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Lecture 1: QCD at colliders - “gluon multiplication”

0 Jets
0 Parton Distribution Functions

Lecture 2: Hot and dense QCD

o The structure of matter in extraordinary conditions of temperature and density

Afternoon - two cases revealing guantum coherence
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We are made of stars quarks
\ Y P

Cmm—

P T




Ihe proton structure

A proton seen in a lepton-proton scattering

Bjorken-x
2
X = &
2p - q

Can be written in terms of the
lepton kinematics alone
[x=1 for elastic scattering]

AR

TAE 2022 - Benasque

QCD lectures 4



QCD

QCD is the theory of the strong interaction

Describes hadrons and their interactions

- Asymptotic states
7 Nuclear matter (us)

1 Colorless objects / LP‘ \
However, quarks and gluons in the lagrangian ({ = T oler CMMYQ 3
1 Fundamental particles \ Lk'b QN

0 Color charge

To build the Lagrangian proceed as for QED - gauge theory

Df: I‘;& Q%—NL) \POL | 8UC§> l/// — eia’atavj
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QCD

A

Color transformations with the Gell-Mann matrices ¢, = %,1

(0 10 (0 =i 0 3 1 0 O . (001
A= ((1) X S)A = ((’) X S)A - (8 o S)A - ((1) X 8) Quark’s color - fundamental
Lo representation of SU(3)
0 0 —i 0 0 0 0 0 0 7 :
A5(o 0 O),A6(O 0 1),)\7(0 0 i),)ﬁ(\gjg o), [ta,tb]zlfabctc
i 0 0 0 1 0 0 i 0 0 0 =2
V3
- Crins 15 JusT AN BAMPLE)
Gluons change the % | (54 0\ /4
color of the quark L (o/0)| 4 © o \
[the corresponding vertex in QED (0, O) (/1! D) \0 O o/ O
does not change the charge of _\P \ Jc& P)\‘_, e “\r—)*'
the electron] C ("\\”) ) ) ) :17L {'j) \/»)
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QCD

Gluons change the color of the quark ::: gluons are colored
[the gluons have the 8 possible colors of the adjoint representation of SU(3)]

L \)

(0,40) (00 ]
¥ (ales) ¥, [ZLvoN SECF NTERACTON |
AR J S THS CHANEES BERITHNE

—————————

But gluon self-interaction - asymptotic

This is similar to QED .
freedom, confinement, ...
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The QCD Lagrangian

Use technology to build

C
L—F’ K . 2 Z’A a gauge theory - witr
J SU(3) group for color

Ff, = 0, A0 — 0, A — gs fapc Ay A, QED

[N

2
The non-abelian nature Cluon Kok Rpun A7 - ?@Pﬁo‘w

N P
of SU(3) - non-linear F\\NF ) 3~ gluan Vo A é\ }{
terms in F* - Guen veckyc A <
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Asymptotic freedom
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QCD perturbative at large scales

1 0 g \ \
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Example: ete™ annihilation into hadrons

+ i‘”’i + Jichall o

o(eTe™ — hadrons)

= olete™ — utpu™) :cheg {1 I = I O(&g)}
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| @ss Inclusive now...

What if, e.g., we want to know the angular distribution” JETS

Hadronization - long distance / non perturbative
Gluon multiplication

v Run: 26154 DAS :25-Aug-1991 ||*°*

m <7 DELPHI Interactive Analysis
<:'j/; Beam: 45.6 Ge -Aug-

991 BVE: 3018 o0 ren-1992

2, B
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~<7 DELPHI Interactive Analysis
) Beam: 45.6 Ge - -

Scan: 19-Feb-19

Act
Y Run: 26154 DAS : 25-Aug-1991
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X

linal

A 2-let event at LEP

<7 DELPHI Interactive Analysis
%j: Beam: 45.6 GeV Run: 26154 DAS :25-Aug-1991 ||
: 21:30:55
& 1991 EVt: 567 Scan: 17-Feb-1992 || Deact

E

A 3-jet event at LEP
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Gluon (and quark) multiplicatiOn

Os)

Q>M. b
Qi

Soft radiation

SoFT RAMOLATIoN LIMT
w << E

|[Exercise]

