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The Large Hadron Collider at CERN
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The Large Hadron Collider: energies

ISTC-CERN-JINR School, Geneva, September 26, 2011        Victor Kim, PNPI, Gatchina         Lecture 2/2

LARGE HADRON COLLIDER

The LHC: a proton proton collider 

 Primary physics targets 
•  Origin of mass 
•  Nature of Dark Matter 
• Understanding space time 
•  Matter versus antimatter 
• Primordial plasma 

The LHC will determine the Future course of High Energy Physics 
      The LHC started at 7 TeV Centre of Mass Energy on 30/3/10 

  7 TeV + 7 TeV 
3.5 TeV+3.5 TeV 

Monday, September 26, 11

туннель 27 км
p-р, p-pB, Pb-Pb

2009:  1.18 ТэВ х 1.18 ТэВ
2010-11:  3.5 ТэВ х 3.5 ТэВ
2012:  4 ТэВ х 4 ТэВ
2015-18:  6.5 ТэВ х 6.5 ТэВ
2022-23: 6.8 ТэВ х 6.8 ТэВ
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Large Hadron Collider: in the Galaxy

The hottest place in the Galaxy:  T ≥ 5 �1012 K
TSun= 1.6 �107 K

The сoolest place in the Galaxy:  T ≤ 2 K
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CERN: WWW (Internet)

Tim Berners-Lee (1989) 

Data taking at the LHC:  ~ 10 Gb/с
LHC GRID: distributed computing 
and storage system at the LHC

Russia & JINR, Dubna: ~5-7% 

Internet without WWW only: 
email, file transfer,
remote login. 
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The Large Hadron Colliders: the experiments 

Fondé en 1954, le CERN, Organisation européenne pour la recherche nucléaire, est 
devenu un exemple éclatant de collaboration internationale, comptant aujourd’hui 
20 États membres. Situé de part et d’autre de la frontière franco-suisse, près de 
Genève, c’est le plus grand Laboratoire de physique des particules du monde.

L’expérience ALICE

Le détecteur ALICE

Une collaboration internationale

Avec une masse de 10000 tonnes, 
16 m de hauteur sur 26 m de 
longueur, ALICE est un détecteur 
gigantesque et extrêmement com-
plexe ; Il est composé de 18 sous-
détecteurs qui pistent et identi!ent 
les dizaines de milliers de particules 
produites dans chaque collision 
d’ions lourds.
Pour enregistrer jusqu’à 8000 col-
lisions par seconde, le détecteur  
ALICE est composé de technologies 
ultramodernes :
t� EFT� TZTUÒNFT� EF� IBVUF� QSÏDJTJPO�

pour la détection et le suivi des 
particules ;

t� EFT� TZTUÒNFT� VMUSB�NJOJBUVSJTÏT�
pour le traitement des signaux 
électroniques ;

t� VOF� EJTUSJCVUJPO� NPOEJBMF� EFT�
ressources informatiques pour 
M�BOBMZTF�EFT�EPOOÏFT�	(3*%
�

ALICE compte plus de 1000 
DPMMBCPSBUFVST� EPOU� FOWJSPO� ����
étudiants doctorants, qui viennent 
EF� ���� JOTUJUVUT� EF� QIZTJRVF�
SÏQBSUJT� EBOT� ��� QBZT� Ë� USBWFST� MF�
NPOEF��%F�NVMUJQMFT�DPNQÏUFODFT�
sont nécessaires pour construire et 
gérer une telle expérience.

$&3/
Organisation européenne pour la 
recherche nucléaire
$)������(FOÒWF���

(SPVQF�$PNNVOJDBUJPO�KVJMMFU�����
$&3/�#SPDIVSF����������'SF

http://aliceinfo.cern.ch/Public/ www.cern.ch

6O�WPZBHF�WFST�M�PSJHJOF�EF�M�6OJWFST����

2V�BEWJFOU�JM� EF� MB� NBUJÒSF� MPSTRV�FMMF� FTU� DIBVòÏF� Ë� 
100 000 fois la température régnant au coeur du Soleil ?

Pourquoi les protons et les neutrons sont-ils 100 fois plus 
lourds que les quarks dont ils sont constitués ?

&TU�JM� QPTTJCMF� EF� MJCÏSFS� MFT� RVBSLT� EF� M�JOUÏSJFVS� EV� 
proton ou du neutron ?

... ALICE recherche des réponses à ces questions, en  
exploitant cet extraordinaire outil qu’est le LHC.

ALICE

Crédits des photos :
Couverture
Galaxie : NASA, ESA, CXC et JPL-Caltech
Page centrale
Fond : T.A.Rector (NOAO/AURA/NSF) et Hubble 
Heritage Team (STScI/AURA/NASA)
Étoiles : J. Hester et P. Scowen (Arizona State 
University), NASA/ESA/STScI
Galaxie : Christopher Burrows, NASA/ESA/STSci
Structure atomique : André-Pierre Olivier
Photos d’ALICE : Antonio Saba et CERN



School “High Energy Physics and Accelerator Technology”, Almaty, 9-13 October 2023   «Physics at the LHC»    Victor Kim 

LHC detectors:  ATLAS, CMS, LHCb & ALICE

v Angular coverage of the LHC experiments
ALICE

central detector
forward muon coverage

ATLAS & CMS
central tracking detectors
forward calorimeter

LHCb
forward detector
tracking, PID and calorimetry
in the full acceptance

Heavy Ion Physics - Introduction M. Schmelling, La Thuile, February 25 – March 3, 2018 4
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LHC: pile-up

ATLAS и CMS work at the large number of parallel
рр-collisions (pileup)
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LHC data taking: ATLAS and CMS 

LHC data taking start at 7 TeV: 2010
Luminosity reminders

Run 1
• 7 TeV (2011): ~5 fb-1

• 8 TeV (2012): ~20 fb-1

Run 2 (2015-2018):   13 TeV ~140 fb-1

Run 3 (2022-2025):   13.6 TeV ~300 fb-1 triple statistics (from 140 to 440 fb-1)

