to analysis techniques
driven by myy categorization & MVA as well as b-jet corrections
Statistically dominated, few % impact from systematics

World’s best constraints to date on Higgs boson’s self coupling!

February 2022 V. M. M. Cairo 25


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub

Resonant HH — bbyy results

» Single BDT for all resonances (mass dependent cut), 2 BDTs to separate signal vs continuum
and single Higgs backgrounds, scores combined in BDT,;, signal extracted from m,,,

= 1000gr———rrrrrr g
— 900F ATLAS =
T ook Is=13TeV, 139 fb” E
i - HH—bbyy 3
S /00E —e— Observed limit (95% CL) —
600 N 0 e Expected limit (95% CL) =
OOE [ ] Expected limit+1c =
5 = [] Expected limit + 2 & E
400F- =
300F- =
200F- =
100 =
OI:| 111 1 | 111 1 | 111 1 | 111 1 | 11 1 1 | 111 1 | 1 1 I.I..I--I-I--I.I l 1 1 I:
200 300 400 500 600 700 800 900 1000

m, [GeV]

S —

~ 30% improvement from BDT strategy on top of luminosity 1

increase wrt 36 fb1results

February 2022

V. M. M. Cairo

_— ___—
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https://link.springer.com/article/10.1007/JHEP11(2018)040

ATLAS HH - bbtt

EXPERIMENT Thad — Thad

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

ATLAS

EXPERIMENT

Run: 351223
Event: 1338580001
2018-05-26 17:36:20 CEST

Publication: ATLAS-CONF-2021-030
Physics Briefing: https://atlas.cern/updates/briefing/two-Higgs-better-one

February 2022 V. M. M. Cairo 27



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.cern/updates/briefing/two-Higgs-better-one

HH - bbtt analysis in a nutshell

Relatively large BR and relatively clean final state
Single Tau Trigger & Di-Tau Trigger for Tyq4 Thad
Single Lepton Trigger (SLT) and Lepton+Tau Trigger (LTT) in Tjep Thaa

He —-

He —m—

February 2022

T+

T-

Hadronic & Leptonic

b

b

B-jet energy corrections

MVA in 3 categories:

Thad Thad
(opp. charged )

Tlep Thad (e/.u & opp.
charged 1) LTT
SLT

Control region Z+HF (m,)

N /

/

~

MVA output

BDT(Thad Thaa) &
NN(Tlep Thad) for
non-resonant

Parametric (by my)
NNs for resonant

Myp, My, My, etc.

V. M. M. Cairo

Events/0.14

Data/Pred.

e

‘had “had
Signal Region

—
ATLAS Preliminary

s =13TeV, 139 fb™
LT

e Data

Top-quark

Jet — 1, fakes (MJ)
(bb bc,cc) -
I Jet > 7, fakes (t) 3

Zov

Il Other
SM Higgs

= SM HH at exp. limit E

[] Uncertainty

.....

.....
i

----- Pre-fit background  __|

T
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Pl
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1, e
20020406081
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1
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BDT score
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Non-resonant HH — bbtt results

Non-resonant analysis thoroughly optimized for SM cross-section limit!

- 10° b7 +—r————r——r— .
o] E L. E
=, t  ATLAS Preliminary — Observed limit (95% CL) ]
— i _——— imi % J
| Ys-uev it o Sewemen
= .| HH— bbt*t~ P T
m 10%¢ 1 Expected limit 20
Observed —2o0 —1o0 Expected +1oc +20 ?- i E=S Theory prediction
0 -
o — 145 705 94.6 131 183 245 3 3¢ SM prediction
badthed - pivBE/Oabiver 495 238 319 443 617 827 | |° 43l
Opor+vEr D] 265 124 167 231 322 432 g
Tiep Thad . SM
GggF+VBF/UggF+VBF 9.16 4.22 5.66 7.86 10.9 147 F | e
Corabiisi UggF_"—VB%l\!Ifb] 135 61.3 82.3 114 159 213 )
O gaF 4 VBF/ OpgF { VBF 4.65 208 279 3.87 539  7.22 105t
I Observed: k) € [-2.4,9.2]
r Expected: k) € [-2.0,9.0]
10—110' '—|8‘ ' '—|6‘ ' '—|4‘ . O T2 4 ' 6 ' 8 10
ATLAS-CONF-2021-052 K)\

