


The missing pieces
in the Higgs Puzzle
at the LHC and Beyond




The Post Higgs boson era

2012

v

Now

Events / 1.5 GeV.

=
S
S

S/(S+B]} Weighted
o
a

o Y

ELSEVIER

PSR [ P P —
0o 725 13 140 150

m,, (GeV)

ATLAS 2011-12 V5=7-8TaV
WA

) I 2 Bl o

400 500
my [GeV]

% ,fw,ww.elsevier.comllocat’elphyslefb)

b .
AR \/

A Higgs boson-like
particle was found!
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So far, the SM rules, but the
exploration has just begun...
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particle was found!
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The Post Higgs boson era
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How does the Higgs boson
couple to itself?
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DVsiece #1

The Higgs self-coupling
at the LHC and beyond
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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 3 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 Coliaboration

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
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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/

A very popular research topic...

Video
@ ATLAS Experiment &

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

Twice-higgs-twice-challenge

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:

[}

- l'\',"u‘ﬁ,‘r ;-’g
9 -

Updates > Briefing >

Twice the Higgs, twice the challenge

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

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

ey 309
196188970

474347 2300018 Camr

nore

Why so exciting?
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The Theory...

F. Cairo, From Conn(ll)ecting the dots
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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----® :(/

K2 = Agnn/Asm J “H gl 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 and much can be done now!
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The Large Hadron Collider
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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

May 2022 V. M. M. Cairo 11



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
Toroid magnets

Pixel detector
| LAr elecfromagnéﬁc calorimeters
Muon chambers l Solenoid magnet || Transition radiation tracker l

| Semiconductor tracker |
maximize H — yy sensitivity

Determines the ATLAS geometr
5 / Combined technologies

May 2022 V. M. M. Cairo 12



The ATLAS Timeline

== e e s e e e

LHC HL-LHC

3 TeV 15.6TeV 4TV energy
8TeV LS1 LS2 LS3
7TeV [ntegrated
i luminosity
30 _).:. 50 fb-! 200/300 fb! 3000 b

New Small Wheels
/ A ' V

Inner Tracker

source source source
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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/
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Higgs Self-Coupling
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Agyy can be measured in two complementary ways

proton - (anti)proton cross sections
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HH Production at the LHC
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https://doi.org/10.1016/j.revip.2020.100045

HH Production at the LHC

99F= 31.05 fb at 13 TeV for my = 125.00 GeV —
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Non-resonant o HH production at 14 TeV LHC at (N)LO in QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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https://arxiv.org/pdf/1401.7340.pdf
https://arxiv.org/pdf/1401.7340.pdf

HH Production at the LHC

Non-resonant O'Z‘%F= 31.05 fb at 13 TeV for my = 125.00 GeV
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HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

SM

»
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MadGraph5_aMC@NLO
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1401.7340

Run2 [ L ~ 140 fb!

~ 4k HH events
Scales up to about 10°in HL-LHC

May 2022 V. M. M. Cairo 18


https://arxiv.org/pdf/1401.7340.pdf
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HH Production at the LHC
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ggF _
HH
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31.05 fb at 13 TeV for my = 125.00 GeV
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o(nLolfbl
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1401.7340

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

Run2 [ L ~ 140 fb!

~ 4k HH events
Scales up to about 10°in HL-LHC

o gy and kinematics depend on the couplings

New physics can manifest as deviation in oy

—

—

V. M. M. Cairo

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

Branching
Ratio

A

HH Final States

bb WW T

ZZ

r—_—_—_—_—_—_—_—_—_—

Most recent full Run 2 ATLAS Results:
HH — bbyy (non-resonant & resonant)
HH — bbtt (non-resonant & resonant)

L___________________

May 2022

HH - bbbb (resonant)

V. M. M. Cairo

Combination
(and complementarity)
of various final states
fundamental for
observation!

Most final states rely on
b-tagging

20


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/

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

May 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, no combinatoric issues, clean signal extraction

( \\ / Di-Higgs \
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Non-Resonant HH — bbyy results

E 10 [ LA L R S B L B R L R R | T T 'E
=, F ATL AS — Observed I|m|t (95% CL) ]
T J/s=13TeV, 139 fio~1 ---- Expected limit (95% CL) |
L [ HH—>b5W [ Expected limit +1c ]
L 104} [ Expected limit +2¢ ;
?'_ i E== Theory prediction

