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The Standard Model
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…its Biggest Questions…



4

The “strong CP problem”: Why does QCD preserve CP symmetry?
Within the SM, the QCD vacuum structure introduces a CP violating term in the Lagrangian:

while measurements require that the vacuum angle θ is tiny! 

…and its more subtle ones!

dn= (0.0 ± 1.1stat ± 0.2sys) × 10-26 e·cm.

The non-zero angle θ implies non-zero neutron electric dipole moment (EDM)
The angle is stringently constrained by neutron EDM measurements

Most sensitive measurement on the neutron EDM to date achieved by the PSI experiment nEDM:

In other words, 
The “strong CP problem”: Why no measurable neutron EDM?
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Example: The ATLAS detector

46 m

25 m

✓ Weights 7 ktonnes (         )
✓ 2-4 T superconducting magnets
✓ Position of particles recorded               

with an accuracy of O(10 μm)
✓ 100 M channels

✓ 1 Giga collisions/second
✓ 1000 events/second stored
✓ 500 PB data on disk & tape
✓ 0.5 M CPU cores used 24/7

✓ 20 billion events collected (2015-2018)

in numbers



9

ATLAS cavern Toroidal magnets Calorimeter Pixel tracker

Silicon strip tracker endcap Silicon strip tracker assembly Silicon strip tracker installation

Innermost pixel tracker installation

2006

2014

2004

(Aspects relevant for all LHC detectors)
§ Fast and radiation hard sensors 
§ Stability and accuracy of constructed structures
§ Extremely fast readout systems for low latency 

processing
§ Computing infrastructure to process enormous amounts 

of dataTrigger CPU farm
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ATLAS
Collaboration

180 institutions (235 institutes) from 38 countries

Argentina
Armenia
Australia
Austria
Azerbaijan
Belarus
Brazil
Canada
Chile
China
Colombia
Czech Republic
Denmark
France
Georgia
Germany
Greece
Israel
Italy
Japan

Morocco
Netherlands
Norway
Poland
Portugal
Romania
Russia
Serbia
Slovakia
Slovenia
South Africa
Spain
Sweden
Switzerland
Taiwan
Turkey
UK
USA
CERN
JINR

Status: October 2020

The ATLAS Collaboration

180
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A Z→ll candidate produced with 65 reconstructed proton-proton collisions. 
100 MeV tracks

1 GeV tracks
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The CMS Collaboration

180

51

229

1100

2100
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The LHCb Collaboration

180

19

87 

1500
Members  
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The ALICE Collaboration

180

40

172 

1990
Members  

Outside ATLAS and CMS
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Run1, Run2, Run3 and beyond
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Up  to this point: 
only 10-15% of the 
data planned for the 
lifetime of the LHC!

13.6 – 14 TeV

3000 – 4000 /fb
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The Landscape of Particles
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The Standard Model studied in detail
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Masses Extracted by fits to distributions and measurements that depend on the mass

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

“This measurement,!!=80,433.5±9.4 MeV, is more precise than all previous measurements of MW combined.
A comparison with the SM expectation of !!=80,357±6 MeV […] yields a difference with a significance of 
7.0σ and suggests the possibility of improvements to the SM calculation or of extensions to the SM.”

https://www.science.org/doi/10.1126/science.abk1781

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/
https://www.science.org/doi/10.1126/science.abk1781
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The Higgs Boson

Production cross-sectionMass

Intense efforts to asses its properties with high precision 
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Higgs searches: Processes not yet observed 
• There are still SM processes that have not been observed 

• Eg. HH production 

• We don’t know if it occurs in rates as the SM predicts
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Recent HH->bbγγ results

Sensitivity to new physics!
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Higgs searches: Processes not yet observed 
• There are still SM processes that have not been observed 

• Eg. HH production 

• We don’t know if it occurs in rates as the SM predicts
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Projection to HL-LHC data set

Sensitivity to new physics!
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Need HL-LHC to see HH and start studying it!



