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2018 
First time we observed Higgs bosons 

Main interests: Higgs physics 
Flavor Tagging, Tracking 
Detectors, Future Colliders

Led the ATLAS Flavor Tagging 
group in 2014-2016

Led the ATLAS Higgs group 
(2018-2020)
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Rome (2004-2005)

Freiburg (2005-2009)

CERN (2009-2012)

San Francisco (2012-2016)

Stony Brook (2016-today)

My path:
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Particle physics in 2023Since humans

© iStock/alex-mit

Fundamental science driven by human’s curiosity:

• What are we (and the Universe) made of?
• What are the laws of Nature?
• Why is the Universe as we observe it today?
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Particle physics in 2023Since humans

© iStock/alex-mit

Fundamental science driven by human’s curiosity:

• What are we (and the Universe) made of?
• What are the laws of Nature?
• Why is the Universe as we observe it today? 

Particle Physics answers these questions by studying  
the building blocks (“fabric”) of the Universe. 
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Since humans

© iStock/alex-mit

Only in the 18th century,  
atoms were experimentally  
stablished.

Not indivisible! How can we  
observe its structure? 

(460-370 BC)

Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

This is the realm of Quantum physics! 
 

Heisenberg’s uncertainty principle
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observe its structure? 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Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

This is the realm of Quantum physics! 
 

Heisenberg’s uncertainty principle
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Small distances can only be resolved by high-
momentum probes!
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© iStock/alex-mit

Only in the 18th century,  
atoms were experimentally  
stablished.

Not indivisible! How can we  
observe its structure? 

(460-370 BC)

Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

This is the realm of Quantum physics! 
 

Heisenberg’s uncertainty principle

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

Optical microscope
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Electron microscope
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Particle Colliders as powerful microscopes:
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Since humans

2020

Particle Colliders as powerful microscopes:

Energy frontier  
today
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Particle colliders as a “time machine”:

QCD plasma 
(June 16th lecture) 

~

https://indico.bnl.gov/event/27716/timetable/
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Matter around us Matter in the early Universe
[wikipedia]



Standard Model of Particle Physics
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Standard Model of Particle Physics

14

No mass
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Symmetry  
is broken  

spontaneously 
⟹ 

Particles  
get  

massive

(Brout-Englert-)Higgs field

100 GeV

~
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(Brout-Englert-)Higgs’s Idea (1964)

[video: Dominguez, Daniel]

[MeV]
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(Brout-Englert-)Higgs’s Idea (1964)

Higgs Boson (excitation of Higgs field)

<latexit sha1_base64="MghFOpyopdXEHRUJqgZetGVlGLg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CkT3dFN26ECrYV2hgm02k7dJIMMxOhhn6JGxeKuPVT3Pk3TtoKKnrgwuGce7n3noAzKpVtfxi5ldW19Y38ZmFre2e3aO7td2ScCEzaOGaxuAmQJIxGpK2oYuSGC4LCgJFuMDnP/O4dEZLG0bWacuKFaBTRIcVIack3i30uYq5ieOmnndmt65sl2zpt1NyqC23LtutuuZYRt15xy9DRSoYSWKLlm+/9QYyTkEQKMyRlz7G58lIkFMWMzAr9RBKO8ASNSE/TCIVEeun88Bk81soADmOhK1Jwrn6fSFEo5TQMdGeI1Fj+9jLxL6+XqGHDS2nEE0UivFg0TBjUj2YpwAEVBCs21QRhQfWtEI+RQFjprAo6hK9P4f+k41pOzapeVUrNs2UceXAIjsAJcEAdNMEFaIE2wCABD+AJPBv3xqPxYrwuWnPGcuYA/IDx9gnTQpM5</latexit>
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V
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Standard Model of Particle Physics
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Discovered in 2012 at the  
Large Hadron Collider (LHC),  
by ATLAS and CMS Collaborations

CERN, July 4th, 2012

October 2013
R. Englert, P. Higgs



Standard Model of Particle Physics
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extremely successful 
as discussed in  

June 9th SM lecture 
(link)

https://indico.bnl.gov/event/27716/timetable/


Standard Model of Particle Physics
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Flavor physics  
discussed in  

June 23rd lecture 
(link)

https://indico.bnl.gov/event/27716/timetable/


But many open questions… 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But many open questions… 
will focus here on 2!
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Why is the mass so large? 

Leptons 

Quarks 

up 

down 

charm 

strange bottom 

top 

electron muon tau 

νe νμ ντ 

~0 ~0 ~0 

Is the Higgs field responsible for the mass of all fermions? 
Why are fermion masses so vastly different?

For comparison: proton mass
up up

down(1)
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100 GeV 1 MeV

(2)
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100 GeV 1 MeV

A big mystery:
How did matter prevail  

over anti-matter?  
(…and enabled us to exist?)

(2)
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100 GeV 1 MeV

A big mystery:
How did matter prevail  

over anti-matter?  
(…and enabled us to exist?)

Sakharov’s 
conditions

(2)
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100 GeV

?
Higgs field

(2)
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100 GeV

Higgs field

?

(2)



The Higgs Boson as a tool
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We use the most powerful accelerator and particle collider on Earth:  
the LHC (Large Hadron Collider) 
 
 
 
 
 
 
 

How do we produce the Higgs Boson?

• 27 km ring, ~100 m underground
• Collision energy in Run-3:  13.6 TeV (~15,000x times proton mass)
• Protons collide 40 million times per second 

 

p
px
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proton proton

E=6.5/6.8 TeV E=6.5/6.8 TeVE = m · c2
quark (or gluon) quark (or gluon)

How do we produce the Higgs Boson?

Higgs Particle + X 
(τ ~ 10-22 s)

~15μm

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



What is the       ?
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At the LHC there are many ways to produce a Higgs boson, they only depend on mH.

Production modes

q / g

q / g

Probability 
(13 TeV)

48.5pb

3.8pb

2.25pb

0.5pb

proton

proton

Additional signatures

2 jets

W,Z

top+anti-top

None
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Higgs Particle + X 
(τ ~ 10-22 s)

Vector  
bosons

Z

Z

<latexit sha1_base64="kDvgri9D0D1GiaZR6viBXyPca4k=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CkT3dFN26ECvaBbQyT6aQdOnkwMxFq6Je4caGIWz/FnX/jpK2gogcuHM65l3vv8WJGhTTNDy23srq2vpHfLGxt7+wW9b39jogSjkkbRyziPQ8JwmhI2pJKRnoxJyjwGOl6k/PM794RLmgUXstpTJwAjULqU4ykkly9OIh5FMsIXrrpzezWdvWSaZw2anbVhqZhmnW7XMuIXa/YZWgpJUMJLNFy9ffBMMJJQEKJGRKib5mxdFLEJcWMzAqDRJAY4Qkakb6iIQqIcNL54TN4rJQh9COuKpRwrn6fSFEgxDTwVGeA5Fj89jLxL6+fSL/hpDSME0lCvFjkJwyqR7MU4JBygiWbKoIwp+pWiMeIIyxVVgUVwten8H/SsQ2rZlSvKqXm2TKOPDgER+AEWKAOmuACtEAbYJCAB/AEnrV77VF70V4XrTltOXMAfkB7+wTZXpM9</latexit>

/ M2
Z

(“golden  
channel”)



34

Higgs Particle + X 
(τ ~ 10-22 s)

Fermions
<latexit sha1_base64="67WU78OXeymWsGsjdFD65Vpp06o=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GqbTp7uiGzdCBfuAdiiZNNOGZiYxyRTK0O9w40IRt36MO//GTFtBRQ9cOJxzL/fe4wtGlXacDyuztr6xuZXdzu3s7u0f5A+P2orHEpMW5ozLro8UYTQiLU01I10hCQp9Rjr+5Cr1O1MiFeXRnZ4J4oVoFNGAYqSN5PWF5EJzeDNIgvkgX3Dsi3rVrbjQsR2n5paqKXFrZbcEi0ZJUQArNAf59/6Q4zgkkcYMKdUrOkJ7CZKaYkbmuX6siEB4gkakZ2iEQqK8ZHH0HJ4ZZQgDLk1FGi7U7xMJCpWahb7pDJEeq99eKv7l9WId1L2ERiLWJMLLRUHMoHkzTQAOqSRYs5khCEtqboV4jCTC2uSUMyF8fQr/J23XLlbtym250LhcxZEFJ+AUnIMiqIEGuAZN0AIY3IMH8ASeran1aL1Yr8vWjLWaOQY/YL19AkUCknQ=</latexit>/ Mf

(challenging!)
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Higgs Particle65 vertices

μ

μ

• ATLAS and CMS are “giant cameras” recording collision fragments

• Fast electronics & a large computer farm to select events online, and store  
only one every ~15,000 collisions (40 MHz → 3000 Hz, ~30 PBytes per year)  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~15μm

p
p



~15μm

• Reconstruct momenta of  
neutral and charged particles

• Identify their type, exploiting  
all sub-detectors
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2,000,000

4,000,000

6,000,000

7,000,000

5,000,000

3,000,000

0

How many Higgs bosons did the LHC deliver?