HL-LHC (2029-2041):  14 TeV ~ 3000 fb-1 ×"# statistics (from 140 to 3000+ fb-1)
+ trigger/detector upgrades

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile)  –– January 10, 2023 7

reaction rate = luminosity x cross-section
event rate = time x reaction rate 
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Large Hadron Collider (LHC): main goals

- Higgs boson of the Standard Model
- New particles and interactions 

beyond the Standard Model 

and:
- Standard Model tests at new energies
- New dynamics of the Standard Model:

new states of quark-gluon matter,
asymptotic QCD (BFKL), …  
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The Standard Мodel

The Standard Model: 
remarkable and experimentally
well tested theory
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Quantum Chromodynamics (strong interactions)

The Standard Model

ElectroWeak interactions

Electromagnetic Weak interactions

Electricity Magnetism

The Standard Model
of elementary particles
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Elementary particle physics:
symmetries and their violations

Principles: 
minimal action 
relativity
local gauge invariance
quantum uncertainty
…
Laws: 
energy-momentum conservation
electric charge conservation
baryon charge conservation
…
Principles and Laws are related with symmetries!
And with their violations!
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Principles and Laws in action:

Relativity principle -> special relativity theory

Local relativity principle
-> general relativity (gravity)

Energy conservation
-> neutrino prediction

Pauli principle -> color (strong charge) of quarks

Local gauge invariance principle
-> quantum field theory: the Standard Model
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Standard Model: problems 

Within the Standard Model:
- Where the Standard Model Higgs boson?
- Новые состояния кварк-глюонной материи?

Beyond the Standard Model:
- Too many parameters: > 20
- Origin of mass of and mass hierarchy?
- Origin of CP-violation?
- Baryon-antibaryon asymmetry of the Universe?
- How incorporate gravity?
- What are the Dark Matter and Dark Energy?
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Higgs boson: portal into New Physics

-H(125) as a portal to BSM

The discovered Higgs boson:
– In SM, the Higgs boson’s mass is the only free parameter in the Higgs sector – must be measured

However:
– being a theoretically-problematic oddity (scalar)

– and given its profound role in the SM,

– Higgs boson just may turn out to be a unique portal to BSM unlike any other SM particle

CMS has a broad program of searches for BSM associated with the discovered H125 :
– are there small deviations in H125 couplings to the SM particles?

– is it 100% pure CP-even scalar? is it truly point-like?

– are there BSM production modes? (/ → 0H, 3 → HH, abnormal non-resonant HH)

– are there BSM decay modes? (H width, H → invisible, H → ℓℓ’(CLFV), H → BSM particles)

– And, of course, are there more BSM spin-0 particles? (another scalar, pseudoscalar, H±, H±±) 

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile)  –– January 10, 2023 10
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Higgs boson: discovery in 2012

Paolo Meridiani

A LONG ROAD FOR H(125)

3

  

Since discovery stat increased x ~30 
~10M Higgs produced per experiment 
ATLAS ~180 papers, CMS ~150 papers 
published/submitted on Higgs 
physics after discovery 

Entered in the Higgs precision 
physics era  
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Idea: L.D. Landau,V.L. Ginzburg
Conception: N.N. Bogolyubov – condensed matter
Y. Nambu (1960), J. Goldstone (1961) – particle physics

Brout-Enclert-Higgs mechanism:
- nonrelativistic version: Ph.Anderson (1962)
- relativistic version:
R. Brout, Ph. Engclert (1964)
P. Higgs (1964)
J.Guralnik, K.Hagen,T. Kibble (1964)

S.Weinberg (1967) иA. Salam (1968) applied Brout-Enclert-Higgs mechanism
to electroweak theory of Sh. Glashow (1962)

->
Standard Model with massiveW and Z vector bosons

Spontaneous symmetry breaking
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Fine-tuning of Higgs potential

< H >= 0

but we need

The hierarchy problem

V (H) = ��2
UV H2 + �H4

� � O(1) � � �O(1)

�H� � �UV

generically

� � 10�34

�H� =
�

��UV

Tuesday, January 10, 2012
picture stolen from R. Rattazzi

Fine-tuning of Higgs potential

< H >= 0

but we need

The hierarchy problem

V (H) = ��2
UV H2 + �H4

� � O(1) � � �O(1)

�H� � �UV

generically

� � 10�34

�H� =
�

��UV

Tuesday, January 10, 2012
picture stolen from R. Rattazzi

quantum fluctuation 
->

nonsymmetric
vacuum ground state

Spontaneous symmetry breaking

classical  
->

symmetric
vacuum ground state
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July 2013: SM Higgs boson established!

July 2013, European Physics Society Conference
CMS and ATLAS: SM BEH boson 125 GeV

на уровне 7σ

Higgs searches at CMS
Jose Benitez  
for the CMS collaboration

Miami 2013: Topical Conference
Fort Lauderdale, Florida
December 12-18, 2013



HEPD seminar, NRC KI – PNPI, 25 Sep. 2018         Victor Kim                     Hbb @ATLAS & @CMS 
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´̜ϡ̺ϘЖ˺ϫͮΧΗ Χ͘ m! ŶŶ̄ ̭̺̤˺Сϡ ˺Η̭ Χ͘ ğm ϑϘΧ̭Ϻ̤ϫͮΧΗ Йͮϫͩ
ϫ̺ͩ �ü��ð ̭̺ϫ̺̤ϫΧϘ

£ǩƁȴȋŒɻ �ȴɫŒȣǊƟࡪ
´ȣ ŷƟǞŒȋǇ ȴǇ ʉǞƟ �ü��ð +ȴȋȋŒŷȴɫŒʉǩȴȣ
�o+ ðƟȝǩȣŒɫ  +Dæ£ࡪ ࠅ߾ࡷࠅ߽ࡷࠅ߿

