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Introduction

> Proton-proton collisions quite involved phenomena.
> Different QCD phenomenology entering in the description of the event.

> |t can be separated in terms of the energy scale: Do o ST N
| . g o ‘d.o.‘ 2o (E\%\ 6%3 %(k‘i g‘“)\)'
» Hard interaction (Q ~ \/E). Se. Iui\ B P
. . ~ -, .-.° ® : .','Q_Q_Qgﬁ% 2 : “,7) |
o oo | TR ©
» Parton branching evolution (\/E > 0> Apep)- s V
» Hadronisation (O ~ AQCD), Parton Distribution Functions (PDFs). +. %ﬁ mm.
00y mggg;“omy 660’65505
Energy A 3 i )mé,;?, . -:
AP :.o ST . ;"
Hard scale U(h] -+ hQ — V+ X) = Z deldxlfa/h (x,,p,:)j},,h (Xz, ”F) 1h—»V+X(S /"R) + O (QP) N ?.? :. ..' .
ab ’ )
> QCD factorisation theorem:
parton branching evolution total process separated in two parts: short distance
RESUMMATION/PARTON SHOWER  parton cross-section ( ) and long-distance
functions , .
Hadronicscale | ___ __ 'f_"_j‘_“.\_s}'_:"_‘?} _&?_ !}99‘_"9_‘:\_5_ __________ (fa/hl fa/hz)
< 1GeV - i
AS1Ge Hodronization > Agcp IS the energy scale associated to
Mulkipar&i.cl.e interactions hadronisation:
Underlying event e O(100 MeV).
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Introduction

0 ~/3

Hard interaction:
* Quark and gluons within protons interact to

produce high energetic objects. 3 Yy .
* Interactions between quark and gluons within : L . ;
the protons can be ignored at this stage. SRR } 228
e |t can be described by perturbative QCD: ‘:\§:§~" 2l A A««%
2 .:.- - ' — ,-. '. \ ~
a = . .“—' >\ -
A A(O) S A(1) S A(2) . 0t0.
@ab = + 2 ¢ b ( 27!) Ogp T -+ ' ‘.':.‘?._:".\. m m !!!—.‘
——§ > —
6(100%) 0620%) O(5%) R :
LO NLO  NNLO TXNANKE
‘o . - e .

’ 4
> Perturbative expansion in terms of the strong coupling <7 <7//¢l L, ®
a

constant (ag) since it is small at high energies. ?? -'I‘ !

e Running of ag = ag(Q).

Original credit: Sherpa and Ben Nachman
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Introduction

\[§>Q>AQCD

Parton branching evolution:

e QCD shower of outgoing partons created in the
hard interaction leading to jets of hadrons.
- A multi scale process probing all-order
structure of the perturbation theory.

Quark radiating gluons

e Resummation of different orders in pQCD
needed for a fair description of the QCD shower.

> agff(Q) ~ Oq * lOg(Q/\/E) ~ 1. Original credit: Sherpa and Ben Nachman

High energy QCD experimental physics Josu Cantero (UV-CSIC) i



Introduction

QNA@D

Non-perturbative effects:

* Recombination of quarks and gluons into
hadrons (colorless particles).

 Parton Distribution Functions PDF((;, ., X).
> X = fraction of proton p, taken by partons.

> It depends on energy scale Q...

> Estimated from fits to measurements.
> Evolved using pQCD: DGLAP equations.

-

Increase

y
. ®
°

Original credit: Sherpa and Ben Nachman
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Introduction

> QCD Lagrangian has 7 free parameters that need to be
determined experimentally. o
* 6 quark masses which have EW origin: Higgs mechanism.

e ag Which is the only fundamental parameter of QCD: quite

N

predictive theory!. q2 q2
> Asymptotic freedom property: QCD interaction becomes 0.06 T
weaker as the energy scale increases. | \ s ey |
0.04T AR a3 (M) —0.1184 )
> (g Is the SM coupling constant with the largest value. % 002
 QCD corrections are quite important for several processes. ~§
* |t also affect vacuum stability due to the dependence of the 3 000t
Higgs quartic coupling (4) on ag through the Renormalisation % _
Group Equations (RGE). 2

m; = 175. GeV

e \ery important to extract ag with high accuracy. 004" symmetry 2022, 14(7), 1467 [
- Symmetry 2022, ; __

e Currently ag is the less known SM coupling constant

. . u _ I I | I I | I I I I _’
(w/o including Higgs sector). 0 0t 106 10° 100 102 101 1016 1018 10

RGE scale y 1n GeV
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Non-perturbative QCD:
hadronisation




Non-perturbative QCD SIATI AS

* Hadronisation plays an important role in the description of a jet. EXPERIMENT
> Particles interact differently with the detector which affects jet calibration i.e 1) — YY.-

> ATLAS calorimeter: energy response smaller for baryons than 72'0,77.

N III|| IIIIIIIIIIII IIIIIIIIIIlIlIlIlIIIIIIIllIIII

g 114:_ | | _: /C\ E T T T l. L — | E
.._-Q_I— CoE ATLAS Simulation Pythia8 (v8.235) + A4 = S 0.28F ATLAS Simulation =
g 1eE {s=13TeV 30 < o - 40 Gy S 0ogE Vs=13TeV o Pythia8 (v8.235) + A14 =
o 11 Particle flow jets DU B STST A L go4F Gluonjets, | <0.7  ° Sherpa225 anavices E
3. 1.08F Gluon jets, [n| < 0.7 A 120 <p*° < 150 GeV = > 0.25E- 7 Sherpa 2.2.5 Lund E
1.06F v 400 < p'® < 500 GeV —= 2 oE Sherpa 2.2.11 AHADIC++ (tuned) .
1_04?— ! — ué 001.85 v --- Pythia8 (v8.235) + A14 Quark jets -

