CENTRO DE CIENCIAS
DE
PEDRO PASCUAL

QCD, jets and Monte Carlo: 31 |ecture

Taller de Altas Energias TAE2014, September 2014

German Rodrigo, QCD, jets and MC, TAE2014



German Rodrigo, QCD, jets and MC, TAE2014



Beam remnant

Incoming proton

(!q'
3 --
AW
»
Co ISR ‘I' 10000
@) 0
P 0 Resonance N U000
O decay &
Hard parton \ FSR
interaction ~ +
u Z%y S
Py
““.
ISR
. 80
k“k’é

Factorize physics into long
distance (hadronic ~ My,q),
and short distance
(partonic Q@ > Mpaq),

factorization violation
IS power supressed

~ 0 (Mhad/Q)q

Hard scattering

Parton densities
PDF ”\ v/_ cross-section

) 1

Factorization and renormalization scales

_ )

Higher
twist

Partoniccms energy § = 1 X9 S

German Rodrigo, QCD, jets and MC, TAE2014



Parton distribution functions

B Non-perturbative input determined from global fits to collider data,
scale evolution from pQCD (NNLO)

B \ast choice: e.g. http://hepdata.cedarac.uk/pdfs

am
The Durham HepData Project \L A

. 3 PDF PLOTTER ABouTt HEPDATA -

HepData Compilation of Parton Distribution Functions

On-line Unpolarized Parton Distribution Calculator with Graphical Display.

Unpolarized Parton Distributions

Access the parton distribution code, on-line calculation and graphical display of the distributions, from CTEQ, GRV, MRST/MSTW,
Alekhin, ZEUS, H1, HERAPDF, BBG and NNPDF.

CTEQ fortran code and grids
CTEQ-Jefferson Lab (CJ) the CJ12 PDF sets

GRVIGJR fortran code and grids

MRST fortran code and grids, C++ code

MSTW fortran, C++ and Mathematica codes + grids etc.
ALEKHIN fortran,C++ Mathematica code, and grids

ZEUS ZEUS 2002 PDFs, ZEUS 2005 jet fit PDFs
HERAPDF Combined H1/ZEUS page, HERAPDF1.0 paper

H1 H1 2000
BBG BBGOG6_NS
NNPDF Non Singlet PDF code - hep-ph/0701127

Polarized Parton Distributions

Currently available parametrizations
L552001 E Leader, AV Sidorov and D_B.Stamenov, Eur Phys J.C23 (2002) 479
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Online PDF plotting and calculation

xf(x,Q2) v x

~
Using the form below you can calculate, in real time, values of xf{x,Q"2) for any of the a
PDFs from the different groups. You can also generate and compare plots of xf{x,Q"2) =
v x at any Q*2 for up to 4 different parton types or PDF sets. a
Select: Parton Group Set

v up [~] MSTW-nnlo [~| MSTW2008nnio =

v down |~| MSTW-nnlo [~] MSTW2008nnio =

v strange |~| MSTW-nnlo [~| | MSTW2008nnlo [~

] gluon |[~| MSTW-nnlo [~| | MSTW2008nnlo [~
Xmin = 0,01 Xmax = |08 Xinc =0.01
Q2 =1 Ge\*™2 0.8
X axis: lin '@ log
y axis: @ lin log, ymin= 0.0 ymax = 2.0 .
Qutput as: numbers or @ plot (line width = 10 ) as ratio -
Makethe Piot add sets| [[EHOUCISEE 0.4
Change to plotting versus Q2 17
Change to Ermror Set plotting

= Maximum of up and down atx = 1/3: = |
three quarks sharing the proton <
momentum :

= up = 2 x down T

= Gluon evolves faster: color charge o
C, = 3 versus quark color charge i
Cr = 4/3 |
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DGLAP evolution

(14+3)u (1+3)n?

12 u?

L + L

p X/z x(1-2)/z p )
Oq(z, 1n?) as [tdz 5
dlog 112 = o ?Pq—ﬂgg(z) q(z/z, %)
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DGLAP flavour structure

The proton contains both quarks and gluons: DGLAP is a matrix in flavour space

0 (Q>Z(Pq—>qg Pg—ﬂﬁ)(@(q)
Ologpu? \ ¢ Pgogq Pg—gg g

spanning over all flavours and anti-flavours

1+ 22
Pq—HJQZCF( )
_|_

1 —z

1+ (1—2)°
yA
Pyqq = Tr[Z* + (1 — 2)?]

