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Workshop roots

2022: Expression of Interest for a Joint Activity focused on understanding
and strenghtening the synergies between the Electron lon Collider and
the Large Hadron Collider, with the involvement of three communities
(particle, nuclear and astroparticle physics, represented by ECFA,
NuPECC and APPEC, respectively).

Available at:

https://indico.ph.tum.de/event/7004/

~ 129 scientists, various of whom are present here today, endorsed it.
Still open for signatures, in the case you wish to endorse it.

June 2022: kick-off meeting “Synergies between the EIC and the LHC”,
took place for two days at CERN:

https://indico.ph.tum.de/event/7014




Last Workshop (DESY, December 2023)

Follow up of the previous one, with the intention of bringing out new/different
aspects of the EIC-LHC synergy in theory, phenomenology and experiment.

Topics of last edition included, but were not restricted to:




Workshop Program: talks
https://indico.desy.de/event/41404

- 22 Plenary Talks
- 16 Parallel Talks in 4 parallel sessions

It is impossible to summarize all of them in short time,
in the following personally biased and limited choice, limited to some
phenomenology aspects: apologies for all what is missing (the majority)




Need for multiple colliders

We need multiple colliders (ee, eh, hh) to test
HHp ( ) E. Aschenauer

Factorization Universality

Example: Measure PDFs at HERA at Vs=0.3 TeV:
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Predict pp and compare to measurements at Vs=0.2, 1.96 & 7 TeV

U probe has complex structure
PP ano simple access to parton

e-h U Point-like probe gives good resolution
O High precision & access to partonic kinematics

kinematics through scattered lepton
Q Gluons can be accessed Qinitial and final state effects can be cleanly
directly via qg &gg disentangled

» inclusive measurements of structure functions

onli sensitive to initial state



EIC over two decades

Electron-lon luminosity polarized
Collider.. EIC [is] the highest The science questions
2009 absolutely priority for new that an EIC will answer
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Multidimensional imaging of quarks and gluons

Wigner function _, QCD genetic map
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Spatial distribution of quarks and gluons

Diffractive vector meson production: e + Au —» e'+ Au' + J/y, @, p
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Coherent cross-section sensitive to average

geometry
= Steepness and the position of first dip depends on
density profile, non-linear effects and correlations
H.Mantysaari,B.Schenke PRC 101 (2020) 015203
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Incoherent cross-section
» Shaps in different |t| regions
sensitive to deformation of the nucleus

H.Mantysaari et al. 2023 E. Aschenauer
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EIC impact on NNLO pPDFs
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EIC pseudodata: larger impact on quarks o _
than on gluons, but still at all x's N. Armesto, G. Falcioni, K. Wichmann



EIC impact on NNLO pPDFs
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Relative Uncertainty

NNPDF3.1
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on quarks than on gluons, but
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i still at all x's

T. Cridge, E. Nocera




EIC impact on NLO nuclear PDFs

current status nuclear PDFs
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Open issues towards improved precision/accuracy

How to account for missing higher-order uncertainty (theory) ?
E. Nocera
Assuming that theory uncertainties are (a) Gaussian and (b) independent from

experimental uncertainties, modify the figure of merit to account for theory errors
Nda.t.

N
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Open issues towards improved precision/accuracy

E. Nocera

* Missing higher-order uncertainties (at LO, NLO, NNLO,etc......)

N°LO QCD corrections in PDF determination

NNLO is the precision frontier for PDF determination
N3LO is the precision frontier for partonic cross sections

Mismatch between perturbative order of partonic cross sections and accuracy of PDFs
is becoming a significant source of uncertainty

* Incomplete higher-order uncertainties
(from imperfect knowledge of theory at N3LO)



Towards N3LO PDFs

Ingredients: what's needed vs. what's known:

Theory Utility ;Ldi:d What's known?
Mellin moments® °, leading small-x
1. Splitting functions P{:} (x) PDF evolution &loop behaviour’*® 1, plus some leading
: large-x in plECEES. Plus new 2~ 1%,
2 Transition matrix elements Transitions heh'uEE:I:I Mellin rrnurrlean_ti;ﬁ’”, leading sm?ll-x
A{a.] (x) number of flavours in 3loop behaviour lgbzlqj}lus some Ieag;ngﬂ
ab, H FPDFs at mass thresholds large-x in places™ *“". Plus new == .
Some approximations to FFNSS (low
Combine with PDFs and Qz}ﬁj‘ff“;?;“;rri “ﬁL'[L"" th
3. DIS Coefficient ;lfg;:mm Transition Matrix Elements NLO unknmn}y_gﬁh MAVENS ;[high Q)
(NC DIS) Ch' ' to form Structure .. i
a Functions (NC DIS) NELDE?DEﬁICIEHt functions known
exactly=’. Therefore GM-VFNS not
completely known.
4. Hadronic Coefficients Determine cross-sections N3LO Very little (none in usable form for

(K-factors)

at N3LO

PDFs)

T. Cridge, E. Nocera, G.Falcioni, G. Magni

inclusive DIS at 3-loops:
diagrams with two masses
contribute.

Work in progress on
3-loop calculation of OME
entering heavy-flavour
part of Wilson coefficients

J. Bluemlein



Towards N3LO PDFs

N3LO QCD corrections in PDF determination ..« rocone o

Splitting Functions
Singlet (Pyq, Pgg, Pgq. Pyg)

— large-ny limit [nPEo15(2017) 3

35; arXiv:2308.07958]

— small-x limit [JHEP 06 u__u'_;-‘:";ﬂf.ﬁ]

— large-x limit [NPB832(2010) 152; JHEP 04 (2020) 018; JHEP 09 (2022) 155]

— 5 (10) lowest Mellin moments [P 2525 (2022) 136853, ibid 842 (2023) 137944, ibid 846 (2023) 138215)
Non-singlet (PNS,v. Pns.+, Pns, _)

— large-ny limit [NPBO15(2017) 335, ariv-2308.0795¢]

— small-z limit [JHEr 0 (2022) 139)

— large-x limit [[HEP 10 (2017)041]

— 8 lowest Mellin moments [JHEP 06 (2018)073)

DIS structure functions (Fr, F>, F3)

— DIS NC (massless) [nPE402(1097)338, PLEG06 (2005) 123, NPE724(2005) 3]
- DIS CC (massless) [I\url Phys.B 813 (2009) 2-'n'-]

PDF matching conditions

— all known except for a?ﬁ g [NPB820(2009)417; NPB 886 (2014) 733; JHEP 12(2022) 134]

Coefficient functions for other processes

T. Cridge, G. Falcioni,
E. Nocera,G. Magni

— DY (inclusive) [JHEP 11 (2020) 123]; DY (y differential) [Pri 1258 (2022) 052001]



Towards N3LO PDFs: first N3LO fits

N3LO g(x) vs. NNLO one: T. Cridge, G. Falcioni, G. Magni
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Towards N3LO PDFs

N3l O avs.

Nh 1.100
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Impact on phenomenology at the LHC:

Gluon Fusion: gg — H (4 = mg/2)
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Dark: PDF uncertainty
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improves perturbative
stability

T. Cridge, G. Falcioni, G. Magni
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Towards N3LO PDFs: photons & EW effects

2 Precision studies require the inclusion
O M ~ os=(M q NLO K-factors(MSHT20) vs.
QED( Z) 5( Z) of photons in the PDFs automated NLO EW

Need to combine aN3LO QCD evolution and O(a, acis, a?): corrections (NNPDF)

Differential top-pair production cross section at 1
P (0,1) § pll1) o

pl02) -
TR RN TR (%) ¢

(111) as (2,0) a§\*v (3,0)
wiogep +5orf 0+ (52) 0+ (55)' o

as\* (4,0
aN3LO QCD +(g) P

ang

QED  P,=

N3LO and NNLO fit quality
improvement
after adding QED

Knock-on impact on cross-sections, ggF Higgs (left), Z (right):

NLO EW on/off [%]
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et
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Summary key-concepts PDFs

Summary

A precise and accurate determination of PDFs is key to do precision phenomenology.
LHC measurements are being instrumental to reduce PDF uncertainties to few percent.
This is not enough. Good complementarity with other planned facilities.

The goal of achieving PDF determinations accurate to 1% opens up some challenges.
Understand the interplay between data, theory, and methodology into PDF uncertainties.
Refine the theoretical accuracy of a PDF determination.

