CEX BER 3 l‘/\l\T

z/‘




Main interests: Higgs physics
Flavor Tagging, Tracking
Detectors, Future Colliders
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o What are we (and the Universe
® What are the laws of Nature?
- ®.Why | s the Unlverse awe observe it today’

Particle Physics answers these questicns by Studyin'g

the building blocks (“fabric”) of the Universe.
..
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This is the realm of Quantum physics!

Heisenberg’s uncertainty principle

Ax Ap > 1
2



This is the realm of Quantum physics!

Heisenberg’s uncertainty principle

AxAp > 1 * Ay >
2 p

Small distances can only be resolved by high-
momentum probes!



This is the realm of Quantum physics!

Heisenberg’s uncertainty principle

AxAp > 1 * N
2 p

Small distances can only be resolved by high-
momentum probes!
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Particle Colliders as powerful microscopes:
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Particle colliders as a ““time machine”
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https://indico.bnl.gov/event/27716/timetable/
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Standard Model of Particle
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Standard Model of Particle
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Particles that interact

with this field get mass

[video: Dominguez, Daniel]



(Brout-Englert-)Higgs’s Idea (1964)

------- Higgs Boson (excitation of Higgs field)




Standard Model of Particle Physics
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https://indico.bnl.gov/event/27716/timetable/
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Flavor physics
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But many open guestions...



But many open guestions...
will focus here on 2!



Is the Higgs field responsible for the mass of all fermions?

For comparison: ‘ proton mass

Leptons
~0 ~0 ~0
V, Vv, V,
o
electron muon
Quarks
up charm top
o
down strange bottom

Why 1s the mass so large?

Why are fermion masses so vastly different?
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I'ne Higgs Boson as a tool
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How do we produce the Higgs Boson!

® Out of less than one every billion interactions, a Higgs Boson is produced.

E=6.5/6.8 TeV E=m-c’ E=6.5/6.8 TeV

tquark (or gluon) . . quark (or gluon)*

proton proton

Higgs Particle + X
(T ~ 1022 s)

31



What Is the *?

At the LHC there are many ways to produce a Higgs boson, they only depend on mm.

Production modes

gluon fusion
P roton "0O0C000000) ¢
g
t) '
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I /ﬁt

DO0000000X t
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g t
000000000 “—_ t 32
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Probability Additional sighatures
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48.5pb None

3.8pb 2 jets
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0.5pb  toptanti-top



Higgs Particle + X
(T ~ 10-225)
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Higgs Particle + X
(T ~ 1022 5)
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Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

Muon Detectors Electromagnetic Calorimeters

ATLAS

e

i Inner Detector ieldi
Sarrel. ot Hadronic Calorimeters Sieicing
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Muon Detectors Electromagnetic Calorimeters @ Width: 44m
P Diameter: 22m

Weight: 7000t

Solenoid CERN AC - ATLAS

Forward Calorimeters
End Cap Toroid

Barrel Toroid Inner Detector . :
i Fladronic Calorimeters

Electromagnetic
Calorimeter
Solenoid magnet _ ® Reconstruct momenta of
Transition .
Radiation neutral and charged particles
Tracking Tracker

Pixel/SCT detector Sk ® |dentify their type, exploiting
%} all sub-detectors



How many s bosons did the LHC deliver?
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Vector bosons Fermions







PY = p{ +p5 +p3 + Dy
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L ® Data |
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[Eur. Phys. ]. C (2020) 80:957]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802

Vector bosons Fermions

(beauty quarks!)
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V4% 7
0.15% H — bb

" 0.008% (e,u)

(decays to
2 beauty
quarks)

1999

1.1% (e,y)

ATLAS DETECTOR AND

PHYSICS PERFORMANCE [0 08
LR 0.02%
A= 7 . . .
B “In conclusion, the extraction of a signal
oo K tactors 6 3
e ~ from (W)H—bb decays ... will be
Technical Design Report

S b w. Volumell very difficult at the LHC, even under the
most optimistic assumptions ...."
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H — bb

| Need to reject
ﬂ jets without

beauty-quarks

bkg

125 GeV mu?
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How do we “see’

the beauty quarks®”




B-quarks at nign energy

Pp— ... = b-quark + ...

2N _
QO
\éj >

S

A

A b-quark produced in a high energy collision “radiates” gluons and
quarks.
49 [animations: M. Kagan & SLAC graphics team]



B-quarks at nigh energy

Pp— ... = b-quark + ...