25

New heavy bosons W’, Z’ 
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SUSY searches: A plethora of results
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Tantalising results Few tiny excesses in data
some even consistent beween experiments

For example, in Higgs-like di-photon signatures

Only more data will tell if only stat fluctuation, or something exciting! 
(remember: early Run2 750 GeV di-photon saga)

1.35σ global 
(2.9σ local) at 
mX = 95.4 GeV

1.7σ local at 
mX = 95.4 GeV



Improve instrumentation / diversify experimental methods

Get more data

Look at higher energies

MeV GeV TeV
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Very Forward experiments 
at the LHC
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37LHC tu
nnel

SPS tunnel

LLPs / Neutrinos
LHC magnets

Charged particlesNeutrons

~ 7 m

TI12 
tunnel

100 m rock 480 m

Primary goal: Searches for new weakly interacting light particles, 
coupling to SM via mixing with SM “portal” operator

ForwArd Search ExpeRiment at the LHC
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nnel

SPS tunnel

LLPs / Neutrinos
LHC magnets

Charged particlesNeutrons

~ 7 m

TI12 
tunnel

100 m rock 480 m

Primary goal: Searches for new weakly interacting light particles, 
coupling to SM via mixing with SM “portal” operator

ForwArd Search ExpeRiment at the LHC

• Produced in decays of light mesons (e.g. π, K), abundantly 
present in p-p collisions, primarily in large pseudorapidity

• FASER acceptance: 
20 cm diameter, 480 m from ATLAS IP 

(ONLY 10-6% solid angle) 
but still O(1016) π in Run3!
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<latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit><latexit sha1_base64="T4LTlMviL/ldRE0FiF7cbXNQBEY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCIJSkFz0WvXisYGqhjWWznbRLN5uwuxFK6W/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlk4yxdBniUhUO6QaBZfoG24EtlOFNA4FPoSjm5n/8IRK80Tem3GKQUwHkkecUWMlv4qPF9VeueLW3DnIKvFyUoEczV75q9tPWBajNExQrTuem5pgQpXhTOC01M00ppSN6AA7lkoaow4m82On5MwqfRIlypY0ZK7+npjQWOtxHNrOmJqhXvZm4n9eJzPRVTDhMs0MSrZYFGWCmITMPid9rpAZMbaEMsXtrYQNqaLM2HxKNgRv+eVV0qrXPLfm3dUrjes8jiKcwCmcgweX0IBbaIIPDDg8wyu8OdJ5cd6dj0VrwclnjuEPnM8fm/GN4A==</latexit>

e�
<latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit><latexit sha1_base64="/8pQvhuFSwwoIw+KJDz+P2POyRk=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5jYSO5otCTaWGLiIQmcZG+Zgw17e5fdPRNC+A02Fhpj6w+y89+4wBUKvmSSl/dmMjMvTAXXxnW/ncLa+sbmVnG7tLO7t39QPjxq6SRTDH2WiES1Q6pRcIm+4UZgO1VI41DgQzi6mfkPT6g0T+S9GacYxHQgecQZNVbyq/h4Ue2VK27NnYOsEi8nFcjR7JW/uv2EZTFKwwTVuuO5qQkmVBnOBE5L3UxjStmIDrBjqaQx6mAyP3ZKzqzSJ1GibElD5urviQmNtR7Hoe2MqRnqZW8m/ud1MhNdBRMu08ygZItFUSaIScjsc9LnCpkRY0soU9zeStiQKsqMzadkQ/CWX14lrXrNc2veXb3SuM7jKMIJnMI5eHAJDbiFJvjAgMMzvMKbI50X5935WLQWnHzmGP7A+fwBnvuN4g==</latexit>
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Primary goal: Searches for new weakly interacting light particles, 
coupling to SM via mixing with SM “portal” operator

ForwArd Search ExpeRiment at the LHC

But also: measurements of properties of neutrinos 
at the highest man-made energies ever recorded! 

• Produced in decays of light mesons (e.g. π, K), abundantly 
present in p-p collisions, primarily in large pseudorapidity

• FASER acceptance: 
20 cm diameter, 480 m from ATLAS IP 

(ONLY 10-6% solid angle) 
but still O(1016) π in Run3!