Represent theory uncertainties into PDF uncertainties.

Deploy a robust fitting methodology and good statistical tests of it.

Benchmark efforts may benefit from public releases of PDF codes and inputs.



1st estimate from G. Altarelli
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do/dp_[pb/GeV]

Ratio

ATLAS, arXiv:2309.09318 & arXiv:2309.12986.

New observables with sensitivity to alphas

3-point vs. 2-point energy-energy correlator
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alpha_s at HERA

At HERA direct information on gluon
and a(M,) comes from jet production

— Possible simultaneous determination of
parton densities and as(Mz)

Jets at HERA
o - fasz e’ o fff e’ o __— ¢
o ~ S L&
q 9 ?7 q
q : q
: : P g
P P - 4 P P EU
7@ (b ~ @
elweak coupling X (g X (s x %
dijets trijets

K. Wichmann
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alpha s in ep experiments

_E - T T | T T T T T T T | T T '| T T T T T T T T T T T
°‘¢<E 60— NNLO « HERA and EIC Inclusive data - QSMP ’ o '
N 50: -EE:: ;fglg:tfd&'ﬂ v HERA and EIC(/s = 45 GeV) Inclusive data — EF?G .,I ° i
: *- . NNPDF e
40— 4 o MMHT —_—
30__ - __ H1 ——+
s f ] HERA incl. jets —e
L " l
2o f . - LHeC incl. DIS (€,-50Gev) .
- v s T ., . LHeC incl. jets -
10— AR o o= LHeC DIS+jets -
C . a2 . LHeC incl. DIS(' ) e
of e eeeees® d
- 1 1 | 1 Il 1 | 1 Il 1 1 | 1 1 J 1 1 1 1 1 L 1 1 1 1 1=
0105 011 0115 012 0125  0.13 N?les World average ote] 0 e
%M 0.1 0.115 0.12
. . . . . o (M
Simultaneous PDF and alphas fit with only inclusive data from HERA «(M)

and EIC.

LheC can do comparably
or even better

HERA Incl + Jet and EIC Incl Data —— | + 0.
HERA and EIC Inclusive Data .- below 0__4]%\ +0.

HERAPDF inclusive DIS data do not play a big role on alpha_S (jet
production works much better). However, combining with EIC can

decrease the present uncertainties on alphas by a factor ~5. K. Rabbertz. N. Armesto

C. Schwanenberger, K. Wichmann

i

0.115 0.12 0.125

£
3.8



alpha_s: summary

|.T% ~ 1% (0.2%)
N*"LO PDF (SF) fits N*LO fits. Add new SF fits: F/"*, ¢.J(EIC)
Span of PDF-based results Better corr. matrices. More PDF data (LHeC/FCC-eh)

(4) DIS & PDF fits

@ LHC results reached Aa_(M,) ~ 0.5% experimentally
@ LHC theory uncertainty still leads to Aa_(M,) ~ 1.5% in total (except one)
@ Theory at full N3LO desperately needed

@ Lattice gauge reached Aa_(M,) ~ 0.6%, has potential for permille level

@ With N3LO great potential for Aa_(M,) < 0.5% from DIS, structure
functions and jets at EIC (& LHeC)

K. Rabbertz, K. Wichmann



Energy-energy correlators

EEC(Ry) = X ,qirs p;; PT2 with R, = 2/A@Z + A2
T,jet

Energy-Energy correlators considering all particles of an event have first been proposed in 1978
They have been studied at LEP
More recently, EEC for particles in jets

experimental definition

10°

4 Charged-Hadron EEC ]
2| n E.E.
10-! dﬁr[ 1 ;
E]JJ E2C = E = Efdﬂ' EZ J(IL - ARM),
3 -2 - L ,‘I
5 10
g * dﬂr['?’] L EJE}Ek
% 10° B ¢ | E3C=——=), f do —z5—0(x;, — max(AR;j, ARiz, AR;))
Pt € [500, 550] GeV ] L r',j,k
CHS, pj*® > 1 GeV ;
10 10 10 10
Ry

EEC allow to separate scales
(hadron interactions/hadronization/parton splitting
and probe hadronization

