Introduction to LHC physics

* mlnola-" —4

[ <SCSe~

=S| IO [ < MV//
nﬁunmuﬂl.AM- %35

'f"ole

Triggering Discoveries in High Energy Physics III, Vysoke Tatry, Slovakia 2024



1. LHC:

Stress-testing
the SM
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CATLAS

A EXPERIMENT
http://atlas.ch
Run: 280464

Event: 478442529
2015-09-27 22:09:07 CEST
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The Standard Model

Standard Model Production Cross Section Measurements fu‘i’e“sz’oz y
PP Y ¥
pp inelastic

Jets R=0.4
Dijets R=0.4

* no free parameters

— fully predictive “

LHC pp Vs = 13 TeV

- Data

stat
stat e syst

e Stress-testing the SM at LHC B - e Lo

- Data

stat

LHC pp Vs=7 TeV

Very good overall agreement! [

stat @ syst

WHW-jj EWK
WEW*j EWK
WZjj EWK
ZZji EWK

107 1073 1072 10t 1 10° 10 0.51.01.52.025

o [pb] data/theory
[ATL-PHYS-PUB-2024-011]
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Jet measurements

Standard Model Production Cross Section Measurements fu‘j’e“sz’oz y

background of most SM/BMS process
* Driven by QCD:

test of perturbative (and non-

perturbative) QCD

107 1073 1072 107* 1 10 10> 10 10* 10° 10° 10'! 0.51.01.52.025
o [pb] data/theory

[ATL-PHYS-PUB-2024-011]
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The Standard Model

Standard Model Production Cross Section Measurements fu‘f;’e“sz’oz y

* Electroweak bosons: y, Wt Z:

involving 1, 2, or 3 of them

e (Clean signatures (<1% unc.)

107 1073 1072 107* 1 10 10> 10 10* 10° 10° 10'! 0.51.01.52.025
o [pb] data/theory

[ATL-PHYS-PUB-2024-011]
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The Standard Model

Standard Model Production Cross Section Measurements fufj’e“sz’oz y

: heaviest particle Top quark

. priority of LHC

[ATL-PHYS-PUB-2024-011]
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2. Precision

phenomenology with
the SM
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cominon process: jets

experiment

CATLAS
1 EXPERIMENT
http://atlas.ch
Run: 280464

Event: 478442529
2015-09-27 22:09:07 CEST

“The most common is when nothing happens...
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Jet measurements

Standard Model Production Cross Section Measurements fu‘j’e“sz’oz y

* Underlying 2 — 2 scattering:
3 independent variables
d3c

dy*dybdnyj

102 10 10* 10° 10° 10! 051.01.52.025
o [pb] data/theory

[ATL-PHYS-PUB-2024-011]
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Jet measurements

29.6 o' (13 TeV)

Data
—— CT18 NNLO x NP x EW

* Underlying 2 — 2 scattering:

(pb/GeV)

3 independent variables
d3c

dy*dybdmjj

=

o
—
[e)]

d*c
dmy,2dypdy*

200 bins, few % uncertainty

Diff. cross section

29.6 fb~' (13 TeV)

1000 2000 5000
R my,2 (GeV)
5000 [CMS 2312.16669]
my 2 (GeV)
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Calculating cross sections

o Observables = combinations of outgoing momenta

do
E :jdcbn Opp

/

"

) (0 — @(Pp ---rpn))

3

phase space of
outgoing particles

multileg
cross-section

observable = combining
final momenta
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Calculating cross sections

o Observables = combinations of outgoing momenta

o Separation of scales: Qugra = Qjer > Agcp

do 5
= j Uy, Gy iy © (0 — 0(p1, ---,Pn))

VAR

3

phase space of multileg
outgoing particles cross-section

observable = combining

final momenta

Collinear factorization:

O-pp—m =deldx]fl

Adam Takacs (Heidelberg)

L

parton distribution

in protons

p
? () £ ) ® Gy ® 1405

:

« Implied by choosing clever O!