Higgs boson in the Standard Model
ü̺ͩ oͮ͞͞ϡ ̜ΧϡΧΗ ͮΗ ϫ̺ͩ ð�

xȣ ʉǞƟ ðࡪ� ʉǞƟ oǩǊǊɻ ȝƟƁǞŒȣǩɻȝ ɠɫȴʻǩƌƟɻ
ȝŒɻɻƟɻ ʉȴ ŷȴɻȴȣɻ Œȣƌ ǇƟɫȝǩȴȣɻ
• oǩǊǊɻ ŷȴɻȴȣ ƌǩɻƁȴʻƟɫˈ ǩȣ ߿߾߽߿ ȴɠƟȣɻ Œ ʿǞȴȋƟ
ȣƟʿ ɻƟƁʉȴɫ ȴǇ ʉǞƟ �ŒǊɫŒȣǊǩŒȣ

• ĳʞȅŒʿŒ ƁȴʞɠȋǩȣǊɻ ȣȴʉ ɫƟɧʞǩɫƟƌ ŷˈ Dīð#
) Œƌ࢙ǞȴƁ ɻȴȋʞʉǩȴȣ ʉȴ ǊƟȣƟɫŒʉƟ ǇƟɫȝǩȴȣ ȝŒɻɻƟɻ

�Œǩȣ ɧʞƟɻʉǩȴȣɻ ʉȴ ŒȣɻʿƟɫ
• xɻ ʉǞƟ ð� ɻʉɫʞƁʉʞɫƟ ȴǇ ʉǞƟ �ŒǊɫŒȣǊǩŒȣ ƁȴɫɫƟƁʉ ࡲ
• �ɫƟ ʉǞƟ ʻŒȋʞƟɻ ȴǇ ʉǞƟ ƁȴʞɠȋǩȣǊɻ Œɻ ɠɫƟƌǩƁʉƟƌ ǩȣ
ʉǞƟ ð� ࡲ

) #ɫȴŒƌ ɠɫȴǊɫŒȝȝƟ Œʉ ʉǞƟ �o+

ࡱ£ �ȴɫŒȣǊƟ ࢍ ��� ´ɫɻŒˈ ࢎ ࠃࠀࡷ߿
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LHC: Higgs boson –> main production modes
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LHC: Higgs boson –> decay modes
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LHC: Higgs boson production with t quarks
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Higgs boson: mass

-
-

Higgs boson: mass

H → ZZ → 5ℓ and  H→ 66 are workhorse channels
Run 1 + 2016 results: 125.38 ± 0.14 GeV PLB 805 (2020) 135425

still the most precise

H→ ZZ→ /ℓ: 125.26 ± 0.20(stat) ± 0.08(syst) GeV JHEP11(2017)047

H→ 11: 125.78 ± 0.18(stat) ± 0.18(syst) GeV PLB 805 (2020) 135425

Statistical powers of the two channels are similar

Emerging challenge in H→ 33: syst. uncertainties become a limiting factor

Run 2: Results in 2023, expect precision <100 MeV

HL-LHC: Expected precision ~20 MeV CMS PAS FTR-21/007 and 21/008

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile)  –– January 10, 2023 11

( → )) [Run 2]

( → ** → +ℓ [Run 2]
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Higgs boson: coupling with bosons and fermions  

Agreement with the SM
within available uncertaintiesPaolo Meridiani 9

HIGGS PICTURES FROM RUN2
H→bosons H→fermions

ATLAS & CMS 
>2σ

~7k H➝ɣɣ

CMS 3σ 
ATLAS 2σ
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Recent results: coupling with 2nd generation

Paolo Meridiani

RECENT HIGHLIGHTS: 2ND GEN FERMIONS

10

One of the most striking progress in Run2: 
Reached sensitivity to ~ x8 SM (BR H➝cc 0.029) 

Huge improvement thanks to novel H➝cc 
taggers

  Z➝cc >5σ

First evidence for coupling with         
2nd generation fermions 
ATLAS: 2.0σ (1.7 exp) μ=1.2 ± 0.6 
CMS: 3.0σ (2.4 exp) μ=1.19 ± 0.43

  H➝μμ   H➝cc ATLAS: Eur. Phys. J. C 82 (2022) 717 
CMS: arXiv:2205.05550

ATLAS: PLB 812 (2021) 135980 
CMS: JHEP 01 (2021) 148

Agreement with the SM
within available uncertainties
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Higgs boson: decay width

Interference with off-shell Higgs bosonPaolo Meridiani

HIGGS TOTAL WIDTH

12

Higgs width from off-shell production: a breakthrough 
after Higgs discovery 
– ~10% of H➝ZZ off-shell (mZZ>200 GeV), negative 

interference with SM continuum 

Ratio off-shell to on-shell sensitive to !H 

Nat. Phys. 18 (2022) 1329

No off-shell 
contribution 
excluded 
at 3.6σ

<latexit sha1_base64="b2teyJE7lZXEO9J0jiKlSQ26FC8=">AAACEnicbVDLSsNAFJ34rPUVdekmWARFDEmp1Y1QdGE3QgX7gLaGyXTSDp1JwsxEKCH+ght/xY0LRdy6cuffOGmz0NYDFw7n3Mu997ghJUJa1rc2N7+wuLScW8mvrq1vbOpb2w0RRBzhOgpowFsuFJgSH9clkRS3Qo4hcyluusPL1G/eYy5I4N/KUYi7DPZ94hEEpZIc/bBzBRmDTlxNzktm+S4+KprlxImPi+ZJ8tBhUA44i69xI3H0gmVaYxizxM5IAWSoOfpXpxegiGFfIgqFaNtWKLsx5JIgipN8JxI4hGgI+7itqA8ZFt14/FJi7CulZ3gBV+VLY6z+noghE2LEXNWZ3iimvVT8z2tH0jvrxsQPI4l9NFnkRdSQgZHmY/QIx0jSkSIQcaJuNdAAcoikSjGvQrCnX54ljaJpl037plSoXGRx5MAu2AMHwAanoAKqoAbqAIFH8AxewZv2pL1o79rHpHVOy2Z2wB9onz8tuZyR</latexit>