20 3
o QUARIS Ce= —= =T

o GLUONS N "Nf;d
n+| ‘ | -
I LIPS __t_{.} AN Gl
dgn/dih / Alk)clv-_\, 11 KJ_ dawdd U @ O

Soft and collinear divergent
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Gluon (and quark) multiplicatiOn

<n> |
20 -

15 -
10 -

5 [

0

For large a,log w log 0

C@\w\aw&ox
E r ) & fwv\ .
o [Tk [l | Exponential growth
Qo W Ja, K J&aw'\ JD@ Kis

Resummation needed - gluon multiplication

Cr— 1 Cy \" Cr 204
g ~ Ca 2 (n!)2 (27er043> TCa Y (\/waaS(Q)) |

G. Salam CERN Yellow Rep. School Proc. 5 (2020) 1-56
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Jets: simple picture




Jets: simple picture

high-pt partons
produced with (this is the short
large virtuality distance part)

@ @
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Jets: simple picture

virtuality is
reduced by
gluon radiation

-9 -9 "’
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Jets: simple picture

these radiated
gluons form a

virtuality is ,
cone: jet

reduced by
gluon radiation
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Jets: simple picture

these radiated
gluons form a

virtuality is ,
cone: jet

reduced by
gluon radiation

"Parton shower” can be
described perturbatively

Included in Monte Carlo
generators

[Pythia, Herwig, Sherpa]
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I__' v ; v ; v ; v I—J
0.002

E +,— - + ,—

- e'e —qq 3leVe'e events
> .

S . . .

= Initial particles in yellow
5 0001 1 Intermediate particles in blue
< Final particles In

g

= _

© *E. OF 1

@p) >

@),

c

O

=

D

Q

O -0.001 -1

D

; [Simulation of the events are

[ produced with Pythia 8

& o times estimated by clustering algorith
@) t = -8.0x10 S S

= 10.002 e -0.00240 fm/c - see details in the web page]
8_ Ll A A A A A A A IJ

E -0.002 -0.001 0 0.001 0.002

Z [fm]
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Jets In hadronic colliders
% ATLAS 2-Jet Collision Event at 7 TeV

EXPERIMENT

2010-03-30, 13:16 CEST
Run 152166, Event 399473

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html
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Jets in hadronic colliders
_ Ta OATLAS

i b " I EXPERIMENT

Run: 276731
Event: 876578955
2015-08-22 07:43:18 CEST

2 high pT jets
(1.3 and 1.2 TeV)
with invariant mass 6.9 TeV
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A multijet event at the LHC@13TeV

CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT S
Run/Event / LS: 257645 / 1610868539 / 1073 1

TR
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How to identifty jets”

Run : 138919 — —\
Event : 32253996 / ﬁ )
Dijet Mass : 2.130 TeV i )i
>
by __
r——-_ j
Jet 1 Pr: 585 GeV )
* & |
3

* Y '.ili, %
0 AL " » b e
n = S
by T I k2 "_,ﬂ"‘ N N
» ‘t !*”
) WS e,

2 M

G 'Fl'éf 2 Pp: 557 GeV V) \ |
|

Number of jets depend on the definition - jet finding algorith
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How to identifty jets”

Run : 138919 — —\

Event : 32253996 / ﬁ )

Dijet Mass : 2.130 TeV i )i
>

0 % ’_’._ty = ;:" T R
rl *% N, SO
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L

e 2 - e

2 e AP

Number of jets depend on the definition - jet finding algorith

-2 ‘:“’ . A I I
Jet 2 Py: 557 GeV I
!
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How to identifty jets”

Run : 138919 — —\
Event : 32253996 / ﬁ )
Dijet Mass : 2.130 TeV i )i
>
B

jet’ Pr: 28> GeV
: wot
-2 ** o “ “ A I '
]et 2 PT 1 557 Gey“??fl |
]

0 % ’_’._ty = ;:" T R
rl *% N, SO
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275N
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Number of jets depend on the definition - jet finding algorith
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Jet clustering

Sequential recombination. Define:

ti-kt, d = 1.00e-100 |

................... 1 AR?. 1
................ dl] — 5 5 2], dzB = —
....... maX (ptz ] pt] ) R ptz

