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Goal and scope of the workshop



From our proposal:

“Ideally, by the time the EIC will turn on, it would be
hoped that the precision of theoretical calculations
should be on par with what has by now been achieved
for the LHC, with NNLO corrections available for many
observables and extractions of PDFs and FFs at NNLO
standard and using numerically efficient tools.

With EIC construction now forthcoming, and with
planning for EIC detectors underway, we believe it is
timely to review the status of the theory for ep collisions
at the EIC, to take stock of what has been achieved, to
identify outstanding problems, and to forge new
collaborations and alliances that will tackle them.”



Numbers & format:
o ~25 participants
o 21 talks (4-5 per day -- only one per Zoom)

e 1 hour time slots, ~40 min. speaking time,
no limit on discussions
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back in 2001 ...

An experimenter’s wishlist

Fermilab / Les Houches

Campbell, Huston, Knuteson,...

Run Il Monte Carlo Workshop

Single Boson  Diboson Triboson Heavy Flavour
W+ < 5j WW4+ < 55 WWW4+ < 3j tt4+ < 3j
W4+bb<3j] W4+bb+<3j] WWWH+bb+<3j tt4+y+<2j
W4+ce<3] WHcee+<3] WWWHyy+<3j tt+WH <25
Z+ < 5j ZZ+ < 5j Zyy+ < 3j tt+Z+ < 2j
Z4+bb+ <3 Z+bb+ <3j ZZZ+ < 3j tt+ H+ < 2j
Z+ce+<3j ZZ+4cc+<3j] WZZ+<3j th < 2j
v+ < 55 Yy+ < 55 ZZZ+ < 3j bb+ < 3j
v+ bb < 3j vy + bb < 3j single top
v+cc < 3j vy + ce < 3j

WZ+ < 5j

WZ +bb < 3j

WZ +cc <3j

W+ < 3j

Zy+ < 3j



baCk |n 2001 e Fermilab / Les Houches

Campbell, Huston, Knuteson,...

An experimenter’s wishlist
Run Il Monte Carlo Workshop

Single Boson  Diboson Triboson Heavy Flavour

W+ < 5j WW4 < 55 WWW4+ < 3j tt4+ < 3j
W4+bb<3j] W4+bb+<3j] WWWH+bb+<3j tt4+y+<2j
W4+ce<3] WHcee+<3] WWWHyy+<3j tt+WH <25

Z+ < 5j ZZ+ < 5j Zyy+ < 3j tt+ Z+ < 2j
Z4+bb+ <3 Z+bb+ <3j ZZZ+ < 3j tt + H+ < 2j
Z+ce+<3] ZZ+4ce+<83] WZZ4<3j th < 2j
v+ < 55 Y+ < 55 ZZZ+ < 3j bb+ < 3j
v+ bb < 3j vy + bb < 3j single top
Y+cc<3j vy + cc < 3j

WZ+ < 5j

WZ +bb < 3j

WZ +cc <3j

Wry+ < 3j

Zy+ < 3j

Now is the time to start this for EIC !



Selected highlights:
pQCD precision frontier



State of the art for QCD corrections in DIS

Deep-inelastic scattering

Kinematic variables
® momentum transfer Q°? = —q

° Bijorken variable = = Q2/(2p - q)

2
quark

proton

® Structure functions (up to order O(1/Q?))
Fo(2,Q%) =) [Cay (as(1®),1%/Q%) ® fi (u°)] (@)

® Coefficient functions up to N“LO (work in progress)
Ca,i = ag (cffZ + ascél,,z + agc((fz + ai’cg—l—agcgz + .. )

® Evolution equations up to N°LO (work in progress)

® non-singlet (2n; — 1 scalar) and singlet (2 x 2 matrix) equations

Tl = [Pula(s) ® )] @)

* splitting functions P;; = a, P + 2PV + a2 PP +alPY + ...