Py—gq = CF

2 1—2z
P =20n | (7= 35+

+ 2(1 — z)] + (1 — 2)bg

with the plus-prescription /0 dz[g(2)]4 f(2) = /0 dz g(2) [f(z) — f(1)]
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PDFs: strategy in a nutshell

= Make an ansatz for the functional form of the PDFs at some fixed
value low scale Q3 ~ 1 GeV*
e.g. in MRST/MSTW

rzuy = Ay 2™ (1 —2)" (1 + ey VT + 70 T) uy =u—u
rdy =Agx™ (1 —2)™ (1 + egv/T + Y4 ) dy =d—d
rg=Agx " (1 —2)" (14 €gv/x + 7, )

Note: NNPDF use neural networks and does not need such explicit
functional form

= Collect data at various (x, Q2) from different experiments (e.g. DIS),

use DGLAP equation to evolve down to Q3 and fit parameters,
including ag

= Ensure sum rules o
(Gottfried, momentum, ...): /d:l?a: Z filz,Q7) =1
i
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Parton distribution functions

B Differences are due to different:

Data sets in fits, parameterization of starting distributions, order of pQCD evolution, power
law contributions, nuclear target corrections, resummation corrections (In 1/x, ...), treatment
of heavy quarks, strong coupling, choice of factorization and renormalization scales.

B ot least 5-10% uncertainty in theoretical predictions

NLO gg—H at the LHC (s = 7 TeV) for M, = 120 GeV NLO gg—H at the LHC (s = 7 TeV) for M, = 180 GeV
T T T T T T T T T T T T T T 5'4 - - T
E 13: I T T —lll"—“‘ T ] E B L | L L T ”I'-IJ T 'I—-,,L L B
R B - = i ]
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What's a jet

= abunch of
energetic and
collimated particles

= 60% of LHC papers

use jets [Salam, Soyez]




High mass central di-jet event

A track p; cut of 0.5 GeV has been applied for the display.
o 1tjet (ordered by py):p; = 1.96 TeV, n = -0.07, @ = -2.68
2ndjet: p;r =1.65TeV, n =017, @ =048
Missing E; = 318 GeV, ¢ = 0.43
Sum E; = 3.81 TeV

EXPERIMENT

Run Number: 201006, Event Number: 55422459 |~/
Date: 2012-04-09 14:07:47 UTC j




A high jet multiplicity event

counting jets with p; greater than 60 GeV: this event has eight
» Istjet (ordered by py): pr = 290 GeV, n = -0.9, @ = 2.7
» 2nd jet: py =220 GeV, n =03, ¢ =-0.7
= missing E; = 21 GeV, ¢ = -1.9
= sum E; = 890 GeV

A EXPERIMENT

Run Number: 166198, Event Number: 100726931

B G ALLAS

Date: 2010-10-05 03:27:52 CEST
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Display of a semi-leptonic top quark pair event

at high invariant mass (714 GeV)
The top quark boosts lead the decay products to be collimated, albeit still

distinguishable using standard reconstruction algorithms.

(= ".. { |
le touie’)e;ﬁdidate N, hadronic top
P \ candidate : \

Electn;{ = g

leptonic top
candidate

1K -\\ |
i y Ry e
| > / .
| . A

< . =3

" il EXPERIMENT
-ﬂ'-"
. Run Number: 166658, Event Number: 34533931
dldate Date: 2010-10-11 23,5742 CEST

top“eanal




dE db Non-perturbative
E 6 > transition to hadrons

g 1 AQCD ~ 200MeV

higher probability at small angle
(collinear) and small energy (soft)

Parton level

M, K, ...

| \ Particle Jet Energy depositions

P In calorimeters

hard interpretation . jet definition
partons {jk} A {p’&}

jets final-state

B | 4-momenta
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Jet clustering algorithms at e*e™ colliders

= [terative and univocal procedure that tries to reverse the pattern of QCD
multi-parton emissions

Define a distance d;; between all pairs of particles

JADE Q(E,Ej)(l — COS 9,},)/5
DURHAM(kr)  2min(E}, EZ)(1 — cosb;;)/s
CAMBRIDGE DURHAM + angular ordering

Compute the smallest distance d;;

then cluster i and j together (p; = p; + ;) it dij < yeur (Jet
resolution parameter)

Repeat until all d;j > yeye

Number of jets equals number of final-state (pseudo)particles
~ underlying partonic hard process

Jet clustering algorithms are IR safe

= Jet clustering algorithms were extensively used at LEP: but Tevatron used
cones: good experimental behavior but not infrared safe
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Run-event 4093- 1000 Date 930527 Time 20716 Ctrk(N= 39 Sump= 73 _3) Ecal(N= 25 SumE= 32 _6) Hcal (N=22 SumE= 22 6) i
Ebeam 45.6568 Evis 99.9 Emiss -8.6 Vix ( -0.07, 0.06, -0.80) Muon{N= 0) Sec Vix(N= 3) Fdet{N= 0 SumE= 0.0) JI',' \
Bz=4_350 Thrust=0_9873 Aplan=0_0017 Oblat=0_ 0248 Spher=0_0073 \ .I