Deviation data from pQCD predictions (NLL): B. Jacak, L. Cunqueiro

onset on non—ierturbative reiime



Energy-energy correlators

EEC for particles in jets

Normalized EEC

10° ———

-} Charged-Hadron EEC
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[ Free Hadron  Tramsition  Quarks/Gluons
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S CMS 2011 Open Data
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Ry

EEC allow to separate scales

(hadron interactions/hadronization/parton splitting

and probe hadronization
Deviation data from pQCD predictions (NLL):

onset on non-ierturbative reiime
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Three-point energy-energy correlator (E3C)

L. Cunqueiro
CMS Preliminary .'.}E 3 fb' (13 Tav]

10°
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q- %‘f—:] Ratio to PYTHIA8 GP5

Measurement is not reproduced by any |
Monte Carlo,
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EEC In jets: heavy-flavoured jets (vacuum)

EEC for light jets EEC for heavy-flavoured vs. light jets
E m—l . ALICE Preliminary :
= L Vs =5.02 TeV = ) ,
U: 75wtk chopartiots Jotn, 1= 04 = Craft, Lee, Mecaj, Moult arXiv:2210.09311
_|2§ E:—z?:ﬂ!f:;;?:evm.mhhﬂj —: [ — — . ) P— i e
[ * Data b 120 ] : Heavy Two-Point Energy Correlator
s pQCD (NLL) - ‘ ]
i —nh, ] I Two-Poing Energy Correlator | (£,&) B NLL Charm
4T Free hadron 3 ol ’ - &= NLL Beauty
- scaling ] @ == Light Jet - i -z -
3: ] E Bﬂ:- ] Cha.rm Jet E i
. - 8 | m m Beauty Jet E
Té‘ a E 0 Pythia
i 5 - = = Charm Jet
n 7, 40 | = = Beauty Jet
A . | AKS Jets, n| < 1.9
ol o ] . . AKGS Jets, [ < 19 | sl ulpy
S _*-- E pT:SWSE)OGEV o . . . . i P AN
O . 0 [ P ] 005 00n0 0050 010
5 | ] Moot oo om0 000 01w 0.500 R
£ o5 mcg(:liﬁi ; gata 7 | | | | |
= U.of . fData 4
107 10" hy Calculations of EEC for
& Dead-cone effect for heavy flavoured jets heavy-flavoured jets:

NLL vs. PYTHIA

Deviation data from pQCD predictions (NLL): _
onset on non-perturbative regime B. Jacak, L. Cunqueiro



EEC In jets: medium modifications

During jet propagation in QGP matter:

Early studies showed that medium-induced gluon

radiation is expected to fill the dead cone
Armesto, Salgado, Wiedemann, Phys.Rev.D 69 (2004) 114003

@® Collisions in plasma induce more gluon splitting
@® Jet deposits some energy into the QGP

Yang, He, Moult, Wang arXiv:2310.01500

u.1v
—_— K=4.0
0.08 — No p? cut K=1.0
PT — K=02
——— L~
- PP
o 006 /
S
D 0.04 - - -
002 - > 100 Gt '
' > 50 GeVie, R=D . .
0.00 f,;ﬂ <1.44. |,‘;m|< 1.6 o Besides LHC, EEC can be studied for eA DIS at

EIC and even saturation effects might lead to
Medium induced splittings imprints on them: suppression at small angle.
pT broadening of Jet

Energy loess

B. Jacak, L. Cunqueiro



Non-linear effects in nuclei

Enhancement of Q; with A = non-linear QCD regime reached
at significantly lower Vs in nuclei than in proton

Study of dihadron/dijet
production in eA

EIC can map the transition

from a linear to a non-linear QCD regime:

evolution of Q_ with x

Coverage of Saturation
Region for Q%> > 1 GeV?