Q
™~

parton cross
sections

power corrections:
non-fact, hadronization, etc.
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Calculating cross sections

Adam Takacs (Heidelberg)

Cross section in collinear factorization
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Evaluate cross sections with precision!

hy h, . A
Gppom = | dxidxy £ (x) F1 () ® 61y ® [1 +0 (—)]

pdf
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LO

N2LO < 5%
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< 40% : LL
NLO® < 20% I NLL < 20%

~
< 100%

' N2LL < 5%
| J

“also mixtures of ag & a,!
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Case study: photon + jet

NNLOJET pp—y+j ;>1) /s=13TeV
Coupling (loop) expansion e, | TR

, f == ATLAS +—e—i |
10 E o E

@) L f e E
— asle vy =

d()'/dp T [fb/GeV]

NLO

asde 1073 3

10*5 :1 I I I I

13 T T 5 T

T
12 -
Tos R U 55 5% WS ]
(+ asa?) 1+ . e H’—}— i
0.9 L}J{* )
0.8 - -
0.7 -

0.6 U ‘ ‘ i

125 200 300 500 1000 2000
pr[GeV]
[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]
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https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf

Case study: photon + jet

NNLOJET pp—y+j ;>1) /s=13TeV

. . 10* ;
Coupling (loop) expansion
Q >
— AsUe v
O
£
T —————— =
N
)
—_— ~
3
Q
2 2
—] = & s e
LLLLLIII A ‘(Qb\
o 13 T T T T
12 | -
E a?“e S b |
. (+ asa?) % 1 +'—’—'+M'—F+++
L= S 1
S 08 g
& 0.7 1
0.6 1 L 1 L ! L L P }—{}_‘ L
125 200 300 500 1000 2000
pr[GeV]
[Chen,Ghermann,Glover,Hofer,Huss 1904.01044]
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https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf

Case study: photon + jet

NNLOJET pp—y+j N;>1) /s=13TeV

Coupling (loop) expansion S Lo

id [ o NLO 0 i
—e—y NNLO E
F [ ATLAS —e—i ]

102 L e ]
) ol [ —|
—

A 3 e ]

dO'/dp T [fb/GeV]

NLO
mQ
(UQN

l.

A~ B ————— A A A

NNLO

(+ asa?)

Ratio to NLO

06 1 I 1 " ! n n P }—{}—‘ 1
125 200 300 500 1000 2000
- ' , . prGeV]
HL-LHC 1% uncertainty target (a; ~ 0.1, a, ~ 0.01): 0(a$, a,) and O(a3, asa,). [Chen,Ghermann,Glover,Hofer,Huss 1904.01044]
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https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf

Case study: photon + jet

Main challenges:

1. Multi-dimensional integral

0.9
08

ATLAS anti-k, R=04 1, =P —— Data
: ’ --- L0

NNLO pp — jjj needs 100M CPUh to measure ag. Particle-level TEEC P, >60 GeV ag(m ) = 01180 O
[ATLAS 2301.09351] Vs=13TeV; 139 Mli<24 MMHT 2014 (NNLO) NNLO

S 1121;_ Hy, > 1000 GeV

9] A

E e

P = e

=

o
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https://indico.cern.ch/event/1317494/contributions/5697743/attachments/2770816/4827786/QCD_meets_Gravity_Huss.pdf

Case study: photon + jet

Main challenges:

1. Multi-dimensional integral

NNLO pp = jjj needs 100M CPUh to measure as. O o
)4 L1111111
[ATLAS 2301.09351] Z. S
Z T T ———>———
2. Infrared singularity ; ; :
oo's o's o's
matrix elements are divergent but their sum is finite fl\
3. Multi-loops complexity \?/
finite

— Feasible for a few legs ®
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Jet resummation

Separation of scales: 0,0 = 000 » Agen

Collinear (to the beam) factorization:

Opp-n = Jflp(xl) fjp(xj) ®é\-ij—m

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia

Only for a few legs.
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Jet resummation and event generators

Separation of scales: 0,0 = 000 » Agen

Collinear (to the beam) factorization:

Opp-n = fflp(xl) fjp(xj) ®é\-ij—m

* Additionally: Quua > Qjer » Ageo
Soft or collinear limit (to the jet)
Oij>m+1) = Ojjon @ 0152

Markov-like process — parton shower

Recent progression in (N)NLL parton showers!

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia

Only for a few legs.

For many legs!
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Jet resummation and event generators

Separation of scales: 0,0 = 000 » Agen

Collinear (to the beam) factorization:

Opp-n = f 1 G £ (%) @ Gijoom

* Additionally: Quua > Qjer » Ageo

Soft or collinear limit (to the jet)

Oij>n+1) = Ojjon @ 0152
Markov-like process — parton shower
Theory behind event generators.

