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Major theme of this talk is precision
theory for the Large Hadron Collider

and potential future machines. Why is
precision relevant now more than ever?




We are confronting the limitations in our ability to
understand hadron collider data now!
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No hints for physics beyond the Standard Model so far;
any deviations are likely small, subtle and hard to find!
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What can be hiding in a few percent % !

The Higgs transverse momentum ptH is one of several examples
where precision could be key in discovering new physics
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Precision is not limited to the LHC program. A definitive answer to
questions such as the microscopic origin of the proton spin will require
precision studies at a future electron-ion collider (EIC)
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Precision at a hadron machine means QCD. QCD is a rich, fascinating
theory: from a simple Lagrangian emerges numerous complex
phenomena, such as confinement of quarks/gluons into hadrons, and jet
production at high energies
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® The key principle is factorization: separate long and short distance physics
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PDFs
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Partonic cross section

factorization scale
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Asymptotic freedom allows us to
compute the partonic cross section
in perturbation theory
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Why is NNLO difficult?

Draw and calculate all Feynman diagrams that appear at NNLO, or
O(s?) in perturbation theory. Higgs production as an example:

A small sample:
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Why is NNLO difficult?

Draw and calculate all Feynman diagrams that appear at NNLO, or

O(s?) in perturbation theory. Higgs production as an example:

Singularities appear here in the loop

A small sample: integral that cancel the ones below
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Why is NNLO difficult?

Draw and calculate all Feynman diagrams that appear at NNLO, or
O(s?) in perturbation theory. Higgs production as an example:

Singularities appear here in the loop
integral that cancel the ones below
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Breaking through to NNLO

W/Z rotal, H total, Harlander, Kilgore
H total, Anastasiou, Mainikov VBF total, Bolzoni, Maltoni, Moch, Zaro

H total, Ravindran, Smith, van Nearven WH diff., Ferrera, Grazzini, Tramontano

WH total, Brein, Djouadi, Harlander y-y. Catani et al.
H diff., Anastasiou, Mainikov, Patrislio Hj (partia/), Boughezal et al.
H diff., Anastasiou, Mealnikov, Petrielio ttbar total, Czakon, Fiedler, Mitov
W diff.. Melnikov, Petriello Z-y, Grazzini, Kallwsit, Rathlev, Torre
AR, Risniuw, Felisio ji (partial), Curne, Geshrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini -
ZZ, Cascioliitet al.
o] W/Z diff /" Catani et &’
°© og4 O / ZH diff, Ferrera, Grazzini, Tramontano
o) o o o WW ., Gehrmann st al.
Co @ ttbar diff., Czakon, Fiedler, Mitov
R @ Z-y. W-y, Grazzini, Kalwest, Rathlev
A barrier was broken |° . Bougheza st
Wi, Boughezal, Focks, Liu, Petrisllo

through in 2015! Ve af, Gaccarota

! : Zj. Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014 2016 ZZ, Grazzini, Kalwsit, Rathiev
Hj. Caola, Melnikov, Schulze

Zj. Boughezal et al.

From G. Salam, late 2016 e e

WZ, Grazzini, Kallweit, Rathlev, Wissemann
WW, Grazzinietal
MCFM at NNLO, Boughezal et al
pz. Gehrmann-De Ridder et al.

This explosion of new NNLO results was

made possible thanks to many new ideas!




Theory versus data in the NNLO era

® First example: gauge boson plus jet production. This is an
important background to dark matter searches at the LHC

through Z+jet—Vvvtiet
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Theory versus data in the NNLO era

® First example: gauge boson plus jet production. This is an
important background to dark matter searches at the LHC

through Z+jet—Vvvtjet
7TeVCMS Z

10' : ; .
i [ X] NLO

10° ; B NNLO
: D
10" ¢ ’ ata

4»
lOE-

1 1 1 1 1 L 1
100 200 300 400 500 600 700

S :
-g . | ‘. AL RES
P atliinn' 00 KBS R
Excellent P — ; T E—— > - 2
: 100 200 300 400 500 600 700
agreement with H,. [GeV]

NNLO!