M Vs,.,=90 GeV o
. Vs, =40 GeV N %

10
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<<>C"
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s REGION %
E‘ ; s#utﬁ".
e
E - BRIMWLK
= DILUTE
g REGION @
é : BFKL
[=
e |
DGLAP
In Agep InQ

E. Aschenauer,
K. Kutak




Jets at the EIC: medium modifications

Small pT for jets, of the order of 10-20 GeV

Momentum range of jets at the EIC

10" ect
:g:-a- O p?EE ron
1064 - 0 et
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o | —8—
2 104
% \f?= 89 GeV — 5
5 0.1<y<0.85
107102 > 25 GeV?
|19t~ ¢° — | < 0.4 ——

5 10 15 20 25 30 35 40
Lab frame pr(GeV/c)

Jet Charge
(pT weighted sum of the charges of the jet constituents)

Qr.jel - %ZQ:(F’})K
(P7)

i€jet

~10% suppression of the jet charge for large K values
in eAu relative to ep due to final state interaction

0.75 — —
. [ = ]
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“g - o~
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L. Cunqueiro



jet evolution/interaction (branching) in medium: Lund plane

-~

Primary Lund-plane regions

Lund plane in pp: vs
Lund plane in QGP

In(k:/GeV)

Jet evolution is embedded in a hot and dense medium of length L

New scale: decoherence angle 0
- a splitting with angle 6 < @, is not resolved by the QGP and

interacts with it as a single color charge

(v 2bue)) Ys|

In(k,)

%
""%‘ non-pert. (small k¢)

In(llﬂ)'

- a splitting with angle @ > 6 is resolved by the QGP and the
prongs interact with it incoherently

the way a jet interacts with the QGP depends

. on its substructure

At LO the Lund plane is not filled uniformly as in vacuum

resolved by QGP @ unresolved by QGP 1
n(1/6)
S e
- = > Strategies to isolate and characterize QGP-induced signal
and map it to the microscopic properties of the QGP
L. Cunqueiro



Summary: jet physics at EIC

Jets have several properties which will make
them important tools for realizing the EIC
physics program

» Well understood theoretically and

experimentally

» Excellent proxies for the underlying
parton kinematics

» Showers probe QCD from hard
interaction to hadronization scale
within the same event — can
explore dynamics at different time
(angular) scales

> Precision tools exist to probe these
shower properties - substructure

The importance of jet probes was reflected in the EIC Yellow Report
where they touched on nearly every major physics topic (Nucl. Phys.
A, Vol 1026, 122447)
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Event generators: NLO matching and merging

NLO matching to PS E . ||||||l||I|||||h|||||| ||||||I'|IIII_:LE‘;l -% IE_I —T T T L | 1 1 | T 1 I_E

= Inclusive jet selection —4$— Hi Data & ‘g + HlData

. . : Il I —
* matChIng to NLO QCD’ 2 maln §:10_ %PR.."F“‘Z}"R.’F — :: -1 {Q>=18GEV —
5 25458 ME+PS unceratinty 3 107 3

schemes: Powheg [Nason ‘04] and
MC@NLO [Frixione, Webber ‘02]

NLO indl. jet
IHRsE- - 2HRsE

1072 |

150 < Q% < 200 GeV? (x1)

e concepts in general not collider
dependent, but some recent DIS
specific studies [Banfi, Ravasio, Jager, .

ﬁ
Karlberg, Reichenbach '23], [Knobbe, DR, 4 ) ; E ook = I_|
Schumann ‘23] B ] M | | | |_L_r

200 < Q7 < 270 GeV? (x0.1)

MC,/Data
=

L=l |||||||||||||||||||| |||||||||||||||||||||||| I [ AT
=

1 1 1 1 1 1 1 1 1 1 1
270 < Q% < 400 GeVZ (x0.01)  — "0 02 04 06 08

—_——

Towards NNLO matching

Matching to NNLO (inclusive for some
processes) in principle available

400 < QF < 700 GeV? (x0.001)

700 < Q% < 5000 GeV? (x0.001)

1078 f 5000 < Q7 < 15000 GeV* (xﬂ.ﬂﬂri)_:
- + 3
NLO matching to PS and merging ]

pr,; [GeV]

Technology fully applicable in DIS, D. Reichelt
with some care '



