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' and its main Inputs
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' Parton Distribution Functions (PDFs)
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' Today: we discuss the actual scattering cross section
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EXAMPLE SERIES #1

l (e"e ! hadrons)
l(ete | putp')
=Ro (1+0.32! , +0.14!1 21 0.47! 21 0.59316! 7 4 - )

Batkov et al., 1206.1288
(numbers for y-exchange only)

0 = as(vSere )]

This Is one of the few quantities calculated to N4LO

Good convergence of the series at every order
(at least for «os(Mz) =0.118)




EXAMPLE SERIES #2

| (pp— H) = (961 pb) & (as + 10.4a2 + 38 + 48a> + -+ )

5, =13TeV

Anastasiou et al., 1602.00695 (ggE, hEFT)

pp —H (via gluon fusion) Is one of only two

hadron-collider processes known at N3LO
(the other is pp—H via weak-boson fusion)

The series does not converge well

(explanations for why are only moderately convincing)
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SCALE DEPENDENCE

' On previous page, we wrote the series in terms of powers of
1 (M u/2)

| But we are free to rewrite it in terms of ! 4(") for any choice
of Orenormalisation scaleCO'.

NNLO

L (pp—H) = 0>< o (W)
+(10.4 + 2y In 2)oﬁ(u)
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SCALE DEPENDENCE

' On previous page, we wrote the series in terms of powers of
1 (M u/2)

| But we are free to rewrite it in terms of ! 4(") for any choice
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SCALE DEPENDENCE

' On previous page, we wrote the series in terms of powers of
1 (M u/2)

| But we are free to rewrite it in terms of ! 4(") for any choice
of Orenormalisation scaleCO'.

i i
L (pp—H) = 0>< (W) | \
+(10.4 + 2y In p2)0‘3(”) T i i

scale dependence (an intrinsic uncertainty)

gets reduced as you go to higher order



Scale dependence as the OTHEORY UNCERTAINTYO

30 —Trr | — Here, only the renorm. scale
" has been varied. In real life
Conventional scale! you need to change renorm.

25 T - and factorisation scales.

variation range

A “theory” (scale)!
uncertainty

Convention: Otheory uncertaintyO (i.e. from missing higher
orders) Is estimated by change of cross section when
varying M inrange 1/2 — 2 around central value



Scale dependence as the OTHEORY UNCERTAINTYO

Here, only the renorm. scale

—Higgs cross section (EFT) —=

o " has been varied. In real life

B NNLO E you need to change renorm.

NLO § and factorisation scales.
Is) i 1z
o S
T
s | IE
o) -
O | H | | |

Convention: Otheory uncertaintyO (i.e. from missing higher

orders) Is estimated by change of cross section when
varying M inrange 1/2 — 2 around central value




WHAT DO WE KNOW?

LO: almost any process (with MadGraph, ALPGEN, etc.)

NLO: most processes (with MCFM, NLOJet++, MG5 aMC@NLO,
Blackhat/N]Jet/Gosam/etc.+ Sherpa)

NNLO: all 2! 1 and many 2! 2 (but not dijets)
(DY/HNNLO, FEWZ, MATRIX, MCFM & private codes)

N3LO: pp ! Higgs via gluon fusion and weak-boson fusion
both in approximations (EFT, QCD; XQCD)

NLO EW corrections, I.e. relative ! gy rather than ! :
most 2! 1 and many 2! 2

15



the real world?
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GLUON EMISSION FROM A QUARK

\ Consider an emission with
\ / ' energy E «"s (OsoftO)

\ / E
O#O - g}\ﬁ» - angle! « 1!
o ® (OcollinearO wrt quark)

Examine correction to
some hard process with
Cross section #g

2" Cp dE d$
X
# E $

This has a divergence when E  —0 or 6—0

[iIn some sense because of quark propagator going on-s



How come we get finite cross sections?

I QCXSCF dE dé
+

T E 6
b A VIRTUAL

\ /

R
— —
N R

"’ E #

Divergences are present
In both real and virtual
diagrams.

If you are Onclusive O,
l.e. your measurement
doesnOt care whether a
soft/collinear gluon has
been emitted then the
real and virtual
divergences cancel.