—-O- - e o _ —
1.02%‘_,3_—0— arXiv:2405.20206 = g 0 16:_ e 00ma | IR

1§=V— = 3 0'145 TV o9 0880000-0-0-000000000—0—0—0—0—0—

0.98]- S = RO S =
0.96 T —%— ! v = TEL =

= —_——— - 0.1 —

0.94— O = = =
0.92E ) - 0.08 —

| E IIIIIIII I IIIIIIII I L1 1 1 | IIIIIIII I L1 1 1 I IIIIIIII E 0.06:_ | 1 I _:

(E) E """""""""""""""""""""""""""""" E B E T E
05 3 E
t@i O;ﬁfmf=§l~—"+---“------; ------------------------------------------------- —E c;> 1; g g a U O S SRR b b =
_O 055.-. ..................... mﬂ-ﬁ?é._.. ....... Z ................... V.! ......... .-g 08:_ ----------------------------------------------------- _E
Baryon Energy Fraction p‘Tet [GeV]

» Constraining hadronisation models helps to reduce JES uncertainties and reduce uncertainties
of non-perturbative corrections to calculations.
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Non-perturbative QCD S

ATLAS

EXPERIMENT

> 0.06_ | | | b I | | | | | I | I | _ > . .
£ " Data 2015 5017 {5 = 13 TeV ATLAS - Based on this observations,
G - = updated MC generator setups
+ - anti-k, R = 0.4, PFlow+JES - = L
@ 0.05,_00 arXiv:2405.20206 _ to define jet flavor response
CCJ A = [ Total uncertainty, di-jets _ uncertainty_
c;—)) Total uncertainty, before precision update, di-jets 7 - Improvements on
LL] 0.04 - [n situ calibration — jet _
- B “lavour generator/shower _ low/medium P~ region.
§ U ~lavour hadronization /f
o 0.03 ~ Mavour shower 1 » Updating single particle
O B - Pileup components i , ,
© B - - Single particle deconvolution a deconvolution uncertainty.
L 002 - - Improvements on
N i Jet L aqi
: 194 - hlghp region.
001._.., ..................................................................................... _ - » <« 19% uncertainty on JES for
s, : 1 plt270Gev.
0 PP — > o 3o
20 30 40 10 2x10 10 2x10 » Uncertainty due to pile-up

pj:t [GeV] dominating at low pJet
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Non-perturbative QCD: jet fragmentation functions

Z distributions of identified pions, kaons and protons separately

S - - - Longitudinal profile Transverse profile
12 20 < p'* <30 GeV 30 < p'* <50 GeV o’ 50 < p’ <100 GeV
10 ot T L, T 4 .'.".v_..-.‘ T
o T -+ e S, . Phad * Pijet . Phad X DPjet
L . \\‘\ % -‘- p—
10 ] Wi, vy \\\\\ g te- !# I’q;‘,'" e 2 9
& _‘_'#, . . R .’.""#‘Wh . 4" . | . | | . |
¥ +3 -4-*:,:._,“"’.* ﬁmb".* g, %, - Pijet Pjet
J -2-%y % Ve e
! — ‘ z"o:' Data '&"’ .‘:- Pythia 8 k; A
-2, - -4 an T ., .
o'k 15=13TeV, 1.64 b 2] K * %1 K* i 1 thad(z) , 1 thad(]T)
pp — Z+jet 1 -t p* sim p* F(]T) —_ .

2 ) =
( ) NZ-I—jet dz

N Z+jet djr

© 0.35
= 03
20.25
0.2
0.15
0.1
0.05

Pythia 8

-- Ki/ﬂ't

> LHCb measurements of the double differential
jet fragmentation functions for pions, kaons and

protons.
Phys. Rev. D 108 (2023) L031103
R R 30 < <50 GeV so<py <100Gev i > Discrepancies between Pythia MC including Lund

forward Z+jet h' 60

hadronisation model and the measurements

are observed:

e Contribution from charged pions (kaons and

. protons) are largely underestimated (overestimated)
o * Further tuning on Lund model needed to improve

: the description.

Log,o (f(z.)j1)) [GeV ']
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QCD resummation
Jjet substructure




Jet substructure: Lund jet plane

e Lund jet plane (LJP) is a theoretical representation of the phase-space within jets, 2
which includes information of the QCD radiation history. = ALICE
 C/A declustering to get a proxy of partonic emissions within a jet!
> LJP Is filled with emissions ordered from large to small angles. : A AS

O EXPERIMENT
F. A. Dreyer et al., “The Lund Jet Plane”, JHEP 12 (2018) 064 ©
A
)
3 O < o \\\
Harder subjet 2 5 0 % 1 \\\
Initial jet O O N
L 1 AR 0 » < ¢ \\\\ »
ofter subjet 0 E/ 3 N
| —_ ® o
\O 2 S g
0 kr ~ pr- AR ° 7
> | | I ang|
Cambridge—Aachen declustering > In(l /A R) arge ang © In(1IAR) Sma ang ©
* The LJP contains a significant amount of information about the radiation pattern of the jet while allowing
for a transparent physical interpretation. ALICE: arXiv::2111.00020
> Parton shower, hadronisation and UE activity approximately CMS: arXiv:2312.16343
factoried in the LJF. | ATLAS: Phys. Rev. Lett 124 (2020) 02
e Measurements of LJP by ALICE, ATLAS and CMS available: ATLAS: arXiv:2407.10879 (W/top jets)
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https://arxiv.org/abs/2312.16343
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
https://arxiv.org/abs/2407.10879

.

