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Plan for the lectures

» Basics of collider physics
* Basics of QCD
* DIS and the Parton Model
* Higher order corrections
* Asymptotic freedom
e QCD improved parton model
o State-of-the-art computations for the LHC
 Monte Carlo generators
* Higgs phenomenology
* Top phenomenology
» Searching for New Physics: EFT
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Basics of collider physics

Goals of collider physics:

¢ Test theoretical predictions: Standard Model and New
Physics

¢ Hopefully find the unexpected!
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Collider physics

-
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Interpretation

QATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST

Experiment

Standard Model Total Production Cross Section Measurements status: March 2021
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Historical perspective

Why bother? Because it works!

Eleni Vryonidou

Collider When p\;\lllc‘ii’:e Energy Main Impact
SPS-CERN 1981-1984 o]0 600 GeV W/Z bosons
Tevatron 1983-2011 ppbar 2 TeV Top quark
LEP-CERN 1989-2000 e+e- 210 GeV Precision EW

HERA-DESY 1992-2007 ep 320 GeV QCD/PDFs
BELLE 1999-2010 e+e- 10 GeV Flavour physics
LHC 2009-Today oJo 7/8/13 TeV Higgs...
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Future of collider physics?
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Collider reach

How heavy a particle can be produced?

A+B— X My = (p; + po)°
Fixed target experiment: 7 = (£,0,0,E) betore after
p, = (m,0,0,0) —> @ *o—>
M, ~ \/ 2mE
Collider experiment: p; = (£,0,0,E) before after
P, =~ (£,0,0, — E) —_— O
My ~ 2FE

Better energy scaling for collider experiment

Note: fixed target can benefit from dense target
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Collider aspects

Luminosity: rate of particles in colliding bunches

N. humber of particles in bunches

N\N, f l -
= 1 f bunch collision rate Integrated Luminosity: L = Jdet
A transverse bunch area
. . —1
Number of events for process with cross-section o: Lo LHC luminosity Run Il L = 300 fb

Circular vs linear: circular colliders are compact, but suffer from synchrotron radiation

Lepton vs Hadron: Lepton colliders, all energy available in the collision
Hadron colliders, energy available determined by PDFs but can generally reach higher energies
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LHC: a hadron collider
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LHC: a hadron collider
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LHC status

Rediscovering the SM Searching for the unknown

Standard Model Total Production Cross Section Measurements status: March 2021 ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2021 _ -1 _
Ldt=(3.6-139) fb = 8,13 TeV
L 500 ub~1 i
11 H Emiss -1 P
O 10 A0, .. Model £,y Jetsi EI™ [Ldt[fb7] Limit Reference
Q 80 /Jb ATLAS Prellmlnary - A G T 1. 11 I T T T T T 1 11 I T T T T LI B I T T T T
DD +g/q Oeput,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
< KK
— Theory S ADD non-resonant yy 2y - - 367 |Ms 86TeV  n—3HLZNLO 1707.04147
ADD QBH - 2] - 37.0 M, 8.9 TeV n==6 1703.09127
< N )
b 106 \/g = 7,8, 1 3 TeV QE> ADD BH multijet - >3] - 3.6 Mg, 955TeV n=6, Mp=3TeV,rot BH 1512.02586
£ RS1 Gkk — yy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 0.1 2102.13405
LHC pp Vs =13 TeV S | BukRS Gyx — WW/ZZ multi-channel 361 | Gux mass 23 TeV KM = 1.0 1808.02380
8 BukRS Gkk —» WV — tvqq 1eu 2j/1J  Yes 139 | Gk mass 2.0 TeV k/Mp =10 2004.14636
X Bulk RS gkx — tt le,u >1b,>1J/2) Yes  36.1 gKK Mass 3.8 TeV r/m=15% 1804.10823
1 :
n} _ Data 3.2 -139fb 4™ ouep/ ReP Teu >2b>3j Yes 361 |KKmass 1.8 TeV Tier (1,1), BAM — ) = 1 1803.09678
5 Ao SSM 2’ — ¢t 2e 2
10 7 - - 139 | 2’ mass 5.1 TeV 1903.06248
SSM Z’ - 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
() .
0 8 Leptophobic Z" — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
A o LHC pp Vs =8 TeV S Leptophobic Z/ — tt Oeu >1b,22J Yes 139 |Z/mass 4.1 TeVv /m=1.2% 2005.05138
S ssMwW -y 1eu - Yes 139 | W’mass 6.0 TeV 1906.05609
® SSM W’ — 1v 17 - Yes 139 | W’ mass 5.0 TeV ATLAS-CONF-2021-025
4 A Data 20fb! D  SSMW' —tb - >1b>1J - 139 | W’ mass 4.4TeV ATLAS-CONF-2021-043
S ;
© HVT W’ - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
S HVT Z’ — ZH model B 0-2e,u 1-2b Yes 139 Z’ mass 3.2TeV gy =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oe,u  >1b,>2J 139 W’ mass 3.2 TeV gv =3 2007.05293
- LRSM Wk — uNg 2u 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
LHC pp Vs =7 TeV (Ne)
103 n g: ??qq - 2j - 37.0 A 21.8TeV 7, 1703.09127
- — qq 2e,u - - 139 A 35.8 TeV m 2006.12946
_ Data 4.5fb7! QS  Cleebs 2e 1b - 139 |[a 1.8 TeV g =1 2105.13847
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
A [m | Cl tttt 21eu 21b,21] Yes  36.1 A 2.57 TeV |Catl = 4n 1811.02305
9 1% O Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Med 376 GeV gq=1, =1, m(x)=1 GeV 2102.10874
S
O ok AN O | Vectormed. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 | Mmea 3.1 TeV tanB=1, gz=0.8, m(y)=100 GeV | ATLAS-CONF-2021-006
O 0 Pseudo-scalar med. 2HDM+a  multi-channel 139 Mpmed 560 GeV tanpB=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
A A A Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1Db,0-1J VYes 36.1 my 3.4TeV y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
n total n o0 Scalar LQ 1t gen 2e >2j Yes 139 | LQmass 1.8 TeV B=1 2006.05872
10 1 Scalar LQ 2™ gen 2u >2] Yes 139 | LQmass 1.7 TeV B=1 2006.05872
5 fp-1 N O 9‘ Scalar LQ 3fj gen 17 2b Yes 139 ::85 mass 1.2 TeV B(LQ§ - br) =1 ATLAS-CONF-2021-008
Scalar LQ 3" gen Oe,pu >2j,>2b  Yes 139 mass 1.24 TeV BLY; - tv)=1 2004.14060
ICh_VBF A Scalar LQ 3™ gen >2eu,21721),21b - 139 | LQZ mass 1.43 TeV BLQY - tr) =1 2101.11582
WH AN Scalar LQ 3" gen Oe,u,>170-2j,2b Yes 139 LQ3 mass 1.26 TeV .’B(LQg - by)=1 2101.12527
[ m | VLIQTT - Zt+ X 2e/2u/>3eu 21 b, 21 - 139 | Tmass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
1 n A n e §~j’<> VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
n 8§ VLQTssToalTss > Wet X 288)23eu21b21] Yes 361 [Tspmass 1.64 TeV B(Tsj3 — W)= 1, o TsjsWe)=1 1807.11883
ZH VH A T2 VLQ T — Ht/Zt le,u  >1b,>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
m | vLQY - Wh leu >1b, 21 i Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cp(Whb)=1 1812.07343
A VLQ B — Hb Oeu >2b,>1j,>1J - 139 | B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
10—1 ttH S ‘é’ Exc@ted quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
(x0.4) g S Exc!ted quark ¢* — qy 1y 1] . - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
. §<> IS Exc!ted quark b* — bg - 1b,1] - 36.1 b* mass 2.6 TeV 1805.09299
I} 3,:, Excited lepton ¢* 3epu - - 20.3 A =3.0TeV 1411.2921
“ Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
) Type Il Seesaw 234ep  22] Yes 139 |'N®mass 910 GeV ATLAS-CONF-2021-023
10 LRSM Majorana v 24 2j — 361 | Ngmass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
+  Higgstriplet H** - W*W=* 2,34 e, (SS) various  Yes 139 | H** mass 350 GeV DY production 2101.11961
D Higgs triplet H** — ¢¢ 2,34e,u(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
&  Higgstriplet H** — (7 Seut - - 203 |H**mass 400 GeV DY production, B(H;* — {r) = 1 1411.2921
Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev v-=13Tev L1 11 I L 1 L 1 L1 11 I 1 1 L 1 Ll 1 1 | 1 1 1 1
_ - — artial data full data -1 1 1
PP W Z tt t Wit H WW WZ ZZ t tiw ttZ  wwz _ _ | — 10 0 Mass scale [TeV]
WWW tttt *Only a selection of the available mass limits on new states or phenomena is shown.
t-chan s-chan +Small-radius (large-radius) jets are denoted by the letter j (J).