o) 7,’\3 SM prediction

&

—_
o
w

—————————————————

——
-
~~~
~
~
~—

102}
F | Observed: k) € [-1.5,6.7]

: Expected: k) € [-2.4,7.7]

101-..1...1..|1...|...

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

L

sSS o

4.1 (5.5) x SM o'y

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

May 2022
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ATLAS-CONF-2021-052

Putting everything together

Non-resonant

T T T 1 T T 1] T T L 3 R '. . ) ! = L J . .I ' ‘o 1
ATLAS Preliminary — Observed = jg¢. ATLAS Preliminary — Observed limit (95% CL)
VS = P p— Expected = F e = 1 ——~- Expected limit (95% CL)
S SISV, 199 0 - L - Vs=13TeV, 1391b =3 Comb. exp. limit +10
0§£”F+VBF =32.78 b T Comb. exp. limit+ 10 T i - 8Xp. T
1 Comb. exp. limit 2 0 v bbyy [-1.6,6.7] [-24,7.77 =1 Comb. exp. limit +20
g bbtt " [-2.4,9.2] [-2.0,9.0] E== Theory prediction
+ * SM prediction
Obs.  Exp. ‘5 103t
o L
. D [
bbt*t~ - \ 46 39 E== | -— =3
) 102}
bbyy [ 4.3 5.7 : )
: | Observed: k\ e [-1.0,6.6] — bbyy
3 —— bbttt™
Combined é 3.1 3.1 L EXpeC'[ed' K\ € [—1 .2, 72] —— Combined -
1 1 1 1 1 1 | I ! 1 1 1 1 01 - . g L I I : L ‘ : . L . . I L : . : L I : : L . ‘ i L : ‘ . L . . I L L : L
1 " ‘170 8 6 4 2 0 2 4 6 8 10
95% CL upper limit on signal strength K\

Single channels are now even better World’s best constraints to date on Higgs
than the 36 fb HH combination(*) boson’s self coupling
(HH — bbbb still to come) HH — bbyy drives the sensitivity at large k!

(*) HH oM 6.9 Obs, 10 Exp; Observed k, € [—5,12.0], Expected k; € [—5.8,11.5]
May 2022 V. M. M. Cairo 24


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

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) Sesassmessoossotsod SelllBIIIEIN 13 b ooy

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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https://doi.org/10.1016/j.physletb.2019.135103
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

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) Sesassmessoossotsod SelllBIIIEIN 13 b ooy

AN o
I, 5./  HDBS-2018-34

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

I

PN
Run 2+3 N 21

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

Can already be a
game changer for
HH!!!

May 2022 V. M. M. Cairo

26


https://doi.org/10.1016/j.physletb.2019.135103
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
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Preparing for Run 3

ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST

V. M. M. Cairo 27



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

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

3 1 _06 _I T T | LI I LI | L I LI 1T 7T LI I T T I T ]
S 1.04F ATLAS Simulation =
‘5 E Preliminary —— AMVF. tf ]
= 1. 02F f5=13TeV, (u)=60 R —
= - —— IVF, tt .
1_ " —
.0 ~ N i -
S 098 = : =
2 0.96 -
3 - Improvement
o 0.94F P
* o $
3 0.92F + .
0.88— —
_I 11 | 11 | I 11 1 | 11 | I 11 | | 11 | I L1 | l 11 | I L1 | | 11 1
0'860 02 04 06 08 1 12 14 16 18 2
ATL-PHYS-PUB-2019-015 Local pile-up density [Vertices/mm]
L All relevant for the HL-LHC ATLAS silicon Inner Tracker (ITk) /(
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-015/

Preparing for Run 4

May 2022 V. M. M. Cairo 29
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Secondary vertices
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The ATLAS Run 4 Inner Tracker

All
silicon

May 2022
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The ATLAS Run 4 Inner Tracker

ATL-PHYS-PUB-2021-024-
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Innermost radius and pitch fundamental
for impact parameter determination and
thus b-tagging performance!

May 2022 V. M. M. Cairo
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The ATLAS Run 4 Inner Tracker
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the Run 2/3 Pixel System

l Extractable & Replaceable Radiation hardness up to 10-15 MGy
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/

Run 4 Performance Highlights

High-Level ML b-taggers utilize
low-level taggers’ outputs

* Secondary Vertex finding
e Decay chain Multi-Vertex
Algorithm

ITk vs Run 2:
20% improvement in light-jet
rejection at the 77% b-tag WP

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

May 2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
https://indico.fnal.gov/event/9504/attachments/74423/89291/D0_University_2011-02-03_Greder.pdf
https://arxiv.org/pdf/0707.1712.pdf

ATL-PHYS-PUB-2022-005

High-Luminosity LHC projections

* HL-LHC projections updated for HH — bbyy & HH — bbtt

|
Significance [o7]
Uncertainty scenario bbyy ||bbt*t~| Combination
No syst. unc. 2323 4023 46 33
Baseline 2220 2820 3.2
g 20 :l T T LI I | i | I { E] R | I LI I L I T I | I N I 1 LI I LILIL |:
= . ATLAS Preliminary ]
S 175F VS =14 TeV, 3000 fb-" E
B Non-resonant HH N
136 Baseline E
N Asimov data (k) = 1) N
12.51~ —— bbt*T" =
N —— bbyy ]
10:_ —e— Combined B
75 A
5 =
__ ------------------------------------------------------- : 2 0
251 =
e .« VR Y S {10
95 2 3 8
Ka

05 k; <1.6at 1o,
comparable to previous ATLAS+CMS combination!
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https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2
https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub
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Wha’s next?

Relative view point, by F. Cairo

V. M. M. Cairo
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Future Colliders

Symmetry

V. M. M. Cairo
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https://www.symmetrymagazine.org/article/november-2012/a-bouquet-of-options-Higgs-factory-ideas-bloom

Future Colliders

very high energy

* pp: high energy = ideal for HH (Higgs self-coupling)

* eTe™:clean environment, initial states well defined = ideal for precision
measurments and for probing light Yukawas
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Di-Higgs Prospecis for the far future

* Probing A: high priority for particle physics both at the LHC and beyond
* di-Higgs require advanced reconstruction techniques & detector technologies
 Benchmark for the future HEP machines and driver for their detector design!

collider single-H HH combined
HL-LHC 100-200% | 50% 50%
CEPC,,, 49% - 49%
ILC,5 49% - 49%
ILC5, 38% 27% 22%
TECS 555 36% | 10%|  10% ';(‘)‘(’)‘;:
CLIC 50% ~ 50% preci"sion?
CLIC;500 49% 36% 29%
CLIC3000 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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https://www.sciencedirect.com/science/article/pii/S2405428320300083?via%3Dihub

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

100 TeV, 30 ab™!
) - MCHM

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

I :

Models
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https://arxiv.org/pdf/1907.02078.pdf

Di-Higgs Prospects for the far future

As an example: arXiv:1907.02078v2

May 2022

Landau-Ginzburg Higgs

Nambu-Goldstone Higgs Coleman-Weinberg Higgs

Tadpole-Induced Higgs

V. M. M. Cairo

TadpolerHigg

Models

HL-LHC

ILC-500

I FCC-hh
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https://arxiv.org/pdf/1907.02078.pdf

The Post Higgs boson era

Now »  Future
ATLAS-CONF-2020-027 »
e ATLAS Prel B 5 1 t
> re |m|nary | £ F
z 1E" Vs=13TeV,24.5- 139 1! 7|« E <I, - FullILC Program Z
EU‘T> - my = 125.09 GeV, lyHl < 2.5, pSM = 84% ."W‘ i g-, | 250fb'1 @ 250Gev
¢ 10 T SM Higgs boson -’ _ i 500fb‘1 @ SOOGeV
= E 5
- 3 il "
: i O10°= 1000fb™’ @ 1000GeV
107 A p E N
100 - i
= i _ 3
- mm,(m,,) used for quarks ] 1072 o T
10 = -
= — R : : — (¢
£ 1af E
?fL 12F ]
Y, : 1
Ll i { { """"""""""""" % i—
08F . . -
10_1 1 10 102 III | | Illllll | l |IIIII| | l IIIIIII | |
Particle mass [GeV] 10" 1 10 10°
ATLAS-CONF-2020-027 1310.0763 Mass [GeV]

May 2022

V. M. M. Cairo

43


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://arxiv.org/pdf/1310.0763.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

Higgs and Flavors in the far future

i - : v <
* Higgs to top-quarks =
. . FCC- CLIC ILC HL-LHC |xy| < 1

* No blg galn from HL-LHC to e+e- cmig 191011775 "

machines (low +/s)

* Higgs to b-quarks
e ~2% at HL-LHC
e ~0.5-1% in future ete- machines

Higgs@FC WG 1905.03764v2
¢ X - ette r t a n = I— B FCC-co+FCC-ch+FCC-hh
FCC-eeaqq
Ko n— TG00+ CLIC 504 CLIC
| 3000+CLIC; 500+ 380
__ Precision |Upper bound atl 95 % CL m  1LCs00+1LC350+ILCos0
1 B LHeC kv [ <1
B HE-LHC |ky| < 1
HL-LHC [ky| < 1
1 —

e Higgs to c-quarks
 HL-LHC able to probe the SM?
 ~1% in future e*e- machines

* Higgs to light-quarks
* Only upper bounds

A
\4
A

May 2022 V. M. M. Cairo precision upper bounds


https://arxiv.org/pdf/1905.03764.pdf
https://arxiv.org/pdf/1910.11775.pdf

DVsiece #2

The Strange Yukawa
coupling atete”
colliders



The Strange quark as a probe for New Physics

SM Higgs BSM Charged Higgs
tanf3=50, cos(S — @) = 0.05

6% 2Z] [2.9% cc| 0.500F .

02/ yy ’ " >
-6 3/ T

~0 1% ss

/m 0.100:

0.050+
BR

58.4% bb | “
\I@ 0.010F

0.005} 4V

Vs =13 TeV, m, = 125 GeV o001l L.
1610.02398 my: [GeV]
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https://arxiv.org/abs/1610.02398

The Strange quark as a probe for New Physics

SM Higgs BSM Charged Higgs
tanf3=50, cos(S — @) = 0.05

[2:6% 2Z] [2.9% cc| 0.500F .
—
2% vv
6 3% TT
N =] / / -
0.050}
BR
[58.4% bb|—
- T[21.4% ww 0010}
0.005}- 47,
Vs =13 TeV, m, = 125 GeV 0001l L. . , .
200 400 600 800 1000
1610.02398 my: [GeV]

8¢

Assess the sensitivity of Higgs to strange couplings(*) at future Higgs
Factories and study detector design enabling strange jet tagging

*Jmany more SM analyses would benefit from strange tagging, e.g. ee = ss, Z — ss,W — cs, etc!
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https://arxiv.org/abs/1610.02398

Experimental Handles for Flavor Tagging

T. Tanabe’s presentation

Vertex

Primary

. B e vertices hadrons
bt @ " (excluding Vo) | (K, K0, K<, A9)

K # of secondary | # of strange

D

b 2 >1

D

it @ K

e ——

s-jet @

May 2022

Strange Hadron reconstruction

K= [PID]

Ks® =2 ritri [Vertex] (BF ~69.2%)
N0 > pri~[Vertex] (BF ~64%)

K0 [Particle Flow]

...and SLD actually measured strange hadrons from Z — ss!
See SLD A, PRL 85 (2000), 5059

V. M. M. Cairo 48


https://indico.slac.stanford.edu/event/6674/
https://inspirehep.net/literature/528730

May 2022

Detecitor Requirements

Key ingredients?or b/c-tagging:

e Secondary Vertices
 Multi-Vertex Decay chain

Need tracking & vertexing detectors with:

» excellent spatial resolution
* |ayers close to IP
* light weight

How about strange-tagging then?

L

V. M. M. Cairo
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2203.07535

The sirange features

Leading Particle in a Jet

0.06

04
[ ss
=5 oo
T g9

0.04
0.03

0.02 -

0.01 f
0.00 0.25 0.50 0.75 1.00

fraction of jet momentum

Particle Identification is crucial!

Need 1/K discrimination over a momentum range of approximately
(0.2-0.7) x 0.5 x 125 = 12 to 50 GeV
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https://arxiv.org/abs/2203.07535

Impact of PID on Strange Tagging o

. Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD") simulation
(Z - inv)(H - qq/gg) samples and include per-jet level inputs & variables on the 10

leading particles in each jet, - general validity!
109 s
(U
10 1 \\\ —
< —
‘\\ = ~ ~
10_1 i 0.84 w:,\ I~ P,
: "’t \\\
% ] g '}’} \\\
g 10-2 4 B 0.6 1 ILD Preliminary N
g 9 Strange score \\\
= £ —— Full PID (AUC = 0.753) Q
20 10-3 4 ILD Preliminary 041 ==+ PID <30 GeV (AUC = 0.727) BN R
= 1 Bottom = PID < 20 GeV (AUC = 0.694) s 0
2N
Lg-t] = Charm PID < 10 GeV (AUC = 0.426) £ \
[ Strange 0.2 No PID (AUC = 0.522) KoY
Lgte | = w= | | N |l.. LCFIPIus OTag (AUC = 0.489) .
10754 [ Gluon EI—| 0.04 —=° Random chance e |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Strange jet score Strange efficiency

Good discrimination of s-jets from @50% s-jet tagging efficiency,
and g-jets >80% u/d-jet rejection with Full PID

) ILD = multi-purpose International Large Detector concept @ the International Linear Collider
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https://arxiv.org/abs/2203.07535
https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf

Impact of PID on Strange Tagging =~

. Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD simulation
(Z - inv)(H - qq/gg) samples and include per-jet level inputs & variables on the 10

leading particles in each jet, including PDG-based PID - general validity!

o~ 1.0 1
10-1 h 087
o
2 . ‘-i_\_‘—L c
S 192 8 061 ILD Preliminary
g KR Strange score
2 = Full PID (AUC = 0.753)
201034 ILD Preliminary 047 ==+ PID < 30 GeV [AUC = 0.727) *y_
= 1 Bottom = PID < 20 GeV [AUC = 0.6904) s
N
Lot ] ) Charm PID < 10 GeV [AUC = 0.626) :
1 Strange 0:24 No PID (AUC = 0.522)
Ligt | = | L | B || LCFIPlus OTag|(AUC = 0.489)
10754 [ Gluon EI—| 0.04 == Random chancel d
0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 04 0.6 0.8 10
Strange jet score Strange efficiency

At fixed light rejection:
No PID to PID < 10 GeV: ~1.5x efficiency

Good discrimination of s-jets from
and g-jets
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https://arxiv.org/abs/2203.07535

Impact of PID on Strange Tagging =~

. Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD simulation
(Z - inv)(H - qq/gg) samples and include per-jet level inputs & variables on the 10
leading particles in each jet, including PDG-based PID - general validity!

i 1.0 1
10-1 j_'___‘—\ﬁ 087
o
2 [ _-‘—\_l—L c
g 10-2 ‘% 0.6 ILD Preliminary
g KR Strange score
= = Full PID (AUC = 0.753)
20 10-3 4 ILD Preliminary 047 ==+ PID < 30 GeV (AUQ = 0.727) *y
= [ Bottom - PID < 20 GeV (AUC = 0.694) "y
g [ Charm PID < 10 GeV (AUC = 0.626) &
[ Strange 0.2 No PID (AUC = 0.522)
Ligt | = | L | B || LCFIPlus OTag (AUC = 0.489)
10754 [ Gluon EI—| 0.04 == Random chance d
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 10

Strange jet score Strange efficiency

Good discrimination of s-jets from At fixed light rejection:
and g-jets No PID to PID < 10 GeV: ~1.5x efficiency

No PID to PID < 20 GeV: ~2.0x efficiency
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Impact of PID on Strange Tagging o

. Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD simulation
(Z - inv)(H - qq/gg) samples and include per-jet level inputs & variables on the 10

leading particles in each jet, - general validity!
1.09 =
(U
10° 3
101 j_ﬁ_l_‘ 0.8
o
Pre} N S
S 1024 £ 061 ILD Preliminary
g KR Strange score
(&)
£ = Full PID (AUC = 0.753)
20 10-3 4 ILD Preliminary 047 ==+ PID < 30 GeV (AUC = 0,727) *y
= [ Bottom - PID < 20 GeV (AUC = 0694) "%y
vy [ Charm PID < 10 GeV (AUC = 0/626) &
1 Strange 0:24 No PID (AUC = 0.522)
gt | == | L_ | N [|..... LCFIPIlus OTag (AUC = (.489)
107°4 1 Gluon EI—| 0.04 == Random chance d
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Strange jet score Strange efficiency

Good discrimination of s-jets from At fixed light rejection:
and g-jets No PID to PID < 10 GeV: ~1.5x efficiency

No PID to PID < 20 GeV: ~2.0x efficiency
No PID to PID < 30 GeV: ~2.5x efficiency
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https://arxiv.org/abs/2203.07535

Impact of PID on Strange Tagging =

. Use a Recurrent Neural Net tagger for classifying jet-flavour, train on full ILD simulation
(Z - inv)(H - qq/gg) samples and include per-jet level inputs & variables on the 10
leading particles in each jet, - general validity!

100 - ILD Preliminary
=1 10-1 [ Bottom
J___,_|_ o L1 Charm

101 4——=__ % 1 Strange

- :E: - = Light
8 ,H 5 1 Gluon
o 10 2 1072
e g
) 5
= ()
.:_)0 10734 ILD Prelinfinary k]
= [ Bottdm 5
[ Char g 107°
107 4 ®
— Strar:l;e w
Light
107°4 1 Gluod _—‘
: . | . 104 . . . .
0.0 0.2 04 0.6 0.8 1.0 0 10 20 30 40 50

Strange jet score Leading strange hadron momentum [GeV]

The tighter the cut on the s-tag score,
the more energetic the leading strange hadron!
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https://arxiv.org/abs/2203.07535

2203.07535

A physics benchmark:
h — s§ analysis
@ the International Linear Collider

e
L

Foreseen to run at several v/s, dedicated 250 GeV run for
Higgs couplings studies

oy @ +/s = 250 GeV ~ 200 fb (dominated by ZH production)
2000 fb! collected in 10y by ILC

- ~ 400k Higgs 2> ~80 h — ss

But of course, new physics boosts these numbers!

/ v’
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https://arxiv.org/abs/2203.07535

Refekence: ILC Events in ILD

, |

May 2022

M. Cairo
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https://www-jlc.kek.jp/~miyamoto/evdisp/html/index.html

(h—dd)(Z—1ll vv)
(h—uu)(Z—I1I vv)

h — s§ analysis in a nutshell ===

(h—other)(Z—>1l)
[ 4f ZZ semileptonic
4f single Z semileptonic
I 4f ZZ hadronic
f \ / \ I 41 WW hadronic
S [ 4f ZZ/ WW hadronic

I 21 Z leptonic
I 21 Z hadronic

I ' — (h—s5)(Z—lllvV)
- ea» G

Sum of

2203.07535

2]

2 jets jetp + jety

Vi strange

tagging
/U scores

0 or 2 SFOS leptons

W

95% CL, upper limit: 6.74
—— Expected CL,
""""""""" I 10 expected CL,
+20 expected CL,
— a=005

ILD Preliminary, L = 900 fo™!

ILD Preliminary, L = 900 fb~
Vs =250 GeV, P(e", €*) = (-80%, +30%)

900 fb~"
V5 = 250 GeV, P(e™, e*) = (—80%, +30%)

Combination

180 200
M, [GeV] oL—

Tested PO, &

Z — vv channel

Cut-based approach,
reject
ZH(!ss),V,VV

k < 6.74 x SM
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https://arxiv.org/abs/2203.07535

May 2022

* |f we can tag strange jets, we can probe the
Higgs strange Yukawa coupling...
But we need 1z /K discrimination at high momenta!

* This triggered recent studies of what may be possible
with a system that pioneered particle ID: the RICH

V. M. M. Cairo
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R. Forty’s slides

Particle Identification techniques

* Hadrons are identified by their mass, in turn determined by combining momentum and
velocity

e Assuming that momentum is inferred from radius of curvature in magnetic field, the
remaining issue is to measure the velocity

e (Can be determined via: Detectors
Track

* Time-of-flight (TOF)

.. 3 »
* lonization losses (dE/dx or dN/dx) 3
€,,0,< €,,0,) 3
Photon 10| : .
P . - 0.1 10 100
* Transition radiation | NG (GEV)
charged
particle .
‘\ Photons
* Cherenkov radiation intergction point : = Ml @
/L‘e«:»:» 2 = ’, cosf, = o)
Deieorpiane < Redator ] sphercalminor . _pg

radius R

N.B. Detection of photons is needed by many of the detectors performing particle ID.
Requirements: single photon sensitivity, high efficiency, good spatial granularity
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https://indico.cern.ch/event/630418/contributions/2813741/attachments/1575241/2487285/PID-Forty-1.pdf

May 2022

The International Large Detector
@ the International Linear Collider

215 I
.
1912.04601
tooen g
8 | 3
FCAL ECAL
Yoke/ Muon HCAL
V. M. M. Cairo

Yoke/
Muon

Coll

HCAL

———— ECAL

TPC

Vertex

Intrinsic PID
capabilities
through
dE/dx +
TOF from
silicon
wrappers
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https://arxiv.org/pdf/1912.04601.pdf

Extending PID capabilities e

TOF or dE/dX have great PID capabilities, but cover only the low momentum regime (unless
very large tracker volumes are used)

TOF, dE/dX RICH
: : : : : : c
— mi e [ i
q;, 14 0r ILD Prellimmary e e 7T/K, dEdx - 5 e 1mrad ¢ Fused Silica (1.5)
2 : © . e C,F,, (liquid 1.283)
Qo_ : e o 7T/K, TOF100 % = 0.5 mrad oFi4
- 12.0F - - ® 102 H P o Aerogel (1.04)
_8 : * K 7T/K, combined ¥ E resolution for the ring e C,F,(1.0014)
(] H i ; .
ﬁ 10
6.0 i r
| 30
- = . . 1 1 1 1 PR B B | 1 LBl 10,1
2.0 P . } . - 1 10 102
[ i : H .
g B TR NIM,A 952 (2020) 162004 Particle Momentum (GieV/c)
0.0 ]._J é ll]- é 8 ]_IO 20 Fig. 2. The number standard deviations in 7 — K separation versus momentum for
1912.04601 Momentum (GeV) different radiators and two different Cherenkov angle resolutions.

Ring Imaging Cherenkov Detectors (RICH) is a favourable approach at high momentum
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https://arxiv.org/abs/2203.07535
https://arxiv.org/pdf/1912.04601.pdf
https://doi.org/10.1016/j.nima.2019.03.059

PID Technology comparison

30 separation for /K

TOF via Fast

Timing in silicon dE/dx in Time
dE/dx in silicon enveglo es or Projection or dN/dx RICH
, P Drift Chambers
calorimetry
< 30 GeV
<5 GeV <5 GeV (scales with O(tens of GeV)  Of(tens of GeV)
volume)
Momentum >

May 2022 V. M. M. Cairo
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PID Technology comparison

30 separation for /K
TOF via Fast

Timing in silicon dlEjfahs i o
dE/dx in silicon envelopes or Projection or dN/dx RICH
, Drift Chambers
calorimetry
< 30 GeV
<5 GeV <5 GeV (scales with O(tens of GeV)  Of(tens of GeV)
volume)

Momentum >

Will it be possible to accommodate a compact RICH system while
preserving performance in tracking and calorimetry?
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The past and the future RICH

e Can a RICH work in limited (how limited?) radial space?
* Needs to be large enough to detect photons

Past
The SLD (Barrel) CRID
A Z '_F I
~ Gas Radiator

o (Cs Fiz/No Mix) Mirror
Midplane Array

External Drift Box
glFieCage | AL LLN..-..

I Detector

v
C,Hg + TMAE

9-92
7257A6

Future

2203.07535

Calorimeter

/

Gas Radiator

% %

25cm Midplane

SIPMTs

Tracking

Mirror
Array

Forward RICH
and
calorimeter

SiPMTs or new detector ideas!
See C. Damerell’s article

Extremely thin
optical qual

but excellent
ity mirrors

** Needed radiator thickness will evolve downwards,
as Quantum Efficiency of photodetectors advances

e Past 2 Future: Much smaller radial length, SiPMTs rather than TPCs with TMAE
for photon detection improve PID by a factor of 2

* Many parameters to investigate!

May 2022

V. M. M. Cairo
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https://cerncourier.com/wp-content/uploads/2021/07/CERNCourier2021JulAug-digitaledition.pdf
https://arxiv.org/abs/2203.07535

2203.07535

Compact Gaseous RC;H with SIPMTs

ECAL , = =
Gas Radiator . ‘
v
Mirror
3;[101 Midplane Array
. Forward RICH
SiPMTs Y & Calorimeter
Tracker v
L P | low mass
Fast timing device (<100 Pure C4F, at 1 bar Beryllium carbon-
ps) to provide ToF covering (boiling point -1.9 C at with composite
the lower p range and 1 bar, good refraction reflective material for
complementing the RICH index) coating the structure

C4F10: n-K separation for L=25cm "™

# of :igglas = i Can reach
VK
ae/\/ﬁ g -+ d(Theta) = 3 mrad 3 o n/K

13 & d(Theta) = 5 mrad

-+ d(Theta) = 10 mrad sepa ration
up to 30 GeV
with state-of-
, the-art

0 10 20 30 40 50 technology!

Momentum [GeV/c]

0 g is total Cherenkov
angle resolution

# of sigmas
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https://arxiv.org/abs/2203.07535

R. Forty’s slides

A more optimistic RICH layout

Material budget estimate

ARC: xm,
an Aerogel RICH Cellular detector Xl

Photosensor array/electronics

Cooling plate (3 mm CF) 1%
Aerogel (2 cm, n = 1.03) 1%
C. Gargiulo’s design C,Fio8as (13 cm @ 3.5 bar) 1%
Focusing mirror 1%
Total 10%
) Vessel Preliminary! analytic calc., assumes focusing target achieved
Circumferential rib P -
b |
2 | ARC aerogel gas — K-t
SiPM array 5 i/ ’/"\\l/ e p-K
+ cooling plate e ‘;" il e
: f
© 107 \ Y ‘
o ‘ ;
n | ;
|
|
30 1 ‘
' 1 l’\‘O 10
Momentum (GeV

Can reach 30 /K separation

up to tens of GeV! .
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

2203.07535

The importance of strange science

* Many unexplored physics benchmarks rely on strange tagging, in turn enabled by /K PID at

high momenta
* Higgs & friends Factories: Z, W, top, flavor physics in general...

* The ordinary matter is composed by electron and light quarks — none of the Higgs boson
couplings to such particles has been verified yet!

* Testing Yukawa universality is a key benchmark for future Higgs factories

* The most stringent constraints on the strange Yukawa have been derived via a direct
SM h — ss search: phase space for new physics reduced to k; 6x SM

E I U T T ; : T
N : : 1200
0.58 SFV 2HDM, cos(8 — a) = 0.1
L Egania-Ugrinovic, Homiller, Meade 100
0.2 arXiv:1908.11376, 2101.04119 : : ]
| SM Higgs 50
010 Measurements (80 fb™1) |
L ,A / % &
B Flavor Bounds . 9 =
= 0.05 L e Y D N z
E I Direc Searches A 10 ED
71 ’/’—
0.02 () s ] 8=
ILC (900 fb™1) =~ 5
00185 Wi s-tegging B O
0.005 fg > > >
- I I [
2 & = e
0.002- 7| | BT EELAGNE
100 200 300 500 1000 1500 2000
my (GeV)
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Wrap-up

* Higgs self-coupling: key HL-LHC goal
* Need to tag b-jets effectively
* New full-silicon Inner Tracker
for ATLAS in HL-LHC

e Strange Yukawa coupling:
a challenge for Future Colliders
* Need to tag s-jets effectively
* Relies on Particle ID at high momentum
 Compact RICH Detectors?

May 2022 V. M. M. Cairo Illustrations by F. Cairo 69



years

=== Conclusions

* Exciting science ahead to solve some of the yet-to-be answered
guestions in Particle Physics

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

Collisions That Changed The World




Thanks for your attention!




Extra Slides
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Strange Yukawa

V. M. M. Cairo
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ILC Executive Summary

The International Linear Detector
@ the International Linear Collider

* Foreseen to run at several \/s
e Dedicated 250 GeV run for Higgs couplings studies
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https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf

International Large Detector

* 3 double-layer pixel detectors for vertexing
— Yoke/Muon
* Time projection chamber (TPC) for tracking with
inner/outer Si layers
* Low material assists in low-p tracking o HOAL
e EGAL
* High granularity sampling calorimeters for particle e TRe
flow reconstruction R 8 e Vertex
1912.04601

* Challenge is reconstructing neutral hadrons BeamCal LumiCal FTD/SIT

* Precise EM/hadronic design still under study

* Tracking/calorimetry contained in 3.5 T field
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Cross-sections

https://arxiv.org/pdf/1310.0763.pdf
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy /s. Polarization of the electron beam (80%) and the positron beam (20%) is as-
sumed. (Right) The cross sections of the production processes ete™ — hZ, ete™ — Hvebe, ete™ — Hete™,
ete” > ttH, ete™ — HHZ and ete™ — HHv,v, as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.
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ete™ Physics Processes at ILC, P = (—80%, +30%)
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ete” Physics Processes at ILC, P = (+80%, —30%)
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-§ ——- tH —— WwWwZ
-] -——. “/"’“/‘ —_— Zzz
:

Figure 5.1: Cross sections of the most important Standard Model processes in e*e™ annihilation
in the energy range of the ILC. Initial state radiation is included, and cross section are plotted for
reactions in which the annihilation retains > 90% of the nominal CM energy. The cross sections
are shown for predominantly left-handed beam polarization (—80%/ + 30% for e~ /e™) (top) and
for predominantly right-handed beam polarization (+80%/ — 30%) (bottom). It is instructive to
compare the two plots, which have subtle and not-so-subtle differences.
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Luminosity

https://indico.cern.ch/event/838435/contribut
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Figure 2: Differential and cumulative distributions of the momentum of the leading strange particle in
the leading or subleading momentum jet of the h(— ¢g/gg)Z(— vv) events described in Table 2. The
choice of leading or subleading jet is random. The leading strange particle is identified by iterating over
the momentum-ordered PFOs in the jet and selecting the first PFO which is truth-matched to a strange
hadron. If no strange particle is found, a momentum of 0 GeV is assigned. The sum-of-weights for each
class is normalised to 1.
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NN Architecture

]

GRU: 128 nodes

]

GRU: 64 nodes

]

GRU: 32 nodes

!

Concatenate

!

MLP: 128 nodes

!

MLP: 64 nodes

!

MLP: 32 nodes

V. M. M. Cairo

GRU: Gated Recurrent Units
MLP: MultiLayer Perceptron
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Jets

Tracks

PID

NN Inputs in ILD

The training is performed on the Z(— vv)h(— qg/gg) samples from table 2. All

events are required to have Njets > 2 and Nigpions = 0. The training is performed

using only one jet per event, where the leading or subleading momentum jet is

randomly chosen. Per process, 250,000 raw MC events are used — additionally,

the h — u@ and h — dd processes are combined into a single class, h — light.
As input to the ANN; several jet-level variables are chosen:

e kinematics: momentum p, pseudorapidity 7, polar angle ¢, and mass m;

e LCFIPlus tagger results: b- (“BTag”), c- (“CTag”), and o-tag (“OTag”)
scores as well as jet category;

e number of Particle Flow Objects (PFOs — these are the particles which
are grouped into the jet).

In addition to jet-level variables, it is prudent to include variables at the level
of the PFOs contained within the jet. The 10 leading momentum particles
contained within the jet have their kinematics redefined relative to the jet’s axis
and their momentum and mass scaled by the momentum of the jet. Per-particle,
the following variables are also chosen as inputs:

e kinematics: p, n, ¢, and m;
e charge ¢;
e truth likelihoods: L(e¥*), L(u*), L(n%), L(K), L(p*).

The ILD detector will provide PID information per PFO, including electron
(e*), muon (u*), pion (7%), kaon (K), and proton (p*) likelihoods, L. How-
ever, the reconstructed likelihoods utilising the dE/dz and TOF information
were not available in the inputs at the time of the study. Truth likelihoods are
assigned instead, representing a best-case scenario in terms of PID. The 5 truth
likelihoods are assigned a binary number by comparing the absolute value of
PDG ID [39] of the PFO to the PDG ID(s) of each particle class:

e electrons: 11;

e muons: 13;

e pions: 211;

e kaons: 310, 321, and 3122 (includes V%’s: K? and A°);
e protons: 2212;

where 1 is assigned if one of the PDGs match and 0 is assigned otherwise.

V. M. M. Cairo
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NN Inputs in ILI
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Figure Al: Distributions of the jet-level inputs for the ANN described in Section 4. The sum-of-weights
for each class is normalised to 1. The error bars correspond to MC statistical uncertainties.
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NN Inputs in ILI

08 051

ILD Preliminary ILD Preliminary
0.7 [ Bottom 3 Bottom
1 Charm 04 1 Charm
06 [ Strange [0 Strange
Sos Light 8 o Light
Sk 1 Gluon g o 1 Gluon
~ S
= 04 = -
= =
] 3 0.
293 H
02
01 LLLH
o % s |
“0.0 02 0.4 06 0.8 10 X 0.4 06 08 10
LCFIPlus b-tag score LCFIPlus c-tag score
(a) LCFIPlus b-tag score (b) LCFIPlus c-tag score
07
M ILD Preliminary - ILD Preliminary
06 [ Bottom : [ Bottom
1 Charm 1 Charm
05 1 Strange 08 [0 Strange
S Light g Light
Soa = Gluon 2 os 3 Gluon
= o
§
= =04
02
02 RN
01
£
00 00
0.0 02 0.4 0.6 0.8 10 155 160 165 170 175 180 185 190 195
LCFIPlus o-tag score Category
(c) LCFIPlus o-tag score (d) Category
0.040
e ILD Preliminary
0.035 rr 1L [ Bottom
[ ) [0 Charm
0.030 [ Strange
= f Light
S 0.02
2 [ 3 Gluon
0020 [r
® f
]
2 005 {
0.010 [
i
00051 [
A
0.000
20 50 100

(e) Number of PFOs Npros

Figure A2: Distributions of the jet-level inputs for the ANN described in Section 4. The sum-of-
weights for each class is normalised to 1. The error bars correspond to MC statistical uncertainties. A
continuation of Fig. Al.
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NN Inputs in ILI

08 051

ILD Preliminary ILD Preliminary
0.7 [ Bottom 3 Bottom
1 Charm 04 1 Charm
06 [ Strange [0 Strange
Sos Light 8 o Light
Sk 1 Gluon g o 1 Gluon
~ S
= 04 = -
= =
] 3 0.
293 H
02
01 LLLH
o % s |
“0.0 02 0.4 06 0.8 10 X 0.4 06 08 10
LCFIPlus b-tag score LCFIPlus c-tag score
(a) LCFIPlus b-tag score (b) LCFIPlus c-tag score
07
M ILD Preliminary - ILD Preliminary
06 [ Bottom : [ Bottom
1 Charm 1 Charm
05 1 Strange 08 [0 Strange
S Light g Light
Soa = Gluon 2 os 3 Gluon
= o
§
= =04
02
02 RN
01
£
00 00
0.0 02 0.4 0.6 0.8 10 155 160 165 170 175 180 185 190 195
LCFIPlus o-tag score Category
(c) LCFIPlus o-tag score (d) Category
0.040
e ILD Preliminary
0.035 rr 1L [ Bottom
[ ) [0 Charm
0.030 [ Strange
= f Light
S 0.02
2 [ 3 Gluon
0020 [r
® f
]
2 005 {
0.010 [
i
00051 [
A
0.000
20 50 100

(e) Number of PFOs Npros

Figure A2: Distributions of the jet-level inputs for the ANN described in Section 4. The sum-of-
weights for each class is normalised to 1. The error bars correspond to MC statistical uncertainties. A
continuation of Fig. Al.
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NN Inputs in ILD

0.14 ILD Preliminary
3 Bottom
0.12 ) Charm
. [ Strange
3010 Light
2 = Gluon
2 o008
£
2 0.06
=
0.04 S
0.02
0.00 —
0.000 0025 0050 0075 0100 0125 015 0175 0.200
PPRO/Ps

(a) Momentum ppro

0.200
ILD Preliminary
0175 —~ 1 Bottom
& 0 Cham
0.150 7 Strange
2 o1 Light
a LR =3 Gluon
0100
)
2 ooms
0.050
0.025
0.000
-3 -2 - 0 1 2 3
(8ppo — ;) [rad]
(c) Azimuthal angle ¢pro
08
ILD Preliminary
07 3 Bottom
0 Charm
06 1 Strange
2 0s Light
= 3 Gluon
E 04
g
2os
02
01
00
-15 -10 -05 0.0 05 10 15
Charge
(e) Charge

0.200
ILD Preliminary
0175 =
0.150
§_ 0125
=
0100
]
2 0075
0.050
0025
0.000
-3 -2 -1 0 1 2 3
(mppo — )
(b) Pseudorapidity npro
0.4
R ILD Preliminary
012 [ Bottom
0 Charm
0.10 L Strange
g Light
8 o0 = Gluon
S
e ~
§ 0.06
]
= oo
0.02 -
0.00 +=
0.000 0.0 0002 0003  00M 0005 0006
Mpgo/p;
(d) Mass Mppo
14
ILD Preliminary
12 [ Bottom
0 Charm
10 Strange
8 Light
Sos 3 Gluon
—
£
06
=
04
02
0.0
~0.50 -025 000 025 050 075 100 125 150

L(e*)

(f) Electron truth likelihood L(e*)

Figure A3: Distributions of the PFO-level inputs for the ANN described in Section 4. The sum-of-weights
for each class is normalised to 1. The error bars correspond to MC statistical uncertainties.
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Figure 7: Distributions of the momentum of the leading strange particle in jets from h(— ¢G/gg9)Z(— vi)
events. The distributions are shown for different choices of cut on s-jet score of the described jet flavour
tagger, Eq. 5. The momentum of the leading strange particle is determined by following the same
procedure as for Fig. 2. The sum-of-weights for each class is normalised to 1 in (a) but is not renormalised
following the application of cuts in (b) through (e).
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Analysis overview & results

See also M. Basso’s talk at Higgs2021

Define
Signal/Bkg

-

e Signal: Z(inv)H(ss)+:

Build Signal
discriminant

s-Yukawa
coupling

)

Z(I1)H(ss)

* Bkg: Most powerful Sum of leading Probe various
Z(inv/I)H(bb,cc,gg), cut on M (see and sub- BSM regimes
Z(qq & semil), extra-slides leading g
ZZ(qqqq &semil), for more strange-jet
ZZ/WW! had), details) score
WW (had) \ J \_ J g W,

\_ J
Z->inv Z->|

The signal efficiency for our selections is 6%
while our background efficiency is 0.001%. The
4f single Z and ZZ backgrounds are the
dominant backgrounds, with ~3,000 events
compared to the ~4 events expected for h -
ss. As with the Z - vwv channel, the h - gg
process is thedominant Higgs background with
~700 events.

The signal efficiency for our selections is 14%

while our background efficiency is 0.005%. Even with
the high background rejection, Z - qq is still highly
dominant with ~16,000 events compared to the ~9
events expected for h = ss. Therefore,
improvements to the sensitivity of the analysisare
expected to be accompanied by improved rejection
of Z - gq. The h = gg process is the dominant Higgs
background with ~400 events.
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Analysis

The jet flavour tagger described in section 4 is applied to a search for SM Higgs
decaying to strange quarks (h — s5), using all of the MC samples described in
table 2. The parameter of interest (POI) for the analysis is the Higgs-strange
quark coupling strength modifier, x,, which tunes the SM h — s5 BR, BR[h —
s8lsm, as:

BR[h — s3] = u(k?) x BR[h — s5]sm, (6)

where BR[h — s3] is the modified BR and pu(x?) is our POI as a function of 2,
given by?:

52

ulrs) = +Z x BRIk = s3sm + (1 — BRI = s3lsm) (7)

The coupling strength modifier is understood within the context of the kappa
framework, the experimental tool for exploring the properties of the Higgs [47,
48]. When ks = 1, the SM BR is recovered.

V. M. M. Cairo
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Table 3: Kinematic selections for Z — vv and Z — #¢ channels of the h — s3

Event Selection

analysis. The selections are grouped into categories serving specific purposes.

Category || Selection Z = vv ] Z U
Number of leptons, Nieptons 0 >4

Object counting Number of jets, Njets >2 >2
Leading 2 leptons are SFOS? — True

Leading jet momentum, p;, € [40,110] GeV | € [60,110] GeV

Subleading jet momentum, p;, € [30,80] GeV € [30,75] GeV

Dijet mass, Mj;
Dijet energy, E;;

€ [120, 140] GeV
€ [125,155] GeV

€ [115,145] GeV
€ [130, 160] GeV

Missing mass, Mpyiss € [75,120] GeV -
2f Z rejection Dijet/missing-p# angular separation, AR;; miss® € [3.1,4.0* -
Dijet azimuthal separation, Ag;; > 1.25 > 1.75
Leading lepton momentum, py, - € [40,90] GeV
Subleading lepton momentum, py, - € [20,60] GeV
Dilepton mass, Mp, - | €[70,100] GeV
Dilepton energy, Ey, - | €[85,115] GeV
Leading jet LCFIPlus BTag score, score{;0 ‘ < 0.20 <0.1
T e Subleading jet LCFIPlus BTag score, score;! < 0.20 < 0.1

h — bb t ” S
Jieg wejection Leading jet LCFIPlus CTag score, score’° < 0.35 < 0.3
Subleading jet LCFIPlus CTag score, score’! <0.35 <03
N 2 — 3 jet transition variable, ys3 < 0.010 < 0.050
o WWimejeckion | &y e i andifionevasiable, gei < 0.002 < 0.005
Number of PFOs in event, Ng§5t € [30,60] € (20, 80]
h — gg rejection Number of PFOs in leading jet, Njpo, € [10,40] € [5,50]
Number of PFOs in subleading jet, Nikoq € [9,37] € [5,50]

V. M. M. Cairo
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ILD Preliminary, L = 900 fb~!
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Figure 17: Fit discriminants for each channel of the SM h — s§ analysis: (0.5x) the sum of the strange
scores for leading and subleading jets, using the jet flavour tagger described in section 4. Each histogram
is produced at the level of the last selection of their respective channel in Table 3. The error bars
represent the MC statistical uncertainties. The sum-of-weights per process is normalised to the SM cross
section. N.B. the h(— s5)Z(— ££/v?) signal is unstacked.
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Figure 18: Scans of the 95% CL, upper limit for the Higgs-strange coupling strength modifier 5, obtained
by varying the choice of the lower thresholds on the discriminants shown in Fig. 17. Also shown are the
signal (i.e., h(— s5)Z(— ££/vv)) and background (i.e., non-h(— s5)Z(— ££/vv)) yields in the resulting
regions.

94



10*{ ILD Preliminary, L = 900 fb™! T MC stat. unc.
— 950 GeV, P(e—, e+) = (—80%, +30% | _
Vs eV, Ple”,e7) = (-80%, +30%) (h = 5)(Z — £8/v7)

2f Z hadr.

2f Z lept.

Af ZZ/WW hadr.
4f WW hadr.

Af ZZ hadr.

4f single Z semilept.
Af ZZ semilept.

h— 99)(Z — £8/vv)

=

Weight

(

(h — other)(Z — £¢)
(h — ce)(Z — £l/v)
(
(

h — bb)(Z — U/vD)
h — uii/dd)(Z — £L/vD)

7 — vb Z
Channel
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~15% weaker
compared to

PID (only 900
fb-1 analysed)
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Alternative score to reduce gluons

« Uncertainty on h—gg rate could be In Z->inv, the total

significant background is 1706, which
has a stat error of 40

The gluons are 34 events

