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Extracting o,

* The strong coupling is the least precisely
measured of the fundamental couplings.

- Critical input for SM precision tests and
BSM sensitivity.

« PDG: y%- combine six = NNLO pre-
averages (t, quarkonium, PDF fits, eTe~
shapes/jets, hadron collider, EW)

« merge with lattice via an unweighted
average

as(m%) = 0.1180 + 0.0009 (+0.8%)
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf

Why EIC?

* EIC will allow us to probe the non-linear, non-perturbative regime of QCD where
mass, spin, and confinement emerge.

* Exploration of gluon saturation at small-x, especially in nuclei, where universal
behavior is expected.

* EIC covers high-x, moderate-Q? phase space — crucial for strong coupling
studies. T — Rp—
- Unique facility: 2 — il
- Polarized lepton and hadron beams £7F B e
- Broad range of beam energies and ion species " e
- High luminosity: £ = 10** - 10** cm™ 5™ e
el T
1°‘ cournes ! res A0
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Potential o, measurements at EIC

* Inclusive DIS (PDF fits):
- Extraction of the strong coupling with HERA and EIC inclusive data
* Eur. Phys. J. C (2023) 83: 1011

- Impact of inclusive Electron lon Collider data on collinear parton distributions
* Phys. Rev. D 109, 054019 PRD 110, 074004 (2024)

- EIC Projection Ry a7
. y

rZEUS-23 F*-7a0w~~~—~~.-%.4

* Polarized DIS (Bjorken sum rule): |
- High precision measurements of «a, at the future EIC [l TN

rCT18

¢ PhyS Rev. D 110, 074004 :21;\1;13521 | \ ‘ Pu.L. ,4
» DIS event shapes: EESEENEES -
- Precision DIS thrust predictions for HERA and EIC as(M3)

o arXiv: 2504.05234
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Determining a, from DIS

» DIS-based extractions: limited by scale uncertainties and limited phase space.
- HERA data alone not sufficient for sub-permille precision.
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Datasets

HERA data EIC (Projected data)
« H1 and ZEUS combined * Simulated data with HERAPDF2.0 NNLO,
- inclusive DIS NC, CC cross sections uncertainties from ATHENA detector
[EPJC(2015)75:580] proposal pINST17P10019]
) ggggz';gg%ggg}d dijets measurements » 1 year of data taking. Uncertainties:

- uncorrelated 1.9% - 2.75%,
- fully correlated normalization 3.4%.

I T B I

* Integrated luminosity of 1 fb'.

HERA (NC) 0.045 - 50000 0.005 - 0.95 225, 251, 301, 319
HERA (CC) 200 - 50000 0.037-0.76 319
EIC (NC) > 1 0.001 -0.95 29, 45, 63, 105, 141
EIC (CC) > 1 0.001 -0.95 141
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Kinematic Coverage

HERA and EIC kinematic phase-space
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Fit settings for a (M%)

Used HERAPDF20_NNLO_ALPHAS_116 LHAPDF set
Simultaneous proton PDF and strong coupling fit using xFitter, with minimization provided by MINUIT.

Q? > 3.5 GeV? (In 1/x resummation issue), W2 = Q2(1 — x)/x > 10 GeV? (higher twist effects)
14 free parameters in the PDF parameterization (HERAPDF2.0 approach)

xg(x) = AgxPa(1 —x) — quxBé(l — x)%°
XUy (x) = Ay xPw (1 — x)w|1 + E, x?|
xdy(x) = Ag xPw (1 — x)C
xU(x) = AgxBo(1 — x)¢0(1 + Dgx)
xD(x) = ApxBp(1 — x)°p

PDFs are parameterized at a starting scale for QCD evolution of szf,o = 1.9 GeV?

Strangeness fraction: f; = = _ =04

xd+x5
QCD fit;
- a¢ scan: Fix ag, fit PDFs, and scan x? vs a,
- Free a,: simultaneously fit both PDFs and a; ,
%F/#er
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Uncertainties

Model Uncertainties

Parameter Central Value Downward variation Upwards variation
Q% [GeV?] 3.5 2.5 5.0
fs 0.4 0.3 0.5
M, [GeV] 1.41 1.37 1.45
M, [GeV] 4.20 4.10 4.30

Parametrization uncertainties

- Adding additional parameters
- Vary the starting scale, u?,, by 0.3 GeV?

Scale uncertainties

- Vary ur and ug by a factor of 2.
« Central scale: u# = u% = Q2 for inclusive DIS, uz = u5 = Q% + p# for inclusive jet,
Ui = up = Q + (pr); for dijets
- No scale variations for inclusive DIS only. ,
%F/ﬂer
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QCD fits with HERA inclusive DIS + jet data and EIC inclusive DIS

A simultaneous NNLO fit is performed using HERA inclusive DIS and jet data, and EIC
inclusive DIS projections, to extract the PDFs and a,(M3%).

H1 and ZEUS
Nj 14 , NNLO, i;lclusive + jet data
! i * Q.= 35GeV’
° HERA inclusive DIS + jet data, NNLO: JN(E:lle:EleiEREEE)
j i as(M7) = 0.1156 + 0.0011 (exp) 238303 (model + param)
o = o 4+0.0029(scale)
I [] scale
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R e e
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o = e a,(M2Z) = 0.1160 + 0.0004 (exp) D o00s(model + param)
| 1+0.0005(scale)
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QCD Fit Using Inclusive DIS data from HERA and EIC

A simultaneous NNLO fit is performed using inclusive DIS data from HERA and projected

measurements from EIC to extract the PDFs and a (M2).
L L L L IR

<
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* | ¢ HERAInclusivedata v HERA and EIC(Vs = 45 GeV) Inclusive data -
50— Q . =3.5GeV ]
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HERA and EIC inclusive DIS, NNLO:

a,(M2) = 0.1159 + 0.0004 (exp)*do00i(model + param)
%F/ﬁer
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Robustness of a,(M?2) with respect to QZ,;, cuts

» Minimal variation in ag(M2) across a range of Q2 cuts.

