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Hadron collisions in experiments
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Hadron collisions in theory
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I’m standing on the shoulders of giants...

The content of these lectures is

compiled from many different A tour of QCD t ﬁ
sources. at hadron colliders.

concepts and phenomenology

Previous HASCO lectures:
« Enrico Bothmann 2021 & 2022 ﬁggg:ﬂ'}; s‘fﬂ:ﬁgtggegnamics
- Daniel Reichelt 2023 v
“Standard” text books:
« Griffiths — Introduction to e
. Introduction to & l?.gD lfl?d'
Elementary Partlcles Elementary Particles QCELCES

« Halzen, Martin — Quarks & A QUARKS &
Leptons 2 LEPTONS:

An Intraductory Course in

+ Ellis, Stirling, Webber — QCD
and Collider Physics "

« Thomson — Modern Particle
Physics

CCCCC
lllll

L Z/QQE

Francis Halzen
Alan D. Martin 7


https://indico.cern.ch/event/999261/timetable/
https://indico.cern.ch/event/1122790/timetable/
https://indico.cern.ch/event/1243861/timetable/

Quantum Chromodynamics — overview

QCD describes strong interaction in the
Standard Model of particle physics

Ingredients:
* quarks/antiquarks:
* basic constituents of matter
« 3 “families”, 6 “flavours”
(up, down, charm, strange, top, bottom)
+ 3 “colours”
* gluons:
- “mediators” of the strong force
- 8 “colours”
- strong coupling o, = 0.1

Fermions

Quarks

Leptons

Gauge Bosons

Scalars
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Proton structure

In hadron colliders we collide protons with (anti-)protons.

Protons (and hadrons in general) are not elementary particles, but composite.
— need to understand the proton structure first!

We need a clean “projectile” to break up messy proton — electron beams

Rt

A>r, A~r, [ A<,
f[elastic Enelastic ﬂ deep inelastic |

To resolve proton substructure we need electron wave lengths 4 < "y

— deep inelastic scattering
10



Deep inelastic scattering (DIS) |

Assumption: point-like electrons scatter from point-like quarks inside the proton

e
Kinematics parametrised as:
5 _P1
O e o
Bjorken-x: x = : : 2 2
2D>q virtuality Q“ :== — g~ > 0

-
\
inelasticity: y = Lol P P-z( / = \\

P1P2
P4

Ansatz* for double-differential cross section in terms of structure functions:

d’c dra® F,(x,0%) vy
= 1 — +=2F,(x, Q*
dxdQ? Q> <( ?) 2 { o)
*bi:,gﬁg\;ﬁgosncfpe i‘lelectric + magnetic upurely magnetic

of these lectures "



Deep inelastic scattering (DIS) I

Two important observations:

Bjorken scaling: to first approximation, structure functions are independent of O
Fi(x, Q%) — Fi(x) and Fy(x, Q%) — F,(x)

Callan-Gross relation: electrons scatter from point-like spin-% constituents (quarks)

Fy(x) = 2xF(x)

[ ' 0.5 L L - T T T T T
will see [ | + 1
how true [ ] é

‘ this is later | \&{__ . 1 -{+§x ..... .- #*+ ........... -

] \ 8 {) ] ¢ ' % *
a 0.3 [ * + + ++ * ] S t
g Yof ] Q& t
x [ | g
2 02} 1 &
A ¢+ 1.0<Q%GeV?<4.5
o1k N_ 025 - 0 45<Q%GeV?<11.5
e » 11.5<Q%GeV2 < 16.5
0 i L 1 1 | 1 1 1 | 1 1 1 | 1 1 1 i 0 1 1 1 L | 1 1 1 1
0 2 4 6 8 0 0.5 1
Q2%/GeV? X

Adapted from Thomson, data from [Friedman, Kendall ARNPS 22 (1972) 203] and [Bodek et al. PRD 20 (1979) 1471] 12


https://inspirehep.net/literature/74337
https://inspirehep.net/literature/140185

Flavour symmetry |

The strong interaction treats all quarks equally

— assume approximate flavour symmetry between light quarks u, d, and s
Not exact, because m, # m; # m,, but differences at most ~ 100 MeV, which is a lot smaller
than typical hadron binding energies ~ 1 GeV.

