LHC physics: the first 15 years
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Motivations for physics beyond the SM:
Higgs mysteries
SM Effective Field Theory to scan for new physics
Top physics
Discovery of another boson?
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Known knowns (= SM)

" Known unknowns (e.g., DM)
= Unknown unknowns

= An “unknown” known!
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The ‘Standard Model’

The matter particles

@) € - neutrino C) slecton

@' L - neutrin @) ruon
@) T - neutrino @' tau

Where does

mass he fundamental interactions
come from?
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Gravitation electromagnetism weak nuclear force strong nuclear force




Why do Things Weigh?

Newton: g l
Weight proportional to Mass | S

A"

Einstein: -

Energy related to Mass
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Neither explained origin of Mass K

Where do the masses
come from? -

Are masses due to Higgs boson?

(the physicists’ Holy Grail) . AN Wi

"L-"
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2012:

2013:

2015

2022

Some Key LHC Dates

LHC approved by CERN Council

LHC start-up

First low-energy collisions

First high-energy collisions at 7 TeV

First hints of the Higgs boson

LHC at 8 TeV, discovery of the Higgs boson

Nobel Prize for Peter Higgs and Francois Englert

- 2018: Run 2 of the LHC at 13 TeV

- 2026: Run 3 of the LHC at 13.6 TeV



Summary of the Standard Model

e Particles and SU(3) x SU(2) x U(1) quantum numbers:
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e lagrangian:
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before LHC

Viyij ;¢ + h.e. Yukawa interactions RIS ilal8alel
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Higgs potential in progress




@ATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST
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Scientists from around the World

Member States 7446

Austria 97 — Belgium 102 - Bulgaria 83 — Czech
Republic 207 - Denmark 50 - Estonia 20 -
Finland 76 — France 801 - Germany 1131 -
Greece 220 - Hungary 84 — Israel 56 — Italy 2013 -
Netherlands 154 — Norway 60 — Poland 370 -

International
Co-operation

Agreements:
AB, AE, AL, AM, AR,
AU, AZ, BD, BH, BO,
BR, BY, CA, CL, CN,

CO, CR, DZ, EC, EE,
EG, GE, GH, HK, HO,
IC,ID, IR, IS, JO,
KR, KZ, LB, LT, MA,
MD, ME, MK, MO, MT,
MY, MX, MZ, NP, NZ,

Associate Member States PA, PE, PH, PK,
PR, RK, RW, QA, SA

in the pre-stage to Membership 55 I, SL, SN, T
Cyprus 18 - Slovenia 37 ' h TU TW, VN,

Portugal 125 — Romania 141 - Serbia 50 -
Slovakia 122 - Spain 497 - Sweden 76 -
Switzerland 196 - United Kingdom 715

Associate Member States 1064

Brazil 157 - Croatia 51 — India 463 — Latvia 18 -
Lithuania 27 - Pakistan 70

Tiirkiye 187 — Ukraine 91

Observers 2200
Japan 230 - (Russia 824) — USA 1146

Non-Member States and Territories 1975

Afghanistan 3 — Albania 6 — Algeria 15 — Argentina 22 — Armenia 17 — Australia 35 — Azerbaijan 5 — Bahrain 11 Bangladesh 11 - Belarus 26 — Bolivia 2 — Bosnia and
Herzegovina 1 - Botswana 1 - Burundi 1 — Canada 149, Chile 43 - Colombia 57 — Congo 1 - Costa Rica 4 — Cuba 16 — Democratic Republic of the Congo 1 — Ecuador 13
Egypt 38 - El Salvador 1 - Georgia 58 — Guatemala 2 — Honduras 3 — Hong Kong 5 — Iceland 3 - Indonesia 11 - Iran 45

Ireland 33 - Jamaica 1 - Jordan 5 — Kazakhstan 15 — Kenya 2 — Kuwait 1 — Kyrgyzstan 2 — Lebanon 23 - Lesotho 1 Luxembourg 2 - Madagascar 4 - Macao 2 - Malaysm 11-
Malta 3 — Mauritius 1 = Mexico 97 - Mongolia 3 - Montenegro 7 Morocco 31 — Myanmar 1 - Nepal 13 — New Zealand 2 - Nigeria 6 — North Macedqaj
People’s Republic of China 701 — Paraguay 2 - Peru 11 - Philippines 2 — Republic of Korea 197 - Saint Kitts and Nevis 1 — Saudi Arabia 4 Senegal 2