⇡0
<latexit sha1_base64="qwIA5aSY5Sb9yit6WyZWbqaXBL8=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRjDxRHa56JHoxSMm8pHASrqlCw1tt2m7JmTDj/DiQWO8+nu8+W8ssAcFXzLJy3szmZkXKc6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJ7dzvPFFtWCIf7FTRUOCRZDEj2DqpU+0r9uhXB+WKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vg4zJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68Ttr1WuDXgvt6pXGTx1GEMziHSwjgChpwB01oAYEJPMMrvHnKe/HevY9la8HLZ07hD7zPHyyijsk=</latexit><latexit sha1_base64="qwIA5aSY5Sb9yit6WyZWbqaXBL8=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRjDxRHa56JHoxSMm8pHASrqlCw1tt2m7JmTDj/DiQWO8+nu8+W8ssAcFXzLJy3szmZkXKc6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJ7dzvPFFtWCIf7FTRUOCRZDEj2DqpU+0r9uhXB+WKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vg4zJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68Ttr1WuDXgvt6pXGTx1GEMziHSwjgChpwB01oAYEJPMMrvHnKe/HevY9la8HLZ07hD7zPHyyijsk=</latexit><latexit sha1_base64="qwIA5aSY5Sb9yit6WyZWbqaXBL8=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRjDxRHa56JHoxSMm8pHASrqlCw1tt2m7JmTDj/DiQWO8+nu8+W8ssAcFXzLJy3szmZkXKc6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJ7dzvPFFtWCIf7FTRUOCRZDEj2DqpU+0r9uhXB+WKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vg4zJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68Ttr1WuDXgvt6pXGTx1GEMziHSwjgChpwB01oAYEJPMMrvHnKe/HevY9la8HLZ07hD7zPHyyijsk=</latexit><latexit sha1_base64="qwIA5aSY5Sb9yit6WyZWbqaXBL8=">AAAB7nicbVBNTwIxEJ3FL8Qv1KOXRjDxRHa56JHoxSMm8pHASrqlCw1tt2m7JmTDj/DiQWO8+nu8+W8ssAcFXzLJy3szmZkXKc6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJ7dzvPFFtWCIf7FTRUOCRZDEj2DqpU+0r9uhXB+WKX/MXQOskyEkFcjQH5a/+MCGpoNISjo3pBb6yYYa1ZYTTWamfGqowmeAR7TkqsaAmzBbnztCFU4YoTrQradFC/T2RYWHMVESuU2A7NqveXPzP66U2vg4zJlVqqSTLRXHKkU3Q/Hc0ZJoSy6eOYKKZuxWRMdaYWJdQyYUQrL68Ttr1WuDXgvt6pXGTx1GEMziHSwjgChpwB01oAYEJPMMrvHnKe/HevY9la8HLZ07hD7zPHyyijsk=</latexit>

A0
<latexit sha1_base64="uOrYS5bxLCvVLd4kvsq/qJqxmxU=">AAAB63icbVA9TwJBEJ3DL8Qv1NJmIxityB0NlqiNJSbykcCF7C17sGF377K7Z0Iu/AUbC42x9Q/Z+W/cgysUfMkkL+/NZGZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3mV+94kqzSL5aGYx9QUeSxYygk0mVW8uq8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE469Zrn1ryHeqV5m8dRhDM4hyvwoAFNuIcWtIHABJ7hFd4c4b w4787HsrXg5DOn8AfO5w+qT41Q</latexit><latexit sha1_base64="uOrYS5bxLCvVLd4kvsq/qJqxmxU=">AAAB63icbVA9TwJBEJ3DL8Qv1NJmIxityB0NlqiNJSbykcCF7C17sGF377K7Z0Iu/AUbC42x9Q/Z+W/cgysUfMkkL+/NZGZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3mV+94kqzSL5aGYx9QUeSxYygk0mVW8uq8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE469Zrn1ryHeqV5m8dRhDM4hyvwoAFNuIcWtIHABJ7hFd4c4b w4787HsrXg5DOn8AfO5w+qT41Q</latexit><latexit sha1_base64="uOrYS5bxLCvVLd4kvsq/qJqxmxU=">AAAB63icbVA9TwJBEJ3DL8Qv1NJmIxityB0NlqiNJSbykcCF7C17sGF377K7Z0Iu/AUbC42x9Q/Z+W/cgysUfMkkL+/NZGZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3mV+94kqzSL5aGYx9QUeSxYygk0mVW8uq8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE469Zrn1ryHeqV5m8dRhDM4hyvwoAFNuIcWtIHABJ7hFd4c4b w4787HsrXg5DOn8AfO5w+qT41Q</latexit><latexit sha1_base64="uOrYS5bxLCvVLd4kvsq/qJqxmxU=">AAAB63icbVA9TwJBEJ3DL8Qv1NJmIxityB0NlqiNJSbykcCF7C17sGF377K7Z0Iu/AUbC42x9Q/Z+W/cgysUfMkkL+/NZGZeEHOmjet+O4WNza3tneJuaW//4PCofHzS0VGiCG2TiEeqF2BNOZO0bZjhtBcrikXAaTeY3mV+94kqzSL5aGYx9QUeSxYygk0mVW8uq8Nyxa25C6B14uWkAjlaw/LXYBSRRFBpCMda9z03Nn6KlWGE03lpkGgaYzLFY9q3VGJBtZ8ubp2jC6uMUBgpW9Kghfp7IsVC65kIbKfAZqJXvUz8z+snJrz2UybjxFBJlovChCMToexxNGKKEsNnlmCimL0VkQlWmBgbT8mG4K2+vE469Zrn1ryHeqV5m8dRhDM4hyvwoAFNuIcWtIHABJ7hFd4c4b w4787HsrXg5DOn8AfO5w+qT41Q</latexit>