Express symmetry by unitary rotation in flavour space
u' (U n Up U 13\ u
d|l=|VUu Uy Uxs|ld

s’} \Usi Uy Us)\s

. ignoring a trivial “rotation” U = 1e'?, the matrices U form the group SU(3) J
. each matrix can be written in terms of the eight generators 7% as U = e T
. the generators T¢ form a Lie algebra with commutator [T, T?] = if**°T*¢

ﬂ sum convention!

13



Flavour symmetry Il

The SU(3) generators can be written in terms of Gell-Mann matrices as 79 = —A1¢
(010 001 000
Ar=1100}, 4=1000{, 2=1001
L0000 100 010
(0 —-i 0 00 —i 00 O
A=11 00}, 25=100 O}, A=100 —i
L0 00 i0 0 0:i O
(1 00 10 0
Az = 0—10,/18=% 01 0].
L0 00 00 -2

Only two of these commute = two observable quantities (“guantum numbers”)

— third component of isospin: eigenstates of 75 = 5/13

— flavour hypercharge: eigenstates of ¥ = 7/18
3

14



Flavour symmetry Il

The light quarks are identified with the eigenstates of 75 and Y

1 0 0
u=10)1d=111,s=1{0
0 0 1

— light quarks form a flavour triplet, antiquarks a flavour anti-triplet:

=1—ﬂ~3 Y
AW I
2 —_—
+£ @5
d | u 8
o +§‘ @]
3 > Iy =123 3
o 1. o
_ 3 =
_g.s u d

> I
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Light mesons

Mesons: bound qq states

Structure of light mesons described by Clebsch-Gordan decomposition of direct
product of a flavour triplet and a flavour anti-triplet:

d 4 U 2s
. ................ ’ di
- - .‘.‘. > ® : . » =
"'.__. ._,-". _ @ e | ......... '. _
* u d
S
KO (dS) @-woovedevenee @ K'(us)
- (dd) ﬁd n* (ud)
.r|l
K- (sl ‘ .............. . K° (sd)
JP=0"

) . ....... Q
‘, ....... - e - ——> D
T - 1 (i« dd
15 —=(ul + dd + ss)
e B
@ ‘ _
su sd
K0(d5) @] o K'(u)
@) S oo p* (ud)
—— @ —>
K* (Sl-]) ‘ ............... ® K 0 (Sa)

P_ 4-
Jr=1 16



Light mesons

Mesons: bound qq states

Structure of light mesons described by Clebsch-Gordan decomposition of direct
product of a flavour triplet and a flavour anti-triplet:

ds T us
| g .
O » gqi/ ® 0 g
e — s L g gl i o
@ | ......... »_ ol —(uu +dd + s§)
'-*.' u d '.... .. '.," 45 |
s ...'- ."'-
-. ................. ‘ _
su sd
KO (dS) @-oodooeen @ K'(us) K*0 (ds) [ Y ° K** (us)
T (dd) no N n* (ud) p~(du) p° lo p* (ud)
@ ——
n
K~ (su) ‘ .............. . Ro (Sa) K* (sl [ TPIITI S ® K O(Sa)
JP=0" JP=1"
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Light mesons

Mesons: bound qq states

Structure of light mesons described by Clebsch-Gordan decomposition of direct
product of a flavour triplet and a flavour anti-triplet:

ds us
:. .................. .