4x improvement wrt to previous results! (12.7 x SM),
2x due to the t and b-jet reconstruction and identification improvements and to
analysis techniques (MVA & fake-t estimation methods).
e Statistically dominated, largest systematics from background modeling

February 2022 V. M. M. Cairo 29


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Resonant HH — bbtt results

- ---- Comb. Exp. """ TiepThad EXP-
i —— Comb. Obs. —— Ty Trag ODS.
[ ]Comb. Exp. 16 ---- 1, T, ., EXp.
[ ]Comb. Exp. 26 —— 1, T, .4 Obs.

10°
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Thad Thad /

Better sensitivity
below 1 TeV

—
o

ATLAS Preliminary
s =13 TeV, 139 fb’!

400 600 800 1000 1200 1400 1600
m, [GeV]

95% CL limi

P — P

— —

* Broad excess @ 700 GeV <my < 1.2 TeV.

* Most significant excess for Tpaq Thad (Tiep Thaa) found @ 1 TeV (1.1 TeV), local significance
of 2.8 0 (1.6 0).

« Combined: @1 TeV, local significance 3.1 g, global significance of 2.1¥5 o.

Lo —
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HH — bbbb

ATLAS

EXPERIMENT

Run: 356259
Event: 311347503
2018-07-22 20:00:32 CEST

Boosted

Resolved

N &

EXPERIMENT

Run: 350013
Event: 1556168518
2018-05-11 01:39:26 CEST

Publication: ATLAS-CONF-2021-035
Physics Briefing: https://atlas.cern/updates/briefing/double-Higgs-to-bottoms
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HH - bbbb
Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered

2 105 3_TLAS Preliminary _, — Observed limit (95% CL) 2 105 é_TLAS Preliminary _, — Observed limit (95% CL) 1
T | Xs=13TeV, 126-13910" ___ pectedlimit@5%cL) | | |E  pes=J3T1eV, 126139107 ___ g, nected limit (95% CL) |
Spin-0 o Spin-2 o

X - Expected limit + 10 1 -, Expected limit +10
N Expected limit +20 ] OB Expected limit +20 ]
2 - == Resolved expected limit gT:_ i ——- Resolved expected limit ]
5 - (oY o
& 103k A === Boosted expected limit T 103F === Boosted expected limit

: s —— RS Graviton, kiMp; = 1

https://arxiv.org/pdf/1404.0102.pdf

102t 102
10'F 10'
100} : 100} _
o5y — 500 7000 50003000 250 T 500 1000 2000 3000
m(X) [GeV] m(Gr) [GeV]

model<excluded for graviton massgs between 298
GeV and 1440 GeV.

Excess @ 1.1 TeV,
local (global) significance = 2.60 (1.0 o) for spin-0 and 2.70 (1.2 o) for spin-2.
Statistically dominated results, systematic effects up to ~16%, mostly from
background modeling

P

—
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Putting everything together

ATLAS-CONF-2021-052

S

Non-resonant i\
T T T T T T T 1] T T T T T S‘ """""'.'.""" T """".'."'o"'
ATLAS Preliminary —— Observed 9= 104 | ATLAS Pre“mlnary —— Observed limit (95% CL) |
.......... Expected = E 1 ——=- Expected limit (95% CL) ]
VS =13 TeV, 139 fb~1 p T - Vs=13TeV, 139 fb- . it +1
gSM =32.78fb = Comb. exp.limtx 10 T - 3 Comb. exp. limit +10
garENBE = - ~ [ =1 Comb. exp. limit +2c
1 Comb. exp. limitx20 w bbyy [-1.6,6.7] [-2.4,7.7] - OAR *
ﬂ>3 bbbttt [-2.4,9.2] [-2.0,9.0] E== Theory prediction
+ i} SM prediction
Obs.  Exp. "é 103¢
: o :
bbt*t~ - \ 46 39 e afnel
: 102}
bbyy 4.3 5.7 i
[| Observed: k € [-1.0, 6.6] — bbyy
r —— bbttt™
Combined - ¢ 3.1 3.1 Expected: kj € [-1.2,7.2] = Combined 1
. -, 101...1...|.‘.|‘..|...1...|...|“.|...1...
1 " ‘10 8 6 4 2 0 2 4 6 8 10
95% CL upper limit on signal strength KA