�
<latexit sha1_base64="zhdTqOj/oekiOpmGDA34fUV5ii8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYbdu3N3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSPWMtwI1k0UQxkI1gkmt3O/88SU5nH0YKYJ8yWOIh5yisZK3Wp/hFJidVCuuDV3AbJOvJxUIEdzUP7qD2OaShYZKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM/SCCXTfra4d0YurDIkYaxsRYYs1N8TGUqtpzKwnRLNWK96c/E/r5ea8NrPeJSkhkV0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBAs49v</latexit><latexit sha1_base64="zhdTqOj/oekiOpmGDA34fUV5ii8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYbdu3N3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSPWMtwI1k0UQxkI1gkmt3O/88SU5nH0YKYJ8yWOIh5yisZK3Wp/hFJidVCuuDV3AbJOvJxUIEdzUP7qD2OaShYZKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM/SCCXTfra4d0YurDIkYaxsRYYs1N8TGUqtpzKwnRLNWK96c/E/r5ea8NrPeJSkhkV0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBAs49v</latexit><latexit sha1_base64="zhdTqOj/oekiOpmGDA34fUV5ii8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYbdu3N3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSPWMtwI1k0UQxkI1gkmt3O/88SU5nH0YKYJ8yWOIh5yisZK3Wp/hFJidVCuuDV3AbJOvJxUIEdzUP7qD2OaShYZKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM/SCCXTfra4d0YurDIkYaxsRYYs1N8TGUqtpzKwnRLNWK96c/E/r5ea8NrPeJSkhkV0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBAs49v</latexit><latexit sha1_base64="zhdTqOj/oekiOpmGDA34fUV5ii8=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsaLYk2lpjIRwIXMrfswYbdu3N3z4Rc+BM2Fhpj69+x89+4wBUKvmSSl/dmMjMvSATXxnW/ncLG5tb2TnG3tLd/cHhUPj5p6zhVlLVoLGLVDVAzwSPWMtwI1k0UQxkI1gkmt3O/88SU5nH0YKYJ8yWOIh5yisZK3Wp/hFJidVCuuDV3AbJOvJxUIEdzUP7qD2OaShYZKlDrnucmxs9QGU4Fm5X6qWYJ0gmOWM/SCCXTfra4d0YurDIkYaxsRYYs1N8TGUqtpzKwnRLNWK96c/E/r5ea8NrPeJSkhkV0uShMBTExmT9PhlwxasTUEqSK21sJHaNCamxEJRuCt/ryOmnXa55b8+7rlcZNHkcRzuAcLsGDK2jAHTShBRQEPMMrvDmPzovz7nwsWwtOPnMKf+B8/gBAs49v</latexit>
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Highlights from recent results
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First Direct Detection of Collider Neutrinos  
153 events ⟹ ≫ #$ significance