..’ dU . ........ ' ua
—T > ® — Ty = — & @ ’ ®

S @ \ R , A e dAd
* r - ® | * a '._.. K .‘. ':,- ﬁ(uu + dd + S§)
-. ......... . _
su sd
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Light mesons

Mesons: bound qq states

Structure of light mesons described by Clebsch-Gordan decomposition of direct
product of a flavour triplet and a flavour anti-triplet:

A
ds us
. .................. .
. ................ ’ da ud
—p @ — = o ® )
. ..-' '.-' . '.'. ._.' 1 - —
@ | ......... »_ —=(uu + dd + ss)
* u d ve |
s ...'- ."'-
[ ‘ _
su sd
KO (dS) @-oodooeen @ K'(us) K*0 (ds) [ Y ° K** (us)
T (dd) no N n* (ud) p~(du) p° lo p* (ud)
@ ——
n
K~ (su) ‘ .............. . Ro (Sa) K* (sl [ TPIITI S ® K 0 (Sa)
JP=0" JP=1"
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Light baryons

Baryons: bound qqq (or qqq) states

Light baryon structure arises from Clebsch-Gordan decomposition of direct product
of three flavour triplets:

(a) ®. ... @ o . ®
... ........ Y @ coevene ° . ........ o [ YTTRITS Y
® ® = L ] . @ @ e Py ®
. o o a
.
(b) %(uud + udu + duu) ‘—\5(2uud — udu — duu)
®. ... @ ..... @ ........ ° @ e @ e @ e ° @ - °
®. ... PP P
. ¢ ® o . _ @ @ _ . ° . ® . ® »
® @ @ ® [s} @ °
g . o
()
1_ (udu - duu)
A (ud - V2
V2 (Ud. au) d y [ % (uds — usd + dsu — dus + sud — sdu)
LR e
POS . ® = ‘... @ :.' @ g
s P—
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Light baryons

Baryons: bound qqq (or qqq) states

Light baryon structure arises from Clebsch-Gordan decomposition of direct product
of three flavour triplets:

(a) - | ®........ @ - ° - ® B )
3 1‘ JP=1§+ JP = g+
| .
| n(ddu) p(uud) A~ (ddd)  A°(ddu) 4 A*(duu) A (uuu) |
I [ R ° L — PSR I @i o 1
b) | .
| = (dds) XO(uds) >*(uus) T+ (dds) >0 (uds) £ T (uus) |
| Afuds) ;
’ _ [ — ‘ ......... ‘:0 o (sSd). . =0 (ssu) t |
(©) | =7 (ssd) =" (ssu) " k
|
l , Q- (sss) |
—— G a 2 — —— . .
@ - o
PSS PY ® = o ® o @ ’/
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Colour

Problem: we observe hadrons in states such as |A++) = ‘uTuTuT>

- this is a completely symmetric state
« does this violate Fermi-Dirac statistics?

Solution: with an additional quantum number (“colour”)
with three states, this can be anti-symmetrised as

++\ — ok
|A >—8ijk u;uéuT>

All observed particles are colour-neutral, i.e.,
this quantum number is not observed directly!
— confinement

23



Colour gauge group |

The three colour charges of quarks can be represented as

1 0 0
r=(0),g=(1).b=(0
0 0 1

. colour
and each quark wave function carries an additional colour index 1//;
*—flavour

Just as in QED, we impose invariance under a local gauge transformation
i DTy — (AT
l//q('x) — l]Jl//q(x) - (e >] l//q
. ignoring a trivial “rotation” U = 1e'?, the matrices U form the group SU(3)
. each matrix can be written in terms of the eight generators 7% as U = e AT
. the generators T form a Lie algebra with commutator [T¢, T?] = if*>T¢

iﬁ We have seen this before!

|
?I

But: despite the same structure, flavour SU(3) and colour
SU(3) describe very different concepts! 24



Colour gauge group |l

Quarks transform according to the fundamental 9g +1] o

representation of SU(3) ’ ‘
| . ]

(T9 = —(1%). with indices i, j € {1,2,3) 2
o2 BAL

Antiquarks transform according to the anti-fundamental
representation of SU(3)

| 1. .
(T“)i, = — 5(/1“ )‘i. with indices i, j € {1,2,3} g

Gluons transform according to the adjoint

representation of SU(3)