>15,000,000 Higgs bosons out of >20,000,000,000,000,000 collisions
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Vector bosons Fermions

<latexit sha1_base64="67WU78OXeymWsGsjdFD65Vpp06o=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GqbTp7uiGzdCBfuAdiiZNNOGZiYxyRTK0O9w40IRt36MO//GTFtBRQ9cOJxzL/fe4wtGlXacDyuztr6xuZXdzu3s7u0f5A+P2orHEpMW5ozLro8UYTQiLU01I10hCQp9Rjr+5Cr1O1MiFeXRnZ4J4oVoFNGAYqSN5PWF5EJzeDNIgvkgX3Dsi3rVrbjQsR2n5paqKXFrZbcEi0ZJUQArNAf59/6Q4zgkkcYMKdUrOkJ7CZKaYkbmuX6siEB4gkakZ2iEQqK8ZHH0HJ4ZZQgDLk1FGi7U7xMJCpWahb7pDJEeq99eKv7l9WId1L2ERiLWJMLLRUHMoHkzTQAOqSRYs5khCEtqboV4jCTC2uSUMyF8fQr/J23XLlbtym250LhcxZEFJ+AUnIMiqIEGuAZN0AIY3IMH8ASeran1aL1Yr8vWjLWaOQY/YL19AkUCknQ=</latexit>/ Mf
Z

Z

<latexit sha1_base64="kDvgri9D0D1GiaZR6viBXyPca4k=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CkT3dFN26ECvaBbQyT6aQdOnkwMxFq6Je4caGIWz/FnX/jpK2gogcuHM65l3vv8WJGhTTNDy23srq2vpHfLGxt7+wW9b39jogSjkkbRyziPQ8JwmhI2pJKRnoxJyjwGOl6k/PM794RLmgUXstpTJwAjULqU4ykkly9OIh5FMsIXrrpzezWdvWSaZw2anbVhqZhmnW7XMuIXa/YZWgpJUMJLNFy9ffBMMJJQEKJGRKib5mxdFLEJcWMzAqDRJAY4Qkakb6iIQqIcNL54TN4rJQh9COuKpRwrn6fSFEgxDTwVGeA5Fj89jLxL6+fSL/hpDSME0lCvFjkJwyqR7MU4JBygiWbKoIwp+pWiMeIIyxVVgUVwten8H/SsQ2rZlSvKqXm2TKOPDgER+AEWKAOmuACtEAbYJCAB/AEnrV77VF70V4XrTltOXMAfkB7+wTZXpM9</latexit>

/ M2
Z

<latexit sha1_base64="l5tUg6WvZXsGxYxDbOs+siFwT80=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIsgLsqM+FoW3XRZwT5oO5ZMmmlDM8mQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIOZMG9f9dnIrq2vrG/nNwtb2zu5ecf+goWWiCK0TyaVqBVhTzgStG2Y4bcWK4ijgtBmM7qZ+84kqzaR4MOOY+hEeCBYygo2V2lXUNRK1249nvWLJLbszoGXiZaQEGWq94le3L0kSUWEIx1p3PDc2foqVYYTTSaGbaBpjMsID2rFU4IhqP51dPEEnVumjUCr7hEEz9fdGiiOtx1FgJyNshnrRm4r/eZ3EhDd+ykScGCrI/KMw4cimnMZHfaYoMXxsCSaK2VsRGWKFibElFWwJ3mLkZdI4L3tX5cv7i1LlNqsjD0dwDKfgwTVUoAo1qAMBAc/wCm+Odl6cd+djPppzsp1D+APn8wceWo/r</latexit>

H ! ZZ
⇤ <latexit sha1_base64="vfpxT1kr5WloSmlq6idBva9VmoU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzAOya5iZzCZDZmeXmVklLPkPLx4U8eq/ePNvnCR70MSChqKqm+4ukgiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqKGvSWMSqQ7BmgkvWNNwI1kkUwxERrE1Gt1O//ciU5rG8N+OEBREeSB5yio2VHurINzEiPsEqI5NeueJW3RnQMvFyUoEcjV75y+/HNI2YNFRgrbuem5ggw8pwKtik5KeaJZiO8IB1LZU4YjrIZldP0IlV+iiMlS1p0Ez9PZHhSOtxRGxnhM1QL3pT8T+vm5rwOsi4TFLDJJ0vClOB7KfTCFCfK0aNGFuCqeL2VkSHWGFqbFAlG4K3+PIyaZ1Vvcvqxd15pXaTx1GEIziGU/DgCmpQhwY0gYKCZ3iFN+fJeXHenY95a8HJZw7hD5zPH+QdkiQ=</latexit>

H ! bb̄
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~15μm

<latexit sha1_base64="4/wEuT+JfrGRkXSS3pdFHJIB4Zk=">AAACAHicbVC7SgNBFJ2NrxhfqxYWNoNBEIuwK0EtgzYpI5gHya5hdnI3GTL7YGZWCMs2/oqNhSK2foadf+Mk2UITDwwczrmXO+d4MWdSWda3UVhZXVvfKG6WtrZ3dvfM/YOWjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y1vp377EYRkUXivJjG4ARmGzGeUKC31zaM6dlSEu7j7kJ5nM151gPO+WbYq1gx4mdg5KaMcjb755QwimgQQKsqJlD3bipWbEqEY5ZCVnERCTOiYDKGnaUgCkG46C5DhU60MsB8J/UKFZ+rvjZQEUk4CT08GRI3kojcV//N6ifKv3ZSFcaIgpPNDfsKxjjltAw+YAKr4RBNCBdN/xXREBKFKd1bSJdiLkZdJ66JiX1aqd9Vy7Savo4iO0Qk6Qza6QjVURw3URBRl6Bm9ojfjyXgx3o2P+WjByHcO0R8Ynz9gB5UB</latexit>

H ! ZZ
⇤ ! 4`

<latexit sha1_base64="cCOmLeiS0KrH/uGzkHvzBN2LKXI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVE6mNZdOOygn1AE8NkOmmHTiZhHkIJceOvuHGhiFv/wp1/4zTtQlsPXDicc+/cuSdMGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlogUmLZywRHRDJAmjnLQUVYx0U0FQHDLSCUfXE7/zQISkCb9T45T4MRpwGlGMlJEC+8Ar3shCpkkO0yCr5/eZx3Ue2FWn5hSAi8SdkSqYoRnYX14/wTomXGGGpOy5Tqr8DAlFMSN5xdOSpAiP0ID0DOUoJtLPiu05PDZKH0aJMMUVLNTfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8XRRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+S9mnNPa+d3darjatZHGVwCI7ACXDBBWiAG9AELYDBI3gGr+DNerJerHfrY9pasmYz++APrM8fR6iXcA==</latexit>

p⌫4
<latexit sha1_base64="QyF85WtWK4EgNbEBUObZJQMvSvE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJXE97LoxmUF+4Amhsl00g6dTMI8hBLixl9x40IRt/6FO//GadqFth64cDjn3rlzT5gyKpXjfFulhcWl5ZXyamVtfWNzy97eaclEC0yaOGGJ6IRIEkY5aSqqGOmkgqA4ZKQdDq/HfvuBCEkTfqdGKfFj1Oc0ohgpIwX2nle8kYVMkxymQXaS32ce13lgV52aUwDOE3dKqmCKRmB/eb0E65hwhRmSsus6qfIzJBTFjOQVT0uSIjxEfdI1lKOYSD8rtufw0Cg9GCXCFFewUH9PZCiWchSHpjNGaiBnvbH4n9fVKrr0M8pTrQjHk0WRZlAlcBwH7FFBsGIjQxAW1PwV4gESCCsTWsWE4M6ePE9axzX3vHZ2e1qtX03jKIN9cACOgAsuQB3cgAZoAgwewTN4BW/Wk/VivVsfk9aSNZ3ZBX9gff4ARh2Xbw==</latexit>

p⌫3

<latexit sha1_base64="HTP2o74/P3BG/KnjkBnix6gMyHI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWk+FoW3bisYB/QxDCZTtqhk0mYh1BC3Pgrblwo4ta/cOffOG2z0NYDFw7n3Dt37glTRqVynG+rtLS8srpWXq9sbG5t79i7e22ZaIFJCycsEd0QScIoJy1FFSPdVBAUh4x0wtH1xO88ECFpwu/UOCV+jAacRhQjZaTAPvCmb2Qh0ySHaZDV8/vM4zoP7KpTc6aAi8QtSBUUaAb2l9dPsI4JV5ghKXuukyo/Q0JRzEhe8bQkKcIjNCA9QzmKifSz6fYcHhulD6NEmOIKTtXfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8WxRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+Sdr3mntfObk+rjasijjI4BEfgBLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MWstWcXMPvgD6/MHRJKXbg==</latexit>

