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Introduction

Goals of the Perturbative QCD
Program:

@ Simulate events / Predict
observables at the LHC
according to the Standard
Model

CMS Experimentat the LHC, CERN

Understand the background for Dt o 20 Bt 10022028024 T
beyond the Standard Model
searches

Obtain high precision
predictions better than
experimental uncertainty
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Pieces of an Event

Factorization of an event:
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Pieces of an Event

Factorization of an event:
@ Hard Process

@ Parton Shower
(Resummation)

o Multiple Parton
Interations

@ Hadronization

[Image from the Sherpa Authors|
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Hard Process

Standard Model Production Cross Section Measurements Status: March 2019
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Hard Process

March 2019 CMS Preliminary

o B 7 TeV CMS measurement (L <5.0 fb)
@ 8 TeV CMS measurement (L < 19.6 fb%)
L] O 13 TeV CMS measurement (L < 137 fb)
n B Theory prediction
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All results at: http://cern.ch/go/pNj7
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Perturbative Series

@ Calculation done as expansion
in coupling constant («s)

@ Represented diagramatically by
Feynman Diagrams

@ Cancellation of IR poles
between virtual and real
diagrams

@ Cancellation of UV poles in
virtual digrams by
renormalization

Sample of diagrams evolved in
higher order corrections to
Higgs Production

@ High orders have large number
of diagrams and complicated
integrals. Ex. Higgs Total
Cross-Section at N3LO (4th
term in series) has about

[Buschmann et. al. arXiv:1410.5806] 174,938 diagrams and about

300 master integrals.
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Breakdown of Fixed Order

Fixed order calculations cannot be used for every observable.
Example: Vector Boson Transverse Momentum at Hadron Colliders

@ Fixed Order:

2
do i 120 9T
— aglog™ =5
dgr < Q B
¢ 5 ~
& A I I I s
. . § 100 150 200 250|
@ Results in integrable 3 o s
T,
singularity when virtual o S
correction included [ e e e
. . a 10 20 30 40 60
@ Each term in expansion a (G

larger than previous term
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Resummation

LL NLL NNLL NNNLL NFLL
LO 1
NLO s log2 as log s
NNLO | a2log? a? log® a? log? a?log
N*LO | oF logmC ok log%_1 ak log%_2 ak log%_3 aF

The organization of fixed-order and resummed calculations. Going across a row
is the fixed-order calculation included at a given order of ai, while going down

the columns is the resummed calculation up the the given power of the logs
included.
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Resummation

Transverse Momentum Resummation

do 0o / 2 idrd S
= d%bhedr b ¢=S(Q:b) E Ci (z1) Cj (z2)

272 2 i J
dQ*dgzdy (27) ”
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Resummation

Transverse Momentum Resummation

do o0 /d2beith'5 —S(Q.b) ZCi (z1) Cj (z2)
ij

dQ%dg2dy ~ (2r)?

@ Impact Parameter (b):
Is a measure of the distance of closest approach of the two
protons. Fourier conjugate of transverse momentum.
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Resummation

Transverse Momentum Resummation

do 0o / 2 idr b S
= d%bhedr b ¢=S(Q:b) E Ci (z1) Cj (z2)

272 2 i J
dQ*dgzdy (27) ”

@ Impact Parameter (b):
Is a measure of the distance of closest approach of the two
protons. Fourier conjugate of transverse momentum.

@ Sudakov Factor:

d 2 2
S(Q,b,C1,Cs) :/:2 (Alog%%—B)
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Resummation

-+ ATLAS
ResBos + MCFM

0.8

100 107
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Parton Shower

Evolution Equation

N Tk / Tapalh(50)

fa (x,t) is the obervable being evolved

P, (2) is the evolution kernel

Solve using Markovian Monte-Carlo algorithms
Treat P, as a probability

Can think of as numerical resummation

Easier to apply on arbitrary processes
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Parton Shower