Quarks hadronize into mesons and baryons (“jet” of particles).
First key property: most of the jet energy (~80%) goes into the b-
hadron. Second key property: mass of b-hadron (5 GeV)
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A long litetime

D p [GeV] Decay length
L = Bvyer = —cT 60 GeV
m 200 GeV

2 TeV

- -
- _—‘
-

Y

Third key property: the b-hadron has significant lifetime (1.5 10-12s),
compared to other particles (e.g. Higgs boson lives for 10-22 s).

Fourth key property: high decay multiplicity (av: 5 charged particles)
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Reconstructing the jet;

Hadronic

Calorimeter
Electromagnetic

Calorimeter

Tracking
Detector

A

Closest to interac
region: 4 layers of Pi
detector (>80 Million Pixels)




Start from clusters...

proton
beam

Pixel Detector

Large
Charge

Typical “image” from one particle
crossing a pixel detector

proton E
beam

Pixel detectorjlayers
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Radius 'r=0 53 r~3cm



lhen reconstruct tracks. ..

proton

beam




.. .and primary vertices

proton
beam

L
W

- /\dditional P




s this a b-quark jets”
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proton
beam

beam

Radius 5 >8 r~3cm



Another key parameter

proton
beam

PV, .

Impact parameter (IP)

proton E
beam



Progress in b-jet identification highlighted by

years
4 HIGGS boson

discovery

Fabiola Gianotti at

State-of-the-art
vertex reconstruction algorithms

b Tagging Effjeiéncy - 10° light jet rejection
JetProb 2010

Initial tagger based on track impact parameter

Impact Parameter (IP) and Secondary Vertex (SV) tagger

H IP3D-JetFitter/SV1 2011-2012

Tagger combination based on MultiVariate BDT method (MV)

H MV1 2014

MV tagger after IBL insertion at Run 2

|] MV2c20 - IBL 2018

Deep Learning Neural Network tagger

|] DL1r* 2019

GN1* 2021
Graph Neural Network tagger
* Lower rejection due to different different jet threshold and c-tagging working point
ca oy o by b b by e by by
30 40 50 60 70 80 9

[plot by V. Dao] e (%)
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Progress in b-jet identification highlighted by

Fabiola Gianotti at

years
HIGGS boson

discovery

b Tagging Efficiency - 10° light jet rejection

JetProb 2010

Initial tagger based on track impact parameter

Impact Parameter (IP) and Secondary Vertex (SV) ta

H IP3D-JetFitter/SV1 2011-2012

MV1 2014

Tagger combination ba on MultiVariate BDT method (MV)

MV tagger after IBL insertion at Run 2

|] MV2c20 - IBL 2018

Deep Learning Neural Network tagger

|] DL1r* 2019

new innermost
Pixel layer “inserted”

before Run-2

0 400.5 495 580 650

61

H GN1* 2021
Graph Neural Network tagger
* Lower rejection due to different different jet threshold and c-tagging working point
AT NN TN N TN N A N TN N TN N TN N TN N AN TN T TN TN N TN TN S TN AN TN SN SR SO NN S
30 40 50 60 70 80 9
e (%)

[plot by V. Dao]

+new algorithm
to split merged
clusters

1o PN=1): 0168 p(N=2):0.629 _ p(N>2): 0.203

o o
Charge [ke]

Local x [mm]

Local y [mm]

[GP et al, JINST 9 (2014) P09009;
Eur. Phys. J. C 77 (2017) 673]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2012-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-08/

Progress in b-jet identification highlighted by

years
4 HIGGS boson

discovery

Fabiola Gianotti at

b Tagging Efficiency - 10° light jet rejection
JetProb 2010

Initial tagger based on track impact parameter

Impact Parameter (IP) and Secondary V.

H IP3D-JetFitter/SV1 2011-2

H MV1 2014

Tagger combination based on MultiVariate BDT method (MV)

MV tagger after IBL insertion at Run 2

|] MV2c20 - IBL 2018

Deep Learning Neural Network tagger

|] DL1r* 2019

Graph Neural Network tagger

H GN1* 2021 ——

* Lower rejection due to different different jet threshold and c-tagging working point

30 40 50 60 70 80 | 9
[plot by V. Dao] e (%)
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The advent of machine learning...

Deep Neural Network

> Graph Neural Network
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State-Of-The-Art Tagger w/ Transformer architecture

b-jet

light jet

N —

Jet
flavour
network

Secondary vertex representation representotlon

Primary vertex © < - — —
Impact
parameter

/ Transformer

Track inputs Combined inputs

<>
)
\000’ Initial track Conditional track
A
IS
S

Track
initialiser
Track
origin
network

Vertex
grouping
network

Jet inputs

t

t
t

Miracks X T Miracks X (njf + 1)

[https://arxiv.org/pdf/2505.19689, submitted to Nature Communications]



https://arxiv.org/pdf/2505.19689

Now that we can "tag™ b-

gquark |ets, how do we
see H = bb 7










Events / 10 GeV (Weighted, backgr. sub.)