Sven-Olaf Moch State of the art for QCD corrections in DIS — p.6

Moch



Four-loop non—smg]et Mel]m moments -
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n} part of anomalous

dimensions 2= (N)
in large-n. limit
and large-N expansion

2000

1500
1000

500 |

0

coeff. of Cg ng

800

1 700
1 600
1 500

400

coeff. of Cg ni
11 |

25

1 3

10

N

30

Moch

Rujil

Ueda
Vermaseren
Vogt



Four-loop non-singlet Mellin moments Moch
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Sven-Olaf Moch State of the art for QCD corrections in DIS — p.23
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Singlet
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NNLO jets in in polarized DIS Pedron

Precision opportunities in QCD and
BSM physics at the EIC

Petriello



NNLO jets in in polarized DIS Pedron

Precision opportunities in QCD and
BSM physics at the EIC

NNLO - PROJECTION TO BORN (P2B)

IN OUR CASE:
. @ § r/ = Pedron
We compute the polarized NNLO TETTTOTT

cross section for 1-jet, using our
NLO calculation for 2-jets
(dipoles) and the NNLO inclusive
cross sections that are already
available

Petriello

NNLO NLO : NLO i 7 _NNLO, incl |
[daljm‘ da?j(t I da?j(t P2B + do lju‘

Dipoles van Neerven, Zijlstra (1994)

14



ep — ejetX

POLDIS

10! -

dAc /dpk [pb/GeV]

ep—jet+e+ X
100} Vs = 140 GeV
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)
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K-factor
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o TTT"T
—
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Borsa, de Florian, Pedron



ep — ejetX

POLDIS

Borsa, de Florian, Pedron
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Qiu

Collision with a large momentum transfer induces strong QED radiation

e(k,)
O “Probe” for the hadron is smeared by the induced QED radiation: /
Data sample : Int L = 10 fb-', Kinematics settings: 0.01<y<0.95, 102 GeV2<Q2<105 GeV? i %

Y
8 z

initial final vacuum

5
10

Y (a,)

P(p,)

See Xiaoxuan Chu
@2 EIC YR workshop

10*

X (p,/)

Q?=zpyS

10° 10’

10° 10°
trueQ’ [GeV?]

1
trueY

Instead of a straight line — linear correlation,

the kinematic variables, y, Q2 , xg, from the leptons are smeared so much
to make them different from what the scattered “quark” experienced!

lll-defined “photon-hadron” frame?!

J,_ejfe-r—’son Lab



Qiu

Collision with a large momentum transfer induces strong QED radiation

ek,
O “Probe” for the hadron is smeared by the induced QED radiation: /.c,
Data sample : Int L = 10 fb-!, Kinematics settings: 0.01<y<0.95, 102 GeV2<Q?<105 GeV? S
5 Y (q)
I i P (P“) : (p“/)

See Xiaoxuan Chu

final vacuum @2" EIC YR workshop

5
10

10*

10

10°

. X (p,)
E . 10
: Q*=zpyS
= i w trueY1 * o truelooz‘ [GeV;]os qli — qIJ
i i - li i 2 2 2 ~2
Instead of a straight line — linear correlation, Q*=—¢> - Q*=—4§
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much Q2 QZ
to make them different from what the scattered “quark” experienced! B = 5p. q — *B=5p. g

lll-defined “photon-hadron” frame?! Jgfézon Lab

e especially an issue for SIDIS, azimuthal asymm., TMDS



Liu, Melnitchouk, Qiu, Sato

Inclusive lepton-hadron deep inelastic scattering (DIS)

O Inclusive production of single high p; lepton in lepton-hadron collision:

¢ /ﬁ’ e(4, M) + N(P,S) = e(f) + X
1
=, ) dosngp(s)»ex = 5 [Marp(s)»ex|” dPS
> 28

dogperx 1 bodeo[todg 2 2
> E,d?’—Z’ ~ EZ . @ ?De/j((;a,u ) fise(§, 17)
ija min min
Collinear QED & QCD L dr o & )
factorization ></ ?fa/N(xaﬂ' ) Hiajx (66,2 PL/C pn°) + -+
Lepton distribution functions (LDFs): £, /. (¢, u?) " No DIS “Structure Functions”!

Concept of one-photon exchange

= QED & QCD contribution are

Parton distribution functions (PDFs):  f, /v (z, u?) a=q,9,q,e",€,... factorized at the same scale: u
(wBa Q2) — (y7£IT)

= Corrections suppressed by power

O ((AQCD ) power | (@) power
pr pT

Lepton fragmentation functions (LFFs): D, /;(¢, 1?) 1.] =€,7,€,...,9,9, ...

Short-distance hard coefficients: H,, Lix(&,zP /¢, ©?)



Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

O Case study - single transverse spin asymmetry:

29
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e All-order QCD threshold resummation for differential

distributions - application to SIDIS at EIC
Forte



e All-order QCD threshold resummation for differential
distributions - application to SIDIS at EIC

Forte
e Power corrections to QCD hard scattering: Sterman
Threshold resummation / low-scale behavior of
strong coupling, eikonal approximation.

1

> for pp — v X power corrections start at 2
T



Selected highlights:
Hadronic structure



Trends in extractions of distribution functions:

e higher orders:

global analysis of fragmentation functions at “nearly NNLO"

ete” — hX, ep — ehX

Borsa
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Fragmentation Functions at NLO:

a case for higher order corrections

Rodolfo Sassot Borsa’ de Florian’
Universidad de Buenos Aires SaSSOt, Stratmann
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Fragmentation Functions at NLO:
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w

a case for higher order corrections

Borsa, de Florian,
Sassot, Stratmann

Rodolfo Sassot
Universidad de Buenos Aires
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simultaneous global analyses Sato

Recent results from JAM

Nobuo Sato

CFNS: precision QCD predictions for ep

physics at the EIC
Aug. 1, 2022 .}efferson Lab

A holistic approach to global analysis Usaco
GPD e>edTWSt
PDF #
Hadron Lat. //abe
T Structure Bayesian
PDF Inference g
Factorization ?ﬁw
SZ
Exp.
FF Hadronization
Jefferson Lab
TMD
7 ) KEK - BROOKHAUEN




e first joint analysis of unpol. PDFs and FFs

Sato, Andres, Ethier,

Melnitchouk (JAM)
o eteT 5 KX+ X
d 2 2

> 2{SLD Q" =Mz
o 157 R i
—an 1 1+ oanccans s prmpr 11 1L e errrrrrin LT TP PR
{ 0.5 T T T T T T T T
& 15]ALEPH 4 Q* = Mj
_g 1 4+ vsaraearte - s s i B A R S AR SR A

0.5 1 ,

Zh
e LEP kaon data disfavor
— JAM19 small s --> K fragmentation
' ' g SID‘IS/SIA e SIDIS data compensate
S + S 0.8f | large strange FF by
= 0 6: R S | suppressing strange PDF
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e polarized glue

HadStruc Collaboration

Egerer et al (‘22)

0.01 0.1 0.5 0.15

€T
0.1
~ 0.05
B Ag>0 Polarized jet data 2 o0l
cannot discriminate E
A g < 0 positive and negative e%’-o 05
solutions g3

S
—_

¢ Lattice QCD

-0.151 =AM I,
&= JAM 1,0
'0.2 J T T T
0 2 4 6 8

v

Negative gluon helicity is ruled out by LQCD?

36



TMD fits

Available global fits

Cerutti (MAP Collab.)

Accuracy SIDIS DY Z production N of points X2/Ndata
AT ACIET NLL v v v 8059 165
arxS:Y 921(2).102532 N°LL” 4 4 v 1039 1.06
MAPTMD22 NOLL® 4 v v 2031 1.06




TMD fits

Available global fits

Cerutti (MAP Collab.)

Accuracy SIDIS DY Z production N of points X?/Ndata
Pavia 2017
arXiv:1703.10157 NLL V V V 8059 1.85
SV 2019 .
arXiv:1912.06532 NLL V V V 1039 1.06
MAPTMD22 NSLL v (4 4 2031 1.06
Q ~ 100 GeV .
MAPTMD22 — Normalization of SIDIS
L L
| ATLAS 8 TeV, 1.6 < |y| <2 W NLL' |
0.06 ’ T .
[ [ NNLL COMPASS mUItIpIICItIeS (one of many blnS) J.0. Gonzalez-Hernandez, PoS DIS2019 (2019) 176
— 3 P 4.0
s NNLL' s,
$ oosp s 25 o oL
< - e N°LL
Al - { g 30
.‘3 25
:E o ° ° ° ® o ° °
2 2.0 L ® . °
o o * o . ° e o ° . . .
E 15 L
©
o 10 ° o o . . L] ° ° ° ° ° °
D'%.Z 0.3 0.4 0.5 0.6 0.7 0.8
Pir

Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, arXiv:1912.07550



TMD fits Available global fits Cerutti (MAP Collab.)