�H = 4.6+2.6
�2.5 MeV

<latexit sha1_base64="Pe111TEwkhZBcW9SzhBy3ZOuoGc=">AAACEnicbVDLSsNAFJ34rPVVdekmWARFDEkt1o1QdGE3QgX7gCaGyXTSDp1JwsxEKCH+ght/xY0LRdy6cuffOG2z0NYDFw7n3Mu993gRJUKa5rc2N7+wuLScW8mvrq1vbBa2tpsijDnCDRTSkLc9KDAlAW5IIiluRxxD5lHc8gaXI791j7kgYXArhxF2GOwFxCcISiW5hUP7CjIG3aSWnp8YpbvkqGSUUzc5toxK+mAzKPucJde4mbqFommYY+izxMpIEWSou4UvuxuimOFAIgqF6FhmJJ0EckkQxWnejgWOIBrAHu4oGkCGhZOMX0r1faV0dT/kqgKpj9XfEwlkQgyZpzpHN4ppbyT+53Vi6Z85CQmiWOIATRb5MdVlqI/y0buEYyTpUBGIOFG36qgPOURSpZhXIVjTL8+SZsmwTg3rplysXmRx5MAu2AMHwAIVUAU1UAcNgMAjeAav4E170l60d+1j0jqnZTM74A+0zx8j+pyL</latexit>

�H = 3.2+2.4
�1.7 MeV

ATLAS
ATLAS-CONF-2022-068

CMS

Main assumption: same on/off-shell couplings
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Higgs boson: signal strength

Agreement with the SM
within available uncertaintiesPaolo Meridiani

(GLOBAL) HIGGS SM COMPATIBILITY

13

Fit data from all production modes and 
decays with a common signal strength 
wrt SM 

µ =
� · BR

(� · BR)SM

ATLAS Run2 

CMS Run2

ATLAS+CMS Run1 
(20+20 fb-1 @ 8 TeV) 

<latexit sha1_base64="pgMLd0n1/MoQWZaaBXbgJAxpf8o=">AAACIXicbVBLSwMxEM76rPVV9eglWIT2UnZbqfUgFL14rGAf0F1KNk3b0GR3SWbFUvpXvPhXvHhQpDfxz5g+FG0dCHyPGSbz+ZHgGmz7w1pZXVvf2ExsJbd3dvf2UweHNR3GirIqDUWoGj7RTPCAVYGDYI1IMSJ9wep+/3ri1++Z0jwM7mAQMU+SbsA7nBIwUitVcmV86eRsO+9GEts5u1DEGehl8Tct4Ax7iH54/gJnNBDItlJpQ6eFl4EzB2k0r0orNXbbIY0lC4AKonXTsSPwhkQBp4KNkm6sWURon3RZ08CASKa94fTCET41Sht3QmVeAHiq/p4YEqn1QPqmUxLo6UVvIv7nNWPolLwhD6IYWEBnizqxwBDiSVy4zRWjIAYGEKq4+SumPaIIBRNq0oTgLJ68DGr5nFPMObdn6fLVPI4EOkYnKIMcdI7K6AZVUBVR9Iie0St6s56sF+vdGs9aV6z5zBH6U9bnF7c8nbQ=</latexit>

µ = 1.002± 0.036(th)± 0.033(exp)± 0.029(stat)

<latexit sha1_base64="DEGw6P/nD9ic1cuWG+ZsUJ0yaac="></latexit>

µ = 1.09± 0.07(sig. th)± 0.03(bkg. th)± 0.04(exp)± 0.07(stat)

<latexit sha1_base64="qOLXt82/iQCxNgXQqHcIuQF1Xz0=">AAACHHicbVBLTwIxEO7iC/G16tFLIzGBC9kVfFxMiF48YiKPBAjplgIN7e6mnTWSDT/Ei3/FiweN8eLBxH9jgT0gOEmT7zGT6XxeKLgGx/mxUiura+sb6c3M1vbO7p69f1DTQaQoq9JABKrhEc0E91kVOAjWCBUj0hOs7g1vJn79gSnNA/8eRiFrS9L3eY9TAkbq2MWWjK7cgnPWCiV2Ck4pB4M8TkgR59hjOE81EMh37Kxh08LLwE1AFiVV6dhfrW5AI8l8oIJo3XSdENoxUcCpYONMK9IsJHRI+qxpoE8k0+14etwYnxili3uBMs8HPFXnJ2IitR5Jz3RKAgO96E3E/7xmBL3Ldsz9MALm09miXiQwBHiSFO5yxSiIkQGEKm7+iumAKELB5JkxIbiLJy+D2mnBPS+4d6Vs+TqJI42O0DHKIRddoDK6RRVURRQ9oRf0ht6tZ+vV+rA+Z60pK5k5RH/K+v4FW4+clQ==</latexit>

µ = 1.05± 0.04(th)± 0.03(exp)± 0.03(stat)

JHEP 2016, 45 (2016)
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Higgs boson: coupling with the SM particles

Paolo Meridiani

RUN2 LEGACY: HIGGS COUPLES TO MASS

17

Agreement with the SM
within available uncertainties
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Higgs boson: precision physics

A possible deviation from the SM: New Physics indicationPaolo Meridiani

SUMMARY

21

The ATLAS/CMS Higgs Run2 legacy: entered the Higgs precision physics era 
– Mass at 0.1% 
– Boson couplings known at ~5%, ~10% for heaviest fermions  
– Huge progress to look for 2nd generation couplings, self-coupling, anomalous 

BSM couplings 

These performance are much better than what expected just 10 years ago: 
theory & experiment interactions a game changer  

Run3: double Run2 stat, ~300 fb-1@13.6 TeV  

From 2029 HL-LHC: up to 4000 fb-1, ATLAS/CMS 
detector upgrades 
– ~180M Higgs/experiment by end of HL-LHC 
– Prospects are very high 
– Projections keep improving (thanks to better 

delivered analysis sensitivities)  
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Running masses in the standard model

Running couplings: αQCD, αEW

Running masses

Different mass parameterizations
(different approaches to include higher orders):
- pole (on-shell) mass
- running mass

SM running masses
- fermions and vector bosons: logarithmic
- scalar Higgs boson: logarithmic or/and quadratic ?

quadratic -> “non-naturalness”



School “High Energy Physics and Accelerator Technology”, Almaty, 9-13 October 2023   «Physics at the LHC»    Victor Kim 