So even 100% uncertainty is
less than the stats

— Assigning £100% uncertainty affects the Z—/I
channel, where the absolute uncertainty is
comparable to the counting uncertainty in data

21 gluon events and 301 total bkg with a stat unc. of 17

Z—-vv channel Z—1l channel

ILD Preliminary, L = 900 fb~! ILD Preliminary, L = 900 fb~" MC stat. unc.
Vs =250 GeV, P(e™,et) = (—80%,+30%)

Vs =250 GeV, P(e™,et) = (—80%, +30%

l():‘ E 102 _

(h — s8)(Z — l])vv)
2f Z hadr.

2f Z lept.

Af ZZ/WW hadr.

4f WW hadr.

Af ZZ hadr.

4f single Z semilept.

Af ZZ semilept.

(h — g9)(Z — Ul]vv)
(h — other)(Z — ()
(h — ce)(Z — tl]vv)
(
(

10? 5
10" 4

10! 5

Weight
Weight

100_
100_

10—1_
1071

h — bb)(Z — t/vv)
h — wii/dd)(Z — 0/vv)

102 T ]
0.0 0.2 0.4 0.6 0.8 1.( 0.0 0.2 0.4 0.6 0.8 1.0

Jet 041 ss - Jet 0+1 gg score [a.u.] Jet 0+1 ss - Jet 0+1 gg score [a.u.]

Provides slightly stronger separation of h—ss from h—gg, but
limits should be explicitly computed to confirm
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Figure B3: ROC curves for each output node of the jet flavour tagger with full PID (“Full PID”), as
described in Section 4, as well as for the jet flavour taggers without PID (“No PID”) and with partial
PID (“PID < X GeV”), as described in Appendix B. The sum-of-weights for each class is normalised to
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Flavour Tagging with ILD
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Sketching the ideal detector...

* dE/dx not useful in Si-driven trackers (a la SiD): it needs ~1 m track length in gas and is
disfavoured for solids including silicon due to the density effect, which suppresses the K/x
difference in the needed momentum range

M. Ivanov / Nuclear Physics A 904-905 (2013) 162c—169c¢
Silicon Inner Tracker Gaseous TPC

= [ T " d -
> | s 160 AL O ALICE
> 500! PERFORMANCE -5 > iy PERFORMANCE
g i . 02/06/2011 o 140 / 18/05/2011
) 1 f5 - PDPD Yo =276 TeV 1 W : B PD-PD [50,=2.76 TeV
% 400! " o o )
! a
n : -
£ 300,

02 0304 1 2 3 45 02 03 2 3 4 567890 20
p (GeV/c) p (GeVic)

%07 0.1
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Sketching the ideal detector...

* TOF also covers only the very low momentum range
* Larger momentum range covered by RICH...
e See also previous presentation by Jerry
Expected /K separation s
A

Barrel dE/dx (n=30, t=1.2cm, 1 bar, 80%He+20%C4H10) - JV's calculation for 90deg
BaBar DIRC performance

Japanese Aerogel Forward RICH - Test beam results (Krizan)

TOP counter for Super Belle (GaAsP photocathode) - Monte Carlo (Inami)

FDIRC for SuperB (3mm pixels, chromatic correction) - Test beam results (JV)

‘Pixilated’ TOF (1.8 m path, sigma = 15 ps) - Test beam results (JV)

'Pixilated’ TOF (1.8 m path, calculation assuming sigma = 25 ps)

'Pixilated® TOF (1.8 m path, calculation assuming sigma = 100 ps)

DIRC-like TOF (1.8 m path, 40cm size, calculation assuming sigma ~ 40ps)

Forward dE/dx (n=30, t=3.5cm, 1 bar, 80%He+20%C4H10) - JV's calculation for 20deg
Focusing Aerogel RICH, 4 aerogel + 1 water layers. - Monte Carlo (Kononov) 47

# of sigmas

Momentum [GeV/c]
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https://agenda.linearcollider.org/event/9458/

Sketching the ideal detector...

* Ring Imaging Cherenkov Detectors (RICH) is the only realistic approach
* Electron lon Collider people making impressive progress with an aerogel radiator, but for
our momentum range, a gaseous radiator is the most promising option
* Requires excellent Cerenkov angle resolution

[
o 2 e 1mrad e Fused Silica (1.5)
Historical 5 s 05 * C,F,, (liquid 1.283
] .5 mrad 614 (liquid 1.283)
Note: 31 02 E o[6.(tot)] total o Aerogel (1.04)
CRID@SLD X é resolution for the ring e C,F,(1.0014) \
used a design R CF, (1.0005) SN
with two >} Optimal for a
: = SiD-like
radiators: a 10 ,
. - experiment
liquid layer of F
CsF1s working in R 30
proximity 20
focusing and a 1 — o -
as volume 1 10 10
g Particle Momentum (GeV/c)
filled with CiFo
Fig. 2. The number standard deviations in = — K separation versus momentum for
different radiators and two different Cherenkov angle resolutions.

A. Papanestis, NIM,A 952 (2020) 162004
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https://doi.org/10.1016/j.nima.2019.03.059

Gaseous RICH with SIPMTs - gas

* Low mass vessel (total detector weight is small compared to CRID @ SLC - no liquid
radiator, no heavy mirrors, etc)

Gas Radiator

: Mirror
Midplane : Array

SiPMTs

6.1.1 Gas choices

(a) Pure C5F15 gas at 1bar requires a detector temperature of 40 °C since the boiling point of this gas
is 31°C at 1 bar. That could prove to be difficult since SiPMs need to be cooled.

(b) A gas choice of pure C4F( at 1bar allows detector operation at a few degrees Celsius since boiling
point of this gas is -1.9°C at 1 bar. This is presently our preferred choice.

(c) A choice of C3Fg gas at 1 bar would allow detector operation even below 0 °C since the boiling point
of this gas is -70.2 °C at 1 bar. However, this gas would deliver insufficient number of photoelectrons
in the geometry shown in Fig. 21 and therefore it was not considered.

(d) A choice of C3Fg gas at 1bar would allow detector operation at -30 °C since the boiling point of
C3Fg is -37°C. The detector’s PID performance will be between CoFg and C4F1¢. It is certainly
worthwhile to look into this solution.
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Gaseous RICH with SiPMTs = performance

e Reach of PID performance depends on the Cherenkov angle resolution
* Effects of chromaticity, bending of tracks, pixel size, tracking precision,

noise, etc.).

* See Jerry’s updates here and here

# of sigmas =
en_eK
og/VN

0y is total Cherenkov
angle resolution = f(p);
it is a total error, which
included chromatic
effect, bending effect,
pixel size effect and
other expected
systematic effects

* 15 cm long radiator; PDE of a hypothetical Si detector has 1.5 x PDEg;pvt-
* This detector does not exist yet.

11/17/21

# of sigmas

C4F10: n-K separation for L=15 cm

New Si
detector

20 30
Momentum [GeV/c]

J. Va'vra

- B =5 Tesla
- B =4 Tesla
& B =3 Tesla
©- B =2 Tesla
-o- B =0.5 Tesla

40

Jv., 11/6/2021
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https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
https://indico.slac.stanford.edu/event/6999/contributions/3065/attachments/1352/3614/3-Expected_performance.pdf
https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf

Gaseous RICH with SiPMTs
= refraction index, mirror reflectivity, PDE

Refraction index of Freons

1V, 10/19/2021

2
1.8 +
1.6 + R
14 | i Tt brad
:7 P> | & C5F12 at 40degC - based on Seguinot's meas.
S - C4F10 at 10degC - LHCb parameterization
i 1 A C2F6 at -10degC - LHCb parameterization
- -
" 03 M‘“““““““““ —» CF4 at 15 degC - LHCb parameterization
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100

g
z
B
3 . I Al+MgF,+ HfO, 15 -
S II Average RICH 2 spherical mirrors +
g BT Al + SiO; + HfO, + 111
E Il Cr20nm + Al 90nm + SiO5 15nm + €
= IV Cr+ Al+SiO; 30nm 1L

60 1 V  Al+MgF, 80nm

VI Al 90nm + SiO, 120nm ‘
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LHCb, JINST 3 S08005, 2008  photon energy (eV)
PDE = Photon detection efficiency:

PDE = FF x QE(A) x P(Vijae )

QE(A) — QE of Si

FF — Fill factor within one SiPMT

Pr(Viias A) — Trigger efficiency

In addition, a SiPMT array has losses due to gaps

between pixel elements.
Jerry used 65% in his calculations, could jump to
100% with back-illumination. 107



Gaseous RICH with SiPMTs = performance

Gas RICH with CsF12, CsF10 and C2Fs ™ Gas RICH Performance - TMAE vs. SiPMTs e
40.0 = 1 >
— C5F12 at 40 degC § 09 L L o AAMAMMAMAMAAAMAAAL -
35.0 — CAF10 at 10 degC & ; B AR |
o = C2F6 at -10 degC ? 08 1 o SiPMT PDE (Hamamatsu)
i 07 4 -0~ Transmission of C5F12 gas radiator

25.0 g -A- Mirror reflectivity (AI+Cr+MgF2)

! 'g 0.6 + -= SiPMT array packing efficiency

% 20.0 ! £ 05 i -8 Final efficiency

| = ‘ o QE TMAE
154G : 5 o041

! =

! £ 03+
10.0 1 &

/ g 02 +

5.0

: E 0.1 +
0.0 0 A : : : : : : :

15 20 25 30 35 40 45 50 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Radial distance [cm] Wavelength [A]

C,F,, seems a possible solution with Much better Cherenkov Photon
SiPMT readout even for Detection efficiency over a wider
20-25 cm radial distance! wavelength compared to TMAE

Why didn’t we do this before?
No SiPMT!
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Gaseous RICH with SiPMTs = performance

Gas RICH with CsF12, C4F10 and C2Fs 1¥. 10/19/2021
N 1V., 102612021

C4F10: Number of detected photons

= C5F12 at 40 degC
= C4F10 at 10 degC
e C2F6 at -10 degC
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Figure 23: (a) Calculated number of photoelectrons per ring as a function of radiator length L. (b)
Calculated number of photoelectrons and (c) Cherenkov angle as a function of momentum for pions,
kaons, and protons. One can see that the kaon threshold is ~10GeV for C4F;o gas and the expected
number of photoelectrons per ring is about 16 for L = 25cm and S ~ 1.
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Fig. 7.6. Transverse momentum resolution for single muons as a function of momentum
at fixed polar angle § = 10, 30,5070 and 89° (left); Impact parameter resolution for single
muons as a function of polar angle, at fixed momentum p = 1, 10, and 100 GeV (right). The
dashed lines show the resolution goals.

May 2022 V. M. M. Cairo
VMM CAIY?O

111 11



Gaseous RICH with SiPMTs = performance

e Reach of PID performance depends on the Cherenkov angle resolution
* Effects of chromaticity, bending of tracks, pixel size, tracking precision,
noise, etc.).
* See Jerry’s updates here and here

Total Cherenkov angle error in CRID for L =45 cm

e Chromatic error with CsF12/N, gas and TMAE: ~0.4 mrad

« Pixel size effect: ~(0.15cm/V12)/(1.5 x 45 cm) ~0.48 mrad

* Error due to track bending: ~1-2 mrad

 Mirror misalignment: ~0.5 mrad

* Gas pressure variations, flow changes, distortions, etc.: a few mrad

* Total: 65~ 4.3 mrad (per single photoelectron)
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https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf
https://indico.slac.stanford.edu/event/6999/contributions/3065/attachments/1352/3614/3-Expected_performance.pdf
https://indico.slac.stanford.edu/event/7010/contributions/3120/attachments/1379/3665/4-Expected_performance.pdf

Gaseous RICH with SiPMTs = performance

* Track bending effects: here

* Photon can be produced anywhere along the track segment along path L, which smears
the Cherenkov angle

* Bending effects have been evaluated for various 64, = 90°, 86°, 70°

Jerry’s sketches v,

x/' Pr

YN

..-

* Cherenkov cone rotates in 3D !
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Smearing effects in CRID

z [cm] A6, = 0 (pion)- 6 (Kaon) = 5.2 mrad
<« >

16 200 tracks edip = 4°

Pi 800 P=20 GeV/e

ions
14 Kaons Pions B = 0.5 Tesla
600

12+ 1 400 st.dev. (pion) = 0.53 mrad
10 o

7 7 0, [mrad]

u . R . . ® X [cm] g 40 50 60 70
(a) (b)

Figure 23: Smearing effect in the SLD CRID gaseous RICH for 84i, = 4°,
p = 20GeV, B = 05T, and L = 45cm. (a) Cherenkov rings imaged as
2D-hits, {Zfnailt], 2finall?]}, in the SiPMT detector plane with no cuts and
no fitting, showing the smearing effect alone. (b) A plot of the Cherenkov
angle . = (Cherenkov radius) / (focal length), where the Cherenkov radius
= v/(Zainal[f] — 70)? + (26inal[i] — 20)%. We tune zy and zo to obtain the smallest
possible standard deviation.
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Smearing effects in RICH at SiD/ILD

z [cm] A0, = 0 (pion)- 6(Kaon) = 6.1 mrad
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[ P=20GeV/c
3l 300
[ ) Kaons Pions B =5 Tesla
[ Pions
2| "
[ st.dev. (pion) = 1.1 mrad
[ 100
1k
[ 6, [mrad]
o N L SN %% 0 0 60 7
-3 -2 -1 0 1 2 3 4
X [cm]
(a) baip = 4
z [em] A0, = O(pion)- B(Kaon) = 6.1 mrad
= I————_———. PR =
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[ 1 100
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(b) Gaip = 20
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had 200 tracks ‘ %00 P=20GeV/e
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Ottt o 50 & 1
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(C) Bdip = 50°

Figure 24: Smearing effect in the SiD/ILD RICH for p = 20GeV, B = 5T,
and L = 25cm. Cherenkov rings are imaged in the detector plane and plots
of all 2D-hits, {Zgnai[t], zanailt]}, with no cuts and no fitting are shown for (a)
Gdip = 40, (b) Gdip = 200, and (C) 0dip = 50°.
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Smearing effects in RICH at SiD/ILD

. [deg] . [deg]
- : . R
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Xfinal [cm] Zfinal [cm]
(b) Gdip - 500

Figure 25: Smearing effect in the SiD/ILD RICH for p = 20GeV, B =5T, and
L = 25cm. The effects manifests itself as a variation in the Cherenkov angle

resolution in x and z final positions as a function of Cherenkov azimuthal angle
¢ for (a) O4ip = 4° and (b) fa;p, = 50°.
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Gaseous RICH with SIPMTs = performance

z [cm] 20, = 0(pion)- 0(Kaon) = 31.5 mrad
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I tracl { i
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X [em] . epe . .
significant contribution to
b) p = 30 GeV
(b) P PID at 30 GeV

Figure 26: Smearing effect in the SiD/ILD RICH for 64;, = 4°, B = 5T, and
L = 25cm. Cherenkov rings are imaged in the detector plane and plots of

all 2D-hits, {Zfnai[?], Zfnai[¢]}, With no cuts and no fitting are shown for (a)
p=10GeV and (b) p = 30GeV.
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Do SiPMTs actually work at S Tesla ?

e Contact Robert Klanner.

* My question to him: Did anybody tried to run SiPMTs at 4-5
Tesla ? Would they work ? In this application, the field would

be tangential to face, i.e., SiPMTs would be placed on a barrel.

e His answer: No effects are expected. Measurements at 7 T:
S.Espanacetal,

https://core.ac.uk/download/pdf/30044497.pdf (NIM)

Greetings,
Robert

11/17/21 J. Va'vra

May 2022 V. M. M. Cairo
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Compressed Tracker

| Outer

timing

Tracking

Inner timing

K Stefanov, Pixel tracker for SiD,
LCWS2021

(first proposed at LCWS Sendai,
2008)

May 2022

Tracking layers are ~0.6% X, per layer

50 um pixels, 5-bit amplitude digitisation, giving 5 um precision in r¢
and z
* This needs to be simulated — delicate balance between
thickness of epi layer and depletion depth

<100 W dissipation, so air cooled

Timing layers (150 um pixels, O(ns)) are close to ECAL, so material
less critical

500 W dissipation, so air cooling may be OK (based on recent CLIC
studies)

Layout of Barrels 1-5 directly follow the old SiD microstrip tracker. It
may be possible to reduce somewhat the radius of the pixel tracker,
while preserving adequate performance for physics (to be
simulated).
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https://indico.cern.ch/event/995633/contributions/4259381/attachments/2209193/3738524/Konstantin%20Stefanov%20LCWS2021%20%2816%20Mar%202021%29.pdf

Comparison with previous SiD Tracker

SiD Vertexing+Tracking Detector

©@ xyRes[m] zRes [m] radialPos [m]
#SiD based on ILC TDR https://arxiv.org/pdf/1306.6329.pdf
#vertexing detector (section 2.2 for position and for the material "The simulation described in the following chapters assume
s 0.1% radiation length per layer excluding cables and 20 x 20 um pixels for the forward tracker disks"
0.001 5.0e-6 5.0e-6 0.014
0.001 5.0e-6 5.0e-6 0.022
0.001 5.0e-6 5.0e-6 0.035
0.001 5.0e-6 5.0e-6 0.048
0.001 5.0e-6 5.0e-6 0.060
#tracking detector (section 3.2 for position, 3.3.1 for material "Excluding overlaps, the material presented by a single barr
el layer is approximately 0.9% X0 for tracks at normal incidence")
#strips of 25um in the sensitive direction, so we use 7um pitch
0.009 7.0e-6 1.0e-4 0.22
0.009 7.0e-6 1.0e-4 0.47

0.009 7.0e-6 1.0e-4 0.72 |s this z resolution reasonable?
0.009 7.0e-6 1.0e-4 0.97

0.009 7.0e-6 1.0e-4 1.22

Strange Detector: same vertexing as SiD + squarePixelTracker
® xyRes[m] zRes [m] radialPos [m]

fvertexing detector (section 2.2 for position and for the material "The simulation described in the following chapters assume
5 0.1% radiation length per layer excluding cables and 20 x 20 um pixels for the forward tracker disks"

).001 5.0e-6 5.0e-6 0.014

).001 5.0e-6 5.0e-6 0.022

).001 5.0e-6 5.0e-6 0.035

).001 5.0e-6 5.0e-6 0.048

).001 5.0e-6 5.0e-6 0.060

ftracking detector (using same positions as SiD)

). 006 5e-6 5e-6 0.22

).006 5e-6 5e-6 0.47

).006 5e-6 5e-6 0.72 ong g 5 o
).006 5e-6 56-6 0.97 Same position as in SiD, only changes are: rad length & resolutions

).006 5e-6 5e-6 1.22
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Momentum Resolution

B=5T
- SiD.txt, eta=0.0, mass=0.106
0.0030 - StrangeDet.txt, eta=0.0, mass=0.106
., 0.0025 A
S
=2
g
g 0.0020 -
@
0.0015
0.0010 L— - -
10? 10°
PT Gev

https://arxiv.org/pdf/1306. 6329 pdf

Figure 11-3.9
Normalised transverse
momentum resolu-

tion for single-muon
events in SIDLOI3 as
function of momen-
tum. The dashed lines
indicate a fit to the
parametrisation given
in Equation 1I-3.1.
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Theta=90 = eta=0, so focus on blue line for

comparison

Results from our tool are compatible with

ILC TDR

(please note that ILC TDR shows
sigma(pT)/pt2, while we show sngma(pT)/pt)
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d0 Resolution
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Figure 11-3.10

Impact parameter res-
olution o (dp) (left)

and o(2g) (right) for
single muon events in
SIDLOI3 as function of
the polar angle 6.
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Theta=90 = eta=0

Results from our tool are
compatible with ILC TDR

V. M. M. Cairo
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2z Resolution

B=5T
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BRI
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] 1025_ ° ""%m - p =100 GeV E
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L ——c Results from our tool are compatible
E H“MM L"‘MWNE . .
L " i with ILC TDR at low pT, not very precise

0 at higher momentum
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TMAE

https://books.googl

e.fr/books?id=VV906
DAAAQBAJ&pg=PA
60&Ipg=PA60&dqg=
TMAE+RICH&sourc
e=bl&ots=gFHVLGO
Ulp&sig=ACfU3U0n
60eMOqgP-DK-
bDgbA2ZzRQjXXyw
&hl=it&sa=X&ved=
2ahUKEwj80MTxm
unzAhUKKBoKHf33
AQgQ6AF6BAgLEA
M#v=onepage&q=
TMAE%20RICH&f=f
alse

May 2022
VMM CAI&O

2.4 TMAE

For many years, photosensitive gaseous detectors used the photosensitive vapours described above:
benzene, toluene, TMA, TEA or EF. Other vapours were also tested, but with less favorable results, e.g.
cis-2-butene (E = 9.35 eV), acetone (E= 9.65 e¢V), ammonia (E= 10.3 eV), isobutane (E= 10.6 eV),
DMA (E=8.3 eV) etc.

The real boom in this field happened when David Anderson introduced tetrakis (dimethylamino)
ethylene, a vapour more often called TMAE and pronounced “Tammy” (Anderson, 1980). TMAE has
a photoionization potential as low as 5.36 eV, and it is photosensitive to photons with a wavelength of
up to 231 nm. It is an oily fluid with a melting point of -4°C. It was originally used and manufactured
by US Naval Ammunition Department (Nakato, 1972). TMAE oxidizes rapidly in air and produces a
strong fluorescence light. In large quantities it can light up the whole sky, which is probably why it was
of interest for military use.

During oxidation in air TMAE also produces a dense white smoke. Actually, a bottle of TMAE closed
down the international airport of El Paso, Texas, for 7 hours in 1993. One of the authors (T. Francke) had
a bottle of TMAE shipped from CERN to the US to be used in a space experiment. The transportation
firm dropped the package at El Paso airport and the bottle of TMAE broke. Unfortunately, it broke just
next to an air inlet for the ventilation system and the thick white smoke quickly filled the whole airport.
No one was injured. This put TMAE on the front page of El Paso Times.

G. Charpak describes his first encounter with TMAE in his book “Research on particle imaging
detectors™ (Charpak, 1995):

He (D. Anderson) had found a prolific stock in the US Army of tetrakis (dimethylamino )-ethylene (TMAE),
which has the lowest ionization potential, 5.36 eV, of all known vapours. In the liquid form it was easy to
obtain in large quantities. The vapour pressure was easy to control at moderate temperatures and it had
considerable quantum efficiency in the VUV range. I invited him to join our group at CERN. He came

with his own counter and found the support of a group which had some expertise in gaseous detectors.
He discovered with us that in high-energy physics the small overlap between the emission spectrum of
BaF, and the range of sensitivity of TMAE vapour was sufficient for the conception of a new style of
fast electromagnetic calorimeters.

However, TMAE found its most important use in RICH detectors rather than in calorimeters. The low
ionization threshold of TMAE allowed a wide choice of solid, liquid and gaseous Cherenkov radiators
combined with cheap, large area fused quartz windows. One of the most impressive implementations of
a TMAE based detector was the DELPHI RICH detector built at CERN. This detector as well as some
other Cherenkov detectors which used TMAE will be described in great detail in the application chapters.

The TMAE vapour pressure at room temperature is not as high as for TMA and TEA, see Figure 8,
but it is much higher than for EF. Nevertheless, for efficient recording of UV light a detector filled with
TMAE should be heated, typically to 40-@.) I\’E M. Cairo
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https://books.google.fr/books?id=V9o6DAAAQBAJ&pg=PA60&lpg=PA60&dq=TMAE+RICH&source=bl&ots=gFHVLGOUIp&sig=ACfU3U0n6oeMOqP-DK-bDqbA2ZzRQjXXyw&hl=it&sa=X&ved=2ahUKEwj80MTxmunzAhUKKBoKHf33AQgQ6AF6BAgLEAM

SLD

05T

https://indico.slac.stanford.edu/event/6617/contributions/1443/attachments/683/1978/s-tag-SLD.pdf

SLD Detector Kaon production

Fraction of /K/p in Z° Decays

* CCD pixel vertex P .. ......... | .
detector - 3 T
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_ Imagine on | Lmmriiee T T N 3
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g separation for o ; -tre ] «f
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Z%->hadrons bb/cc/ss/uu+dd ~22/17/22/39%
High momentum K*-, K%, A are primary s-tag signatures
3
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SLD CRID Perfomance
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Figure D1: (a) w/K/p fractions determined by the SLD CRID [63]. (b) Dif-
ferential cross sections as a function of hadronic momentum fraction z, per
hadronic Z° decay, by all SLD detectors [64].
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ILD & SiD https://linearcollider.org/files/images/pdf/Executive%20Summary.pdf
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Two examples:
IDEA @ FCC-ee & ILD @ ILC

IDEA @ FCC-ee ~ ILD @ ILC
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https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://arxiv.org/pdf/1912.04601.pdf

Two examples:
IDEA @ FCC-ee & ILD @ ILC

IDEA @ FCC-ee ILD @ ILC
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Comparable dE/dx performance at e.g. 20 GeV, boost from dN/dx
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Strange Tagging with IDEA

Variable Description
Kinematics
Eoonst | Bt energy of the jet constituent divided by the jet energy
0.1 polar angle of the constituent with respect to the jet momentum
Orel azimuthal angle of the constituent with respect to the jet momentum
Displacement
dzy transverse impact parameter of the track
d, longitudinal impact parameter of the track
SIPyp signed 2D impact parameter of the track
SIPsp /oap signed 2D impact parameter significance of the track
SIP3p signed 3D impact parameter of the track
SIP3p/o3p signed 3D impact parameter significance of the track
dsp jet track distance at their point of closest approach
dsp/0dy, jet track distance significance at their point of closest approach
Cj; covariance matrix of the track parameters
Identification
q electric charge of the particle
Mt o.f. mass calculated from time-of-flight
dN/dx number of primary ionisation clusters along track
isMuon if the particle is identified as a muon
isElectron if the particle is identified as an electron
isPhoton if the particle is identified as a photon
isChargedHadron if the particle is identified as a charged hadron
isNeutralHadron if the particle is identified as a neutral hadron
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Strange Tagging with IDEA
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Strange Tagging with IDEA

https://arxiv.org/pdf/2202.03285.pdf
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jet tagging efficiency

3 layer config: 1st layer at 1.5 cm
4 layer config: 1st layer at 1.0 cm
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Strange Tagging with IDEA ™

e Use a Graph Neural Net ParticleNetldea: jets represented as an un-ordered set of particles

* Trainon (Z = inv)(H —= qq/gg) samples, per-jet and per-particle level inputs & variables
(kinematics, displacement, identification)

* TOF and dN/dx (30 < 30 GeV) considered Could probably be removed and show only the ILD
e Fast Simulation and Fast Tracking work
FCC-ee Simulation (IDEA) FCC-ee Simulation (IDEA)
2 1E R Py 1E /SR T A T I
E : e*'e_'—>§H, Hb—>jj & téagging T_au E e‘te'—»?H, H—jj : : E
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—> at fixed mistag,
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Gluon Tagging with IDEA

FCC-ee Simulation (IDEA)
P 1F LA FE S B S B
= - e'e = ZH,H—jj o '
S - . g tagging
i e i j=u,d,8¢b:0 ‘
e - :
- 107"
ke, :
R ¥
= i
“ -
2
T . B o T B
1077 E —gvsud=
N -=gVSsSS
i —=gvsc |
10-3 | ! 1 Il Il Il Il Il | 1 I—lglvslbl
0 0.2 04 0.6 0.8 1

jet tagging efficiency
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F. Grancagnolo’s slides
d N/dx 2105.07064

* Cluster counting (dN/dx): counting the multiplicity of the primary ionization clusters
produced along the track in gaseous detectors Move to back-up? And only add a note in the

previous slide aboyt the existing of this method

Particle separation vs cluster counting efficiency
(2 m track)

10

..... mu/pi d4/dx at 1.0 GeV/c

9 e mu/pi dN/dx at 1.0 GeV/c
8 i at 3.0 GeV/c "
 ; ,
e pi/K dN/dx at 3.0 GeV/c /
°°°°° K/p dE/dx at 6.0 GeV/c
K/p dN/dxat 6.0 GE‘VfC_/

~N

# of sigma

O R, N W H U1 O

cluster counting efficiency

Potentially, x2 better than dE/dx
* o(dE/dx)/(dE/dx) =4.3%
* 80% cl.counting efficiency o(dNa/dx)/(dNa/dx) =2.3%
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F. Grancagnolo’s slides

dN/dx oo

* Cluster counting (dN/dx): counting the multiplicity of the primary ionization clusters
produced along the track in gaseous detectors

* Based on analytical calculations,
longstanding efforts to demonstrate
benefits and feasibility!

Particle separation vs cluster counting efficiency

(2 m track) i ) .
10 Taams S P— * Garfield++ can describe properties
9 e mu/pi dN/dx at 1.0 GeV/c .
A a3 G and performance of a drift chamber

e ni/K dN/dx at 3.0 GeV/c
""" K/p dE/dx at 6.0 GeV/c
K /p dN/dx at 6.0 GeV/c

single cell, but not suitable to
simulate large-scale detectors and
study collider events, which instead

relies on Geant4
e Various algorithms studied, none of

them reproduces the predictions
0 0.2 0.4 0.6 0.8 1

cluster counting efficiency perfectly - Set up test beams
* Use the results to tune cluster

Potentially, x2 better than dE/dx counting in Delphes and Full Sim
* o(dE/dx)/(dE/dx) =4.3%
* 80% cl.counting efficiency o(dNa/dx)/(dNa/dx) =2.3%

~N

# of sigma

O R, N W H U1 O
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2203.07535

Sketching the ideal detector...

TOF or dE/dX have great PID capabilities, but cover only the low momentum regime (unless
very large tracker volumes are used)

Expected p/K separation ¥ dzeioz 5§ F B
10 : : = e 1mrad ® Fused Silica (1.5)
- SuperB Barrel drift chamber 'dassic’ dE/dx at 90 deg (n=30, t=1.2cm, 1 bar, 80%He+20%C4H10) — .
°

9 - — - BaBar DIRC performance 8 » 0.5mrad CGFM (“qUId 1283)
@ -= SuperB 'pixilated’ TOF (1.8 m path, sigma = 15 ps) - based on test beam results 8 1 02 y o[6(tot)] total ®  Aerogel (1.04)
E 8 e SuperB forward detector 'dassic' dE/dx at 45deg (n=30, t=2.3cm,1 bar, 80%He+20%C4H10) ¢ E resolution for the ring . C4F10 (1.0014)
.21) 4~ SuperB forward detector with 'duster counting' at 45deg (n=30, t=2.3cm,1 bar, 80%He+20%C4H10) ‘\_: B I
: 7 ® SuperB forward detector with 'duster counting' at 45deg (n=30, t=2.3cm,1 bar, 95%He+5%C4H10) = 20 ° CF4 (1 0005)
e 6 O ILDTPC ‘classic' dE/dx (n=220, t=0.6cm, 1 bar, Argon-based gas) o - (|
:&:/ -4~ Belle-II TOP DIRC-like counter - MC simulation z G eV
g 5 -0~ SuperB 6-layer Aerogel RICH - MC simulation (Kononov) 1 O — 1
= o
< ol - eV
- 4 B 1 T e = e
g oL B} Rq B i E— === B h\ 30
g 3 0 = 5 \;\\\ AN 20
a N
~ o
a 2 J\\é :“ e 1 | 1 1 M " LBl L0, "

v
2
11 1 10 10
Particle Momentum (GeV/c)
0 -
0 5 10 15 20 25 30

Fig. 2. The number standard deviations in = — K separation versus momentum for
different radiators and two different Cherenkov angle resolutions.

Momentum [GeV/c]

A. Papanestis, NIM,A 952 (2020) 162004

Ring Imaging Cherenkov Detectors (RICH) is a favourable approach at high momentum
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2203.07535

TOF for various resolutions

https://agenda.linearcollider.org/event/8067/contributions/43101

Separation power p/K
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Sketching the ideal detector...

Cherenkov radiation is light produced when a charged particle
traverses a medium with a refractive index at a speed higher than the
speed of light in that medium. The threshold speed for the production
of Cherenkov radiation depends on the refractive index and is given by
the equation:

_ b _ 1
Where n is the refractive index and n(4) shows the dependence on the
wavelength.

The light is emitted at an angle that depends on the particle speed
and refractive index:

cosf, = —— (2)

The emitted photon spectrum is continuous, the number of photons
per unit length depends on the square of the charge and is given by the
equation:

N
photons a . D
= v A / sin®0,(E)dE 3)

Maximizing the number of detected photons is of particular interest
as it can improve the measurement of the Cherenkov angle and the
particle identification.

v 2022 A. Papanestis, NIMA 95392020) 162004
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Sketching the ideal detector...

For two particles well above the Cherenkov threshold the sig-
nificance of the identification depends on the particle masses, the
refractive index of the radiator and the resolution of Cherenkov angle
measurement and can be approximated with [3]:
Im} — m3|
N, ~

2P%5[0,(to)]Vn? -1
where N, is the number of ¢ in particle differentiation, P is the particle

momentum and o[6,(tor)] is the total resolution for the ring and includes
the chromatic effect and the number of photons per ring.

—_— - ~

(4)

' 14
VMM CAIRO A. Papanestis, NIl.A §532020) 162004 Lo
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RICH

Gas RICH with CsF12, C4F10 and C2Fs i

40.0

— C5F12 at 40 degC
= C4F10 at 10 degC
= C2F6 at -10 degC

35.0

30.0

25.0

Npe

1
1
1

20.0
1
1
15.0 3
1
1
10.0 I
1
1

5.0
1
1

0.0
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Radial distance [cm]

(2)
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Cherenkov angle [mrad]

10

Calculated for B =1 particles

40 45 50

C4F10: Cherenkov angle

] A
|
a
A
] A
A
BAAAAAA
10 20

Momentum [GeV/c]

(c)

30

Mpion = 140 MeV
Mkaon = 500 MeV
Mproton =1 GeV

1V, 10/26/2021

C4F10: Number of detected photons

:—1

@ Pions
& Kaons
-4 Protons

SiPMT
30 40 50
Momentum [GeV/c]
(b)
a—a %
@ Pions COS oc prl

oo Bn(A)

A Protons

40 50

Figure 25: (a) Calculated number of photoelectrons per ring as a function of radiator length L. (b)
Calculated number of photoelectrons and (c) Cherenkov angle as a function of momentum for pions,
kaons, and protons. One can see that the kaon threshold is ~10GeV for C4F;o gas and the expected
number of photoelectrons per ring is about 16 for L = 25cm and 8 ~ 1.
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PID

https://www.slac.stanford.edu/~jjv/activity/Vavra lecture Ill.pdf

Summary of PID techniques for SuperB

m My personal comment

dE/dx - charge integration

FDIRC RICH

TOP counter

(latest version: pixelized)

Forward Aerogel RICH

Forward TOF
(pixelized)

Forward TOF
(DIRC-like)
12/10/2009

Now a standard technique; good n/K PID bellow ~0.8 GeV/c; no PID near cross-over near ~1
GeV/c; relatively poor PID performance in the relativistic rise region above 1 GeV/c

Thanks to focusing features, the focusing optics is much smaller than the SOB in BaBar; new
MaPMTs will allow compact and highly pixelized detector, thus improving the angular
resolution; absence of water will make the maintenance easier; the size and much faster timing
will help the background issues; a timing resolution of o ~200ps will allow the chromatic
corrections; the overall performance should be better than that of BaBar DIRC by 20-30% ?

“On-paper” performance about the same as that of FDIRC; however, the MCP-PMT detector
must deliver a TTS resolution of o ~40 ps for the scheme to operate; tO must be also good to
~25 ps; possibly large rate load on pixels if backgrounds large; sensitive to chromatic effects;
GaAsP photocathode probably will not be avaolable; timing MUST work !

Truly excellent PID performance for~0.2-10 GeV/c; one really does not need this much of
performance; large number of MCP-PMTs operating at high gain in a high rate environment - as
of now unexplored challenge; large number of pixels; mass in front of calorimeter.

Good for /K PID bellow 2-3 GeV/c; it has a better chance to work than the DIRC-like TOF
scheme; large number of MCP-PMTs required; more expensive; nobody has done it on such a
large scale before; aging and rate effects reduced by running a very low gain on these tubes; to
reach o ~25ps will require a large effort as everything has to be done right, including a t0 signal;
to reach o ~ 50ps is easier, still a lot of work !!

Good for /K PID bellow 2-3 GeV/c; must have tracking; very difficult data analysis; MCP-
PMT have to run at high gain; aging & rate effects more difficult than in the “pixilated” TOF
scheme.

J. Va'vra, Frascatti PID lecture III

V. M. M. Cairo
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PID Performance of the Compact RICH with SIPMTs

 Smearing effects increase with magnetic field and dip angles while decrease with
momenta.
 The contribution of various effects has been estimated, see much more in the

back-up slides

Single photon error source SiD/ILD RICH detector | SLD CRID detector
[mrad] [mrad]
Chromatic error ~0.9 ~0.4
Pixel size error (1mm? - 3mm?) 0.8-2.3 ~0.5
| Smearing effect due to magnetic field 1.5-2.5 B=5T ~(0.5 B=05T
Mirror alignment <1 ~1
Tracking angular error <1 ~0.8 [9]
Other systematic errors a few mrad a few mrad
Total <3 ~4.3

May 2022

These results justify a full Geant 4 simulation!

V. M. M. Cairo
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https://indico.cern.ch/event/995850/contributions/4406336/attachments/2274813/3864163/ARC-presentation.pdf

Collider RICH layout

* To be concrete, based the design on the current CLD experiment
concept for FCC-ee [N. Bacchetta et al., arXiv:1911.12230]

* Target a radial depth of 20 cm, and material budget of 10% X,

CLD tracker

9

2.2 m

Barrel

deopu3

Roger Forty

May 2022

RICH pressure vessel
(Barrel + Endcaps)

= solids of revolution

around the beam axis

Tracker would need

to be re-optimized using
10% less radial space
(already studied in

Appendix B of CLD note:
intended to make calorimeter

L
—

smaller and save money...)

2.

z[m]

ARC: a solution for particle ID at FCC-ee

V. M. M. Cairo

A quarterof CLD =
ok

E\; 30 ! [ ] O'mn Iuckl'r =1
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Pressure vessel N

* Lightweight vessels for cryostats currently
under intensive R&D, strong synergy with
aerospace (e.g. for composite fuel tanks)

0 2.5e+03 Se+03 (mm)
1.25e+03 3.75e+03

0 2e+03 4e+03 (mm)
— —
1e+03 3e+03

Endcap

Corrado Gargiulo,
ECFA TF8, 31/3/2021

* Working group in CERN-EP future detector
R&D programme led by Corrado Gargiulo
who also convenes related Task Force on
Integration for the ECFA R&D Roadmap

- Corrado has developed a first design: 000 150000 300000 (o) —o o

E——
750.00 2250.00

Roger Forty ARC: a solution for particle ID at FCC-ee 6
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Construction

* Propose to use carbon-fibre composite
sandwich with foam core: stiff + light

Sandwich Skin

cCore
Skin

* 12-fold symmetry adopted for stiffening ribs - sectors
Two options for construction, to be further analyzed:

1. Vessel constructed as single unit, detector elements
inserted from outer-end for each sector, on rails

2. Sectors each constructed separately, then integrated
to form overall vessel - smaller units to be constructed,
but would expect slightly higher material budget for the walls

si 97.75

h
b
=
U]

- M10

90

5
\;
[

Ai lA

20

\

A\

Side-view at end:

N
o o §1 : IE removable semi- 200
| elliptical caps
Flange at outer-end, coupled -
to wall (both 20 mm thick '
( ) A-A Flange -
Roger Forty ARC: a solution for particle ID at FCC-ee 7
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Finite-element analysis

* Performed by Corrado using ANSYS, at
4 bar pressure, i.e. less than bicycle tyre
but large volume:
~ 8.8 m3 (Barrel), 1.7 m3 (each Endcap)

e Maximum deflection of walls under
pressure: 4mm (Barrel), 7mm (Endcap)
Safety factor = 2*, may need further
checks to ensure compliance with
pressure vessel safety regulations

* Achieved with 20mm-thick walls, with
remarkably low material budget: 2.7% X,
(per wall); room for further optimization
e.g. more aggressive material option
available (UHM + honeycomb: 1.8% X,,)

* R&D needed to ensure leak tightness of
CF walls (linerless), out-of-autoclave

curing to avoid need of large autoclave, etc.

Roger Forty

May 2022

S: Barrel_Sandwich
Total Deformation
Type: Total Deformation
Unit: mm
Time: 1

. 4.24 Max
377
33
283

236
. 1.88

14
0.942

I 0471
0 Min

T: Eigenvalue Buckling

Total Deformation

Type: Total Deformation

Load Multiplier (Linear): 2.3591
Unit: mm

1.04 Max

. 0.92
0.805
0.69

0.575
. 0.46

L 0.345
023

l 0.115

0 Min

*Taking into account only pressure load: complete set of loads +
boundary conditions must be considered for detailed analysis

E: Endcap_Sandwi
Total Deformation
Type: Total Deform
Unit: mm

Time: 1

. 6.88 Max
6.12
535
459

383
E 3.06
23
153
I 0.77
0.0063 Min

External wall hidden

ARC: a solution for particle ID at FCC-ee 8
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Detector cell

* Challenge to arrange optical elements so that Cherenkov light focused
onto a single sensor plane, as the detector radial thickness is reduced

* Concept inspired by the compound-eye of an insect: tile the plane
with many separate cells, each with its own mirror and sensor array

* Use spherical focusing mirrors: focal length = radius-of-curvature/2
- select radius-of-curvature R = 30 cm for radiator thickness of 15 cm

~27 em

—_—
Composite vessel wall

Focusing mirror

20 cm . Radiator gas