Jet substructure: Lund jet plane CMS\\;
2
Z—_\
—
6CMS 138 fb' (13 TeV) CMS 138 fo' (13 TeV)
L © N L L L L L L L L L LB E T I 7T T T T T T T T T T
- : | | | | AK4|jets | | | E 1 = AJ§8 jets =
i 5L 05 700 GeV, |y [<1.7 — o r 09F Py > 700 GeV, Jy, | <1.7 =
102 E ! a : <4 < = 2.000 < In(R/AR) < 2.333 =
- . - - o 08 0.078 < AR < 0.108 =
N - 2 =< a 0.7 =
— - S F - Q. >~ = |8 Data =
T & 3E B =) 2 06F — NLO+NLL+NP E
O < T . Z o = T =
e 10 & p) = — ® S O9F (Lifson, Salam, Soyez) =
~ ; = ] - _g S 0.4— ’ a4 —
- = = 2 @ 03F e arXiv:2312.16343 =
- C f N » & - S R —
] 0.2 & W 0.2 —]
1= 0 = LLI = — -
C 0.1 ol ) ———————
) 0 05 1 15 2 25 3 35 4 0 § ] -2 : | | | | | E
In(R/A R) % 1:2:_ E
e - & 1 | | | |
10 A R 10 L1 |O-5| I 1 L1 1 |1.5| L1 1 2 I |2-5| I 3
In(kT/GeV)
» Measurements compared to state-of-the-art calculations. | 1'0 |

> Non-perturbative corrections dominate uncertainties at low .. k. [GeV]
> Adequate description of the measurements within uncertainties.

o Increase of p(kt) towards low kt due to ag running.
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Jet substructure: energy-energy correlations

* Energy-energy correlators sensitive to energy flow within the jet.

> Simple theoretical properties: symmetry and factorisation

properties. E1E2E3)  (OY)  py(a)—(3)
> EEC ratios sensitive to ag:  (£1&) (0B

E2C = = Jda —25(x, — AR;) 2
de .. : E2 . 5
j &  eeees @)

x, =1/ (A )% + (A )

L }71,] L]

53 ElE]Ek g
E3C = de — % jdo- E3 éa(xL _ maX(ARl,Ja ARi,k’ ARJ,k)) | ..,E
ik Y teedeeees S

e Slope decreasing towards hight pt consistent with ag running.

_ 0.0014 0.0030 0.0023
a(my) = 0.12291“0.0012 (stat)J_rO.OO33 (the())J_rO.OO36 (exp)

 Uncertainty dominated by renormalisation scale (2.4%) and
energy scale of jet constituents (2.3%).

arXiv:2402.13864 &
cmMms | 361.3Iﬂ:|)'l1 (13 TeV)

816_— Datg —_— NNLLapprox+NP ; f)fs-(lo‘n?)36 ‘ 1021 ]

W[ [$]p)":97-220 GeV : ' : B

Q [ [4]p)*": 330-468 GeV °

L|J15— -lj-et — ®)

[ [{]p)r": 638-846 GeV 2
L[ ije‘: 1101-1410 GeV 3
1.4:— 1 :
1.3:— n = o |
1.2k 1
: . 0.98
107
CMS 36.3fb" (13 TeV)
o8- -

O [

(Q\| "

W0.71 N

O »

QT

+ 0.61 N

o |

Q_ L

O »

5 0.5} ]
0.4f ]
0.3f- \{ h

- Theory: NLO+NNLLa

P (GeV)

0-277500 400 600 800 1000 1200 1400 1600
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Jet substructure: energy-energy correlations %

» EEC shows a clear distinction between pQCD and NP regions. ALICE

. : : : O 8r — .
> Similar shape as a function of parton virtuality, Il = | ALICE Preliminary :
Jet _ é % o ~ pp Vs=5.02TeV :
for different p.~ regions. T L « [ Antick; ch-particle jets, R = 0.4 E
= CIEJ > g [ 40<p;¥<60Gevic,|n | <05 i
o —(<E AF e -
virtuality ~ p-R = B p* >1.0GeV/c _
y ~ pri, - é’ ::: - T e Data .
- L — o/ - |
2 S 18 s - 5-Confinement PACD (NLL) -
T~ 1/(prRy) = . O B — AxR, -
T : - -
4 Perturbative AL . -
> Agreement with theoretical calculations. ' evolution : / :
- = _
.; — T |.,.|,| m_;m_11.8 l. . T T T T T T ] T T 3__ = = = = -
' _ ALICE Preliminary 13l F ALICE Preliminary o= Data _ - (iIN .
S, | pp \s=5.02 TeV 1 & B~ ppVs=13TeV ol == 7
i D:_L‘I 5 Atn:l -k ch-particle jets, R = 0.4, |n |<05 _ _8 _8 i anti-k-, ch-particle jets —— ,QCD NLL B i -
II:IIJJ@%_’. _p > 1.0 GeV/c p:—hjet — a4l R=04, |7] t|<05 Eﬁ S 7
% S " Transition region e (20, 40) GeV/c7 . B0< pCh le'l< 80 GeV/c 1 -
S [ o Peak=24GeVic * (40, 60) GeV/c] oL prees T GeV/e - Free -
X - — HWHM = 1.8 GeV/ 1 80) GeV/c- 2 - =
5 1pr02Geve o **3. ° (00,50 Gelie” - o Hadron B
g [ ﬁﬁ | ] D S—
§ i E -0- i 0.8— "CB' 1.5 $ —
s I .~ : +—|— +- 1 o +
z 05 — — 4 Ff
i < _ 0.6— > IR ER A -
I 2 ] l 5 &=F i
p 1** 7 0.4 RL — \/A¢ + A']” g i - AxR, / Data -
_ | e I I = pQCD (NLL) / Data -
O I ] L1 1 11 - 1 | L1 1 11 | ] 1 1 1 . L L1 L L
0.2 ' 2 1
1 avg 10 1072 10‘ R 10 10
Py i R, [GeVic] L R,
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Hard QCD physics




Hard QCD physics: 3-jet/2-jet ratios

e Measurements with hight-pr jets allow to test pQCD

and extract ag and its running.
> Typically lower uncertainties compared to low-p jets.

» Useful for PDF(Q, x) fits; specially for high-x region.

3-jet/2-jet ratios: R,

l\ljet(pT)
1=1

Nr(li))r (A(P' p%tr)r{m
l\ljet(pT)

RAcp(PT) =

jet

Pr

> ag(m,) extraction at NLO:

> 100 GeV, || < 2.5

—0.0074

e Jotal uncertainty dominated
by uncertainty on NLO

calculations ~ 10%.