Observation! (2018)
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|III/
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- ATLAS —o— Data _

- {s=13TeV,79.8fb" B VH, H — bb (u=1.06) -
[ 0+1+2 leptons Diboson —
~  2+3jets, 2 b-tags Uncertainty ]
- Weighted by Higgs S/B Dijet mass analysis B
g 540 (5.50) -
2 Observation! :
\,‘\\‘\\\ \\\\\\\\_‘“‘. TN CY i, ST —
NN SN ‘ \
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Observation! (2018)

P

ATLAS announces observation of Higgs to bb decays " SCIENTIFIC

(ICHEP 2018 in South Karea) _— 4 AMERICAN.

Physicists Observe the Higgs
Boson’s Elusive Decay

CERNCOURIER

uuuuuuuuuuuuuuuuuuuuuuuuuuuu

g =1

B NN

i LHC EXPERIMENTS

06 ATLAS observes Higgs-boson decay to b quarks
symmetry =ma

>~ @ The Brout-Englert-  to account for almost 60% of all possible pairs produced via the strong interaction. To
™ Btk P j/ AT L A S Higgs mechanism decays, had remained elusive up to now. overcome this challenge, it was necessary
N ATION AL EXPERIMENT Solvestheapparent Observing this decay mode and measuring to consider production processes that are

theoretical its rate is mandatory to confirm (or not) the less copious, but exhibit features not present
G EOG R APH IC impossibility of allowing weak vectorbosons ~ mass generation for fermions via Yukawa in strong interactions. The most effective

(the W and Z) to acquire mass. The discovery ~ interactions, as predicted in the SM. of these is the associated production of
TEM Mmoo AR e frstoanre et e n the Higgs boson with a W or Z boson. The

e Wealv 7—all and 7—aan

B [T {5558 Elusive Elementary Particle Finallyt

detect most Caught Decaying—Get the Facts

favored nggs Not seeing the Higgs boson break down like this would have been very bad DhVSIcsworld
decay

Th for o drst?:;:‘ding of how the ulrzverif worliol H. PARTICLES AND INTERACTIONS | R
(ol Two quarks for Muster Higgs .

i iggs boson seen de
Guardian ggs boson seen de

Since the big discovery of 2012, the Large Hadron Collider at
CERN has been accumulating data and making steady progress.
Two recent results establish the origins of the mass of the two c‘net

search v

Science

An EIUSiVC Higgs boson d( heaviszstquarks

has finally been spotted Why decaying Higgs bosons and the
68 quarks they create matter



x B [fb]

V

lep

Measurement of decay distributions (2024)

[JHEP 04 (2025) 075]

c.XxX B

Ratio to SM

? ATLAS VH, V- leptons, H— bb cross-sections %
103 = (5=13 TeV. 140 fb" ® Observed == Tot. unc. Stat. unc. —=
= ’ = Theory (SM) [ ] Theo. unc. =
B V=W V=2 _
10° ==F— T 5
| 5 t o =
10 &= v - _ 5
=K hd E Is the Higgs boson
1= - 4+ =
= - —1— = fundamental or
107 _‘ j_ composite!?
— 1
[ — A T —F—% —
Or r B . -
1= 1 — u - e ~
> 7 2 % W, o > 7 2 7 02
57; “, 50% W, SOV,O W, 00?,0 /4/‘; A6"00 5?3,8; 50% <¢ 50% <¢ 00% <t ’ A6‘00 pT ‘
Y80, ) ’ Y0, ’ Y60y Gey 750(9 "%y " Yy T 60y Gy
G Gy, Qe Gey v Gy G Oy No enhancement

~ Higgs boson transverse

at high momentum
seen so far.


https://doi.org/10.1007/JHEP04(2025)075

s the Higgs field responsible for the mass
of all vector bosons and fermions?
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Rate measurements in 25 channels are combined

Production modes

/ A TL A S Run 2 [ Data (Total uncertainty) %Syst. uncertainty | SM prediction
""""""E I I T I | [ [ _Is (I) 5I 1|0 | Fr
tH Hi4—
: ;/I' H.@_l %_' - 7 ] lI | II |
, ttH | : HH A
iggF+be B * u
5 . H
. VBF | C - L2
wH | 2 ¥ &
; HeH H&—
7H I$| = e
| | | | | | | | | | | | | | |
""""""" 0 1 2 1 2 3 4 0 1 2 1 2 3 0 1 2 0 12 3 4
bb Ww 7T /4 144 HHU