p⌫2

<latexit sha1_base64="S/U2XTmFUWD7LNR++SAE1ZdqoT8=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIr2XRjcsK9gFNDJPppB06mYR5CCXEjb/ixoUibv0Ld/6N0zQLbT1w4XDOvXPnnjBlVCrH+bYWFpeWV1Yra9X1jc2tbXtnty0TLTBp4YQlohsiSRjlpKWoYqSbCoLikJFOOLqe+J0HIiRN+J0ap8SP0YDTiGKkjBTY+17xRhYyTXKYBpmb32ce13lg15y6UwDOE7ckNVCiGdhfXj/BOiZcYYak7LlOqvwMCUUxI3nV05KkCI/QgPQM5Sgm0s+K7Tk8MkofRokwxRUs1N8TGYqlHMeh6YyRGspZbyL+5/W0ii79jPJUK8LxdFGkGVQJnMQB+1QQrNjYEIQFNX+FeIgEwsqEVjUhuLMnz5P2Sd09r5/dntYaV2UcFXAADsExcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj2rpglTN74A+szx9DB5dt</latexit>

p⌫1

<latexit sha1_base64="9GXi/b/bUEUS6L4AXaoBmQEWKxY=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBi2W3aG1vRS8eK7it0K4lm2bb0CS7JFmhlP4GLx4U8eoP8ua/MdtWUNEHA4/3ZpiZFyacaeO6H05uaXlldS2/XtjY3NreKe7utXScKkJ9EvNY3YZYU84k9Q0znN4mimIRctoOR5eZ376nSrNY3phxQgOBB5JFjGBjJb8r0ruTXrHkll2LahVlxKu5niX1eq1SqSNvZrluCRZo9orv3X5MUkGlIRxr3fHcxAQTrAwjnE4L3VTTBJMRHtCOpRILqoPJ7NgpOrJKH0WxsiUNmqnfJyZYaD0Woe0U2Az1by8T//I6qYlqwYTJJDVUkvmiKOXIxCj7HPWZosTwsSWYKGZvRWSIFSbG5lOwIXx9iv4nrUrZq5bPrk9LjYtFHHk4gEM4Bg/OoQFX0AQfCDB4gCd4dqTz6Lw4r/PWnLOY2YcfcN4+AddKjrw=</latexit>

µ�

<latexit sha1_base64="9GXi/b/bUEUS6L4AXaoBmQEWKxY=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBi2W3aG1vRS8eK7it0K4lm2bb0CS7JFmhlP4GLx4U8eoP8ua/MdtWUNEHA4/3ZpiZFyacaeO6H05uaXlldS2/XtjY3NreKe7utXScKkJ9EvNY3YZYU84k9Q0znN4mimIRctoOR5eZ376nSrNY3phxQgOBB5JFjGBjJb8r0ruTXrHkll2LahVlxKu5niX1eq1SqSNvZrluCRZo9orv3X5MUkGlIRxr3fHcxAQTrAwjnE4L3VTTBJMRHtCOpRILqoPJ7NgpOrJKH0WxsiUNmqnfJyZYaD0Woe0U2Az1by8T//I6qYlqwYTJJDVUkvmiKOXIxCj7HPWZosTwsSWYKGZvRWSIFSbG5lOwIXx9iv4nrUrZq5bPrk9LjYtFHHk4gEM4Bg/OoQFX0AQfCDB4gCd4dqTz6Lw4r/PWnLOY2YcfcN4+AddKjrw=</latexit>

µ�

<latexit sha1_base64="N+s921bz1jslWencTNrzx2qN6ek=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRZBEMpu0dreil48VnBboV1LNs22oUl2SbJCKf0NXjwo4tUf5M1/Y7atoKIPBh7vzTAzL0w408Z1P5zc0vLK6lp+vbCxubW9U9zda+k4VYT6JOaxug2xppxJ6htmOL1NFMUi5LQdji4zv31PlWaxvDHjhAYCDySLGMHGSn5XpHcnvWLJLbsW1SrKiFdzPUvq9VqlUkfezHLdEizQ7BXfu/2YpIJKQzjWuuO5iQkmWBlGOJ0WuqmmCSYjPKAdSyUWVAeT2bFTdGSVPopiZUsaNFO/T0yw0HosQtspsBnq314m/uV1UhPVggmTSWqoJPNFUcqRiVH2OeozRYnhY0swUczeisgQK0yMzadgQ/j6FP1PWpWyVy2fXZ+WGheLOPJwAIdwDB6cQwOuoAk+EGDwAE/w7Ejn0XlxXuetOWcxsw8/4Lx9AtRCjro=</latexit>

µ+

<latexit sha1_base64="N+s921bz1jslWencTNrzx2qN6ek=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRZBEMpu0dreil48VnBboV1LNs22oUl2SbJCKf0NXjwo4tUf5M1/Y7atoKIPBh7vzTAzL0w408Z1P5zc0vLK6lp+vbCxubW9U9zda+k4VYT6JOaxug2xppxJ6htmOL1NFMUi5LQdji4zv31PlWaxvDHjhAYCDySLGMHGSn5XpHcnvWLJLbsW1SrKiFdzPUvq9VqlUkfezHLdEizQ7BXfu/2YpIJKQzjWuuO5iQkmWBlGOJ0WuqmmCSYjPKAdSyUWVAeT2bFTdGSVPopiZUsaNFO/T0yw0HosQtspsBnq314m/uV1UhPVggmTSWqoJPNFUcqRiVH2OeozRYnhY0swUczeisgQK0yMzadgQ/j6FP1PWpWyVy2fXZ+WGheLOPJwAIdwDB6cQwOuoAk+EGDwAE/w7Ejn0XlxXuetOWcxsw8/4Lx9AtRCjro=</latexit>

µ+

*
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<latexit sha1_base64="sPPDjOOnezMZ+j5OY6tKzFdmvSg="></latexit> �

�SM
= 1.01± 0.08(stat.)± 0.04(exp.)± 0.05(th.)

[Eur. Phys. J. C (2020) 80:957]

<latexit sha1_base64="cCOmLeiS0KrH/uGzkHvzBN2LKXI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVE6mNZdOOygn1AE8NkOmmHTiZhHkIJceOvuHGhiFv/wp1/4zTtQlsPXDicc+/cuSdMGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlogUmLZywRHRDJAmjnLQUVYx0U0FQHDLSCUfXE7/zQISkCb9T45T4MRpwGlGMlJEC+8Ar3shCpkkO0yCr5/eZx3Ue2FWn5hSAi8SdkSqYoRnYX14/wTomXGGGpOy5Tqr8DAlFMSN5xdOSpAiP0ID0DOUoJtLPiu05PDZKH0aJMMUVLNTfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8XRRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+S9mnNPa+d3darjatZHGVwCI7ACXDBBWiAG9AELYDBI3gGr+DNerJerHfrY9pasmYz++APrM8fR6iXcA==</latexit>

p⌫4
<latexit sha1_base64="QyF85WtWK4EgNbEBUObZJQMvSvE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJXE97LoxmUF+4Amhsl00g6dTMI8hBLixl9x40IRt/6FO//GadqFth64cDjn3rlzT5gyKpXjfFulhcWl5ZXyamVtfWNzy97eaclEC0yaOGGJ6IRIEkY5aSqqGOmkgqA4ZKQdDq/HfvuBCEkTfqdGKfFj1Oc0ohgpIwX2nle8kYVMkxymQXaS32ce13lgV52aUwDOE3dKqmCKRmB/eb0E65hwhRmSsus6qfIzJBTFjOQVT0uSIjxEfdI1lKOYSD8rtufw0Cg9GCXCFFewUH9PZCiWchSHpjNGaiBnvbH4n9fVKrr0M8pTrQjHk0WRZlAlcBwH7FFBsGIjQxAW1PwV4gESCCsTWsWE4M6ePE9axzX3vHZ2e1qtX03jKIN9cACOgAsuQB3cgAZoAgwewTN4BW/Wk/VivVsfk9aSNZ3ZBX9gff4ARh2Xbw==</latexit>

p⌫3

<latexit sha1_base64="HTP2o74/P3BG/KnjkBnix6gMyHI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWk+FoW3bisYB/QxDCZTtqhk0mYh1BC3Pgrblwo4ta/cOffOG2z0NYDFw7n3Dt37glTRqVynG+rtLS8srpWXq9sbG5t79i7e22ZaIFJCycsEd0QScIoJy1FFSPdVBAUh4x0wtH1xO88ECFpwu/UOCV+jAacRhQjZaTAPvCmb2Qh0ySHaZDV8/vM4zoP7KpTc6aAi8QtSBUUaAb2l9dPsI4JV5ghKXuukyo/Q0JRzEhe8bQkKcIjNCA9QzmKifSz6fYcHhulD6NEmOIKTtXfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8WxRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+Sdr3mntfObk+rjasijjI4BEfgBLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MWstWcXMPvgD6/MHRJKXbg==</latexit>