Good agreement with the SM
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LHC physics

What’s next?
No sign of new physics! Searches for deviations continue

New Physics can be:
Weakly coupled: Small rates means that more Luminosity can help

Exotic: Need new ways to search for it, going beyond standard
searches or even beyond high-energy colliders

Heavy: Not enough energy to produce it
Need indirect searches: SMEFT

Eleni Vryonidou STFC HEP school 2022
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What is next for LHC physics

* New Physics is hiding well!

* Need to probe small deviations from the Standard Model using very
precise predictions.

* Precise predictions are needed for both the SM and BSM.

In this course we will study the ingredients which enter In
theoretical predictions and interpretations of LHC data!

Eleni Vryonidou STFC HEP school 2022
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How to compute cross-sections for the LHC

AN

/M.@E\

Eleni Vryonidou STFC HEP school 2022

13



How to compute cross-sections for the LHC

—> HF
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How to compute cross-sections for the LHC

Z /dmlszd@FS fa(mlv :uF)fb(x% :uF) 5-ab—>X(§7 HE, :uR)

a,b

Phase-space integral Parton density functions Parton-level cross section

Eleni Vryonidou STFC HEP school 2022
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Master formula for LHC physics

E; / A1 dad®ps f (21, 100) o (T2 1) Gapo (5. firs 117

Phase-space integral Parton density functions Parton-level cross section
Important - .
aspect of a Universal. Subiject of huge efforts in
Monte Carlo ~Probabilities of finding 1% e CoTTIY
generator given parton with given y

momentum In proton

Extracted from data

Eleni Vryonidou STFC HEP school 2022
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Master formula for LHC physics

E; / A1 dad®ps f (21, 100) o (T2 1) Gapo (5. firs 117

Phase-space integral Parton density functions Parton-level cross section
Important - .
aspect of a Universal. Subiject of huge efforts in
Monte Carlo ~Probabilties of finding 1% 1= 080 SOMUIY
generator given parton with given thisy y

momentum In proton

Extracted from data

We will study in detall this formula this week!

Eleni Vryonidou STFC HEP school 2022
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From the hard scattering to events

deally
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From the hard scattering to events

|deally Artist’s impression of reality
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From the hard scattering to events
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An LHC event
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3. Hadronization : ! 4. Underlying Event
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An LHC event

3. Hadronization

Eleni Vryonidou

o o -, . .
o *:2  'We will discuss all of these!
) ) ( . z
‘ Sherpa artist
A
"‘: \ _ ' ' '~:-o.
o’ '\\ -~ /‘. ‘o\.
.,,0 .,’0' 1N ® .
® o., o ® S .' \ @
Sty 4. Underlying Event
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An LHC event
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An LHC event

3. Hadronization
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‘We will discuss all of these!

4. Underlying Event
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QCD...

LHC Is a proton-proton collider:
» colliding particles are proton constituents with are coloured particles