NLO matching: applications to EIC

108 —— ; . . 108 ¢

| == - ==
« EIC at lower energy, but L — Py dpoe == -
predictions still highly relevant _ ™ _ csomnmsomoeex] T
g [ - POF4LHC15_nlo_100_pdfas T 4% L e L
107} - 7- lul: :ali:;; E -
(for ep ru nS) N% : -_ 25 GeV? qoﬂpL:mo G:avf [ ”3'2; ""'.-.-._-
= - u'm‘:?ﬂlﬁ‘iﬂ'gﬁ : 1 2] 275 GaV) —+ & + ‘-.-:-I-i
10% | *"'"'--. " o ??“EIF:FELGI-IIZ;J:;_LID_EGE:I:ITE:E g '-i-:_._
[ i I = i ":'Dé gn ;.:Fuz:?atian -
for example [Bal"lfl, RBVHSIO, Jager’ ' *_1.1-1"'*-1. ?25pﬁev2-=02-=mnuﬁev2,u.u4-:;rms-m.95
107" f f f f 107" f f f f f
Karlberg, Reichenbach ’23], NLO 1 i
1.05 % e _ —~ %
predictions at \/E = 140 GeV ¢ | g EER T
o 1 B a "
: N $ ool N
matched in the Powheg scheme ° .| = |
o 08}
09 1;30 2';]!] 300 400!.‘.:125[2%#5];]0 700 800 200 1000 :IJ UI.I DI.E 0.3 El.d- DI.E 0.5 l:ll..'r‘ 0.8
progress both in matching and parton shower accuracy, NNLO+NNLL
likely on EIC timescales (vs. todays standard NLO+NLL)
work needed to progress improvements to specific DIS/EIC cases like D. Reichelt

photo production of jets




General Purpose Event Generators at EIC

Are the general purpose event generators ready for nuclei at

the EIC? We see collective effects in all (?) collision systems
Can they handle » Flow
» Strangeness enhancement
> eA? » Jet quenching (?)
» DIS?

Is there Quark-Gluon Plasma everywhere?
» Photo-production?

> Nuclei in general? Which ones could become important at the EIC?
» Saturation? Polarisation? Lower energy? Diffraction? ...

Or are the mechanisms in play in AA different from those in pp?

Todo: EVERYTHING Collective effects implemented

differently in different event generators
(e.g. core-corona, color reconnections,
string shoving, rope hadronization,

» The generator programs are not ready for the EIC (yet) hadron rescattering
jet quenching)

L. Lonnblad



General Purpose Event Generators: tuning

Tuning to different processes:

ete” = Hadronisation and FSR

ep = ISR and remnant jets.

pp = UEand MPI

pA = small dense systems, flow

AA = large dense systems, jet quenching
eA = ?

To facilitate the work: develop tools to compare predictions to data

Already at HERA it was realised that comparing measured data
with models was difficult.

» HZTool

For the LHC this was generalised and improved in

» Rivet
And at EIC ? L. Lonnblad



Synergies between LHCb flxed target and EIC

Sllﬂllﬂ_l‘ltlﬁS' B 16 Tt\ pl } - ()lhvr ({ ||: sion 51,'-.11 ms
J-lll(l LHCb 110 GeV
.. . 10° o ATLAS/CMS NN HERA
» Similar centre of mass energies o E’"ﬁ i
Pb

=
= 10 r-

EIC:4/s ~ 20-100, possibly 140 GeV 3
& 10’
SMOG: /s ~ 41-115 GeV 102

10!

» Similar/identical nuclear species, including both light and heavy =~ cwrswoedeson 0 o

« Emphasis on forward region due to kinematic boost provided by asymmetric beams or
fixed-target kinematics, respectively

Fan)

? l
11

. Overlap and complementarity in x-Q? coverage

« With a polarised target, LHCb SMOG2 could even be used to study spin physics which
will also be a big focus of the EIC

With LHCb SMOG data and the EIC, we can compare pA and eA collisions

at similar energies and in similar regions of phase space g I\(/I;?:Zi?;ir’]i

The question becomes, what do we learn by comparing pA and eA? M. Santimaria



Nuclear Matter Effects: LHCDb fixed-target vs. EIC

« Can we use these three systems, measured at the same 4/, to (predominantly) isolate and
study specific CNM effects?

« eAis useful, but not sufficient, to constrain all CNM effects in a strongly interacting medium

System Measure at Advantages

« Separate current vs target fragmentation

regions
e —» EIC

« Precisely measure CNM effects due to
the nucleus (nPDF, absorption, etc.)