¢ X B normalized to SM prediction

and used to determine coupling strengths

[ATLAS Collaboration, Nature 607, pages 52-59 (2022)]



Example of production x decay

Production Decay

* In general, any Higgs boson measurement is sensitive to the product of the coupling
in production and decay:

EACHINICS
I'n(k;)

O'(Z—>H—>f):

* Best measurement from combining all possible production modes, with all possible decay modes

* Performed in Higgs combination of all measurements
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ATLAS Run 2

E Ke= Ky

+ ks a free parameter
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SM prediction

K = coupling
rescaling
factor
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73 [ATLAS Collaboration, Nature 607, pages 52-59 (2022)]



m,,

vev

vev

Ke

[ amasmrmz ] Couplings scale
S 4 with particle mass(?)
[0 ;_ K, is a free parémeter _; Wlthln 5_ I O%
= SM prediction =
107 P 3 Confirms Higgs
— Leptons Quarks — R .
- W [T 1 mechanism gives
3| —
10 /ui/ ° d| s 5 mass to vector
104 P ; Fo;c/ecnggsI_tIJoson B bosons and
" 3 -
=0 1 L Ll L3 1
1.4 __I,IIII | I | IIIIII | | | IIIIII | | | IIIIII I_— 3rd generatlon
WF 1 fermions
-4 :
1} 1 .
: ¢ { ! 1 First hint of
0.8—_IIII|" | | | I-llll | | | llIII| | | | IIlIl| I—— Couplings to 2nd
10 1 10 10°

Particle mass [GeV] generatlon

74 [ATLAS Collaboration, Nature 607, pages 52-59 (2022)]



What Is the shape
of the Higgs potential”?
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Higgs field potential

/1 Y

(
f’%“

Re{d)
V(D) = —uzcb’fcb + A(@t D)’

Imit)
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Higgs field potential

/1 Y

(
f’%“

Re{d)
V(D) = —‘uZCDJWD + A(@t D)’

Qo\
2

My = —24

Imit)

2



Higgs field potential

- /:f V() ,’/
( Y

Nyn 1

Re () N

V(D) = —p2dtd -I{?» lCD'I'(D)Z Ny 1000
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Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST




Constraints on Higgs boson self-coupling:

4 V(H)

\ [B. Moser]

T >
-0.8 -0.4 0(0 0.4 0.8 H/v

- Standard Model
Allowed Regions

)  [-500%,
R) = )\S—M - [02,59] @95% CL +590%]

[ATLAS Collaboration, Phys. Rev. Lett. 133 (2024) 101801]
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https://link.aps.org/doi/10.1103/PhysRevLett.133.101801

Prospects for
High-Luminosity LHC



LHC

HL-LHC

EYETS 136 Tev AR 13.6 - 14 TeV

13 TeV energy
Diodes Consolidation 1
splice consolidation cryolimit LIU Installation ! ; . -
7 TeV 8 TeV button collimators interaction o ) : inner triplet . HtL th?
O R2E project regions Civil Eng. P1-P5 pilot beam . radiation limit Instaliation
j A/_ ! ﬁA
201 2012 2013 2015 2016 2017 2020 2022 2023 2024 2025 2026 2027 mm““m
! 5to 7.5 x nominal Lumi
ATLAS - CMS ) =
experiment upgrade phase 1 ATLAS - CMS /—
beam pipes . . . A HL upgrade
nominal Lumi 2 x nominal LUEIJI ALICE - LHCb | 2 x nominal Lumi

75% nominal Lumi | /" upgrade

e 3000 fb!
luminosity VR

Today

(only ~10% of final expected LHC data)

~16 years
from now

 Run-3 ongoing: ~2x more data by end-0f-2026
* Then HL-LHC: ~7x more data by ~2040
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in ATLAS ITK

event
=200

EXPERIMENT

HL-

YATLAS

at <py>




Upgraded trigger
and data acquisition
system

Electronic upgrade
for calorimeters
/ and muon
4 chambers

High Granularity
Timing Detector

New Inner Tracking Detector
(all-silicon, increased coverage to |n| < 4)

New Muon
Chambers in the
inner barrel region

50% of Staves of the Barrel
section will be assembled at BNL!