"'. Aerogel

Photosensdr array

OIS Cefn e

B e ——

ARC detector (one cell)

Roger Forty

May 2022

=

T e OV
Insulation + support

ARC: a solution for particle ID at FCC-ee

V. M. M. Cairo

Simulate tracks
from IP crossing
detector uniformly
over acceptance
and ray trace
Cherenkov photons
to sensor plane:
(here for 8= 90°)

Ring radii = R-0./2
=1.5cm (3.6 cm)
for gas (aerogel)

https://www.findlight.net/blog/2019/01/23/artificial-compound-eyes/

Detected photons from:
aerogel + gas at high p /10/5 GeV

Yger (€M)

10 x 10 cm? sensor plane
-8 | (area required is still to be optimized)
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Optical layout

* As move away from normal incidence, i.e. 8= 90° (Barrel) or 0° (Endcap), need to adjust focusing

Either mirrors kept parallel, radius-of-curvature adjusted

; or tilted and/or parabolic mirrors (L)

For first solution, add a plane mirror at the end, to keep ring images inside the detector volume

( - e j;D Barrel
......... //(nr—'nw-—mm e ST W B A
K\ ; p r'\ side view
/ Easier to integrate cooling plate and Ser\150r array ?ooling plate I}/Iirror outline ﬁ
/ aerogel if sensors lie on a plane i "B h E / .\ E B
But focusing quality might oblige ~ » |
( / tilting — optimization in progress = ! H H BN n .\ = e Endcap
1 - ~105 cm | ;
28 (11) cells per Barrel (Endcap) sector HE B B l H N \ H N
24 (24) sectors - 936 cells in total | | l |
(l 1% HE B B B N BN
If each has 10x10 cm? sensor array -
- ~ 10 m?total area to instrument
Barrel sector plan view
\_/
Roger Forty ARC: a solutio;\ﬁ‘(ﬁ’éarticle ID at FCC-ee 15
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Alternative layouts

* Current proposal has been outlined assuming the use of aerogel is necessary for thermal insulation of
photosensor + readout electronics from gas volume: named ARC, for Aerogel RICH Cellular detector

4 cells to a sector /”’”—\\
(transverse view) /\/\ 7\
o — . S —

Aerogel tiles /\ 20 cm

~105cm

o

* |f (with further study) a photosensor is found which could operate at the same temperature as the gas,
or e.g. if higher momentum range is targeted for the particle ID, then the aerogel might not be needed
- the radial depth could be squeezed further using a similar “cellular pressurized RICH” design:

e.g. 6 cells to a sector m i

— ~— 15 cm might then be possible?

J

Roger Forty ARC: a solution for particle ID at FCC-ee 18
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ARC vs Compact RICH

ARC

Compact RICH

C4F10 at 3.5 bar
~10% X0

SIMPTs at -30
(CAF10 condenses at +2degC. Aerogel on top of
SiPMT will act as an insulation/radiator.)

Gaps between active SiPMT sensor segments

chromatic error ~0.5 mrad (possibly having
Aerogel helps as it is acting as a UV filter, thus
removing part of the wavelength acceptance and
therefore reducing chromatic error.)

tracking resolution ~0.3 mrad

1 mrad for angular resolution thanks to 0.5mm~2
pixels
No smearing due to magnetic field (2 T)

25 photoelectrons for 20 cm (higher QE using
NUV-HD SiPMTs)

SIMPTs with 10 ps timing resolution

C4F10 at 1 bar
~4-5% X0

SIMPTS at room temperature

continuous coverage with only small gaps between
SiPMT sensors (similar to CRID)

chromatic error ~0.9 mrad

tracking resolution ~0.8 mrad based on SLD
experience

error from final size pixels ~0.8-2.3 mrad if we use
1mm”2 or 3mmA~2 pixel sizes

~1.5-2.5 mrad smearing due to magnetic field (5 T)

16 photoelectrons per ring at beta =1 and 25 cm
radiator length

SIMPTs with ~100 ps timing resolution




SLD Results

https://arxiv.org/abs/2203.07535
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Figure E1: (a) n/K /p fractions determined by the SLD CRID [90]. (b) Differential cross sections as a
function of hadronic momentum fraction z, per hadronic Z° decay, by all SLD detectors [91].
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F. Blekman, F. Canellj,

@ ==
.' g @ K. Gautam, E. Plorer,
Not only Higgs: Z — sS§
L. Vanhecke’s
slides

e / — sS decay width measurement
* Train a Convolutional Neural Network on Zuds events with jet images from different
categories with the IDEA detector

= FCCee Delphes Sim. - (LodeNet on Zuds Jets), Vs = 91 GeV FCCee Delphes Sim. - (LodeNet on Zuds Jets), Vs = 91 GeV
2 1.0 ¢

Performance

O O 9

Three working points defined at
fake rates of 10%, 5%, and 1%,
respectively

»
Signal Efficiency (g4ig)

Signal Efficiency (ggg)

S | © 9
N W

.2
—— up jets (AUC=0.5749) — up jets (AUC=0.5827)
—— down jets (AUC=0.5424) .1 4 — down jets (AUC=0.5587)
——— strange jets (AUC=0.6043) — strange jets (AUC=0.6271)

o
-

4
=

0.0 0.1 0?2 0.3 0?4 0.5 0?6 0.7 0T8 B i “o. 0.1 0.2 0.3 04 05 0.6 0.7 0.8
Background Rejection (1 — €pkg) Background Rejection (1 — €bkg)

0 FCCee Delphes Sim. - (LodeNet on Zuds Jets), Vs = 91 GeV

Signal Efficiency | 10% fake rate 5% fake rate 1% fake rate ‘ 0.9 =
': 0.8

Generator : 27.7% 7.5%
PF only i 9.7% 2.0%

PF + Ks : 12.9% 4.4%

— up jets (AUC=0.648)
——— down jets (AUC=0.6534)

PF + Ks + K+- . 24.8% 7.0% " | — strange jets (AUC=0.7726)

0.0 01 0.2 03 04 05 06 0.7 0.8 0.9
Background Rejection (1 — €bkg)
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Not only Higgs: Z — sS§

Z — s§ decay width measurement

F. Blekman, F. Canellj,
K. Gautam, E. Plorer,
A.R. Sahasransu,

L. Vanhecke’s

slides

Train a Convolutional Neural Network on Zuds events with jet images from different

categories with the IDEA detector

Truth-level Z peak

Z peak after tagging @ 10% mistag rate

Number of Events

FCCee Delphes Sim. - (s-tagged Z invariant mass), Vs = 91 GeV

7000 1| == uplets
1 down jets
[ strange jets

6000 A

5000 -

4000 A

3000 A

2000 A

1000 -

0 -

91.1 91.2 91.3 91.4

Z invariant mass [GeV]

90.9 91.0

Number of Events

91.5

700 A

600

500 +

400 -

[ upjets
1 down jets
[ strange jets

FCCee Delphes Sim. - (s-tagged Z invariant mass), vs = 91 GeV

LodeNet; > 0.5955 both jets

90.9

91.0

91.1 91.2 91.3 91.4 91.5

Z invariant mass [GeV]

Even on a small sample, clear Z — ss peak after applying s-tagging
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Y. Okugawa’s slides

Not only Higgs: e*e~ — §5

e Di-fermion production @ ILD to study

Zo/y couplings at 250 GeV, el pR, 120 fb-1 PID is the key KO’@
. . . . K*0, K+
* Couplings extracted from helicity amplitudes K0,k
included in the differential cross-section K°@
K0, K+
. ) K7, K3
¢ f backward  forward
Z0ty
e f

* sS back-to-back, 120 < E,, Ez < 127 GeV, lead. particle in s-jet [20,60] GeV

3
€ E 5 3510
S o28f ] =R
% " [ mmm Charged Kaons dE/dx distance 1 3oL =Pl .
F — Bethe-Bloch (K . ] " My
S 026 =m Cﬁtaregedolgiorgs dE/dz — dE/dxery) — C kaons { L
= [ mam Protons | ] [ — protons %
| > - Muons - L 1 =»
'0"0 0.24 |~ = Electrons 3 25 J |
022 - - |_| 1
E 20F \ { ;
= L 1 H i
= - r,J ]lr /|
c E ‘
B3 15 : iy
- r f ] 3
E = ] i 1
10 it ‘
F { "\-: i
C iR i
5 £ H
gl o FLpo | M| s I-Lu e
0 8 6 4 =2 0 2 4 6 8 10
signed [(dde—dEdXexp—kaon)/A dEdX]L

* Very challenging analysis: with K*¥ /K, to obtain > 95 purity, the efficiency reduces to 1%!
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https://agenda.linearcollider.org/event/9514/contributions/50144/attachments/37872/59420/ILD_02_16_22%281%29.pdf

U. Einhaus’s Thesis in prep. & slideson W — cs,
P. Malek’s Thesis in prep. & slideson Z — qq



https://agenda.linearcollider.org/event/8437/
https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo

U. Einhaus’s Thesis in prep. & slides

W - cs

Measure Vcs without assumption of unitarity

 Samples used: 500 GeV center-of-mass, ete- - v H, with H - WW*,
and semileptonic WW* decays

« Use only same-generational decays
* Reject events with taus

* Re-reconstructed events using different
dE/dx resolutions

- 4.5 %: default d| |s
o7
A - 2.6 %: best possible u e

- 7 %, 10 %: for comparison

24.11.21 PhD Defense 42

DELPHI Analysis with 120 W bosons, with 108 W bosons @ILC, statistical precision of 0.0003 possible
V.| =0.947932(stat) + 0.13(syst)
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W - cs

U. Einhaus’s Thesis in prep. & slides

* Build a BDT with 20 PID-related observables based on number & momentum of jet
particles and if they are leading

15000

abundance

10000 |

5000 |

| IR B

o i

|

— d/u-system -

— s/c-system ]

0 2 4

6 8 10

number of reconstructed charged kaons

May 2022

abundance

T T T T T T T T T T T T[]

6000 - — d/u-system 7|
— s/c-system
4000 - +
2000 |- =
0 PRSPPI B

0 02 04 06 038 1
dE/dx-weighted momentum fraction

of reconstructed charged kaons

V. M. M. Cairo

purity

1.0 _ : :
W-decay separation: s/c vs. d/u
~in 500 GeV H to WW* events
0.8 - -
%oy
0.6 '-\-,. _
-
q%b ..... ...
\ 0%000 ...o~..o
04 = i S ?%OO.....‘..,...‘, . -
Ourjas = 2.6%, AUC = 0.68 | %%
Doll v e = 457, AUC = 088 [T |
UdE/dl‘ = 7.0(%), AUC = 0.57 ‘ .cé:\..
0484 = 10%, AUC = 0.52 I s’
00 1 1 1 |
0.0 0.2 0.4 0.6 0.8 1.0

efficiency
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W - cs

Add f-tag info from PFlow

4.5% dE/dx resolution

1.0 e
0.8F = -
., %
0.6 r ...‘:Bw =
2 %%
g- -... o‘ Q;)
04 ~ ..o. .'. 20 =
LCFIPlus, AUC = 0.808
0.2k 7/K PID (all 20), AUC = 0.700 Ky
combined (best 6) , AUC = 0.842 =)
combined (all 20) , AUC = 0.849 °
00 1 1 1 1 J
0.0 0.2 04 0.6 0.8 1.0
efficiency
May 2022

1.0 s

0.8F

0.6F

purity

0.4F

U. Einhaus’s Thesis in prep. & slides

2.6% dE/dx resolution

e LCFIPlus, AUC = 0.808

- 7/K PID (all 20), AUC = 0.734
* combined (best 6) , AUC = 0.856
° combined (all 20) , AUC = 0.862

0.0
0.0

V. M. M. Cairo

0.2 0.4 0.6 0.8

efficiency

159


https://agenda.linearcollider.org/event/8437/

Improvement after adding PID

W - cs

U. Einhaus’s Thesis in prep. & slides

15 2.4 )
e o O-dE/dI = 26%\ e o O-dE/dI = 26%\
¢ e o U(lE/dJ‘ = 45%\ 22 = .'. 1o e UdE/d.l‘ = 45%\ =
48 14 —.' o o UdE/dAr = 70(% 48 o o i e o UdE/dAr = 70(%
HE .'. e 1o GdE/dJ‘ = 100/0 LE 20 T ° ‘ 'o;‘ | o o UdE/d.z' = 10%1 i
2 1.3 . 2 .
% ’ | ., g 1.8+ s o B -
> L/ % > °
o .o Soter, o 0.0 Y
3 Seee T E16F°
.g 1.2 - ... .. ...... ‘g -
° %o =5
_'8 . .'0.. '...... g k2
% 1.1 "'.'.o%'o R ..'lo. 5"-".-.‘.._.. %
A OQ)OOOO o0 OO%CDO W.;. 1'2 -
B e
1.0 ! “d 1.0
99 9 999
purlty
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P. Malek’s Thesis in prep. & slides

Z - qq

* B(Z = qq) for u,d,s known to 4.2 % (OPAL) e Yisr g
¢ [Z. Phys. C 76, (1997)]
> violation of flavour universality?
© important SM background

* issue: ete™ — g at 250 GeV contains
photon contribution
=> use radiative return to Z

* ILC: 74M Z-return events R = B(Z - q9) _
- cf. OPAL 4.3M events e 1 B(Z - had) q
11.02.2022 DISPUTATION, PAUL MALEK 28
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https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo

P. Malek’s Thesis in prep. & slides

Z - qq

Analysis Result

T T 1T T T T T T 1
OPAL stat+syst —— this unweighted

I OPAL statonly —— this weighted

* unweighted data: similar errors as OPAL
> even with smaller data set (1.8M : 4.3M)

* weighted fit uncertainty of R;: 1.2 %
> OPAL: 4.2 %

* systematics benefit from higher statistics &
better detector

> e.g. contribution of c-quarks to leading kaons
> OPAL determined from MC
> now high eff. c-tags allow measurement

relative ungertainty

i
; C K K 00 PP PP AR AR)
=> total uncertainty of O(1 %) reachable LRI e A e i
parameter
11.02.2022 DISPUTATION, PAUL MALEK 37

May 2022 V. M. M. Cairo 162


https://sas.desy.de/index.php/s/K8T8g6zWS3ycbxo

@ 1 @ “Double-hit separation and dE/dx resolution
H h G ra n u l a rt of a time projection chamber with GEM
> = - readout" by the LCTPC collaboration.

Slides

2.5
simulation result with
method, drift length:
20 —@— cluster counting, 200 mm
' - ® - cluster counting, 1000 mm
o - #-- charge summation, 200 mm
% 15 w% charge summation, 1000 mm
o test beam, pad-based:
S B AsianGEM
B B GridGEM
= 1.0
g : B Micromegas
A test beam, pixel based:
®  GridPix at full coverage
0.5 é ®  GridPix at 60% coverage
. % o) : empirical expectation:
: ‘ = : ——  (pad si —-0.13
; ; ; ; ; ; S pad size)
0.0 1 1 1 1 1 1 i |
55 100 200 600 1000 2000 6000

pad size / um
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https://agenda.linearcollider.org/event/8362/contributions/45068/

(3) ’l @) “Double-hit separation and dE/dx resolution
H h G ra n u I a rt of a time projection chamber with GEM
> = - readout" by the LCTPC collaboration.

Slides

XX 6.0

~ simulation result with

= method, drift length:

% 5.0 —®— cluster counting, 200 mm
% - ® - cluster counting, 1000 mm
g 4.0 - #-- charge summation, 200 mm
c . w% charge summation, 1000 mm
_8 test beam, pad-based:

= 3.0¢ B AsianGEM

9 B GridGEM

% B Micromegas

- 20 LT SR CIE LU EN SEPIP LI R IR - . -
~ : test beam, pixel based:

% ®  GridPix at full coverage

O 10 _ . ®  GridPix at 60% coverage
& é empirical expectation:

— : —0.13
9 00 ¥ : : : : ] ] o (granularity)
= 55 100 200 600 1000 2000 6000

pad size / pum
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If we have 200 fb-1 at about ~100 fb cross
section, we would have ~20 t->Ws events

https://arxiv.org/pdf/hep-ph/0508097.pdf

Vis

108 LI | T T l T T T | 1T T 7 I 1T T 1
SM processes at LC
107 B
Zqq
106 wu” or T
Zy
¥ yy (20 7} 160°)
—~ 109 E
e E
Gy [
~ N
b 10%
103 =
10° =" " 7 i7n \f\‘:;—;‘ e
;(‘,’y »(JHb,‘ : //// . W+w_Z E
- | ¥ I VVh,eeh| \\‘I“\~\_
101 | I S EA | Ir 1 1/1 1 1 1 | S | 1) HEeges
0 200 400 600 800

Vs (GeV)

FIG. 2: Scattering cross sections versus c.m. energy for the SM processes in ete™ collisioins. The

Higgs boson mass has been taken as 120 GeV.

May 2022

1000

V. M. M. Cairo

c (nb)

proton - (anti)proton cross sections

10" b

10° L
10° L

10° L

F o

L MH=1 25 GeV{

[ wis2o12

£ — T — T
I W.J. Stirling, private communication :

Gtot

Tevatron

o, (E >s/20)

jet

(E, > 100 GeV)

jet

events / sec for - = 10* cm?s™
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https://arxiv.org/pdf/hep-ph/0508097.pdf

ECFA

ECFA Detector
R&D roadmap:

Sect. 4.3.1 “The limited space of the
interaction region for hermetic-coverage
collider experiments (mandatory at the EIC
and FCC-ee) requires designing performant

RICH detectors with a total length shorter
than a metre”
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https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R%26D%20Roadmap.pdf?version=1

The Higgs self-coupling

do

dmp v

O 300 400 500 OO FOO €00

mur[GeV]
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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

May 2022

/H
Gk
Spin 2 a
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

oy 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 - 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

May 2022

MVA approach

4 categories for
non-resonant

1 category per my
for resonant

-

analysis

analysis

/

V. M. M. Cairo

Di-Higgs
Single Higgs (from MC)

myy

YY +jets
(from data)

Myy

~

Modeling of

"/

SM o limits and
ovsk;

for non resonant
analysis

g VS mX
for resonant
analysis
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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
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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 ; L P t Data -
(é 0.2 ; — g 0-4:_ _:
A ! I S S RN T :
0.15- 3 L. i 031 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 | == i (Y | 1111 I 1111 I 111 i I L1 I: I_ L 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
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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 4 ]
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
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Non-Resonant HH — bbyy results

51055""""'"'""""'""""""""'E

Hi ATLAS —— Observed I'im'it (95% CL) :

T VS=13TeV, 139 fb~! ---- Expected limit (95% CL) | Earlier ATLAS results

L 1 HH—>b6’Yy [ Expected limit +1c ]

IE-IS 10 3 1 Expected limit +2¢ E 2 ! 3 |- -~ Exp. 95% CL limits
?}_ - E== Theory prediction L ! ¢ ] |— Obs. 95% CL limits
L S’ SM prediction : .y — — bbb

bc) E 1 |— ober

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

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
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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

4 ’l""\ 4 )

He —-

T-

Hadronic & Leptonic

b

MVA output

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

w- e
Parametric (by my)
NNs for resonant

b

B-jet energy corrections

.

g
ATLAS Preliminary e Data 3
{5 = 13 TeV, 139 fo! =—— SM HH at exp. limit I
LT

Myp, My, My, ete.

MVA in 3 categories:

Top-quark =
had had Jet — 1, fakes (MJ)
Signal Region Zov (bb be,ce) |
W Jet > 1, fakes (1)
Bl Other 7
SM Higgs g
[] Uncertainty E
----- Pre-fit background  _|

Events/0.14

Thad Thad
(opp. charged )

Tiep Thaa (€/1 & OPP. e -
charged 1) LTT W
SLT _
Control region Z+HF (m;)) ; R A | + RE
g 0"1 4{8456 0I 43|2 6 02 04 06 018 ‘1

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-ulev it I e
= .| 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
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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 resulis

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

10°

(pp —» X — HH) [fb]
Lhi]

—h
o
™o
T |||||&

~a
L
-~

-
-
-
-
A

-----
...........

ﬁ?

~
~ ~-
...........

-~
''''''
L -
''''''
------------------

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 é

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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.cern/updates/briefing/double-Higgs-to-bottoms

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
z L= 13 TeV, 126139107 ___ Expected imit @5% cL) | | | T es=13T1eV, 126139107 ___ g,pected limit (95% CL) |
pin-0 o ] Spin-2 o
X - Expected limit + 10 1 -, Expected limit +10
N Expected limit +20 ] OB Expected limit +20 ]
Kes === Resolved expected limit g_ I === Resolved expected limit ]
5 - (oY o
S 103E A === Boosted expected limit T 103F === Boosted expected limit
: ‘ s —— RS Graviton, kiMp; = 1
| L https://arxiv.org/pdf/1404.0102.pdf
102 E 102 3
10"} 10
100} : 100} _
250 500 1000 2000 3000 250 800 1000 2000 3000
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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

Non-resonant Resonant
E 5 T LI | 1 | T T 1 T | L L L | T |
I = — —— = - P Combined 27.5—36.1 fb*
' o ' ' Observed | T 10 E ATLAS Preliminary — pys. Lett 8 800 (2020) 135103]
ATLAS Preliminary T F VS =13TeV,27.5-139fb~1 ___ bbbb 126—139 b~
Vs =13TeV,275-1391 77 Expected 1 [ Spin-0 [ATLAS-CONF-2021-035]
Expected £ 2 0 X 4l __ bbt*t (resolved) 139 fb~*
B Expected = 10 1t 10 E [ATLAS-CONF-2021-030]
% . __ bbt*t (boosted) 139 fb~!
A== a \ [JHEP 11 (2020) 163]
o) i 5 -1
____ bbyy 139
Obs.  Exp. 10°E [ATLAS-CONF-2021-016]
Combined ?l(.)gwalised to 01 FO E
27.5—36.1 'ﬂ:)_1 Phys. Lett. B 800 (2023?135103 |
2
b6l+\)l_\) - r\i(r?nalised to 02Fg 10 E_
139 fb1! Phys. Lett. B 801 (2020) 135145 | I\ ST/
bBYY No4r.r;1;llised to agi:,i; 1 i P i
139 fb~1 ATLAS-CONF-2021-016 10 F
bbrte 47 39 : ~_
Normalised to Oggr + ver e
139 fb~1 ATLAS-CONF-2021-030 - Observed o
[ | | I I R | | 0 ---1 Expected =
2 5 10 20 50 100 200 10 E_I AN | I | ! T R N | AN BN AN AN | 1 |
95% CL upper limit on o (pp = HH) normalised to osy 200 300 500 100 2000 3000
mx [GeV]

bbbb dominates the
sensitivity at high my

Single channels are now even better bbyy dominates the
than the 36 fb’2 HH combination! sensitivity at low my

bbhtt dominates the sensitivity at medium my
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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
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1000 2000

N
o
o
w
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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B-jet energy corrections

Fraction of events / 5 GeV
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- ATLAS Simulation =
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Topness

2 2
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Categories & Significances
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Acceptance x Efficiency

—
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- ATLAS Simulation Preliminary — bbyy |
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—
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1 1

Acceptance x Efficiency [%]
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Pvalue
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Run 2/3



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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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 \:*\\ Ny _
- 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
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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

Run 2 Performance Highlights

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

May 2022
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Light-flavour jet rejection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2015-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-022/

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)
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HL-LHC Extrapolations
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High-Luminosity LHC timeline

From J. Mnich’s presentation

Long-term Schedule

Run 3 will be extended by 1 year until end 2025
and LS3 by %2 year until end 2028

Note:

* no further extension of Run 3 or LS3 possible!
For technical and political reasons

» the HL-LHC goal of providing 3000/fb integrated
luminosity to ATLAS and CMS would require HL-LHC

operation until = 2041

experiment

Preliminary (optimistic) schedule of HL-LHC

Peaklunﬂnoshy[1034cnf234]
o = N W » 0 O N

3500
3000
2500

1 2000
1 1500
1 1000
1 500

0

2028 2030 2032 2034 2036 2038 2040 2042
» ending HL-LHC in 2038 would provide = 2500/fb per Year

Final decision on the long-term HL-LHC schedule will
have to be taken at the next (or next-to-next?) strategy

update in light of:

» performance and results from the LHC, progress with

the next project (FCC), ...

Integrated luminosity [fb'1]

May 2022

07.02.2022 J. Mnich

500 fb! can have an impact on HH!

V. M. M. Cairo
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https://indico.cern.ch/event/1066234/contributions/4594207/attachments/2385499/4077004/JM%20Liverpool.pdf

HL-LHC Extrapolations

* Various systematics scenarios studied

Table 1: Summary of HL-LHC scale factors for relevant systematic uncertainties according to the most up-to-date
ATLAS conventions for HL-LHC projections .

May 2022

Source

HL-LHC Scale Factor

Experimental Uncertainties

Luminosity 0.6
Photon efficiency (ID, trigger, isolation efficiency) 0.8
Photon energy scale and resolution 1.0
Jet energy scale and resolution, E%’iss 1.0
b-jet tagging efficiency 0.5
c-jet tagging efficiency 0.5
Light-jet tagging efficiency 1.0
Value of mpy 0.08
k) reweighting 0.0
Spurious signal 0.0
Theoretical Uncertainties 0.5

V. M. M. Cairo
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ATL-PHYS-PUB-2022-005

High-Luminosity LHC projections

Table 2: Summary of HL-LHC scale factors for relevant systematic uncertainties according to the recommendations
of the ATLAS conventions for HL-LHC projections [39]. A “*" indicates that the uncertainty is considered by the
corresponding analysis.

Source Scale factor bbyy bbt*t”
Experimental Uncertainties
Luminosity 0.6 * -
b-jet tagging efficiency 0.5 x %
c-jet tagging efficiency 0.5 * -
Light-jet tagging efficiency 1.0 x %
Jet energy scale and resolution, ES 1.0 * *
K, reweighting 0.0 x %
Photon efficiency (ID, trigger, isolation efficiency) 0.8 *
Photon energy scale and resolution 1.0 *
Spurious signal 0.0 *
Value of mgy 0.08 *
Thad efficiency (statistical) 0.0 *
Thad efficiency (systematic) 1.0 *
Thad €nergy scale 1.0 *
Fake-T},,4 estimation 1.0 *
MC statistical uncertainties 0.0 i
Theoretical Uncertainties 0.5 & *
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https://cds.cern.ch/record/2802127/files/ATL-PHYS-PUB-2022-005.pdf?version=2

ATL-PHYS-PUB-2022-005

High-Luminosity LHC projections

* HL-LHC projections updated for various systematics scenarios

May 2022
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ATL-PHYS-PUB-2022-005

High-Luminosity LHC projections

* HL-LHC projections updated for various systematics scenarios

May 2022
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High-Luminosity LHC projections

* Significance evaluated also for non-SM scenarios
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ATL-PHYS-PUB-2022-005

High-Luminosity LHC projections

* Significance evaluated also for non-SM scenarios

Significance [0]
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High-Luminosity LHC projections

* Existing combined projections based on Early Run 2 results!

ATL-PHYS-PUB-2020-005

ATLAS (old) HL-LHC projections

Channel Statistical-only | Statistical + Systematic
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https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1
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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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/

High-Luminosity LHC projections

e Statistical limited analysis at the LHC, but systematics start to play a role in HL-LHC!

Background Modeling Spurious Signal 95% CL Significanice o]
Uncertainty Scenario (N x Run 2 value) | Upper Limit
No syst. uncert. (optimistic) 0 0.93 2.2
1 0.93 2.2
Improved syst. uncert. (aggressive) 2 0.94 2.1
4 0.96 2.1
Improved syst. uncert. (conservative) 10 1.1 1.8
20 1.5 1.3
Current Run 2 syst. uncert. (pessimistic) 25 1:7 1.1
\_IE ATLAS Preliminary
P Vs =14 TeV, 3000 fo™
N 10 HH— bbyy
' | Projection from Run 2 data
L —&— 0 x Run 2 spurious signal
8Fr —e— 1xRun2 spurious signal
| —®— 2xRun 2 spurious signal
L 4 x Run 2 spurious signal
6 —¢— 10 x Run 2 spurious signal
| —*— 20x Run 2 spurious signal
| —®— 25 xRun 2 spurious signal
4+
2 -
o) P A A IR
-12 -10 -8 -6 4 -2
ATL-PHYS-PUB-2022-001/
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High-Luminosity LHC projections

As the spurious signal is the dominant systematic uncertainty affecting the Run 2 analysis sensitivity,
dedicated studies are performed to better understand its impact on the projection results. The value of the
Run 2 spurious signal systematic uncertainty consists primarily of two components: the intrinsic bias due
to background mismodeling and a part due to statistical fluctuations resulting from the finite size of the
MC background template. The former scales in the same manner as the background template, while the
latter becomes negligible with increasing MC template statistics. The baseline projection scenario with
HL-LHC systematic uncertainties takes the optimistic view that there is no intrinsic background modeling
bias, and therefore that the spurious signal uncertainty will be 0 at the HL-LHC. The Run 2 systematic
uncertainty and theoretical uncertainties halved scenarios assume the pessimistic scenario that the Run 2
spurious signal is due completely to mismodeling of the background, and therefore that the spurious signal
uncertainty will simply scale in the same manner as the continuum background, i.e. by a factor of 25. The
true spurious signal value at the HL-LHC likely lies between these two extremes. Studies of template
smoothing techniques such as Gaussian Process Regression (GPR) suggest that a large increase to the MC
template statistics may reduce the Run 2 spurious signal to approximately 15% of their nominal values for
the same background functional forms. In this case, the spurious signal value at the HL-LHC would be
approximately 4 times the current Run 2 value. A reduction of 50% on the spurious signal from template
smoothing methods, corresponding to a HL-LHC spurious signal of approximately 10 times the Run 2
value, would be a rather conservative possibility.

ATL-PHYS-PUB-2022-001/
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HL-LHC Extrapolations

e Degeneracy lifted
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HL-LHC Extrapolations

* Various systematics scenarios studied

bbvv ATL-PHYS-PUB-2022-001/
: 95% CL I Signal Strength
Scenario Upper Limft Significance [o] Brecision [9]
No syst. unc. 0.86 2.3 46
Baseline 0.93 2.2 50
Theoretical unc. halved 1.7 1.1 89
Run 2 syst. unc. 1.9 1.1 92

bbtautau ATL-PHYS-PUB-2021-044/
Uncertainty Scenario | 95% CL Upper Limit | Significance [o] | Signal Strength Precision
No syst. unc. 0.49 4.0 0:27
Baseline 0.71 2.8 0.39
Run 2 syst. unc. 1.37 1.5 0.69
MC stat. unc. neglected 0.99 22 0.51
Theoretical unc. halved 1.07 1.7 0.58
V. M. M. Cairo
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e Various systematics scenarios studied

May 2022

HL-LHC Extrapolations

ATL-PHYS-PUB-2022-001/

Background Modeling Spurious Signal 95% CL Signifleance ]
Uncertainty Scenario (N x Run 2 value) | Upper Limit
No syst. uncert. (optimistic) 0 0.93 2.2

1 0.93 2.2
Improved syst. uncert. (aggressive) 2 0.94 2.1

4 0.96 2.1
Improved syst. uncert. (conservative) 10 1.1 1.8

20 1.5 1.3
Current Run 2 syst. uncert. (pessimistic) 28 1.7 1.1

ATLAS Preliminary

-2AIn(L)

10f HH — bbyy

Vs =14 TeV, 3000 fo~

Projection from Run 2 data

—#— 0 x Run 2 spurious signal
8F —e— 1 xRun 2 spurious signal
| —#=— 2 xRun 2 spurious signal
4 x Run 2 spurious signal
6F —¢— 10 x Run 2 spurious signal
—&— 20 x Run 2 spurious signal
25 x Run 2 spurious signal

°2 0 -8 -6
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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
* Projections are being updated

ATL-PHYS-PUB-2022-001/

ATL-PHYS-PUB-2021-044/

Projection from Run 2 data

8+ —#— Nosyst. unc.
—e— Baseline

Theoretical unc. halved
6 | —— Run2 syst. unc.

~ 12— T

1 L

= ATLAS Preliminary

S | Vs=14TeV, 30000

o 10 HH — bbyy 1

ATLAS Preliminary
/s = 14 TeV, 3000 fb-'
HH — bbrtt™
Projection from Run 2 data
—&#— No syst. unc.
—&— Baseline

Theoretical unc. halved

—»— MC stat. unc. neglected
—4&— Run 2 syst. unc.

9% 50 8 6 -4

May 2022

0- L1 R T S P S T T

10 05— 2 4 6 8 10
Ky K
V. M. M. Cairo 208


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-001/

ATL-PHYS-PUB-2022-001/

HL-LHC Extrapolations

e Various systematics scenarios studied

ATL-PHYS-PUB-2021-044/

—
—_
T T

Significance [o]
‘ ©

~

ATLAS Preliminary
V/s=14TeV, 3000 fbo

HH — bbyy
Projection from Run 2 data

—#— No syst. unc.

—e— Baseline
Theoretical unc. halved

—— Run 2 syst. unc.

Significance [o]

May 2022

ATLAS

—
—
T

T T T T T

Preliminary i
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HL-LHC Extrapolations

* Various systematics scenarios studied

ATL-PHYS-PUB-2022-001/

A ——
l'LHH
bb -0.2-0.15-01-0.05 0 0.05 0.1 0.15 0.2
yy Trrr | TTTT I TTTT I TTTT | TTT1T | TTITT I TTTT I TTTT
Heavy-flavor (ggF H) |: '
Photon Energy Resolution
ggF HH Cross-section) [ :

QCD scale + m

top (

Parton Shower (ggF HH Acceptance) ; 4
Jet Pileup RhoTopology
H — vy Branching Ratio

B-jet Energy Scale Response

Jet Energy Resolution EffectiveNP 2

QCD scale (ggF HH Acceptance) ' | T

Photon Isolation v + 1
Photon Identification i i
Photon Energy Scale .

Luminosity

Flavor Tagging Efficiency Eigen B 0
Heavy-flavor (VBF H)

Jet EffectiveNP Modelling1

PDF + ag (ggF HH Cross-section)
PDF + oy (ttH)

Jet Energy Resolution EffectiveNP 3

Photon Trigger ’
ATLAS Preliminary —e— Pull
Vs=14 TeV, 3000 fio” 1 standard deviation
HH — bbyy [ Prefit Impact on AL

Projection from Run 2 data

I Postfit Impact on AL
» Baseline P Him
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HL-LHC Extrapolations

* Various systematics scenarios studied

bbtautau
Source

ATL-PHYS-PUB-2021-044/

HL-LHC Scale Factor

Experimental Uncertainties

Luminosity 0.6
Electrons and muons efficiency 1.0
b-jet tagging efficiency 0.5
c-jet tagging efficiency 0.5
Light-jet tagging efficiency 1.0
Thad-vis €fficiency (statistical) 0.0
Thad-vis €fficiency (systematic) 1.0
Thad-vis €nergy scale 1.0
Fake-1,4.vis €Stimation 1.0
Jet energy scale and resolution, E%‘iss 1.0
k2 reweighting 0.0
Theoretical Uncertainties 0.5

V. M. M. Cairo

211


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-044/

How to boost analysis sensitivity in HL-LHC?

Reduce systematics, increase signal efficiency for instance via improved object reconstruction!
* Anexample: the HH — yybb case

Background Modeling
Uncertainty Scenario

Spurious Signal
(N x Run 2 value)

95% CL
Upper Limit

Significance [o7]

No syst. uncert. (optimistic)
Improved syst. uncert. (aggressive)
Improved syst. uncert. (conservative)

Current Run 2 syst. uncert. (pessimistic)

0
1
2
4
10
20
25

0.93
0.93
0.94
0.96
1.1
1.5
1.7

22
22
2.1
2.1
1.8
1.3
1.1

e Systematics dominated by spurious signal!
* Combination of intrinsic bias due to bkg
mismodeling & statistical fluctuations in

bkg templates (limited MC size)

e Strong motivation for improvements in

background modelling (Gaussian Process

Regression, dedicated yy+hf in 4FNS

samples, etc)

May 2022

V. M. M. Cairo

Run2-like systematics would wash out
b-tagging improvements!
But... a hypothetical

with HL-LHC systematics
would buy us ~0.3 o, i.e. ~ 500 fb-1!!!
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Old ATLAS-CMS Combination

https://www.sciencedirect.com/science/article
/pii/S2405428320300083?via%3Dihub

ATLAS and CMS 3000 fb™ (14 TeV)
i HL-LHC prospects \—é'/
B —e— ATLAS g
(oY

i —— CMS '
[ —e— Combination
R | | SR A g ” ] 95%
I\ | 4 68%
_I ] 1 | I 11 ]| | | | | | I 11 1| | 11 1l | 1.1 1] | 111 | | 1.1 11 | 11 | |
2 1 0|12 3 4 5 6 7 8
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Old ATLAS-CMS Combination

https://www.sciencedirect.com/science/article
/pii/S2405428320300083?via%3Dihub

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbr' 7 25 1.6 2.1 14
HH — bbyy 21 1.8 2.0 1.8
HH — bbVV* - 0.59 . 0.56
HH — bbZZ (4f) - 0.37 . 0.37
Combination 3.5 2.8 3.0 2.6

4.5 4.0
V. M. M. Cairo
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What is a jet in ATLAS?

e Jets are reconstructed using the anti-ktjet clustering algorithm
(https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063) with a radius
parameter of 0.4

* applied to noise-suppressed positive-energy topological energy clusters and
charged-particle tracks, processed using a particle-flow algorithm.

* Jet energies are corrected for contributions from pileup, calibrated using energy- and
n-dependent correction factors determined from comparisons of particle-level objects
to reconstructed physics objects in simulated events, and then corrections are applied
to account for effects due to the initiating parton type and hadron composition.

* |In data, a residual in situ correction is applied to correct for differences with respect to
simulation.

* Jets are required to have pr> 20 GeV and |n| < 2.5. To reject jets from pileup, jets with
pr< 60 GeV and |n| < 2.4 are required to pass a ‘Jet Vertex Tagger’ [118] requirement
to determine if they originate from the primary vertex [119]. Lastly, jet quality criteria
[118] are applied to remove events containing jets from non-collision backgrounds and

calorimeter noise, and jets reconstructed from topological calorimeter clusters [115,
116] are used for this purpose.
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Jet energy scale

https://arxiv.org/pdf/2007.02645.pdf

Reconstructed pr-density-based Residual pile-up Absolute MC-based
jets pile-up correction correction calibration

Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event pile-up p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of u and N, scale. Both the energy and

direction are calibrated.

Global sequential Residual in situ
calibration calibration

Reduces flavour dependence A residual calibration
and energy leakage effects ~ is applied only to data
using calorimeter, track, and ~ to correct for data/MC
muon-segment variables. differences.

Figure 1: Stages of jet energy scale calibrations. Each one is applied to the four-momentum of the jet.
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Jet energy scale

https://arxiv.org/pdf/2007.02645.pdf

Table 2: Sources of uncertainty in the jet energy scale.

Component Description

n intercalibration
S ic mis lelling  Envelope of the ge pile-up, and event topology variations
Statistical component Statistical uncertainty (single component)

Non-closure
Non-closure, 2018 only

Three components describing non-closure at high energy and atnp ~ 2.4
Single I t describing losure at n ~ 1.5 due to Tile calibration

Z + jet

Electron scale
Electron resolution
Muon scale

Muon resolution (1D)
Muon resolution (MS)
MC generator

JVT cut

A cut

Subleading jet veto
Showering & topology
Statistical

Uncertainty in the electron energy scale

Uncertainty in the electron energy resolution
Uncertainty in the muon momentum scale
Uncertainty in muon momentum resolution in the 1D
Uncertainty in muon momentum resolution in the MS
Diff b MC event g s

Jet vertex tagger uncertainty

Variation of A¢ between the jetand Z boson
Radiation suppression through second-jet veto
Modelling energy flow and distribution in and around a jet
Statistical uncertainty in 28 discrete py terms

y +jet

Photon scale

Photon resolution

MC generator

IVT cut

A cut

Subleading jet veto
Showering & topology
Photon purity
Statistical

Uncertainty in the photon energy scale

Uncertainty in the photon energy resolution

Difference between MC event generators

Jetvertex tagger uncertainty

Variation of A¢ between the jet and photon

Radiation suppression through second-jet veto

Modelling energy flow and distribution in and around a jet
Purity of sample used for y + jet balance

Statistical uncertainty in 16 discrete py terms

Multijet balance

A (lead, recoil system)
A¢ (lead, any sublead)

Angle between leading jet and recoil system
Angle between leading jet and closest subleading jet

MC generator Difl b MC event ge S
p;'""‘ selection Second jet's pr contribution to the recoil system
Jet py Jet pr threshold
Statistical Statistical uncertainty in 28 discrete py terms
Pile-up

uoffset Uncertainty in the g modelling in MC simulation
Npy offset Uncertainty in the Npy modelling in MC simulation
propology Uncertainty in the per-event pr density modelling in MC simulation
pr dependence Uncertainty in the residual pr dependence

Jet flavour
Flavour composition Uncertainty in the proportional sample composition of quarks and gluons
Flavour response Uncertainty in the response of gluon-initiated jets
b-jets Uncertainty in the response of b-quark-initiated jets
Punch-through Uncertainty in GSC punch-through correction

Single-particle response

High-pr jetuncertainty from single-particle and test-beam measurements

AFII non-closure

Difl inthe absolute JES calibration for simulations in AFII

V. M. M. Cairo
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Jet energy resolution

https://arxiv.org/pdf/2007.02645.pdf

The dependence of the relative JER on the transverse momentum of the jet may be parameterized using a
functional form expected for calorimeter-based resolutions, with three independent contributions, namely
the noise (N), stochastic (§) and constant (C) terms [52]:

N S
o(pr) i

J22) pr Pt

The noise (N) term is due to the contribution of electronic noise to the signal measured by the detector
front-end electronics, as well as that due to pile-up. Since both contribute directly to the energy measured
in the calorimeter but are approximately independent of the energy deposited by the showing particles, the
contribution to the JER scales like 1/py. The noise term is expected to be significant in the low-py region,