Dijet azimuthal decorrelations
10*

Example: Azimuthal angle between dijets

T ATLAS data
Phys.Rev.Lett. 106 (2011) 172002
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[Héche and Prestel, arXiv:1506.05057]
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Parton Distribution Functions

@ Probability of taking a parton
with momentum fraction = out of
a proton

@ Has a non-perturbative piece fit
to data, and a perturbative piece

CT14NNLO

)at Q=2 GeV.

o %
0001 0003 001  0.03 01 03 1

[Dulat et. al., arxiv:1506.07443]
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CT14NNLO

=100 GeV
=

X QatQ

Soor 003 001 o003 01 h 03 1
[Dulat et. al., arxiv:1506.07443]

@ Governed by DGLAP evolution
equations

@ Defined in the infinite momentum
frame of the proton

@ Depends on the hard scale of the
interaction
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E T T T T |
3 [ ATLAS == m,, =80370 £ 0.019 GeV |
O, 805 B m=17284£070GeV |
E; £ -'m,=125.00 £ 0.24 GeV
80.45— = 68/95% CL of m,, and m, —|
80.41 = -
80.35 .
803 68/95% CL of Electroweak_]
: Fitw/o m,, and ]
(Eur. Phys. .C 74 (2014)3046) ]

80.25

| I I |
165 170 175 180

[ATLAS, arXiv:1701.07240]

@ Important precision test of SM

Il
185
m, [GeV]

Combined

Value [ St Muon
Mev] | Unc._ Unc

Elec Recol Bokg QCD EW POF oul
Unc_ Unc. Unc. Unc Unc Unc Unc

803700 123 63
80311 139 88
803757 | 96 78

67 145 07 94 34 160 300
66 118 102 97 34 162 305
55 130 83 06 34 102 251

0320 96 65
803834 | 108 70
803694 | 72 63

84 25 52 83 57 145 235
81 25 61 81 57 135 236
67 25 46 83 57 90 187

50172 99 00
803646 | 135 00
80454 | 117 00
803594 | 129 00
801498 | 90 00

T8 26 57 82 53 89 231
144 132 128 95 34 102 308
160 38 74 83 50 137 274
151 39 85 84 49 134 276
147 33 61 83 51 90 20

503823 | 101 107
803815 | 130 116
03641 | 114 124
803986 | 120 130
803820 | 86 107

00 25 39 64 60 107 214
00 130 60 96 34 112 272
00 40 47 88 54 176 272
00 41 57 84 53 168 274
00 37 43 86 54 100 210

B0%27| B9 66
803836 | 97 72

82 31 55 64 54 146 234
78 33 66 83 53 136 234

0395 68 66

64 20 45 83 55 02 185

[ATLAS,

@ Dominated by PDF and theory uncertainty

do /dp¥’
do /dpZ.
extract My

@ Calculate

Isaacson

accurately to

Perturbative QCD in 10 Minutes

arXiv:1701.07240]

use data driven methods to
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Conclusions

@ Many pieces involved in calculating Standard Model
predictions

@ Important for both precision observables and BSM searches

o Fixed order calculations work wonderfully for certain
observables, but other techniques are needed for those
dominated by soft gluon radiation

@ Parton Distribution Functions one of largest Standard Model
uncertainty
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BACKUP
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MCFM

Fixed order program developed at Fermilab: mcfm.fnal.gov

Authors:

John Campbell
Keith Ellis
Walter Giele

Tobias Neumann

Ciaran Williams
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mcfm.fnal.gov

Backup
ResBos

Resumation calculation developed by Joshua Isaacson: ResBos2

e Contains resummation to N3LL with matching to NNLO
through MCFM

@ Mainly focused on color singlet proesses, but being extended
to processes with jets

J. Isaacson Perturbative QCD in 10 Minutes 17 / 14 £ Fermilab



Event Generator: Stefan Hoche is now at Fermilab: Sherpa

e Contains matrix element generator
o Contains parton shower code

@ Is a complete event generator
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Backup
Multiple Parton Interactions and Hadronization
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