[Pythia8: P. Skands]
Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia 24



Jet resummation and event generators

Separation of scales: 0,0 = 000 » Agen

Collinear (to the beam) factorization:

— p p A
Opp-on — fﬁ (xl)f] (x]) ®O-ij—>n
* Additionally: Quua > Qjer » Ageo
Soft or collinear limit (to the jet)

Oij>n+1) = Ojjon @ 0152

Markov-like process — parton shower

Event generators also include: hadronization, MPI, ...
[Pythia8: P. Skands]
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Event generator Experiment

—

t = -8.0x107%7 s
= -0.00240 fm/c

-0.002 -0.001
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Summary of SM studies:

SM is complete: stress testing with LHC — good agreement!

Predictions are based on perturbation theory.
At high accuracies QCD & EW diagrams are needed.

At 1% precision non-perturbative effects also comes to play

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia



N

“}'Mh\\;\\k\; \\
IR

quark-gluc

=

Z
=

208Ph
Adam Takacs (Heidelberg)




Heavy-ion collisions

o Heavy-ion program at LHC and RHIC
o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:

Adam Takacs (Heidelberg)

§

;&PHE;\I
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Heavy-ion collisions

o Heavy-ion program at LHC and RHIC
o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:

. Quenching (= energy loss)

Adam Takacs (Heidelberg)

balanced
jets

L

[O. Saariméki’s (2018)]

; ,:":1ost
X\ energy

-

unbalanced
jets

PbPb
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Heavy-ion collisions

o Heavy-ion program at LHC and RHIC

o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:

. Quenching (= energy loss)

. Collective flow

Adam Takacs (Heidelberg)
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[CERNCourier]

t=2fm/c

t=10fm/c
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Heavy-ion collisions

o Heavy-ion program at LHC and RHIC
o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:

. Quenching (= energy loss)

. Collective flow

. Soft photon excess

. Strangeness enhancement
. etc.

“Hydrodynamic” picture of AA collisions!

Adam Takacs (Heidelberg)
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Heavy-ion collisions

o Heavy-ion program at LHC and RHIC
o Nuclear matter at high energy

o Discovery of the quark-gluon plasma:

. Quenching (= energy loss)

. Collective flow

. Soft photon excess

O Strangeness enhancement
. etc.

“Hydrodynamic” picture of AA collisions!

Adam Takacs (Heidelberg)
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https://www.youtube.com/watch?v=gFV-9VeqzkE

Real-time dynamics of HI collisions

[Berges,Heller,Mazeliauskas, Venugopalan 2

far from equilibrium equilibrium
strong QCD fields quasi-particles fluid fields T'(t, x), u"(t, x)
Pb Pb , ‘
|
— ‘l’ N <’1—) ) b\ dl. —
“’ ',.‘ \ - -_— \
tilllc t << 1fm/c t~1fm/c t ~1—10fm/c large systems

small systems

classical field theory
kinetic theory . ,
viscous hydrodynamics

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia
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Real-time dynamics of HI collisions

[Berges,Heller,Mazeliauskas, Venugopalan 2005.12:

far from equilibrium equilibrium
o strong QCD fields quasi-particles fluid fields T'(t, x), u”(t, )
B — ‘»"i il | g
W <« B —> gb% iI—
\\:‘ \t\ I ’ \}
tilllc t << 1fm/c t ~1fm/c t ~1—10fm/c large systems

small systems
classical field theory

kinetic theory . ,
viscous hydrodynamics
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Real-time dynamics of HI collisions

[Berges,Heller,Mazeliauskas, Venugopalan 2005.12:

far from equilibrium equilibrium
strong QCD fields quasi-particles fluid fields T'(¢, z), u* (¢, z)
Pb Pb ,
\‘y\ —_— l»”‘:
G - T“ \) b\ %1}—» ‘) ( —
A ¢ } \
tilllc t << 1fm/c t ~1fm/c t ~1—10fm/c large systems

small systems
classical field theory

kinetic theory . ,
viscous hydrodynamics

3. Hydrodynamics:
*  Close to equilibrium
*  Very small viscosity
*  Freeze-out.

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia
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Success of the “hydrodynamic picture”

Bayesian analysis:

Adam Takacs (Heidelberg)

N PbPb; 76 [GeV]

w [fin]

0.85

cenlyom| %)

N PbPbs o> [GeV)
T fluet

P

9

unin [ fi)f

0.64

Twiten [MeV]

043

.

X struct

Thya [fm/c]

n/
(1/$)stope [GeV "]
(/9)sstope 1GeV!]