(T;’dj)bc = —if*c withindices b, c € {1,...,8)} gf‘...-""'
VAR J

Here, A¢ are the 3 X 3 Gell-Mann matrices br 9

25



Colour algebra |

. 1
Choose normalisation of generators as Tr (TT?) = T5° with Ty = 5

« Casimir invariants
NG —1

Fundamental Casimir: (T“)’:(T“)j = CF5i with Cgp =T
C
Adjoint Casimir: facd ghed — C, 5% with C, = N

- Fierz identity:

1
(TOYT} = (5 55— N—Ca;alk>

Example: calculate fundamental Casimir using Fierz identity

(T, = Ty | 880 - : — i) | = Ty Ne—— )&
N¢ N¢

=T (23_151':051'
R NC k F-k 26




Colour algebra Il

Task: express structure constant in terms of fundamental generators

27



Colour algebra Il

Task: express structure constant in terms of fundamental generators
Solution:
[Ta Tb] — 'fabcTc
= [Ta Tb] Td 1fabcTch
= Tr <[Ta, Tb]Td> — lfabcTI' (Tch) — iTRfabc(Scd — iTRfabd

- pabd — _ % Ty <[Ta, Tb]Td)
R

+ Fierz identity: all colour factors can be expressed in terms of (anti-)colour lines 6l

. — w2 =
wgg>~,-<,:<

28



https://pdg.lbl.gov/2022/reviews/rpp2022-rev-mc-event-gen.pdf

Birdtracks |

Colour factors can most easily be calculated using birdtrack diagrams Q
7

- Kronecker deltas are represented by colour lines

(+ implicit summation over colour indices)
Keppeler 1707.07280

i b— =5 a 99999999~ b= 5%
* generators and structure constants are represented by vertices
a
a
_ ' __ i rab
F ey i
l > J
c b

. there are N quark colours and N(2j — 1 gluon colours

O-Ore - (e
- generators are traceless @mm =0

29


https://inspirehep.net/literature/1611314

Birdtracks Il

Rewrite SU(N,) identities as birdtracks

« Casimir invariants

Fundamental Casimir: > Q%Fééf =Cg—>—

 Fierz identity:

30



Birdtracks IlI

Example: calculate fundamental Casimir using Fierz identity with birdtracks

31
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The quark Lagrangian

Free quark Lagrangian:
Z quark — Wq iiyﬂaﬂl//cl] _ ql/_/q il//;

. yields the free Dirac equation (iy”aﬂ — m)l//; =0

18 A4 (x)T*

. not invariant under SU(3) transformations y, — ¢ W,

Introduce covariant derivative to restore local gauge invariance:
I e SIy 3 ani A a
(DM)J' T 5]'0# 18(T )jAM
This introduces interactions between the quark spinors l//é and the gluon field A;j:

(iy*0, — myy, = — g"T* Ay,

33



The gluon Lagrangian

The field-strength tensor is defined as the commutator of the covariant derivative:

1
Fe,=— |D,.D,]
)22% lgs H v

= 0,Af — 0,AL — g fALA)

It obeys the Yang-Mills equation of motion ' |

be s b | compare to Maxwell egs. |

aurv aopc cCuv __ YT Y 44 K i :

QE + 8T AFTT = gy Ty, | I poRs auge
| H

The corresponding Lagrangian is given by

1
L suon = — —F0 FOH
4"

gluon

which is invariant under SU(3) transformations due to gauge freedom of A;

34



QCD as a non-abelian gauge theory

Quark Lagrangian:

Z quark — Wq zlyﬂ(D ) Wq qu ll//;

Gluon Lagrangian:

A

gluon —

1
— ZF'a FeHY  \with Fc — a Ac avA/f _ gsfabcA;szb

Final QCD Lagrangian'

Note: quantisation requires gauge-fixing terms and so-called ghost fields (ignored for now).