18



Suppose weOre not inclusive N e.g. calculate probability «

Probability P4 of emitting gluon from a quark with energy Q:

2N .Cc QdE° 1d#|
- = e (E#> Qo)

This diverges unless we cut o# the integral for transverse
momenta (pr = E 6) below some non-perturbative threshold Q,.

P, !

On the grounds that perturbation theory doesn’t apply for pr ~ Aqcp
language of quarks and gluons becomes meaningless

With this cuto#, the result Is

P, asCF 12 @ O (asn Q)

T 0

this is called a Odouble logarithmO

[It crops up all over the place in QCD]



Suppose weOre not inclusive N e.g. calculate probability «

Suppose we take Q ~ $ gcp, What do we get?
Let’suse a; = a;(Q) = 1/(2bln Q/A)

[Actually over most of integration range this is optimistically small]

l sCF In2 @ . CF In @ . Cr
" Qo 20" Aocp 42"

Py ~

Put In some numbers: Q =100 GeV, $ocp = 0.2 GeV, C=4/3,b =0.6

pP,! 2.2

This is supposed to be an O( «s) correction.

But the final result ~ 1/ s

QCD hates to not emit gluons!



Picturing a QCD event

O |

Start off with a qgbar system

21



Picturing a QCD event

O]

a gluon gets emitted at small angles

22



Picturing a QCD event

O |

It radiates a further gluon

23



Picturing a QCD event

O]

and so forth

24



Picturing a QCD event

O]

meanwhile the same happened on the other side

25



Picturing a QCD event

then a non-perturbative transition occurs

26



Picturing a QCD event

giving a pattern of hadrons that “remembers” the gluon branching!
(hadrons mostly produced at small angles wrt ggbar directions |



resummation
and parton show

the previous slides applied in practice




Resummation

I 1tOs common to ask questions like @rhat is the probability that a
Higgs boson is produced with transverse momentum < prO

' Answer is given (~) by a O Sudakov form factor O, i.e. the

probability of not emitting any gluons with transverse
momentum > p T.

1 2| SCA 1n2 %
) Pr

P (Higgs trans.mom. <pp)! exp

when pr Is small, the logarithm iIs large and compensates for

the smallness of | s N so you need to resum log-enhanced
terms to all ordersin !s.

29



What do we know about resummation?

' YouOll sometimes see mention of ONNLLO or similar
' This means next-next-to-leading logarithmic

' Leading logarithmic (LL) means you sum all terms with
p=n+1 (for n=1E%) in

My

exp — ayln?
pr

n,p
' NLL: all terms with p=n (for n=1E%)
' NNLL: all terms with p=nD1 (for n=1E%)

In real life, the function that appears in the resummation
1s sometimes instead a Fourier or Mellin transform of an exponential

30



do/dp; (fb/GeV)

Resummation of F8pgstpum

1.000

0.500

0.020

0.010

0.005

pp>H+X->yy+X

Vs=8 TeV, MSTW2008 %%ﬂ
— up=Ur=RQ=my=125 GeV '
B ] ] ] ] | ] ] ] ] | ]
0 50 100

This kind of

resummation is an
input to nearly all

LHC Higgs studies

de Florian et al
1203.6321
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Resummation of $8ggstpum

Resummation is essential to

predict small-pr region (where
you have most of the events)

HQT2.0 —

T HRes

This kind of

resummation is an
—  input to nearly all

dpr (fb/GeV)

This is resummation of a kinematic variable N can usually
be made robust by examining region withp 1« mH

Another kind of resummatkbmashold resummation , of logs of
| = (1 B ¥6). For many applications (ttbar, Higgs) itOs debated
small enough for resummation to bring genuine informat




resummation v. parton showers (the basic idea)

| aresummation predicts one observable to high accuracy

| a parton shower takes the same idea of a Sudakov form factor
and uses it to generate emissions

' from probabillity of not emitting gluons above a certain p T, you
can deduce pr distribution of Prst emission

1. use a random number generator (r) to sample that p
distribution

2! SCA 2 p%,max

o

In

deducepy by solvingr =exp |!