p⌫2

<latexit sha1_base64="S/U2XTmFUWD7LNR++SAE1ZdqoT8=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIr2XRjcsK9gFNDJPppB06mYR5CCXEjb/ixoUibv0Ld/6N0zQLbT1w4XDOvXPnnjBlVCrH+bYWFpeWV1Yra9X1jc2tbXtnty0TLTBp4YQlohsiSRjlpKWoYqSbCoLikJFOOLqe+J0HIiRN+J0ap8SP0YDTiGKkjBTY+17xRhYyTXKYBpmb32ce13lg15y6UwDOE7ckNVCiGdhfXj/BOiZcYYak7LlOqvwMCUUxI3nV05KkCI/QgPQM5Sgm0s+K7Tk8MkofRokwxRUs1N8TGYqlHMeh6YyRGspZbyL+5/W0ii79jPJUK8LxdFGkGVQJnMQB+1QQrNjYEIQFNX+FeIgEwsqEVjUhuLMnz5P2Sd09r5/dntYaV2UcFXAADsExcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj2rpglTN74A+szx9DB5dt</latexit>

p⌫1

<latexit sha1_base64="27ip3o1AqLM+iiIvLJSkruZAyc8=">AAACNXicbVBJSwMxFM7UrdZt1KOXYBEEoczUulyEohcPHirYBdo6ZNJMG5rJDFmEMsyf8uL/8KQHD4p49S+YLqBtfRD4lveSl8+PGZXKcV6tzMLi0vJKdjW3tr6xuWVv79RkpAUmVRyxSDR8JAmjnFQVVYw0YkFQ6DNS9/tXQ7/+QISkEb9Tg5i0Q9TlNKAYKSN59k3lPmlxncIL2BrdlvhMkxTGY9lL3BQe/bLiFDueYqXUs/NOwRkVnAfuBOTBpCqe/dzqRFiHhCvMkJRN14lVO0FCUcxImmtpSWKE+6hLmgZyFBLZTkZ7pvDAKB0YRMIcruBI/TuRoFDKQeibzhCpnpz1huJ/XlOr4LydUB5rRTgePxRoBlUEhxHCDhUEKzYwAGFBza4Q95BAWJmgcyYEd/bL86BWLLinhZPbUr58OYkjC/bAPjgELjgDZXANKqAKMHgEL+AdfFhP1pv1aX2NWzPWZGYXTJX1/QNQoqvF</latexit>

P ⌫ = p⌫1 + p⌫2 + p⌫3 + p⌫4
<latexit sha1_base64="iI18WFK3h6HkoVgoa/vUIRmo5V8=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhLEa0GqYGEMEn1ITYgc12mtOk6wHaQqysrCr7AwgBArf8DG3+CmGaDlSFf36Jx7Zd8TJIxKZVnfRmVhcWl5pbpaW1vf2Nwyt3faMk4FJi0cs1h0AyQJo5y0FFWMdBNBUBQw0glGVxO/80CEpDG/VeOEeBEacBpSjJSWfBNGfnbMcngBXXkvVAadu8zlaQ4dv+i5b9athlUAzhO7JHVQwvHNL7cf4zQiXGGGpOzZVqK8DAlFMSN5zU0lSRAeoQHpacpRRKSXFZfk8EArfRjGQhdXsFB/b2QoknIcBXoyQmooZ72J+J/XS1V47mWUJ6kiHE8fClMGVQwnscA+FQQrNtYEYUH1XyEeIoGw0uHVdAj27MnzpH3UsE8bJzfH9eZlGUcV7IF9cAhscAaa4Bo4oAUweATP4BW8GU/Gi/FufExHK0a5swv+wPj8ARvnmf8=</latexit>

m4l =
p

P ⌫P⌫
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< 1 ‰ precision!

<latexit sha1_base64="KmREMQDhFqREq6aBddIvbE+N6+8=">AAACGHicbZC7SgNBFIZnvcZ4i1raDAZBm7gbjNoIQQstI5goZEOYnZxNhszsLjNnhbDEt7DxVWwsFLG1822cXApvPwx8/Occzpw/SKQw6Lqfzszs3PzCYm4pv7yyurZe2NhsmDjVHOo8lrG+DZgBKSKoo0AJt4kGpgIJN0H/fFS/uQNtRBxd4yCBlmLdSISCM7RWu3Cg2tnlkJ5SX0KIe9QrV0qeR/1EUXcMWnR7uH/va5VdQGPYLhTdkjsW/QveFIpkqlq78OF3Yp4qiJBLZkzTcxNsZUyj4BKGeT81kDDeZ11oWoyYAtPKxocN6a51OjSMtX0R0rH7fSJjypiBCmynYtgzv2sj879aM8XwpJWJKEkRIj5ZFKaSYkxHKdGO0MBRDiwwroX9K+U9phlHm2XehuD9PvkvNMol76hUuTosVs+mceTINtkhe8Qjx6RKLkmN1AknD+SJvJBX59F5dt6c90nrjDOd2SI/5Hx8AdzDnTo=</latexit>

mH = (125.11± 0.11) GeV

[Phys. Rev. Lett. 131 (2023) 251802]

<latexit sha1_base64="cCOmLeiS0KrH/uGzkHvzBN2LKXI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVE6mNZdOOygn1AE8NkOmmHTiZhHkIJceOvuHGhiFv/wp1/4zTtQlsPXDicc+/cuSdMGZXKcb6t0tLyyupaeb2ysbm1vWPv7rVlogUmLZywRHRDJAmjnLQUVYx0U0FQHDLSCUfXE7/zQISkCb9T45T4MRpwGlGMlJEC+8Ar3shCpkkO0yCr5/eZx3Ue2FWn5hSAi8SdkSqYoRnYX14/wTomXGGGpOy5Tqr8DAlFMSN5xdOSpAiP0ID0DOUoJtLPiu05PDZKH0aJMMUVLNTfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8XRRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+S9mnNPa+d3darjatZHGVwCI7ACXDBBWiAG9AELYDBI3gGr+DNerJerHfrY9pasmYz++APrM8fR6iXcA==</latexit>

p⌫4
<latexit sha1_base64="QyF85WtWK4EgNbEBUObZJQMvSvE=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJXE97LoxmUF+4Amhsl00g6dTMI8hBLixl9x40IRt/6FO//GadqFth64cDjn3rlzT5gyKpXjfFulhcWl5ZXyamVtfWNzy97eaclEC0yaOGGJ6IRIEkY5aSqqGOmkgqA4ZKQdDq/HfvuBCEkTfqdGKfFj1Oc0ohgpIwX2nle8kYVMkxymQXaS32ce13lgV52aUwDOE3dKqmCKRmB/eb0E65hwhRmSsus6qfIzJBTFjOQVT0uSIjxEfdI1lKOYSD8rtufw0Cg9GCXCFFewUH9PZCiWchSHpjNGaiBnvbH4n9fVKrr0M8pTrQjHk0WRZlAlcBwH7FFBsGIjQxAW1PwV4gESCCsTWsWE4M6ePE9axzX3vHZ2e1qtX03jKIN9cACOgAsuQB3cgAZoAgwewTN4BW/Wk/VivVsfk9aSNZ3ZBX9gff4ARh2Xbw==</latexit>

p⌫3

<latexit sha1_base64="HTP2o74/P3BG/KnjkBnix6gMyHI=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWk+FoW3bisYB/QxDCZTtqhk0mYh1BC3Pgrblwo4ta/cOffOG2z0NYDFw7n3Dt37glTRqVynG+rtLS8srpWXq9sbG5t79i7e22ZaIFJCycsEd0QScIoJy1FFSPdVBAUh4x0wtH1xO88ECFpwu/UOCV+jAacRhQjZaTAPvCmb2Qh0ySHaZDV8/vM4zoP7KpTc6aAi8QtSBUUaAb2l9dPsI4JV5ghKXuukyo/Q0JRzEhe8bQkKcIjNCA9QzmKifSz6fYcHhulD6NEmOIKTtXfExmKpRzHoemMkRrKeW8i/uf1tIou/YzyVCvC8WxRpBlUCZzEAftUEKzY2BCEBTV/hXiIBMLKhFYxIbjzJy+Sdr3mntfObk+rjasijjI4BEfgBLjgAjTADWiCFsDgETyDV/BmPVkv1rv1MWstWcXMPvgD6/MHRJKXbg==</latexit>