« Measure CNM effects arising from the

o > SMOG/ nucleus and additional QCD interactions
SMOG2 in the initial state

« Probe onset of QGP effects by varying A

SMOG/ Probe CNM eff NP K. Mattioli,
SMOG2 « I'TODE eltects drising irom large G Graziani,

system size/density (Comovers, etc.) M. Santimaria




Measurements from LHCDb fixed-target relevant for EIC

From pA to eA

Other measurements we can do with SMOG that are possibly relevant for the EIC:

« Measurements of open charm and beauty hadrons - proposed as promising probes for
studying hadronization and nuclear absorption at the EIC PLB 816 (2021) 136261

« Jet measurements with similar jet kinematics to those

expected at the EIC
« Exclusive physics Hadronization “inside” or
“outside” the medium - probe
e Flow with varying A

« Multiplicity-dependent production measurements

We can do all of these measurements at >-M- . -‘i‘gsi‘ﬂ.

the same \/E planned for the EIC!

Not all observables proposed for €A are possible
to measure in pA and vice versa... but we should

still be able to learn a lot from comparing these < éj-. K. Mattioli
processes in pA and €A collisions at the same \/; R G. Graziani,
Nucl. Phys. A 1026 (2022) 122447 EPJA 52 (2016) 268 M. Santimaria




TMDPDFs

Different quark TMDPDFs:
Ul 1028 B (k7 ) O 6 current fit attempts focused on
Unpolarized Boer-Mulders the unpolarized case

g A @~ @ | Mxk]) o 6 Analogous scheme for

Helcly — . gluon TMDPDFs, that however are
‘ 6 6 nowadays much more uncertain (even
I (x.k;) : the unpolarized ones)

y Transversity
31.*(-"-“'; 'é - é ‘
Kozrmvan - Mulders, lhlll 'I_.l‘..t,' ) é . é

—— Pretzelosity

Y. Liang, A. Vladimirov



unpolarized TMDPDFs: recent fits

ART23
[V.Moos, [.Scimemi, AV, P.Zurita, 2305.07473]

* data included for the first time

First extraction at » ATLAS
N4LL » Z-boson at 8 (y-diff.)
» Z-boson at 13 TeV (0.1% prec.!)

an" o o : u ! > CMS
N » Z-boson at 7T and 8 TeV

» Z-boson at 13 TeV (y-diff.)

» Z/v up to Q = 1000GeV

» LHCb

p» Z-boson at 7 and 8 TeV
» Z-boson at 13 TeV (y-diff.)

» Further more:

Z-boson at Tevatron

W -boson at Tevatron
Z-boson at RHIC

DY at PHENIX

DY at FERMILAB (fix target)

| (kg

QlGeV)

Yyvvyyy

>
4 Toul
| 627 data pomnts

2 L A A
([ 10 e m 1

627 data points

vs. 457 in SV19 A. Vladimirov

vs. 484 in MAP22




(X, Q" 2) coverage of data for unpolarized TMDPDF fits
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The EIC will cover a large range
i1« of (x,Q"2) region not yet covered

S — - and it will also allow to use polarized
™ beams
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A. Vladimirov



Towards simultaneous fits of PDFs and TMDPDFs

Propagation of PDF uncertainty into TMD uncertainty

YT Y rr YR IR R Y TR T YT T pRNTYIOQY FITEgVTEREpTEW I|l1 L] l"ll‘"ll'l,* rremjprey I'l:l Itllilqllllll LB
L6 u—quark | d—quark | (duTi+dd)/9 1.6
1.3+ ' 1.3
L. - Large uncertainty on TMDPDFs
0.7+ 7 derive from the PDFs (and FFs)
0.4- . x=0.01,, used as a basis for their fit!
- LLII_IIIIII‘IIMJLLLLH.LLLLLUJ!TI#I‘IIILIMU.LLLH.LL‘L :
167 fi—quark d—quark { (sS+4cc+bb)/9— 1.6
1.3+ 1 | 1.3
1= 1
0.7 0.7
3'4. ' FEEEE PEEEE PR FEEEE RS B EEEEE R e | i | L il Ak i L ' | i i -IE?!}:R!I-G“
0. 05 1. 15 2. 25 3 05 1. 1.5 2. 25 3. 05 1. 15 2. 25 3.
b(GeV ') b(GeV ') b(GeV )
Relation between TMDs and PDFs is more than an integral:
[ f1(z, kr, w, ¢) — C(x, ky;p, c)®] q(x, p) ]
unpol. 3 unpol. . .
pel NTLo pe A. Vladimirov