Lanka 9 - Syrian Arab Republic 4- Taiwan 57 — Thailand 20 - Trinidad and Tobago 1 Tunisia 6 — Uganda 1 — Uruguay 1 - Uzbekistan 2 - Venezuela 7
1 - Zambia 1 - Zimbabwe 3



Higgs Boson Couplings

W+, Z f
W-.Z 7
My . g2z m _ g
I'(H — ff) = N 4F\/§ m?e, N¢c = 3 (1) for quarks (leptons)
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LHC Measurements

Standard Model Total Production Cross Section Measurements Status: October 2023
O 10t Eoale —
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It Walks and Quacks like a Higgs

e Couplings scale ¥ mass, with scale ~ v
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ATLAS & CMS, arXiv:2309.03501

Emerging Decay Mode: H — Zy

% :l I | Il I | | ! I ! I | I | | ! | | | | I | ! | ! I I: é 20_ ' ! ' ! | ! J v ! | ' ! T T T T T T T T T T T T T T T
o [ ATLASand CMS 1& 1ah ATLAS and CMS ;
2 ®F LHCRun?2 $ Data 17 °F LHCRun2 tiasaoms
§ sob- In(1 +S/B) weighted —— Signal + background ] 16F oS .
% s ---- Background - 1af — ATLAS E
5 40F 7 12f

O B 1

=

Data — Bkg

Signal strength u = 2.2 = 0.7 times Standard Model value
Negligible change in NLO QCD [y

Higher-order EW unimportant

Statl Stl CS? BS M p hyS|CS? Boto, Das, Rom3o, Saha & Silva,

arXiv:2312.13050



Higher-Order Higgs Couplings

Standard Model Lagrangian contains //HH, VVHH couplings in
Higgs potential IV (/), Higgs kinetic term |D H |2, respectively

Directly related to (m,, m,,) and VV H, respectively

Absence/modification would destroy consistency
(renormalizability) of Standard Model

Could be modified by, e.g., higher-order terms in effective field
theory, e.g., H° or |H|*|D ,H|* BSM physics?

Parameterized by k,, k., respectively

Measuring them is next frontier in Higgs measurements



An alternative
potential

kK, %1
A

Standard
potential

K, =1

Higgs field value
in our Universe

Current
experimental
77777 knowledge

Diagrams for
double-Higgs
production

Loop corrections
to single Higgs
production
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Search for Triple-H Coupling
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ATLAS Collaboration, arXiv: 2211.01216

Search for

HHH Coupling -

Limit on double-Higgs production

OggF + vBr(HH) [fb]

From double- .

Higgs search

Obs. Exp.
bbyyl } 42 57
s + 47 3.9
bbbb}- * 5.4 8.1
Combinedf~ ¢ 2.4 2.9
PN 5T TN T YT N M N T YT AN T ST NN Y SO S
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—— Observed limit
Expected limit

ATLAS
Vs =13 TeV, 126—139 fb-"
oot , ver(HH) =32.7 fb

[ Expected limit £10
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(UpH = 0 hypothesis)

30

95% CL upper limit on HH signal strength uyy

Limits on triple-Higgs coupllng
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Evidence for VVHH Coupling

- ATLAS

- Vs =13 TeV, 126—140 fb™"
- HH combination
— All other K fixed to SM

-
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= Obs. 95% CL

#+ Bestiit(4.3,092) _

=== Exp.(SM)95% CL % SM prediction .

K,, = 1.02 + 0.23 if other Higgs couplings have Standard

Model values

ATLAS Collaboration, arXiv:2406.09971



... to make an end is to make a
beginning.

