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Cf;;‘\ GMsS mnm at v

=4 Ry LHC is QCD Machine

: Copious production of quarks and gluons, materialize as collimated
@ jets of hadrons, predicted by Quantum Chromodynamics

OUALITY CUSTOM DISTRIBUTION

: ngoldn sl i o

« Confrontation between experiment and theory at high precision
requires higher order corrections in the strong coupling a;
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Inclusive jet cross section
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Jets are copious — but also
“messy”’ compared with

other objects at LHC,
like muons, electrons, photons
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Electromagnetic shower
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Hadronic interactions with matter

 Typical hadronic cross sections, e.g. p, are of
order 10s of millibarns, 6~10"%°cm?.

» Typical nucleon density n~10%*cm™3, so typical

hadronic interaction length A= %N 1m

* But most hadronic interactions are soft, so it
can take many interaction lengths to remove all
hadronic energy in a TeV jet
- LHC detectors are massive!
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Hadronic shower

| ABSORBER

EM.
COMPONENT

............................

HADRONIC
Heavy fragment COMPONENT
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Many more processes mvolved
more difficult to simulate (GEANT)
showers more irregular with more/ LI
fluctuations than EM shower 7" /"

S.Lee
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At LHC outgomg hadrons - jets

GATLAS

-3’. EXPERIMENT

Run Number: 208781, Event Number: 37939867
Date: 2012-08-17 21:11:30 CEST
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“Particle flow” (PF) methods for jets

Use tracking for low momentum
charged hadrons, remove
calorimeter energy deposits 06— CMS antiky, R=0.4 —=— calo
that those tracks point to, and | simulation h|<13 —o—PF
use calorimetry for the rest. :

13 TeV

Dramatic improvement in jet
energy resolution for low
transverse momentum jets

0.4

energy resolution

Also improves pileup rejection
0.2

Still, resolution for 60 GeV jets is
about 5-10 times worse than
photons (10% vs. 1-2%)

O I | lIIIl|| | I IIIIII| |

Energy calibration also a big issue, 20 100 200 1000
and this limits experimental precision for PF' (GeV)
(fast-falling) jet cross sections
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Typical LHC Collision
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Calculable
In principle

Model or get
from experiment
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QCD as a Yang-Mills Theory

* Require local gauge invariance under a non-
abelian gauge group:

UeSUN,), N.,=3, UT=U71 detU=1

(number of colors = components of quark field ):

o L, =iqy*D,q D,=0d,—-igA,

e q(x) > UM)q(x),  q-qu (%)

e L, invariant if A, » UA,U™! +é(6uU)U_1
so that D,q(x) - U(x) D,q(x)
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QCD Lagrangian (cont.)

e A, =T%4f, a=12,..8= N¢—1gluons

- Field strength F,,, = j[DH,Dv]
=0,A, —0,A, —ig[A,, A,]
Is nonlinearin 4, transforms covariantly, so
1 1
Lgauge — —Ztr FMZV - —ZFM%FCLMV

IS Invariant and contains 3 and 4 gluon
interactions
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QCD interactions (cont.)

 Gauge-fermion interactions from gy#A,q

much like QED, just with a matrix color =
charge ql—éig AT
] g

* Triple gluon vertex is new, changes

everything (vs QED) .

2 &7 = ig/ [ 0" (k- k) + eyclic]
as =2 a
ST Arn 8 e,
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Key to calculability:

Bl

£ Asymptotic Freedom

Gross, Wilczek, Politzer (1973)

Quantum fluctuations of massless virtual particles

QED: electrons screen charge (e larger at short distances, large 1)

e 2
a(2) = obiip)
Y >0 = 1 — g=a(ud) In(2/u3)

Non-Abelian gauge theory (Yang, Mills (1954)):
gluons anti-screen charge (g, smaller at short distances)

q g

onU‘Omw>0 m\%vw<0

9

o (#2) . 1 . as(ﬂ%)
J(p2) = —
bo IN(u2/A?) 14 boas(ug) In(?/13)
b . 11N{j - 271f
0~ T 1ox