Issues with normalization and power corrections

Multiple observations of normalization problems at Q < 10 — 15GeV

» ~ 30% at Q ~ 10 — 15GeV (7wDY, DY) However some data in old
> ~ 100 — 150% at Q ~ 3 — 5GeV (7DY, DY, SIDIS) fixed-target experiments
are already not very accurate
Possible source is power corrections! by themselves....with
o normalization uncertainties
1 & NLP TMD factorization ~ ~30%

200 — Power corrections:
160 — 1. gr/Q-corrections
Y -term

120 =
ﬁgo ) a(Q)InE«l m 2. A/Q & M /Q-corrections
Z 60 Z Q B higher-twist
< target-mass
/40 =

20 - 3. kp/Q-corrections

10 - kinematic

2 S A e
LI /RN AR AR I [AV,2307.13054]
0 12 5 10 20 3040 60 80 120 A. Vladimirov

qr(GeV)



Power corrections for TMDPDF fit: EIC vs. LHC

200
160 NLP TMD factorization
is very important for data analysis at EIC:
120 power corrections there will be much more
90 relevant than at LHC, considering the EIC
. exploration of lower qT and lower Q
>
@ 60
<
40
20 Nowadays, extractions of TMDs are mainly driven by LHC, despite it has not
10 - perfect low-g7 resolution and no polarization.
A _— }‘ - { == -_  LHC1s perturbation-theory dominated, and thus we can polish our codes and
1 "1 2' F'] 1'0 2'0 3'0 4:0 ﬁh 8'0 12'[} prepare them for future.
g+(GeV) Future 1s for EIC, which will be pertect machine for TMDs.

A. Vladimirov



TMDPDFs from lattice QCD

First determination of the TMDPDEF from the lattice
[LPC, hep-lat/ 2211.02340

b, = 0.12fm = (1.64GeV) ™} b, = 0.24fm = (0.82GeV)™* b, = 0.36fm = (0.55GeV)~!

This work

NN ARTZ 2305.07473
BHLSVZ22  JHEP10(2022)
NN MAPTMD2  [2206.07598
nID SV JHEP06(2020)
e

PV17 JHEP06(2019)

e -

Xf(x, b_L! M, C )

A. Vladimirov
Systematic uncertainty still unknown...



SMEFT fits
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EIC can help to solve the degeneracies from [

LHC when fitting SMEFT parameters N. Armesto



Conclusions

EIC LHC
Improved PDFs at large x and values of Qs * Improved determination of SM parameters

Improved PDFs at large x and values of Qs + Enlarged reach for BSM searches

Additional determinations of SM parameters “ Solution of degeneracies in global fits

Improved initial conditions for hadronic collisions
Improved PDFs and 3D structure of protons and .
udlei + for extraction of QGP parameters and
clarification of the small system problem

Precision in the extraction of a variety of TMDs/ : T
4 0 Small x evolution of such distributions

GPDs

Precision in the clarification of the new dynamicsg|, Lever arm for discovery (e.g. new dynamics at
through different observables and nuclei 0 small x with implications on SM and BSM)

Multiple colliders fundamental for probing pillars of QCD: factorization, universality, evolution N. Armesto

LHeC adds on top of that: extended (x,Q”*2) coverage, Higgs physics, Wtb coupling, etc....
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Your abstracts for ICHEP2024 are welcome!
ICHEP 28024 | PR‘FIGUE

Jul 18 - 24, 2824
Prague

42nd International Conference on High Energy Physics

P S -
o . | . . | Deadline for abstract
SCIENTIFIC PROGRAM . . . B _ e . - - | o .- . . ]
CALL FOR ABSTRACTS B S . Sl{bn“SSl-On.
this evening !!!!
Starts Jul 18, 2024, 8:00 AM Prague

Ends Jul 24, 2024, 11:00 PM

Tomas Davidek

Zdenek Dolezal

@ The call for abstracts is open m
You can submit an abstract for reviewing
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