p⌫2

<latexit sha1_base64="S/U2XTmFUWD7LNR++SAE1ZdqoT8=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIr2XRjcsK9gFNDJPppB06mYR5CCXEjb/ixoUibv0Ld/6N0zQLbT1w4XDOvXPnnjBlVCrH+bYWFpeWV1Yra9X1jc2tbXtnty0TLTBp4YQlohsiSRjlpKWoYqSbCoLikJFOOLqe+J0HIiRN+J0ap8SP0YDTiGKkjBTY+17xRhYyTXKYBpmb32ce13lg15y6UwDOE7ckNVCiGdhfXj/BOiZcYYak7LlOqvwMCUUxI3nV05KkCI/QgPQM5Sgm0s+K7Tk8MkofRokwxRUs1N8TGYqlHMeh6YyRGspZbyL+5/W0ii79jPJUK8LxdFGkGVQJnMQB+1QQrNjYEIQFNX+FeIgEwsqEVjUhuLMnz5P2Sd09r5/dntYaV2UcFXAADsExcMEFaIAb0AQtgMEjeAav4M16sl6sd+tj2rpglTN74A+szx9DB5dt</latexit>

p⌫1

<latexit sha1_base64="27ip3o1AqLM+iiIvLJSkruZAyc8=">AAACNXicbVBJSwMxFM7UrdZt1KOXYBEEoczUulyEohcPHirYBdo6ZNJMG5rJDFmEMsyf8uL/8KQHD4p49S+YLqBtfRD4lveSl8+PGZXKcV6tzMLi0vJKdjW3tr6xuWVv79RkpAUmVRyxSDR8JAmjnFQVVYw0YkFQ6DNS9/tXQ7/+QISkEb9Tg5i0Q9TlNKAYKSN59k3lPmlxncIL2BrdlvhMkxTGY9lL3BQe/bLiFDueYqXUs/NOwRkVnAfuBOTBpCqe/dzqRFiHhCvMkJRN14lVO0FCUcxImmtpSWKE+6hLmgZyFBLZTkZ7pvDAKB0YRMIcruBI/TuRoFDKQeibzhCpnpz1huJ/XlOr4LydUB5rRTgePxRoBlUEhxHCDhUEKzYwAGFBza4Q95BAWJmgcyYEd/bL86BWLLinhZPbUr58OYkjC/bAPjgELjgDZXANKqAKMHgEL+AdfFhP1pv1aX2NWzPWZGYXTJX1/QNQoqvF</latexit>

P ⌫ = p⌫1 + p⌫2 + p⌫3 + p⌫4
<latexit sha1_base64="iI18WFK3h6HkoVgoa/vUIRmo5V8=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJiqhLEa0GqYGEMEn1ITYgc12mtOk6wHaQqysrCr7AwgBArf8DG3+CmGaDlSFf36Jx7Zd8TJIxKZVnfRmVhcWl5pbpaW1vf2Nwyt3faMk4FJi0cs1h0AyQJo5y0FFWMdBNBUBQw0glGVxO/80CEpDG/VeOEeBEacBpSjJSWfBNGfnbMcngBXXkvVAadu8zlaQ4dv+i5b9athlUAzhO7JHVQwvHNL7cf4zQiXGGGpOzZVqK8DAlFMSN5zU0lSRAeoQHpacpRRKSXFZfk8EArfRjGQhdXsFB/b2QoknIcBXoyQmooZ72J+J/XS1V47mWUJ6kiHE8fClMGVQwnscA+FQQrNtYEYUH1XyEeIoGw0uHVdAj27MnzpH3UsE8bJzfH9eZlGUcV7IF9cAhscAaa4Bo4oAUweATP4BW8GU/Gi/FufExHK0a5swv+wPj8ARvnmf8=</latexit>

m4l =
p

P ⌫P⌫

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
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Vector bosons Fermions

<latexit sha1_base64="67WU78OXeymWsGsjdFD65Vpp06o=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GqbTp7uiGzdCBfuAdiiZNNOGZiYxyRTK0O9w40IRt36MO//GTFtBRQ9cOJxzL/fe4wtGlXacDyuztr6xuZXdzu3s7u0f5A+P2orHEpMW5ozLro8UYTQiLU01I10hCQp9Rjr+5Cr1O1MiFeXRnZ4J4oVoFNGAYqSN5PWF5EJzeDNIgvkgX3Dsi3rVrbjQsR2n5paqKXFrZbcEi0ZJUQArNAf59/6Q4zgkkcYMKdUrOkJ7CZKaYkbmuX6siEB4gkakZ2iEQqK8ZHH0HJ4ZZQgDLk1FGi7U7xMJCpWahb7pDJEeq99eKv7l9WId1L2ERiLWJMLLRUHMoHkzTQAOqSRYs5khCEtqboV4jCTC2uSUMyF8fQr/J23XLlbtym250LhcxZEFJ+AUnIMiqIEGuAZN0AIY3IMH8ASeran1aL1Yr8vWjLWaOQY/YL19AkUCknQ=</latexit>/ Mf
Z

Z

<latexit sha1_base64="kDvgri9D0D1GiaZR6viBXyPca4k=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CkT3dFN26ECvaBbQyT6aQdOnkwMxFq6Je4caGIWz/FnX/jpK2gogcuHM65l3vv8WJGhTTNDy23srq2vpHfLGxt7+wW9b39jogSjkkbRyziPQ8JwmhI2pJKRnoxJyjwGOl6k/PM794RLmgUXstpTJwAjULqU4ykkly9OIh5FMsIXrrpzezWdvWSaZw2anbVhqZhmnW7XMuIXa/YZWgpJUMJLNFy9ffBMMJJQEKJGRKib5mxdFLEJcWMzAqDRJAY4Qkakb6iIQqIcNL54TN4rJQh9COuKpRwrn6fSFEgxDTwVGeA5Fj89jLxL6+fSL/hpDSME0lCvFjkJwyqR7MU4JBygiWbKoIwp+pWiMeIIyxVVgUVwten8H/SsQ2rZlSvKqXm2TKOPDgER+AEWKAOmuACtEAbYJCAB/AEnrV77VF70V4XrTltOXMAfkB7+wTZXpM9</latexit>

/ M2
Z

<latexit sha1_base64="l5tUg6WvZXsGxYxDbOs+siFwT80=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIsgLsqM+FoW3XRZwT5oO5ZMmmlDM8mQZIQy9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIOZMG9f9dnIrq2vrG/nNwtb2zu5ecf+goWWiCK0TyaVqBVhTzgStG2Y4bcWK4ijgtBmM7qZ+84kqzaR4MOOY+hEeCBYygo2V2lXUNRK1249nvWLJLbszoGXiZaQEGWq94le3L0kSUWEIx1p3PDc2foqVYYTTSaGbaBpjMsID2rFU4IhqP51dPEEnVumjUCr7hEEz9fdGiiOtx1FgJyNshnrRm4r/eZ3EhDd+ykScGCrI/KMw4cimnMZHfaYoMXxsCSaK2VsRGWKFibElFWwJ3mLkZdI4L3tX5cv7i1LlNqsjD0dwDKfgwTVUoAo1qAMBAc/wCm+Odl6cd+djPppzsp1D+APn8wceWo/r</latexit>

H ! ZZ
⇤ <latexit sha1_base64="vfpxT1kr5WloSmlq6idBva9VmoU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzAOya5iZzCZDZmeXmVklLPkPLx4U8eq/ePNvnCR70MSChqKqm+4ukgiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqKGvSWMSqQ7BmgkvWNNwI1kkUwxERrE1Gt1O//ciU5rG8N+OEBREeSB5yio2VHurINzEiPsEqI5NeueJW3RnQMvFyUoEcjV75y+/HNI2YNFRgrbuem5ggw8pwKtik5KeaJZiO8IB1LZU4YjrIZldP0IlV+iiMlS1p0Ez9PZHhSOtxRGxnhM1QL3pT8T+vm5rwOsi4TFLDJJ0vClOB7KfTCFCfK0aNGFuCqeL2VkSHWGFqbFAlG4K3+PIyaZ1Vvcvqxd15pXaTx1GEIziGU/DgCmpQhwY0gYKCZ3iFN+fJeXHenY95a8HJZw7hD5zPH+QdkiQ=</latexit>

H ! bb̄

(beauty quarks!)
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bb
58.2% 

cc
2.9% 

tt
6.3% 

µµ
0.02% 

WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
0.23% 

Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

0.008% (e,µ)
 
(decays to  
2 beauty  
quarks)
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H ! bb̄
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bb
58.2% 

cc
2.9% 

tt
6.3% 

µµ
0.02% 

WW*
21.4% 

ZZ*
2.6% 

gg
8.2% 

gg
0.23% 

Zg
0.15% 

1.1% (e,µ)

0.012% (e,µ)

0.008% (e,µ)

1999

“In conclusion, the extraction of a signal 
from (W)H→bb decays … will be  
very difficult at the LHC, even under the  
most optimistic assumptions .…”