QCD plays a crucial role in what we eventually observe in the detectors

Why is QCD “special”? Let’s compare it to what we know best: QED

Eleni Vryonidou STFC HEP school 2022
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From QED to QCD

Example 1: R-ratio

+ /5
6 W )
e (v

Let’s compute the matrix element for:

Summing and averaging:
4

= 2
Z M|* = 62 AEN G Try this out!
\)

VS

€

S

Mandelstam variables: s=(p,, +p,_)* t= Doy —P,H)2 = — 5(1 — c0s0)
S

s+t+u=0 u=(pe+—pﬂ_)2=—5(1+cosé’)
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From QED to QCD

Example 1: R-ratio

+ /5
6 W )
e (v

Let’s compute the matrix element for:

Summing and averaging:
4

= 2
Z M|* = 62 AEN G Try this out!
\)

VS

€

S

Mandelstam variables: s=(p,, +p,_)* t= Doy —P,H)2 = — 5(1 — c0s0)
S

s+t+u=0 u=(pe+—pﬂ_)2=—5(1+cosé’)
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From QED to QCD

Example 1: R-ratio

et o 2e* S: 2 2
Z 2 _ 2 2 | M|~ « (1 + cos<0)
W M= 52 R
e V—

Cross-section: 2-body phase-space+Momentum conservation
do | ,
— = M d€2 = d¢ dcoso
dQ  64r’s Z M ?
Ao
O — Try this out!

ereTopTHT 3s

Eleni Vryonidou STFC HEP school 2022
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From QED to QCD

Example 1: R-ratio p

q
+ Ly +
Nz gz |
VS

e~ (., v e~ q

At oleTe~ — hadrons
olee” = pp) = R = ( ) ~ N_.) e

Sk oete” — ptp~) .

Difference due to colour!!! =2(N¢/3) q=wu,d,s

: : — — 7 :37(NC/3) q:u,d,s,c,b
Quark—anti-pair can be one of r7, g2, bb

Experimental evidence for colour!

Eleni Vryonidou STFC HEP school 2022 20



From QED to QCD

Example 1: R-ratio
R-ratio computation

R
11/3
10/3
2
21, 2mp \/g
Expected

Eleni Vryonidou

X :
J W (ODQ :s
10° | @S A
f
1
10° d .‘:
R
10
dadecimacsdepit 3
1
10"
1 10 10°
\/g [(_;("\W
Measured
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From QED to QCD

Example 1: R-ratio
R-ratio computation

|
R 10° 2|
{

107 d
11/8 R \
10/3 10 , M.
F\, rroediervwvih fuuimcacdigit 110
2 1
2m .. 2m S 0L

- b \/_ 1 10 10

\/E [C("\W

Expected Measured

Quarkonium states: very small width, very long lived states
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A few words about the Z-resonance
Breit -Wigner

6+>myww< - €+>«M )
e V— e V—

Z contribution becomes relevant when /s ~ M,

We then need both diagrams and their interference

See exercise!

Eleni Vryonidou STFC HEP school 2022
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Z-resonance
Breit-Wigner and Narrow Width Approximation

Z 1S an unstable particle, we can’t simply use

| s — M>
Breit-Wigner propagator: M1 ITM
Narrow width approximation:
1 T R 9 :

(5 — M2)2 + M2I'2 ~ Myl

6€+€_—>Z—>Iu+lu_ a ete——/ X Br(Z — ,u_l_/’t_) W|th BF(Z —> Il/t+ll/t_) — FZ—>//t+//t

Simplifies computations for particles with narrow width (e.g. Higgs)

Eleni Vryonidou STFC HEP school 2022
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From QED to QCD

Example 2: QCD and gauge invariance

- > \/W\/khIJ >

Let’s compute the amplitude for gg — yy | [

= ka,V >

g
1 L 1
(o) + 0@ o)

Gauge invariance requires: ¢;"k5M,,, = 5"k M, =0

@Mzﬂmﬁ%?zDﬁlbngM%

Mﬂykik'uégy — D1 -+ D2 — 62

7\

v(q)¢2

R

Works fine!

Eleni Vryonidou STFC HEP school 2022 24



From QED to QCD

Example 2: QCD and gauge invariance

> >

q ki, M
y } iM =M, 6" es” = Dy + Dy = ¢ (@(@)¢z
P ko,V <
g

Let’s do the same for gg — gg¢

| )
—7aq.1t¢.~H _QMg
. ng 237 gS

s this gauge invariant? ki, M» = —g2 f*"t5,v;(7) doui (q)

We don’t get zero anymore!
k1 M) = i(—gs f*°¢h) (—igsti;0i(q)vuui(q))

Eleni Vryonidou STFC HEP school 2022



From QED to QCD

Example 2: QCD and gauge invariance

What are we missing?

_ng D3
000000

p2 ,ugg,u1,u2 T (p2 B pS),ulg,uQ,u:a T (p?) o pl)mgusul] *

/L1/L2/L3 pl p27p3

ki - Ds = g* f*t°V

Gauge invariant |[FF the other gluon is physical!

Eleni Vryonidou

_?7(9_)6/2“(61)

kz € _

2kq -

" v(q)kru(g )_

STFC HEP school 2022

(—1gst§;0: (@) us(q)) X <p—22> X (=g Viwp(—p, ks k)€l (k1)e5 (ka))

e Lorentz invariant
Anti-symmetry

 Dimensional analysis

An empirical way to write down the triple gluon vertex!



From QED to QCD

Example 2: QCD and gauge invariance

What are we missing?

12Dy = (—igot? @)y u;(0)) X (p—) (=™ V(= b, k)€l (k1) (k)
V00000
e | orentz invariant

M1M2M3 pl p27p3 p2 s po T (p2 _p3),u19,u2,u3 T (pS _pl)MZQMS,Ul] ® Anti'symmetry

ki - D3 = g° f**°t°V 2%1 222—( Niiu(q) * Dimensional analysis

Gauge invariant |[FF the other gluon is physical!