Run:event 2542: 63750 Date 511014 Time 35925GErk(N- 28 Sump— 42.1) Ecal(N- 42 SutE- 539_8) Hcal (N- B SumE- 12.7)
Ebeam 45.603 Evis B6.2 Bmiss 5.0 Wix [ -0.05. 0.12. -0.90) Muon{N- 1) Sec Vix(N- D) Fdel{N- 2 SumE= D.0}
Bz-4.350 Thrusi-D.8223 Aplan—0.0120 Oblat—1.3338 Spher-0.2453

n Clearly ”
a two-jet event

= Three- or four-jet event ?

o | = Depends on the jet resolution parameter
German Rodrigo, QCD, jets and MC, TAE2014
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[Catani, Dokshitzer, Seymour, Webber, 93]
[Ellis, Soper, 93]

(The fﬁl Jéf

What changes at hadron colliders ?

= There a beams, then introduce “beam distance”: dig = p4; = 2E%(1 — cos 6;p)
= Preference to use longitudinal invariant variables: transverse momenta (pr),
rapidity (Ay) and azimuthal angle (¢)

Inclusive kg

di; = min(pg,, pr;) R‘U dip = pr; AR = (yi — ;)" + (¢ — d;)°

Compute the smallest distance d;; or d;p

If d;;, cluster i and j together
I dig, call i ajet and remove from the list of particles

Repeat until no particle is left
Two parameters: R and minimal transverse momentum pr; > Prmin

German Rodrigo, QCD, jets and MC, TAE2014



[Cacciari, Salam, Soyez 08]

= k1 has a physical meaning: the stronger the divergence between a pair of
particles, the more likely it is they should be associated with each other

However, ATLAS and CMS have adopted anti-ky as default

anti-ky

A RLZJ 2) 9 2 .- R
3 din=pp; ARG = (4 —yy)” + (90— ¢5)

e = min(p%_?, p}j) ;
Clusters hardest particles first
IRC safe, and cone-shaped jets

Easier to get jet energy scale right ‘
CAMBRIDGE/AACHEN: d;; = AR;;/ R

For the first time ever, a hadron collider will carry out
measurements that can be consistently compared
with theoretical (perturbartive QCD) calculations

German Rodrigo, QCD, jets and MC, TAE2014



sequential recombination
Kt dij = min(ki?,k?) ARj%/R?

hierarchical in relative Py

Cambridge

AaChen hierarchical ir
sequential recc
anti-ki dij = min(kii2 ki

gives perfectly con
Seedless itere

with split-n

gives ‘econom

SISCone

http://fastjet.fr
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/ sequential recombination
d” — AR“QJ‘I—)’J

Catani et al ‘91
Ellis, Soper ‘93

Dokshitzer et al ‘97
Time needed to cluster an event with N particles
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[Cacciari, Salam, Soyez 08]

| Cam/Aachen, R=1 |
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Jet substructure

[Almeida, Butterworth, Cacciari, Chen, Davison, Ellis, Falkowsky, Han, Katz, Kim, Kribs, Krohn, Lee, Martin, Nojiri, Perez,
Plehn, Racklev, Rehermann, Roy, Rojo, Rubin, Salam, Shelton, Sreethawong, Son, Soyez, Sung, Thaler, Tweedie,
Schwartz, Seymour, Soper, Spannowski, Sterman, Virzi, Vos, Wang, Zhu, ..]

Need to examine
the jet substructure
to get the physics out

German Rodrigo, QCD, jets and MC, TAE2014
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[5.2]
o

=  Recovers /ZH and WH as

= High p; Higgs boson decaying :21403_(@_ m —qq
to bb: back-to-back to the Z/W  © [ sNB=45 E — VHets
=120 in 112-128GeV =\
= Lower rates compensated by @ T | =V+Higgs
reduced backgrounds o 100F =
£ 80—
S
11}

significant channels for a light 60 N

Higgs discovery (and couplings 5 g

determination) o b
20 ™

[ " ) | | 17171 /I
00 20 40 60 80 100120 140160 180 20
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Y TODO €370 PARA DETECTAR LA ~VADAT /

1€3 QUE €5 InMEnSA *

alroto@inicia.es

©
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http://o15.officeredir.microsoft.com/r/rlid2013GettingStartedCntrPPT?clid=3082
http://o15.officeredir.microsoft.com/r/rlid2013GettingStartedCntrPPT?clid=3082
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Gun émssion
dE db Non-perturbative
E 6 > transition to hadrons

higher probability at small angle as ~ 1 AQCD ~ 200MeV

(collinear) and small energy (soft)

Parton level

{jk} jet ciinition {pz}

jets final-state

N | 4-momenta
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