The end is where we start from.
T.S. Eliot, Little Gidding
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il * « Empty » space is unstablejize
® » Dark matter LHC

& ° Origin of matter LHC

* Sizes of masses LHC
8 » Masses of neutrinos

* Inflation

* Quantum gravity

, =
dard Model E””’[/qlg_llyli
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Everything about Higgs is Puzzling
L = yHyY + 2| H]> = \H|' - V;

 Pattern of Yukawa couplings vy:

* Flavour problem
* Magnitude of mass term u:

* Naturalness/hierarchy problem
* Magnitude of quartic coupling A:

* Stability of electroweak vacuum

* Cosmological constant term V.

* Dark energ= : : : :
Higher-dimensional interactions?




Naturalness of hierarchy of mass scales

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:
f S

/’-\
\
H / \
o - \ l
\
EI_____\..,_/_/ _____

e Each is quadratically divergent: /"d%k/k?
. v . .
Amy, = —16—:‘_@[21\2 + 6m7 In(A/my) + ...
As

1672
e Leading divergence cancelled if

Am3, = [A* —2mZIn(A/mg) + ...]

Supersymmetry!

As = yjzf X 2



What lies beyond the Standard Model?

Supersymmetry?

New motivations
e Stabilize electroweak vacuum from LHC

e Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

e Successful predictions for couplings
— Should be within few % of SM values

* Naturalness, GUTs, string, dark matter, g, — 2?...,



Will the Universe Collapse? )

Should it have Collapsed already?

Not if
infinite barrier:

Fluctuate over barrier
in the early Universe?

We are here

Supersymmetry?

Tunnel through

barrier now?

The Big Crunch

Quantum fluctuations

EEEEEEEEEEEEEEEEEEEEE

Alessandro Strumia




Is “Empty Space” Unstable?

180
Depends on Instability /
. 178
masses of Higgs /
boson and top

>
L 176 1012 GeV
o
q u a r k ; Metastability

2 174 Measured

2 A N H E values
E

At,b Y g 172

=

H------- 44— ------- H

170 Stability

o d) B . g ,. .
]6#27 = 12(\2 + h? A — h}) + O(g*, ¢*)

dat

Vol ()2 168
t = log(Q”) 120 122 124 126 128 130 132

Higgs pole mass M), in GeV



Is “Empty Space” Unstable?

® Dependence of instability scale on masses of Higgs
boson and top quark, and strong coupling:

Logjgea = 105—13(——1726)+11(——125 1))+0.6(

ay(my;) —0.1179
0.0009

Buttazzo et al, arXiv:1307.3536;

. NeW LHC value Of mt : Franceschini et al, 2203.17197
m, = 172.52 + 033 GeV [Ty

® |atest experimental values:

my = 125.1 + 0.1 GeV, a,(m,) = 0.1183 £ 0.0009
e Instability scale:

log )= = 10.9+0.8

e Dominant uncertainties those in a, and m,



Nothing (yet) at the LHC

No supersymmetry Nothing else, either
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Unexplored nooks?
Novel signatures?




ATLAS Collaboration, arXiv:2402.01392

Survey of SUSY searches in pMSSM

Lines = chargino/neutralino exclusions in searches with
simplifying assumptions on spectrum and decay modes
Black = < 10% of pMSSM models excluded

Cream = > 90% of pMSSM models excluded

ATLAS

EWKino scan, v/s=13TeV, 140fb™"!
ATLAS exclusion fraction

N — ATLAS simpl. wino/bino model excl.
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EWKino scan, v/s=13TeV, 140fb"
ATLAS exclusion fraction
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Many low-mass pMSSM models consistent with constraints

“Not dead yet”

Monty Python and the Holy Grail



“..the direct method may be used...but ind
needed in order to secure victory....”

“The direct and the indirect lead on to each other in turn. It is
like moving in a circle....”

Who can exhaust the possibilities of their combination?”