Background ~ 0.2 events
8 events ⟹> #$ significance

Background < 0.1 events

arXiv: 2305.09383, PRLarXiv: 2303.14185, PRL

First evaluation of properties
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This specific event: 
• A very clean high-energy νe candidate 
• Energy of electron ~1.5 TeV

Emulsion detector data
Candidates available, including νe events
Discovery of νe  established using emulsion data

μm

CERN-FASER-CONF-2023-002

https://cds.cern.ch/record/2868284
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Searches for DARK Photons

Region probed last 
back in the 90s!

arXiv:2308.05587, submitted to PLB



What’s beyond LHC Run3 ?
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12 000 tracks in 
the tracker acceptance!

Unprecedented challenges : 
- amounts of radiation (~ 2x1016 neq/cm2)
- data rates (> 5 GHz p–p collisions) 
- data volume (~ 350 PB of RAW data / year)

Development of :
- radiation hard detectors
- fast electronics 
- new detection methods, e.g. use of timing
- new software & computing approaches

Required HL-LHC detector upgrades

48



New (Forward) projects in the horizon

Our highest immediate priority accelerator and project is the HL-LHC, [...] including the construction 
of auxiliary experiments that extend the reach of HL-LHC in kinematic regions uncovered by the 
detector upgrades. 
Snowmass 2021 Energy Frontier Report 

The full physics potential of the LHC and the HL- LHC [...] should be exploited. 
1st recommendation of the 2020 European Strategy Update 

Aligned with the recommendations of recent community studies 

A diverse programme that is complementary to the energy frontier is an essential part of the European 
particle physics Strategy. Experiments in such diverse areas that offer potential high-impact particle physics 
programmes at laboratories in Europe should be supported, as well as participation in such experiments in 
other regions of the world
Recommendation of the 2020 European Strategy Update

49



50arXiv:2203.05090

A teaser for the proposed Forward Physics Facility
The rich physics program in the far-forward region strongly motivates creating a 
dedicated Forward Physics Facility to house far-forward experiments for the HL-LHC 
era from 2028-2040s

More: Submitted to P5 just in April 2023
LoI for SNOWMASS-2021

arXiv:2203.05090
FPF – Kickoff workshop

FPF – 5th workshop
FPF – 6th workshop just last week! 

LoI expected by around 
the beginning of 2024

https://pbc.web.cern.ch/sites/default/files/2023-04/FPFSummary_final.pdf
https://zenodo.org/record/4009641
https://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/955956/contributions/4022176/
https://indico.cern.ch/event/1196506/
https://indico.cern.ch/event/1275380/


The physics programme of FPF
From

 https://pbc.w
eb.cern.ch/sites/default/files/2023-04/FPFSum

m
ary_final.pdf

Available 
lumi

Mass of ν
detector

νe νμ ντ

# interacting in 
FASERν

150 / fb 1 tn
Tungsten

~1000 ~20000 ~10

# interacting in 
FASERν2

3000 / fb 10 tn
Tungsten

~105 ~106 ~104

Unprecedented numbers of detectable neutrinos, at 
energy ranges where there is currently no available data!
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What’s beyond HL-LHC ?
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• Aims at pushing both energy and 
intensity frontiers of particle colliders

• Conceptual design report (2020)

• Technical and financial feasibility study 
due for next EU strategy update (2027)

The FCC project

Stage Collisions CME L (ab-1) N events

FCC-ee e+e- 90 GeV (Z-pole) 150 5x1012 Z

160 GeV (WW) 10 108 WW

240 GeV (HZ) 5 106 HZ

365 GeV (tt) 1.5 106 tt

FCC-hh pp 100 TeV 30 2x1010 H
3x107 HH

FCC-eh ep 3.5 TeV

Tera-Z run

An electron-positron Higgs factory is 
the highest-priority next collider. For 
the longer term, the European particle 
physics community has the ambition 
to operate a proton-proton collider at 
the highest achievable energy.