Data/Theory

0.15

0.1

0.05

d d
PO

o o
o ©O© o

134 b (13 TeV)

2-jet topology

3-jet topology (all jets with pr > 100 GeV)

2t/3 < A, 1 <7m/8

& e P i
i A1 A2 i
A¢
Pty ) 43
@ ]61, »Qg‘%} /62’361' 'Q‘&
Rpp(pr) entries
P12 Numerator: 2 + Numerator: 1 4+ Numerator: 1

2t/3 < AP, 1 <77/8 2t/3 < AP, 1 <77/8

e o Ry (pr) entries|or/3 < ap2<7n/8  ap2 <27/3 AG2 < 270/3
- Ap ~ 71
= Numerator: 0 Denominator: 3
= Denominator: 2
. S T CMS
: _____ 6 B I 1T 11 | I 1 | i
= u Theory at NLO R CMS R,, 7 TeV : EPJC 73:2604 (2013) —
S 0.25— v CMS 3-Jet mass 7TeV : EPJC 15:186 (2015)—
= B + CMS incl. jets 7 TeV : EPJC 15:288 (2015) |
= Dat - * CMS incl. jets 8 TeV : JHEP 03:156 (2017)  _—
E aia - 00 R J " ATLAS TEEC 8 TeV : EPJC 77:872(2017)  —
s _ - 2 oy . ATLAS R,, 8 TeV : PRD 98:092004 (2018) |
- —— CT18 (0g(m)=0.118) ®NP ® EW - - TN . CMSR, 13 TeV -
-_l_ J Sanla ivhamaiatiin = - %% -------- PDG 2023: ag(m ) = 0.1180+0.0009 -
- o - 0.15— ‘}’% —
- 1 PDF uncertainties = 19 ! by i
: A A ' A A A l l: B N
: & ; : i iy -
3 B 0.1 b9 —
F e it E B A DO :Phys. ReV. D 80:111107 (2009) i
B e + # - 0 DO : PLB 718:56 (2012) —
B T e +*+ ++$ - 0.05— o H1:EPJC 75:65 (2015) ]
= . B o ZEUS :Nucl. Phys. B 864:1 (2012 |
: 5 - e @2 400 GeV < <2TeV -
;-_. - | L 1 1 | L 1 | | | | | | L 1 1 | | |
S S . - 10 10 10°
400 500 1000 2000 3000 Q (GeV)
Vv
P, (GeV)
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Hard QCD physics: 3-jet/2-jet ratios
3-jet/2-jet ratios (TEEC):

AlLA

EXPERIMENT

-
L]

> 1.2 Hy, > 1000 GeV
o 1.1
-
— 1=y - =l= = = N
(T
g 09 .- ¢ mmmmm e =
D 0.8 1 1 | ] ] | ] ] ]
0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8
COS ¢
JHEP 07 (2023) 085 |
g 016 — ] —— e Transverse energy-energy correlations (£2C) based
\‘/” : ATLAS * g(\/l -?3531907 - aDrX@ -1?3;{ 4957 = 5)%(!21?2;16(} : . Jet Jet
s F el . ueRy o Gk on jets: p;. > 60 GeV, |y |<2.5.
- 4 ' o ATLASR,, TEEG7 TeV 1 ¢ Excellent agreement by NNLO: large reduction
012 T T Pithag o TEECSTeV of theory uncertainty from NLO to NNLO on TEEC
2 10F i ST o TEEC13TeV - distribution.
T { » ag(m,) extraction at NNLO:
0.08— NNLO pQCD; MMHT 2014 (NNLO) ~ 0.0035
- w(m)=0.1175 00035 (TEEC Global) - aS(mZ) — ().] 1751—0:0018
0.06— &\\\\§as(mzl)=0.1179i0.0009 (PDG 2022) O'5| <OfTeV < 2=

» At NNLO theory uncertainty on ag(m,)
Q [GeV] amounts 2%!!!.

10° 10°
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Hard QCD physics: 3-jet/2-jet ratios DAT! AS
3-jet/2-jet ratios (R;),): dg3j/dx EXPERIMENT

jet jet
py >60GeV, |y < 4.5 doyildx

 Measurements performed for different pr5 regions.

o ATLAS ¢! Data 2
, where X = Hrp,, M max ‘ijj,max‘ , M, ‘Ay]j‘ 14 Vs=13TeV, 140 b 0 HEJ 2

Rs
e

0.8 E][:I .
. . . . : Hee®
> |dentify regions with pry/Ht, <<1 and test NNLO behaviour. 08 WQEEE" :
: : : : : 0.4F = =
> Comparisons with HEJ (including resummation - q UF EGGWWU E
et 4+ .:-j.|....|....| ........... | :
of log( / ECM) W= 24 15 PTG g T T RS-
. = @© R — T
> Important for VBF/VBS topologies. =——————— g0 e T é
e (Good description by NNLO. . ot f R s s T
jj,max
> Beyond NLO terms reduce R3/2 prediction by 5-10%. 9~ .
q
£ ATLAS ' [Total st | o [ aras = Dt | o *% aTLAS o' Data E
S 01 [s=13TeV, 140" —Conditions --JES _ T Vs=13TeV, 140 fb" o NLO E 07E Vs =13 TeV, 140 fo’ 5 NLO E
s 0 E;T’3>O.05XHT2 ...... Modeling - JER | 0gl P, >60GeV A NNLO - 0.6 pT3>O.1O><HT2 A NNLO E
) T ’ u ’ ]
_ - :
% ot EQEEEEQDD - T
o L i e i
T o 0.4 mﬂg 7
i .ﬂ.'i ]
02_—=H= —
| arXiv:2405.20206 | 24 i Eme o 2.
—0. 1 — = © = = ©
0.1 | | | | | | | I | | | | | go é &30
3x107 10° 2x10° _ 3x10? 10° 2x10° 3x10° 3x102 10° 2x10° 3x10°
H., [GeV] H., [GeV] H_, [GeV]
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Hard QCD physics: di-jet production

* Dijet cross-section measurements:
> Test QCD dynamics: double or triple differential cross-section
measurement
e NNLO underestimating the measurements.