 
(decays to  
2 beauty  
quarks)

<latexit sha1_base64="vfpxT1kr5WloSmlq6idBva9VmoU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzAOya5iZzCZDZmeXmVklLPkPLx4U8eq/ePNvnCR70MSChqKqm+4ukgiujet+O4WV1bX1jeJmaWt7Z3evvH/Q0nGqKGvSWMSqQ7BmgkvWNNwI1kkUwxERrE1Gt1O//ciU5rG8N+OEBREeSB5yio2VHurINzEiPsEqI5NeueJW3RnQMvFyUoEcjV75y+/HNI2YNFRgrbuem5ggw8pwKtik5KeaJZiO8IB1LZU4YjrIZldP0IlV+iiMlS1p0Ez9PZHhSOtxRGxnhM1QL3pT8T+vm5rwOsi4TFLDJJ0vClOB7KfTCFCfK0aNGFuCqeL2VkSHWGFqbFAlG4K3+PIyaZ1Vvcvqxd15pXaTx1GEIziGU/DgCmpQhwY0gYKCZ3iFN+fJeXHenY95a8HJZw7hD5zPH+QdkiQ=</latexit>

H ! bb̄
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K
π
π

ρ
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Muon

μ
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H ! ZZ
⇤ ! µ

+
µ
�
µ
+
µ
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H ! bb
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Need to reject  
jets without  

beauty-quarks



How do we “see”  
the beauty quarks?
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B-quarks at high energy
p p → … → b-quark + …

A b-quark produced in a high energy collision “radiates” gluons and 
quarks.

b

[animations: M. Kagan & SLAC graphics team]
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B-quarks at high energy
p p → … → 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)

b b-hadron
ρ
π
p

Hadronic Jet



p [GeV] Decay length
60 GeV ~4.3mm

200 GeV ~14mm
2 TeV ~14cm
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A long lifetime

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

Fourth key property:  high decay multiplicity (av: 5 charged particles)

b-hadron
c-hadron

PV

L = ��c⌧ =
p

m
c⌧



Electromagnetic 
Calorimeter

Hadronic 
Calorimeter

Tracking  
Detector

Jet

Reconstructing the jet:

Closest to interaction  
region: 4 layers of Pixel  
detector (>80 Million Pixels)
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Start from clusters…

Pixel detector layers

proton 
beam

proton 
beam

Radius r=0 r~3cm
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Then reconstruct tracks…

Pixel detector layers

proton 
beam

proton 
beam

Radius r=0 r~3cm
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… and primary vertices

PV

A
dd

iti
on

al
 P

U

Pixel detector layers

proton 
beam

proton 
beam

Radius r=0 r~3cm
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Pixel detector layers

Is this a b-quark jets?
proton 
beam

proton 
beam

r~3cm
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PV

Pixel detector layers
Radius r=0

proton 
beam

proton 
beam

r~3cm
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b-hadron

c-hadron
PV

Pixel detector layers
Radius r=0

proton 
beam

proton 
beam

r~3cm
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Another key parameter

PV

Impact parameter (IP)

Pixel detector layers

proton 
beam

proton 
beam

Radius r=0 r~3cm
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30 40 50 60 70 80 90
 (%)ε

2010JetProb 

2011-2012IP3D-JetFitter/SV1 

2014MV1 

2018 IBLMV2c20 - 

2019DL1r* 

2021GN1* 

Initial tagger based on track impact parameter

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

Tagger combination based on MultiVariate BDT method (MV)

MV tagger after IBL insertion at Run 2

Deep Learning Neural Network tagger

Graph Neural Network tagger

ATLAS-CONF-2011-102

JINST 11 (2016) P04008

ATLAS-CONF-2014-046

JINST 13 T05008 (2018)

Eur. Phys. J. C 81 (2021) 1087

ATL-PHYS-PUB-2022-027

 light jet rejection3b Tagging Efficiency - 10

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

Progress in b-jet identification highlighted by  

Fabiola Gianotti at 
State-of-the-art 
vertex reconstruction algorithms

[plot by V. Dao]
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2019DL1r* 

2021GN1* 

Initial tagger based on track impact parameter

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

Tagger combination based on MultiVariate BDT method (MV)

MV tagger after IBL insertion at Run 2

Deep Learning Neural Network tagger

Graph Neural Network tagger

ATLAS-CONF-2011-102

JINST 11 (2016) P04008

ATLAS-CONF-2014-046

JINST 13 T05008 (2018)

Eur. Phys. J. C 81 (2021) 1087

ATL-PHYS-PUB-2022-027

 light jet rejection3b Tagging Efficiency - 10

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

Progress in b-jet identification highlighted by  

Fabiola Gianotti at 

new innermost  
Pixel layer “inserted”  
before Run-2

Giacinto Piacquadio
(CERN)

Searching for H → bb decays with the ATLAS detector at the LHC
SLAC Experimental Seminar

8
8

The tracking detector
PIXEL detector
Layers: 3 barrel, 3 end-caps

Pixel size: 50 µm (Rφ) – 400 µm (z/R)

Resolution: ~10 µm (Rφ) – ~115 µm (z/R)

~80M channels (ToT information)

BB

Secondary Vertex

Primary vertex

Jet-Axis

Impact parameter resolution of tracks determined by 
first layers of pixel detector.

Crucial to distinguish displaced tracks from b-hadron 

decays (cτ ~ 0.5mm) from tracks from fragmentation 

(compatible with the primary vertex).

Typical b-jet R

[

as obtained by the CCA clustering. The white stars show the cluster positions obtained from the
NN clustering algorithm and the white ovals indicate the error estimates. The clusters identified by
the NN clustering reproduce very well the paths of the true particles.
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Figure 5. Example of a merged cluster created by two particles, from Monte Carlo simulation. The two
arrows show the paths of the particles through the silicon, the black squares indicate the true intersection
with the mid–sensor plane. The black dot illustrates the non–split cluster position, while the two stars show
the estimated cluster positions after splitting. The ovals indicate the position error estimates and the p(N = i)
denote the probabilities for the cluster to have been created by i particles as estimated by the neural network.
Effects caused by the Lorentz angle in the silicon sensor were removed in this illustration.

There is, however, the possibility that the algorithm falsely splits clusters. False splitting raises
the risk of creating fake or duplicate tracks. The relative fractions of correctly split to falsely split
clusters was studied using Monte Carlo simulations, where the number of contributing particles
to each cluster is known. Figure 6 compares the interdependence between falsely split clusters
stemming from a single particle and the rate of clusters created by two particles which were not
split. The chosen working point of the NN clustering splits about 71% of the clusters that arise
from 2 particles correctly. On the other hand, 7.5% of the clusters that arise only from one particle
are incorrectly split into two, which is indicated in the figure by a star.

The cluster–splitting performance can be significantly improved when the incident angles from
reconstructed tracks are used instead of estimates based on the centre of the luminous region. This
is also seen in figure 6, which shows that using track information improves the rate of incorrectly
split clusters by approximately a factor of two at 71% efficiency. However, in the current ID track
reconstruction strategy, no additional track finding is run after the track fitting stage and therefore
an additional pass of the splitting algorithm cannot be used to resolve shared clusters or recover
previously lost tracks. Therefore, the NNpar run with the track information are only used to improve
the resolution and error estimates.

Merged clusters, when assigned to a track, usually yield a degraded position estimate. This
results in a larger spread of the track–to–cluster distance, the so–called cluster residual. Figure 7
shows the comparison of the residuals in the local x direction for clusters with a width of three

– 12 –

+new algorithm  
to split merged  
clusters 

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

[plot by V. Dao]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2012-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-08/
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Initial tagger based on track impact parameter

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

Tagger combination based on MultiVariate BDT method (MV)

MV tagger after IBL insertion at Run 2

Deep Learning Neural Network tagger

Graph Neural Network tagger

ATLAS-CONF-2011-102

JINST 11 (2016) P04008

ATLAS-CONF-2014-046

JINST 13 T05008 (2018)

Eur. Phys. J. C 81 (2021) 1087

ATL-PHYS-PUB-2022-027

 light jet rejection3b Tagging Efficiency - 10

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

Progress in b-jet identification highlighted by  

Fabiola Gianotti at 

Boosted Decision  
Trees

Fully-connected  
Deep Neural Network

Graph Neural Network

The advent of machine learning…

[plot by V. Dao]
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State-Of-The-Art Tagger w/ Transformer architecture

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

https://arxiv.org/pdf/2505.19689


Now that we can “tag” b-
quark jets, how do we 

see H → bb ? 

64

b

b
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Z → νν

tagged b-jet

 tagged b-jet
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pµ2
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Pµ = pµ1 + pµ2
<latexit sha1_base64="pAu2CNnBEnWHi9YOo6ThXw+2bMs="></latexit>

mbb =
p

PµPµ

tagged b-jet

 tagged b-jet

Z → νν
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Run-2 80 fb-1 2018

5.4σ (5.5σ) 
Observation!