34



Total ATLAS+CMS
StatISt_lcaI Projections ESPPU 2026
—— Experimental
—— Theory __Uncertainty [%]
Tot|Stat Exp Th
Ky = 1807 09 13
Ky =— 1.6J0.7 06 1.3
KZ = 1.6§0.7 05 1.3
Kg = 2.4]08 07 22
K = 34|08 09 32
Ky = 36|12 12 3.2
K. = . 1908 07 15
Ky = 3.0f27 09 1.0
Kzy | 6.8 59 1.6 3.0
0 0.02 0.04 0.06 0.08 0.1 0.12

K = coupling
rescaling
factor

Expected uncertainty

[ATLAS+CMS Collaborations, ATL-PHYS-PUB-2025-018]

ATLAS+CMS expect to:

® reach a precision of 1.5% to 4%
on most Higgs boson couplings
® observe H — M (but not
H — cc)
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https://cds.cern.ch/record/2928907

[ATLAS+CMS Collaborations, ATL-PHYS-PUB-2025-018]

ATLAS+CMS expect to:

® measure the Higgs boson-self

\ N coupling with better than 30%

~0.8 —0.4 0lo

12 T T T T T T
B. Moser
[B. Moser] ATLAS + CMS
1.0} Projections ESPPU 2026 :
Vs =14 TeV, S3, 3 ab™! per experiment
0.8r — SM SMEFT 6
min — 1o Uncertainty
SMEFT 6, k" =166 ke [0.74 ~129]
~ | eeees min — min — . . /
S o6 SMEFT 8, kJ"" = 1.69, kJ"" = 5.4 HH-driven 7
< 7| —-- Log. Potential, k" = 1.57 iogpgizta'f\ltég] L
Exp. Potential, k" = 1.99 2 BN
A
— 02t SMEFT 6 HH-driven y
- 20 Uncertainty 20 Uncertainty AL
~ SMEFT 6 HH-driven 2
E 0.1F 1o Uncertainty 1o Uncertainty _/‘/ T
> -
I 0.0 00—
S o1t -
>
-0.2

0.6 0.8 1.0 1.2 1.4 1.6 1.8


https://cds.cern.ch/record/2928907

s this precise “enough’?

iati 1 TeV\~
Deviation expected on 507, ( )

Higgs boson couplings ;\7

Energy scale of
(yet unknown) New Physics

With 1% precision, can reach New Physics scales of
a few TeV.
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Towards the
next-generation collider



Pivotal Moment for Particle Physics

® Routinely, the Particle Physics Community develops a strategy
for the future

® US Particle Physics Priorization process (P5) ended in 2023

® FEuropean Strategy Process for Particle Physics currently
ongoing, recommendations expected by end of 2025

e Most favored option:

e Europe: Electron-positron collider (FCC-ee: intensity
frontier) possibly followed by proton-proton collider (FCC-
hh: energy frontier)

® US: participate in FCC and prepare for a Muon Collider on
US soil

® Alternative in China: CEPC, similar in scope to FCC
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Coupling HL-LHC FCC-ee
k7 (% 1.3* 0.10
kw (%) 1.5* 0.29
Kb (%) 2.5 0.3870.49
kg (%) 2F 0.49 /0.54
Ky (%) 1.6* 0.46
ke (%) -~ 0.70/0.87
Ky (%) 1.6* 1.1
kzy (%) 10* 4.3
ki (%) 3.2* 3.1
Ky (%) 4.4* 3.3
|Ks| (%) - tgg
'y (%) - 0.78
Biw (<,95% CL) 1.9x1072* 5x1074
By (<,95% CL) 4x107%2* 6.8x 1073

*model-dependent
assumption on Higgs width

93

FCC-ee would
enable to decrease
uncertainties up to
a factor of 10!

(equivalent to
a New Physics

energy reach
of 3-10 TeV)



Coupling HL-LHC FCC-ee

Kz (%) 1.3* 0.10
kw (%) 1.5% 0.29
Ky, (%) 2.5% 0.38/0.49
Kg (%) 2* 0.49/0.54
K (%) 1.6 0.46
Ke (%) — 0.70 7/ 0.87
oy (%) 1.6 1.1
Ky (%) 10* 4.3
Kkt (%) 3.2% 3.1
Ky (%) 4.4% 3.3
'y (%) — 0.78

Biw (<,95% CL) 1.9x1072* 5x1074
By (<,95% CL) 4x107%2* 6.8x 1073

*model-dependent
assumption on Higgs width 94

Measure
couplings to 2nd
generation quarks



Constituent collision energy (GeV)

From precision to energy frontier

| | [ 111l Resolving Power Ax [A]

104 __ LHC HL-LHC
— — 2e-09
10° = —
E Tevatron o
. - Spps ®LEP RHIC —
10° = @SLC EIC
E ® PETRA @ Tristan — 2e-08
= @PEP —
— DORIS, VEPP IlI -
10 =— ISR ..S pEAR.CESR VEPP IV .gggfl ® superKEKB L
— ®BEPC -
- ® ADONE
B Prin-st — 2e-07
1= ©Vepp I?,nACO =
T 1 1 1 l 1 1 1 I 1 1 1 I 1 | 1 I 1 1 1 I 1 1 1 B
1960 1980 2000 2020 2040 2060 2080
Year

91-km tunnel can be reused for a |00~TeV proton proton
collider (to start in ~2070), for direct searches of New Physics
at the 10~TeV energy scale.