Higgs boson decay width
Width of Higgs boson decay into b-quarks (up to N4LO)
P. Baikov, K. Chetyrkin, J. Kuhn (2006)
A. Kataev, V. K. (2008)

Author's personal copy

+ Xt

�
1� 4.913as

+ a2
s(�72.117� 20.945Lt)

�

Lt = ln(M2
H/m2

t ), Xt = GFm2
t/(8�2

�
2), mt is

the t-quark pole mass, mb = mb(MH) and

�QED =
�

0.472� 3.336
m2

b

M2
H

�
a

�1.455a2 + 1.301aas . (11)

Using a � �(MH)/�=0.0027 ( �(MH)�1 � 129),
mt = 175 GeV, MH = 120 GeV, mb = 2.8 GeV,
GF = 1.1667� 10�5 GeV�2 we get

�t =
�
4.84 · 10�3 � 1.7 · 10�5 (12)

+ 2.27 · 10�3 + 1.85 · 10�4

+ 3.2 · 10�3 � 5.75 · 10�4 � 2.42 · 10�4

�
,

�QED =
�
1.1 · 10�3 � 4.5 · 10�6 (13)

� 9 · 10�6 � 1.2 · 10�4

�
.

Comparing the numbers presented in Eq. (8) and
Eq. (13–14), we conclude that �4

s-terms can be
neglected at the current level of the experimen-
tal precision of “Higgs-hunting” at Fermilab and
LHC. Indeed, one can see, that even for the light
Higgs boson the numerical values of the order �4

s-
contributions to Eq.(8) are comparable with the
leading MH- and mt- dependent terms in Eqs.
(12–13).

An another approach for �Hbb, where the RG-
controllable terms are summed up, may be writ-
ten down as

�Hbb = �b
0

�
as(MH)
as(mb)

�(24/23)

(14)

� AD(as(MH))2

AD(as(mb))2

�
1 +

�

i�1

��b
i ai

s(MH)
�

�
�
1� 8

3
as(mb)� 18.556 as(mb)2

� 175.76 as(mb)3 � 1892 as(mb)4
�
,

where

AD(as)2 = 1 + 2.351 as (15)
+ 4.383 a2

s + 3.873 a3
s � 15.15 a4

s.

Here, an important relation between pole and
running masses of Refs. [35,36,10] has been used.
Detailed comparison of �Hbb in RG-improved
(Eq. (14)) and in pole mass truncated (Eq. (2))
approaches was presented in Refs. [9,10].

The behavior of the RG-resummed expressions
for �Hbb and RHbb are more stable than in the
case, when RG-summation of the mass-dependent
terms is not used [4–9], [10] (Figures 1,2). Di�er-
ence of ��Hbb calculated the truncated pole-mass
approach and the RG-improved parametrization
of �Hbb is becoming smaller in each successive
order of perturbation theory.

Indeed, for the phenomenologically interesting
value of Higgs boson mass MH = 120 GeV we find
that at the �2

s-level ��Hbb � 0.7 MeV, while for
the �3

s-level it becomes smaller, namely ��Hbb �
0.3 MeV. At the �3

s-level of the RG-improved
MS-scheme series one has �Hbb � 1.85 MeV for

Figure 1. Higgs boson width in the pole (on-shell)
mass approach.

V.T. Kim / Nuclear Physics B (Proc. Suppl.) 198 (2010) 223–227 225
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Figure 2. Higgs boson width in the approach with
explicit RG-resummation.

MH = 120 GeV. For this scale the value of �Hbb
with the explicit dependence from the pole-mass
is 16 % higher, than its RG-improved estimate.

There are di�erent approaches to the treatment
of the typical Minkowskian �2-contributions in
the perturbative expressions for physical quanti-
ties, which demonstrated remarkable convergence
properties [13–16]. At the moment, these ap-
proaches are developing for di�erent phenomeno-
logical applications, which will alow a comparison
with the existing methods.

3. Higgs boson decay into �+��

Width of Higgs boson decay into �+, �� -
leptons in the MS-scheme can be read as [37]

�H�� = ��
0

m2
� (MH)
m2

�

�
1 + a(MH)���

1 (16)

+ a(MH)2���
2 + a(MH)3���

3

+ a(MH)2as(MH)�QEDxQCD

�
,

where ��
0 = (

�
2/8�)GFMHm2

� , a(MH) �
�MS(MH)/�, m� (MH) are QED running parame-
ters and as(MH) � �MS

s (MH)/� is QCD parame-
ter, and �QEDxQCD is a mixed QED-QCD correc-
tion to the coe�cient function. Evolution of run-
ning � -lepton mass in QED is similar to Eq. (6),
but with �QED, �QED

m , ���
2 and �QEDxQCD, com-

plicated by quark fractional electric charge depen-
dence [37]. �QED

3 is known since [38], and �QED
3

[23] is consistent with QED-limit of Ref. [21]. At
present for �H�� to get accuracy of �Hbb at �s3-
level it is enough to keep 2-loop running � -lepton
mass and 1-loop coe�cient function ���

1 [37].

4. Summary

Di�erent approaches based on the running and
pole b-quark masses for the decay width of the
H � bb process become consistent in higher or-
ders of perturbative QCD. However, di�erent con-
vergence in di�erent approaches demonstrates an
existence of additional theoretical QCD uncer-
tainties, which are not usually considered in phe-
nomenological studies.

Currently, for width of Higgs boson decay into
heavy leptons �H�� to have accuracy of �Hbb at
�3

s-level it is enough to take into account 2-loop
running � -lepton mass and 1-loop coe�cient func-
tion ���

1 .
The author thanks A. L. Kataev for fruit-

ful collaboration on the results presented here.
The author is also grateful to the Local Organiz-
ing Committee of the “Hadron Structure 2009”
(HS09) Conference for enjoyable atmosphere and
CERN Theory Unit for their warm hospitality.
The work is supported in parts by Russian Foun-
dation for Basic Research, grants 08-02-01184 and
06-02-72041-MNTIa, and the RF President grant
NS-378.2008.2.