(17/5)0.8 Gev

(Z/9)mew [MeV]]

hydrodynamics @, 1Gev
5T/

Tanl/ T/

-0.19

Thyd)

ay|

-0.38

\/(ﬁf) —(B2)

AEOs]

fsniasH
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=
=
=
=
=

T flue

i -0.57

n/

JsnasH )

din [fm]
T.sT/n
T,
(!
¢

X
Thya [fm/c

(&/9)r, 1GeV]

[Giacalone,Nijs,van der Schee, PRL 131.202302]
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Success of the “hydrodynamic picture”

Adam Takacs (Heidelberg)

Hvydrodynamics:
* density
* temperature
* QCD equation of state
* Viscosity

Triggering Discoveries in HEP, Slovakia
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Success of the “hydrodynamic picture”

* nucleus tomography!

Adam Takacs (Heidelberg) Triggering Discoveries in HEP, Slovakia
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Nucleus structure in heavy-ion collisions

1.8
& o TP-Glasma-+MUSIC+UrQMD (3, = 0)

S IP-Glasma+MUSIC4+UrQMD (8, = 0.18)
E 1.6 ALICE data —O—
*) " ® © 31N\
o Hydro response is sensitive to the P Ly
~
nucleus shape / ) .
vf — “: 9( ) 2 1 6 8 10
o Clever measurements constrains / cetraly (%)

[Xe shape: Bali et al, 2209.11042]
nucleus structures

’ T =0.6 fim/c — LHC [Trajectum] [0.217 + 0.058 fm]
é:“ — PREXII
o State-of-the-art precision in: | abniti
vKTF i E
 nucleus shape ' : - |
3 0.0 0.1 0.2 0.3 0.4

* neutron skin

Ary, =1, — rp [fm]

[neutron skin: Giacalone,Nijs,van
Trajectum 5 fm der Schee, PRL 131.202302]
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The puzzle of small systems
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Small system collectivity

[Grosse-Oetringhaus, Wiedemann 2407.07484]

o flow-like signals in: pA, pp, yA
o strangeness enhancement in: pA, pp
o Hydro description works!

o Quenching haven’t been observed

Adam Takacs (Heidelberg)

- t=4.5fm/c

Triggering Discoveries in HEP, Slovakia

t=4.5fm/c - t= 45fm/c

[\L(]: Naturel3 (2( )}
[PHENIX pA: )ahu(
[STAR pA: PRL.130.
[CMS pp: PRL116.17
[ALICE pp: PRL.132.1

4
1

302]

5.21

24230

2302]
72
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Small system collectivity

o flow-like signals in: pA, pp, yA
o strangeness enhancement in: pA, pp
o Hydro description works!

o Quenching haven’t been observed
o Why does hydro work?!

o Where is energy loss?

- t=4.5fm/c

— precision is needed! (jets)

Adam Takacs (Heidelberg)
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[Grosse-Oetringhaus, Wiedemann 2407.07484]

t=4.5fm/c - t= 45fm/c

[\L(]: Naturel3 (2( )}
[PHENIX pA: )ahu( 4]
[STAR pA: PRL.13( 1]
[
[

302]

5.21

)24 30

CMS pp: PRL116.172302]
ALICE pp: PRL.132.172:
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CATLAS
A EXPERIMENT
http://atlas.ch
Run: 280464

Event: 478442529
2015-09-27 22:09:07 CEST

EXPERIMENT

Run: 488915
Event: 467566630
2024-11-06 13:22:40 CET

2-jets in pp collision 2-jets in PbPb collision
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Summary:

Heavy-ion collisions = nuclear matter under extreme conditions
Heavy-ion “standard model” = hydro picture

Success of hydro:

* thermodynamic properties of QGP

* nuclear structure!

QGP-droplets creates a great challenge for the future
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Thank you for your attention!
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Precision with jets

o Adding flavor and masses (c-. b-quark jet)
o Identified particles (isolated photons, hadrons)
o mixing QCD & EW corrections

o Resummation at NNLL

o Matching to (N)NLO

o Improve hadronization

+1 Improve underlying event (needed)

[Pythia8: P. Skands]
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Early-time dynamics in HI collisions

-1
1”2 1 Occupancy Nijarg og
ﬂs T T T
&

£ K
< S N
< % 2
5 % 5
B 1B (N s
o % 9 3
8 %, S
H & 2 =
8 P, E)
@ 2 T
o St
& 7
E
2 a7 K 0=6
S ag’ [ My, . >
£ stapijy,
=

5 | =2

Bt BGLMV (const. anisotropy) £et

1 e | €=

Smaller occupancy ng=1/4 ng=1
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