An empirical way to write down the triple gluon vertex!
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QCD Lagrangian

»Fﬁy — 9, AL — 0, Al —g [ AL AL

See QCD-QED course!

Eleni Vryonidou STFC HEP school 2022
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Colour algebra

a b

Tr(ta) = () ’OTU‘Q — O [ta’ tb] _ Z-fabctc § g %
C0000 TO000 - -

§QQQQQQ , O
|l

@ Fb _ achc
T(t*t") = Tud™ oo Yo - = T ¥ owwoe FLE =if
|-loop vertices

(t%1%)i; = Cpoy; % = CpF ——— C
I ' Pf()i = ft?j ‘z,%)m

Z facdfbcd C

a ANa
cd (Fch) s gzzg = CA* B (tbt tb)ij — (CF 9 )tz'j grm\ = -1/2/Nc * X000
— ab — W AUab

Can be a bottleneck for higher order computations! People always on the lookout
for simplifications! Quite a few computations are done in the large V.. limit.

= Cal2 % £ 0000

Eleni Vryonidou STFC HEP school 2022
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Properties of QCD

A\
s distance~|/energy
UV: Asymptotic freedom
* Perturbative computations
e Parton model .
1 L
Confinement asymptotic freedom
(large distance) (short distance)
IR: Universality
) . L 02 12 b
Collinear Factorisation |IM”§ S |I4E g
* Parton showers

Eleni Vryonidou STFC HEP school 2022
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Deep Inelastic Scattering

e (k)
/o W s=(P+k)”
e(k) ——5 Q° = —(k— k)’
V,Qz L = QQ/Z(P - q)
v=(P-q)/M =FE — FE'
$ — y=(P-q)/(P-k)=1-FE"/E
S X 1 —=x

x WQZ(P—I—Q)QZMZI - QZ

CoM energy
momentum transfer/\2
scaling variable
energy loss

relative energy loss
recoll mass

do_elastic ( do ) 2 9
— |\ 7 o °Felas ic(q )5(1 —ZC) dx
dq2 dq2 point t

dainelastic ( do ) 2 2
— |\ 79 ' Fin lasti (q 9 aj) dx
dq2 dq2 Soint elastic

Can we guess what F looks like?

Eleni Vryonidou STFC HEP school 2022



Deep Inelastic scattering

What can F*(g?) look like?

1. Proton charge is smoothly distributed (probe penetrates proton like a knife through

butter)
elastzc(qz) ~ (q 2, X) <1

2. Proton consists of tightly bound charges (quarks hit as single particles, but cannot fly
away because tightly bound)

melastzc

2
elastlc(q ) ~ melastzc(q x) <
223, Fezlastic(qz) <1 Fl%ezamc(q 9x) ~ 1

Quarks are free particles which fly away without caring about confinement!

Eleni Vryonidou STFC HEP school 2022
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Parton Model

DIS cross-section
e (k') d> k! ME
dP = AP = dvy dax dd
e (2r)s2E T T ez Y W AT ABX

1
LHY = Ztr[,}év“/{v”] = kFE"Y + EPEY — "k K
Based on Lorentz and gauge invariance
WH =% / d® xhx .,

X

me p-q p-q\ 1
W (p,q) = (—gw 22 ) F1($7Q2)+(pu = quq—2> (pu = qu—2> — Fy(z, Q%)

Eleni Vryonidou STFC HEP school 2022
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Parton Model

After a bit of maths (good exercise), we get:

d? o B Ao 1 1 —
dedQ? Q4

Transverse photon

Longitudinal photon

Eleni Vryonidou STFC HEP school 2022
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Parton Model

Breit frame
The proton moves fast andkthe photon has zero energy

e (k)
/
e _ Q?  ,Q = N<@fvm2@~
e (k) p=(F,0,0,¢&p) b= 42 'mQ’ZQj’OL “\2z Q ’Qx’OL
V’QL < q = (Oa_QaﬁJ_)
&) ﬁ ﬁ/ — (E,0,0,p/)
§ X
B 1
Rest frame: Proton extent: Az™ ~ Az~ ~ — &
Breit frame: Proton extent: Az™ ~ %,
T

Photon extent: Axz™ ~ 1/0Q.

The time scale of a typical parton-parton interaction is much larger than the hard
iInteraction time.

Eleni Vryonidou STFC HEP school 2022
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Parton Model

Breit frame

(k) The proton moves fast and the photon has zero energy
/
6
e(k) = /
EV.QZ p=(F,0,0,¢p)
)pf — < (Aaj—l_)photon < (Ax—'_)proton
— p' = (F,0,0,p")

k/

The time scale of a typical parton-parton interaction is much larger than the hard interaction time.

Schematically: in the Breit frame the proton moves very fast towards the photon, and is therefore
Lorentz contracted to a kind of pancake.

The photon interaction then takes place on the very short time scale when the photon passes
that pancake.

During the short interaction time, the struck quark thus does not interact with the spectator
quarks and can be regarded as a free parton.

Eleni Vryonidou STFC HEP school 2022
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Factorisation

Breit picture frame allows us to assume partons are free within proton:
d¢ d26
2 / > 540 graga (5@
dxd@ dxd()* " &

Ji(S) Probability of finding parton i in hadron
carrying momentum fraction &

fp short d|stance. 2 A
=5 ............................... d O CrOSS SeCtlon fOr parton photOn

v\\\ drd()? scattering
long distance

Eleni Vryonidou STFC HEP school 2022
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DIS cross-section

Comparing our inclusive cross-section:

d?o Ao {

dxd()? Q)4

Factorised cross-section in the parton model:

[1+(1_y)2]F1($7Q2) | 1—y [FQ(vaQ) szl(vaQ)}}

X

o _ [ dE doc x : d*6 dra® 1
drdQ* _/0 ?;fi(f)de@dQQ(f’Q ) with dQ2dx ~ 0+ 2 1+ (1 - y)Q} 62 o(x — &)

We can express the structure functions as:

Fy(x) = 2xF) = Z / d f; (&) wed(z — &) = Z 63 zf;(x)

i=q,q” " 1=q,q

Eleni Vryonidou STFC HEP school 2022



DIS cross-section

We can express the structure functions as:
1
Faa)=2F = 3. | defi§)acida—) = Y elafila)
i=q,q "
Quarks and anti-quarks enter together.