Gluon self-interactions make quarks almost free, make QCD calculable
at short distances: g?2/(4n) = ay() > 0 asymptoticallyas u—->

L. Dixon QCD & Jets @ LHC - L1

Herbstschule-HEP Sept. 2025 13




Fast forward 50 years

0.2

0.1

confining

—QCD @s(My) =0.1184 +0.0007

calculable

0 Q [GeV] 100
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van Ritbergen,

Vermaseren,
Larin (1997);
«, , and its running with O, now known precisely (E;f\t@\;idn
from many experiments (and high-order theory) Kiihn (2016,
2017);
2 3 ’ .
das(uz) — B(as(12)) Blas) = __[50 _|_51__|_52 ( ) + 53 ( ) + - ] Herzog, Ruijl,
dlnp 0 \Vermaseren,
' Bethke Sr2n] Vogt (2017)
a(Q) v Tdecays (N3LO) o 3 AT ”
Lattice QCD (NNLO) h = ?Cﬁ—JCFTFNf—?(ATFu;
0.4 a DIS jets (NLO) 8 — 2SU(C 2T ——C‘ CTom
9 Heavy Quarkonia (NLO) - AT FratEs
oe e‘ jets c'\e_sh‘l )es (res. NNLO) —IS;JCATF?I-JF +%G‘FTF?I-J1- +l_2—7c,ATFn}

2 - (TO73 656 ) ( 4204 352 )
+CLCrTFny (—243 —@)+C AC'FTFuf =7 - 9 3
. . 7930 224 1352 704
+46CETpny + C3TERS O ( 81 —Cj) +CETEn 7 ( ST —Cs)
o o2 (1T152 448 ) 424 1232
+(’ACFTF75‘( (—243 + 9 —(3 513 CATF f + =5 513 FTFﬂf

dobeddabed ¢ 80 704 dbedgabed (519 1664
+ 7—+?§3 +ny 3

N4 9 N4 9 3
gdgeddghed ¢ 704 512
TN, (‘T 3 3)
B4 — LI ] 4 1
CA = 3'CF = §,TF = E,nf = 5,
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Standard Model Total Production Cross Section Measurements =% fra
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LHC pp Vs =7 TeV

stal & syst
LHC pp s =8 TeV

stat & syst
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QCD Factorization & Parton Model

Drell, Yan (1970s); ...; Collins, Soper, Sterman (1980s),...

~M
* Asymptotic freedom guarantees that at short pﬁ Hr~ Mz
distances (large transverse momenta), 3 /

. 7 e
partons in the proton are almost free. )
« Sampled “one at a time” in hard collisions. . g
>  QCD-improved parton model y
p
suitable final state factorization scale
\ Parton distribution function (;arbltrary”)
| 1 1 ¥
PP X (55 s, iy i) = Zf dwlf dxo fo(r1,as, ur) fy(xo, as, ip) A
a,b 0 0 + —
X 5ab_>X(/f$1$2iOés;;LR? IF) Q
/
Partonic cross section, renormalization scale

partonic CM energy?

computable in perturbative QCD (“arbitrary”)
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Producing Higgs bosons at LHC

Higgs boson dominantly produced by gluon fusion, a
guantum process at “one loop”, mediated by top quark,
because t couples strongly to both gluons and Higgs

g | g
Leading Order (LO) t | f
cross section -—- : - — -
= |one — loop amplitude|? H

J g

« Since 2my,, = 350GeV

> Myigqs = 125 GeV,
interaction between gluons and Higgs is approximately
local (mediated by an operator HG,GH" %)
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Perturbative Short-Distance Cross Section

an i) = TGl 5@ + 226D i) + (52) 6@ o) +
LO

NLO

NNLO

Higgs gluon fusion

cross section at LHC 50

vs. CM energy /s

LO terrible!
LO - NNNLO
- factor of 2 or 3 increase!