below ~30 GeV. Statistical fluctuations in the amount of energy deposited are captured by the stochastic
(S) term, which represents the limiting term in the resolution up to several hundred GeV in jet py. The §
term contribution to the JER scales like 1/4/pt. The constant (C) term corresponds to fluctuations that are
a constant fraction of the jet pr, such as energy depositions in passive material (e.g. cryostats and solenoid
coil), the starting point of the hadron showers, and non-uniformities of response across the calorimeter.
The constant term is expected to dominate the high-pr region, above approximately 400 GeV.

& C. (4)

In order to measure the JER, jet momentum must be measured precisely. This implies that the jets must
either recoil against a reference object whose momentum can be measured precisely, or be balanced
against one another in a well-defined dijet system [5, 6]. Measurements using the latter approach are
presented here, as well as a method for measuring the contributions to the resolution from the noise
term (N) due to both pile-up and electronics.
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What is a photon in ATLAS?

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf

Photon reconstruction: dynamic, topological cell clustering-based approach

* Recovers brem effects (electrons radiating photons due to material interactions)

For photons that convert to electron-positron pairs, superclusters can include more of
the energy of the primary photon.

* photons can produce multiple topo-clusters, which can then be merged into one
supercluster. The use of fixed-size clusters is suboptimal in this scenario, as the
fixed cluster size cannot properly accommodate the growth of two independent
EM showers, particularly when the two clusters share cells.

* the reconstruction algorithm matches tracks to the electron superclusters and
conversion vertices to the photon superclusters.

» electron = object consisting of a cluster built in the calorimeter (supercluster) and a
matched track (or tracks)

» converted photon = calorimeter cluster matched to a conversion vertex (or vertices)

* unconverted photon = cluster matched to neither an electron track nor a conversion
vertex.

About 20% of photons at low |n| convert in the ID, and up to about 65% convert at |n|
= 2.3.
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What is a photon in ATLAS?

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf

[ Select topo-clusters ’

Refit tracks loosely ’
matched to clusters

Match tracks
to topo-clusters

Seed electron superclusters
from track-matched
topo-clusters
'

Add secondary clusters

1
Apply calibrations/
corrections

Match tracks to electron

superclusters

|

Build conversion
vertices
1

\

Match conversion
ertices to topo-clusters

Seed photon superclusters
from topo-clusters

Add secondary clusters

1
Apply calibrations/
corrections

[

Match conversion vertices
to photon superclusters

Ambiguity-resolve electron
and photon superclusters

[ Build and calibrate analysis ]

electrons and photons
|

particle identification

[Calculate discriminating variables, ]

V. M. M. Cairo

\

> Prepare tracks and clusters

> Build superclusters

J L

> Build analysis objects
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Photon Identification

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf

* Based on the lateral and longitudinal energy profiles of the shower measured in the
calorimeter

* Rectangular cuts are imposed on discriminating variables describes the energy fraction
released in the hadronic calorimeter and photon’s shower shapes in the EM calorimeter.

* Joose PID: uses shower shapes in the hadronic calorimeter and the EM calorimeter’s
second layer, providing a highly efficient selection with quite fair background rejection.

* tight PID: uses the full granularity of the EM calorimeter, including the fine segmentation
of the first sampling layer, and applies tighter requirements on the shower shapes.
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Photon Isolation

https://iopscience.iop.org/article/10.1088/1748-0221/14/12/P12006/pdf

Table 3. Definition of the photon isolation working points.

Working point Calorimeter isolation Track isolation
Loose EP™2 < 0.065 x Er p | Er < 0.05 Used in H ->yy
Tight ES™Y < 0.022 X Ep +2.45GeV  pS™/E; < 0.05 IVsi
TightCaloOnly E;" 0 < 0.022 x Ey + 2.45 GeV o analysis
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Photon conversions
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Figure 3.20: Results of a conversion reconstruction study using a sample of H — 7 events for
photons with |n| < 2. Top left: Probability for a photon to covert when traversing the detector.
Top right: Efficiency to reconstruct conversions in the ITk material just using the standard track
reconstruction as input, for events without pile-up, compared to the results using a dedicated re-
construction in regions of interest (ROI) defined by high-pt electromagnetic showers. Bottom left:
Effect of adding an average of 200 pile-up interactions on the conversion reconstruction in the ITk.
Bottom right: Conversion efficiency using the ITk compared to the result for the current Run 2
detector reconstruction.
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Diphoton trigger

https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2/figures/11
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Evolution of efficiencies for tight diphoton trigger legs as a function of the offl(ne photon a ETET, b 1n, and ¢ {u){u) during Run 2. The changes between years
are detailed in Sect. 9.1. The efficiency is computed with respect to offline photons satisfying tight identification criteria and the calorimeter-only tight
isolation requirement. The ratios of data to MC simulation efficiencies are also shown. The total uncertainties, shown as vertical bars, are dominated by
statistical uncertainties. Offline photon candidates in the calorimeter transition region 1.37<|n|<1.521.37<|n|<1.52 are not considered. For b and c, only
offline candidates with ETET values 5 GeV GeV above the corresponding trigger threshold are used

May 2022 V. M. M. Cairo 225


https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2/figures/11
https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2

What is a tau in ATLAS?
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What is a tau in ATLAS?

* The only lepton that can decay into hadrons (~65% rate) — the Vr
other leptons do not have the necessary mass.
* Like the other decay modes of the tau, the hadronic decay is T
through the weak interaction L
* Almost all hadronic tau lepton decays include one (72%) or W_ e, H ’ d
three (22%) charged pions and the majority (68%) include one —_ — —
or more neutral pions. Ve' VH r U
* Their signature corresponds to that of a narrow jet with
one or three tracks in the detector. H - 11

* The neutrino from the hadronic tau lepton decay can not
be reconstructed and the combination of all visible decay
products is referred to as thad-vis.

* The reconstructed thad-vis candidates are seeded by jets (anti-kt
0.4), the thad-vis energy is calibrated using multivariate methods
with information from tracks and calorimeter clusters, and they
are required to have pt> 20 GeV and |n| < 2.5, excluding 1.37 <
In| <1.52. ThadThad

* Boosted decision trees are used to determine if nearby tracks

originate from a thad, and one or three tracks with a total charge

: : : https://arxiv.org/pdf/1510.07488.pdf
+
of +1 are requi red to pass this selection. Table 1: Approximate branching fractions (B) of different T decay modes [18]. The generic sym-

® The true-thad-vis are discriminated from backg rounds of qua rk- bolh- represents a charged hadron (either a pion or a kaon). Charge conjugation invariance is
e eae . . . assumed in this paper.
and gluon-initiated jets using recurrent neural networks traine

TepThad

Decay mode Meson resonance 3 [%]

to target signatures with either one or three associated tracks T e Terr .

. . . . T DU Vyr X

and a loose requirement with an efficiency of around 85% (759 o hv 115

. . . - h~ - 770 26.0

for one-track (three-track) thad-vis candidates is applied. b Oy a‘l’((mg) 55

» A separate boosted decision tree is then used to reject thad-vis oot a1(1260) )
candidates originating from electrons, with an efficiency of abc Other modes with hadrons 32
95% All modes containing hadrons 64.8

0.
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What is a tau in ATLAS?

During the tau reconstruction process no attempt is made to separate tau leptons from QCD
jets. Therefore a dedicated identification procedure is applied.

To reduce the background arising from quark and gluon jets, we exploit the fact that hadronic
T decays result in a lower particle multiplicity, and are more collimated and isolated relative to

other particles in the event.

Te) F T T T AEEEAREEAREEE REEELLLEELEF
8 o_og;_ —_— 22 -1, W= 1v —;
o a =
< 0.08} —e— Data 2012 (jets) E
= E .

0.07 =
= = Ldt=740pb’,Vs=8TeV 3
§ 0'065 MuIti-prong,pT> 15 GeV =
L - ATLAS Preliminary 3
30.045 .......0°oo.ooo-0g
£ 0.03F] Jeoo®® E
0 0.02F E

0.01E =

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
AR

max
Figure 2: Maximal distance between a track
and the tau candidate axis. Only tracks inside a

cone of AR = 0.2 considered. [3]

Al F L L L A B
80.16;— - 2,2 — 11, W — v _;
= 0.14F —— Data 2012 (jets) =
o C .
*go.12:— Ldt=740 pb”, s = 8 TeV e
@ O1F 1-prong, p_> 15 GeV —
Dog  ATLAS Preliminary E
€ 0.06F E
= 0.06: :
D 0.04F- . E
C oo® .
0.02 [ ..........0000000‘ =
E..gg"?“l. .T. i I —r ]

0 0.2 0.4 0.6 0.8 1 1.2
fCOI’I’

core

Figure 3: Fraction of the transverse energy
of calorimeter cells deposited in a cone of
AR = 0.1 around the tau candidate axis to those
deposited in the region of AR = 0.2. [3]
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 The RNN uses a combination of low-level input variables for individual tracks and

May 2022

result in jet-like signatures in the detector. Therefore, dedicated algorithms are used to
identify hardonic tau lepton decays. A set of BDTs was previously used in ATLAS to

What is a tau in ATLAS?

The tau reconstruction algorithm provides no discrimination against other particles that

discriminate jets from tau_had_vis and it is now superseded by an RNN

clusters that are associated to the tau_had_vis candidate as well as high-level quantities
calculated from tracks and calorimeter quantities

< < < T T
8 0.14F i . - 4 8 o012k ) ) - 4 8 oi- ) ) - ]
S ATLAS Simulation Preliminary & ATLAS Simulation Preliminary g YT ATLASSimulation Preliminary
% 0.12f] 3pongt.,. @ 0 1—‘L 3-prong T4, @ Y 3prong T,
Q O . [0}
5 L s N § 0.08F
% 0.1 OTrue v, % L [OTrue 1. g 1 [Truer,,,.,.
5 Eh CIFake t. g1 0:08 Fake 1., e 1 JFake 1.
8 0.08[ |, 8 il S 0.06 |
2006 Ul 3008 hl 1 3 .
S LL »-':004 IHT +=0.04 IL
S B 0.041 . k] 1
s Aod q 5 g Ty
== o R T“"'- = 0.02 b J
§ 0.02 B o0e e 3 .
Iy 0 fr : o — [ —
0 PR e PR B o S 0 i 8 BRI e — — 0 1 Tt
0 0.04 0.08 0.12 0.16 0.2 0 0.04 0.08 0.12 0.16 0.2 0 0.04 008 0.12 0.16 0.2
Leading track IAn| Subleading track |An| Subsubleading track IAn|
Shared Shared
Tracks — LSTM (> LSTM
dense dense
Merge
Shared Shared
Clusters —> LSTM (> LSTM Dense [ Dense [ Dense
dense dense
High-level
& Dense | Dense [ Dense
variables

Figure 2: Schematic view of the network architecture used for tau identification. Layers marked as dense are fully

connected to adjacent layers.
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s \What is a tau in ATLAS?

Table 1: List of observables used as inputs in the different parts of the RNN. The markers indicate which observables
are used to identify 1-prong and 3-prong Thad-vis. See Section 5.1 for the definitions of the observables.

Observable  1-prong 3-prong

seed jet . o
;l;'ack
L] ° . ) ” . .
*g ZT track o % Table 2: List of defined working points with fixed true 7j,4.yis selection efficiencies and the corresponding background
& AZ)‘"‘ G2 rejection factors for misidentified t,q.vis in dijet events for the BDT and RNN classifiers.
= L] °
v : : - 5
9 |dtrack| . . Signal efficiency = Background rejection BDT  Background rejection RNN
] . .
= Znack sin 6 . . Working point  1-prong 3-prong 1-prong 3-prong 1-prong 3-prong
N IBL hits ® ° Tight 60% 45% 40 400 70 700
Npixel hits ° ° Medium 75% 60% 20 150 35 240
Nscr hirs . . Loose 85%  75% 12 61 21 90
e . . Very loose 95% 95% 5:3 11.2 9.9 16
g Ecluster ° °
g_‘ Anclusler ° °
5 A ¢clusler ° ®
§ Acluster L4 o
© fluster) £ ®
"Cluster ® * L AR EERRE) T T T T 1 g 600 ——— : , :
uncalibrated 3 GOl AW ATLAS Simulation Preliminary ] B Y ATLAS Simulation Preliminary
P * ® ° ' —sgoT 1-prong medium working point ] ‘o 500/ o gor 3-prong medium working point =
Jeent . . 2 50; p, >20 GeV E 2 4005 p, >20 GeV ]
-1 EOF E £ 400f .
L] [ ] IJ F ] ¥ C ]
@ Jleadtrack o 40 = o E . ]
2 ARmax . * s —— —+ & ao0of — 3
F e |
SRy 30f E F —— .
s | Steadtrack| b F ] F .
5 Sﬂ ight . 3 s o = E 2oo:~ —— E
'i';) track E ] E 3
< f.so b d 10 3 100 i .
ol F ] & ]
E L4 ° c' 1 1 | | | | 0- Il | | | 1 |
pEM+lrack /pr . N 10 20 30 40 50 60 70 10 20 30 40 50 60 70
TEMHrack . . Average interactions per bunch crossing u Average interactions per bunch crossing u
mKrack °
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How to improve muliiple HH channels?

« Most HH analyses: HH — xxbb

Impact Parameter based
Secondary Vertex Finding

* In ATLAS

Decay chain Multi-Vertex Algorithm (JetFitter)
Improved thanks to new PV strategy!

b-tagging improvements are crucial!

CERN-THESIS-2010-027

d= (xpy,yprv,2pv,9,0,d\,d>,....dN)

(XPV’yPV’ZP

Track i

(.,0) “B” ﬂig’ht axis

Reconstructs 1-track vertices
* Assumes B- & D-hadron vertices to lie on the same axis

ATL-PHYS-PUB-2018-025

High-Level ML taggers read low-level taggers’ outputs

Light-flavour jet rejection

Ratio to MV2
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e AR
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JF Vertices | >1 Single Trk | 0 Single Trk | >1 Single Trk
All 0 Multi Trk I Multi Trk | 1 Multi Trk | 2 Multi Trk | >3 Multi Trk
b-jets 0.893 0.147 0.414 0.227 0.102 0.0040
c-jets 0.556 0.246 0.258 0.044 0.008 0.0001
light jets 0.234 0.155 0.069 0.010 0.001 0.0001

[
o
5 10° brtagging; (5513 TeVi
‘o
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% \‘\
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<
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G
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‘\
N
N
i
\
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Eur. Phys. J. C (2019) 79:970

Table 1 Input variables used by the MV2 and the DL1 algorithms. The JETFITTER c-tagging variables are only used by the DLI algorithm

Input Variable Description
Kinematics PT Jet pr
n Jet |n]
IP2D/IP3D log(Pp/ Priight) Likelihood ratio between the b-jet and light-flavour jet hypotheses
log(Pp/Pe) Likelihood ratio between the h- and c-jet hypotheses
log(Pc/ Pright) Likelihood ratio between the c-jet and light-flavour jet hypotheses
SV1 m(SV) Invariant mass of tracks at the secondary vertex assuming pion mass
fE(SV) Energy fraction of the tracks associated with the secondary vertex
Ntikatvix (SV) Number of tracks used in the secondary vertex
Notrkvix (SV) Number of two-track vertex candidates
Lyy(SV) Transverse distance between the primary and secondary vertex
Ly (SV) Distance between the primary and the secondary vertex
Sxyz(SV) Distance between the primary and the secondary vertex divided by its uncertainty
AR(Pjet, pyix)(SV) AR between the jet axis and the direction of the secondary vertex relative
to the primary vertex
JETFITTER m(JF) Invariant mass of tracks from displaced vertices
JEUF) Energy fraction of the tracks associated with the displaced vertices

JETFITTER c-tagging

A R(ﬁjel s I;le)(JF)

AR between the jet axis and the vectorial sum of momenta of all tracks
attached to displaced vertices

Sxyz(JF) Significance of the average distance between PV and displaced vertices
Ntkavix JF) Number of tracks from multi-prong displaced vertices
Notrkvix JF) Number of two-track vertex candidates (prior to decay chain fit)

Ni-uk vertices (JF)
N32-lrk vertices (JF)
L.y (2nd/3rdvtx)(JF)

Number of single-prong displaced vertices
Number of multi-prong displaced vertices
Distance of 2nd or 3rd vertex from PV

Lyy(2nd/3rdvtx)(JF) Transverse displacement of the 2nd or 3rd vertex

mk (2nd/3rdvtx)(JF) Invariant mass of tracks associated with 2nd or 3rd vertex
E1ik (2nd /3rdvtx)(JF) Energy fraction of the tracks associated with 2nd or 3rd vertex
JE(2nd/3rdvtx)(JF) Fraction of charged jet energy in 2nd or 3rd vertex

Nrkawvix (2nd/3rdvix)(JF)
Y{Rf“. ) g Y;Zg(2nd/3rdvtx)(JF) Min., max. and avg. track rapidity
of tracks at 2nd or 3rd vertex

Number of tracks associated with 2nd or 3rd vertex
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Table 4 Selection and c-jet, 7-jet and light-flavour jet rejections corresponding to the different b-jet tagging efficiency single-cut operating points
for the MV2 and the DL1 b-tagging algorithms, evaluated on the baseline ¢7 events

€ MV2 DLI
Selection Rejection Selection Rejection
c-jet T-jet Light-flavour jet c-jet T-jet Light-flavour jet
60% > 0.94 23 140 1200 > 2.74 27 220 1300
70% > 0.83 8.9 36 300 > 2.02 9.4 43 390
77% > 0.64 4.9 15 110 > 1.45 4.9 14 130
85% > 0.11 2.7 6.1 25 > 0.46 2.6 3.9 29
g _I T L | I.l T T | T LI T | T T T T ' T T T I_ g T T T T | T L T | T T T T | T T 3 T | T T T T
Z 10 | ATLAS Simulation | 3 [ ATLAS Simulation ]
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© E Vs =13 TeV, tt e DA 3 ° L Vs=13TeV, tt s O
o " Jetp_>20GeV,n|<25 ... |p3D ] 8 | Jetp_220GeV,|n|<25 ... |p3ap
= 104 T = & 10°E T =
3 g —-sv1 E B —-SV1 3
T r - JetFitter 2 A - JetFitter ]
T g - 4
£ 100 S — L i ]
2 T R = .
4 g oy ] 5 7
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1 : b T E
c R s § - o .
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Fig. 2 The (a) light-flavour jet and (b) c-jet rejections versus the b-jet tagging efficiency for the IP3D, SV1, JETFITTER, MV2 and DL1 b-tagging
algorithms evaluated on the baseline 17 events
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Table 4: Input variables used for the three trainings of the multivariate tagging algorithm. All the variables up to
the “Baseline” variable set are used as the JetFitter inputs to the ATLAS MV2 tagger [9]. The “Full” variable set
brings additional information from to the full topological properties of the reconstructed decay chain.

des

https://cds.cern.ch/record/2645405/files/ATL-PHYS-PUB-2018-

025.pdf?version=1

Input Variable Description
Kinematics pr Jet pr
n Jet |n|
m Invariant mass of tracks from displaced vertices
fE Fraction of the charged jet energy in the secondary vertices
Reduced AR(Piets Puix) AR between jet axis and vectorial sum of momenta of all tracks
attached to displaced vertices
Sxyz Significance of average distance between PV and displaced vertices
NTrkAvix Number of tracks from multi-prong displaced vertices
above variables +
Baseline NoTrkvix Number of 2-track vertex candidates (prior to decay chain fit)
Ni-uk vertices Number of single-prong displaced vertices
N>2-trk vertices Number of multi-prong displaced vertices
above variables +
L,U.Z(Z"d/f!“‘le) Distance of 2™ or 3™ vertex from PV
Full Lyy (2M /31y x) Transverse displacement of the 20d or 30 vertex
my(2"/3vix) Invariant mass of tracks associated to 2" or 3"¢ vertex
Eqqp (2734 vtx) Energy of charged tracks associated to 2" or 3™ vertex
fE@2M /39 vx) Fraction of charged jet energy in 2" or 3" vertex

Nraave(2"/3"vtx)

Number of tracks associated to 2™ or 3" vertex
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Run 2 Performance Highlights

http://cdsweb.cern.ch/record/2037697/files/ATL-PHYS-PUB-2015-022.pdf
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Run 2 Performance Highlights

 Comparing with previous experiments
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e 1 order of magnitude larger fake rate compared to
* Transverse IP resolution about 30-40 microns

* Similar complementarity among algorithms
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Light-flavor jets rejection

Ratio to MV2 (2018)
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Tau
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The stability of the Electroweak vacuum

The Higgs-self coupling and, thus, the shape of the Higgs potential, have implications on the
stability of the Universe

i-physletb.2012.02.013
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Single Higgs
w=1+060,,(), W =1+8BR; ().

O-BSM (l)

u; (1) = UST(i)

=1+ () + ZM(x? — 1),

™

Takes into account variations to
other Higgs couplings (fermions,
bosons, etc) or it can be taken =1
if only the self-coupling is being
considered

http://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf

The 95% C.L. interval of kA is —=3.2 < kA < 11.9 (observed) and -6.2 < kA < 14.4 (expected). This interval is comparable to

the one obtained from the direct HH searches using an integrated luminosity of 36.1 fb-1, which is -5.0< kA <12.1
(observed) and -5.8 < kA < 12.0 (expected).

In particular, the sensitivity to kais not much degraded when determining kr at the same time, while it is degraded by
50% (on the expected lower 95% C.L. exclusion limit) when determining simultaneously kvand ka. An even less
constrained fit, performed by either fitting simultaneously ka, kvand kr, or fitting simultaneously kxand a common

single Higgs boson coupling modifier (k = kv = kF ), results in nearly no sensitivity to kx within the theoretically allowed
range of |kn| < 20.

May 2022 V. M. M. Cairo 241


http://cdsweb.cern.ch/record/2667570/files/ATL-PHYS-PUB-2019-009.pdf

May 2022

Single Higgs + HH combination

http://cds.cern.ch/record/2693958/files/ATLAS

-CONF-2019-049.pdf?version=2

Analysis Integrated luminosity (fb~1) Ref.
H — vyy (excluding ttH, H — yvy) 79.8 [21,22]
H— ZZ*— 4¢ (including ttH, H— ZZ*— 4¢) 79.8 [23, 24]
H— WW*— evuv 36.1 [25]
H- 1ttt 36.1 [26]
VH, H — bb 79.8 [27, 28]
ttH, H — bb 36.1 [29]
ttH, H — multilepton 36.1 [30]
HH — bbbb 27.9 [31]
HH — bbt*1~ 36.1 [32]
HH — bbyy 36.1 [33]

The single-Higgs and double-Higgs categories combined in this note have not been designed to be
orthogonal to each other. The overlap between them has been studied for this combination. Following the
results of the study, the ttH, H — vy categories included in Ref. [17] have been removed because there
are categories where up to 50% of the selected tfH, H — Yy events are also selected by the HH — bbyy
analysis. When removing the ttH, H — 77y categories, the expected k3 95% CL interval increases by 4%
this is significantly smaller than the expected interval increase due to the removal of the HH — bbyy
categories. The remaining categories have a maximum overlap of less than 2% of the events in the
double-Higgs categories, with the maximum being between the VH, H — bb and H — 777~ single-Higgs
categories and the HH — bbtr* 1~ categories. The impact of this overlap on the results has been checked
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Single Higgs + HH combination

http://cds.cern.ch/record/2693958/files/ATLAS
-CONF-2019-049.pdf?version=2

* inclusive production cross sections, decay branching ratios and differential
cross sections (VBF, WH, ZH) are exploited to increase the sensitivity

< 8_l'TIll']Il‘l]llflll'l'l]ll'lll']ll'f] < 8_Ill[]'l'l'l'l]['f]Il'lll‘[lll'll]ll'f_
c | ATLAS Preliminary —— double Higgs ] c [ ATLAS Preliminary — - double Higgs 1
o~ TF fs=13Tev,275-79816" —— ﬂ"ﬂﬁ Higgs — o~ F f5=13Tev,275-7981" —- single Higgs
1 [ kw=Kz=K=¥K=%K,=1 — N 1 L Expected (x;, = 1) — = H+HH ]
6:— —: 6:_ Ky =Kz ==K =K, =1 _:
5F = 5
ak - ; :
95% CL ] : Driven
% E .3 by HH
2 = 2r
e ——— ——— s
"68% CL :
o510 50 & 10 15 20 -020 1510 5 0 5 10 15 20
Ky Ky
(a) (b)

Figure 3: Value of —21In A as a function of «, for single-Higgs and double-Higgs analyses separately and for the
combination of the two analyses: for the data (a) and for the Asimov dataset [50] generated in the SM hypothesis (b).
The intersections of the dashed horizontal lines, corresponding to —2In A = 1 and —21In A = 3.84, with the profile
likelihood curve are used to define the +10- sigma uncertainty on «,; and the 95% CL interval, respectively.
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Single Higgs + HH combination

http://cds.cern.ch/record/2693958/files/ATLAS
-CONF-2019-049.pdf?version=2

* inclusive production cross sections, decay branching ratios and differential
cross sections (VBF, WH, ZH) are exploited to increase the sensitivity

B I I S

c | ATLAS Preliminary : c | ATLAS Preliminary E

- 7 = - 7 < =

T ] o f (s=13TeV,27.5-79.8 fb" ]

6F — Kyps Kz, Ky Ky, K, profiled | 6:_Expected (=1 . Ky Kz» Kpp Ky, K profiled

55_ —— x;-only model _f 55_ — = ;-only model _E

@ = 4F E

F95% CL ] ]

3r = 3¢ o

2 = 2k -

Tegwol E T E

c‘ 4 il GT 7
-10

LY L)

(a) (b)

Figure 5: Value of —2In A as a function of k3 with xw, kz, k;, kp, k¢ profiled (i.e., the generic model) for the data (a)
and the Asimov dataset [50] generated assuming «; = 1 with the likelihood distribution A evaluated with nuisance
parameters fixed to the best-fit values obtained from data and the parameters of interest fixed to the SM hypothesis
(b). The curves are compared to the «3-only model (where all «,,, modifiers are set to unity). The intersections of the
dashed horizontal lines, corresponding to —2In A = 1 and —2In A = 3.84, with the profile likelihood curve are used
to define the +10° sigma uncertainty on k, and the 95% CL interval, respectively.
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
k1. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].
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Data and Simulated Samples

* Full Run 2 data set (139.0 + 2.4 fb1)
e ggF HH signal (k; = 1,10) at NLO with Powheg-Box v2 PDF4LHC15 + Pythia 8
* Herwig 7 used for PS uncertainty

* VBF HH ssignal (k; = 0,1, 2,10) at LO with MadGraph5_aMC@NLO v2.6.0 NNPDF3.0nlo +
Pythia 8

* Heavy (251-1000 GeV) spin 0 resonance at LO with MadGraph5_aMC@NLO v2.6.1
NNPDF2.3lo set of PDFs + Herwig v7.1.3

e Single Higgs and continuum backgrounds summarized in the table below

e Data-driven estimate for y+jet and di-jet backgrounds

* PU overlay: Pythia 8.1 with NNPDF2.3lo PDF set and A3 tune

Table 1: Summary of single Higgs boson background samples, split by production modes, and continuum background
samples. The generator used in the simulation, the PDF set, and tuned parameters (tune) are also provided.
Process Generator PDF set Showering Tune
ggF NNLOPS [61-63] [64, 65] PDFLHC [38] PyTHia 8.2 [66] AZNLO [67]
VBF PowHEG-Box v2 [62, 68-75] PDFLHC PyTHiA 8.2 AZNLO
WH PowHEG-Box v2 PDFLHC PyTHiA 8.2 AZNLO
qq — ZH PowHEG-Box v2 PDFLHC PyTHiA 8.2 AZNLO
gg — ZH PowHEG-Box v2 PDFLHC PyTHiA 8.2 AZNLO
ttH PowHEG-Box v2 [69-71,75,76] NNPDF2.31lo [77] PyTHiA 8.2 Al4 [78]
bbH PowHEG-Box v2 PDFLHC PyTHIA 8.2 Al4
tHqj MADGrAPHS_aMC@NLO NNPDF3.0nnlo [77] PytHiA 8.2 Al4
tHW MaAbpGrapruS_aMC@NLO NNPDF3.0nnlo [77] PyTHiA 8.2 Al4
yy+jets SHERPA v2.2.4 [52] NNPDF3.0nnlo SHERPA v2.2.4  —
ttyy MaADGRrAPHS_aMC@NLO NNPDF2.31o PyTHIA 8.2 -
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Object & Event pre-selection

Di-photon triggers with E; > 35, 25 GeV. Trigger efficiency for the non-resonant signal is 82.9%
and 69.5% for the resonant signal (using as reference mx= 300 GeV).
Lepton veto: Events are rejected if they contain medium electrons and/or medium muons

At least 2 photons:
|dentified (Tight WP)

w o y 7 Calo- and Track-isolated within a cone of AR = 0.2
T « EB° < 0.065 - Epand p¥° < 0.05- E
w

7| + 105GeV < myy < 160 GeV m,
* E/myy>0.352and 0.25 Primary Vertex Selection Efficiency
° yyvertex P I I i
LT ATLAS Prellmlnary

1L {s=13TeV, 139 fb™

0.8 " *snag,

’I
d
(J
/

0.6
0.4 =H- yy (ggF) g
0_2—_ - Z— ee, MC B
B -+ /— ee, Data i
IR RN AN RN RN A AT TATE EYATET AN AT AT AT
0 15 20 25 30 35 40 45 50
ATLAS-CONF-2019-029/ y2i
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Object & Event pre-selection

Di-photon triggers with E; > 35, 25 GeV. Trigger efficiency for thenon-resonant signal is 82.9%
and 69.5% for the resonant signal (using as reference mx= 300 GeV).
Lepton veto: Events are rejected if they contain medium electrons and/or medium muons

Less than 6 central jets (reduce ttH)

* PFlow jets, anti-kt R=0.4, tight JVT applied
Exactly 2 b-jets

e e DL1r 77% WP

B | B-jetenergy corrections applied
d Muon_ln_Jet > 2_| | T T T I T T T | T T T | T T T T T T | T T T T T T T T T
GJ f— . .
° pT_reCO O 18 ATLAS Slm_L1|Iat|on s
o F \s=13Tev, 361 _ [ o HIGG-2016-20/ |
~ 16 C Powheg MINLO SM ZH — I'Tbb -
'_g Co2 ZIeptons, 2 jets, 2 b-tags l \
g 14 pZ> 150 GeV -
zn C [] Standard Jet Calibration (Std.) g‘ﬁ}‘@'\
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E C O Std. +u-in-jet + PtReco Correction A
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*
my, byy

selections = improves resolution
* On top of common preselection and m;; byy Cuts,

apply BDT-based categorization
* Require at least 9 expected background events in

Event Categorization

mbE'yy = mbB)’)’

the myy window (excluding 120-130) to

guarantees sufficient events in data side-bands

for myy fit.
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HH->bbyy strategy

Events
2 high pr photons,
= 2 b-jets
Low mass High mass
Target BSM Target SM
Train BDT Train BDT
Signal: ggF HH x; = 10 Signal: ggF HHk; = 1
Bkg: yy + j, single H Bkg: yy + j, single H

Non resonant

my < 350 GeV my = 350 GeV

Low BDT score High BDT score Low BDT score High BDT score

Low mass " Highmass High mass
BDT tight BDT tight

category  Cae category

Resonant

Previous paper

continuum
= single-Higgs

=

New strategy

continuum
= single-Higgs
//

continuum

preselection —
+BDT cut

2m,, my

=1
g
E:
£
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Non-resonant Categorization

4 categories (different wrt
previous paper)
¢ Low and High ngw
* <350 GeV for BSM
« >350GeV for SM
* In each mass region, train BDT
to discriminate signal
(k; = 1,10) from continuum +
single Higgs backgrounds
* Photon- and jet-level info used
in BDT (details in back-up)
. mbb very powerful
*  “topness” reduces ttH
contamination by ~35%

2 2
e mjj, —mw Mjijpjs — Mt
Xw = min +
my my

*  Loose and Tight BDT
* Boundaries chosen to
maximize combined
expected significance

May 2022
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Resonant Caﬁeg©ﬂzafl©h

* Different wrt previous paper
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7 ATLAS Preliminary -
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o
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1 e Data Coy=_ -1 Data
» Single BDT for all resonances e e sesin —mgw GeV] B i ig;xﬂ—efsoo GeV]
« 2 BDTs to separate signal from : T B S

Fraction of events / 0.05
o o
S o
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o
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continuum and from single Higgs

I
£
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0.3
backgrounds osh
e Scores combined in BDT,; o2p ook
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A 0.1f®
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BDT = \/Cz( ;y ) +C3 (%) BDT Score BDT Score
Cl+C3 G —p

Ci, G (G=1-C)

* 2-stage optimization
1. Maximize significance for each resonance
* Different coefficients and BDT scores

2. Select coefficients providing a significance within 5% from the maximum value, for
each resonance

* A common (C; =0.65 coefficient is found, individual BDT cuts are used

A cut on m,’;,;yyis applied at +20 (+40) of the expected mean value for signal events for each
resonance (at 900-1000 GeV)
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Non-resonant BDT inputs

Table 2: Variables used in the BDT for the non-resonant analysis. The b-tag status identifies the highest fixed btag
working point (60%, 70%, 77%) that the jet passes. All vectors in the event are rotated so that the leading photon ¢ is
equal to zero.

Variable Definition

Photon-related kinematic variables

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

primy,

n and ¢

Jet-related kinematic variables

b-tag status b-tagging score coming from the DLIr algorithm

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

Invariant mass built with the two jets with the highest

pr.n and ¢

PRP. npp and ¢

my;, .
ot b-tagging score
Hy Scalar sum of the pr of the jets in the event
Single topness For the definition, see Eq. | my my

Missing transverse momentum-related variables

E%““ and ¢ Missing transverse momentum and its azimuthal angle
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Resonant BDT inputs

Table 4: Variables used in the BDT for the resonant analysis. For variables depending on b-tagged jets, only jets
b-tagged using the 77% working point are considered as described in Section 4.1.

Variable Definition

Photon-related kinematic variables

p%", yrY Transverse momentum and rapidity of the di-photon system

Azimuthal angular distance and AR between the two pho-

Jet-related kinematic variables

Invariant mass, transverse momentum and rapidity of the
b-tagged jets system

= bb o
myj, pyr- and y,p

Azimuthal angular distance and AR between the two b-
Ad,; and AR, ; g

tagged jets
Njets and Nj_jers Number of jets and number of h-tagged jets
Hr Scalar sum of the p of the jets in the event

Photons and jets-related kinematic variables

Invariant mass built with the di-photon and b-tagged jets

m —~
boyy system

Distance in rapidity, azimuthal angle and AR between the

AYyy.bb> Abyy b5 a0d ARy, di-photon and the b-tagged jets system
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Cut flow

Table 9: Cutflow for non-resonant ggF signal sample, yields are normalised to 139 fb!. Table 10: Cutflow for resonant signal sample, with mx = 300 GeV. Yields are normalised to 139 fb™".
Cuts Yields Efficiency [%] Cuts Yield  Efficiency [%]
N.\’AOD 11.37 100 Nxaop 134.07 100
NbxaoD 1137 100 Npxaop 134.07 100
ATl sverifs 1137 99.99 All even.ts 134.06  99.99
No duplicates 1137 9999 No duplicates 134.06  99.99

GRL 134.06 99.99
GRL . 11.37  99.99 Pass trigger 91.90 68.54
Fass trigger 943 8298 Detecctor DQ 9190  68.54
Detecctor DQ 943 82.98 Has PV 91.90 68.54
Has PV 943 82.98 2 loose photons 75.69 5645
2 loose photons 7.00 61.61 ¢ —y ambiguity 75.66  56.43
¢ —y ambiguity 7.00  61.58 Trigger match 68.44  51.04
Trigger match 6.66 58.57 Tight ID 58.70  43.79
Tight ID 5.86 51.50 Isolation 4924 36.72
Isolation 5:17 45.45 rel.prcuts 4447  33.17
rel.prcuts 4.65 40.88 myy € [105,160] 4444 33.15
my, € [105,160] GeV 4.64 40.85 Niep =0 44.44  33.15
Niep =0 4.71 41.44 Nj>2 4424 33.00
N;>2 4.69 41.29 N central <6 33.03  24.63
N central <6 3.95 34.73 Njbtag < 3 with 77% WP 1439  10.73
Njbtag <3 1.97 17.28 2 b-jet with 77% WP 11.30 843
5 ;;-jets with 77% WP 1.56 13.76 Di-Higgs invariant mass selection  9.80 7.31

myy € [120, 130] GeV 5.99 447

Di-Higgs invariant mass <350 GeV  0.19 1.65
Di-Higgs invariant mass >350 GeV  1.38 12.11
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Resonant BDT score

Table 14: Minimum BDT value of the events passing the selection criteria of the resonant search. The combined
BDT score uses Cy = 0.65. Only C is specified since C> =1 = C).

myx [GeV] BDT threshold

251 0.70
260 0.75
270 0.80
280 0.85
290 0.85
300 0.85
312.5 0.85
325 0.85
337.5 0.85
350 0.85
375 0.90
400 0.80
425 0.85
450 0.85
475 0.80
500 0.75
550 0.60
600 0.45
700 0.20
800 0.10
900 0.20
1000 0.05
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Table 5: Effective resolution of the the m.,,, invariant mass spectrum (the smallest mass window that contains 68% of
signal, termed oyg) and corresponding statistical uncertainty are given for the non-resonant search categories and for

DSCB resolutions

the two benchmark scalar resonant signals.

May 2022

Category 068 [GeV]
High mass BDT tight 1.46 £ 0.01
High mass BDT loose 1.61 +0.02
Low mass BDT tight 1.:72.%0.06
Low mass BDT loose 1.81 £0.03
Resonant myx = 300 GeV  1.96 + 0.02
Resonant myx = 500 GeV  1.60 + 0.01
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Data/MC comparison
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Modeling of the discriminant variable

m,,, for both non-resonant & resonant (different than previous paper, improved resonant limits at
low mass thanks to easier background modeling)
* Yields are parameterized with a 2"¥ order polynomial

* HH signal and single Higgs background shape modelled from MC with a DSCB function
* No sizable dependence on k is observed

* Continuum background modelled from data side bands
» Systematic uncertainty assigned to the function choice via Spurious Signal method
* Estimate signal bias by fitting a background only template with a signal + background function
* Exponential function chosen: similar bias, but minimal number of degrees of freedom
* Wald test performed in data, no sign of preference for higher degree function
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Statistical Ahayss

. . . . . Non-resonant
* Maximum likelihood fit of myyin

> P T T T > F T T T ]
© g ¢+ pata ATLAS Prellmlnary - © 16 ¢ pata ATLAS Prellmmary -
g =L ] (0 B = ]
105 GeV < myy < 160 GeV, performed :" Continuum Background H‘FH_J:J:V el g :3 14 Continuum Background gH—Jt?b.*:-yev 139 =
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|2} L = j2} -
simultaneously over all categories 2 2100 =
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¢ i=1 40 720 130 140 150 _ 160 “Ti0 120 130 140 150 160
m,, [GeV] m,, [GeV]
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Resonant
Single Higgs yields fixed to SM values, L
While l,l’ non_resonant background §12;_ Continuum Background §H=—-1:5‘I?V. 139'5‘_; g Zé_ Continuum Background fH—Jbat)T'ev 13916 ;
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Number of evenis = non resonant

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
: 1:1 1.5 0.9 2:3
Continuum background 49113 9 8.1 24.9*5%
: ; 0.29 0.6 0.09 0.33
Single Higgs boson background 0677513 16755 0.23%03 1407072
+0.28 +0.5 +0.08 +0.27
ggF+bbH 0.267 76 047, 0.07%5 04 027716
= 0.03 +0.09 0.022 0.13
ttH 0.19%75 03 04975 7 0.1077 5017 0.7570 13
+0.035 +0.09 +0.020 +0.06
ZH 0.142% >3 0.48%5 o7 0.040% 054 0.2775 04
0.032 0.07 0.008 0.030
Rest 0.07475 014 0.16%, 03 0.012%5 004 0.1117 055
— - +0.10 +0.04 +0.006 +0.008
SM HH(kj = 1) signal 0.8775 13 0.37%5 o7 0.0497 570 0.078Z 015
0.10 0.04 0.006 0.008
ggF 0.86% 13 0.3570 07 0.04670"070 0.072’:0.015
VBF (12.6113) 1073 (16.1714) . 1073 (3.2409)- 1072 (6.9%02)- 1073
Alternative HH (ky = 10) signal 6.5’:5:% 3.6t8'_2 4.5’:%% 8.5ﬂ%
Data 2 17 5 14
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Number of evenis — resonant

myx =300GeV myx =500 GeV
Continuum background 5 5’:112 1.6’:%'_3
- - 0.14 0.18
Single Higgs boson background 0.34%0 5 0.40%; 03
0.005 0.09
SM HH background 00217 5 0.20%; 00
X — HH signal 6.1‘:%:% 6.1ﬁ%:§
Data 6 4
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Non-resonant resulis

No signal is observed, exclusion limits are set via the CLs method with asymptotic approximation

* Observed non-resonant HH production of 130 fb, while 180 fb is expected.
* 4.1(5.5) xthe SM

= 1059 :
=, ATLAS Preliminary —— Observed limit (95% CL)
— - ted limit (95% CL)
s V/s=13TeV, 139 fo~! R
L HH—)bBW [ Expected limit 1o

r 1045‘ [ Expected limit +2¢ ;
> 3 E=E Theory prediction

Yy 5 SM prediction

>

- ——— |