No dependence on Q: Scaling

f(x) are the parton distribution functions which describe the probabilities of finding
specific partons in the proton carrying momentum fraction x

Eleni Vryonidou STFC HEP school 2022
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Scaling and Callan-Gross relation

+ 6 o |8
x 10° a 26° $ 1.5 < Q(GeV/c) < 4
0.5 . ’; 2'XF1 ¢ 5<Q%GeV/c) < 11
. T T T T T | = : F2 b 12 < Q¥(GeV/c)? < 16
- 4 @ m 1,5 i
04 @ 3 —
O t z < ] spin /2
€p 0.3 + %0 *¢¢ *% # + 4 & g o
F; S 3
» + ‘)ﬁ ,‘{ | i
i I
N S %
ol I x=0.25 133 URERTIE
g 3 :
0 . 1 | L L 1 ! % ) ||
)
0°/GeV~

K
Scaling: Structure function does not depend on Q  =511an-Gross relation

Quarks are spin-1/2 particles!
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Parton distribution functions

AL IR AL L u(z) = wuy(x)+u(x) 1 | 1
2 _10 GeV?- | _ / dr uy(x) = 2, / dr dy(x) =1
? : 2 dlz) = dy(z)+d(z) Jo v(2) /o v(z)

s(r) = 35(x)

1
Z / dr z|q(z) + g(z)| ~ 0.5
q /0

Quarks carry only 50% of the proton momentum

Evidence for gluons!

Eleni Vryonidou STFC HEP school 2022
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Parton model summary

DIS experiments show that virtual photon scatters off massless, free,
point like, spin-1/2 quarks

One can factorise the short- and long-distance physics entering this
process. Long-distance physics absorbed in PDFs. Short distance
physics described by the hard scattering of the parton with the virtual

photon.

D | dxydxy d@pg f,(x)f () 6(5)
a,b

Eleni Vryonidou STFC HEP school 2022
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Parton model summary

DIS experiments show that virtual photon scatters off massless, free,
point like, spin-1/2 quarks

One can factorise the short- and long-distance physics entering this
process. Long-distance physics absorbed in PDFs. Short distance
physics described by the hard scattering of the parton with the virtual

photon.
D | dxydxy d@pg f,(x)f () 6(5)

Cl,b Phase-space integral  Parton density functions Parton-level cross section

Eleni Vryonidou STFC HEP school 2022
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Eleni Vryonidou

End of Lecture 1

STFC HEP school 2022
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Collider Phenomenology (2)

Eleni Vryonidou

STFC school, Oxford
9-16/9/22



Plan for the lectures

» Basics of collider physics
* Basics of QCD
* DIS and the Parton Model
* Higher order corrections
* Asymptotic freedom
e QCD improved parton model
o State-of-the-art computations for the LHC
 Monte Carlo generators
* Higgs phenomenology
* Top phenomenology
» Searching for New Physics: EFT

Eleni Vryonidou STFC HEP school 2022
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R-ratio@NLO

M<m Mé» -
Y s

M, | dD, + I 2Re(M,M* ) dd,

OnNLO = OLo T J i
v

R

Eleni Vryonidou STFC HEP school 2022
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QCD in the final state
R-ratio@NLO

Real corrections: . ;
P d —1 Ho(p)t® + u H 0 p)t®
a(p)gy+ P o(p)  ap) @+ Dt (@)] .
_ 2p - k 2p - K _

What are those denominators?

p - k = poky(1 — cosO)

What happens when the gluon is soft (k, — 0) or collinear (¢ — 0) to the quark?

Eleni Vryonidou STFC HEP school 2022



QCD in the final state
R-ratio@NLO

p,J ]57]
W*,Z 'Y*,Z k,a
k,a
pai p,Z

What happens when the gluon is soft (k; — 0) or collinear (¢ — 0) to the quark?

al[ P € p-e :
Asort = —gst ( . kz) Agorr Very important property of QCD

Factorisation of long-wavelength
(soft) emission from the short-
distance (hard) scattering!

Soft emission factor is universal!

Eleni Vryonidou STFC HEP school 2022
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QCD in the final state

R-ratio@NLO
D,J D, J
7*7 7 ’Y*, 7 k,a 2
onio =010+ | (M., ;|°dD;+ 2Re(MOMj;r) dod,
k,a R V

ABor’n,

What does that mean for the NLO cross-section?
REAL > Born d>k D-D
O-CICIQ T CFgSO-qCY / 2]60(27'(')3 2 (p . k)(ﬁ k)

CVS Born dkO 4
— COp—02" d cos
For Vaa _/ YO (1 —cosf)(1+ cosb)

Eleni Vryonidou STFC HEP school 2022



QCD in the final state
R-ratio@NLO

REAL d°k p-p
- C 2 Born / 9
MV\<W\ Wéﬁk T 2k°(2m)* (p-k)(P- k’)
s Born dko
= (Cp—0 = d 0
F DT qu / COS/]{ZO ]_ ROSH?OS 9

Soft divergence Collinear divergence

2E; . collinear soft
o =
r1 =1 — xox3(1 — cosfyz)/2 Vs A/

Lo = 1 — $1$3(1 — COS (913)/2
r1 + o + T3 = ) collinear

0<z1,29<1, and x1+ x5 >1 oz =

Eleni Vryonidou STFC HEP school 2022



Divergences

2F;  collinear soft
Iy =
r1 =1 — x9x3(1 — cosbasz)/2 NCEE| A/
Lo — 1 — $1ZE3(1 — COS (913)/2
r1 + o + T3 = ) collinear
6)

0<z1,29<1, and x1+ x5 >1 ) ;plz“Eq

1 V'8

_ 4n° , . O X7+ x5
qug — fq CF_ dxld.xZ
3 21 (1 —x)( —x,)

Integral diverges if x; = 1 orx, = 1 or x;,x, — 1!