Observation! (2018)



Observation! (2018)

68

ATLAS announces observation of Higgs to bb decays 
(ICHEP 2018 in South Korea)

me!



Measurement of decay distributions (2024)

Is the Higgs boson  
fundamental or  
composite?

~ Higgs boson transverse 

No enhancement  
at high momentum  
seen so far.
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rH ⇠ ~
pH
T

[JHEP 04 (2025) 075]

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


Is the Higgs field responsible for the mass  
of all vector bosons and fermions? 

70



Rate measurements in 25 channels are combined
Production modes

Decay modes

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

and used to determine coupling strengths



Example of production x decay

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

• Performed in Higgs combination of all measurements

Production Decay
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5. Coupling-strength fits

In the previous section signal-strength parameter µ f
i for a given Higgs boson production or decay mode

is discussed. For a measurement of Higgs boson coupling strengths, production and decay modes cannot
be treated independently, as each observed process involves at least two Higgs boson coupling strengths.
Scenarios with a consistent treatment of coupling strengths in production and decay modes are studied in
this section. All uncertainties on the best-fit values shown take into account both the experimental and the-
oretical systematic uncertainties. For selected benchmark models a breakdown of parameter uncertainties
in statistical uncertainties and in experimental and theoretical systematic uncertainties is presented.

5.1. Framework for coupling-strength measurements

Following the leading-order (LO) tree-level-motivated framework and benchmark models recommended
in Ref. [11], measurements of Higgs boson coupling-strength scale factors  j are implemented for the
combination of all analyses and channels summarised in Table 3.

5.1.1. Structure and assumptions of the framework for benchmark models

The framework is based on the assumption that the signals observed in the di↵erent channels originate
from a single narrow resonance with a mass near 125.36 GeV. The case of several, possibly overlapping,
resonances in this mass region is not considered. Unless otherwise noted, the Higgs boson production
and decay kinematics are assumed to be compatible with those expected for a SM Higgs boson, similar
to what was assumed for the signal-strength measurements of Section 4.

The width of the assumed Higgs boson near 125.36 GeV is neglected in the Higgs boson propagator, i.e.
the zero-width approximation is used. In this approximation, the cross section �(i ! H ! f ) for on-shell
measurements can always be decomposed as follows:

�(i ! H ! f ) =
�i ( j) · �f ( j)
�H( j)

(7)

where �i is the Higgs boson production cross section through the initial state i , �f its the partial decay
width into the final state f and �H the total width of the Higgs boson. The index j runs over all Higgs
boson couplings. The components of �i , �f , and �H of Eq. (7) are expressed in scale factors  j of the
Higgs boson coupling strengths to other particles j that are motivated by the leading-order processes that
contribute to production or decay, and are detailed in Section 5.1.2. All scale factors are defined such
that a value of  j = 1 corresponds to the best available SM prediction, including higher-order QCD and
EW corrections. This higher-order accuracy is generally lost for  j , 1, nevertheless higher-order QCD
corrections approximately factorise with respect to coupling rescaling and are accounted for wherever
possible.

Modifications of the coupling scale factors change the Higgs boson width �H( j) by a factor 2H( j) with
respect to the SM Higgs boson �SM

H ,

�H( j) = 2H( j) · �SM
H ,

26

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



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

κ = coupling  
rescaling 
factor



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

Couplings scale  
with particle mass(2)   
within 5-10% 
 
Confirms Higgs  
mechanism gives  
mass to vector  
bosons and  
3rd generation 
fermions

First hint of  
couplings to 2nd  
generation



What is the shape  
of the Higgs potential?
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Higgs field potential
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Higgs field potential
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m2
H

= �2µ2
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Higgs field potential

?
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NHH

NH

⇠ 1

1000
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HH ! bb⌧⌧
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Constraints on Higgs boson self-coupling:

<latexit sha1_base64="g4t4aY7o3z3SvYaNY6FxKWQCDIA="></latexit>

� =
�

�SM
2 [0.2, 5.9] @95% CL

[ATLAS Collaboration, Phys. Rev. Lett. 133 (2024) 101801]

[-500%,
+590%]

[B. Moser]

https://link.aps.org/doi/10.1103/PhysRevLett.133.101801


Prospects for  
High-Luminosity LHC
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Today  
(only ~10% of final expected LHC data)

~16 years  
from now

• Run-3 ongoing: ~2x more data by end-of-2026

• Then HL-LHC: ~7x more data by ~2040
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Up to 200 pile-up interactions!
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Upgraded trigger  
and data acquisition 

system

Electronic upgrade  
for calorimeters  

and muon 
chambers

New Muon  
Chambers in the  

inner barrel region

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

High Granularity  


50% of Staves of the Barrel  
section will be assembled at BNL!
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ATLAS+CMS expect to: 

• reach a precision of 1.5% to 4%  
on most Higgs boson couplings

• observe H → μμ (but not  
H → cc) 
 

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

κ = coupling  
rescaling 
factor

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


ATLAS+CMS expect to: 

• measure the Higgs boson-self 
coupling with better than 30%  
precision  

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

2025

[B. Moser]

2041

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


With 1% precision, can reach New Physics scales of 
a few TeV.
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Is this precise “enough”?

Deviation expected on  
Higgs boson couplings

Energy scale of  
(yet unknown) New Physics



Towards the  
next-generation collider
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Since humans
Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.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
• European Strategy Process for Particle Physics currently 

ongoing, recommendations expected by end of 2025
• Most favored option:

• 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



Since humans
Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

e- e+

L ~ 91km



Since humans
Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

e- e+

Why a ~91 km ring?

<latexit sha1_base64="TXq83LzIzAoK3evfA0KxSN37ARk="></latexit>
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Since humans
Now his principal doctrines were these. That atoms  
and the vacuum were the beginning of the universe;  
and that everything else existed only in opinion.

e- e+

Why collide electrons vs positrons? Precision!
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FCC-ee would  
enable to decrease  
uncertainties up to  
a factor of 10! 
 
(equivalent to  
a New Physics  
energy reach  
of 3-10 TeV) 
 
 

*model-dependent  
assumption on Higgs width
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Measure  
couplings to 2nd  
generation quarks  

*model-dependent  
assumption on Higgs width



FCChh

2080

91-km tunnel can be reused for a 100~TeV proton proton  
collider (to start in ~2070), for direct searches of New Physics  
at the 10~TeV energy scale.

From precision to energy frontier

?Higgs boson 



Summary
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• Higgs boson opened new era of exploration  
in particle physics, and into the early  
history of the Universe.

• Is the Higgs mechanism responsible for  
all fermion and boson masses?

• Can the Higgs potential help explain  
the matter-antimatter asymmetry of  
our Universe?

• There must be New Physics (NP) that holds the answers!

• Is the NP scale ~1-2 TeV? Then the HL-LHC may find it! 

• Is it ~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) 

<latexit sha1_base64="Is+Tfk5ifYUO7emiSA4C/IGYgQA=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GmamT3dFN11WsA/ojCVJM21o5kGSUcrQ/3DjQhG3/os7/8ZMW0FFD1w4nHMv996DY86ksqwPI7e2vrG5ld8u7Ozu7R8UD4+6MkoEoR0S8Uj0MZKUs5B2FFOc9mNBUYA57eHpVeb37qiQLApv1CymXoDGIfMZQUpLty3oqghiFyOR4vmwWLLMi0bNqTrQMi2r7pRrGXHqFacMba1kKIEV2sPiuzuKSBLQUBGOpBzYVqy8FAnFCKfzgptIGiMyRWM60DREAZVeurh6Ds+0MoJ+JHSFCi7U7xMpCqScBVh3BkhN5G8vE//yBonyG17KwjhRNCTLRX7Cof40iwCOmKBE8ZkmiAimb4VkggQiSgdV0CF8fQr/J13HtGtm9bpSal6u4siDE3AKzoEN6qAJWqANOoAAAR7AE3g27o1H48V4XbbmjNXMMfgB4+0TRxWSaA==</latexit>

H ! bb̄



Backup
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A succesful paradigm
• 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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Cos

100 GeV 1 MeV

[Whayne Hu]

[Seida Ipek]



Higgs Boson interactions
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Higgs Boson mass
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Why is Higgs → bb so difficult?
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LHC

• pp collisions produce a copious  
amount of quarks (observed as jets),  
inducing a large continuum background 
 
 
 
 
 
 

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

• Changing this picture required  
significant advances in detector technology,  
b-quark identification,  
analysis techniques and theory!