Higgs boson @I ry = 1/m. ?



Summary

® Higgs boson opened new era of exploration
in particle physics, and into the early

_IIIIIIlllIlllllllllllllllllllllll‘l_
40 ATLAS -e- Data =

) . 355 Vs =13TeV, 139 fb" B VH, H - bb (u=1.17) -

" 0+1+2 leptons iboson .

hIStO ry Of the Unlverse' 305_ 2+3iets,pr-tags [:lg-::nly uncertainty _E
- Dijet mass analysis 1

. . . :_ Weighted by Higgs S/B o e

® |s the Higgs mechanism responsible for > H — bb -

N
o

—
TTTTTT T T T T T TrTTTd

all fermion and boson masses?

® Can the Higgs potential help explain
the matter-antimatter asymmetry of
our Universe!

(NS
TTHTTTTTTT

ol b b by by g by Ly |\|:
40 60 80 100 120 140 160 180 200

Events / 10 GeV (Weighted, B-subtracted)
o

m,, [GeV]
® There must be New Physics (NP) that holds the answers!

® |s the NP scale ~1-2 TeV! Then the HL-LHC may find it!

® |[sit~5=-10 TeV?Then the Future Circular Collider
could reveal it!

® Next few years crucial for upgrading the detector for HL-LHC (2030-2040)
and establishing the next big project in Particle Physics (>2045)
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Backup
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-

A succesful paradigm

Leptons
Bosons
Quarks

The Standard Model of particle physics

Years from concept to discovery

I Theonised/explained

| Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron | |
Photon | |
Muon l
Electron neutrino | |
Muon neutrino ' |
Down H
Strange I
Up I
Charm I
Tau I
Bottom | I
Gluon | |
W boson i |
Z boson | |
Top | |
Tau neutrino | {

HIGGS BOSON | |

Source: The Economist
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More than 100 years to
complete the current
Standard Model of Particle
Physics (SM)

Very healthy interaction of
theory predictions and
experimental evidence...

The Higgs boson took
>50 years from prediction
(60s) to discovery (2012)!
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Higgs Boson interactions




Why is Higgs — bb so difficult?

roton - (anti)proton cross sections . . .
P (antp ® pp collisions produce a copious

® The Higgs to beauty quarks signal is
hard to extract from the background!

109: —— —— :109
o b . § 1 h W P amount of quarks (observed as jets),
o . 5 \/C i inducing a large continuum background
3 evatron 0[] E
[ : o B ] A
10° | 5 A 10°
s [ T\ ;-
U F o A N H — bb
10' b ° S T BT <
. / ’ O
: ' 410° &
S ] —
a e B R T bkg
o] ‘ 1 ] |
. 1 ] 1N I >
= |5 1" 5 125 GeV M.
© ; >< J10° 5 bb
; N 1 8
' 5 < 10 -
7 2
: 1 3 -

® Changing this picture required

4 10°
_ 5 RN significant advances in detector technology,
o7 bwsoe [V Stirling, privi comm.]3 b-quark identification,
01 ‘ " lysis techniques and theory!
Vs (TeV) analysis q y:

101



Separate b-jets from other jets

Primary Tracks from b-hadron c-hadron
o fragmentation
B-quark jets interaction —

Vertex > — .
<+ ~4mm ~2mm
Tracks from Hadronic interactions

Interactlon

(u,d,s-quark, gluon) vertex

A

Light-flavour' jetS Primary fragmentatlon ‘ K, A decays
| | Y — e+e

Pixel Layers
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*b“h‘adfbn """

high pT jets

(pT = transverse momentum)
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IBL




I'he “issue” with high pT jets

“Merged” cluster

of pixels
p(N=1): 0.168  p(N=2):0.629  p(N>2f- 0.203

= 1250 5
E n 25 o
ERN & o But can use:
8 - 20 5
s e cluster shape
- 15
14 P e charge information
aask . in each pixel
_1_5: I I S T N— T E— T E— L N B S T —0
-13.4 -13.2 -13 -12.8 -12.6 -12.4 -12.2 -12 -11.8

Local y [mm]
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T'he “Issue” with high p1 |ets