2. repeat for next emission, etc., until p 1 falls below some non-
perturbative cuto#

very similar to radioactive decay, with time ~ 1/p

and adecayrate ~p tlog 1/p T



A toy shower nhttps://github.com/gavinsalam/zuoz2016-toy-shower

(fixed coupling, primary branching only, oolgmergy conservation, no PDFs, etc.)

#!/usr/bin/env python

# an oversimplified (QED-like) parton shower
# for Zuoz lectures (2016) by Gavin P. Salam
from random import random

from math import pi, exp, log, sqrt

ptHigh= 100.0

ptCut = 1.0
alphas= 0.12
CA=3
def main ():
for iev in range (0, 10):
print  "\nEvent" ,iev
event()

def event ():
# start with maximum possible value of Sudakov
sudakov = 1

while ( True):
# scale it by a random number

sudakov *= random()
# deduce the corresponding pt

pt = ptFromSudakov(sudakov)
# if pt falls below the cutoff, event is finished
it (pt < ptCut): break
print " primary emission with pt =" , pt

def ptFromSudakov (sudakovValue):
""" Returns the pt value that solves the relation
Sudakov = sudakovValue (for O < sudakovValue < 1)
norm = ( 2*CA/pi)
# r = Sudakov = exp(-alphas * norm * L"2)
# -->log(r) = -alphas * norm * L"2
# --> L2 = log(r)/(-alphas*norm)
L2 = log(sudakovValue)/(-alphas * norm)
pt = ptHigh * exp(-sqrt(L2))
return  pt

main()


https://github.com/gavinsalam/zuoz2016-toy-shower

A tOy shower https://github.com/gavinsalam/zuoz2016-toy-shower

(fixed coupling, primary branching only, oolgmergy conservation, no PDFs, etc.)

#!/usr/bin/env python % python ./toy-shower.py
# an oversimplified (QED-like) parton shower

# for Zuoz lectures (2016) by Gavin P. Salam

from import random Eve_nt 0 . :
from import  pi, exp, log, sqrt primary emission with pt = 58.4041962726
primary emission with pt = 3.61999582015
ptHigh=  100.0 primary emission with pt = 2.31198814996
ptCut = 1.0
Eg:'Xr__'gS = 012 Event 1
primary emission with pt = 32.1881228375
def main (): primary emission with pt = 10.1818306204
for iev in (0, 10): primary emission with pt = 10.1383134201
print » 18V primary emission with pt = 7.24482350383
event() primary emission with pt = 2.35709074796
def event (): primary emission with pt = 1.0829758034
# start with maximum possible value of Sudakov
sudakov = 1 Event 2
while  ( 2 ): primary emission with pt = 64.934992001
# scale it by a random number primary emission with pt = 16.4122436094
sudakov *= random() . .. . _
# deduce the corresponding pt primary emission with pt = 2.53473253194
pt = ptFromSudakov(sudakov)
# if pt falls below the cutoff, event is finished Event 3
it (tpt < ptCut): break t primary emission with pt = 37.6281171491
prin P

primary emission with pt = 22.7262873764
def ptFromSudakov (sudakovValue): pr?mary em?ss?on W?th pt = 12.0255817868
primary emission with pt = 4.73678636215
primary emission with pt = 3.92257832288

norm = ( 2*CA/pi)

. A Event 4
z r; ﬁ)lg](lgk: Yani);Z(*a:,T;?ns* |_n/\02rm L2) primary emission with pt = 21.5359449851
# --> L2 = log(r)/(-alphas*norm) primary emission with pt = 4.01438733798
L2 = log(sudakovValue)/(-alphas * norm) primary emission with pt = 3.33902663941
pt = ptHigh * exp(-sart(L.2)) primary emission with pt = 2.02771620824

rern - pt primary emission with pt = 1.05944759028

main()


https://github.com/gavinsalam/zuoz2016-toy-shower

A toy shower nhttps://github.com/gavinsalam/zuoz2016-toy-shower

(fixed coupling, primary branching only, oolgmergy conservation, no PDFs, etc.)