> Sensitive to gluon PDF and aq: combine PDF + a¢ fits including
HERA DIS data. |aq(m,) =0.1179 £ 0.0019 1% NNLO uncertainty!

4

CMS 33.5fb" (13 TeV) CMS
|y - T T T T ' ' v 1 t 1 ~~ L L L L
IJ;J - —¢+— Data + stat. unc. Total exp. unc. ‘\':"',; — HERA DIS
y {emereetesraee,, ot 1 X100} HERA DIS + CMS 13 TeV dijets (2D) -
PO S e L 1 D N\ HERA DIS + CMS 13 TeV dijets (3D)
Z g T 25|\ 0 05 1 1.5 2 25 YV
N <0.5 iv" _ B o . 7
:) 0-5 SR E— ymax I arXIVZ31216669 :: pJTI(png) > 100 (50) GeV, |yJet | < 3.0
— - Total theo. uncertain -
Q Fo oo oo oooqoee ty+ : S0F ) "= 1| — 2
T e — -
Z i - — 7 25 m 1
% 05 :_ .0'5.< IYI"‘?".<.1 '.Ou alntl'k.T (R-OB) | _ Yo = §|y1 + 1|
o [ ABMP16 ----MSHT20 —NNPDF3.1]  Of | N | T 1
© C . O LA L <PT>1,2_§(pT,1+pT,2)
T 1 1 <€ 1.1+ — (HERA+2D)/HERA
| R | PRt
[© _ ——- (HERA+3D)/HERA
05F 19<Wing =1 j a0 T Improving high-x gluon
300 1000 2000 ___1oooo 107 107° 1072 10~ .
m, , (GeV) X PDF uncertainty!
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Hard QCD physics: Z production +’AT! AS

. . : ‘(ps EXPERIMENT
> p% in inclusive Z production events sensitive to ag.

80
: . ?‘9; ~ pp—>Z Vs=8TeV
» Strong forces responsible for the ISR radiation and s [
- ; o 8O
the subsequent recoll of the Z boson. g |
: 3 :
> Low-momentum Sudakov region. 40
3 4 Ly i
> N°LO + N"LLa accuracy for predictions. i
2 —
X (,Bexpaﬁth) = — — ag(m,) =0.128
Nd exp+ZFexpﬁ. _o-th—zrthﬂ 2 q €+,'Ll,+ .‘%12‘;.1.:11111111111111111111111111
22\ jtij Pj.exp = 0 k1 jkPk.th 3 .~ Jp—— —_—
2 1 e
i=1 Ai | | | | 8" ‘ e
) ) ATLAS @ Hadron Colliders 0 5 10 15
+ Z X + Z . -@- Category Averages PDG 2022 GeV
, ﬁ‘] AP - ﬁk’th ~®- Lattice Average FLAG 2021 Pr [GeV]
! -@- World Average PDG 2022 _
AN - i T I ] _._ATLASZpTaTeV aS(mZ) — 0-1 183 i 0-0009
% 0.122-ATLAS Pp =2 . AmasaTeec ° 0.1185 = 0.0021 3
3 - V's=8TeV,20.2fb"' ] CMSjets ® 0.1170 = 0.0019 I ' —
0.120— —  Hijets o 0.1147 + 0.0025 In Un|tS Of 1()
L | HERAjets o 0.1178 + 0.0026 . .
0.118C ¢ + = cMS finclusive o 01145  0.0034 Experimental uncertainty
B 1  Tevatron+LHC tfinclusive 4 0.1177 = 0.0034 PDF uncertainty
0.116 ¢ B e o ® 0.1191= 0.0015 Scale variation uncertainties
- ¢ | Tevatron+LHCW, Zinclusive | 7 — 0.1188+0.0016__ .
5 1 < decays and low & _1_ 0.1178 = 0.0019 Matching to fixed order 0 —-0.08
0.114— arXiv:2309.12986 —|  QQbound states . 0.1181 0.0037 Non-perturbative model +0.12 -0.20
L - . ] PDF fits 0.1162 + 0.0020
0.112 [ 1 e'e jets and shapes ® 0.1171 = 0.0031 Flavour model +0.40  -0.29
B MSHT20 PDF | CElectroweakfit [ | &—— 0.1208 = 0.0028 QED ISR +0.14
_ -0 Z -+ latice | ______1C s ! 0.1184+0.0008__ 4 imati
0.110 N S pTI . an - World average 0.1179 = 0.0009 N"LL 4pp roximation +0.04
0 108h cale varations : Total +0.91 —0.88
: NLL NNLL NCLL N*LLa 0.115 0.120 0.125 o.z?mz)
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Conclusions

e QCD has a quite rich phenomenology.

* Huge work on reducing systematics uncertainties and
improving theory calculations.
> They allow to perform thorough tests of QCD in a wide
range of energy scales.

* Other interesting results not covered in this talk:
> / + HF jets (ATLAS): arXiv:2403.15093

Lund multiplicites (ATLAS): arXiv:2402.13052
Inclusive jets at (CMS): arXiv:2401.11355 N e
Jet fragmentation functions (ALICE): arXiv:2311.13322 UOEpainetabaLHG O -
W + ¢ (CMS): arXiv:2308.02285 R
/Z + jets (CMS): arXiv:2205.02872

Dead-cone effect (ALICE): Nature 605 (2022) 440

> Inclusive jets and NNLO aq (ZEUS): arXiv:2309.02889
> Groomed event-shapes (H1): arXiv:2403.10134

ATLAS and CMS multijet production
event displays!

>
>
>
>
>
>
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Hard QCD physics: Z production

> p% in inclusive Z production events sensitive to ag.

» Strong forces responsible for the ISR radiation
and the subsequent recoil of the Z boson.

> Low-momentum Sudakov region.