Sun Tzu




Effective Field Theories (EFTs)

a long and glorious History

e 1930’s: “Standard Model” of QED had d=4 : :
e Fermi’s four-fermion theory of the weak force
e Dimension-6 operators: form=S,P, V, A, T? ><

— Due to exchanges of massive particles?

e VV-A => massive vector bosons => gauge theory

e Yukawa’s meson theory of the strong N-N force
— Due to exchanges of mesons? = pions

e Chiral dynamics of pions: (0momn)mnmt clue = QCD



Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
(quantum numbers of particles) but incomplete

e Look for additional interactions between SM particles due
to exchanges of heavier particles

e Analyze Higgs data together with electroweak precision
data and top data

e Most efficient way to extract largest amount of
information from LHC and other experiments

e Model-independent way to look for physics beyond the
Standard Model (BSM)



Dimension-6 SMEFT Operators

. X3 H% and H*D? V2 H3
e Including 2- and 4- | @ 7 arae | o iy’ O, [ (B Ge )
o PTG GrrGor |04 (H'H)O(H'H) | Oun (H'H)(gyu, H)
b TIK Yy IvynsJ Kpu t 5 t i
fermion operators | (@ =7wrwnw ) (Lo, [ Gmprm (o, m)| (Qu | (i)
W L v P
. X2H? V2 XH V2H?D
e Different colours for (o ma o) ICRRE T
. Oua H'H G4,GAw o) (H*zD' H)(I,r14"1,)
different data (00 HYH W, W O (Hsz H) (@ er)
Ouw HYH W], W o4, | (H'iD, H)(@" )
sectors [Ous H'H B,,B"" Oa | (H'iDy H)(@pr'v"qy)

OHI} HfH B/“IB#U

e Grey cells violate (Ouws | HATHWLE™

Onis HirTHW] B

Ou. | (H'iDy H)(uyy"u,)

\OQus | (H'iD, H)(dy"d,)/
Otua i(HfDI-‘H) (ﬁp'yydr)

5 LL)(LL) , LD (R
S U ( 3 ) Sy m m et ry [ O, (l—,,'y,,l )(LsyH1y) ] O.. (epyuer)(esyter) O,. __
O;;,) (Qp'YuQI)(qs! ‘qt) 0.. (ﬂ;p'Yuur)(Tfs"/“Ut) 0. p by ) (UsY™a
e Important when . o | (mtiar @)
. . 0{(’1‘) . ’
including top 0 | (g T A

0,(,:,) ((1])'7;1(17 )(d ’7“ df)
(@7 T4 ) (ds

observables

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779




SU(3)°: EWPO + Diboson + Higgs

0.05

W 2018 data WM 2020 data
0.041 m no STXS ™ No Zjj

0.03

Dimension-6 Constraints .

with Flavour-Universal =

-0.03
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Top Production at the LHC

Top Quark Production Cross Section Measurements Status: April 2024

ATLAS Preliminary Theory

10° F-ora- | RUN1,23 V5=57,8,13,13.6 TeV e e :
r v Data 0.255 —0.257 fb~?

o [pb]

T Fa LHCpp Vs=7 TeV
=O=
BBl Data 45-461b!

LHC pp V5 =8 TeV

BB Data 202-203bt

- = n LHC pp Vs = 13 TeV ]
10t B I BEl Data 32- 1401 __

I LHC pp V5 = 13.6 TeV

Bl Data 29!

1071

-
102 E =
tt t tW t ttW ttZ ttH tty ty tZj 4t

t-chan s-chan fid. ¢+jets fid. €

® Many different final states: most measurements agree with
NNLO+NNLL theory

34



it Cross Section as Function of

‘_l_| l_ l T T T I T T T | T T T I T T T | T T T I T T T ]
= 0.005 ATLAS+CMS Preliminary Vs =8 TeV, Nov 2017 |
D LHCtopWG .
O, = ATLAS, L =2031b" i
= = EPJC 76 (2016) 538 7]
E 0.004— e CMS,L=19.7 1" —]
© - EPJC 75 (2015) 542 n
- L _
@) ~ = NNLO (CT14 PDF) ]
S L o _ _
D 0003 L HR = ;J.F = HT/4’ mmp =173.3 GeV ]
M = arXiv:1606.03350 -
- . N EETY NLO (CT14 PDF) ]
- Mo=n = H./4, My = 173.3 GeV
0.002 _— arXiv:1606.03350 ]
0.001— —
I_l 1 1 | | 1 1 1 | 1 Il 1 I 1 1 Il | 1 1 ! | | 1 1
> 1.5 e L
o o ln CMS stat. @ syst. unc.
_,-GC_,) o C ATLAS stat. ® syst. unc.
B 2’ 1% R DT e ueiauaiaquisuagaquisgaqery
cU Z E I =
8 0.5 f | 1 1 1 | | 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | | 1 1
o 400 600 800 1000 1200 1400 1600