#!/usr/bin/env python % python ./toy-shower.py
# an oversimplified (QED-like) parton shower

# for Zuoz lectures (2016) by Gavin P. Salam

from random import random Eve_:nt 0 . .
from math import pi, exp, log, sqrt primary emission with pt = 58.4041962726
primary emission with pt = 3.61999582015
ptHigh= 100.0 primary emission with pt = 2.31198814996
ptCut = 1.0
Eélﬁggs = 02 Event 1
primary emission with pt = 32.1881228375
def main (): primary emission with pt = 10.1818306204
for iev in range (0, 10): primary emission with pt = 10.1383134201
print  "nEventt -, iev primary emission with pt = 7.24482350383
event() primary emission with pt = 2.35709074796
def event (): primary emission with pt = 1.0829758034
# start with maximum possible value of Sudakov
sudakov = 1 Event 2
while ( True ): primary emission with pt = 64.934992001
sud akﬁjfg';'; ggrgorandom number pr?mary em?ss?on W?th pt = 16.4122436094
# deduce the corresponding pt primary emission with pt = 2.53473253194
pt = ptFromSudakov(sudakov)
# if pt falls below the cutoff, event is finished Event 3
it (pt < ptCut).  break ) primary emission with pt = 37.6281171491
print primary emission with pt = Pt primary emission with pt = 22.7262873764
def ptFromSudakov (sudakovValue): primary emission with pt = 12.0255817868
""" Returns the pt value that solves the relation primary emission with pt = 4.73678636215

Exercise: replace C a=3 (emission from gluons)
with C r=4/3 (emission from quarks)

and see how pattern of emissions changes
(multiplicity, p 1 of hardest emission, etc.)


https://github.com/gavinsalam/zuoz2016-toy-shower

A real-world shower (Herwig)
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real-world Monte Carlo parton shower programs

' Pythia, Herwig, Sherpa
(each has one or more formulations of a parton shower)

| Sudakov approximation is not accurate for high-p + emissions,
and Intrinsic accuracy of cross sections is LO

' showers combined with NLO through tools like MC@NLO
or POWHEG
(NNLO matching Is a research topic with prst tools
avallable)

' Full matrix elements for hard emissions included through
methods like MLM, CKKW, FxFx, SherpaOmergingO or
through Vincia or MINLO techniques

35



hadronisation & |

essential models for realistic events



two main models for the partonBhadradtcamsatgm (O

L
\
String Fragmentation Cluster Fragmentation
(Pythia and friends) (Herwig) (& Sherpa)

Pictures from ESW bog}<



multi-parton interadiBies K.anderlying gvent

Qutgoing Parbon

Multiple Parton Interactions
N \% P, (hard)
Ry _g======- \

Proton

Undeslying Even

oo i taken from
abi o, S . R. Field
Lo ' ,
/ X
ok ~ =0 €
/
O/'i &
L, ______________
taken from

1206.2205 '
)12 2l Uo 0



| CMS Experiment at LHC, CERN

N ! Run 133450 Event 16358963
2’| Lumi section: 285

| Sat Apr 17 2010, 12:25:05 CEST | /

|ets
1.e. how we make

sense of the hadronic
part of events

UATLAS |

| .’EXPERIMENT I‘- b e ""

l /ﬁ\l

o cl ll llil\



WHY DO WE SEE JETS?

guark

Gluon emission

dE d"
| o = 1]
Non-perturbative
physics
P |

40



WHY DO WE SEE JETS?

— . Gluon emission

GEJ - - | + dE d"
quark }}}-—E o — | 5 — |1 1

28 —Ki E
22 10
o 9 .
- 5 — K Non-perturbative
s <= ! physics

N . POR!

While you can see jets with your eyes, to do quantitative
physics , you need an algorithmic procedure that defines what

exactly a jet Is




make a choice, spitifefinition

{p } jet debnition -k}

particles, jets
4-momenta,

calorimeter towers, ...

¥ Which particles do you put together into a same jet?

¥ How do you recombine their momenta
(4-momentum sum Is the obvious choice, right?)

et [debnitions] are legal contracts between theorists and expetien
-- MJ Tannenbaum

TheyOre also a way of organising the information in an ever
10000s of particles per events, up to 20.000,000 events per secon

41



what should a jet definition achieve?