35



More than one way to skin a cat...

Two approaches to solve equations of motions as governed by QCD Lagrangian

Lattice QCD Perturbative QCD
ai p b 5 i
<— e - - . (P—m+ie);
Aa
}\ —ig (tA)cb ('}’a)ji
. . . . .
b,i c,j
A, B8 “ ayp .
U, (x) p S IR i [-g ’+(1—}\) pzp. ] =
- o~ > o - . p +1€ p +le
X X+pa B8
3 —g °[(p—q)"g"+(q-1)"g"+(r-p)’g™]
" s o o s o P = (all momenta incoming, p+q+r = 0)
Aa BB _igz fXACfX'BD [gaﬂgyd_gaGgﬂ'r]
. . . . . -ig" £ [g%g-g7d"]
o ps —ig P07 [g7g%-g""]
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Lattice QCD

Idea: [Wilson PRD 10 (1974) 2445]
« quantise QCD on a discrete lattice in

euclidean space time . 0,00 . .
- finite lattice spacing a acts as infrared regulator e
- solve path integrals numerically . . . . .

— suitable to calculate non-perturbative hadron properties
— not suitable for large-scale collider processes

Scaling plot
1 1 1

— ' ] 2000
| | strong potential ] ] :
3t 1}#@%——{”’{ _ 1500 | oo
X, lGe‘; F‘{i' ] < ] +_rz _$A
= [} i N
R ‘I"’J) =, 1000 |
. f'ﬂ = - E p
3 B=6.0,L=16 +o— 500 _ ——K — experiment
irs Bars ] | — widh
2 f Do | o input
ols i 1l_s ’I;m 215 ; 315 44 2 fm i n ¢ QCD
i 0
[Bali, Schilling PRD 46 (1992) 2636-2646] [BMW collaboration 0906.3599]
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https://inspirehep.net/literature/89145
https://inspirehep.net/literature/804184
https://inspirehep.net/literature/31803

Perturbative QCD

Idea:
at high scales a, ~ 0.1 = series expansion in powers of the strong coupling

do ~ Cy+ a,Cy + a2C, + a’C; +

negligible?

small smaller

— improve prediction by successively correcting leading-order approximation
(leading order, next-to-leading order, next-to-next-to-leading order, ...)

Example:
1 1 3 -1 1 LO NLO NNLO N3LO
—=—<1——) ~—(1+0.34+0.09+0.027 +...)
7 10 10 10
Exact: 0.142857143 Sum: 0.1 0.13 0.139 0.1417

Error: 30% 9% 3% 1%

Need: set of universal rules to calculate cross sections order by order

38



Feynman rules of QCD — vertices

Three types of vertices in QCD

- quark-gluon vertex (~ fermion-photon vertex in QED)

Aa

—ig G (7"

b,i c,j

. pure gluon vertices (result of non-abelian structure of SU(3))

—g £7[(p—q) g™ +(q-1)"g"+(r-p)°g"]

(all momenta incoming, p+q+r = 0)

Aa B.B —ig2 fXACfXBD [gapg'ré_gadgﬁy]
. 3 )
~ig® PP [g%g"-g™ g™
. 2 CD a ] é
- ps —ig o [g7g"-g"e"]
39



Feynman rules of QCD — propagators

Propagators = Green'’s functions of inhomogeneous equations of motion

» gluon propagator (vector propagator)

app
A . -7+ (1 - b
a P B _ SAB p’tic izl sap_—8
p?+ie p?+ie

« quark propagator (spinor propagator)

a,i p b,j ., p+m
= =% 2 2 4
p-—m-+1¢€

40
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Quark production at lepton colliders

Simplest process involving quarks: ete™ — y*/Z - qq
(does not actually involve any QCD!)
+

y*IZ " CELLO :
[ 388<Em3468GeV { _‘
e~ q d
Differential cross section: %Z i
aor )
dGe+e_ =5 az 5 J
—qq 2 2