What happens now?

Eleni Vryonidou STFC HEP school 2022 50



IR singularities

IR singularities arise when a parton is too soft or if two partons are collinear

* |nfrared divergences arise from interactions that happen a long time after
the creation of the quark/antiquark pair.

 \When distances become comparable to the hadron size of ~1 Fermi,

quasi-free partons of the perturbative calculation are confined/hadronized
non-perturbatively.

How do we proceed with our calculation?

Eleni Vryonidou STFC HEP school 2022
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Cancellation of divergences

W<m ““é Rea
In practice: regularise both
divergences (with either dimensional
W@ W@ é P regularisation or mass regulator)
Irtua

PS Integration UREAL BornC 0% 2 ! 19 9
000000000 p— O‘ - I I 7.‘.
W@ }«/M : 2T 62 € 2
g 2 3
2

VIRT = _Born
Loop integration o —0 CF% ( -

3
lim(O'REAL—I—O'VIRT) _ CF_%O_BOI‘H Rl _ RO (1 I aS)

e—0 4 T

Eleni Vryonidou STFC HEP school 2022
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Cancellation of divergences

WQ W<m Rea
In practice: regularise both
divergences (with either dimensional
MN@ WW@ é P regularisation or mass regulator)
Irtua

Also dlvergent'

' PS integration e’ 2 ! 19
W nnuoo O-REAL BOI’HCF S I I 7T2
i 2T € 2
VIRT _ Born s 2 3 2
Loop iIntegration o Cro Ve ( €2 € 3+m )
3 A4S Born Qs
W@ >VWW WAOWM 21_{% (oREAL 4 ;VIRT) _ CF4 - +B R, = Ry (1 | . )

Eleni Vryonidou STFC HEP school 2022
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Cancellation of divergences

WQ W<m Red
MM@ W@ W@ Virtual

In practice: regularise both
divergences (with either dimensional
regularisation or mass regulator)

Also dlvergent'

: __» PS integration
W@ %

Loop integration

& T,

e—>O

Eleni Vryonidou

O_REAL BornCFOéS (2 | 3 | 19 7_‘_2>

27 C 2
O_VIRT BornCF s 2 3 Q + 7_‘_2
27T €2 €
SREAL VIRTY _ 3 Qg ~Born B - s Ty
+0 ) = Fy Ri =Ry (14 - Finite!

STFC HEP school 2022
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KLN Theorem

Why does this work?

Kinoshita-Lee-Nauenberg theorem: Infrared singularities in a massless theory cancel
out after summing over degenerate (initial and final) states

/

hard hard + soft gluon 2 collinear partons

Physically a hard parton can not be distinguished from a hard parton plus a soft gluon or from
two collinear partons with the same energy. They are degenerate states. A final state with a soft
gluon is nearly degenerate with a final state with no gluon at all (virtual)

Hence, one needs to add all degenerate states to get a physically sound observable

Eleni Vryonidou STFC HEP school 2022
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Infrared safety

How can we make sure IR divergences cancel?

We need to pick observables which are insensitive to soft and collinear
radiation. These observables are determined by hard, short-distance physics,
with long distance effects suppressed by an inverse power of a large
momentum scale.

Schematically for an IR safe observable:
On_|_1(k1, ]{72, Ce e ]{?Z', ]{?j, c e ]{?n) — On(k’l, ]{72, Ce ]{71 + ]{Jj, Ce ]{Tn)

whenever one of the k/k;becomes soft or kiand k;are collinear

Eleni Vryonidou STFC HEP school 2022
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Which observables are infrared safe?

» energy of the hardest particle in the event NO
» multiplicity of gluons NO
» momentum flow into a cone in rapidity and angle YES

p cross-section for producing one gluon with E > Emin and 8 > 0in NO

) jet cross-sections DEPENDS

See exercises!

Eleni Vryonidou STFC HEP school 2022
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Event shapes

cvent shapes: describe the shape of the event, but are largely insensitive
to soft and collinear branching

e Widely used to measure as

* Measure colour factors
e test QCD

* learn about non-perturbative
oNhysICS

pencil-like spherical

Eleni Vryonidou STFC HEP school 2022
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Thrust

Event-shape example

> o |pi - n Sum over all final state particles

1 = max -
Ao D il Find axis 71 which maximises this projection

Noteby: if one of the partons emits a soft or
T =1/2 collinear gluon the value of thrust is not
changing. IRC safe

What happens in an eTe™ — ggg event?

Eleni Vryonidou STFC HEP school 2022
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Thrust

What happens in an eTe™ — ggg event?

' = max

i 2 Pl

30 I | I | I | [

Thrust distribution at LEP

Vector gluon
Scalar

I |IIIIII|

Illlll

| |llllll|

Qg _2(3T2 — 31"+ 2)
27 | T(1-=T)

(21
O
S\ 1T

Divergent for T=1

Large higher order terms of the form

need to be resummed.

4

(1=T)

In(1—1T) -

N
dg

)

337 —2)(2—1T)"

1 -1T

Use either analytic resummation or the parton shower! See later!

Eleni Vryonidou
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Asymptotic freedom
How about the UV?

W Ri = Ry (1 | O;S) No divergences!

What happens at higher orders?

2 M? 1IN, —4n T
R = 0 (1475 1 (25" (et mtog (M6))) gy = e i

T T 127

UV divergences don’t cancel! We need renormalisation!

Renormalising the bare coupling we have:

M2 2 2 2
as(p) = g™ + bg log ( Mgv) (™) Ry (s (1), %) = Ry (1 s (1) {c by log %} <a5 m) )

T
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Asymptotic freedom
How about the UV?

W Ri = Ry (1 | O;S) No divergences!