ARt

LO partons NLO partons parton shower hadron level
Jet l Def N Jet l Def N Jet l Def N Jet l Def N
jetl jet 2 jetl jet 2 jetl jet 2 jetl jet 2

VOV

projection to jets should be resilient to QCD effects

42



the main jet algorithm at the LHC

Two parameters, R and pimin:
(These are the two parameters in essentially every widely
used hadron-collider jet algorithm)

1 | R? 1

] 2 2 2 B 2
maX(pﬂ ,ptj ) R pti
LRE = (vt )P )

Sequential recombination algorithm

1. Find smallest of dj;, dig
2. If 17, recombine them
3. If 1B, call i a jet and remove from list of particles

4. repeat from step 1 until no particles left
anti-k ; algorithm
Cacciari, GPS & Soyez, 0802.1189

43

Only use jets with p: > Ptmin



anti-kin action

Clustering grows d. = S AN 4. = L
around hard cores . iB




anti-kin action

- 1 | Rz 1
Clustering grows d. = I dg =

| —— | - 2

around hard cores ' max(pi,pi) R? p3

L4



anti-kin action

- 1 | R? 1
Clustering grows d. = I dg =
I — 7 I -

around hard cores : max(p? , ptzj ) R? 02

anti-kt, d = 1.00e-06

L4



anti-kin action

- 1 | R? 1
Clustering grows d. = I dg =
I — 7 I -

around hard cores : max(p? , ptzj ) R? 02

anti-kt, d = 1.44e-06

L4



anti-kin action
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anti-kin action

Clustering grows _ CN) _
around hard cores

anti-kt, d = 1.00e+100

Anti-k ¢ gives

circular jets !

(Ocone-likeO)!
in a way thatOs
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ATLAS M/W* ANALY SIS [1604.02997]

meters of the {Ahia8 generator controlllng the modelling oftheparto h r and the underlylng €
are those corresponding:to the AU2 s&8][ :The Higgs boson mass set in the generation is 125.0 G

which is close to the measured value. TrevMARegggF model takes into account Pnite quark mas:
and a running-width BreitbWigner distribution that include deltocortls ,_"f @ im-
prove the modelling of the Higgs bosga distribution, a reW|ht| scheme is applied to reproduce
prediction of thé next: ftonexttladln*' el  0 d’nxttOnxtOIedm} logarithm (N

dynamic-scale calculation given by the _»1 po gram B0J| Events with> 2 jets are further reweightec
to reproduce thep)T spectrum predlcted by the NLCDWhegsmuIatlon of Higgs boson production in as
sociation with two jetsil + 2 jets) [B1]. Interference with continuurllVW production B2, 33] has a
negligible impact on this analysis due to the transverse-mass selection criteria described indSsaudio
IS not included in the signal model.
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WHAT DO ATLAS & CMS USE MOST FREQUENTLY?
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WHAT DO ATLAS & CMS USE MOST FREQUENTLY?

in these two lectures we’ve seen a
good part of the tools used at LHC
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CONCLUSIONS

A huge number of ingredients goes into hadron-collider
predictions and studies (! s, PDFs, matrix elements,
resummation, parton showers, non-perturbative models, jet
algorithms, etc.)

a key idea is the separation of time scales (OfactorisationO)
' short timescales: the hard process
' long timescales: hadronic physics
| In between: parton showers, resummation, DGLAP

as long as you ask the right questions (e.g. look at jets, not
iIndividual hadrons), you can exploit this separation for
guantitative, accurate, collider physics
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GLUON V. HADRON MULTIPLICITY

It turns out you can calculate the gluon
multiplicity analytically, by summing all or-
ders (N) of perturbation theory:

| 1 " Ca Q#n
!Ng # (n!)2 |b |n|—
n
’ 4C
# exp I—;‘Inl9

Comp%e to data for hadron multiplicity

(QS$ )
Including some other higher-order terms
and fitting overall normalisation

Agreement Is amazing!