-
~~~~~
~
-~ -

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

10!

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

e 36 fblresults: 22 (28) x SM observed (expected), —8.2 (—8.3) < k; < 13.2 (13.2)
* Full Run 2 CMS results: 7.7 (5.2) xSM, —3.3 (-2.5) < k; < 8.5(8.2)

May 2022 V. M. M. Cairo 263


https://link.springer.com/article/10.1007/JHEP11(2018)040
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1

Non-resonant results

P 8; ATLAS [ [T
Y 7= Vs =13 TeV, 139 b, HH — bbyy =
E_ — Expected _E
6: — Observed a
5 .
P RN S, WRUNSISUISSTS—— S— S—— 2o
3 -
2 —]
| ECRSIUENEN. SN WSS S A—— to
0: [ l I T | | [ | 1:

-4 -2 0 2 4 6 8 10

Figure 13: Values of the negative log-profile-likelihood ratio (—2 In A) as a function of «; evaluated for the combination
of all the categories of the nonresonant search. The coupling of the Higgs boson to fermions and gauge bosons is
set to SM values in the profile likelihood calculation. The expected result corresponds to a Asimov data set [106]
generated under the SM signal-plus-background hypothesis, k; = 1. All systematic uncertainties, including the
theoretical uncertainties in the di-Higgs boson production cross section, are included. The intersections of the solid
curves and the horizontal dashed lines indicate the 10~ and 20~ confidence-level intervals.
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Resonant HH — bbyy

* Different analysis strategy compared to the early Run 2 analysis
* single BDT for all resonances, 2 BDTs to separate signal from continuum and from single
Higgs backgrounds, scores combined in BDTtOt

DT \/C2 BDT” & 1 (BDTs,ngleH + 1)

> 1 2 > I : I > — 1 000 L T T T T 17T | 3 P T T T T T LI
> - ATLAS Preliminary ¢ Data | ) SR o
- L Vs=13TeV, 139fb" B HH (SM) - a 900 ATLAS Prellmlnar}/ =
of 10 HH-—bbyy Single Higgs ] T = Is =13 TeV, 139 fb g
- B m, =300 GeV Wityy i 1 800 HH—bDb' =
= i yybb ) > E YY -
S 8 W 7 +otherjets  — T 700 —e— Observed limit (95% CL)
3 C I DataDriven yj ] 600F- & 0 e Expected limit (95% CL) =
6 g:ti%r(l)voecn;gv = 005 [ Expected limit + 16 =
- R 5 3 [ ] Expected limit =+ 2 ¢ e
01 ] 400F- =
_- 200F- =
} 100F =
ol - - | 1 3

g 110 120 130 140 150 e \1/ 60 0200 300 400 500 600 700 800 900 1 OOO

m,, [Ge

 [GeV] m, [GeV]

— l- ﬂ
e ~ 30% improvement from BDT strategy, lower mass regime tested

* 36 fblresults: Observed (expected) limits between 1.1 pb (0.9 pb) and 0.12 pb (0.15 pb) in
the range 260 GeV < mx< 1000 GeV.
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://link.springer.com/content/pdf/10.1007%2FJHEP11%282018%29040.pdf

Resonant resulis

No signal is observed, exclusion limits are set via the CLs method with asymptotic approximation

* Observed and expected o upper limits at 95% CL on the for a narrow width scalar resonance
varying between 610-47 fb (360-43 fb) in 251 GeV < mx < 1000 GeV.

lE 1 OOO l: I LI l L L L I LI I L I L I LG I kN 2k I | N T T | I LI I:
= 900F ATLAS Preliminary =
T goob Is=13TeV, 139 fbr E
>1; = HH—bbyy =
s 700 = —e— Observed limit (95% CL) =
600 & o 0 e Expected limit (95% CL) =
- [ ] Expected limit + 1o 3
500 2 [ ] Expected limit = 2 o =
400 =
300F =
200 3
100 =
O : L1 1 1 l L1 1 1 l 11 1 1 l L1 1 1 I L1 1 1 l L1 1 1 l L1 1 1 1 11 1 1 l 11 E

200 300 400 500 600 700 800 900 1000
m, [GeV]

* 36 fblresults: Observed (expected) limits between 1.1 pb (0.9 pb) and 0.12 pb (0.15 pb) in
the range 260 GeV < mx< 1000 GeV.
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=]

Systematic Unceriainties

A g From here

rate poéiﬁon spread

* Statistically dominated analysis, systematics have a sub-dominant effect
* Luminosity uncertainty 1.7%

* Continuum background fitted from data, only spurious signal uncertainty
e Experimental & theory systematics affect HH non-resonant, HH resonant and Single Higgs
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O

Systematic Unceriainties

@,

rate poéiﬁon spread

A P From here

Table 8: Breakdown of the dominant systematic uncertainties. The impact of the uncertainties corresponds to the
relative variation of the expected upper limit on the cross section when re-evaluating the profile likelihood ratio
after fixing the nuisance parameter in question to its best-fit value, while all remaining nuisance parameters remain

free to float. The impact is shown in %. Only systematic uncertainties with an impact of at least 0.2% are shown.
Uncertainties of the “Norm. + Shape” type affect both the normalization and the parameters of the functional form.

The rest of the uncertainties affect only the yields.

Relative impact of the systematic uncertainties [%]

Source Type Nonresonant analysis Resonant analysis
HH my = 300 GeV

Experimental

Photon energy resolution Norm. + Shape 04 0.6

Jet energy scale and resolution Normalization <0.2 0.3

Flavor tagging Normalization <0.2 0.2

Theoretical

Factorization and renormalization scale = Normalization 0.3 <0.2

Parton showering model Norm. + Shape 0.6 2.6

Heavy-flavor content Normalization 0.3 <0.2

B(H — vyy, bb) Normalization 0.2 <0.2

| Spurious signal Normalization 3.0 33

V. M. M. Cairo
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k,reweighting for ggF samples

Common HH procedure

Truth level HH ggF samples with 10 million events are produced for kx=0,1,10 and 20 at NLO
using Powheg-Box-V2+FT.

A linear combination, described in, of samples with kA = 0,1 and 20 is used to generate

samples with other values of kA € [-30,30] in increments of 0.2. kKA = 10 used for closure test

Event-level weights in mHH are derived between 20 GeV and 1 TeV

May 2022

Ka
i MygH.I
Wi=TSm
mygmg.i

Due to the variation of the HH cross section depending on the «,, the cross section for the targetted
k, sample is calculated at NLO (in fb) following equation 20 as indicated in the LHC Cross Section
Working Group twiki (https:/twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGHH) on October
28th 2020. The full Cross Section X Branching Ratio in pb is then given by equation 21, where
BR(hy) = BR(h — bb) = 0.5809 and BR(h;) = BR(h — yy) = 0.002270 as indicated in the CERN
Yellow Report (https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERN YellowReportPageBR).

XS(mpp, = 125.09)
XS(mpn = 125)

31.02 31.05
X

=70.3874 —50.4111 X k5 + 11.0595 X K/Zl X 31.05  31.0358

(20)

Oy = f(K/l) X

~ XS(mpp = 125.09) 1
Oy X BR = f(k) X XS(mn = 125) X 2 X BR(h1) X BR(hy) X 1000 (21)
V. M. M. Cairo
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HH - bbtt analysis (1)

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

f '1- +\ TepTlep
He—-

T > = L L B L L L BNLELENLI
Hadronic & Leptonic 5 0'14:_ A LAS Simulation Preliminary —=—r1, 7, B
ThadThad S o1 of Vs =13TeV, 139 fb” — TigpThad -
b L B " TiepThag SLT ]
X ~ -
© L —
E 48_ 0.08: .
| | S 0.06F- -
B-jet energy corrections < - ]
MVA in 3 categories: 0.04F —
Thad Thad - .
0.02— ]
(opp. charged ) . ’
[ e T ]
) 200 400 600 800 1 000 1 200 1 400 1 600
Tlep Thad (e/u & m, [GeV]

opp. charged 7) LTT

SLT

Control region for

Z+HF (m”)
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MVA output

Parametric (by my)
NNs for resonant

BDT(Thad Thad) &
NN(Zsep Thaa) for

non-resonant

Mypy Mppy Mey, etc.

Multi-variable
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HH - bbtt analysns 2)
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Non-resonant HH — bbtt results

Binned maximume-likelihood fit of the MVA score to data
(simultaneous in all categories)
Non-resonant analysis thoroughly optimized for SM cross-section limit!