» N°LO + N*LLa accuracy for predictions.
X 2(,3expa,3th) =

2
€ €

2
i=1 Ai
2 2
T Z'Bj,exp T Z Phtn-
7 -
£'0.122 ATLAS ez -
ok - s =8 TeV, 202 fb' -
0.120F -
0.118F ¢ ¢ =
0.116 ¢ ¢ —
0.114 i —
§ arXiv:2309.12986 -
0.112 = MSHT20 PDF E
0.110[ Rkl S =
B Scale variations |
0.108" — y -
NLL NNLL NCLL N*LLa

Relative uncertainty

P, [GeV]

Relative uncertainty

YATLAS

EXPERIMENT

ATLAS

pp = Z
Ys=8TeV, 20.2 fb

do

3 Uncertainties in =———

dp

T
—e— Total
—s— Data stat

MC stat
—— Central electron
—— Muon
—— Forward electron
—+— Background
—— PDFs
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Introduction

> Proton-proton collisions quite involved phenomena.

> Different aspect of QCD entering in the description of the event.

> Different QCD effects can be factorized in terms of the energy scale:

Energy A

" . AP
Hard scale O'(h] + hfz - V+ X) = Z deldxjdhl(xl,yp)ﬁ,,hz(xz, [lp)()'{lb_,v+x(s, ,llR) + 0 <E>
ab

T parton branching evolution
RESUMMATION/PARTON SHOWER

proton - proton
Hadwnic scale transition to hadrons ~_ }"}:
A< 1GeV A — i
Hadrownization S § ~ <0
Multiparticle interactions Pomeron Y 7\_'. 0L Pomeron
Underlying event . ~—_ remnants

Pomeron

+ Soft-QCD: SDP, DDP ... B
e Double parton scattering. (IR, 1P

. - C -
QQD msta.ntons. ¢ re%"ne;ﬁ?s
e High density QCD ...
proton ~ proton

High energy QCD experimental physics Josu Cantero

P %
()
O
O
C
'o
(7 '
t’Hooft vertex @
S
Q
Q
Q
Q
S
p




Hard QCD physics: inclusive jets an di-jets

> New inclusive jet and dijet cross-sections by ZEUS to extract ag in a PDF+ag fit

at NNLO.

arXiv:2309.02889

NNLO: a,(Mz) = 0.1142 =
NLO: a,(M2) = 0.1159 -

ZEUS

—~ 102
Fg" aNg o
: N e = 0=
o E 2.2 S ‘.o .o
1| il
& [
. R == %

10 H T-E i i T
«ZEUS 347pb~! NNLO (grid®scaleQ PDF®had.) %
cH1 Jet-energy-scale uncertainty {

101
@)
= 1.3 I
Z 1.2 ¥
Z
o 1.1 l T i .
4; 1 = i il J +$ J+..L TFlL ﬁ - Oi’ :

1 sl + 117
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PlBreit @ ™ @ W = = ® 0 = = 0 W = = ® W = = ® 0 = = O 0
((?:eV) e e A A I I e A R R
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- (0.0017 (exp./fit)
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Jet-energy scale
MC model

mm Electron uncertainties
mm Quality-cut variations

mm Background contribution
1 Other corrections

mm QED-radiation correction
Unfolding uncertainty

> Factor 2 reduction on theory uncertainty
from NLO to NNLO (1% to 0.5%).

> (g running tested for 18 < J/GeV < 84

ZEUS (jets)
CMS (jets)
HERAPDEF2.0 (j
Klijnsma (%)
CMS (&)

H1 (jets)
d’Enterria (W/Z
HERA (jets)

BDP 2008-16
Boito 2018
PDG 2020
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BBGO06
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ABMP16
NNPDF31
CT18
MSHT20
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)

)

ALEPH g&s)
OPAL éj s)
JADE (jés)
Dissertori (3]
JADE (3j)
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Gehrmann (T)
Hoang (C)
PDG 2020 (EW fit)
Gfitter 2018 ea,
FLAG2019 ice
0.110 0.115 0.120 0.125  a,(M32)
o 0.35
2 == PDG world average
g ® ZEUS jets 347 pb~?
OPAL ete™ jets/shapes
0.30 | JADE ete™ three-jets |
ALEPH ete~ shapes
HERA jets
H1 jets
) CMS tt
0.25 7 decay
+ Heavy Quarkonia
0.20
N\
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0.15 i\i\
e
i\"
~3N
“:N 0.135
~— 0.130
S 0.125
0.120 3t b
0.115 }' $Y e ¢
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Non-perturbative QCD: jet fragmentation functions

arXiv:2311.13322
ALICE
T ET——————————— ey
T 4 5EALICE pp Vs = 13 TeV _F_High Multiplicity 10<p’ "< 20 GeV/c E
] Stlete 20 ¥ U NN N SRSt e 5, U S © 2o 3 S
=
1.5F o PYTHIA 8 Monash 2013 20 < p'** "< 30 GeV/c 3
1 é--.@_QO'QO'@.OO-— T - - - -OOOQOQG- e —— i . - _Q.'O'Q.Q'O.O.O_- .. - _.__E
S OO O O =
0.5 009 | > ©o0 > Joo =
s sE 30 <p " " <40 GeVic E
S v oc ez e e SN O OR00 e ]
1500 OO'O-O-Q o0 O00o 3
0.5 In |<07,R=02 < [n |<0.5R=04 o =
15 3 40 <p’" " <60 GeV/c E
00000 e 000000 S
150 5 655 o6 pavened 0-0000 .
1.5§_ 60 < p*" "< 80 GeV/c :
5000000 o F 2 0R0000
0 &‘: oo oe %000 3°° 00° %0000
R TV T PUUTE PN PN PO PO P P P P & 3 P | | | | l E
0 1 2 3 4 5 6 70 1 2 3 4 5 6 7

ch _ jet, chy . particl
ET =In(pZ" T p 2T

e Charged particle information important for GPF
- oh — In —h algorithms.
]7] o C Z° > Match energy cluster with tracks.
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Jet substructure: Lund jet plane %