E 60 B I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I
% [ NNLO HERA and EIC Inclusive Data ]
R 50[- ¢ Q). =35GeV’ _
- 0 Q2. =10 GeV? 1
40 :— Qﬁun = 20 GeV* _:
30 — ' Even when pushing
- 1 Q7 ;, from 3.5 to 20 GeV?,
o0 N i the extracted a,(M2)
N 1 remains extremely stable.
10 A —
O __I ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] I__
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a’S
* Increasing the W? cut from 10 to 15 GeV? increases the experimezntal uncertainty from
0.34% to 0.52%. %ﬁ.ﬁﬁ
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Comparison to other a (M%) results

I
—e— Hadron Colliders

EPJC83(2023)1011

—e— Category Averages PDG 2022
—eo— HERA Data
—eo— Lattice Average FLAG 2021
World Average PDG 2022
—e— HERA and EIC Data
ATLAS 2 P, 8 TeVv —re— 0.1183 +0.0009
ATLAS ATEEC ® 0.1185 + 0.0021
CMS Jets ———— 0.1166 +0.0016
W, Z Inclusive ———— 0.1188 +0.0016
tt Inclusive o) 0.1177 £0.0034
T _Qéc_ais _______________________ ——e——— T T T T T T T 0.1178 + 0.0018 |
QQ Bound States ® 0.1181 + 0.0037
PDF Fits 0.1162 + 0.0020
e’ e Jets and Shapes ® 0.1171 + 0.0031
Electroweak Fit ° 0.1208 + 0.0028
"ZEUS Inclusive Jet/Dijet Data | ——— —— | T T T T T T T T T 0.1142 +0.0018 |
H1 Inclusive Jet/Dijet Data 0.1166 + 0.0030
H1 and ZEUS Inclusive + Jet Data o 0.1156 + 0.0031
‘Lattice Average | He— T T T T T T T T T 0.1184 + 0.0008 |
WorldAverage — ~ |~~~ ¢ "~ 0.1179 +0.0009 |
HERA Incl + Jet and EIC Incl Data —— +0.0007
HERA and EIC Inclusive Data . | r’* | . | J_Ir 0.0004
0.115 0.12 0.125 )
o (M)

z

0.13

« Using only inclusive DIS data from HERA and EIC, we extract a (M%) with
potentially world-leading precision in a simultaneous NNLO fit of PDFs and strong

coupling.
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https://link.springer.com/article/10.1140/epjc/s10052-023-12176-5

Scale Uncertainties

* Scale uncertainties arise due to missing higher orders beyond NNLO.

Expected to be small for inclusive data, generally omitted in global fits.

Migration to N3LO will reduce these further.

Global PDF fitting groups (e.g. NNPDF collaboration, arXiv:1906.10698, arXiv:2401.10319)
are actively developing systematic frameworks to incorporate MHOUs into global fits.

- These methodologies are crucial for achieving precision extractions of a,(M2) and PDFs.

Our current step: Implementing Theory Uncertainties in xFitter
- Generate theory predictions under scale variations (ur and ug )
- Build a theory covariance matrix.

N
1
_ (m) (0) (m) (0)
Sy = @™ = 1) @™ — 1)
m=1

- Add to experimental covariance matrix (NNPDF collaboration, arXiv:1002.4407)
- Use in y? minimization in xFitter.
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Conclusion

* Including EIC inclusive DIS projected data leads to a total uncertainty of
0.4%.

- This improves the precision of current world averages.

« We are working with global fitting experts to assign a meaningful scale

uncertainty, accounting for missing higher order contributions beyond
NNLO.

- Properly including MHOU will be critical to match this high level of
precision.

Thank You!
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Proton PDFs and Structure Functions in DIS

PDFs extracted from structure function measurements in DIS
~, Z Exchange: Neutral Current ep —» eX

+ + (
e e=, vV
k K ’ o’ Tetp 21’

- Y. F, ¥ Y_xF, - *F
dXdQ2 XQ4 [ +12 3 _)/2 L]

Contributions:
@ LO: F, < ¥i(q;(x) +gj(x)) dominant contribution
@ LO: F3 < ¥;(q;(x) —gi(x)) ~/Z interference

p p @ NLO: F; o< x- .- g(x, @) contribution from gluon
p

W* Exchange: Charged Current ep - v X
Kinematic Variables:

@ @*=-¢° (boson virtuality) Uffp o< X{(TH" e) +(1-y)*(d+ 5)}
2

@ x= —2‘[’)—_q (Bjorken scaling variable) JE_CP o x{(u+ o) + (1 _y)2(a+§)}

@ s=(k+p)®> (center of mass energy)

@ y-= k_'—I;, (transferred energy fraction)

@ Y, =1x(1-y)°
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The role of F, and F, in gluon distribution

The NLO expression for the logarithmic derivative of Fy(x, @) is:

dF(x 02> @) [0 () 2,02 + PO (¥ etz )]

dIn

The longitudinal structure function F;(x, @) is related to the gluon distribu-

tion as: F Qz) o (Qz) fl dz (g) oz QZ)
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Luminosity @ EIC

EPJC83(2023)1011

Table 1 Beam energies, centre-of-mass energies and integrated lumi-
nosities of the different configurations considered for the EIC

e-beam p-beam energy Vs (GeV) Integrated lumi
energy (GeV) b1
(GeV)

18 275 141 154

10 275 105 100

10 100 63 79.0

5 100 45 61.0

5 41 29 4.4
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