=—/(1 4+ cos“0)N, 0 ‘G 7
dQ 4s INY of :
q O J
£ ]
Inclusive cross section via integration over - 11
1 2 ! 'ﬂquarks have spin 71
solid angle JdQ = Jdcos@ quﬁ: ! : :
-1 0 i |

[ | | T P TR T |

T
dra’ ) 0 02 04 06 08 10
Oete-—qq = 3 Nc Z Q) |cos O

8 p [CELLO collaboration PLB183 (1987) 400]
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https://inspirehep.net/literature/236981

The R-ratio

S B T / L R T T T T T 11 =
; B s _
103 T | [p(28) ~
- Z -
10 2| =
: 9 -
R - -
10 g =
i | Ara? |
1 E = _ 2 ==
; Ge+e——>qq - 3s NCZ Qq ‘ §
1 - o' — e ! -
) S | | L | Lo
10 >
1 10

V3 [GeV]

[Particle Data Group]
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https://pdg.lbl.gov/2013/hadronic-xsections/rpp2013-sigma_R_ee_plots.pdf

Existence of the gluon

7//
il #ﬁﬁ
I l{! 1 —

///////
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ll'/:
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LY R e T
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i S dl e L UETLi2sesn
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JETE:. 78 A
; JE 9 o gl 111
i By ey

TSUSER NBALIBT MIDULE IS ON SYSTEM C
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FiIG&GURE 3

[Wu, Zobernig TASSO Note No. 84]
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https://pdg.lbl.gov/2013/hadronic-xsections/rpp2013-sigma_R_ee_plots.pdf
https://pdg.lbl.gov/2013/hadronic-xsections/rpp2013-sigma_R_ee_plots.pdf

Spin of the gluon

10; ]
TASSO | )
T [ I [ I T i SEU;?G . // 1
a JSCALAR  25Gey < W 36 Gev i P 7
2 Sl X;<08 :’l".
N 7 | 4
— |
ol 8 " |
O
°© J scalar gluon |
,_' & x2:308 |
vector gluon |
x? =51 ] -
|
0,13 |
I
{
.
lcos él 34765 ‘ ‘ ‘ |
06 07 08 09 10
Xy
[Wu PR 107 (1984) 59] [CELLO Collaboration PLB 110 (1982) 329]
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https://inspirehep.net/literature/201529
https://inspirehep.net/literature/169195

Gluon self-coupling

[Bethke PR 403-404 (2004) 203]
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https://inspirehep.net/literature/652876

Event Fraction (%)

Non-abelian structure and Casimirs

40
-

' QCD ///,,—"
30 L
Lt \ e Data

-’ Abelian 1
10 | R
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0° 20°  40° 60° 80°
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[L3 Collaboration PLB 248 (1990) 227]
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,[  * SU3)QCD
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05 ). v’
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i Su@)
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https://inspirehep.net/literature/298080
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Proton structure revisited

Independence of structure functions
F1(Q% x) and F,(Q? x) on O only
approximately true at medium x and Qz.
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https://pdg.lbl.gov/2020/reviews/rpp2020-rev-structure-functions.pdf

Overview

Lecture 1 (today):
- Hadrons, partons, and all that
 Colour charges
- QCD Lagrangian and Feynman rules
« QCD at test
« QCD-improved parton model

Lecture 2 (tomorrow):
 Fixed-order calculations and jets
« QCD radiation
* Running coupling and confinement
« QCD in event generators
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QCD dynamics in the proton

In our simple DIS model we neglected QCD dynamics in the proton!

