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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
* 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
M, ~ 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 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 2023
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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 2023
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How to compute cross-sections for the LHC?

z; /dmldz?d@FS fa($17 :uF)fb(x% :uF) 5-ab—>X(§7 HE, MR)

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

Eleni Vryonidou STFC HEP school 2023
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Master formula for LHC physics

E; / 021 dwad®rs fa(21. 100) Fo (o 1) Gapox (51 s 1012)

Phase-space integral Parton density functions Parton-level cross section
Impor’E[anft Universal: Subject of huge efforts in
Morto Carlo ~Probabilities of finding ihe LFLC th?mﬂ community
: : : O sySstematically improve
generator given parton with given thisy y Imp

momentum In proton
Extracted from data

We will study in detail this formula this week!
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From the hard scattering to events

|deally Artist’s impression of reality

Eleni Vryonidou STFC HEP school 2023

Reality
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An LHC event

. High-Q* Scattering

[ B

3. Hadronization

Eleni Vryonidou

‘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 which 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 2023
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From QED to QCD

Example 1: R-ratio

+ €‘|" Y + q

) v/ 2 V ) V)2
VS
e (v - q

et

, - . A /
Let’s compute the matrix element for: W & 5
Summing and averaging: i - e

_ 264 ) ‘ ‘4 ...................................
Z M|* = . RES M Try this out!
\)

\)

Mandelstam variables: s = (p,, +p,_)* 1= Doy —Pus)’ = — 5(1 — cos0)
\)

s+t4+u=0 u=(pe+—pﬂ_)2=—5(1+casé’)
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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!

ereToHTHT 3s

Eleni Vryonidou STFC HEP school 2023
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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 colourl!!! =2(N¢/3) q=wu,d,s

. : — — 7 :37(NC/3) q:u,d,s,c,b
Quark —anti-pair can be one of 17, g2, bb

Experimental evidence for colour!

Eleni Vryonidou STFC HEP school 2023 20



From QED to QCD

Example 1: R-ratio
R-ratio computation

5
R 10° 7 i
f

10° d
11/3 R \
10/3 10 , M.
F\, el e fuuimcacdigit 110
2 1
2m., 2m S oL

- b \/_ 1 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< - €+W )
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 2023
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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: S Mt TM
Narrow width approximation:
1 T R 9 :

(5 — M2)2 + M2I'2 ~ Myl

0€+€_—>Z—>Iu‘|‘,u_ = ete——Z7Z X Br(z — ,u_l_,u_) with B]”(Z —> Il/t+//t_) — FZ—>/4+,M

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

Eleni Vryonidou STFC HEP school 2023
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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!
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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 2023



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% fot°V (q)%u(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 2023
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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 2023
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Properties of QCD

distance~|/energy

UV: Asymptotic freedom
Perturbatlve Computatlons
' Parton model

>
I |
Confinement asymptotic freedom
(large distance) (short distance)

IR: Universality
e Collinear Factorisation |IM”§
e Parton showers

Eleni Vryonidou STFC HEP school 2023
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The parton model of QCD

Deep Inelastic Scattering

e (k)
/o W s= (P +k)*
e(k) —>—% - Q° = —(k—k)?
V,Qz r = QQ/Z(P ' C])
v=(P-q)/M =FE — FE'
o y=(P-q))(P-k)=1—-E'/E

x W?=(P+q)*= M? - 1;:5‘@2

CoM energy
momentum transfer/\2
scaling variable
energy loss

relative energy loss
recoll mass

daelastic ( do ) 2 9
— |\ 7 o °}2ﬂasic(q )(5(1-—:t)(ﬂt
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?
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Deep Inelastic scattering

What can F?(g?) look like?

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

2 2
EZCZSZ‘ZC(q ) ™~ lnelastlc(q ,.X) < 1

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

elastzc(qz) ~ 1 r z%zelastic(qz’ x) <1

2 2 2
' (q ) <1 I melastlc(q ,)C) ~ 1
Quarks are free particles which fly away without caring about confinement!

Eleni Vryonidou STFC HEP school 2023
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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 2023

32



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 2023
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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 2023
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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 2023

35



