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QCD and Factorization

Non perturbative regime

(n(?n computable but (A, Long distance physics,
universal terms) non-perturbative structure

functions.
QCD <: b\ P unctions
Perturbative regime

(computable but process
dependent terms)

: Short distance effects,
*~  perturbative QCD

& The interplay between perturbative and non-perturbative regimes is currently one of
the most challenging aspects in phenomenology, which will be explored at JLab22

& Factorization allows to separate the perturbative content of an observable from its
non-perturbative content. At large Q and small m, the non-perturbative contributions
are separated out from anything that can be computed by using perturbative
techniques, and identified with universal quantities (structure functions).

© Factorization restores the predictive power of QCD



Resummation / TMD evolution

Resummed term Finite term

Zeﬁwj(:ﬂl, T2, b, Q) + Y (21,22, 91, Q)

J

1 do B /rinTei‘IT'bT
oo dQdydgs. (2m)?

Y = gFo - gAsY

i1 The W term is designed to work well at low and moderate qr, when gr << Q.
(Notice that W is devised to work down to gr~ 0, however collinear-factorization
works up to gr> M; therefore, TMD-factorization and collinear-factorization
can be simultaneously applied only when qr>> M).

.1 The W term becomes unphysical at larger qr, when gr =2 Q, where it becomes
negative (and large).

il The Y term corrects for the misbehaviour of W as qrgets larger, providing a
consistent (and positive) q 1 differential cross section.

.1 The Y term should provide an effective smooth transition to large qr, where
fixed order perturbative calculations are expected to work.
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TMD vs Collinear regions

& For this scheme to work, 4 distinct kinematic regions have to be identified

& They should be large enough and well separated

TMD evolution Matching region Fixed Order collinear QCD
(Y factor)
gr << Q
Intrinsic gr Soft gluon radiation Hard gluon emission

qr =
Zh
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Resummation in SIDIS

it Factorization regions
fixed order pQCD calculation describe the SIDIS cross section at large gqr

the cross section at small qr is dominated by non perturbative
it is well described by TMD factorization (complemented with non perturbative modeling)

The intermediate region is the “matching region”

Q)
s 0
- & -,
- , *+,
o 1 ”
3 "
0 pQCD cross
° / LN section
k: 10" ; at NLO order
- Naive
02 TMD
approach
Large K factor
10°
0 1‘ 2' :',, zll Anselmino, Boglione, Prokudin, Turk, Eur.Phys.J. A31 (2007) 373-381

P. (GeVic) ZEUS Collaboration (M. Derrick), Z. Phys. C 70, 1 (1996)

January 24, 2023 M. Boglione - JLab22 Workshop 5



Factorization

Perturbative computation of the cross
section to fixed order lead to a
divergent behavior at small g7 (gqT<<Q)

Pr
qr = ——
W Zh
qr>>Q
collinear region
pQCD

The W term becomes unphysical at

\ larger qr, when gr 2 Q, where it
becomes negative (and large).

qr << Q qr = —-
TMD region "
non-pQCD

qr~Q

matching region
Matching region is where TMD and collinear
cross sections are expected to be matched

JﬁW—I—@

The Y term corrects for the misbehavior of W as qgr
gets larger, providing a consistent (positive) q+
differential cross section.

The Y term should provide an effective smooth
transition to large qr, where fixed order perturbative
calculations are expected to work.
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Serious Issues

I
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Issue 1: collinear cross section at large qr

At high gt the collinear formalism should be valid,
but large discrepancies are observed

Discrepancy is about

COMPASS 17 h* one order of magnitude
= do do -2
S dmagiaar / s 702(GeV ™) vs. gr (GeV)
618 z\,jl013|Q =5.3 GeV nIz;,,»:D.lS Q*=9.8 GeV zh,!ﬂ ZQkQ 221’G0V
N DDS (LO) £ ‘HH ’ i) | } MM }H | }
B —— DDS (NLO) 2,
S .. w>Q g ==
— Zu } 040 <z<050
o = \ t 0.65<z<0. .70
Q) § by — a>Q
7 M Mottty 1 | WLJH |
2 ' 4%??G9V2) o q%??GeVz) " q%ZE’GeV2) o
f 024<2<030
» {030<2<040 qT:ﬁ
- {040 <z<050 Zh
2 4 6 2 46 2 4 6 2 4 6 2 4’ 6 * 0.65 <z <0.70
0.007 0.010 0.016 0.03 0.04 0.07 0.15 0.27 o
xbj

Gonzalez-Hernandez, Rogers, Sato, Wang, Phys.Rev.D 98 (2018) 11, 114005
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Issue 2: SIDIS - Y factor

Boglione, Gonzalez, Melis, Prokudin, JHEP 02 (2015) 095

V5217 GeV. Q%10 GeV2 & The Y factor should not be neglected

10_30 Fy 7 T R B A L .
' Eég — WThe Y factor is very large
W NLLZY - - - - - ] (as large as the cross section itself)
_ 107 even at low gr
[aY]
=>
8 R AL LA A L AL A R B
(‘\.IE 1032 ‘65 ‘»\.HERMEZS (e+p ->nz++X)E
O, 141 Q°=3.14GeV .
b o S\ 04<2,<0.6 ]
E 1 0'33 1:_ &— W NLL -
s Y ‘f —:
10_34 2 °6—||||||||1—
F 0.1 0.15 0.2 025 03 0.35 04 045 0. gIS(%e\(/))G