2020 EuropeaN Strategy Update

https://europeanstrategy.cern/european-strategy-for-particle-physics

Runs with heavy ions not included

Recent review
 – input to Snow

m
ass – arXiv:2203.06520

Major challenges to be addressed in 

collaboration with other scientific 
disciplines than just particle physics !
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In Brief
• The Standard Model, while highly accurate, leaves many fundamental      

questions unanswered

• The CERN Large Hadron Collider (LHC) is a powerful tool for exploring these open 
questions

• Particle physicists are utilizing innovative approaches to maximize the       
potential of the LHC

• As a community of physicists, we are both looking forward to the breakthroughs 
at the LHC and forward-looking in our quest to discover new physics
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Feebly Interacting Particles (FIPs)
• Due to interacting feebly, they are linked to a “hidden sector”  
• Couplings between SM and hidden sector result from “portal” operators
• Large number of specific models; can be simplified to the following:

• The masses of the new particles can span several orders of magnitude

SM 
EM A

Dark 
EM AD

A AD
SM 

Higgs h
Dark 

Higgs S
h S <latexit sha1_base64="v4MeBbH+pOs8nOXorchfw2MfwZg="></latexit>
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Fµ⌫ F̃µ⌫

New scalar: Dark Higgs; couplings to SM μ, λ

New pseudo-scalar: ALP; coupling to SM suppressed

New vector: Dark photon; coupling to SM ∝ #$

New fermion: HNL; coupling to LH SM and h ∝ %!
(Axion Like Particle) (Heavy Neutral Lepton)

<latexit sha1_base64="IkvCPe+L3PRJBQH6YuRvx4yO0LM="></latexit>

@µ↵
f↵
 ̄�µ�5 
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Calorimeter Trk Trk Tracker Scint x 3 layers

ScintillatorsScint x 2 layers

Decay volume

MagnetMagnetMagnet
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Dark photon (        )Signal Selection

No signal

Exactly two good quality tracks > 20 GeV 
in fiducial volume (r<9.5 cm)

Signal consistent with two MIPs

Extrapolated to within fiducial volume

Calorimeter 
energy > 500 GeV

Simple selection, 
provides 40-45% 
efficiency in “relevant” 
phase-space

Trigger signal
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Calorimeter Trk Trk Tracker Scint x 3 layers

ScintillatorsScint x 2 layers

Decay volume

MagnetMagnetMagnet

Scint x 2 layers

Neutrinos in FASERSignal Selection

No signal

Based on simulation 
151 ± 41 neutrino 
events are expected

Trigger signal 
(in any scintillator)

νeutrino

Shield

CC interactionμ

Signal consistent 
with a MIP

Exactly one track with > 100 GeV 
in fiducial volume (r<9.5 cm)

Extrapolated to within 
the fiducial volume
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Plus upgrade based on 
monolithic pixel ASICs to 

replace existing preshower, 
operational in 2025
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Scattering and
Neutrino Detector
at the LHC

Primary goal: Measurement
of neutrinos from the LHC

FASERν
(SND@LHC)
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Commissioning
Timeline

1/
20

19

1/
20

20

1/
20

21

1/
20

22

Dedicated labs at 
CERN and UniGe

for individual 
component testing

Dedicated area at CERN’s 
Prevessin site (“EHN1”) for 

full-detector commissioning
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Commissioning
Timeline

1/
20

19

1/
20

20

1/
20

21

1/
20

22

Dedicated labs at 
CERN and UniGe

for individual 
component testing

Dedicated area at CERN’s 
Prevessin site (“EHN1”) for 

full-detector commissioning

FASER 
Installation

FASERν 
Installation
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Commissioning
Timeline

1/
20

19

1/
20

20

1/
20

21

1/
20

22

Dedicated labs at 
CERN and UniGe

for individual 
component testing

Dedicated area at CERN’s 
Prevessin site (“EHN1”) for 

full-detector commissioning

Extensive in-situ 
commissioning

FASER 
Installation

FASERν 
Installation
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Commissioning
Timeline

1/
20

19

1/
20

20

1/
20

21

1/
20

22

Dedicated labs at 
CERN and UniGe

for individual 
component testing

Dedicated area at CERN’s 
Prevessin site (“EHN1”) for 

full-detector commissioning

Extensive in-situ 
commissioning

Testbeam

FASER 
Installation

FASERν 
Installation
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Commissioning
Timeline

1/
20

19

1/
20

20

1/
20

21

1/
20

22

Dedicated labs at 
CERN and UniGe

for individual 
component testing

Dedicated area at CERN’s 
Prevessin site (“EHN1”) for 

full-detector commissioning

Extensive in-situ 
commissioning

Testbeam Collisions!