At first order in QCD, the DIS sub-process y*q — (
receives a correction from y*q — qg

YYy

N

What is the effect of the gluon emission on the structure functions?
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First-order corrections in DIS

Consider the s-channel contribution to ;/*q — (g

q P3

e
P lQer4
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First-order corrections in DIS

Consider the s-channel contribution to ;/*q — (g

q P3
A
> lQQQ = i(ps)
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4
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First-order corrections in DIS

Consider the s-channel contribution to ;/*q — (g

q / P3
P> P4
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First-order corrections in DIS

Consider the s-channel contribution to ;/*q — (g

q P

> ‘Q/; = u(p3)(—ig)Ty* 10s 1)

(P3 + P4)?
P> P4
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First-order corrections in DIS

Consider the s-channel contribution to ;/*q — (g

q P

15 +1y)

> (QQQ = u(p;)(—ig)T* TR (—ie)y”
D 2 /
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

q /p3
_ a3 AP
- % = A(ps)(—ig) T " (p33+ p:)2 (—ie)r*u(py)
123 P4 /
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

qd9 «— 13 \
/ 175 +7,)

> % = i(py)(—ig)Ty" Dt po)? (—ie)y*u(p,)e,(q)
P4

P>
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

q Ps3
. // 13 +1,)

N (i T N .
- ia(p3)(—ig)Ty o +p4)2( ie)y u(pz@(m)

P> P4
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

P3
i (s +1,) .
} 3 (QQQ = u(p3)(—1g)Ty* (1;[;34_ II:: 7 (—ie)y u(pye,(@)ek(py)

4 = U(p3)(= 1gs)T“}'”Z (—1e)y u(pye,(q)e; (ps)
34

In the collinear limit 3 ||
the intermediate quark
goes on-shell p3, — 0

59



First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

P3
D (5 I
} 3 = u(p3)(—1g ) Ty* (1;[:3+ II:: 7 (—ie)y u(pye,(@)ek(py)

o P34
In the collinear limit 3 || 4, — = i(p3)(—ig)T 7ﬂp (- 1e)y u(py)e (@)e; (py)
34

the intermediate quark

goes on- shellp -0 12 u(p )it (p )
w20y, i(ps)(—ig) Ty =222 23 yupo)e, ()ek(py)

“ 2
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A
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

P3
D (5 I
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First-order corrections in DIS

Consider the s-channel contribution to y*q — (g

P3
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Scaling violations

In the collinear limit, the squared amplitude becomes
1422

1
2 2 2 —
lﬂ?*q*qgl ~ gS —p%4 qu(Z) | ﬂy*q_)ql , qu(Z) = CF 1 _,

The effect of the gluon emission on the cross section is given by
Q2
2

Oramae ™ Oramads g » Pye(2) = Gy*q*qz_ﬂp 45(2)10g e

u
X____reference scale

We can now write the structure functions as

1
d 2
P

y y H?
’“ )

Ii parton distribution function ﬁ no scaling 1| logarithmic scaling
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Scaling violations
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https://inspirehep.net/literature/593048

Parton distribution functions

Parton distribution functions (PDFs) f_ (x,, 0?) parametrise the probability to find a
parton a with energy fraction x, at scale Q2 in the proton.

PDFs are intrinsically non-perturbative and have to be measured at some scale Q2.

“Running” of PDFs with scale Q2 described by collinear evolution.
see previous slides
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Assume that at scale yi the hadronic cross section factorises into long-distance
(hadronic) and short-distance (partonic) parts:
I

do,,x = Z dea deb I e up)fp (X, pp) d6 (X, Xy, pig)

a,b 0 0

Factorisation in terms of transverse momentum p of partons
. emissions with pr S pp implicitly included in PDFs

. emissions with pr 2 up explicitly described by hard process
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Assume that at scale yi the hadronic cross section factorises into long-distance
(hadronic) and short-distance (partonic) parts:
I

do,,x = Z dea deb I e up)fp (X, pp) d6 (X, Xy, pig)

a,b 0 0

Factorisation in terms of transverse momentum p of partons
. emissions with pr S pp implicitly included in PDFs

. emissions with pr 2 up explicitly described by hard process

- Tomorrow we’ll see how we can utilise this to simulate collider events...

L
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