arXiv::2111.00020 ALICE
ALICE Preliminary Charged-particle jets anti-k; R = 0.4 k: (GeV/c)
pp Vs =13 TeV m_1<0.5,20< pﬁ“,et <120 GeV/c — 9'4 | 0.7 1 ;0 1 '5, ,3'0 4_'5
04 035 03 025 0.2 | 0.15 A AR, | > o+ PYTHIA8 Monash ALICE Preliminary -
—~1.5 s T T T T 4] & Va -+ Herwig 7 pp Vs =13 TeV :
> - o 4 ~+oherpa (AHADIC) Ch d-particle iets -
@ - < o5 -« Sherpa (Lund) | onarged-particie JoIs-
(\D : E g g 1 5:_._pp antl-k-r R = 04 |Ujet| < OST
_g 1 1 0.8 ,% 2 ﬁh 1: Sys. uncertainty 20 < p‘;"‘jet < 120 GeVic -
C _ > _
= 3 8 E =—¢ _2_:::ji_£ i
0.5 1oesr B + :
= | £0.5¢ == ~
3 S 2 L 0.8<In(RIAR) < 1.4 =%= -
C = " 0.1<AR<0.12 —5— ]
0F 04 § 4 o—==—= — =
] @ -Ej' i |
C Zg Q 1_ _  S— — —T: - _+-.---.’.-.:9:_.,._“ ................. o
05 0.2% > : e L
i 5 = i =
i P I $
-1 : 0 E 05__ ' +—
0 0.2 0.4 0.6 0.8 1 1.2 1.4 | | | |
In(R/AR) —1 -0.5 0 0.5 1 1.5
In(k/GeV)
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Jet substructure: Lund jet plane Y+ AT! AS

JHEP 10 (2020) 29170 EXPERIMENT

ATLAS setup: 0.205 <A <0.287 ATLAS setup: 0.147 <A <0.205
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Jet substructure: Lund multiplicities

e | und multiplicities built from the LJP.
» Counts the number of emissions above a specified transverse momentum requirement.

YATLAS

EXPERIMENT

arXiv:2402.13052
n - N 16 T Ll LI B T T T 1 LI B I | T T 1 1 LI B | -~ 16 = III ' ! ! ! L ll ' ! ! ! ! v II
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1+ P, €[500, 750] GeV ‘ olpa ie.<.0) | 3 V7  Sherpa (Lund : = v Sherpa (Lund) -
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* Measurements compared with MC models including different hadronisation tunes, PS algorithms, ME
accuracies.
> Angular ordered Herwig showers give overall best description of the measurements.

e Measurements also compared to NLO+NNDL+NP.
> Large uncertainty still due to NP corrections: estimated by comparing different models.

> Observable also sensitive to ag QCD-running.
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Hard QCD physics: V+jets s AT AS @5\

e \/+jets production good properties to test pQCD: messs  NNLO+NNLL' (Geneva) EXPERIMENT B
> Lower py threshold un-prescaled triggers for leptons.

35.9fb” (13 TeV)

P
=S
/p)
& F
®
-
7))

. L 1.5F L
» Smaller experimental uncertainties. e — _
> ' ' -1 e .
Less involved final states compared to multi-jet. 055 [lsas Mo e 0.0<ly(})/<0.4
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Hard QCD physics: V+jets

cMs  arXiv:2308.02285 388" (13 To] =
-------------------- s d - W+ d/s.d W /W
W Parton level S,d/S,d W /W ” /S’ N‘\S\‘ /
Total u-ll;c(::ertainty P;jet >30 GeV, "1 < 2.4 \
Statistical uncertainty . > 35 GeV, il < 2.4 s U000 ¢/c g c/c
Data:163.4 = 0.5 (stat.) + 6.2 (syst.) pb
CMPP predictions, NNLO NNPDF3.1: » Sensitive to strange quark PDFE
¢ LO QCD: 137.4*17:2 pb —— . . . . . .
> The predicted fiducial cross section consistent with
VNLOQCD:178.311.6 pb I the measurement within uncertainties.
CINNLO QCD: 174739 pb e e NNLO QCD and NLO EW corrections improve the
agreement between theory and measurements.
1 - n POF fits to.
> |nclusion of these measurements in PDF fits to improve
0 50 100 L . modelling of strange PDF.
S SS 0S-SS A0S-SS AOS-SS AOS-SS  AOS-SS
QCD order EW order O'V(\)/-FC UW +C UW-l—c Astat A scales APDF ATotal
LO LO 1374 0 1374 401 '8¢ 451 172
NLO LO 1824 41 1783 +03 33 +6.8  111¢
NNLO LO 1829 82 1747 +10 2 +68 170
NNLO NLO 1791 80 1711 +10 2 168 79

CMS: 163.4 + 0.5 (stat) = 6.2 (syst) pb
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Hard QCD physics: inclusive jets AT AS

EXPERIMENT
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1.2
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. 12 ' — ATLA arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710 -
=0.1180 - —_
g 11 ag(m ) 014 , CMSM, y CMSR,, v CMSincl. jet __
E MMHT 2014 (NNLO) - - arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331 i}
g & —— Data - -, ATLASR,, ., TEEC7TeV -
' EE -== LO - arXiv:1805.04691 arXiv:1508.01579 —
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.. : TEEC 8 TeV
g 1.1 it s == NNLO — © arXiv:1(7:o7§ozsgz -
-~ 1 — ]
e T e T, SR e EEECCT TR - e TEEC13TeV -
° o8 : 0.10— —
1.2 = i 1Y _
E, 1.1 C B | = L :
S RN R 0.08— NNLO pQCD: MMHT 2014 (NNLO —
Y| P _
° o8t 3 i ; a.(m.) = 0.1175 **°%% (TEEC Global) i -
. B A M A R A A AL u SV Z -0.0018 _
' <H,, < + , > N _ '
§ g 00O Hasocey - ha > 3500 GeV 0.06— | agm)=0.1179 + 0.0009 (PDG 2022) —
< .—"ﬂ . ?‘1—\ — | _
E . ' -' l 1 1 --l ' l ---l--" ] | Lo ] | | ] ] L | ]
S oo S O e 10° 10°
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Hard QCD physics: inclusive jets