REFERENCES

1. A. Djouadi, Phys. Rept. 457 (2008) 1.
2. K. A. Assamagan et al. [Higgs Working Group

Coll.], The Higgs working group: Summary
report 2003 [hep-ph/0406152].

3. P. A. Baikov, K. G. Chetyrkin and

V.T. Kim / Nuclear Physics B (Proc. Suppl.) 198 (2010) 223–227226

b-quark mass     - 4.5 GeV Upsilon 
- 2.8 GeV Higgs boson 



School “High Energy Physics and Accelerator Technology”, Almaty, 9-13 October 2023   «Physics at the LHC»    Victor Kim 

Standard Model with 125 GeV Higgs boson  

Higgs boson: if logarithmic mass evolution 

Higgs boson defines electroweak vacuum density
(meta)stable vacuum up to Planck scales

F. Bezrukov, M. Kalmykov, B. Kiehl & M. Shaposhnikov, JHEP 10 (2012) 140

One may conclude:
(Almost) no need for a New Physics up to Planck scales
Only needs:
- (~ 1 GeV) BSM neutral leptons to explain Dark Matter
- strong CP-problem
- neutrino masses
- baryon-antibaryon asymmetry
…
- and still explain why there is naturalness (New Physics?!)
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Standard Model with 125 GeV Higgs boson  
Higgs boson mass defines electroweak vacuum density
Meta-stable vacuum
G. Degrassi et al., JHEP 08 (2012) 098
D. Butazzo et al., JHEP 12 (2013) 089
A. Bednyakov et al., Phys. Rev. Lett. 115 (2015) 201802

J
H
E
P
1
2
(
2
0
1
3
)
0
8
9

Figure 3. Left: SM phase diagram in terms of Higgs and top pole masses. The plane is divided into
regions of absolute stability, meta-stability, instability of the SM vacuum, and non-perturbativity of
the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative for Mt > 230 GeV.
The dotted contour-lines show the instability scale ΛI in GeV assuming α3(MZ) = 0.1184. Right:
zoom in the region of the preferred experimental range of Mh and Mt (the grey areas denote
the allowed region at 1, 2, and 3σ). The three boundary lines correspond to 1-σ variations of
α3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size of the theoretical error.

stability, metastability, and instability of the EW vacuum are shown both for a broad range

ofMh andMt, and after zooming into the region corresponding to the measured values. The

uncertainty from α3 and from theoretical errors are indicated by the dashed lines and the

colour shading along the borders. Also shown are contour lines of the instability scale ΛI .

As previously noticed in ref. [8], the measured values of Mh and Mt appear to be rather

special, in the sense that they place the SM vacuum in a near-critical condition, at the

border between stability and metastability. In the neighbourhood of the measured values

of Mh and Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt − 173.10GeV)− 0.5GeV
α3(MZ)− 0.1184

0.0007
± 0.3GeV . (4.4)

The quoted uncertainty comes only from higher order perturbative corrections. Other

non-perturbative uncertainties associated with the relation between the measured value of

the top mass and the actual definition of the top pole mass used here (presumably of the

order of ΛQCD) are buried inside the parameter Mt in eq. (4.4). For this reason we include

a theoretical error in the top pole mass and take Mt = (173.10 ± 0.59exp ± 0.3th)GeV.

Combining in quadrature theoretical uncertainties with experimental errors, we find

Mh > (129.1± 1.5)GeV (stability condition). (4.5)

– 18 –
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(Non-)Naturalness of the standard model

Logarithmic evolution of theory parameters:
weak dependence between low and very large scales

->  concept of ”Naturalness”

- Scalar field is simple, but “non-natural”:
scalar mass evolution is quadratic, not logarithmic
K. Wilson, Phys. Rev. D3 (1971) 1818
L. Susskind, Phys. Rev. D20 (1979) 2619

- Scalar field is not protected by a symmetry,
while fermions are protected by chiral symmetry
G. ‘t Hooft,  Proc. Cargese Summer Inst. (1980) 

for reviews see G. Giudice,  (2008) 
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Naturalness of the Standard Model in 1-loop

M. Veltman, Acta Phys.  Pol. B12 (1981) 437

MSbar reproduces quadratic divergence at D = 2,  L=1
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On Naturalness of Scalar Fields and the Standard Model

Grigorii B. Pivovarov⇤

Institute for Nuclear Research,
Moscow, 117312 Russia

Victor T. Kim†

St. Petersburg Nuclear Physics Institute,
Gatchina, 188300 Russia
(Dated: April 26, 2008)

We discuss how naturalness predicts the scale of new physics. Two conditions on the scale are

considered. The first is the more conservative condition due to Veltman (Acta Phys. Polon. B 12,
437 (1981)). It requires that radiative corrections to the electroweak mass scale would be reasonably

small. The second is the condition due to Barbieri and Giudice (Nucl. Phys. B 306, 63 (1988)),

which is more popular lately. It requires that physical mass scale would not be oversensitive to the

values of the input parameters. We show here that the above two conditions behave di↵erently if

higher order corrections are taken into account. Veltman’s condition is robust (insensitive to higher

order corrections), while Barbieri-Giudice condition changes qualitatively. We conclude that higher

order perturbative corrections take care of the fine tuning problem, and, in this respect, scalar field

is a natural system. We apply the Barbieri-Giudice condition with higher order corrections taken

into account to the Standard Model, and obtain new restrictions on the Higgs boson mass.

PACS numbers: 11.10.Hi

It was pointed out in [1–3] that theories with scalar fields are facing a serious problem (and the Standard Model is
among these). It consists in absence of a natural explanation for small values of masses of scalar particles. (”Small”
here means much smaller than the possible fundamental scales like Plank mass or a unification scale.)