AT = I I I I IR I R IR A=
= = ATLAS Preliminary * Dats 3
— T {s-13TeV, 139 fo" =—— SM HH at exp. limit
2 10° & : Top-quark
S Thad®had Jet — 1, fakes (MJ)
|_|>_| 105 Signal Region Z — 1t + (bb,bc,cc)
I Jet — 1, fakes (tf) 3
Il Other -
10* SM Higgs 5 .
s [ Uncertainty = \ Observed —20 —1o0 Expected +1o +20
10 ey T Pre-fitbackground - M Ogeb+vEE ] 145 705 94.6 131 183 245
" = hadhad O gV O b VBT 4.95 238 3.19 4.43 6.17 827
E
: . E — JggF+VBI;1\£Ifb] 265 124 167 231 322 432
10 H 0 UggF—i-VBF/UggF-I-VBF 9.16 4.22 5.66 7.86 10.9 14.7
1 Foirbined OggF+VBF [fb] 135 61.3 823 114 159 213
15||‘||||“ UggF—i-VBF/UgSé\%—i-VBF 4.65 2.08  2.79 3.87 5.39  7.22
5 VF ]
9] . .
QL_ e o 0 O g O @ e * §
e E. PR § 'S PR \*\\} \\*\\ E
‘(-U'05_|\||||\|||\\||||\|||\|||||\||||\|||\|||_
o “21 08 06-04-02 0 02 04 06 08 1
BDT score

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).
 Statistically dominated, largest systematics from background modeling

May 2022 V. M. M. Cairo 272


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

== _ o
HH - bbtt analysis (1)
Relatively large BR and clean final state (cleaner compared to e.g. 4b)

SingleTau (80<pT<160 GeV)/DiTau (35-25 GeV) triggers for Tr,4 Thad
SingleLepton (e: 24<E1<26 GeV, u: 20<pr<26 GeV) /Lepton (e: £:>17 GeV, u: pr>14 GeV)+Tau (u: pr>25 Gev) triggers in Tiep Thaqg

4 )

TepTlep
2 - LA L L L L L L L g
S 0.14 ATLAS Simulation Preliminary —=— ., =
;- S 01 23_ s =13TeV, 139 fb” —— T Thad B
I, B " TgpThag SLT ]
Hadronic & Leptonic X r _
42.0% () 01_ i
= C ]
Thad Thad *8'_ 0.08 :_ —:
b S 0.061- E
W 0.04 —
- 0.02- / =
b 0:| il / T LS et i =
77% btag WP (~1% mistag) 200 4 aoo 500 1000 1240 1400 1600
Muon-in-jet+pTReco MVA in 3 ' | my [GeV]
categories: i
Thad Thad » High Purity;

(opp. charged )
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|

|

|

|
|
|
|
|
|
|
|
|
|
|

See extra slides for [ » Low mass sensitivity due to low p; v
details on object SLT -—-—-+ High acceptance, large ttbar background
selection
Control region for
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Z+HF & ttbar
normalization from
mill fit to data

Fake taus:
Fake factor method
for Tlep Thad

and Thad Thad
(multi-jet), scale

factors for 44
Thad tthar

May 2022

4 )

HH - bbtt analysis (3)

Tlep Thad
mpy < 150 GeV QCD CR: Anti-Iso  tf CR: ms > 150 GeV
ID SR ? ﬁ ? ID
Anti-ID SR Template J\ ‘ FFqcp * FFy; Anti-ID

FFceomb = rQCcp X FFQCD + (1 — TQCD) x FF

|:' True-Thad-vis subtracted

TQcp  Fraction of multi-jet
events in the template

Thad Thad, Multi-jet

0S, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets
1D SR ID
4 $ el
TR
Anti-ID SR Template All * FF} b-tag Anti-ID

FF = FF, b-tag X TF12 b-tags

|:| Non-multi-jet subtracted

Thad Thad) ttbar ThadThad SR

tt with fake-Thad-vis
(simulated corrected)

Tlep Thad tt CR

SF(fake-mhad-vis)
(from template fits to the m}Y distribution)

tt with fake-Thad-vis
(simulated)
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HH - bbtt

Table 1: The generators used for the simulation of the signal and background processes. If not specified, the order of
the cross-section calculation refers to the expansion in the strong coupling constant (as). The acronyms ME, PS and
UE are used for matrix element, parton shower and underlying event, respectively.

Process ME generator ME PDF PS and UE model Cross section
hadronisation tune order

Signal The resonant HH signal was simulated for 19 values of the resonance mass, mx, between 251 GeV and 1.6 TeV.
non-resonant gg — HH (ggF) PowneGg-Box v2  PDF4LHCI15 [73] PyTtHia 8.244 [68] Al4 NNLO FTApprox [20]
non-resonant gqg — qqgHH (VBF) MADGRAPH NNPDF3.0NLO [74] PyTHiA 8.244 Al4 N3LO(QCD)
resonant gg — X — HH MADGRAPH NNPDF2.3LO [70] Herwic v7.1.3 H7.1-Default -

Top-quark
tr Powneg-Box v2  NNPDF3.0NLO PyTtHia 8.230 Al4 NNLO+NNLL [75]
t-channel Powneg-Box v2  NNPDF3.0NLO PyTtHia 8.230 Al4 NLO [76]
s-channel PowneG-Box v2 NNPDF3.0NLO PyTHia 8.230 Al4 NLO [77]
Wt PowneGg-Box v2  NNPDF3.0NLO PyTtHia 8.230 Al4 NLO (78]
v (V=W,2) Suerpa 2.2.1 NNPDF3.0NNLO [74] Suerea 2.2.1 Default NLO

Vector boson + jets
W+jets SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Z+jets SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO

Diboson
ww SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
wZz SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
Z7Z SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO

Single Higgs boson
ggF Powneg-Box v2  NNPDF3.0NLO PyTHia 8.212 AZNLO N3LO(QCD)+NLO(EW) [79-83]
VBF PowneGg-Box v2  NNPDF3.0NLO PyTHiA 8.212 AZNLO NNLO(QCD)+NLO(EW)
qq — WH Powneg-Box v2  NNPDF3.0NLO PyTHiA 8.212 AZNLO NNLO(QCD)+NLO(EW) [84-90]
qq — ZH PowneG-Box v2 NNPDF3.0NLO PyTtHia 8.212 AZNLO NNLO(QCD)+NLO(EW)
gg — ZH PowneG-Box v2  NNPDF3.0NLO PyTHiA 8.212 AZNLO NLO+NLL
ttH Powneg-Box v2  NNPDF3.0NLO PyTtHiA 8.230 Al4 NLO
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HH - bbtt selection

Table 2: Summary of the event selection, shown separately in the different trigger categories. In cases where pairs
of reconstructed objects of the same type are required, thresholds on the (sub-)leading p object are given outside
(within) parentheses. When the selection depends on the year of data-taking, the possible values of the requirements
are separated by commas, except for the jet selection in the lepton-plus-Thag-vis trigger and di-Thag.vis triggers which
use multiple possible selection criteria, that are described in Section 5.1. The pr trigger thresholds shown correspond
to the offline requirements.

Thad Thad Channel Tlep Thad Channel
STT DTT SLT LTT
e/ u selection
No loose e/u with pr > 7 GeV Exactly one tight e or medium p
Py > 25,27 GeV 18 GeV < pf. < SLT cut
p’.l‘. > 21,27 GeV 15 GeV < pf‘r < SLT cut
[n¢] <2.47,not 1.37 < |p¢| < 1.52
InH| < 2.7
Thad-vis Selection
Two loose Thad-vis One 100Se Thad.vis
In| <2.5 In] < 2.3
pr > 100,140,180 (25) GeV pr > 40 (30) GeV pr > 20 GeV pr > 30 GeV

Jet selection
> 2 jets with [p| < 2.5
pr > 45 (20) GeV Trigger dependent pr > 45 (20) GeV Trigger dependent

Event-level selection
Trigger requirements passed
Collision vertex reconstructed
mMMC > 60 GeV
Opposite-sign electric charges of e/ 1t/ Thad-vis and Thad.vis
Exactly two b-tagged jets
mpp < 150 GeV

LepHad: largely dominated by tt

* Preselection signal efficiency: ~ 5%

HadHad: significant contributions from tt (+ fakes) , Z + jets, QCD fakes

* Pre-selection signal efficiency: ~ 4%

V. M. M. Cairo
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HH - bbtt MVA

Table 3: Variables used as inputs to the MVAs in the three analysis categories. The same choice of input variables is
used for the resonant and non-resonant production modes. The variables are defined in the main text.

MmyH

MMC
mT T

Mpp

AR(t,T)

AR(b,b)

ApT(f’ T)
Sub-leading b-tagged jet pr
my

E¥1iss

EMSS ¢ centrality
A¢(tT,bb)

Ap(C, E%“iss)
Ag(tt, ET™)

St

NSNS
AN NN

AN NN Y. N N N NN

SN SNS
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HH - bbtt background

mps < 150 GeV QCD CR: Anti-Iso  #f CR: ma > 150 GeV
Tiep Thad o wm ) ) m
Anti-ID SR Template lll * FFqcp ‘ FFy; Anti-ID

FFcomb = 7qcp X FFqep + (1 —rqep) x FFyp

E True-Thad-vis subtracted

TQcDp  Fraction of multi-jet
events in the template

Figure 4: Schematic depiction of the combined fake-factor method used to estimate multi-jet and ¢7 background with
fake-Thad.vis in the TiepThag channel. Backgrounds which are not from events with fake-Thad-vis originating from jets
are subtracted from data in all control regions. Events in which an electron or a muon is misidentified as a Th,q.yis are
also subtracted, but their contribution is very small. Both sources are indicated by "True-7ja4.vis Subtracted" in the
legend.

08, 2 b-tagged jets SS, 1 b-tagged jet SS, 2 b-tagged jets
1D SR 1D
4 4 -
. IF152 b-tags
Anti-ID SR Template J\ + FF1 p-tag Anti-ID

FF =FF, b-tag X TF 2 b-tags

Thad Thad D Non-multi-jet subtracted

Figure 5: Schematic depiction of the combined fake-factor method to estimate multi-jet background with fake-Tp,4.vis
in the ThaaThaa channel. Backgrounds with true-thaq.vis Which are not from multi-jet events are simulated and
subtracted from data in all the control regions. This is indicated by "Non-multi-jet subtracted" in the legend.

ThadThad SR
S — | Thad Thad tt with fake-Thad-vis

(simulated corrected)

TlepThad s tt CR

SF (fake-mhad-vis)
(from template fits to the m,‘ly distribution)

tt with fake-m,ad-vis
(simulated)

Figure 6: Schematic depiction of the fake-Thag.vis scale-factor method to estimate ¢7 background with fake-7y,q.yis in
the ThaqThad channel.

May 2022



HH - bbtt

* Systematic uncertainties

May 2022

Table 4: Breakdown of the relative contributions to the uncertainty in the extracted signal yield divided by the MC
prediction, as determined in the likelihood fit to data. These are obtained from fixing the relevant nuisance parameters
in the likelihood fit, and subtracting the obtained uncertainty on the fitted signal yield divided by the MC prediction in
quadrature from the total uncertainty, and then dividing the result by the total uncertainty. The sum in quadrature of
the individual components differs from the total uncertainty due to correlations between the groups of uncertainties.

Uncertainty source

Non-resonant HH

Resonant X — HH

300 GeV 500 GeV 1000 GeV
Data statistical 83% 75% 89% 88%
Systematic 56% 66% 45% 48%%0
Experimental
Jet and E}“iss 7% 28% 5% 4%
b-jet tagging 3% 6% 3% 3%
Thad-vis 6% 13% 3% 7%
Electrons and muons 3% 3% 2% 1%
Luminosity & Pileup 3% 2% 2% 5%
tt and Z + HF normalisations 6% 11% 5% 3%
Theoretical and Modelling
Fake-Thad-vis 10% 22% 7% 7%
Top-quark 25% 21% 13% 8%
Z(— 17)+HF 10% 22% 10% 15%
Single Higgs boson 30% 2% 15% 14%
Other background 3% 2% 6% 2%
Signal modelling 7% 15% 13% 34%
MC statistical 29% 44% 33% 18%
V. M. M. Cairo
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Resonant HH — bbtt results

Thad Thad /

Better sensitivity
below 1 TeV
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95% CL i
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ATLAS Preliminary
Vs =13 TeV, 139 fb™

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

Statistically
dominated,
largest sys
from signal
and
background
modeling

—

* Broad excess @ 700 GeV <mX < 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 o, global significance of 2.1*%4, ©.
* Deficit @ 280 GeV with a local significance of 2.4 o.

™
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HH - bbbb analysis (1)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)

200 A0

Resolved 8 3
(251 GeV - 1.5 TeV) %180 802
4 b-tagged AR=0.4 jets 160 5§

& Boosted 140
(900 GeV -3 TeV) 120 :
b-tagged AR=1.0 and

100

~.

VR track-jets

Combined in the
overlap region

27% btag WP 60 80 100 120 140 160 180 200
o btag m(H) [GeV]
muon-in-jet+pr-reco & Fle o .
S I rlgger caregeres ATLAS Simulation Preliminar
. .2 - —®— = 4jets, = 2tagge y
R.ESO|VEd.' £ 1o = zzjtatggedmggd Vs =13TeV, 126 b
4b s|gna| region Lli > |Anul<15 Resolved channel, spin-0 signal
[ —&— min(Xw)>1.5
(2b category for % o Y16
. = 1005— -----------------------------------------------
bkg estimate) g /ém
« o 101k
BDT to pair jets -
from Higgs B
-2
(65-100% eff) h:
10—3_\\|||\|||\\llllllllllll'll
_ 400 600 800 1000 1200 1400
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HH - bbbb analysis (2)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)

Resolved
(251 GeV - 1.5 TeV)
4 b-tagged AR=0.4 jets

& Boosted
(900 GeV -3 TeV)
b-tagged AR=1.0 and

VR track-jets

Combined in the
overlap region

77% btag WP
muon-in-jet+p-reco

May 2022

Resolved:
4b signal region
(2b category for

bkg estimate)

BDT to pair jets
from Higgs
(65-100% eff)

4 Resolved: )

Bkg dominated by
multi-jet + ~5%
ttbar

Use 2-tag data (and
apply NN-based
kinematic
reweighting) to
derive an
extrapolation from
the CR into the SR.

V. M. M. Cairo

)

ATLAS Prelimihary

105L Vs = 13 TeV, 126 1b-! t Data
Background-only fit [ Background
104 Resolved channel Uncertainty

------- m(X) = 280 GeV
--- m(X) = 400 GeV
—— m(X) = 600 GeV
~=- m(X) = 1000 GeV

Events / 14.3 GeV|




HH - bbbb analysis (3)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)

4 N
Resolved
(251 GeV - 1.5 TeV) High tag ’ q 9 4 > <

4 b-tagged AR=0.4 jets

& Boosted Low tag, for 2b-2f 2b-1f o
background - - -
(900 GeV -3 TeV) ectim ate b Q 9 4 > <"

b-tagged AR=1.0 and

VR track-jets
Combined in the > T T3
overlap region _é - —-SR2p  ATLAS Simulation Preliminary ]
77% btag WP = | ——SR,3b s =13TeV, 139 b i
muon-in-jet+pr-reco Boosted: < . = SR 4b Boosted channel, spin-2 signal
. o [0}
3 signal-enriched - _
categories a - .
4b, 3b, 2b ::‘3 - ]
(b-tag inefficient
. —2 | _
at high p;) 107°E E
L | | L L
Events sorted in 1 1.5 2 2.5 3
CR, VR & SR like in
May 2022 \_theresolved case |, "~ 283




HH - bbbb analysis (4)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)

Resolved
(251 GeV - 1.5 TeV)
4 b-tagged AR=0.4 jets

& Boosted
(900 GeV -3 TeV)
b-tagged AR=1.0 and

VR track-jets

Combined in the
overlap region

77% btag WP
muon-in-jet+prreco

May 2022

Boosted:

3 signal-enriched
categories
4b, 3b, 2b

(b-tag inefficient at
high pr)

Events sorted in
CR, VR & SR like in

\the resolved case )

~10/15/30% ttbar in
the 4/3/2b regions

Data-driven MJ & MC-
driven ttbar (data-
driven corrections in
2/3b)

Same reweighting
approach as in the

g Boosted: )
Bkg dominated by . i
i i A
mUIt|'jet + i,data MJ\ Vi data

-1 -1
NN o N

itt

W

36fb ! analysis

Background-only fit Mt

R A R
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Boosted channel, 2b Uncertainty
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IR EEEEEE

. .*:¢‘+++

V. M. M. Cairo

b
1000 1500 2000 2500 3000 3500 4(RQ=d500-5000



https://link.springer.com/article/10.1007/JHEP01(2019)030

HH - bbbb analysis resolved

R = \/(m(Hl) ~ 1.03 X 120GeV)” + (m(H,) — 1.03 x 110GeV)” < 30 GeV.

Finally, the control region (CR) contains the events not in the SR or VR which satisfy the condition

RR = \/(m(Hl) — 1.05 x 120GeV)” + (m(H,) — 1.05 X 110 GeV)~ < 45 GeV.

The centers of the VR and CR are shifted with respect to the SR to ensure that the mean H candidate
masses are equal in the three regions. The shapes of these regions in the m(H;)—-m(H,) plane are shown
with the 2b data in Figure 2.

After the full selection, the final discriminating variable “corrected m(HH)” is constructed. This is obtained
by rescaling the four-momenta of the H candidates such that m(H,) = m(H,) = 125GeV. The corrected
m(HH) is then the invariant mass of the sum of the two resulting four-momenta. This procedure improves
the scale and resolution of the reconstructed signal mass distribution by correcting for detector effects and
physical processes such as radiative emission outside the jet cones. This correction improves the signal
mass resolution by up to 25% and shifts the mean of the mass distribution closer to the true value, but has a
negligible effect on the background. The signal efficiency times acceptance for the various event selection
steps is shown in Figure 3. The efliciency at low resonance masses is mainly limited by the trigger. At high
resonance masses the jets start to merge together and the reconstruction and b-tagging efficiencies decrease.
The efficiency is substantially larger for the spin-2 model than for the spin-0 model because the corrected
m(HH) distribution of the spin-2 model is much broader, particularly on the high-mass side.
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HH - bbbb analysis resolved:
kinematic reweighting

Pap(X)
Pap (X) ,

w(X) =

where p2b(x) and pab(x) are the probability density functions for 2b and 4b data,
respectively, over a set of kinematic variables x.

The computation of w(X) is a density ratio estimation problem, for which a variety of approaches exist.
The method employed in this analysis is modified from Refs. [77, 78] and makes use of an artificial neural
network (NN). This NN is trained on 2b and 4b CR data to minimize the loss function:

1
L(w(¥)) = /df [VW(E)sz(f) + ﬁlhb(f) . (6)
w(X
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HH - bbbb analysis resolved:
kinematic reweighting

The kinematic variables used to make up x are chosen to be sensitive to the differences between the 2b
and 4b

[

. log(pr) of the selected jet with the 2"-highest pr,

log (py) of the selected jet with the 4™-highest py,

log(AR) between the two selected jets with the smallest AR,
log(AR) between the other two selected jets,

the average |n| of selected jets,

log(py) of the HH system,

AR between the two H candidates,

A¢ between the jets making up H,,

= e = & W = W W

A¢ between the jets making up H,,

[
e

log(min(Xy,)), and

[S—
[—

. the number of jets in the event with pp > 40 GeV and || < 2.5, including jets that are not selected.

There are two main sources of uncertainties: uncertainties from finite statistics in the CR, and physical
differences between the CR and SR.
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HH - bbbb analysis

ATLAS Internal - ' '

10k Vs = 13 TeV, 126 fb-' + ab0ata

Resolved channel control region - Normalized 2b Data
[0 Stat. Uncertainty

ATLAS Internal ' ' '

Vs= 13 TeV, 126 fo-' t 4bData

Resolved channel control region ™8 Reweighted 2b Data
[ Stat. Uncertainty

E

Events / 14.3 GeV
2
Events / 14.3 GeV

0.2

r-
. h

= "**”*'“' A ¢

400 600 1000 1200 1400 400 600 800 1000 1200 1400
Corrected m(HH) [GeV] Corrected m(HH) [GeV]

4b Data - Pred
T
r': oo
- O =

—

(a) (b)

Figure 4: Corrected m(HH) distributions for the 2b control region (teal histogram) and 4 control region (dots) in
the resolved channel. The statistical uncertainty in the 2b control region is represented by the grey band. The error
bars on the 4b points represent the Poisson uncertainties corresponding to their event yields. The 2b data are shown
(a) before and (b) after the kinematic reweighting procedure. In both cases the 25 distributions are normalized to the
4b event yields for a pure shape comparison. The final bin of each distribution includes overflow. The bottom panel
shows the difference between the 4b and 2b distributions, normalized to the 45 distribution.

V. M. M. Cairo

288



May 2022

HH - bbbb analysis

ATLAS Internal
=13 TeV, 126 fb!
Resolved channel valid. region

Events / 14.3 GeV

—

oo

=R
T

4b Data - Pred
Pred
boo
L0 =

-0.2}

4b Data
- Reweighted 2b Data
Uncertainty

il

400 500 800

1000 1200 1400
Corrected m(HH) [GeV]

Table 1: Resolved 4b signal region data, estimated background, and signal event yields in corrected m(HH) windows
containing roughly 90% of each signal, for representative spin-0 mass hypotheses. The signal is normalized to the
overall expected limit on its cross-section; its uncertainties are evaluated by adding all individual components in
quadrature and are treated as correlated across corrected m(HH) bins. The background yields and uncertainties are

evaluated after a background-only fit to the data.

m(X) [GeV] Corrected m(HH) range [GeV]  Data

Background model

Spin-0 signal model

260 [250, 321) 18554 18300 + 110
500 [464, 536) 2827 2866 + 22
800 [750, 850) 358 3662+ 73

1200 [1079, 1250)

68 526+ 1.7

503 + 43

1054 + 5.7
377 & 1.7
11.71+  0.62

Table 2: Resolved 4b signal region data, estimated background, and signal event yields in corrected m(HH) windows
containing roughly 90% of each signal, for representative spin-2 mass hypotheses. The signal is normalized to the
overall expected limit on its cross-section; its uncertainties are evaluated by adding all individual components in
quadrature and are treated as correlated across corrected m(HH) bins. The background yields and uncertainties are

evaluated after a background-only fit to the data.

m(Ggy) [GeV]  Corrected m(HH) range [GeV]  Data

Background model

Spin-2 signal model

260 [250, 393) 26775 26650 =+ 130
500 [464, 636) 4655 4719 + 37
800 [707, 950) 795 811 + 13
1200 [993, 1279) 146 1206 + 2.8

368 + 25

138.6 £+ 5.7
52.1 + 1.9
1445+  0.67
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HH - bbbb analysis boosted

background distribution. The VR contains the events not in the SR which satisfy the condition

RIE = \/ (m(H,) — 124 GeV)” + (m(H,) — 115GeV)” < 33 GeV. )

Finally, the CR contains the events not in the SR or VR which satisfy the condition

Rt = \/ (m(H,) - 134GeV)” + (m(H,) — 125GeV)” < 58 GeV. (10)

The CR is shifted to higher masses relative to the signal and validation regions in order to maximize
statistics while avoiding the low-mass peak of the multijet background distribution. The definition of these
regions in the m(H,;) — m(H,) plane are shown with the 2b-1 f data in Figure 8.

In order to ensure orthogonality between the resolved and boosted channels, any events passing the resolved
signal region selection are vetoed from the boosted channel. This priority choice results in the best signal
sensitivity.
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HH - bbbb analysis boosted

The sizes of the multijet and ¢ estimates are obtained from a normalization fit to the CR data in each
category. Two normalization parameters uy and a,; per b-tagging category are introduced as follows:

N."b = (N”b Lf Nnb lf)+ nanb (11)

i,data ,data tt i,tt

Table 3: Best-fit values for u,,; and «,;, with statistical uncertainties on the parameters. The linear correlation
coefficient between both parameters is also given. The value of a,; in the 45 region is fixed to 1, since the data are
unable to constrain it significantly.

Region 2b 3b 4b

M 0.05428 +0.00057 0.1201 £0.0024 0.0269 +£0.0015
&z 0.827 +0.011 0.771 +£0.041 |
Correlation -0.74 -0.74 0

For 3b and 2b, a kinematic reweighting procedure is applied to each corresponding low-tag category,
analogous to the resolved channel. For the 4b category, no kinematic reweighting is applied. This is
because the effect of mismodelings due to h-tagging is small compared to the size of statistical uncertainties
in this category. Instead of an NN for constructing the reweighting function, an iterative spline method
based on the one used in Ref. [8] is implemented here.
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HH - bbbb analysis boosted

The difference between these low-tag and high-tag regions is that the low-tag events have an untagged
H candidate (0 b-tagged track jets), while high-tag events instead have a tagged H candidate (exactly 1
b-tagged track jet, since only the 3b and 2b categories are considered here). Therefore, the reweighting is
applied to low-tag events based on their untagged H candidates, with the aim to match the kinematics of
the tagged H candidates in high-tag events. This reweighting is derived purely in the low-tag regions; the
tagged H candidates in the 1b-1 f category are used to define the target.

The following kinematic distributions are used to construct the reweighting, for which leading and
subleading refer to an ordering in py:

1. pr of the H candidate,
2. py of the chosen track jet,
3. n of the chosen track jet, and

4. AR between the leading and subleading track jets (for H candidates with at least two track jets).
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HH - bbbb analysis boosted

The “chosen” track jet is the b-tagged one for tagged H candidates and a random one for untagged H
candidates. In tagged H candidates with two track jets, the leading and subleading track jets have roughly
equal probabilities to be the h-tagged one, so this random selection does not introduce significant bias.
Separate distributions are constructed for leading and subleading H candidates, as well as for leading and
subleading track jets.

At each iteration 7, cubic splines are fit to the ratios of tagged to untagged distributions, and the weights are
updated according to

w;(X) = w;_{(X) X ; (12)

(l_[ f,.j(xj) - 1) Xr; + 1
|
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HH - bbbb analysis systematics

Table 6: Impacts of the main systematic uncertainties on the expected 95% CL upper limits on the signal cross-section
times branching ratio. These are defined as the relative decrease in the expected limit when each relevant nuisance
parameter is held fixed to its best-fit value instead of being assigned an uncertainty. The spin-0 signal model is used
here.

Relative impact (%)

Uncertainty category 220GeV  600GeV 1600 GeV

Background m(HH) shape 12 8.7 13
Jet momentum/mass scale 0.6 0.1 15
Jet momentum/mass resolution 2.1 1.5 7.4
b-tagging calibration 0.7 0.4 1.8
Theory (signal) 0.6 0.6 1.6
Theory (¢f background) N/A N/A 0.7
All systematic uncertainties 16 11 13
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H — bbbb analysis
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Figure 9: Cumulative signal acceptance times efficiency as a function of the resonance mass for various selection
steps in the boosted channel. The steps up to the b-tag categorization are shown for (a) the spin-0 and (b) the spin-2
signal models. The efficiencies of the three b-tag categories are shown for (c) the spin-0 and (d) the spin-2 scenarios;
this efficiency is obtained after the other selection steps including the SR definition. The signal efficiency in the 45
region has a maximum around 1.5 TeV. Above that value the track jets starts to merge together, and for the highest
resonance masses the 2b category becomes the most efficient.
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Figure 2: Cumulative acceptance times efficiency at each stage of the event selection, as detailed in Section 5. The
number of events surviving the selection divided by the number of generated events is reported separately for the
non-resonant signal as a function of the kx»y coupling modifier and for the narrow- and broad-width resonance
production hypotheses as a function of the generated mass.
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VBF 4b
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spectrum, and
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higher-pT b-jets,
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in figure 2. This
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SM prediction,
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HH - bbbb analysis (1)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)
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HH - bbbb analysis (2)

Largest BR, but large multi-jet backgrounds and challenging combinatorics
Only ggF resonant production considered
12 different b-jet & jet triggers for resolved (eff up to 80%), single jet trigger for boosted (eff ~80%)

\

Resolved
(251 GeV - 1.5 TeV)
4 b-tagged AR=0.4 jets

& Boosted

(900 GeV -3 TeV)
b-tagged AR=1.0 and
VR track-jets

Combined in the
overlap region

B-jet energy corrections
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the resolved case
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to 30% tt
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corrections
in 2/3 b region)

~

V. M. M. Cairo

m

Events / 100 GeV

D:

(Y
mtt

Vs =13 TeV, 139 fb’
Background-only fit

Boosted channel, 2b
..... m
m

L s R N
ATLAS Preliminary + Data

Uncertainty

IR EEEEEE

ultijet

(X)=1TeV
(X) =2 TeV
(X) =3 TeV

. .‘,ul+
LA MRS SN

b
1000 1500 2000 2500 3000 3500 4Qe4Q




Early Run 2 Results

HH - bbyy analysis

1.5

1.0

0.5

36.1fb™!
* opyy limits: 22 (28) x SM observed (expected)
 Compared to 24 (19) x SM observed (expected) in CMS
e -8.2(-83)<k;<13.2(13.2)
3-4.0—: IIIIIIIIIIIIIIIIIIIINI[IIIIIII— ﬂ0.14_IIII|IIII|IIII|IIII|IIII|HII)BIS-IZ#
= = ATLAS —— Observed limit < - ATLAS Simulation .
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8 3.0 Expected limit +20 5 e 'l 5= ]
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https://link.springer.com/article/10.1007/JHEP11(2018)040
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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The Higgs boson potential

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
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ATLAS Simulation

Is=13TeV
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Kx=0 = no triangle contribution, my, shape characterised by the increase of the cross-section when my, > 2 m, = 350 GeV and by a
large tail at high myy values.

Kx=10 = the triangle diagram dominates the cross-section, therefore the distribution peaks at the my threshold being the Higgs boson

propagator far off-shell on the upper side of the pole mass.

Ky = 2 = maximum interference between the box and the triangle diagram. The interference being destructive for positive k,, it
produces a deficit betwen 2my and 2m..

ky=5 = deficit less pronounced but still produces interference at high my, values, making the myy distribution narrower than in the

K\=10 case.
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iiH igs C@mbihafich Early Run 2 results

Non-resonant ggF production

ATLAS
S 1 O _I 1 I rrri I L0380 B I LI I rriri I | i I LI LI I LI I | B O B l 1 I_
2 C ; J |~~~ Exp. 95% CL limits
=) - : .
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N B : 1| — ss
Qa | eettEaae | — bbbb
= 1= -
LQ - 1 [— bbr't
o i S
L. _ — bBYY
" Allowed x; interval 1 |
10-1|-at 95% CL a4 Comb.
= Obs. Exp. 2 . Comb. +1o (exp.)
: (Exp. stat.) ATLAS g
[ -5.0-120 | -58-12.0 5=13TeV | Gomb:20/ (@)
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K5,

HH — bbyy drives the sensitivity in the soft mass range (large k;)
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub

nggS C@mbﬁafgﬁ Early Run 2 results

Non-resonant ggF production
ATLAS MS

ATLAS —e— Observed CMS 35.9 b (13 TeV)

- _ R Expected =
s=13TeV, 27.5-36.1fb B Expected + 1o bbVV
L oM (pp — HH) = 33.5 b Expected + 20 . Observed 78.6xSM
99 Expected 88.8xSM
B Obs. Exp. Exp.stat. | —
. bbbb
HH- bbt't 125 15 12 Observed 74.6xSM
- . Expected 36.9xSM
HH— bbbb 12.9 21 18 | gg—HH
HH— bb 20.3 26 26 ok
— ; Observed 31.4xSM .
i Expociod 25, SM Observed
HH— W+W'W+W- 160 120 77 — - —- - Median exnected
L . bbyy
. - 68% expected
HH— W'Wyy 230 170 160 Observed 23.6xSM 6 Qxp)
| i Expected 18.8xSM 95% expected
HH— bbW*'W 305 305 240

Combined

: B Observed 22.2xSM
Combined 6.9 10 8.8 Expected 12.8x SM
L Lo | L Lo 1 L 1ol 1 Lo

10 102 10° 10°* Sl0
95% CL upper limit on Oyr (pp = HH) normalised to ¢ .