ARi]z' = (y; — )’j)z + (¢, — ¢j>2

Find smallest of d;; and djp

f 1], recombine them

it IB, call it a jet and remove from the list
Repeat until no particles left

Anti-kt has become the most widely

used jet-finding algorithm at LHC
[From https://gsalam.web.cern.ch/gsalam/teaching/PhD-courses.html]
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Jet clustering

1 AR, 1
dzg — 9 5 2]7 dzB — "o
max(ptz‘vptj) I? Pt;
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Jet clustering

Sequential recombination. Define:

anti-kt, d = 1.00e+100 |

140€MWM
120€MWW
100€MWM

803

AR?

1
"2

t1

o IR 2 (= )2+ i )

Find smallest of d;; and d,

e S,
Ay

b, -
e R i S - v -
: _‘_‘\“““‘-ﬂ.“-‘ - A e, e h -

AT -
2% wom - \,‘:1_‘_

|, recombine them
1B, call it a jet and remove from the list
Repeat until no particles left

D )

'
N

Anti-kt has become the most widely
used jet-finding algorithm at LHC

From https://gsalam.web.cern.ch/gsalam/teaching/PhD-courses.html
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Some results from LHC
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Excellent agreement with QCD - strong constraints to PDFS qaten
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Jet substructure

Find different substructures in identified |ets

[very active area, lots of results in the last years]

decluster & @ repeat untll @
discard soft junk fmd hard struct SOftdrop

[Dasgupta, Fregoso, Marzani, Salam 2013]

[Figs from G Salam]

Recluster % discard subjets
ﬁ

on scale Rsup Wit h < Zcut Pt

Trimming
[Krohn, Thaler, Wang 2009]

Also to identity two-pronged jet structures - boosted H/W/Z
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See e.g. arxiv:1709.04922 for a review

quark down
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DIS - parton model

), = PARTON MODEL =

ky q ’6¥ g %{(x) ?(o‘oa‘oi\x‘ﬁwla%\ni 9. ‘N'\JN {chc\ﬂou\ s&rwiux PDF
A 2 o

W—-&ﬂ( X ci(j() -?U& %a)dwdo? } %‘ DJ{U'&] Fat)

S\mém& .xo“d-}m |Bjorken scaling]
) ?‘%QZ%@ = x [4(woorio0)s %u@ T 50 ¢S )~

2 °
Kinematical variables Q°=—g¢°, x= & Ly = P-4
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Parton model + QCD

£ DART™N MODEL + SFT EluoN
0 . New 6+ & 1:41»_2_335_1.?(()]

ke Q\%X Wo. \/\m&% N\@W\LQ W \&“K \VPO?(?;—

JAK’ B O:Z p.bao
ReusO\e i xadins o\ Lgﬁ )

5{:2(2( > <_____> f@%u;tﬁ> _ iDLS __%Q ?C\C3> ﬁ, )
ol Slegp* ””‘TJ i) \

[Dokshitzer, Gribov, Lipatov, Altarelli, Parisi - DGLAP - see next slide]
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DIS - parton model

Full DGLAP are coupled integro-differential egs. Interpretation

9 _ _ S

{s - U | )
alOng_% zj:PQin®q]+PQig®g
0g Ol V\m-w\w(%
(?logQQ:% %:quj®qj+ng®g YN \ :
i _ U '
4% ) —
Initial conditions needed;: | V%ﬁ‘

non-perturbative input at initial scale ,ug

w(x, 1), w(x, 13), d(x, ), dOc, ), s, ), .., g(x, )
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DIS - parton model

Full DGLAP are coupled integro-differential egs. Interpretation
9 ' ' o
{s - U | )
02 O° — 2r ;Pqiqj ®qj+ Ppg @ g
Y O INT P gyt Py
dlog Q2 2x : 9q; & 4; g9 ¥ Y9

Initial conditions needed:
non-perturbative input at initial scale ,ug

Cx, ). 06, 1) A, 1), dCx, i), S0 ), s 8 1) §(x &) — slwed POF
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Splitting functions

Building block of DGLAP equations: encode the probability of

SP |1t N [included here just for completeness]