— Q0D

Aleph
Delphi
L3

Opal |
MKI| -
Jade 1
Pluto
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TPC/2y -
HRS |
Topaz

py

SO & 2
“ 3

- ® W - X > 0] O < »
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20 40 60 80 100
vs/GeV

charged hadron multiplicity
in ete' events
adapted from ESW
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Combining 2-loops / 1-loop / tree

f (z) Is some function with Pnite Iimit for z! O

OSLICINGO

| 1, (2
' = ¢! In— af (0)+ dzﬁ
cut cut Z
virtual & counterterm: real part:
get from soft-collinear use MC integration
resummation (cut has to be small,

but not too small)

gT-subtraction: Catani, Grazzini
N-jettiness subtraction: Boughezal, Focke, Liu, Petriello; Gaunt, Stahlhofen, Tackmann, Walsh



Combining 2-loops / 1-loop / tree

f (z) Is some function with Pnite Iimit for z! O

LOCAL SUBTRACTION

N )
0

virtual & counterterm: ! real part:!
may need (tough) MC integration is finite
analytic calc” even without cut

Sector decomposition: Anastasiou, Melnikov, Petriello; Binoth, Heinrich
Antennae subtraction: Kosower; Gehrmann, Gehrmann-de Ridder, Glover
Sector-improved residue subtraction: Czakon; Boughezal, Melnikov, Petriello
CoLorFul subtraction: Del Duca, Somogyi, Trocsanyi

Projection-to-Born: Cacciari, Dreyer, Karlberg, GPS Zanderighi
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WHAT PRECISION AT NNLO?

1 Oo/o B
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WHAT PRECISION AT NNLO?




Processes currently known through NNLO

dijets O(3%) gluon-gluon, gluon-quark PDFs, strong couplings, BSM
H+O0 jet O(3-5 %) fully inclusive (N3LO ) Higgs couplings
H+1 jet 0(7%) Luglé/aizc,:lit;i\r/“et; Hr:%gsss ons Higgs coupIingz,gﬂi%%?tsftructure for the
tT pair O(4%) fully exclusive, stable tops ':;)glfsrf);sss&/(laction, mass, p, FB asymmetry,
single top O(1%) fully eXCLl_JsLVaer;nSé?ble tops, Vi, width, PDFs
WBF O(1%) exclusive, VBF cuts Higgs couplings
W+ O(1%) fully exclusive, decays PDFs
Z+] O(1-3%) decays, off-shell effects PDFs
ZH O(3-5 %) decays to bb at NLO Higgs couplings (H-> bb)
7 O(4%) fully exclusive Trilinear gauge couplings, BSM
WW O(3%) fully inclusive Trilinear gauge couplings, BSM
top decay O(1-2 %) exclusive Top couplings
H ->bb O(1-2 %) exclusive, massless Higgs couplings, boosted

done ~ in past year

K. Melnikov @ KITP
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n3lo

Higgs via '
weak-boson
fusion

Higgs via '

gluon fusion




N3LO CONVERGENCE?

o [pb]

Anastasiou et al, 1602.00695

N3LO ggF Higgs

300
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—— NNLO —— N3LO |
LHC
200 PDF4LHC15
NS PP->H«x

Hr=Hr € [ms/4,ms]

100
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Dreyer & Karlberg, 1606.00840

N3LO VBF Higgs
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N3LO PDFS ?

0.03 [
0.02

0.01

PDF (itmpact on oysg)

B(8 GeV)

| |
B(]-O GeV) -

| ' |
B(S GEV)

A

~o L
~u

PDF4LHC15_nnlo_mc |
I | I | | | |

20

30
s [TeV]

50 100

Dreyer & Karlberg, 1606.00840

impact of N3LO

coefficient functions
non-negligible on PDFs

NNLO :

|

)
2

NLO

First results on N3LO splitting-fn moments e-Print: arXiv:1605.08408

First Forcer results on deep-inelastic scattering and related quantities
B. Ruijl, T. Ueda, J.A.M. Vermaseren (NIKHEF, Amsterdam), J. Davies, A. Vogt (Liverpool U., Dept. Math.).
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Z p Data v. two theory calculations

B S 3 TeV ATLAS Z (CT14)
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Boughezal, Liu & Petriello
’16 preliminary
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X-sections normalised to Zfane gnedérstand Z production

B +0.45% syst. &=
— . 44— |

& +2.8% lumi I