The problem appears as follows. Let us try to expand the physical mass in a series of bare couplings. In the
one-loop approximation we have

m2 = m2
0 + ⇤2P (�0, g). (1)

Here m2 is the squared mass of a scalar particle, m2
0 is the corresponding bare mass of the fundamental Lagrangian

of the model defined at the fundamental scale ⇤, which is also used as a cuto↵ in the Feynman integrals, P (�0, g)
is a polynomial of dimensionless bare scalar field selfcoupling �0 and the rest of dimensionless bare couplings g of
the model, and we neglected the corrections depending logarithmically on the cuto↵. (For example, in the Standard
Model, P (�0, g) = 3(3g22 + g21 + 2�0 � 4y2

t
)/(32⇡2), where g1, g2, and yt are the gauge couplings of the gauge groups

SU(1), SU(2), and top quark Yukawa coupling, respectively [5].) Here comes the question: How to keep m much less
than ⇤? One obvious option is to fine tune the values of m2

0 and P (�0, g) to make the two terms in the right-hand-side
of Eq. (1) cancel against each other. But this seems not to be a natural way (thus the name of the problem—the
naturalness problem). Another way is to ask for a model where P (�0, g) is exactly zero (which is the case for softly
broken supersymmetry models [4]). More generally, if one rejects unnatural fine tunings of fundamental parameters,
introducing scalar fields one should also point out a mechanism that keeps the hierarchy between m and ⇤ (the
hierarchy problem).
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2

v = 246GeV

�m2
H

⇡ m2
H

(⇤ = 550GeV, mH = 125GeV)

On a more practical note, Eq. (1) had been used [5, 6] to obtain the scale of new physics. The idea is not to consider
⇤ as a fundamental scale, but as a scale up to which we can use the low energy e↵ective theory implying Eq. (1).
One may restrict ⇤ requiring, for example [5], that the radiative correction to the mass squared would not exceed the
bare mass squared:

|m2 �m2
0| < m2

0. (3)

In what follows we call this condition Veltman’s condition.
Another possibility is to restrict not the magnitude of the radiative correction, but the sensitivity of the physical

mass to small changes in the values of the bare couplings [6]:

���
�0

m2

@m2

@�0

��� < q, (4)

where q parameterizes the strictness of our requirements (the value q = 10 was suggested in [6]). Hereafter, we call
this condition the Barbieri-Giudice condition.

Now, assuming that the radiative correction to mass squared is positive (P (�0, g) > 0) and neglecting the di↵erence
between bare and physical couplings, Veltman’s condition (3) implies the following restriction on ⇤:

⇤2 <
m2

2P (�, g)
, (5)

where � denotes the physical coupling corresponding to the bare coupling �0. The quantities in the right-hand-side
of this inequality are measurable. So we can substitute the measured values, and obtain an estimate for the scale of
new physics. This program was realized in Ref. [5] for the Standard Model. The outcome is that the scale for the
new physics is estimated by 1.2 TeV. Similarly, if we assume Eq. (1), Barbieri-Giudice condition (4) implies

⇤2 < q
m2

�P 0(�, g)
, (6)

where the prime over P denotes derivative with respect to �.
As we see, the two conditions yield similar upper bounds for the scale of new physics. In fact, Veltman’s condition

and Barbieri-Giudice condition are rather di↵erent, and the similarity of the bounds (5) and (6) is due to the use of
the leading order formula (1).

Let us consider what may be the influence of higher order perturbative corrections on the bounds (5) and (6).
This problem was briefly considered in Ref. [8]. It was observed that higher order corrections modify the polynomial
P (�0, g) from (1) (even making it dependent on ⇤ logarithmically). If this would be the only way higher order
corrections are getting involved, they could not influence significantly the bounds (5) and (6) (at least, at small
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Naturalness of Standard Model

Barbieri-Giudice (BG) condition:
sensitivity physical parameters for small variation of bare ones
R. Barbieri, G.F. Giudice, Nucl. Phys. B306 (1988) 63

Using BG condition with both quadratic and logarithmic 
contributions leads to extention of Naturalness domain of SM:
up ~ O(10 TeV) instead of ~ O (1 TeV)
VK, G. Pivovarov, Phys. Rev. D78 (2008) 016001

Regular way for scalar boson mass evolution 
with quadratic mass divergences
G. Pivovarov, Phys. Rev. D81 (2010) 076077

Landau pole like
in λH4:

are two important sources of this renormalization at the one-loop level. One is that due to � itself, which
tends to increase � as the renomalization scale Q increases:

�(Q) '
�(v)

1�
3

4⇡
2�(v) ln

⇣
Q

2
/v

2
⌘ . (28)

Left to itself, this self-renormalization would cause � to blow up at some high renormalization scale Q.
However, there is also importantant one-loop renormalization of � due to loops of top quarks:

�(Q) ' �(v)�
3m

4
t

4⇡
2
v
2 ln

⇣
Q

2
/v

2
⌘
, (29)

which tends to decrease � as the renomalization scale Q increases, driving it towards negative values. If
� indeed turns negative, there soon appears a field value with lower energy than our electroweak vacuum,
which becomes unstable or at least metastable.

The left panel of Fig. 10 illustrates how the negative renormalization by the top quark drives � < 0

in the Standard Model [43, 44], though this is subject to uncertainties in mt, in particular. As seen in the
right panel of Fig. 10, the current world averages of mt and mH suggest that these parameters indeed
lie within the region where the Standard Model electroweak vacuum is metastable. In my view, this is a
potential disaster (pun intended) that would require new physics to avert it.

Fig. 10: Left panel: The negative renormalization of the Higgs self-coupling by the top quark within the Standard
Model leads to an instability in the Higgs potential for field values ⇠ 10

9 GeV [43]. Right panel: Experimental
measurements of mt and mH suggest that the electroweak vacuum of the Standard Model would be metastable,
modulo uncertainties in mt, in particular [44].

As seen in Fig. 10, the location and indeed existence of the instability scale ⇤I are particularly
sensitive to mt, and also to ↵s as well as to mH . One calculation including higher-order effects yields
the following dependences on these parameters [44]:

log10

✓
⇤I

GeV

◆
= 9.4 + 0.7

⇣
mH

GeV
� 125.15

⌘
� 1.0

⇣
mt

GeV
� 173.34

⌘
+ 0.3

✓
↵s(mZ)� 0.1184

0.0007

◆
.