® Good match to theory, except

m_ [GeV]

close to threshold?

dO,'
dO'SM

it

CMS tt(l+jets), 13 TeV

2.0
1 + Data s Co=-150
SM v Ci=0.38
* Bestfit @ Cg+Cis
1.5
FTYYVVYY v v v v
1.0 "A ; ‘)‘4_.1\‘_ FS J‘ J‘
: I l —I_ 2 t_ * by
LIRS T
0.5 T T T . T bl
500 1000 1500 2000 2500
M [GeV]

® Can problem be fixed by BSM?

® No improvement with SMEFT

® Higher-order QCD effects?



Spin Correlations

® Correlation between two polarised qguantum-mechanical

1
subsystems p=-(181+B,-0®1+B;-190+C -0 ®0)

4
® Correlation matrix: Net subsystem polarisations:
C= {Cz'j}i,j=1,2,3 B, = {Bli}izl,Z,Sa B, = {sz}j=1,2,3 (=0fort, 1)
® Spin singlet correlation matrix (pseudoscalar):
-n 0 O
Clsinglet) _ | 0 0
0 0 —n¢

® Entanglement marker for spin O:
—Cik —Crr —Cpn=-3D D= =1

1
n > - = entanglement,

3
Afik & de Nova, arXiv:2003.02280, 2203.05582;

Maltoni et al, arXiv:2401.08751



Particle level D

Entanglement at ¢f Threshold

- §ol

é.

[ ] —-— Limit (POWHEG + HERWIG 7)
---- Limit (POWHEG + PYTHIA 8)
o s Theory uncertainty
- @ Data
é ® POWHEG + PYTHIA 8 (hvq)
B POWHEG + HERWIG 7 (hva)

340<m;<380 380 <mg< 500 my; > 500

Particle-level invariant mass range (GeV)

ATLAS Collaboration, Nature 633, 542

CMS
I/ POIWHEGV2 +IHERWIG+|++m / o,
W/l MG5_aMC@NLO(FxFx) + PYTHIAS + 7, /

/! POWHEGv2 + PYTHIAS + 1, / ,
/'] MC Stat.
/11/\' MC Stat. @ Syst.
— Entanglement boundary
A Data extr. with PH+P8
t®#1 Data extr. with PH+P8+;

36.3 fb~' (13 TeV)

m(tt) <400 GeV
B,(tt) < 0.9

-0.491:4%5

a|qesedag

~0.480*0:055

PSR ST AN TS ST (N TSN NN T AN ST ST N S U ST S MR
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

0.30
D

CMS Collaboration, arXiv:2406.03976

Significant spread in predictic3>7ns of QCD Monte Carlo codes



CMS Signal

Consistent with

CMS Preliminary 138 fb~1, Run 2 (13 TeV)
|

pseudoscalar: —
or A N, U(nt) =1.11%20.12 Strength Compatible with
M Uncertainty Theoretical Prediction for 7,
1 ) 1 . v . T " ~ | Fuks, Hagiwara, Ma & Zheng, arXiv:2102.11281
-g POStflt (BG + nt)) ll Vs | o) [pb]  o(tf) [pb] | Ratio
3 7 TeV 1.55 172 0.0090
O 8 TeV 2.19 246 0.0089
Pl 13 TeV 6.43 810 0.0079
C] \ 14 TeV 7.54 954 0.0079
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O
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O
+d
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CMS Collaboration, CMS-PAS-HIG-22-013
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Correlations
used to Analyze
Enhancement

® Entanglement markers

® Distributions

1 do 1 1 do 1

=Y (- Dep - :—(1 D an)
o dchel 2 ( “h 1) g dchan 2 + h

® \Where

_Ckk - Cr'r - Cnn =-3D
—Cir + Crr + Cpp = =3 D(k)

CMS Collaboration, CMS-PAS-HIG-22-013

CMS Simulation Preliminary (13 TeV)
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Events / 50 GeV

Ratio to Bkg.