FASER 
Installation

FASERν 
Installation
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Properties of observed neutrino events
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Detector Upgrade
to enable 2-γ physics
• Existing pre-shower to be replaced with a 

high-resolution silicon pre-shower detector 
using monolithic pixel ASICs

• Distance between two photons: 200 μm
• Distinguishable!
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Preproduction ASICs in testbeam, Sept 2022

https://cds.cern.ch/record/2803084

Detector to be used for 2025 data taking 
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The physics programme of FPF
From

 https://pbc.w
eb.cern.ch/sites/default/files/2023-04/FPFSum

m
ary_final.pdf



A rich neutrino programme
Available 
lumi

Mass of ν
detector

νe νμ ντ

Main production source kaon
decay

pion
decay

charm 
decay

# interacting in FASERν 150 / fb 1 tn Tungsten ~1000 ~20000 ~10

# interacting in FASERν2 3000 / fb 10 tn Tungsten ~105 ~106 ~104

Unprecedented numbers of 
detectable neutrinos, at 
energy ranges where there is 
currently no available data!

Coloured lines: three examples of physics that 
can change the expected flux, all probed at FPF

Expected precision of FPF measurements of the 
neutrino interaction cross section with nucleons
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decays increasing physics case 
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The Higgs Discovery

The three channels 
that contributed to 

the discovery

arXiv:1207.7214
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What stats of Higgs available?
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In particular, its latest discovered particle: The Higgs Boson
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Masses
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm

* Preliminary

WGtopLHC
March 2022

World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 
ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 
ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 
ATLAS, leptonic invariant mass (*) 13 TeV  [9] 0.67)± 0.78 (0.40 ±174.48 
CMS, l+jets 7 TeV  [10] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [11] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [12] 1.23)± 1.41 (0.69 ±173.49 
CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 
CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
CMS, l+jets 13 TeV  [15] 0.62)± 0.63 (0.08 ±172.25 
CMS, dilepton 13 TeV  [16] 0.69)± 0.70 (0.14 ±172.33 
CMS, all jets 13 TeV  [17] 0.70)± 0.73 (0.20 ±172.34 
CMS, single top 13 TeV  [18] 0.70)± 0.77 (0.32 ±172.13 
CMS, boosted jet mass 13 TeV  [19] 2.4)± 2.5 (0.4 ±172.6 
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Extracted by fits to distributions and measurements that depend on the mass
W boson top quark

mW = 80370 ± 19 MeV
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The Higgs Boson – other properties

Production cross-section Cross section and 
partial decay width ratios
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Higgs searches: New physics!
• The Higgs boson could be open up portals to new physics 

• E.g. it could preferably decay to new physics particles
• Or its production could be enhanced by presence of new particles

Recent results from searches of H->aa, 
with a being hypothetical spin-0 particles
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Non-conventional Signatures
e.g. Signatures of long-lived particles 

85

The SM contains a large number of metastable particles <latexit sha1_base64="HZYeTX2OZ9MCsZruOImu3RQRn6Y="></latexit>

dN
dt = �N

⌧

) N(t) = N0e(�t/⌧)

Distance travelled x

a.
u. exp(-x / cτ)

exp(-x / 5 cτ)

tracker

calorimeter

muon system
outside
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Non-conventional Signatures

86

Displaced 
multitrack vertices

Disappearing or 
kinked tracks

Non-pointing photons

Emerging jets

Quasi-stable 
charged particles

Trackless
Low-EMF jets

Multi-track vertices 
in the muon spectrometer

Displaced leptons, 
lepton-jets 

or lepton pairs

Sketch: H. Russell

• Many interesting possibilities of exotic particles
• Unique challenges in reconstruction
• Possible with good understanding of detector
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The ALICE Collaboration
Outside ATLAS and CMS