Pyg(2) =Tr[z" + (1 — 2)7],

1+ 2? 3 ]
P =C O(1 —
Q<—C]<Z> F_(l_Z)_l_ 2 ( Z)_7
1+ (1 — 2)%
Pg<—q(z) =CF (z ) ,
1 — 2 2 ] 11 p
P =2C | - 2(1 — — — — — ).
g—g(2) A_ ~ 1—2), z( Z) + ( 7 C'a 5 an>5(1 2)
V2 — 1 1
N - - — () = — ' - . = —
C R ON. > C'qa =N 3 and Tg 5
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NNPDF4.0 set

Parton Distribution Functions for the proton from NNPDF global analysis

1.0 ~

0.8 -

0.6 -

0.4 -

0.2 -

0.0

NNPDF4.0 NNLO Q= 3.2 GeV

7/

NNPDF4.0 NNLO Q= 100.0 GeV

103

102 101
X
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g/10 g/10

Uy 0.8 N Uy

dv l dV

S [ S

u 0.6 - SRV

d -

C 0.4 /7 ' C
0.2 -

LI | 0.0 ! ! ! ! LI LI | ! ! ! ! LENELEL LA | ! ! ! ! LENELEL LA |

1009 103 102 101 100

X

Huge number of data needed to achieve this degree of precision
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Kinematic coverage by data

NNPDF4.0

Kinematic coverage
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Global PDF fits

» One of the most standardized procedures in High-Energy Physics.
» Main goal: provide a set of Parton Distribution Functions (PDFs)

el

(ﬁm\w S) L ANIWER.
DLAP pS it

T T
By Ff{“ijj = | Gk 7 {fu}j
- &u]awk

ebwra e of (X, 2')

Different sets differ mostly on how |.C. are parametrized and

how to treat the error analysis
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Global PDF fits

» One of the most standardized procedures in High-Energy Physics.

» Main goal: provide a set of Parton Distribution Functions (PDFs)

Input Is a set

PDFs at an ini

scale Qo

of
itial

This is the fitting function

Different sets differ mostly on how I.C. are parametrized and

M

\

ié xl@el {al}

e

N

v ul_ﬁp (fum S)

T

&

£ea) fef|

obwerva W

G)u]awk -

e
} .

> o 1)

S‘*(X:Q)

how to treat the error analysis
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Nuclear PDFES

Similar analyses performed for nuclei - especially Pb

1.75

= neon al In terms of ratios to a
w2 known set of proton PDF
T 100 | |

0.8F 0.8F

0.75F

0.6 0.6F

A 2

| o Ji(x07)
B o R0 =
1.50f ! T i Lar / L4y © f; (x9 Q )

68% CL

1.2t 1.2t
1250
& [ Qromsromsrom e e — 1.0
1.00
/\ Two new analyses
0.75¢ ,
o ol EPPS21, nNNNPDF3.0
10107 10T 10% 102 10T 1 10% 107 10T 10°% 102 107 1 100 107 107 07 102 107 1
xr xr xr

[Plot J. Rojo]
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Factorization

~ e < QCD factorization between small

and long distance processes

Long distance: non-perturbative (PDFs and
hadronization)

Short distance: perturbative elementary cross
section

"\
Hadrow2echon

det™% oo P 2\ AENTH SO
c:(/(\){ = Elém&)@%(ﬁuQ @ 1c X DCZ,&)

Region between small- and long-distance: parton resummation (e.g. DGLAP)

Example:

This formalism/procedure allows to compute any cross section at LHC involving
large scales: jets, H/W/Z (+]ets), etc... [any cross section need long-distance information: PDFs]
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summary

QCD is the theory of strong interations
7 QCD has a rich dynamical content well within experimental reach
1 Needed for all phenomenology at hadron colliders (and most of other colliders as well)

Asymptotic freedom allows to perform perturbative computations at large scales
1 However, non-perturbative contributions always present (due to confinement)
0 Large regions of phase-space need to resum large logarithms - gluon multiplication

Jets and Parton Distribution Functions (PDFs) two main tools at the LHC
1 Parton shower and DGLAP evolution

Huge effort in precision computations at NNLO and more [not mentioned here]

TAE 2022 - Benasque QCD lectures 34