(30)
Inserting the world average value (27) for mH , mt = 173.3±1.0 GeV and ↵s(mZ) = 0.1181±0.0011,
we estimate

log10 ⇤I) = 9.4± 1.1 , (31)

14
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SM with “non-natural” Higgs boson 

Proper physical consideration with quadratic evolution 
for Higgs boson mass:

Higgs boson observables (mass, self-coupling, EW vacuum density) 
gets critical values at larger scales
than in popular “standard” treatments with scale ~ O(1 TeV) 

-> only at the scales ~ O(10 TeV) one should expect 
new physics manifestations:
- new strong EW dynamics
- or/and New Physics beyond Standard Model 

G.B. Pivovarov, V.K. (2008)
V.K. (2023) 
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New Physics: direct and indirect searches  

New physics within the Standard Model:
- new quark-gluon matter states
- new hadron states: pentaquarks, tetraquarks, ...
- new asymptotic regime: BFKL
- new hadron spin properties
- …    

New physics beyond the Standard Model:
- new particles and interactions: 

-direct
-indirect (via virtual contributions): EDM, rare decays, g-2,..

INP KZ (NA62, HIKE)
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Indirect searches for New Physics:
rare B-meson decays   

SM and BSM: % → µµ

Andrey Korytov (UF) HEP Conference, Valparaiso (Chile)  –– January 10, 2023 24

CMS PAS BPH-21-006
(Dec 20, 2022)

[Run 2]

Examples of Feynman diagrams:   black – SM particles
red/green - BSM

Motivations:
– B→ µµ is highly suppressed in SM, which can         

make BSM-induced decays more visible 

Analysis:
– Two muons, forming a common displaced vertex
– MVA to suppress backgrounds. Main bkgs: 

• muons from different heavy-flavor mesons
• muons from B-meson cascade decays
• & → "$, &# → "" (mis-id)

Results:

Both agree with the SM and are the most precise to date

Agreement with the SM
within available uncertainties
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LHC: SM precision measurements 
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LHC: TOTEM experiment (unified CMS)  



School “High Energy Physics and Accelerator Technology”, Almaty, 9-13 October 2023   «Physics at the LHC»    Victor Kim 

TOTEM: total and elastic cross sections
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TOTEM experiment: elastic cros section → Odderon?  
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LHC as photon-photon collider
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High energy asymptotics of pQCD

- Large-angle scattering (hard processes):

QCD in Bjorken limit
n GLAPD: V. Gribov & L. Lipatov (71-72); L. Lipatov (74); 

G. Altarelli & G. Parisi (77); Yu. Dokshitzer 
(77)

- Small-angle scattering (“semi-hard” 
processes):

QED in Gribov-Regge limit
n V. Gribov, V. Gorshkov, L. Lipatov & G. Frolov 

(67-70)
H. Cheng & T. Wu (66-70)

QCD in Gribov-Regge limit
n BFKL:  V. Fadin, E. Kuraev & L. Lipatov (75-78)

I. Balitsky & L. Lipatov (78)
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pQCD x-section asymptotics

Bjorken limit (GLAPD): 
s ~ Q2 >> m2

Q2/s = x ~ 1
Large-angle (large-x) scattering

Gribov-Regge limit (BFKL): 
s>>Q2 >> m2

Q2/s = x -> 0
Small-angle (small-x) scattering
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MN dijets within NLL BFKL+BFKLP: 2.76 TeV

NLL BFKL + BFKLP prediction: strong energy dependence

50

A. Egorov & V.K. (2023)

12/09/2023-СЕМИНАР ОФВЭ ПИЯФ                                        АНАТОЛИЙ Ю. ЕГОРОВ (ПИЯФ/СПБПУ)                            

Первое сравнение: СГЛП БФКЛ для МН сечений при 2.76 ТэВ

24

[Phys. Rev. D 108 (2023) 014010]

• СГЛП БФКЛ расчет согласуется с данными при больших  

• Все другие расчеты основанные на  ГП+ГЛП ГЛАПД переоценивают данные CMS при больших  
(Born, PYTHIA8, HERWIG [JHEP03(2022)189]) 

• СГП+ГЛП ГЛАПД POWHEG+PYTHIA8/HERWIG переоценивает CMS данные при больших  
[JHEP03(2022)189].

Δy
Δy

Δy

А. Ю. Е. and В. Т. Ким

2012 LHC Days (Split, Croatia 1-6 October 2012)Bryan Dahmes (University of Minnesota) 7

Dijets

Search for resonances
in dijet mass distribution

Recover jets from
final state radiation: merge

nearby (ΔR < 1.1) jets
with highest pT jets

Highest mass candidate (4 TeV)

EXO-11-094, 7 TeV

CMS (2022)
2.76 TeV, pT_min = 35 GeV

A. Egorov & V.K. Phys. Rev. D (2023)
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Search for New Physics
beyond the Standard Model:

We are ready to admit being approximated:

- laws: conservation of energy, momentum,
charge, …

- and even principles:
relativity, gauge invariance, …

- and fundamental parameters: space dimension,
gravity dimension …

! However:
Preserving all description power of the Standard Model
in the established domain of its validity
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LHC: SUSY searches 
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LHC: Dark matter search
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LHC searches: new resonances, leptoquarks, ... 
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Information about particle physics and the LHC

http://public.web.cern.ch
http://atlas.ch

http://cmsinfo.cern.ch/outreach

In Russian:

Научно-популярный сайт:
http://elementy.ru 

- “Страсти по частицам” (“Particle Fever”) YouTube

- Виртуальная академия ФВЭ (ОИЯИ,  Дубна)

http://public.web.cern.ch/
http://atlas.ch/
http://public.web.cern.ch/
http://public.web.cern.ch/


School “High Energy Physics and Accelerator Technology”, Almaty, 9-13 October 2023   «Physics at the LHC»    Victor Kim 

LHC Physics: summary   

- Many parameters of the Standard Model measured
at the unprecendent accuracy

- The Standard Model domain of validity 
is enormously extended

- There few finding anomalies 

- Data taking presently is ~5 % 
of the planning data at the High-Luminosity LHC

-> Most probably major news are waiting ahead! 