Poor convergence
of expansion in as(u)
necessitates high orders!
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Z Cross section

Much better behaved than Higgs production Z distribution in rapidity
- use to constrain pdfs _1 ln(Eﬂ?Z)
Y= 2 E-p,

Total cross section

(U T T 1 T | T T T T | T T T T | T T 1 T | T T T T | T T T T | T T 1 T |
vs. order in D S L ATLAS 2309.09318 -
S.0 de QC % B Vs =8TeV, 202 b ]
pp—= v /Z+X | \/s=T7TeV | PDFALHC15 nnlo mc | py = Q T B ! ! ! ! ! ! 7]
1.1 T T T T T T T T T T T T T o 105__ E E E ]
== LO QCD &8 NNLO QCD | B : l i i
s NLO QCD B N’LO QCD B | § |
: 7 1
s ++ * 0, O A ]
3 : : : 5 : ¢
Z . | . . ]
A 1.0 <:) ¢ i (:) i ¢ i *QD i ]
? i A L L -
0.95 [ —— Data NNLO QCD + NLO EW i
: stat. @ syst. L CT18A O ABMP16 __
0.0 I y @ MSHT20 [ HERAPDF2.0 |
R R R A TR - stat. @ syst. @ lumi 4, NNPDF4.0 A ATLASpdf21 -
40 60 80 100 120 140 160 180 - | | | | | | I_
Q [GeV] 0 0.5 1 15 2 25 3 35
Baglio, Duhr, Mistlberger, Szafron, 2209.06138 ly|
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Z + jets uncertainty increases with

njets

m{{:.:i {ll.ﬁ I1 2 | Tl B s
g Z+123]jets
wop e Anvii004.1659: - at Tevatron
i S : : "7 (CDF cuts)
—s0f T iy =M, = 911876 GeV - LO =
- * 3 Uncertainty
: 1 brought under
= <= much better control
3 31 by NLO corrections:
= = ~50% > ~15-20%
3 7 NLO really required
- —z72ex 4 for quantitative
b . '1 w4 control of multi-jet
T final states
. Dixon QCD & Jets @ LHC - L1 Herbstschule-HEP Sept. 2025 20



Overall structure
of higher-order QCD corrections

Example of Z production at hadron colliders

q . ) convolute with pdfs
LO 5O© apply cuts

dim.reg. D =4 — 2¢

I ! z ? z first, cancel infrared
~ (1) g Z ’
NLO 5 > ZQW( M divergences (1/< )
q 7 g a

between virtual & real

tree + 1 parton

q _ _ - g g g
Z q 5 q 7 7 7

NNLO 5™
a’ g g i ! g g 7

2 loops

1 loop +1 parton tree + 2 partons
intricate ( 1/¢*) IR cancellations
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Soft and Collinear Divergences

« Everywhere in perturbative QCD, due to massless
gluons, quarks

« Govern the structure of jets, and what can be computed
perturbatively

« Fortunately, they are quite universal

« Collectively called “infrared” divergences, because they
correspond to very small virtualities and so represent
interactions that can happen at very long distances from
the main hard interaction

« Universality also means they can be resummed for
higher accuracy in certain kinematic regions
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Soft (gluon) divergences

Emission of a soft gluon off a quark line does not depend on the quark
helicity, or its spin; classical radiation from color charges.

p a +Jé_g
(Pat k)

L Eulp,) = %u(pa)

S

To make gauge invariant (¢* - * + k), combine with radiation off
another colored particle (could be a gluon), with momentum p,:

£EPa _ EPb
Ks'Pa  Ks'Db

- Eikonal factor

at amplitude level

Pa'Pp
ks'Da ks Pp
Only depends on direction of emitters a, b
Extra collinear enhancement for k. || p, or p,

Its square (cross section level) is
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