What happens at higher orders?

2 M?2 11N, — 4n (T
R® = RO (1 29 (%) <c+7rbolog< UV))) by = DSoR

T T 127

UV divergences don’t cancel! We need renormalisation!

Renormalising the bare coupling we have:

2 2 2 2
as(p) = a2 4 by log (]\igv) (o 277¢)? R5™ (as (1), 75z) = Ro (1 as(1) {c 7bo log = } (as(“)> )

- )\ x

Finite but scale dependent!

Eleni Vryonidou STFC HEP school 2022



Asymptotic freedom

Xs

Perturbative region

QZ N aOKS 9
| Blas) = p° 5.2 = —boag
b() _ 11Nc _ an N N 5(043) <0 in OCD H
127
boz—g—; > 0 = Blagm) >0  in QED ( ) 1 '1
SRV
bO 10g A2 L

Eleni Vryonidou STFC HEP school 2022
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= as(p) =

b1 loglog p* /A%

bz log u?/A?

b() lOg /’U{—Z
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Running of o,

0.35

O3 F PN\ .

o2s -\

ay(Q?)

0015 e E 1

o1

0.2 - R \\

= o 3(Mz%)

T decay (N°LO) +=- |
low Q? cont. (N°LO) Fe— -
DIS jets (NLO) ]
Heavy Quarkonia (NLO)
e e jets/shapes (NNLO-+res) F*
pp/pp (Jets NLO) —a— -
EW precision fit (NSLOy—e— ~
pp (top, NNLO) =+ -

~0.1179 £ 0.0010

0.05 L

Baikov :
Davier :
Pich |

|

SM review

Boito F—e—i
|
|

........

............
2 T 1

} } |
H PQCD (Wilson loops) o

herl
H PQCD (c-c correlators) |-b1

Maltmann (wilson loops)

PACS-CS (SF scheme)
ETM (ghost-gluon vertex)
BBGPSYV (static potent.) I-Q-—I: |

...........

...........

ALEPH (jets&shapes)
OPAL(j&s)

JADE(j&s) | o

Dissertori (3j)
JADE @3j)

DW m) } ©

Abbate (1) o
Gehrm. fp—®

...........

..........

|
|
« VT

..........

...........

| 10 100 1000 011 0115 012 0125 0.13

Q [GeV] April 2016 as(Mg)
Many measurements at different scales all leading to very consistent results once
evolved to the same reference scale, M-
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Going back to the Master formula
Z [ dx,dx, d®pq [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a,b
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Going back to the Master formula
Z [ dx,dx, d®pq [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)
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Going back to the Master formula
Z [ dx,dx, d®pg [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a,b i

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)
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Going back to the Master formula
Z [ dx,dx, d®pg [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a,b i 299

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)
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QCD improved parton model

The parton model predicts scaling. Experiment shows;

Scaling violation

=18

I—
Z m ox. scaling at x=¢ 0.2

STFC HEP school 2022
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QCD improved parton model

The parton model predicts scaling. Experiment shows;

=18

Scaling violation

What are we missing?

Xs corrections to the LO process

STFC HEP school 2022

photon-gluon fusion
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QCD improved parton model

— ’\/1/\/ s
m % Z}Z - é } What do we expect?

Given the computation of R at NLO, we expect IR divergences

We need to regulate these, and hope that they cancel!

d2

. Y - —
o ~
ddeQ‘FQ = FQq ; _a ﬁ:z@'wy % ;—>—<

Soft and UV divergences cancel but a collinear divergence arises:

2 2 W,
5 = e2x[6(1 — x) +—2P, |0 Q—+CQ(x)] FS = e24[0 + —-P, |0 Q—+Cg< )]
2 q Ag 99 gmgz 2 2 g Ar 98 gmgz oW yL*
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QCD improved parton model

g e | S

Soft and UV divergences cancel but a collinear divergence arises:

) 2
g — 2 [5(1 _ )+&P lo Q__|_Cq( )] 8 — o2 [O—I—&P lo Q—+Cg( )]
o — gt A Ag 99 gmgz o » = Gt Ag 98 gmg o

— |Rcutoff  —

i 2
What are functions qu and qu.

Splitting functions Plj(x): they give the probability of parton j splitting
iInto parton | which carries momentum fraction x of the original parton

Eleni Vryonidou STFC HEP school 2022
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Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions

14 227 1+ (1—2)"
Pysqg(z) = CF 1 ) Py—sgq(z) = CF ( ) ‘

= _Z— - Z

, , 2z 1 -z
Pg%qq(Z):TR [Z + (1 —2) }7 Pg%gg(z):CA #(1 - 2) 4 1 —2z 2

-
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Altarelli-Parisi Splitting functions

Branching has a universal form given by the Altarelli-Parisi splitting
functions

Py—qq(2) = CF :11 _Z;: ) Pygq(2) = CF :1 (12— 2l -
& /
N\ .,

These functions are universal for each type of splitting
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What does this collinear divergence mean?

Residual long-distance physics, not disappearing once real and virtual corrections

are added. These appear along with the universal splitting functions.

Can a physical observable be divergent?

No, as the physical observable is the hadronic structure function:

1df

2 x"

- O3 (

) log

fzo(ﬂi’) | fi0(§) _qu(

Fl(z,Q%) = Z e

2
mg &1

We can absorb the dependence on the IR cutoff into the PDF:

L ¢

s

fa.0(8) FPyql

fol@, pp) = fg.0(2) A

Renormalised PDEFs!
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Factorisation

Structure function is a measurable object and cannot depend on scale
at all orders (renormalisation group invariance)
2 X

1 ] ]
d .
qu(va2) —xizq;qug/x ?gfz(fa/‘?“) _5(1 zf) | &52(: ) _qu(g)log 5? | (Og_zqq)(g)"

Long distance physics is universally factorised into the PDFs, which now depend
on /. PDFs are not calculable in perturbation theory. PDFs are universal, they

don’t depend on the process.