Sun et al arXiv:1406.3073
ar [GeV] ¥ Howevc_ar, it could b_e _affected by large
theoretical uncertainties

see for example

doNLO do25Y Echevarria et al, Phys.Lett.B 781 (2018) 161-168

dedydzdg?  dxdydzdg2

o’ = Qg+ [A Ln(Q%qg+?) + B + C]
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Kinematic regions

& For this scheme to work, 4 distjip , \ ave to be identified

2o
DQ A \j
\D. a8l

& They should be I3 gx‘J'\

TMD evolution

Intrinsic gr Matching region FO QCD
Y factor

‘/ \-
/ N\
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The role of Jiah 22

i How does QCD manifest itself in the “matching region”?

i Is the “matching region” just a transition region?

i Does this region need a new theoretical approach of its own, not just an attempt to stretch the TMD and
collinear schemes to match each other?

il To learn about this new kinematic region we need new, high statistics data which populate this exact
kinematics. This is something that JLab22 could do in a unique way.

i Jlab 22 experimental data will explore this intermediate region, helping us to study an energy and
transverse momentum range which is crucial to improve the current understanding of QCD in term of
factorization.

I
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Affinity

& Affinity is phenomenological tool based on momentum region indicators to guide the analysis
and interpretation of SIDIS measurements.

i It is devised to help visualize and quantify the proximity of any experimental kinematic bin to a
particular hadron production region, such as that associated with TMD factorization, collinear
factorization, etc ...

& It is based on region indicators

Ratio Definition
2| | k2 L2
Ry general hardness ma.x( % , Q_j; , (SQ—g )
R; collinearity Ph - ky Region Ry ry R} Ry Rs Ry
Py - ki TMD small small X small X X
p,-P matching | small small X small X X
Ry target proximity Q2 collinear small small X large small (LO pQCD) small
large (HO pQCD)
k2
R, transverse hardness Q target small large small X X %
Q central small not small not small small X X
k2
R3 spectator virtuality |Q—)§[
2| | k2 2 2
R, large transverse momentum max( % , k—é , (Skig , % )

& It requires some number of non-perturbative parameters (which have to be appropriately tuned)
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1 | <P}j' )
I collinear 35.9% Yn = 5 108 —
central 25.0% JLab22 2 Ph
I TMD 65.9%

Ml target 3.9%

I collinear 49.5% I collinear 73.0%
2001 central 5.8% EIC 601 central 5.5% COMPASS
I TMD 51.1% 501 I TMD 38.5%
1504 EMtarget 0.2% Bl target 0.0%
100 1
50 1
O p
Yn
121 I collinear 48.5% HERMES 351 M collinear 37.6% JLab
104 central 51.2% 30 central 57.6% a
B TMD 52.1% I TMD 53.7%
. L . 8 Bl target 0.6% 251 Bl target 3.4%
Phase space in rapidity yn of produced hadron, with for TMD, 201
collinear, central and target regions indicated. 61 5
. . . 44
The legends show the percentage of all bins with corresponding 101
affinity above 5% 21
I
0- r
-6 —4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Yn Yn

i EIC and COMPASS offer little access to the central region

u Jlab 22, with its amazing statistics, will be a magnifying glass on the central region
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TMD-Affinity@JLab22
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Collinear-Affinity@JLabh22

| Collinear region JLab 22
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0.74 0.78 0.82

& Very high statistics and fine
binning will improve the 3D maps
of hadron structure

]

il Collinear region will be
accessible (large Q, moderate z,
large PT1)

=

L1 Extended reach in x will be crucial

Many thanks to Alexei Prokudin, who
produced these plots in high speed mode

I ]
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Affinity to matching region @JLab22

Matching region JLab 22
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& Very high statistics and fine
binning will improve the 3D maps
of hadron structure

]

& A unique feature of Jlab22 is that
it will offer an unprecedented
insight onto the matching region,
which cannot be explored in any
other SIDIS experiment

L1 Extended reach in x will be crucial

Many thanks to Alexei Prokudin, who
produced these plots in high speed mode
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Issues and future perspectives

L Phenomenological studies of TMD factorization and evolution have come a long way.
Many aspects of the interplay between perturbative and non-perturbative contributions are now better
understood. But the matching region needs a dedicated, more detailed theoretical treatment.

L Until very recently, we expected TMD factorization to work at very low P, collinear factorization to work at large
Pt and a fusion/overlap of the two schemes to be enough for the description the transition region which, for this
exact reason, we always called "matching region".

L Hermes, Compass and JLab12 measurements have shown us that this is hardly the case.

L Py distributions of SIDIS cross sections over the full Pt range will have to be further investigated
(flexibility of models, number of free parameters)

> Y factor and matching region are crucial ingredients, which JLAB22 will help to explore

LI Data selection is crucial in global fitting:

> not too many

(only data belonging to the kinematic region described by the appropriate scheme should be considered)
> not too few

(too strict a selection can bias the fit results and neglect important information from experimental data)

> Affinity is a tool that needs refining, but it can help phenomenologists in performing consistent data
selection

I
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