Single channels are now even better than the
36 fb HH combination

HH 5™ 6.9 Obs, 10 Exp
Observed k; € [—5,12.0]
Expected k; € [—5.8,11.5]
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
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ATLAS-CONF-2021-052

Putting everything together

Resonant

= 10% ATLAS Preliminary £
T - Vs =13TeV, 126 — 139 fb~1 .
) - Spin-0 -
x| — Observed limit (95% CL) |
© 10°¢ —--- Expected limit (95% CL) 3

n T Comb. exp. limit+ 1o ]

i [ Comb.exp.limit+x20 |

102

01

I IIIIIIII

Lol
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1000 2000

N
o
o
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o
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3

bbbb dominates the
sensitivity at high my

bbyy dominates the
sensitivity at low my

bbtt dominates the sensitivity at medium my
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An exciting time ahead

Run 3 coming up!
Run 3: oyy @ 13.6 TeV =~ +11% oyy @ 13 TeV, [ L ~ +300 fb1? ~ +10k HH events!

W bbbb mbbyy mbbtt ®mcombination

N 2
———————————————————
Barly RUN 2 - ”
j.physletb.2019.135103 _ 10

Full Run 2 (lumi scaling) Sesasssessooseottod SelllBIIIEN 13 foooo oo

AN o
I 5./  HDBS-2018-34

Full Run 2 B 30 ATLAS-CONF-2021-030
. 2.5

] )

3.0

Run 2+3 N 21
-1

0 5 10 15 20 25 30
Oyy limit [x SM]
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An exciting time ahead

Run 3 coming up!
Run 3: oyy @ 13.6 TeV =~ +11% oyy @ 13 TeV, [ L ~ +300 fb1? ~ +10k HH events!

W bbbb mbbyy mbbtt ®mcombination

N 2
——————————————————————
]y RUN 2 S 15 ”
j.physletb.2019.135103 _ 10

Full Run 2 (lumi scaling) Sesasssessooseottod SelllBIIIEN 13 foooo oo

AN o
I 5.7  HDBs-2018-34
Full Run 2 B 30 ATLAS-CONF-2021-030

I 2 5
p——T —> 4x better than the Early Run 2
Run 243 et 390 combination!

. 2.1

=1
0 5 10 15 20 25 30
Oyy limit [x SM]

Can really be a
game changer for
HH!!!
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Preparing for Run 3

ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST
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The ATLAS Run2/3 Inner Detector

r R=1082mm

TRT <

L R = 554mm
 R=514mm
R =443mm
scT<
R=371mm ' 4 mm?
L R =299mm 7
80 pm? pitch
R =122.5mm S 50x400 pm?
sty = S0 50x250 pm2
R =33.25mm : —
Innermost radius and pitch fundamental

R=0mm
for impact parameter determination and

thus b-tagging performance!
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Run 2 Performance Highlights

* Tracking and Vertexing are key ingredients for physics analyses
* Run1 - Run 2: upgraded detector
* 2x better IP resolution, 4-5x better light-jet rejection in b-tagging

February 2022
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Light-flavour jet rejection

Run-2 / Run-1
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Run 3 Performance Highlights

* Run 2 - Run 3 : aging detector and more challenging pile-up conditions
* All physics objects must be reconstructed wrt the correct primary vertex
* New primary vertexing algorithm deployed to improve pile-up robustness

a 1 .06 _I T I LI I LI I LI I LI | B I | LI | I P | LI T T |_
c - ATLAS Simulation =
o 1.04F s - ]
5 —  Preliminary —— AMVF, ti .
£ {02 fs=13TeV, (u)=60 ) —
= - —— IVF, i .
1_ " —

. = N i -
S 098 = } =
£ 0.96] + =
3 0.94F Improvement .
o - $ ]
3 092 % .
0.88 —

_I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0'860 02 04 06 08 1 12 14 16 18 2
ATL-PHYS-PUB-2019-015 Local pile-up density [Vertices/mm]