Factorisation scale Wy acts as a cut-off, emissions below Jipare included In the
PDFs.
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DGLAP

We can’t compute PDFs in perturbation theory but we can predict their evolution
INn scale:

4 )

s 8f(af;2“2> = /: iz g;P(z)f (f,ﬁ)

Altarelli, Parisi; Gribov-Lipatov; Dokshitzer °77

Universality of splitting functions: we can measure pdfs in one process and use
them as an input for another process

Splitting functions improved in

s (0 s\ 2 (1 s\ (2 .
Poy(as, 2) = 2—;P§b)(Z) + (2—;> Py (2) + (2—;) P (2) + ..... perturbation theory!
1 1 1 L.O Dokshitzer; Gribov, Lipatov; Altarelli, Parisi (1977)
LO (1974) NLO (1980) NNLO (2004)

NLO Floratos,Ross,Sachrajda; Floratos, Lacaze, Kounnas
Gonzalez-Arroyo,Lopez,Yndurain; Curci,Furmanski

Petronzio, (1981)
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PDF evolution
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- NNPDF3.1 (NNLO)

xf(x,u2=10 GeV?) :

] llllllll

g/10

xf(xu2=10* GeV?):
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PDF extraction

We can’t compute PDFs in perturbation theory but we can extract them from data, and use
DGLAP equations to evolve them to different scales.

 Choose experimental data to fit and include all info on correlations

Theory settings: perturbative order, EW corrections, intrinsic heavy quarks, a,, quark
masses value and scheme

* Choose a starting scale Q,where pQCD applies
 Parametrise independent quarks and gluon distributions at the starting scale

* Solve DGLAP equations from initial scale to scales of experimental data and build up
observables

* Fit PDFs to data
* Provide PDF error sets to compute PDF uncertainties

Eleni Vryonidou STFC HEP school 2022

71



Data for PDF determination

Kinematic coverage

Up to O(as) corrections

Deep Inelastic Scattering
Drell-Yan Rapidity Distribution

b Drell-Yan Mass Distribution

— Jets Rapidity Distribution

O 10° - Drell-Yan Transverse Momentum Distribution

v Heavy Quarks Total Cross Section
5 Heavy Quarks Production Single Quark Rapidity Distribution

. Heavy Quarks Production Rapidity Distribution

I

D 105 -

ol ]

Q

O

c '

v >
O o 104 -

c O

V ~

al O

)
O

:' 103 -
T 107 -
101! 4
| LI | I | v |
104 103 102 10-1 10°
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LHC kinematics

. 10°
How can we tell which x data probes? ey o
12 = | exp(ty)
10° 3 Q=M M= 10 TeV
For the production of a particle of mass M: o /
10°; M=1TeV ///....
2 2 : 4
M* = 51315825 — x1$24Ebeam 'y 0" £ //
Y = 1 lOg L1 S 104% M = 100 Ge\f'//f
2 L9 ~ 1 i /// : : .
L 3 / | |
M Y M —y e /o a2 o/ 2 4 6l
:1/‘1 p— 6 'CEQ — 6 lO:E’-" -/ - ? . _ . - - £
\/§ \/g E M = 10 Ge .
i fixed
10' F HERA
: target
See exercises! 07 100 100 100 100 1 1o
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Data complementarity
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GLUON

PHOTON

08
Inclusive jets and dijets
(medium/large x)
Isolated photon and y+jets 10"
(medium/large x)

107

Top pair production (large x) & 10°
High pt V(+]jets) distribution % 104
(small/medium x) S_D,
Tl o
High pt W(+jets) ratios 102} <Z
(medium/large x) V76
W and Z production 10 I/

(medium x)

v

A

-/2

Low and high mass Drell-Yan 1
(small and large x) 10"
Wc (strangeness at medium x) i |l

Low and high mass Drell-Yan

WW production
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Modern PDFs

CT18

2.0 | I B T T T
CT18 at 100 GeV
=8
15} — /5

0.5
[0 L e EUV UV E——
10 10* 102 107

X

10! 02 05 09

MSTH20

MSHT20NNLO, Q% = 10* GeV?

1.2
zf(x,Q?)
0.8 F
\ g/10
C
. uv
0.4}
d

0.0001 0.001 0.01 0.1

- g/10 .
0.9}~ 4 2,
. xf(x,u?=10" GeV ) -
0.8F =
0.7F =
0.6 .
C Cc ]
0.5 .
0.4f ,| =
0.3F b \ ]
0.2F ‘ =
0.15 -
O [ 1111111 Lot " — 3 :
107 1072 10 1

[ I LR lll | llllllll 1 LR

1

X

Different collaborations, predictions usually computed with different PDFs
to extract an uncertainty envelope.
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Impact of PDF uncertainties

Higgs Production Channel 7 theo. uncertainty Higes Production Channel % theo. uncertainty

Yellow Report 4 (2016)

Progress in PDFs!
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Parton luminosities and collider reach

10° MSTW2008NLO -

10° — 99 :

—  Q ]

1dL;;] .. .

o(S) = E /dT - 507, - :

i,j |5 6T 10 8 14 33 -

_ 107 ~

dL;;  [* , . T A W T
TS / dridroxy fi(x1, u3) X o fi(xe, u1)0(T — 2129) 100 1000 10000

o M, (GeV)
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Going back to the Master formula
Z [ dx,dx, d®pq [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a,b
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Going back to the Master formula
Z [ dx,dx, d®pg [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a,b i

z; /d$1d$2d@FS folxy, pr) fo(xe, ur) Oap—x (S, UF, UR)
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Going back to the Master formula
Z [ dx,dx, d®pg [ (x))f,(x) 6(8)

a.b i

Z [ dx,dx, d® pg 1,(x1)fp(X) 6(S, pig)

a.b i

Z/dxld$2dq)FS fa(xlqu)fb(aj%MF) a-ab—>X(§7luF“uR)Q
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End of Lecture 2

STFC HEP school 2022

79