CMS 27.4 pb" (5.02 TeV) - o ZAp0 (02ToN) .
4p . e I . :
> [vi<o0s S 1.4F > <<% +4-Data » Flatter ratio and smaller PDF uncertaint
Q 1.4—y ~+- Data .qc) i N
% i S NNLOWAP, CT14NLO s N pLo-e.criannio. | observed for the NNPDF31NNLO set.
g1 o 3 e O(1-2%) scale uncertainties (~ 5% in
R 5 the tail).
- .
0.8 08¢ > Sensitivity to a was studied.
- — Scale theory unc i - Scale theory unc. S
0.6 —PDFtheoryunc. CT14NNLO 0.6[- ::2?25;%:\‘2" CT14NNLO » Preference for g ~ 0118.
[ —NPtheoryunc. o o4 : | ~ antik, R=0.4 y
0.4 s e 0.450——-05 500 300 400500 1 6, CMS 27.4pb" (5.02 TeV)
Jet p_ (GeV) - -4~ Data with total unc.
Jetp_ (GeV) T _lyl < 0.5
0 ~ —og(m,)) =0.124
cMs 27.4 pb" (5.02 TeV) cMS 27.4pb’ (5.02Tev)  + 1.4[ intermediate cig(m,)
?23‘1.4-_Iyl<0.5 B e 51_4-_1.5<lyl<2.0+0ata = 1 2; — ag(m ) =0.108
P i N L i N y —~ 1. __
€ b Swonsmeoro S 4 SMoaggoremwey N T
T O ~
S s 2 = 1—| +h*d—*—|-+—
S 1 S = i o _ — _*_‘_*—‘_*— ]
' : O nal — —‘+’
0.sf NNPDF31NNLO + 0.8 NNPDF31NNLO + = 0.8[ anti-k_, R=0.4
- — Scale theory unc. L — Scale theory unc. OC [ NNLOxNP, NNPDF3.1NNLO
0.6 — PDF theory unc. 0.6 — PDF theory unc. 06F uw =u =H,
| — NP theory unc. , [ — NP theory unc. _ - ROF . . o
0.4 B bk S 0.4 . ik, R=04 70 100 200 300 500 800
70 100 200 300 500 800 “70 100 200 300 400500 Jetp_ (GeV)
Jetp_(GeV) Jetp_(GeV) P
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Hard QCD physics: di-jet production

* Dijet cross-section measurements: 2 —
» Test QCD dynamics: R 4
> double or triple differential cross-section measurements. .« %29 ﬂl [J 3D bins
» Sensitive to gl N A : 2D bins
gluon PDF and az. 2
CMS arXiv:2312.16669 29 6 fb~! (1 3 TeV) . 1 oo :
L 2 Data - );* 5 05 O B O J =2 y1 — ¥l 1 —
ala (v q/ NTNTQUQ: 1 | | ;
- —— CT18 NNLO x NP x EW | 0.0 Yo = 5111+ 12l , 0.5

B N E— =
* A\ g
10231&91014108 100
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10181013107 132‘_ 1
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2|2 1016 10102 5 1 _
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S 12.5 = - 4 Data + stat. unc. y*<0.5 . = i <4 Data + stat. unc.
10 | Y3k Total exp. unc. Yb<0.5 3 v ! Total exp. unc.
- 1 O X Y NP uncertainty . X {92k NP uncertainty
O a - 7/ 7/ PDF uncertainty . o - PDF uncertainty -
O < 1.2F —-— Scale uncertainty — < i Scale uncertainty -
o X N ABMP16 X 10 n ABMP16 |
b 104 o [ -—-- MSHT20 © - MSHT20
0 S 1.1 —— NNPDF3.1 ? = NNPDF3.1
U) ~— = / ~ _
e -2 9 1.0 -:_'.-- ——. fg‘ 9 -
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—— Z 0.9 i e, Z 06 -
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Hard QCD physics: di-jet production

e 10% underestimation by NNLO for small y* and y;,. aq(m,) = 0.1179 % 0.0019

» 20% for large y;, and small y*.

» PDF determination by performing PDF + o fits:
> Inclusion of dijet measurements leads to an improved determination of the PDFs.

» &~ 1% coming from NNLO uncertainty!

CMS CMS
c@_ L L A T T rrrrr T T 1 C\?-L\L L L R
X ~~ HERADIS 3 ~~~ HERADIS )
x 0.4F HERA DIS + CMS 13 TeV dijets 2D) 7 X 100 HERA DIS + CMS 13 TeV dijets (2D) -
3 HERA DIS + CMS 13 TeV dijets (3D) D \ HERA DIS + CMS 13 TeV dijets (3D)
©0.3F - N 75F \ i
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0.2 \ 50 |- .
\ - 25 -
“\\}\
—————————+— j : O ———+H -+ —
(HERA+2D)/HERA / § 1.1F —— (HERA+2D)/HERA
:E: ''''''''''' ~. el . 1.0 T o - _— e a— e
: LA _:
(HERA+3D)/HERA 0.9+ —— (HERA+3D)/HERA =y
L1l Lo gl [ B L0 a ol Lol Lo el L1 11
102 10 104 10-3 102 10
X X
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Hard QCD physics: inclusive jets production

* Inclusive jet cross section measurements: 1.6 27.4pb” (5.02TeV)
» Test QCD dynamics. o b R
- - a0 intermediate ag(m,)
» Sensitive to gluon PDF and a. S | — ag(m,) =0.108
_ ] .2 1
e Measurements compared to NLO and NNLO calculations. £ :F
s 1 —*—-—*—'—f-'-'}-
> Two scales compared at NLO: pr and Hr. o = +'_
e . = 0-8.‘ tik, , R=0.4
® SenS|t|V|ty to CZS was studied. s - ;?\JILOTXNP, NNPDF3.1NNLO
et et 0.6 m =u =H;
> Preference for ag ~ 0.118. pJ >60 GeV, |y|<2.0 70 700 200 300 500 800
Jet o (GeV)
arXiv:2401.11355
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