125 GeV

H → bb

bkg

mbb̄
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Separate b-jets from other jets

2Primary

Interaction

Vertex

Tracks from 

fragmentation Ks,Λ decays

Hadronic interactions

Pixel Layers

γ → e+e-

B-quark jets

Light-flavour jets  
(u,d,s-quark, gluon)

Primary

Interaction

Vertex

b-hadronTracks from 

fragmentation

c-hadron

~4mm ~2mm
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The “issue” with high pT jets
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b-hadron
c-hadron

(pT = transverse momentum)
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The “issue” with high pT jets
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b-hadron

IBL

c-hadron
as obtained by the CCA clustering. The white stars show the cluster positions obtained from the
NN clustering algorithm and the white ovals indicate the error estimates. The clusters identified by
the NN clustering reproduce very well the paths of the true particles.
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Figure 5. Example of a merged cluster created by two particles, from Monte Carlo simulation. The two
arrows show the paths of the particles through the silicon, the black squares indicate the true intersection
with the mid–sensor plane. The black dot illustrates the non–split cluster position, while the two stars show
the estimated cluster positions after splitting. The ovals indicate the position error estimates and the p(N = i)
denote the probabilities for the cluster to have been created by i particles as estimated by the neural network.
Effects caused by the Lorentz angle in the silicon sensor were removed in this illustration.

There is, however, the possibility that the algorithm falsely splits clusters. False splitting raises
the risk of creating fake or duplicate tracks. The relative fractions of correctly split to falsely split
clusters was studied using Monte Carlo simulations, where the number of contributing particles
to each cluster is known. Figure 6 compares the interdependence between falsely split clusters
stemming from a single particle and the rate of clusters created by two particles which were not
split. The chosen working point of the NN clustering splits about 71% of the clusters that arise
from 2 particles correctly. On the other hand, 7.5% of the clusters that arise only from one particle
are incorrectly split into two, which is indicated in the figure by a star.

The cluster–splitting performance can be significantly improved when the incident angles from
reconstructed tracks are used instead of estimates based on the centre of the luminous region. This
is also seen in figure 6, which shows that using track information improves the rate of incorrectly
split clusters by approximately a factor of two at 71% efficiency. However, in the current ID track
reconstruction strategy, no additional track finding is run after the track fitting stage and therefore
an additional pass of the splitting algorithm cannot be used to resolve shared clusters or recover
previously lost tracks. Therefore, the NNpar run with the track information are only used to improve
the resolution and error estimates.

Merged clusters, when assigned to a track, usually yield a degraded position estimate. This
results in a larger spread of the track–to–cluster distance, the so–called cluster residual. Figure 7
shows the comparison of the residuals in the local x direction for clusters with a width of three
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“Merged” cluster 
 of pixels

• But can use:

• cluster shape

• charge information  
in each pixel

The “issue” with high pT jets
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as obtained by the CCA clustering. The white stars show the cluster positions obtained from the
NN clustering algorithm and the white ovals indicate the error estimates. The clusters identified by
the NN clustering reproduce very well the paths of the true particles.
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the estimated cluster positions after splitting. The ovals indicate the position error estimates and the p(N = i)
denote the probabilities for the cluster to have been created by i particles as estimated by the neural network.
Effects caused by the Lorentz angle in the silicon sensor were removed in this illustration.

There is, however, the possibility that the algorithm falsely splits clusters. False splitting raises
the risk of creating fake or duplicate tracks. The relative fractions of correctly split to falsely split
clusters was studied using Monte Carlo simulations, where the number of contributing particles
to each cluster is known. Figure 6 compares the interdependence between falsely split clusters
stemming from a single particle and the rate of clusters created by two particles which were not
split. The chosen working point of the NN clustering splits about 71% of the clusters that arise
from 2 particles correctly. On the other hand, 7.5% of the clusters that arise only from one particle
are incorrectly split into two, which is indicated in the figure by a star.

The cluster–splitting performance can be significantly improved when the incident angles from
reconstructed tracks are used instead of estimates based on the centre of the luminous region. This
is also seen in figure 6, which shows that using track information improves the rate of incorrectly
split clusters by approximately a factor of two at 71% efficiency. However, in the current ID track
reconstruction strategy, no additional track finding is run after the track fitting stage and therefore
an additional pass of the splitting algorithm cannot be used to resolve shared clusters or recover
previously lost tracks. Therefore, the NNpar run with the track information are only used to improve
the resolution and error estimates.

Merged clusters, when assigned to a track, usually yield a degraded position estimate. This
results in a larger spread of the track–to–cluster distance, the so–called cluster residual. Figure 7
shows the comparison of the residuals in the local x direction for clusters with a width of three
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New clusterization algorithm
● Two new clustering algorithms are being implemented:

● An “aggressive” algorithm based on using neural networks

● A more “robust” approach relying on finding a minimum 
deposition of energy between two maxima 

● The first approach is already available in Athena, although some 
further improvements are still being worked on. The second will 
follow soon.

● Can a better use of cluster level info (size and charge) allow 
to improve the performance of IBL in high p

T
 jets?

● Neural network based algorithm:

How many subclusters?

What is their position?

What is their associated 
distribution? → (error)

INPUT  nodes OUTPUT nodes

7x7 pixel matrix with 
calibrated charges

vector of z pitches

track incidence angle

layer number

Neural Network

The “issue” with high pT jets
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Figure 7. The cluster residual in the local x direction for clusters with a width of three (left) or four pix-
els (right) in the x–direction reconstructed with the CCA clustering algorithm (dashed line) and the NN
clustering algorithm (solid line).

on the local charged–particle density, Lorentz drift and the incident angles of the traversing parti-
cles; effects from charge collection and channel cross-talk are negligible. Clusters in the barrel and
endcap are thus treated similarly, but with the detector region given as input to the NN, so cluster
classification is performed based on cluster sizes.

Figure 8 compares the root mean square (RMS) of the measurement residuals for the CCA
clustering and the NN clustering algorithm in data and simulation in the transverse and longi-
tudinal direction in the different cluster categories. The majority of three– and four–pixel wide
clusters in the transverse direction are due to close–by particles and d–rays. In the longitudinal
direction, clusters of this size are geometrically possible due to the shallower incidence angle. The
improvement shown in figure 8(left) can thus be mostly attributed to actual cluster splitting, which
includes splitting components from d -rays, while in figure 8(right) a sizeable contribution of the
improvement is caused by the non–linear charge interpolation of the NN clustering algorithm. Dis-
crepancies between data and Monte Carlo simulation can arise from imperfections of the detector
such as module misalignment or deformations that are not present in the simulated model of the
detector geometry, as well as from limitations in the detector simulation and digitisation model
that include several complex components as described in section 3.2. Discrepancies are seen in
figure 8 for the longitudinal direction. This is most likely due to limitations in the modelling of the
longitudinal charge sharing. Nonetheless, the relative improvement obtained by the NN clustering
algorithm compared to the CCA clustering algorithm is largely consistent between data and Monte
Carlo simulations.

The improvement coming from the non–linear charge interpolation and d–ray handling in the
NN clustering can be checked on isolated tracks as there are no other close–by particles from the
beam collision. Pairs of oppositely charged combined muons with pT > 25 GeV, which produce a
Z boson candidate with a mass mµµ > 50 GeV were selected. A combined muon is a muon recon-
structed using information from both the inner detector and the muon spectrometer. The impact
parameter resolution with respect to the primary vertex in data is shown in figure 9. Only the inner
detector component of the combined track is taken to extract the impact parameter distribution, and
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• Significantly improved the tracking  
performance  for high pT b-jets  
ahead of Run-2!

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

Neural Network

The “issue” with high pT jets

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

Giacinto Piacquadio
(CERN)

Searching for H → bb decays with the ATLAS detector at the LHC
SLAC Experimental Seminar

8
8

The tracking detector
PIXEL detector
Layers: 3 barrel, 3 end-caps

Pixel size: 50 µm (Rφ) – 400 µm (z/R)

Resolution: ~10 µm (Rφ) – ~115 µm (z/R)

~80M channels (ToT information)

BB

Secondary Vertex

Primary vertex

Jet-Axis

Impact parameter resolution of tracks determined by 
first layers of pixel detector.

Crucial to distinguish displaced tracks from b-hadron 

decays (cτ ~ 0.5mm) from tracks from fragmentation 

(compatible with the primary vertex).

Typical b-jet

PIXEL detector (since Run-1)
Layers: 3 barrel, 3 end-caps + IBL
Pixel size: 50 μm x 400 μm
~80M channels

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

R33

[mm]
new innermost  
layer “inserted”  
before Run-2

[IBL TDR, CERN-LHCC-2010-013]

https://cds.cern.ch/record/1291633
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FCC-hh will provide the ultimate precision on  
Higgs boson couplings, including rare decays
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Three initial detector  
concepts used for  
simulation studies. 

Active participation from  
US physicists (HFCC);   
Subdetector R&D groups 
forming.

Brookhaven National Laboratory
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Up to 200 pile-up interactions!

Other options?

ILC

CEPC

FCC

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

Muon Collider
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