Theory versus data in the NNLO era
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Theory versus data in the NNLO era

® Second example: di-jet production. Numerous important applications
of di-jet production at the LHC, including searches for new physics,

measurements of (s, and determination of the high-x gluon
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The Z-boson transverse momentum

® The Z-boson transverse momentum spectrum measurement
has reached a remarkable precision at the LHC, with errors
below |7% over a large range
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Comparison with NLO theory

* NLO theory errors more than an order of magnitude larger

than experimental ones; can’t use this data to measure the
gluon without NNLO!
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Impact on PDFs from Z-pT

® After incorporating NNLO, errors shrink to the point that this data
can be used Improvements W|th respect to a pre Z-pT basellne ﬁ
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Impact on global fit from Z-pT

Higgs production: gluon fusion

Higgs production: Vector Boson Fusion
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The future: jet physics at an EIC

* Precision theory is also poised to be a critical part of a future EIC program.
Here is an example of inclusive jet production: an important probe of the
gluon spin, nuclear medium properties, and other quantities.
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going from LO to NLO
for jet production at a
future EIC!



do/dnje [pb]

1200

EIC jet production at NNLO

* Theory advances important at the LHC also allow for a NNLO calculation of
EIC jet production
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EIC jet production at NNLO

* Jet distributions at the EIC are an excellent probe of PDFs; no single channel
dominates over all of phase space, indicating that different kinematic regions
provide access to different partonic luminosities.
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Polarized collisions at an EIC

® Can extend the theoretical formalism for NNLO to handle polarized collisions

® Goal: study the sensitivity of inclusive jet production at an EIC to polarized PDFs

Double-longitudinal spin asymmetry:

g

Sensitive to polarized proton
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Polarized collisions at an EIC

® Can extend the theoretical formalism for NNLO to handle polarized collisions

® Goal: study the sensitivity of inclusive jet production at an EIC to polarized PDFs

Double-longitudinal spin asymmetry:
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polarized
polarized polarized QED splitting
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Polarized collisions at an EIC

® Can extend the theoretical formalism for NNLO to handle polarized collisions

® Goal: study the sensitivity of inclusive jet production at an EIC to polarized PDFs

Inclusive jet production sensitive to both polarized

proton and photon structure

Summary of partonic structure:

Partonic channel ||Q? region Contributing PDF's

gl Q* >0 fayu:Afq/m
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49 Q° ~ JayHs fajvs DS qyas Afqsy
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99 Q° =0 forHs fo/y Bgsa. Afg/y
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EIC inclusive jet production
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® gl channel dominates at
high pT; gl channel small
throughout

® At intermediate pT get
contributions from qy
and gY; intermediate pt
region of inclusive jet
production sensitive to

Afg/ P

Boughezal, FP, Xing PRD98 (2018)



Vs=141.4 GeV: Afyp access

EIC inclusive jet production

— 1o pol. glue

= = res phot max
= = res phot min
B ¥ stat errors focus on

0.10F

0.05

0.00 =1=

intermediate-to-

small contribution from
poorly known Afiy

W T R e e

— - ™ W W W ==
1---“1‘-‘-“—=“

—2.0

| 1 |
-1.5 —1.0 —0.5 0.0 05 1.0 1.5

g

<4—L_ turning off polarized gluon

leads to adifferent shape
of the jet pseudorapidity
distribution; larger than
estimated statistical
errors

Boughezal, FP, Xing PRD98 (2018)



Summary

e All ingredients now available for an NNLO description of jet
cross sections at the LHC and potential future machines

®Inclusion of NNLO corrections leads to a greatly improved
description of data, enabling applications ranging from dark
matter searches to probes of proton structure

®Can apply techniques developed for LHC to EIC studies also

®|nclusive jet production at an EIC is sensitive to the
polarized PDFs of both the proton and photon; can separate
these quantities with appropriate kinematic selections

eStay tuned for further applications!