INPUT nodes Neural Network OUTPUT nodes

. : . ¢
/X7 pixel MatriX With s e~ © ‘ How many subclusters?
calibrated charges &7 © N
. O OUTRUT 1 . . ..
vector of z pitches ™ & it © ;_::,\, <= ‘ What is their position?
F ‘t OUTPUT 3
track incidence angle ..., /=~ : o _ _ _
© What is their associated
- layer number ¢ distribution? - (error)
p(N=1): 0.168  p(N=2): 0.629 p(R>2): 0.203
E- -1.25_ E
E n 25 5’
X — (@)
= 1.3_ _§
§ L 20 O
135
L 15
4.4
~ —10
1.45 .
_1_5: S S S S R N S E S —Jo
-13.4 -13.2 -13 -12.8 -12.6 -12.4 -12.2 -12 -11.8
Local y [mm]
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T'he “Issue” with high p1 |ets

INPUT nodes Neural Network OUTPUT nodes

. : : ¢
/X7 pixel matrix with — wer s——— @ ‘ How many subclusters?
calibrated charges oz BERRE : N
] 3 * _“ @ outruti . . .
vector of z pitches S —— e ‘ What is their position?
3 ’ & oururs
track incidence angle ... : _ _ _
© What is their associated
- layer number ¢ distribution? — (error)
50.06]- _—
> L ATLAS Simulation | | CCA Clustering 7
%0.05:— Js=7 TeV — NN Clustering  —
EO 045_ 4-pixel wide clusters ) ] ] .
F - - Significantly improved the tracking
0.03- E performance for high pT b-jets
0.02 - ahead of Run-2!
0.01f— —f
Q5600 B0 0 B0 100750

Local x resolution [um]

[GP et al, JINST 9 (2014) P09009;
Eur. Phys. J. C 77 (2017) 673]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2012-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-08/

Silicon pixel detector

® Ability to identify beauty-quark jets driven
by first layers of Pixel detector

new innermost

layer “inserted”
before Run-2

[IBLTDR, CERN-LHCC-2010-013]

PIXEL detector (since Run-1)
Layers: 3 barrel, 3 end-caps + IBL

Pixel size: 50 um x 400 um
~80M channels

+Insertable B-Layer (IBL)
Pixel size: 50 um x 250 um
~6M channels

[mm]

R122.5

R88.5

R50.5

R33
0

400.5 495 580 650



https://cds.cern.ch/record/1291633

kappa-3 scenario

CEPC | FCC-eeyyg | FCC-ee345 |[FCC-ee/eh/hh
Kw |%] 0.88 0.88 0.41
Kz|[%)] 0.18 0.20 0.17
Ko [ %] 1. 1.2 0.9
Ky [%] 1.3 1.3 1.3
* Kzy [ %] 6.3 10.x% 10. %
K. [%] 2. 1.5 1.3
* K [%] 3.1 3.1 3.1
Kp [% 0.92 1. 0.64
¥ Ky [%] 3.9 4. 3.9
K [%] 091 0.94 0.66
BRiy (<%, 95% CL] 0.27 0.22 0.19 0.024
BRynt (<%, 95% CL] 1.1 1.2 . 1.

FCC-hh will provide the ultimate precision on
Higgs boson couplings, including rare decays
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Start of FCC-ee physics run |

2047 - — 2047
Start accelerator commissioning - - Start detector commissioning
2044 — 2044
2043 - 3
0
End of HL-LHC Start detector installation
Start accelerator installation
2039
8
03
Industrialisation and component production Detector component production
Technical design & prototyping completed Four detector TDRs completed
2034
p0ag 2033
Start of ground-breaking and CE at IPs 2032
ke = Detector CDRs (>4) submitted to FC3
2030
End of HL-LHC upgrade: more ATS personnel available - - End of HL-LHC upgrade: more detector experts available

FCC Approval: Start of prototyping work - FC3 formation, call for CDRs, collaboration forming

European Strategy Update: FCC Recommendation

FCC Feasibility Study Report Detector Eol submission by the community

e — -_ \

FCC-ee Accelerator FCC-ee Detectors

Key dates
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ALLEGRO CLD IDEA

Expression of Interest for a
lightweight vertex detector for FCC-ee

Involved Laboratories:
Italy: INFN - Genova, Frascati, Milano, Padova, Perugia, Pisa, Torino, Trieste-Udine

[h initial detect
Switzerland: ETH Zurich, Paul Scherrer Institute, University of Zurich
C O n C e Pts u S e O r United States of America: Brown University, BNL, FNAL, LBNL, MIT, SLAC, Stony Brook University

Contact persons:

[ J [ ] [ ]
S I m u I atl O n St u d I e S R Fabrizio Palla*!, Attilio Andreazza?, Nicola Bacchetta®?, Manuel Rolo?, Florencia

Canelli®, Armin Ilg®, Anna Macchiolo®, Malte Backhaus®, Rainer Wallny®, Lea
Caminada’, Grzegorz W. Deptuch®, Loukas Gouskos®, Artur Apresyan!’, Carl
Haber!!, Christoph Paus'?, Caterina Vernieri'®, Valerio Dao'?, and Giacinto
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Piacquadio

Active participation from

Subdetector R&D groups oy

Brookhaven National Laboratory
US/Eastern timezone
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Other options”

Medium energy booster (4.5 km]‘

Low energy booster (0.4 km) (100 m) '

e+e-Linac

;1/ (1,200 m)

BTC

Proton linac

Booster (100 km)
CEPC ring (100 km)
SonC rina (100 km)

Common aim: Higgs couplings with sub-% precision, self-coupling with <5%

precision
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Muon Collider

proton driver front end cooling acceleration
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Events / 0.35

1 012 ® Data
,E ATLAS B VH, H = bb (1=0.92)
107 E ys=13TeV, 140 o’ B Z+jets
10'° = Al BB-tag SRs I Wa+jets
1 09 .~ Single top, t-/s-chan
8 - Top(boosted)
10 Top(ba/qa)
10’ 1 Top(bb)
1 06 O Multijet
== - Diboson
10 e 8 VH, H > cc (u=1.0)
1 04 @
1 03 -_——\__
10° L

10

IIIIIIIIIIIIIIIIIIIlIIIIlIIIIIIIIIII

5F —=VH, H — bb (1=0.92)

ll llllll_

A A P N A I AR I
35 3 26 2 15 -1 05 O
Iogm(S/B)
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.1012I|IIIIIIIII IIII|IIII|III‘IIDaItIaIIIIIlllllll
10" ATLAS W Z+mil
oE Vs=13TeV, 140 fo B Z+hf
10°°E" A c,c+C,N-tag SRs 2 Wemill
1 09 B W+ hf
108 Top(ba/qa)
Multijet =
1 07 - Diboson =
10° Bl VH,H > cC (u=1.0)
10° B VH,H > bb (u=0.92) =
' =
10*| =
10° E =
10°E .
10 &
1

=VH,H— cCc x12

QT[] - 9T F----smm-mmmommpo-e -
_2 | | I | | I | I 1 1 1 I+| I | | | I I | | I I | I I | |+I | |+I:

55 -5 45 4 35 -3 25 2 15
Iogm(S/B)
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Ratio to SM

E ATLAS VH, V — leptons, H— bb cross-sections E
E_ /5=13 TeV, 140 fb'1 ® (Observed == T0ot. unc. Stat. unc. =
— === Theory (SM) Theo. unc. —
—r V=W _ V=2 _
: i L E _
=" ) _ =
— ¢ hJ =
— "|' =
—F—3 4 t—F—F—1 :
- J#_ L B I -
e 7 2 9, Yo Xo% > 7 X %, D<s
ot sgn, g, Vo, e 0% Psge, Vi, Pig2,” e,
N/ Sp G} v<?_’)‘0 g v400 g v6‘00 L 730 G g VQSO g v400 g v6\00



lep X Btljb [fb]

V

ox B

Ratio to SM

5 [ .
10 EE ATLAS VH, V — leptons, H— bb cross-sections é
104 L (s=13 TeV. 140 ib" ® QObserved === Tot. unc. Stat. unc. ]

= | — Theory (SM) [ ] Theo. unc. =

10° V=W V=2 =

102 0 =1J7 0J =147 00 =101 1 _Z

— | I I I =

+ + — | | | E

10 - W . —F : =

® | - - _| | | §

T %_ l l 1 =

10—1 — L I | | I —

— ! ! | I

— | | | | | —_—

21 . I = | - I

_ - = # # = | o ﬂ | == | | |

" 1- = T — | F SRR A i T

SEL L 1 I S
% '8 9$0 Y A W, % R 78 950 0y 0. 7

V,’\h”f o, 0%, V,O% A6'00 v’?\; SO < SO Y 600
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0 lepton

Exp.=17x SM
Obs.= 14 x SM

1 lepton

Exp.=17x SM
Obs.=21x SM

2 lepton

Exp.= 18 x SM
Obs.=22x SM

Combination

Exp.= 11x SM
Obs.= 12x SM

lllllllllllll

ATLAS

Vs=13 TeV, 140 fb™
VH, H — bb/ct

Illlllllllllll

— Observed
---- Expected

[ ] Expected + 1o
Expected + 2¢
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