Significant performance improvements:
~10% better vertex selection efficiency, ~20% better longitudinal resolution,

~30% inclusive efficiency recovery

All relevant for the HL-LHC ATLAS silicon Inner Tracker (ITk)

February 2022
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Preparing for Run 4
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Secondary vertices
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The ATLAS Run 4 Inner Tracker

ATL-PHYS-PUB-2021-024-

= I B ) B L L N
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The ATLAS Run 4 Inner Tracker
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The ATLAS Run 4 Inner Tracker

ATL-PHYS-PUB-2021-024-

= NP NESLE SRR RN BN R N
E 1400—ATLAS Simulation Preliminary —
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1000 _:
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Extractable & Replaceable  Radiation hardness up to 10-15 MGy
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Run 4 Performance Highlights

February 2022

ATL-PHYS-PUB-2021-024-

Light-jet rejection
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b-jet efficiency

20% improvement in light-jet rejection at the 77% b-tag WP
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High-Luminosity LHC projections

* Existing combined projections based on Early Run 2 results!

ATLAS (old) HL-LHC projections

ATL-PHYS-PUB-2020-005

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.2 0.5
HH — bbt*1~ 2.3 2.0
HH — bbyy 2.1 2.0
Combined 330 290

ATLAS and CMS 3000 fb" (14 TeV)

-

T s HL-_LI-_IC prospects_
5 | V| ~-bbbb ~bbrr
N —~DbbVV(vlv)  —bbyy

—bbZZ*(4l) -

ATLAS + CMS

~ 4 g (50% precision)
j.revip.2020.100045
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High-Luminosity LHC projections

* Existing combined projections based on Early Run 2 results!
* Now great analysis improvements in all final states compared to Early Run 2
e Single-channel projections have been updated for various systematics scenarios
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. 95% CL ..
Scenario Upperiinit Significance [o]
No syst. unc. 0.86 2.3 was2.1
Baseline 0.93 2.2 was2.0

HH - bbtt

Uncertainty Scenario | 95% CL Upper Limit

Significance [o7]

No syst. unc. 0.49
Baseline 0.71

V. M. M. Cairo

4.0 was2.3
2.8 was2.0
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Wha’s next?

Relative view point, by F. Cairo
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Further in the future

* Probing A is a high priority for the particle physics community both at the LHC and
beyond
* Rich set of di-Higgs searches ongoing whose final states involve multiple objects
* advanced reconstruction techniques
* new detector technologies
 Benchmark for the future HEP machines and driver for their detector design!

v collider single-H HH combined
HL-LHC 100-200% | 50% 50%
CEPC,,, 49% - 49%

\\v/ ILCy5, 49% - 49% Run 3:

&0 ILCsqp 38% 27% 22% &
TECi65 \V, 36% | 10%| 10% bronze
CLIC, . 50% - 50% precision or

\/ CLIC;500 49% 36% 29% better?
@ CLIC3p9 49% 9% 9%
FCC-ee 33% = 33%
FCC-ee (4 IPs) 24% - 24%
HE-LHC {/ - 15% 15%
FCC-hh © - 5% 5%

J.revip.2020.100045
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Di-Higgs Prospectis for the far future

As an example: arXiv:1907.02078v2

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

100 TeV, 30 ab™!
7 - MCHM

- 02 Tadpole Higgs
f2
@
s MCHM
SM [ ] CTHM :-_
ology £=005 g
| * :
CW H
SMEFT with 0,

I :

Models
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Di-Higgs Prospects for the far future

As an example: arXiv:1907.02078v2

Landau-Ginzburg Higgs

Nambu-Goldstone Higgs Coleman-Weinberg Higgs

Tadpole-Induced Higgs

February 2022
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TadpoleHigg

Models

HL-LHC

ILC-500

I FCC-hh
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Conclusions

* Long road ahead to solve some of the yet-to-be answered questions
in Particle Physics

* Interplay between detector performance & analysis techniques is of
paramount importance!

Collisions That Changed The World
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Thanks for your attention!