Accuracy SIDIS DY Z production N of points X%/Ndata
o roa0157 NLL 4 v 4 8059 156
arxS:Y 9%(2).102532 NSLL” 4 4 v 1039 1.06
MAPTMD22 NOLL® v/ v v 2031 1.06

Q@ ~ 100 GeV MAPTMD22 — Normalization of SIDIS

e L
[ ATLAS 8 TeV, 1.6 < |[y| <2  mmm
0.06 ’ T .
: I: NNLL COMPASS mUItIpIICItIeS (one Of many bInS) J.0. Gonzalez-Hernandez, PoS DIS2019 (2019) 176
— 3 . g 40
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™, - { c 30
o
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Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro, Piacenza, Radici, arXiv:1912.07550 Cru CI al fo r J La b a n d E I C



“back to the future”: H1 data

LI I 1 1
101F H1 e
- Q? > 150 GeV?
—— 02 <y < 0.7
. ‘.rji-'i.?J jet '!/ : “ .
Q’ o e ]}[‘ - ].” (rl‘\ il
— kr.R=1.0
== 100k . .
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= 1071 -
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\ -
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| @ Data
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@ = !
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102 10-! 10"

Arratia

Textbook example of
“matching” between
collinear and TMD
frameworks

First time seen in
DIS!

(not seen in
fixed-target DIS)

23



“back to the future”: H1 data

T 1 l 1
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e advances & new ideas in theory in past decade

Textbook example of
“matching” between
collinear and TMD
frameworks

First time seen in
DIS!

(not seen in

fixed-target DIS)

e new techniques for unfolding based on ML

Arratia

23



Hekhorn (NNPDF Collab.)
tool development

New Theory Prediction Pipeline

Produce FastKernel (FK) tables!

Instructions Theory
Runcard

exp. data Fitting Code

The workhorse in the background: PineAPPL

fully open-source



Olness

nCTEQ++ ... a complete rewrite in C++ 43

Top level C++, modular structure, output to YAML & Python scripts
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1 L i
1 . 0
| |
. ——————..{

Special thanks to:

Tomas Jezo

Eric Godat

Florian Lyonnet
Aleksander Kusina

Use external programs
*Minuit
*HOPPET
*MCFM
*APPLgrid

Pre-Computed Grids

Tremendous speed-up for
higher order calculation

... for example ...
High order DIS processes
(Peter Risse)



so, how about the “EIC wish list”?

e . m
N

Eic WISEHEEE e

e ——

CLOBAL ALY
5
—Med qure XS (W@J HEe ) yas DVcs

‘ i — (Non) Uiy —
~ release beth  (WF D) el & weorected  datq ) G s
— T, obecyables fo Measoe Wicver dist
— cacustoNs @0 dihadyon Pfocluc‘bom
— thesHod WHHMED PR od F

B s o b PO
S

\ :.
NLD + % RS0 e Koy (MLL\C — TEVBELP HETHRD R UNBIMED X-S<Tious
)

HeD
ON < > - ST mE A?MWMW wC E1C

. | , L e
EOLG o= (‘ATT[Q;‘ I Pb(: ( : ) . »/V*/ A C/@LVDALOWPCT/) Jj\ 6% ><f(€V
s (2 SUhE

e Pf‘ﬂ/(m 56”*QJ(‘W‘Q

W(\WM W TrG\MS(\(\lOM /“Sawame_aﬁb ‘




Instead of conclusions



Next Generation Perturbative QCD for Hadron Structure:
Preparing for the Electron-lon Collider
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e high-order pQCD computations:
evolution, SIDIS, DVCS, TMDs, J/¢

e high-order extractions of PDFs, nPDFs, FFs, TMDs



e funds primarily used for hiring postdocs and PhD students

e so far, around 50 publications

e substantial contributions to EIC Yellow Report



e funds primarily used for hiring postdocs and PhD students

e so far, around 50 publications

e substantial contributions to EIC Yellow Report

EPPS16*
B EPPS16* + og

EPPS16* + ogc+ ogrcgrm
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EIC equal opportunity program (EICEOQO):
special visitor program for international female scientists

short-term fellowship for early-career female scientist
(e.g., after career break)

two-year scholarship for excellent female PhD student
(Hamburg)

FOR2926 master program for female student