6 78910 20 30 40 506070 100 200 300 400
95% CL on o, /oM

Different ATLAS-CMS “ranking” for the 3 most sensitive channels

Differences in analysis strategy can lead to large differences in sensitivity and final results...
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://arxiv.org/pdf/1811.09689.pdf

nggS C@mbnafgh Early Run 2 results

Non-resonant ggF production

35.9 fb™' (13 TeV)

gg—>HH

—e— Observed

- —— - Median exnected

I 68% expected
95% expected

KRR | L L R J LR R | d R
ATLAS —e— Observed CMS
- _ R Expected -
Vs=13TeV, 27.5-36.11b S Expected + 1o .
- oot (pp — HH) = 33.5fb Expected + 26 - Observed 78.6xSM
Expected 88.8xSM
B Obs. Exp. Exp.stat. | —
4 bbbb
HH- bBT t 12.5 15 12 Observed 74.6xSM
= . Expected 36.9xSM
HH— bbbb 12.9 21 18 |
_ bbtt
HH— bbyy 20.3 26 26 Observed 31.4xSM
Expected 25.1xSM
HH— W'WW'W] 160 120 77 =
- . bbyy
" Observed 23.6xSM
waditatal ] 23 170 160 |
HH— bbW*'W/| 305 305 240 .
- I | _ Combined
Observed 22.2xSM
Combined J 6.9 10 8.8 Expected 12.8x SM
L ol L Lol L 1ol n Lo

95% CL upper limit on Oyr

v

Ongoing in ATLAS

Stay tuned!

May 2022

(pp — HH) normalised to GSMF

v

. TR R |
30 40 506070 100

200 300 400
95% CL on o, /oM

Recently updated by CMS (full Run 2 data-set)
7.7(5.2) x SM, —3.3(—2.5) < k; < 8.5(8.2)

2x better than a simple luminosity extrapolation!

V. M. M. Cairo
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://arxiv.org/pdf/1811.09689.pdf

Publication: ATL-PHYS-PUB-2021-031/

Non-resonant
I L T T T T ] T
ATLAS Preliminary —— Observed
Vs =13TeV,275—-139H° 7 Expected

Expected + 2 0
N Expected £ 10

Obs.  Exp.
Combined = ?k.)gwalised to 01 FO
27.5—36.1fb~1 Phys. Lett. B 800 (2020) 135103
b6l+\)l_\) - ri?nalised to 02?
139 fb1! Phys. Lett. B 801 (2020) 135145
bBYY 41 55
139 fb1 AABOONF 2 ore
bbt+t™ 4.7 3.9
Normalised to Oggr + ver
139 fb~1 | | | ATLAS-GONF-2021-030
2 5 10 20 50 100 200

95% CL upper limit on o (pp = HH) normalised to osy

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

bbyy dominates the
sensitivity at low my

Summary

Resonant
E 5 T LI I 1 I T T 1 T | T L L | I |
= n _— Combined 27.5—36.1 fb~1
T 10°F ATLAS Preliminary —— [pnys. Lett. 8 800 (2020) 135103]
T F VS =13TeV,27.5-139fb~1 ___ bbbb 126—139 b~
1 [ Spin-0 [ATLAS-CONF-2021-035]
X 4 ____ bbt*t (resolved) 139 b1
+ 10 F [ATLAS-CONF-2021-030]
% - bbt*t~ (boosted) 139 fb1
= L [JHEP 11 (2020) 163]
© . __ bbyy 139!
10°F [ATLAS-CONF-2021-016]
2
10 F
1
10 F
i Obseved | | TSI
o —- Expected S=<D
1051|1|| I | I TR B | A A A A | ! |
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v

— —

* Great analysis improvements in all final

bbbb dominates the
sensitivity at high my

bbhtt dominates the sensitivity at medium my

(old) HL-LHC projections

—

ATL-PHYS-PUB-2020-005

Channel Statistical-only | Statistical + Systematic
states compared to early Run 2 HH — bbbh 12 05
* Run 3 could already be a game changer fora  #H — bbt't" 2.3 2.0
. L. . e . HH — bbyy 2.1 2.0
first statistically significant evidence of HH Combined 330 290
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https://www.sciencedirect.com/science/article/pii/S0370269319308251?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cds.cern.ch/record/2713377/files/ATL-PHYS-PUB-2020-005.pdf?version=1

HH - bbyy: general considerations

ATLAS-CMS differences & potential improvements

e Categorization
* Powerful variable: myy

e Signal extraction
* onlym,, in ATLAS
* My, vs myg in CMS

e Background modelling
* Largest uncertainty in ATLAS

e b-tagging information

* Fixed WPs in ATLAS
e All HH channels can benefit from direct improvements in b-tagging!
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Di-Higgs VBF Production

HIG-19-018-pas

CMS Preliminary 137 fb™ (13 TeV)

§ E  95% CL upper limits — 3

1.726 fb at 13 TeV S okeemsd HH—>yybb ]
2 492k -eeee Median expected

~ 10°F p E|

20x smaller than ggF 2 10 e e E

T B 95% expected Obs.-1.3< Coy < 3.5

% 10 - —— Theoretical prediction Exp.-0.9<cyy <31

T [ :

€. 1k =

* Unique access to quartic VVHH coupling

e ky,vsky

e First Run 2 VBF HH analyses arriving

* No complete HL-LHC projections available

* Forward acceptance & timing capabilities enhance analyses sensitivity!

e« HH - bbtt in HGCAL CMS-TDR-019
 10-15%(4-8%) increase for the VBF(ggF) signal
e 19-1.7xSM > 1.5xSM
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http://cds.cern.ch/record/2293646/files/CMS-TDR-019.pdf?version=4
https://cds.cern.ch/record/2742937/files/HIG-19-018-pas.pdf?version=1

Di-Higgs VBF Production

138 fb' (13 TeV)
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[ Preliminary 5= Theory prediction [l 68% expected
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Figure 3: Observed (solid line) and expected (dashed line) 95% CL exclusion limit on the prod-
uct of the VBF HH production cross section and the branching fraction into bbbb, as a function
of the x,y coupling, with other couplings fixed to the SM values. The crossings of observed
limit and the theoretical cross section (red line) indicate the ranges of the coupling values ex-
cluded at 95% CL.

The observed (expected) limits constrain k2V within the range 0.6 < K2V < 1.4 (0.6 < k2V < 1.4) and kV within
-1.2<kV <-0.80r0.8<kV <1.2(-1.2<kV <-0.80r0.8<kV <1.2)at95%confidence level, when all other Higgs boson
couplings are assumed equal to their standard model values. The signal hypothesis with k2V = 0 and other
couplings equal to 1 is excluded at a CL higher than 99.99%. When both k2V and kV are varied
simultaneously, the observed limits exclude the hypothesis K2V = 0 at a CL of 95% or higher for all kV
coupling values above 0.5 (i.e. for all values compatible with previous measurements of the kV

coupling), with other couplings assumed equal to their standard model values.
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SMEFT

https://arxiv.org/pdf/1910.00012.pdf

T

HH production LHC14 Os

including interference and squared terms 8 il

dashed: excluded by LHC results 19 ;(
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Figure 2.2: Dependence of double Higgs production cross-section on the Wilson coefficients of the
relevant dimension-6 operators. The dashed part of the contours are excluded by LHC Run 1 Higgs

and top quark measurements. Note that each coefficient ¢; is multiplied by a different factor r;,
specified in the figure.

Given these bounds, only the effect of c6 can lead to deviations of order 10 in the HH cross section from
the SM predictions. However, to constrain ce at levels of order 1, we will need precise constraints on all of
other coefficients that enter the analysis. This demands a global SMEFT interpretation.
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https://arxiv.org/pdf/1910.00012.pdf

Deviations

https://doi.org/10.1016/j.revip.2020.100045

Vacuum Stability:

While in low-scale inverse seesaw models one can find modifications in the trilinear Higgs self-
coupling up to 30% [153], the scenarios providing such a large deviation of the trilinear Higgs self-
coupling drive the Higgs potential into the unstable regime. Requesting that this does not occur within
one order of magnitude from the mass scale of the right-handed neutrinos (hence not requiring any
UV completion below that scale), one can bound the trilinear Higgs self-coupling modifications to be
smaller than = 0.1% [151] via metastability arguments (see e.g. Ref. [154]).

Perturbativity:

Klambda<™~6
Quartic coupling deviations < ~60
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https://doi.org/10.1016/j.revip.2020.100045

Deviations

(https://arxiv.org/pdf/1704.02311.pdf)
Maxi-sizing the trilinear Higgs self-coupling:how large could it be?

In order to answer the question on how much the trilinear Higgs self-coupling could
deviate from its Standard Model value in weakly coupled models, we study both
theoretical and phenomenological constraints. As a first step, we discuss this question
by modifying the Standard Model using effective operators. Considering constraints
from vacuum stability and perturbativity, we show that only the latter can be reliably
assessed in a model-independent way. We then focus on UV models which receive
constraints from Higgs coupling measurements, electroweak precision tests, vacuum
stability and perturbativity. We find that the interplay of current measurements with
perturbativity already exclude self-coupling modifications above a factor of few with
respect to the Standard Model value.

The paper quotes |[KA| <6 and -1.5 < KA< 8.7
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https://arxiv.org/pdf/1704.02311.pdf

Deviations

(https://arxiv.org/pdf/1702.07678.pdf)

Electroweak oblique parameters as a probe of the trilinear Higgs boson self-interaction

In this paper, we evaluate how well electroweak precision data, expressed using the
electroweak obliqgue parameters S and T[5, 6], can constrain modifications of the
trilinear Higgs self-interaction.

In this paper, we consider only the effects of modifying of the trilinear and quartic
couplings in isolation from the other Standard Model couplings

Quotes
-14.0<kA<17 .4
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https://arxiv.org/pdf/1702.07678.pdf

Reviews in Physics 5 (2020) 100045

Precision
PRy AAAMML LA AR AU L A e
Wmm precision on the di-Higgs measurement is needed to probe the
different phenomena we have surveyed in this chapter:

® Bronze: Pre 1 O D0%: Me

resonance often has sizeable branching ratios also to VV final states. We have discussed in Section 3.1 models with singlets which
low for sizeable branching ratios of a heavy Higgs boson to light Higgs bosons, with values of maximally BR (H — hh) = 0.4 for

singlet models with Z, symmetry, while larger BR(H — hh) are possible without Z, symmetrs

L] boson with a heavy alar with 3
coupling. At this level of precision we are able to exclude a physical hypothesis with realistic deviations in the Higgs self-coupling,
rather than just eliminating parts of parameter space

0 ..Il.'J.ll'l'- (1d II'I D C CdlEd
ector. Measurements at this level could possibly
les that could be discovered at the HL-LHC

tum corrections to the Higgs self-coupling

collider single-H HH combined
HL-LHC 100-200% 50% 50%
CEPC,y 49% - 49%
ILCy5, 49% - 49%
ILCsq 38% 27% 22%
ILC; 00 36% 10% 10%
CLIC3g 50% - 50%
CLIC;509 49% 36% 29%
CLIC3099 49% 9% 9%
FCC-ee 33% - 33%
FCC-ee (4 IPs) 24% = 24%
HE-LHC - 15% 15%
FCC-hh - 5% 5%
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The Higgs boson p

otential

arXiv:1907.02078v2

—m?H'H + \(H'H)? + S2(H'H)*,  Elementary Higgs = b o a | ds L
V() ~ —asin®(VHTH/f) + bsin*(VHTH/f), Nambu-Goldstone Higgs relevant couplings hVV | hhVV hit hhtt | hhhtt hhh hhhh
MNHYH)? + e(HTH)?log H;—zH, Coleman-Weinberg Higgs SM 1 1 1 0 0 1 1
-&3VHTH + m?H'H, Tadpole-induced Higgs SMEFT (with Og) 1 1 1 0 0 |l4+cd |1+
MCHjs5 1-§ | 1-2¢|1-3¢| 26| -2 1-3¢ | 1-%¢
CTHgyy 1-§ | 1-2¢6|1-4¢| -te| -d¢ | 1-3¢ | 1-2
CW Higgs (doublet) 1 1 1 0 0 S(1rs) | (a43)
CW Higgs (singlets) 0 0 2(r91) | t(4.10)
Tadpole-induced Higgs | ~1 ~1 ~1 0 0 ~0 ~0
Table 1: Higgs couplings, defined in Egs. (2.1) and (2.3), for the SM and various NP scenarios. For the
Coleman-Weinberg (CW) Higgs scenario, we also present in the parenthesis the Higgs self-couplings up to
the two-loop order, predicted in the two of the simplest conformal extensions of the scalar sector: SM Higgs
doublet with another doublet [14], and SM Higgs doublet with two additional singlets [15].
100 TeV, 30 ab™!
A Run 3?
1.5 4 HL-LHC
. ILC-500
! Fcc-hh
4
0.5
v
Models
V. M. M. Cairo
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Light stops

e Section 3.5.6 of the White Paper mentions MSSM, focusing on the presence of light stops
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/fig_06.png

March 2021
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Given the current exclusion
limits on the stop mass and the
precision on kt, a scenario with
the stop mass > 1.2 TeV and kt
1.1 implies a xs enhancement
of a factor 1.6, not too far
away from our combined
limits, so it could be
investigated and would be
interesting also for future kt
measurements

315



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/fig_06.png

https://arxiv.org/pdf/1905.03764.pdf

Lepton colliders

Lepton collider

At lepton colliders, the production
cross sections do depend on the
polarisation but this dependence
drops out in the ratios to the SM rates
(beam spectrum and QED ISR effects
have been included).

SM
0

" HH production at 14 TeV LHC at (N)LO in QCD LML B BRI B

My=125 GeV, MSTW2008 (NLO pdf (68%c]) 2 4s5b — ee > vvHH 1400 GeV (./L =
= L -----ee 2 vvHH 3000 GeV E

4L~ ee » ZHH 500 GeV E

3.5 —— ee & ZHH 1400 GeV B

o
LE]
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Tracking & Vertexing
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ATLAS and CMS Trackers

ATLAS
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CMS
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The Tracking & Vertexing Challenge

Eur. Phys. J. C76 (2016)

[— T T T | T T T T T T T T ‘ /,’,‘_
%’ 7; s Data ATLAS 3
= - — PYTHIA8 A2
— 6 —-PYTHIA8 Monash 7
S [ = EPOSLHC .
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At 13 TeV, O(15) charged particles per pp collision
Run 2 <u> ~ 40, O(500-1000) tracks per event

Tracking and vertexing designed for <u> ~ 20

Run 3 <u>~ 60

Updates to retain high efficiency and low fake rate are mandatory!
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d0/z0 resolutions
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Figure 10: Track parameter resolution in dy as a function of  for the ITk for muons with pr = 1 GeV (left) and
pr = 100 GeV (right) and (i) = 0. For comparison the results for the current Run-2 detector are shown as a line.
The ratio in the lower part of the plots is defined as the results using 50 x 50 um? pixels over those obtained using
25 x 100 um? pixels.
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Figure 11: Track parameter resolution in zo as a function of n for the ITk for muons with pt = 1 GeV (left) and
pr = 100 GeV (right) and (i) = 0. For comparison the results for the current Run-2 detector are shown as a line.
The ratio in the lower part of the plots is defined as the results using 50 X 50 um? pixels over those obtained using
25 x 100 um? pixels.
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d0/z0 resolutions
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Figure 12: Transverse impact parameter (dy) resolution as a function of n for 2 GeV (a) and 100 GeV (b) muonJhe In nermOSt
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Figure 13: Longitudinal impact parameter (zo) resolution as a function of 7 for 2 GeV (a) and 100 GeV (b) muons
without pileup, compared between the Run 2 detector and the updated ITk layout.
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_ Tracking & Vertexing in a Nutshell

Transition o

RadliE O
T o A o o

N Track
Silicon TRT Extensior;"’"-,,,’ﬁ
Track
Candidat OCb
Silicon
Detectors
Ve | /
i 0 el d -
28 % Vertex Seed  Vertex Vertex Beam line
pOo O ¢
g
. (o)
Nominal .
Interaction !
Point

* Multi-step Inside-out:

e Seed finding e Seed finding

* Track candidate e Track-to-Seed assighment
* Ambiguity solving * Fitting
* TRT Extension » Acceptance/Rejection

e Additional outside-in step
» Special setups: pixel tracklets, tracks with
large impact parameters, etc.
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Track Parametrization ...

5 parameters describe the helical path of a
charged particle in a solenoidal magnetic
field:

* Transverse d,and longitudinal z,
Impact parameters,

* Azimuthal ® (measured in the
transverse plane [-m, r]) and
(measured from the z axis [0, m«]),
pseudorapidity n=-In(tan6/2)

« Charge/momentum q/p defining ™ T =
orientation and curvature 3 p
* Track bending in magnetic field, sagitta
measurement related to the inverse of $/2
the transverse momentum p+=p cos(¢) R
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== 0.0 Track Reconstruction

Inside-out

Silicon

Detectors
170 . .
e Seed finding
Nominal ;
Interaction ! -
Point ‘

Track Candidates |
(Combinatorial

L Kalman Filter)

-
Ambiguity solving
@

TRT Extension |
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Tran.sit‘ion o =
$|?a(:::llf:ron o Z o o OOT raCk RgcgﬁStru Ctlgﬁ
R N Inside-out
7 =\ ]
Silicon ] °
Detectors .
: -
' L2
kY Seed finding |
Nominal
Interaction b
point 1
Track Candidates |
(Combinatorial
Kalman Filter) _ _
Quite a lot of reconstruction
4 time spent here, and it scales
Ambiguity solving dramatically with pile-up
ATL-PHYS-PUB-2019-041
Detector () || Cluster | Space | Si Track | Ambiguity | TRT+Back | Primary Total
Finding | Points | Finding | Resolution Tracking Vertex || ITk/ID
ITk Layout | 200 22 6.5 78 97 - 6 219
Run-2 20 1.5 0.7 23 15 19 0.5 64
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By default,

E}:%EE :3: e SOOOOTra C k Ré C @ n St ru Ct @ n enabled only

—~— N Inside-out Outside-in in ROIs

seedfinding |

o Track Candidates |

Silicon
Detectors

(Combinatorial
008 oo h 4 Kalman Filter)
% Seed finding | 3

Nominal .

Interaction '

Point ' - Ambiguity solving
- Track Candidates | .

(Combinatorial

Kalman Filter)

-

Ambiguity solving

i,

TRT Extension |
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== ..o Track Reconstruction outcidon

I N N Inside-out
Seed finding |

Track Candidates |
(Combinatorial

Silicon
Detectors

(e)

Y Seed finding |
s

Track Candidates |
(Combinatorial

Kalman Filter)
\J

Ambiguity solving

Nominal b
Interaction
Point

Specials
Kalman Filter)

Large impact
- parameter tracks

e

-

TRT Extension I Pixel Tracklets
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Impact parameter resolution

The transverse and longitudinal impact parameters, do and zo respectively, are important to
discriminate tracks originating from primary vertices from tracks originating from secondary

VM. M. Cairo

vertices
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Primary Vertex Reconstruction for Run 3

Run 2 = Run 3 : main innovation is an adaptive multi-vertex fitting procedure (AMVF)

IVF Al AMVF

Tracks
Track
set 2

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)

May 2022
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Performance Figures

Performance figures for vertex reconstruction are:
* Merging probability
* Longitudinal separation between nearby vertices is an indicator of the ability in
resolving vertices
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AMVF more powerful in
resolving vertices
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Performance figures for vertex reconstruction are:
* Efficiency
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Performance Figures

Reconstruction: Fraction of events in which the hard scatter vertex is reconstructed

and classified as Clean/Matched, LowPU and HighPU (see extra slides for details)

total weight from the true HS tracks

Selection: Fraction of events in which the highest SumP1t2 vertex contains the largest

Local pile-up density [Vertices/mm]

The AMVF improves the
reconstruction efficiency for
ttbar, in particular at high PU

May 2022
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Local pile-up density [Vertices/mm]

The AMVF improves the
selection efficiency for ttbar
reducing the dependence on

pile-up density .



* Spatial resolution

Performance Figures

Performance figures for vertex reconstruction are:

Radial and longitudinal radial resolution calculated as the difference between the

In the z direction, the AMVF achieves 20%
(10%) better resolution for ttbar (VBF H = 4v).
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) =3 e 0g ©
Truth Matching Definitions
To study the performance of primary vertex reconstruction using MC simulation, a truth-
matching algorithm is needed, based on the generator-level particles associated to tracks
contributing to reconstructed vertices.

Reconstructed Vertices

Event Classification

classification

( ) ( CLEAN/MATCHED: the event contains a CLEAN )
CLEAN: >70% of the total track weight in the reconstructed vertex originating from the true HS
reconstructed vertex originates from a single interaction, and the HS interaction does not contribute more

. | d . . than 50% of the accumulated track weight to any other
simulated pp interaction. vertex.
N\ J

N\ J

4 . N\

( ) LOWPU: the event contains a MERGED vertex

MERGED: <70% of the total track weight in the with at least 50% of the accumulated track
reconstructed vertex originates from any single weight coming from the simulated HS
simulated pp interaction interaction.

N ) ~ J

N 4 2\
SPLIT: A single simulated pp interaction contributes the HIGHPU: the event contains a MERGED vertex with its main
largest track weight to two or more reconstructed vertices. contribution coming from a simulated pile-up interaction,
The reconstructed vertex with the largest track @ 2p?; is and in which the HS interaction contributes between 1% and
classed as either CLEAN or MERGED, whilst the other(s) are 50% of the accumulated track weight.
labelled SPLIT. \ J
N\ J
4 B N\
‘ ) PUREPU: The event does not contain any
FAKE: Fake tracks contribute more weight to the reconstructed vertex with at least 1%
reconstructed vertex than any simulated pp accumulated track weight from the HS
interaction. L interaction. )
N\ J
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Prlmary Vertex Selection
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Pile up vertex harder than vertex of interest, wrongly selected by Y, pz
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Primary Vertex Selection
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Benefits even more from the forward ITk acceptance...
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The Modernization Phase

ATLAS Tracking & Vertexing infrastructure gave the basis to
A Common Tracking Software

alts,

project

http://acts.web.cern.ch/ACTS/

* Open-source and detector independent platform for tracking &
vertexing algorithms R&D
* Collaboration across experiments + ML experts
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Primary Vertex Reconstruction for Run 3

Run2 -2 Run3

* All selected tracks available for fitting
* \Vertex candidates compete for tracks

Average number of reconstructed vertices

May 2022

ATL-PHYS-PUB-2019-015
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0

single iterative - adaptive multi-vertex fitting procedure (AMVF)

e ~30% inclusive efficiency recovery

« ~10% better PV selection efficiency

e ~20% better longitudinal resolution
* Direct improvement in JetFitter

* First deployed ACTS component

Being re-tuned for the new ATLAS silicon Inner Tracker (ITk)
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Vertex Reconstruction

Run 2 = Run 3 : from single iterative to multi-vertex fitting procedure (AMVF)
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ACTS Vertexing

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2021-002/
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D

HGTD Impact

https://cds.cern.ch/record/2773619/files/ATL-COM-HGTD-2021-010.pdf?version=5
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Efficiency for hard-scatter jets

Rejection of pileup jets as a function of the efficiency for selecting hard-scatter jets with 30 < pr< 50 GeV using the Rprdiscriminant in VBF H = invisible events with an average of
200 pile-up collisions per bunch crossing. The Rpralgorithm computes the ratio of track prwithin a jet to the fully calibrated jet pr. Jets originating from the hard-scatter vertex
have larger Rpton average than those from pileup interactions. Typical working points use 85% of efficiency for hard-scatter jets. In order to compute the numerator of Rpr, tracks
are required to be compatible with the hard-scatter vertex. The track-to-vertex association can be computed using the longitudinal impact parameter (zo) with the tracker detector
alone (ITk) or by combining it with the HGTD using the reconstructed time of the tracks (t) in addition to their impact parameter. In the case of ITk, the track-to-vertex association is
performed by comparing the track zoto the z position of the hard-scatter vertex. For HGTD, the reconstructed time of the tracks are compared to the reconstructed time to of the
hard-scatter vertex.

In order to evaluate the impact that the reconstruction of the vertex tohas on the pileup jet suppression, this figure considers the case in which the reconstructed vertex tois
replaced by the Monte Carlo truth to. This gives an indication of the maximum (ideal) performance that could be achieved, as well as the effect of the current algorithm used to
determine the vertex toon the pileup jet identification performance. There are two sets of curves (black and red). The black curves use reconstructed quantities only and show the
pileup suppression performance using ITk alone (solid) and the combined ITk and HGTD detectors (dashed) as it is shown in the HGTD TDR. The ITk+HGTD performance depends
on the ability to reconstruct to, which includes both the efficiency to find a vertex toin the event, and on its resolution. The red fine-dashed line was obtained using the Monte
Carlo truth toinstead of the reconstructed to, indicating the ultimate (ideal) performance achievable under perfect efficiency and resolution to determine the vertex to.
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https://cds.cern.ch/record/2773619/files/ATL-COM-HGTD-2021-010.pdf?version=5

Detecior
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Inner System

Detector Part m?

Surface [m?|
Inner Barrel Flat 0.48
Endcap Inner Rings 177
Inner Total 2:26
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2020-002/

The Prototyping phase

Validate Local Support design and loading procedure Heaters

Thermo-mechanical prototype
e Load with dummy modules
* silicon heaters with platinum coating

* power to dissipate 0.7 W/cm? (chip end-of-life) QUAD DUMMY SENSOR
SINGLE DUMMY SENSOR
* measure Thermal Figure of Merit SA-256-10245 X18 1]
e RO/1 coupled ring and LO stave rZ:-Sj

‘Li"os’wl*
a4 42.45
1

Electrical prototype
* Load with RD53A modules
* RO/1 coupled ring, LO stave, L1 stave

Validate Local Support design and loading procedure

Integration prototypes
* Integrate electrical prototype in quarter shell at low z
* Integrate additional stave/ring flavors
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The Prototyping phase

Thermo-mechanical characterization
* Radiation hardness up to 10-15 MGy, operate cold, prevent leakage current & thermal runaway

RO/1

coupled
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Lessons from the past...

* Every small detail in construction plays a role later on in
performance
e Large amount of material in the tracker from Pixel services
and cooling
* Estimated a priori, but requires data-driven methods during
actual operation
* Many lessons learned after IBL installation
* Hadronic interactions & photon conversions
* Track extension efficiency

ATLAS JINST 12 P12009
Data is =13 TeV (2015) |z| < 400 mm 107 2

E : 3 =

E T E
> £ >
x 5 <

8 10”'.§ 'g

) 5 ()
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ATLAS Preliminary

Simulation
ITk Layout
ATLAS-P2-ITK-22-00-00
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2019-001/fig_01.png
https://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12009/meta

Lessons from the past...

* Every small detail in construction plays a role later on in

performance

* Large amount of material in the tracker from Pixel services

and cooling

* Estimated a priori, but requires data-driven methods during

actual operation

* Many lessons learned after IBL installation
* Hadronic interactions & photon conversions

* Track extension efficiency

» Largest source of uncertainty for track reconstruction
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Simulation

ITk Layout

ATLAS-P2-ITK-22-00-00

End of 2015
Track Reconstruction Efficiencies and Systematic Uncertainties
Track Quality Selection Loose Tight Primary
n Range [n] <0.1|23<|n <25 ||n<01|23<|p <25
Track Reconstruction Efficiency | 91% 73% 86% 63%
SYS- 5% Fatra 0.4% 0.9% 0.5% 1.1%
Sys pizServExtra — 2.0% — 2.3%
SYS30%IBLEstra 0.2% 0.5% 0.2% 0.5%
Total Systematic Uncertainty 0.4% 2.2% 0.5% 2.6%
Beginning of 2018
Updated (release 21) Track Reconstruction Efficiencies and Systematic Uncertainties
Track Quality Selection Loose Tight Primary
n Range n| <01 |23<|p<25||n<01] 23<|p<25
Track Reconstruction Efficiency | 90% 1% 85% 61%
SYS4 5% Estra 0.3% 1.0% 0.4% 1.2%
SySPixESer'uEztm — 1.1% — 1.4%
SySIBLEstra 0.1% 0.2% 0.1% 0.1%
SySPhysModel 0.2% 0.1% 0.1% 0.1%
Total Systematic Uncertainty 0.4% 1.5% 0.5% 1.8%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2019-001/fig_01.png
https://iopscience.iop.org/article/10.1088/1748-0221/12/12/P12009/meta

Inner Trackers

* Crucial components in the event reconstruction chain
Unprecedented challenges from increasing pile-up

e Algorithms’ optimization and detector construction go hand-in-hand
* Constructability and optimal performance must be ensured
* Material-budget is critical
» Systematic effects propagate to all reconstructed objects (e.g. converted
photons)

* About 5 years to go before the start of the HL-LHC phase
e Building the trackers is a major deliverable for ATLAS & CMS
* Lessons from the past are to be taken into account
* The early operation phase will open opportunity for exciting
track- and vertex- based analysis!
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Barrel and Endcap Features

Barrel Staves

Quads (L1)

Quads (L1)

Triplets (LO)

Endcap Rings

R1 RO/1 RO.5
coupled intermediate
Quads Triplets
(R1 & RO/1) (RO.5 & RO/1)
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'.J . .-

V. M. M. Cairo

EE e

348




Testing Infrastructure

Will accommodate thermal and electrical testing

*’

October 2019 July 2020

Photo by C. Vernieri
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Testing Infrastructure

: Temperature
\ |; e and pressure
———— | TR S ing ; S
ow control and monitoring Stave ~ monitoring
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Testing the Bare Local Support

* Bare local support (R0O/1) tested in July 2020 - to be used for thermo-mechanical prototype
* Ongoing work on loading it with heaters

Déw pomt sensm% and

=" wsnble tht camera

i B Sl
»f- Seek Compact PRO
== = 320 x 240 High-Resolution Thermal Sensor
i/ = 0.26 mm at min focus
32° field of View F
T Range: -40° F to 626°F S;ggjﬁ
Photos and Videos

Error : £2 °C
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Testing the Bare Local Support

* Bare local support (R0O/1) tested in July 2020 - to be used for thermo-mechanical prototype
* Ongoing work on loading it with heaters

2:43 PM

7/8/20

Location Unavailable
€=0.97

Image
Standard

More on the offline image processing in the extra slides...
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Testing the Bare Local Support

Cooled ring

Location Unavaila

GaussianFitResults : 4 =—40.505, 0 =0.342

—44

-42 ~20 ~38
Temperature [°C]

LS meets
specifications

-36

-34



Preparing for the thermo-mechanical prototype

=

* Thermal testing infrastructure ready, current emphasis on loading

Nordson EFD Ultimus V

<

Thermally conductive epoxy (SE4445) Syringes with SE4445 for glue robot

Picture by H. Herde

Example of glue dispensing on glass
slides emulating quad modules

SLAC loading team

Closest layers to the interaction points: radiation effects are severe, adhesives must be rad-hard
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Thermal Analysis
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