Signal in ATLAS Data?

= o B B B B L L LA
10 E_ATLAS $ Data  [Jtt
107k Vs=138Tev, 140" [JW+jets Il Multijet
E AH -t 1-lepton [l Single top [] Z+jets
106|;— g‘;i‘l"c‘g:%ﬁ; [ Others  ~~ Uncertainty
E Pre-fit In the lower panel:
10° —— m,=500GeV, tanB=2.4 x 10

10*
10°

10?

— m,=800GeV, tanf=0.4 x 5

col ool cood veood v vl

400 600 800 1000 1200 1400 1600 1800 2000

m,; [GeV]

40

Events / 100 GeV

Ratio to Bkg.
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ATLAS Collaboration, arXiv:2404.18986



Has CMS Discovered a Boson
with Mass around 340 GeV?

® An elementary boson?
® Extended Higgs sector, ...
® or toponium?

® Predicted to have a mass a few GeV below the
threshold: 343.5 GeV

® Production of vector toponium in ete™ collisions
studied in detail

® Relatively few studies for toponium in proton-
proton collisions

® Fascinating QCD problem!
41

do / dM [pb/GeV]
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Additional Higgs or tf Bound State?

® Example: 2 Higgs doublet model @ Prediction of QCD

® Sommerfeld enhancement:

® 4 extra physical Higgses: neutral
summation of (a,/v)"

pseudoscalar, scalar, charged:
A, H, H*

® Expect interference with QCD
background (peaks & dips)

® Lowest-lying tf states in s-wave:
Cmewommoges - Ceen 1S,3 S, (pseudoscalar, vector)

0.50 |

r/m=10%, G=1,S+1 — CP-odd
0.25}

0.00

-0.25

® Production of scalar 3P0 suppressed

-0.50

Ogsm — Oqcp [pb]

-0.75

® No wavefunction at origin

-1.00

-1.25¢

T 8 e Forbidden in gg collisions (Landau-Yang)
V5 [Gev]

Djouadi, JE, Popov & Quevillon, arXiv:1901.03417
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1, Enhancement below Threshold

do / dM [pb/GeV]
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Kiyo, Kilhn, Moch, Steinhauser & Uwer,

arXiv:0812.0919 [hep-ph]
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Sumino & Yokoya, arXiv:1007.0075

e Colour-singlet, 77, pole dominant below nominal 7t threshold

e Cross-section >> perturbative QCD calculation of do/dm,
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da/dmy [pb]

A Pseudoscalar Boson?

Interference: imaginary

pure signal
total

interference

background

\s=13 TeV
9at=0.78
M,=365 GeV
M4=4.3 GeV

real - - - -

350

200
My [GeV]

450 500

Djouadi, JE & Quevillon, arXiv:2412.15138



A and 7, both Consistent with Data

CMS Preliminary 138 fb~! (13 TeV)
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reconstructed Cyg

CMS Collaboration, CMS-PAS-HIG-22-013



Measurements of CP Violation

World-leading measurements of CKM angles in B decays Discovery of CP violation in D decays

AAcp = Arp(D? — K"K — Ap(D° = n77™)

0.7 — A B B S o e e e B — (_ —4
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05 2 i = Larger than SM expectation,
g ' solwicos2p<0 . o pe . .
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Highlights of Heavy-lon Physics

Jet quenching Small (but increasing?) viscosity

NS | st 04
’ ™
E,(GeV)
100 Pr L;;g'?qc':'v,c 0.3] ‘
3 £ 02!
40
o 0.1
1am |
0.15 0.20 0.25 0.30 0.35

T [GeV)

QCD plasma is most perfect fluid known

In QCD vacum, jets hadronise
Higher viscosity at higher temperature?

In QCD plasma, jets thermalise

Nijs, Gursoy, v.d. Schee, Snellings, arXiv:2010.15130, arXiv:2010.15134




Higgs physics?

Dark Matter?

~.

. ‘}g
k\k v A
. A new boson?
* 3
\4- Unknown f‘
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Standard Model




